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Abstract. 

A para l l e l  p l at e vi s co e l a s t omet e r  was b ui lt t o  per form creep 

c o mp l i ance t e s t s  on b utter and re l ated fat s . C reep movement 

w a s  mea s ured with a l inear di spl acement t rans d ucer and 

r e c o rded by a data l ogger de s i gned and b ui l t  f o r  c reep 

c o mp l i ance expe r iment at i on . 

A t emperat ure o f  1 0 °C was ma intained by p l acing the para l l e l  

p l at e  vis c o e l as t omet e r  in a re f rigerated incubat o r . 

A s e r i e s  o f  pre l iminary expe r i ment s e s t ab l i shed the creep 

r e sponse was l inear and that t he direct i o n  in wh i ch some 

s amp l e s  we re sheared was cri t i cal . The d urat i on o f  creep 

c o mp l i ance t e st ing was a l s o  fo und to a f fect r e s ul t s .  

C reep behavi o ur o f  b utter wa s a s s umed t o  be v i s co e l a st i c  

( based o n  p revi o us st udies ) and was mode l led with a 

genera l i z ed Ke lvin mode l . El a s t i c  and v i s co us parameters were 

f itted to the dat a by a Marquadt non- l i near l e a s t  squares 

c urve algor ithm . Cont inuo us ret ardat i o n  spect r a  we re found by 

p l ott ing L(�) against ln t ime . Data whi ch had been both 

s moothed and di f fe rent i ated by the met ho ds of S av i t z ky and 

G o l a y  (1964) showed evidence o f  the e xi st ence o f  three or fou� 

m a in group s  o f  ret ardat i on mechan i sms . 

O n  remova l o f  stre s s  a fter creep comp l i ance t e s t ing a part i a l  

r e c ove ry o f  st rain w a s  observed, howeve r ,  s amp l e s  fai l ed t o  

r ecove r a s  m uch a s  p redi cted b y  v i s co e l a s t i c  t h e o r y . A second 

c reep / recovery cycle re s ulted in a respons e s  s im i l ar in 

magn i t ude to the f i r s t  recove r y . All fat produ c t s  tested 

s h owed the s ame pat t e rn of response o n  repeated creep / recove ry 

c y c l ing . 

An expl anat ion , bas e d  on the behavi o r  o f  p o l yme r s , was put 

f o rward t o  exp l a i n  t he obs e rved pat t e rn o f  respon s e . The 
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c r y s t a l  network was tho ught t o  a l i gn in the direct i on in whi ch 

s t r e s s  was app l ied . The format i o n  o f  new ' bonds ' was t hen 

tho ught to l ock the network in i t s '  new p o s i t i on . 

A n umbe r o f  s amp l e s  were rewor ke d ,  The c reep c urve seen on 

creep/ re cove ry cyc l ing o f  reworked samp l e s  was s im i l a r  in 

s hape to t h at s een for t he o ri g i n a l  s amp l e s . Howeve r ,  the 

c urve s were t hree to fo ur t imes great e r  than tho s e  s een for 

t he original s amp l e s . I n  gen e ra l ,  creep re sponse wa s f o und t o  

b e  inve r s e l y  proport i onal t o  hardne s s . 

The ret ardat i on spect ra o f  reworked samp l e s  di f fered from 

t h o s e  seen for the o r i ginal s amp l e s  in s everal way s . The 

spect ra wer e  smoothe r ,  the b ul k  o f  the spectra had moved t o  

short e r  t ime s and t he y  were l a rger than those seen for the 

o r i ginal s ampl e s . 

A s urvey o f  s e a s on a l  b utter s amp l e s  was a l s o  unde rt aken . C reep 

comp l i ance paramet e r s  were fo und t o  corre l ate we l l  with 

s e ct i l it y  hardne s s  and s o l id . fat c ontent . 
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Aim of Study. 

The a ims o f  t h i s  work a r e :  

a )  T o  s t udy t h e  rhe o l og i ca l  prope rt i e s  o f  but t e r  a n d  re lated 

fat product s by a creep comp l i ance method . 

b )  T o  gain a c l earer unde r s t anding o f  the re l at i onship between 

rhe o l ogical propert ies , comp o s i t i on and s t r uct ure o f  b utter 

and r e l ated product s . 

c )  T o  us e thi s knowledge t o  improve the rhe o l o g i c a l  properties 

of  b ut t e r . 
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CHAPTER ONE 

AN INTRODUCT ION IN THREE PART S 

PART A: RHEOLOGY 

1 A . 1 .  I NTRODUCT I ON 

Rheo l ogy i s  the s c ience o f  deformat i on and f l ow o f  mat e r i a l s . 

The s tudy o f  rheo l ogy encomp a s s e s  many fie lds , from geo l ogy t o  

medi c i ne . Even l imit ing t h e  s cope o f  this introduct i on t o  

foods present s a formidab l e  cha l l enge . Many good books have 

been wr i t ten on the rhe o l ogy o f  foods , for example , 

' I ndu s t r i a l Rhe o l o gy ' , by P .  She rman ( 1 9 7 0 ) , ' Rh e o l ogy and 

Text u re i n  Food Qua l it y ' ,  by de Man , Voi sey , Ra sper and Stanley 

( 1 9 7 6 ) , ' Enginee r ing P rope rt ies  of Foods ' , edited by Rao and 

R i z v i  ( 1 9 8 6 ) , etc . The se books out l in e  the four main rea s ons 

f o r  the st udy o f  rheolog i c a l . propert i e s  o f  foods ; t o  gain a �  

i n s i ght int o the s t ructure o f  t h e  mate r i a l , t o  improve qua l i ty 

c ont r o l  and predi ct the behavi our o f  new produ ct s ,  to  

corre l at e  consume r accept ance of a p r oduct with s ome 

mea s u r ab l e  rhe o l o g i cal property and t o  de s i gn machi nes for 

handl i ng foods . 

I n  P art A it i s  p ropo sed t o  survey those a spect s o f  rhe o l ogy 

nece s s a ry to prov i de a background t o  the t op i c s  covered,  

n ame l y  a brie f introduct i on to s o l i d s , l iqu ids and p l a s t ics , 

a n  out l ine o f  rhe o l og i c a l  mode l s  and rhe o l ogy o f  vi scoe l ast i c  

mate r i al s . 

1 A . 2 .  STRE S S  AND STRAIN 

For a de format i on to occur a force has t o  act on a body . 

S t re s s  ( cr ) i s  t he inten s i t y  fact o r  o f  the force , expr e s s ed a s  

f o r c e  per u n i t  a re a  ( Nm- 2 , P a ) . T h e  v a r i o u s  t yp e s  o f  s t res s ,  
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c at egor i z ed by the w ay i n  whi ch they ac s are compr e s s i ve 

s t re s s ,  t en s i l e  s t r e s s  and she ar s t re s s . 

Compre s s i ve s t r e s s  act s  at r i ght angles and t ow ards t he p l ane 

in whi ch it is act ing . Ten s i le s t re s s  compone nt s  al s o  act at 

r i ght ang le s , but are di r e ct ed away from the p l ane i n  whi ch 

t hey act , eg . s t retching,  whi le she ar s t re s s e s  act 

t angent i al l y t o  the p l ane . 

Conve r se l y ,  when a body i s  s t re s sed and i t s  d i mens i on s  ch ange , 

a de format i on h as occurred . De format i on c an be e xpre s sed as 

s t r ai n . F o r  e x amp l e , when a body o f  length L i s  s ub j e cted t o  a 

s t r e s s  ( t en s i le o r  c ompre s s ive ) , the l in e ar de f o rmat i o n ,  �L , 

c an be e xpre s s ed as �L / L ,  o r  s t r ain ( y, unit l e s s )  . 

With l i qu ids , it  i s  more appropr i at e  to spe ak o f  the r ate o f  

de format i o n  (y), whe re y = d y/ dt ( s - 1 ) , the ch ange i n  s t r ain 

with t ime . 

1A . 3 .  SOL I D S , L IQU I DS , P LAS T I CS 

Two ext reme s o f  behaviour , s o l id and l i qu i d ,  m ay re s u l t  when a 

force i s  app l ied t o  a mat e r i al . The s e  extreme s are the bas i s  

for two b r o ad c ategories i n t o  which foods c an b e  divided, 

s o l i d  foods and l i qu i d  or f l u i d  foods . Gene r al l y ,  s o l i d  foods 

ret ain t he i r  s h ape unde r gr avit y , whereas f l u i d  foods f l ow 

under g r av i t y  and do not ret ain the i r  shape . Mo s t  s o l i d  foods 

howeve r ,  c an e xhib i t  l iqu i d  prope rt i e s  unde r s ome condit i on s . 

F rom a rhe o l o g i c al vi ewpo i nt t he beh aviour o f  an i de al s o l i d  

i s  de s cr ibed as pure l y  e l as t i c  and t h at o f  an i de al l iqu i d  as 

pure l y  v i s cou s . 

1 A . 3 . 1 .  S o l ids 

P u re e l as t i c  beh av i o u r  is  de f ined s u ch that when a force i s  

app l i ed t o  a m at er i al i t  w i l l  i ns t ant l y  and f i n i t e l y  de form ,  

and when t he force i s  re l e as e d  it w i l l  ins t ant l y  return t o  i t s  
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o r i g i n a l  form . Such a mat e r i a l  i s  re ferred to a s  a Hookean 

s o l id . The amount o f  de format i on i s  propo r t i onal  t o  the 

magn i tude o f  the force . A mate r i a l  o f  t h i s  nature has a 

rhe o l o g i c a l  parameter t e rmed the e l ast i c  modulus ( E ) , the 

s t re s s / st r a i n  rat i o  o f  the mat e r i a l . 

Three t ype s o f  modu l i  e x i st for Hookean s o l ids , The e l a s t i c  

modu l u s , E ( the force perpendicu l a r  to the area de f ined by 

s t re s s ) ; the shear modu lus , G ( the force para l l e l  t o  the a re a  

de f i ned b y  stres s )  a n d  the bu l k  modu lu s , K ,  where fo rce i s  

app l ied from a l l  dire ct i ons . A fourth parameter i s  the 

P o i s s on s  rat i o . On comp re s s ion o r  s t ret chi ng the rat i o  o f  

l at e ra l  s t r a i n  t o  l ongitudinal s t rain i s  the P o i s s ons rat i o . 

At sma l l  s t r a i n s  ( l e s s  than 1 % )  many b i o l ogical mate r i a l s  act 

as Hookean s o l ids . 

1A . 3 . 2 .  L i qu ids 

F o r  a pure v i s cous mat e ria l , f l ow beg ins on the app l i cat i on o f  

the s l i ght e s t  force and the rate o f  f l ow i s  proport ional  t o  

t h e  magni tude o f  the app l i ed· force . The l i quid f l ows unt i l  the 

force i s  removed and it has no ab i l i t y  t o  recove r i t s  o r i g i n a l  

s t at e . The magn itude o f  de format i on depends on the t ime for 

whi ch the force was app l i ed .  A mate r i a l  with the s e  

charact e r i s t i c s  i s  ca l l ed a Newt on i an l i qu id . 

Newt on i a n  l iqu ids are charact e r i zed by a rheo l og i c a l  

paramete r ,  the c oe f f i c i ent o f  vi s co s ity ( � ) , the rat i o  o f  t he 

shear s t re s s  t o  the result ing s t r a i n  rate . 

( 1 .  1 )  

The un i t s  o f  vi s co s i t y  are P a . s .  Vi s co s i t y  can be thought o f  

a s  the internal f r i ct i on o f  a l i qu i d . 

The v i s co s it ie s  o f  Newt onian f l u i ds are i n fluenced only by 

tempe rature and compo s it i on , whe reas the f l ow propert i e s  o f  

'{ 
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non-Newt on i an f l uids are i n fluenced by changes in the r ate o f  

she ar .  Mo st foods exhibit non-Newt on i an behavi our . 

Non-Newt on i an behaviour c an be e ither t ime - independent or 

t ime - dependent . The f l ow propert i e s  of the f o rmer depend on l y  

o n  t he s he ar r at e , whi l e  the f l ow propert i e s  o f  the l ater al s o  

depend o n  the dur at i on o f  the s he ar . 

A l arge number o f  t ime -independent non-Newt on i an foods e xhib it 

she ar thinn ing o r  pseudo -p l as t i c  behaviou r ,  with vi s c o s ity 

decre as ing as the she ar r ate incre ases . F o ods who s e  

v i s c o s i t i e s  increase with she ar r at e ,  di l at ant o r  s he ar 

thi c ke n i ng foods , are r are , but h ave been reported . 

An i mp o rt ant s ub group o f  non-Newt on i an foods with t ime 

dependent propert i e s  i s  that o f  t h i xotrop i c  foods . At a fixed 

she ar r at e  the v i s c o s i t y  of such foods de c r e as e s  with t ime , 

unt i l  an equ i l ibrium i s  re ached . This  e f fe ct brought about by 

mechan i c al act i on bre ak ing down s t ructure . Foods whi ch unde r go 

t ime - dependent s he ar thi ckenin g ,  rhe opect i c  foods , are 

uncommo n . 

Many att empt s  h ave been made t o  mode l the behaviour o f  non­

Newt on i an f l u i d  foods . P e rhaps the most re l evant to t h i s  wo r k  

i s  the p ower l aw mode l ( Equ at i on 1 . 2 )  fo r foods exhibit ing 

t ime - independent f l ow prope rt i e s . The power l aw mode l h as 

been very wide l y  used t o  de scr ibe f l ow behavi our . 

( 1 . 2 )  

whe r e  n i s  the f l ow behaviour index and K i s  a con s t ant , 

s omet imes c al l ed the con s i stency index . n i s  a me as u r e  o f  the 

degree o f  n on-Newt on i an behaviou r ,  the lower t he v alue of n ,  

the more a mat e r i il ' s propert i e s  devi ate f r om non-Newt on i an 

behav i o u r . n i s  dimen s i on l e s s . When n = 1 ,  K = v i s c o s ity . 

1A . 2 . 3 .  P l as t i cs 
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I n  rhe o l ogical terms a p l a s t i c  mat e r i a l  f l ows when a s t re s s  

greater than a l imit ing val u e  act s o n  it . The l imit ing s t r e s s  

i s  t e rmed the y i e l d  s t re s s  (00) . A per fect l y  p l a st i c  mat e r i a l  

doe s  not st art to de form unt i l  a s t re s s  exceeding the y i e l d  

s t r e s s  i s  app l i ed ,  and wou l d  cont inue to de form unt i l  the 

st re s s  i s  removed . De format i on i s  permanent . A pract i c a l  

de f i n i t i on o f  a p l a s t i c  o ft en used i s  a mat e r i a l  whi ch wi l l  

not f l ow under gravity a l one . 

Ve ry fe w bodie s  are perfect l y  plast i c . A more common t ype i s  

the B i n gham o r  p l a s t o-vi s coe l as t i c  body . When a s t re s s  be l ow 

the y i e l d  stre s s  i s  app l i e d ,  the B ingham p l a s t i c  behave s in an 

e l a s t i c  fashion . Once the y ie ld s t re s s  is exceeded,  

de format ion con s i s t ing of both plast i c  and v i s cous component s 

occur s . Upon the remova l o f  stre s s , s t rain , repre sent i ng the 

e l a s t i c  component de cre a s e s  instant l y . The vis cous and p l a s t i c  

de fo rmat i on i s  pe rmanent . 

A B i ngham plast i c  obeys the equat ion : 

where o0 equa l s  the y i e l d  stre s s , and � , the p l a s t i c  

v i s c o s i t y . 

( 1. 3) 

Many fo ods approx imate t o  B ingham behaviour . O ften i n  pract i ce 

a c l e a r  y i e l d  point may not be seen . Thi s i s  �l l u st rated i n  

F i gure 1 . 1 .  The y i e l d  s t re s s  can be t aken at t hree di f fe rent 

p o i nt s : the l ower y i e l d  val ue ( 1 )  whe re the curve dev i at e s  

from t he stre s s  a x i s , the upper y i e l d  value ( 2 )  t aken where 

the curve becomes s t r a i ght , and the B ingham y i e l d  va lue which 

i s  found by ext r apol at ing the s t r a i ght l ine port i on o f  the 

cu rve b ack to the st res s a x i s . 
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Figure 1 . 1 : . Rate of shear vs . shear for a Bingham plast ic .  
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1A . 4 .  VI SCOELAS T I CS 

S ome foods have rhe o l o g i c a l  prope rt ies  a s s oc i ated with both 

the e l a st i c  s o l id and t he Newt on i an fluid . The se foods are 

re fer red to as v i s coe l a s t i c  foods . Vi scoe l as t i c  mat e r i a l s  can 

exhibit both s o l id and v i s cous component s s imult aneou s l y  

dur ing shear i f  s u f f i c i ent t ime i s  a l l owed and t he s t r e s s  

app l ied i s  l a rge enough t o  prevent the s amp l e  showi ng pure 

e l a s t i c it y . The mate r i a l s  tend to behave l i ke s o l ids init i a l l y  

and then exhibit flow . Thus the work o f  de f ormat i on i s  not 

comp l et e l y  conserved ( a s  in s o l i d s ) or di s s ipated ( a s  in 

f l u ids ) . 

1 A . 5 .  MECHAN I CAL MODELLING 

Hookean s o l ids and Newt o n i an fl ow can be represented 

me chan i c a l l y . Hookean s o l i d  elements are u s u a l l y  represented 

by a spring ( F ig . 1 . 2 a )  and Newt onian f l u i d  element s by a 

da s hpot ( F i g . 1 . 2b ) . P l a s t i c  behaviour i s  o ften repres ent ed by 

a f r i ct i on e l ement known as the St . Venant s l ide r ( F i g . 1 . 2 c )  

Vi s coe l a st i c  foods are u s ual ly repres ented by at l e a st one 

s p r i ng ( a s  an e l a s t i c  component ) and one dashpot ( a s  the 

vi s cous component ) . An accurate model can be used t o  predi ct 

change s in a material  due to va r i ous stre s s - st r a i n  condit ions , 

eg . ,  harve st ing , handl i ng ,  etc . 

The e l ement ary mode l s  o f  spr ings , dashpot s and s l i ders can 

bu i l d more complex mode l s ,  the B i ngham mode l ( sp r i n g ,  s l ide r  

and da shpot in serie s , F ig . 1 . 3 a ) , the Maxwe l l  mode l ( spring 

and dashpot i n  ser i e s , F i g . 1 . 3b ) , the Kelvin model ( spring 

and da shpot i n  paral l e l , F i g . 1 . 3c )  and the Burge r mode l 

( Maxwe l l  unit and Kelvin unit i n  s e r i e s , F i g . 1 . 3d ) . 

The B i ngham mode l i � c ommon l y  u sed t o  repr e s ent p l a s t o ­

vi s c o e l a s t i c  behavi our . Appl y ing stre s s  t o  the B i ngham mode l , 

F i gure 1 . 3 a ,  init i a l l y  caus e s  the spring t o  s t retch . On 

reaching ful l  exten s i o n  the St . Venant s l i der , repre sent ing 
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(a ) ( b) 

( c ) 

Figure 1 .  2 :  Standard rheological mcx:iels; a )  Hookean spring , b )  Newtonian 

dashfx:>t and c ) , St Venant slider . 



( a )  

( c )  

(d) 

Figure 1 .  3 :  Rheological m:xiels: a )  Bingharn plastic I b )  Maxrhell unit I 

c )  Kelvin unit arrl d) I Burgers mcxiel . 

9 
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y i e ld s t re s s , and the dashpot , repre sent ing vi s co s i t y , move 

t ogether unt i l  ful l y  extended or s t r e s s  i s  removed . 

The other t hree complex mode l s  ment i oned above can repre sent 

t he respon s e  o f  vis coe l a s t i c  mat e r i a l s  with t ime . Vi s co e l a s t i c  

mode l s  can cont a in di f fe rent comb inat ions o f  spri ngs and 

dashpot s to represent the complex behaviours shown by 

d i f fe rent foods . 

I n  t he Maxwe l l  mode l ( F i g . 1. 3b)  t he app l ied s t r e s s  i n i t i a l l y  

s t ret che s t he spring . A s  the spring reache s fu l l  ext e n s i on a l l  

t he s t r e s s  goe s into caus ing f l ow i n  the dashpot . 

The Kelvin mode l ( F i g . 1. 3 c )  react s t o  s t r e s s  with both the 

s p r i ng and dashpot moving together at a constant rat e . 

The Burge r s  mode l i s  made up o f  a Maxwe l l  and a Kelvin body in 

s e r i e s  ( F i g . 1 . 3d) . When a force is appl ied spr i ng 1 de forms 

i n s t ant ly . On re aching ful l  extens i on the spring and t he 

das hpot o f  the Kelvin unit move togethe r unt i l  t hey are ful ly 

ext ended . At the s ame t ime dashpot 1 flows . The four e l ement 

Burgers body i s  one o f  the be s t  known rhe o l ogical  mode l s  and 

h a s  been u s e d  t o  predi ct the behav i o u r  in a number o f  

mat e r i a l s  

1A . 6 . F UNDAMENTAL TEST ING 

Fundament a l  rhe o l og i c a l  t e s t s  mea s u re we l l  de fined prope rt� es 

i n he rent to a mate r i a l . Re sult s do not depend on s amp l e  

g e ometry , t e s t  c ondit i ons or t he apparat u s  u sed . 

F undament a l  rhe o logical test ing u s u a l l y  i nvo lves o n l y  sma l l  

de f o rmat i on s  whe r e .  the di s t ance between the struct u r a l  unit s 

i n  the mat e r i a l  being t ested does not change s igni f i cant l y ,  

i e . s t ra i n  i s  ve ry smal l .  When s t r a i n  i s  l arge e nough t o  give 

r i s e  t o  f i n i t e  de fo rmat i on s , e x i st i ng theo r y  can n o  l onge r 

cope . 
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Fundament al techn ique s can be divided i n t o  two group s , those 

conducted under condit i ons of ( qu as i ) s t at ic l o ading and those 

conducted under dyn am i c  condi t i on s . St at i c  tests are r e al ly 

qu as i st at i c  as the o re t i c al l y  no t e s t  c an be t ru l y  s t at i c . 

The most u s e fu l  t e s t s  for eval u at ing v i s coe l ast i c  foods are 

c reep , s t r e s s  re l ax at i on and dyn am i c  t e s t ing . Creep t e st s l ook 

at s t r ai n  as a funct i on of t ime unde r constant s t re s s . Stre s s  

r e l ax at i on e x amines s t ress as a funct i on o f  t ime unde r 

const ant s t r ain . Creep and stre s s  re l ax at i on ope r at e  i n  the 

t ime domai n . Dynamic t e s t ing oper at e s  i n  the frequency domai n  

and e x amines dyn amic modu l i  as a funct i o n  o f  the frequency o f  

a s inu s o idal strai n . 

F o r  l in e ar viscoe l as t i c  materi al s  the modu l i  and coe f f i cient s 

o f  v i s c o s i t y  from the three t ypes o f  test s shou l d  be 

interconve rt able mathemat i cal l y  and i ndependent o f  the 

m agn itude o f  the imposed force or s t r ai n . 

1A . 6 . 1 .  S t at i c  Testing 

1A . 6 . 1 . 1 .  Creep 

C reep , the i ncre ase o f  de format i on as a funct i on o f  t ime ,  i s  

b rought about b y  const ant she ar o r  dyn ami c forces p ar al l e l  to 

t he l ongitudinal ax i s  o f  the specimen . When the force ( st re s s ) 

i s  app l ied r apid de fo rmat i on occurs ,  imp o s ing a st r ai n  on the 

m at e r i al . The s t r ain t hen incre as e s  at a decre as i ng r ate with 

t ime . The st re s s  impo s ed must not be s o  l arge as to c ause 

l arge s amp l e  de format ions and a non- l ine ar v i s c c�las t i c  

re spons e . I f  t h i s  h appens the u s e  o f  rhe o logic al :�ode l s  t o  

repre sent a mater i al i s  n o  longer v al i d . 

C reep h as been studi e d  us ing a var iety o f  techni qu e s . E x amples 

i n c l ude compre s s i on u s ing a c onst ant s t re s s ,  the u s e  o f  

const ant she ar and co - ax i al cyl inder v i s c omet ry . 
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C reep recove ry is an a l t e rnat ive creep test whe re the const ant 

s t re s s  i s  rele ased a l l owing t he s t rain to decre a s e , depending 

on s amp l e  propert ie s . 

1A . 6 . 1 . 1 . 1 . The Creep Compl i ance Curve 

A p l ot o f  s t r a i n  as a funct i on o f  t ime i s  known a s  a c reep 

cu rve . F i gure 1 . 4 i l lust rates a t yp i ca l  creep and recovery 

curve for a p l a s t i c  fat . Creep curve s may be u s e d  to study a 

mat e r i a l ' s phy s i ca l  propert i e s . F i gu re 1 . 5 s hows a typical 

creep comp l i an ce /t ime curve , whe re creep comp l i ance is  the 

rat i o  o f  the s t r a i n  to the const ant shear s t re s s  at any t ime 

( t ) . The creep and recovery curve can be div i ded into f ive 

p r i n c i p l e  reg i on s . 

( 1 ) , a region o f  instant aneous comp l i ance , (A- B ) , i n  wh i ch 

e l a st i c  de format i on ,  J0 , occur s . I t  i s  be l i eved bonds between 

s t ruct u r a l  e l ements are being s t ret ched e l a s t i ca l l y . I f  stress 

is  removed the s ampl e  should c omp l e t e l y  recover its o r iginal 

s t ructure . 

( 1 . 4) 

whe re E o  i s  the i n s t antaneous e l a s t i c  modulu s .  

( 2 ) , a t ime dependent ret arded e l a s t i c  regi o n , ( B - C ) , with a 

comp l i an ce , Jr , where it i s  sugge s t ed ' bonds ' may be breaking 

and re fo rming at di f ferent rat e s . Thi s regi on may be 

repres ented by the equat i on 

( 1 .  5 )  

( 3 )  A l inear regi on , (C-D ) , o f  Newt on i an comp l i an c e , JN , whe re 

f l ow i s  occurr ing . 

( 1 .  6 )  
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Figure 1 .4 :  Typical creep and recovery curve for a plastic fat . 
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Figure 1 .  5 : Mcxiel creep curve . 
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(4) On the removal o f  s t r e s s  region (D-E ) repre s ents 

inst ant aneous re covery of  e l ast i c  s t r ain equ al t o  the init i al 

ins t an t aneous s t r ain . 

( 5 )  A reg i on o f  t ime dependent dec ay o f  s t r ai n ,  ( F - G ) , equ al 

t o  the r e t arded e l ast i c  regi on . S t r ain doe s  not dec ay to zero 

as permanent de format i on h as occurred in t he C -D reg i on . 

The who l e  creep compl i ance-t ime p l ot i s  de f i ned in det ai l by 

the sum o f  the p art s .  

1A . 6 . 1 . 1 . 2 .  The Mode l 

The Bu rge rs mode l can be u sed t o  represent the creep 

beh avi our o f  a viscoe l ast i c  mat e r i al .  Thi s c an written 

mat hemat i c al l y  as 

( 1 .  7 )  

( 1 . 8 )  

( Mohsen i n ,  1 9 8 6 ) . I f  a comp l i ance funct ion J ( t )  i s  de fined as 

the r at i o  o f  st r ain t o  s t re s s  the above equ at i on c an be 

expre s s ed in t e rms of comp l i ance . 

( 1 . 9 )  

Expe r imen t al re sults for s ome v i s c oe l as t i c  m at e r i al s  h ave 

shown mo re than one ret ardat i on me chan i sm . F o r  these 

mat e r i al s ,  the complete behaviour c annot be represented by a 

s ingle Maxwe l l  or Ke lvin mode l ,  o r  by the Bu rge r s  mode l . To 

present the vi s coe l as t i c  behav i o u r  more re al i st i c al l y  a chain 

of Ke lvin mode l s , e ach wit h  its own ret ardat i on t ime i s  

as sume d . The gener ali zed Kelvin mode l ,  as i t  i s  known , 

cons i s t s  o f  n Ke lvin e l ement s connected i n  s e r i e s  with an 

i n i t i al spr ing and a f i n al v i s cous element ( F ig . 1 . 6 ) 

de s c ribed by the general i zed equ at i on 
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Figure 1. 6 :  � generalized Kelvin model .  
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Thi s equ at i on i s  the s ame as that de s c r ib ing the creep 

comp l i ance -t ime curve . 

1A . 6 . 1 . 1 . 3 .  Ret ardat i on Spect ra 

An a l t e rnat ive approach t o  creep curve s is  the u s e  o f  

retardat i on spect r a . 

1 7  

( 1. 7 )  

One o f  the fundament a l  rhe o logical paramet ers o f  a s i mple 

vi scoe l a s t i c  s o l i d  i s  the re �ardat i on t ime . Ret a rdat i on t ime 

c an be de fined a s  t he rat i o  o f  vi s c o s i t y  t o  e l a s t i city in the 

s ampl e .  In a comp l e x  vi scoe l as t i c  s o l id more than one 

retardat i on t ime wou ld be present . 

E xper iment a l  creep c omp l i ance data can be ana l y s e d  to give 

e i the r a cont inuous spect rum o f  ret ardat i on t ime s or a l i ne 

spect rum . Warburton and B arry ( 1 9 6 8 ) s t at e  that the re s o l ut i on 

o f  individual ret a r dat ion time s become s impo s s ib l e  i f  the 

number i s  great er than ten and the sma l le st spac i ng between 

any two retardat i on t ime s is l e s s  than five t ime s the value o f  

t he sma l l e r  ret ardat ion t ime . 

The numbe r o f  ret ardat ion t ime s pres ent depends on a ) , the 

s i z e o f  t he mo lecu l e s  or part i c l e s  invo lved,  b ) , the i r  shape 

and c ) , the number o f  mo lecules pre sent . High mo l e cu l a r  we ight 

molecu le s ,  made up o f  component s o f  wide l y  d i f f e r i ng mo lecu l a r  

we i ght s wi l l  give r i se t o  a comp l i cated spect rum o f  

ret a r dat i on t ime s ( Warburton a n d  Barry , 1 9 6 8 ) . F o r  most 

complex s y stems , s u ch a s  foodst u f f s , a cont inuous spect rum o f  

retardat i o n  t ime s e xi st s . 

The ana l y s i s  o f  c r e ep curve s u s ing Equ at i on ( 1 . 7 )  a s sume s a 

f i n i t e  number o f  retardat ion t ime s . 

On int rodu c ing the parameters obt a ined back int o E quat i on 

( 1 . 7 )  a theore t i c a l  creep curve can be gene rated . I f  Equat ion 
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( 1 . 7 )  represent s  the c reep behavi our adequate l y ,  the 

t he o ret i c a l  curve shou l d  approx imat e the expe r i ment a l  c reep 

curve . 

The de r ived comp l i ance parameters and retarda t ion t ime s can be 

u s e d  t o  c a l cu l at e  a l ine spe ct rum o f  ret ardat i on t ime s . Thi s  

can b e  u s e d  a s  a check t o  see i f  the numbe r o f  exponent i a l  

t e rms o r  ret a rdat i on t imes used t o  model a creep curve i s  

approp r i ate . I f  the mode l i s  appropr i ate , the l i ne spect rum 

s h ou l d  approximate the cont inuous spect rum , whi ch i s  found a s  

de s c ribed be low . 

I n  the c a l cu l at i on o f  the cont inuous spect rum o f  reta rdat ion 

t ime s ,  Equ at i on ( 1 . 7 )  i s  f i r s t  wri t ten in int egra l form 

J { t )  = d/d l nt j L ( 't) [ 1-exp ( -':./ 't) ] dlnt + t /TlN ( 1. 1 0 )  

whe re L ( 't) i s  the ret a rdat i on spe ct rum . Shama and Sherman 

( 19 6 8 )  u s e  S chwa r z a l ' s f i rst orde r approx imat i on o f  L ( 't) to 

c a l cu l at e  reta rdat i o n  spect ra for margarine . 

L ( 't )  ( 1. 11) 

S h ama and Sherman ( 1 9 7 0 )  use S chwar z a l ' s second o rde r 

approximat i on t o  c a l cu l ate the retardat ion spe ctra o f  but ter 

a n d  marga r ine . The second o rde r approx imat ion h a s  the 

a dvant age that the vi s cous f l ow term ,  11 , doe s  n o "t have t o  be 

s ubtracted from J{t )  be fore making the calcu l at i on and 

t he re fore doe s  not have to be known accurate l y . 

L ( 't) = dJ ( t ) / dlnt - d2 J ( t ) /d ( lnt ) 2 
t= 2't 

o r  

L ('t )  = ( d/ d l nt ) [J ( t ) -dJ ( t ) / d l nt ] t=2 't ( 1 . 1 2 )  
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1A . 6 . 1 . 2 .  St res s Re l axat i on 

St re s s  rel axat i on t e st ing is  frequent l y  used to det e rm ine 

mode l component s o f  a materi a l . St re s s  re l axation is best 

de s c r ibed as the ab i l it y  o f  a mat e r i a l  to a l leviate an imposed 

s t r e s s  under condi t i ons o f  a const ant s t r a i n . St re s s  

r e l axation i s  usua l l y  model led u s ing a gene ral i z ed Maxwe l l  

mode l comprised o f  a ( fi n i te ) number o f  Maxwe ll un its  i n  

par a l l e l  w i t h  e ach othe r . 

St r e s s  re l axat ion t e st ing can be c a r r i ed out in a number o f  

di f fe rent ways , for e xample , compre s s i on o f  agricultural  

produ ct s ,  stretching mat e r i a l s  such a s  wheat dough and mu s c l e  

fibre and cone- and-p l at e  and co- ax i a l  c y l inder vi s cometry fo r 

s emi - s o l ids and l i qu i ds . 

1A . 6 . 2 .  Dynami c Test ing 

Dynamic t e s t ing o f fers a very rapi d  t e chn i que caus ing minimal 

change s i n  chemi c a l  and phy s i ca l  propert i e s . Dynamic t e st ing 

methods vary s t r e s s  or st rai n with t ime ,  u s u a l l y  in a 

s in u s o ida l manne r . 

Ba s i c inst rument at i on for dynam i c  s t re s s - st r a in test ing 

requ i res a s inusoidal fo rce provided by a n  e lect rodynamic 

vibrator . The spec imen i s  he ld between the vibrator and a 

dynam i c  force t ran s duce r .  Co-ax i a l  cy l i nde r and cone and p l at e  

con f i gurat ions such a s  t he Ferrant i - Sh i r l e y  and We i s senberg 

Rheogoniomet e r s  have been used for semi - s o l i d  mate r i a l s . 

The e xt reme ly sma l l  s t ra ins imposed ( le s s  t han 1 % )  a lmost 

a s sure l i near s t re s s / st rain behavi our . 

Whe n  a Hookean s o l i d  i s  sub j ected t o  a s inu s oida l l y  vary i ng 

s t r e s s  the s t r a in a l s o  varies pe r i odi c a l l y  i n  phase with the 

s t re s s . Sub j ect i ng a Newt onian f l u i d  to a periodi c a l l y  varying 

s t r e s s  resu l t s  i n  a s t r a in 90° out of phas e . A v i scoe l as t i c  

mat e r i al , behaving i n  a l inear fashion , whi ch i s  sub j e cted t o  
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a s in u s o i da l l y  varying s t r e s s  exhibits a s t r a i n  respon se l e s s  

than 90° o u t  o f  phase ( F i g . 1 . 7 ) . I f  the s t re s s  i s  such that cr 
= cr0 s i n  rot the strain wi l l  vary with the s ame frequency but 

l ag by an angl e  e, the phas e  angle , i e ,  y = y0 s in ( rot - 8) . 

T h i s behavi our re sults in a complex frequency dependent 

modu l u s , E * , whi ch can be separated int o a re a l , in-phase 

c omponent a s s oc i ated with the st orage of energy and an 

imagi n a ry , out - o f-pha s e  component assoc i ated with the loss  o f  

ene rgy such that 

E *  = E '  + i E '  I ( 1 .  1 3 )  

The rat i o  o f  stress t o  the amp l itude of s t r a i n  give s  the va lue 

o f  t he comp l ex modulus . 

( 1 . 1 4 )  

T he r e fore t he st orage modulus  can be wr itten a s  

E ' = E *  c o s  8 ( 1 . 1 5 )  

and t he l o s s  modu lus a s  

E ' ' = E *  s i n  8 ( 1 . 1 6 )  

S ub s t itut i ng Equat ions ( 1 . 1 5 )  and ( 1 . 1 6)  int o t he eqat i on fo r 

s t r a in 

cr� = y0[E ' s i n  rot + E ' ' cos rot ] ( 1 . 1 7 )  

i s  obt a i ned . Equat ion ( 1 . 1 7 )  shows the de compo s it i on o f  stre s s  

i n t o  two c omponent s ,  one i n  pha se and one 90° out o f  phase . 

At very h i gh frequenc i e s  the s t or age modu lus E '  has  a constant 

m a x i mum value and mat e r i a l s  exhibit an e l ast i c ,  s o l i d- l i ke 

behavi ou r . At l ow frequenc i e s  mat e r i a l s  e xhib i t  a v i s cous type 

o f  behavi our as the s t or age modulus decrea s e s . 
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Figure 1 .  7 :  Stress response to sinusoidal strain. 
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The t angent o f  the phas e  angl e  ( the l o s s  t angent ) is  s omet imes 

c a l l e d  t he coe f f i c ient of internal frict ion . 

I n  a ddit i on t o  the comp lex she a r  modulus , v i s c o e l a s t i c  

m at e r i a l s  a l s o  have a comp l e x  v i s co s i t y  � * ·  

� *  = � '  - � ' ' ( 1 .  1 8 )  

whe r e  � '  i s  the rat i o  o f  s t r e s s  in phase with the rate o f  

s t r a i n  t o  s t ra in and � ' ' i s  the rat i o  o f  s t re s s  out o f  phase 

with the rate of strain to s t ra i n ( Sherman , 1 9 8 6 ) . The rate o f  

s t r a i n  i n  s inu so idal de format ions i s  

dy/dt = i w  exp ( i wt )  ( 1 . 1 9 )  

there fore � * =E * / i w  and the two component s o f  the complex 

v i s co s it y  a re s im i l a r l y  re l ated to the component s o f  the 

comp l e x  she ar modulus : 

� ' =E ' / W  ( 1 .  2 0 )  

and 

� ' ' =E ' ' / W ( 1 . 2 1 )  

At l ow freque n c i e s  � '  s hou l d  approach ste ady s t ate vi s co s ity 

va l u e s �0 . At high frequenc i e s  G'  va lues shoul d  approach G0 
val u e s from creep . 

1 A . 7 .  E MPI R I CAL TES T I NG 

Emp i r i ca l  o r  s emi-qua l i t at ive t e s t s  measure parameters that 

a r e  not c l e a r l y  de fined . Emp i r i ca l  t e s t s  a l l  t end to have 

spe c i f i c  app l i cat i on s  i n  that they are u s ua l l y  i n i t i a l l y  

deve l oped f o r  one produ c t . 
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The ma j o r ity o f  empirical tests  i nvo l ve l a rge de format i on s . 

Whi l e  s u ch t e s t s  do not give any fundament a l  dat a ,  they may be 

more approp r i ate i n  that they mimi c more c l o se l y  actua l  

condi t i ons o f  us age , and o ften corre l ate we l l  with sens ory 

eva l u at i ons . Test conditi ons and appa ratu s a l s o  det e rmine the 

magn itude o f  the parameter est imated . Often mech a n i c a l  tests  

are devi sed to repl ace human sensory eva luat i on a s  a tool  to  

appra i s e food texture . Emp i r i c a l  t e s t s  do not provide 

fundamental dat a . 

PART B : MEASUREMENT OF THE RHEOLOGICAL PARAMETERS OF BUTTER AND 

MARGARINE 

l B . l .  I NTRODUC T I ON 

As ment i oned above , the eva luat i on o f  the rhe o l o g i c a l  

prope rt i es o f  foods may be divided into two b r o a d  categories , 

fundament al t e st i ng and emp i r i c a l  t e s t ing . Fundament a l  t e st ing 

me asures we l l  de f ined propert i e s  wh i ch ,  it  is hoped ,  re l at e  to 

the st ructure o f  the sample be i ng inve stigated . Emp i r i c a l  

t e s t ing i s  u s e d  t o  study textural pr opert ies wh i ch a r e  n ot 

c l e a r l y  de f i ned . Many such techn iqu e s  have been deve l oped to 

study butt e r  and other fat syst ems . Technique s to st udy both 

fundament a l  and t extural prope r t i e s  o f  fat s wi l l  be out l ined 

be l ow . 

1 B . 2 .  FUNDAMENTAL TECHN IQUE S 

Although a number o f  techniques exi s t  for eva l u at ing 

fundament a l  rhe o l ogical parameters very l it t l e  work has been 

done on fat products . Of  the three general methods o f  

i nve s t i gat ing fundament al paramete r s , creep , s t re s s  re l axat i on 

and dynamic test i ng ,  creep and dynam i c  test ing have proved the 

mo re popu l a r . 

1 B . 2 . 1  Creep Compl i ance 
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S hama and S he rman ( 1 9 6 8 )  used a n  aut omated para l l e l  p l ate 

v i s co - e l a s t omet e r  t o  e x amine the creep comp l iance behaviour o f  

margar ine . Shama a n d  She rman ana l y sed the creep comp l i ance 

curves graphi cal l y  us ing the met hod out l ined by Sherman ( 1 9 6 6 )  

( Chapt er 4 ,  Sect ion 6 . 1 . 1 ) . On the b a s i s  o f  the i r  re s u l t s  they 

mode l led t he rhe o logi c a l  behavi our of margar ine u s ing a 

genera l i z e d  Kelvin comp r i s ing o f  a Maxwe l l  unit i n  s e r i e s  with 

four Ke lvin unit s . 

Shama and Sherman fo l l owed the harden ing o f  marg a r i n e  with 

age , observing change s i n  t he rhe o l og i c a l  parame t e r s . As 

margarine aged, v i s c os i L y  t e rm incre a sed, i ndi cat i ng t he 

margarine wa s growing more vi s cou s . At the s ame t ime , the 

c ont r ibut i on of both the i n s t ant aneous and retarded e l a s t i c  

component s de crea sed . 

On c a l cu l at ing the ret a �dat i o n  spect ra , L (� ) , whe re L ( � )  i s  an 

approximat i o n  o f  the inve rse Lapl ace t rans form o f  the creep 

funct ion ( Se ct i on A . 6 . 1 . 1 . 3 ) , for margar ines of va rious ages 

they c l a imed evidence for  the number of ret ardat i on mechan i sms 

s e en . 

Late r ,  Shama and Sherman ( 1 9 7 0 )  used the s ame equ ipment t o  

f o l l ow change s i n  v i s coelast i c  behav i our w i t h  t ime a ft e r  work 

s o ften ing marga r i ne and butter . I n  contrast with the p revi ous 

p aper ( 1 9 6 8 )  whe re t he creep comp l i ance response was obse rved 

f o r  f ive hour s , the creep compl i ance re spons e  o f  marga rine 

a ft e r  work s o ft en i ng wa s obse rved for 1 0  minut e s  on l y ,  due t o  

t h e  r apid r a t e  marga rine recovered i t s  st ructure ( set up ) 

a ft e r  work s o ft e n i ng . 

The behav i o u r  o f  the margar ine was mode led u s ing a genera l i z ed 

K e l v i n  un it comp r i s i ng a Maxwe l l  un it in s e r i e s  with two 

Ke lvin unit s compared with four Kelvin un i t s  used for the 

l o nger t ime e xpe r iment s de sc ribed i n  the 1 9 6 8  pape r . Al s o ,  due 

t o  t he shortened obse rvat ion t ime t he vis cous t e rm obt ained i s  
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not t he t rue Newt o n i an v i s co s i t y ,  but more appropr iate l y  

cal led the appa rent v i s c o s i ty . 

C a l cu l ated rhe o l ogical pa rameters for margar i ne are l i st e d  in 

both papers , and,  whi l e  not direct l y  comparable , are o f  t he 

s ame o rde r ( T able 1 . 1 ) . The v i s c o s i t y  t e rm repo rted i n  the 

1 9 6 8  paper is ten t ime s l arge r than the vi s co s i t y  t e rm 

report ed in 1 9 7 0 . Thi s i s  probab l y  due t o  the di ffering 

du rat i on s  o f  the two expe riment s .  Apparent visco s it y  increase 

as the lengt h of the experiment incre a s e s  and the vi s co s i t y  

te rm approache s i t s  t rue value . 

The apparent vi scos ity t e rm alte=ed ve ry l it t le with reworking 

and recove red substant i a l l y  after rework ing . Shama and She rman 

fe l t  the apparent v i s co s i t y  best charact e r i s ed the con s i st ency 

o f  margarine a fter work ing . 

The results o f  obs e rving the vi s coe la s t i c  behavi our o f  butter 

ove r eight hour peri ods �r� also  reported i n  the 1 9 7 0  pape r . 

The s ame number o f  parameters were used t o  charact e r i s e  butter 

behav i our as  were used for margarine a fter a ten minute 

expe r iment . As a re sult t he viscous flow t e rm wi l l  be c l o s e r  

t o  t he t rue Newt on i an f l ow term but the paramet ers for butter 

be fore and a ft e r  working wi l l  not be comparable t o  the 

marga r ine re s u lt s . 

On working the · e l a s t i c  moduli  decreased l e s s  than the vi s cous 

term and , on aging , but t e r  con s i stency was felt to be 

characterised to a great e r  extent by t he e l a s t i c  t e rms . 

The que s t i on ari s e s , i s  i t  va l i d  t o  compare the behav i our o f  

butt e r  and margarine , both be fore and a ft e r  rewo rk i ng o n  t he 

bas i s  o f  the s e  experime nt s . The wide l y  di f fe ring t ime l e ngths 

of t he expe r iment s make t hem very di f feren t . Sho rt t ime c reep 

exper iments lead to a l a rger apparent v i s c o u s  t e rm and a 

corre spondingl y  decre a s e d  ret arded e l a s t i c  c ont r ibut i o n ,  whi l e  

longe r durat i on experime n t s  give t he exact oppo s i t e , a sma l ler 



T a b l e  1 . 1 :  C re e p  r e s u l t s  r e p o r t e d  by v a r i o u s  w o r k e r s . 

Re f e re nce I n s t rume n t  Samp l e  Mod e l  Eo LE llN T T i me 
( a )  P a  P a  P a . s  oc 

S hama and P a r a l l e l  Ma rg a r ine 4 e xp 9 . 2 x l 0 5 l . O x l 0 7 1 . 5 x l o 1 0 1 5  4 h r . 
S h e rma n ,  p l a t e  ( 3 5  days ) 
1 9 6 8 .  

S hama and P a r a l l e l  Ma rga r i n e  2 e xp 3 . 8 x 1 0 6 1 . 6 x 1 0 7 1 . 9 x 1 0 9 1 0  1 0mi n 
S h e rma n ,  p l a t e  
1 9 7 0 . 

Bu t t e r  2 e xp 4 . 5 x l 0 6 6 . 5 x l 0 6 9 . 3 x 1 0 1 0  1 0  8 h r .  

D a v i s , Concen t r ic Lard 3 e xp 5 . 9 x 1 0 4 2 . 7 x 1 0 5 8 . 7 x l 0 6 2 5  1 5m i n  
1 9 7 3 . c y l i nde r 

" " S h o r t e n i n g  3 e xp 2 . 1 x 1 0 4 1 . 4 x 1 0 5 3 . 4 x 1 0 6 2 5  1 0 - 2 0m 

" Sph e r i c a l  La rd 3 exp 3 . 5 x 1 0 4 - 1 . 2 x 1 0 8 2 0  2 - 3 0 0m 
i nde n t o r  

" " S h o r t e n i ng 3 exp l . O x l 0 4 - l . 6 x 1 0 8  2 0  2 - 3 0 0m 

G u p t a  a nd Comp re s s i on 
3 . 7 x l 0 6 4 . 0 x 1 0 6 7 . 4 x l 0 8 DeMa n ,  Ma rg a r i n e  1 e xp 1 0  1 0min 

1 9 8 5 .  
" " Bu t t e r  1 e x p  5 . 2 x 1 0 6 4 . 3 x 1 0 4 1 . 2 x 1 0 8 1 0  1 0min 

( a )  The numbe r o f  exponen t i a l s ,  r e f e r r i ng t o  t he numb e r  o f  re t a rd a t io n  me c h a n i sms f i t t e d . N 0\ 
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v i s cous t e rm w i t h  ret arded e l asii c  c omponent s p l ay ing a n  

incre a s ed part . The instantaneous e l as t i c  re spon s e  i s  

una f fected by exper iment length . T h i s  t rend can be s e e n  in 

Shama and Sherman ' s  result s . 

Ret ardat i on spectra were calculated,  u s ing a sec ond o rder 

approx imat ion o f  the Lapl ace t rans form whi ch avo i ds the 

nece s s i t y  o f  knowing �N pre c i se l y  ( Sect i on 1A . 6 . 1 . 1 . 3 ) . The 

retardat i on cu rve s pre sented do not give any indicat i on of the 

number o f  retardat ion mechan i sms i nvo l ved a s  they did 

previou s l y  i n  the 1 9  68  pco.p e..��". 

On the bas i s  of the i r  creep comp l i ance results S hama and 

She rman conc lude butter cont a in s  a sma l l e r  prop o rt ion o f  

i rreve r s ib l y  breakable bonds a s  i t  recove rs much o f  i t s  

o r iginal i n s t ant aneous e l ast i c  component a fter r ewo rk i ng . I n  

contras t , margar ine l o ses mo s t  o f  i t s  i n s t antaneous e l a st i c  

re spon s e  o n  rewo rk ing and doe s  not recove r  it , i ndi cat ing a 

far large r propo rt ion o f  st rong , i r reve r s ible bonds . Thi s 

conclu s i on i s  una f fected by the l ength o f  the exper iment a s  

the inst ant aneous e l a st i c  response i s  not t ime dependent . 

D avi s ( 1 9 7 3 )  report s the v i s c oe l a s t i c  propert i e s  o f  

pharmaceut i cal prepa rat ions have been wide l y  studied u s ing 

c reep t echn ique s . He goe s  on to comment on the fact few semi ­

s o l i d  foodstuffs have been sub j ect ed t o  det a i l e d  fundament a l  

t e s t ing . I n  a n  attempt t o  a s s e s s  ava i l ab l e  methods Davi s 

carried out concent r i c  cyl inde r and sphe r i cal indi cat or creep 

t e s t s  on l a rd and shortening . 

Concent r i c  cyl inder t e s t s  we re per fo rmed u s i ng a modi fied 

We i s s enber g  Rheogoni ometer des c r ibed by Warburt o n  and Barry 

( 1 9 6 8 ) . A stre s s  �as suddenly app l i e d  to the s ampl e  and 

mainta ined for a pe r i od of up to thirty minute s . The t ime 

dependent st rain re sponse was mea s u red . P r i o r  t o  t e s t ing a 

check for l inear vi s coe l a s t i c  behaviour was made . 
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Davi s observed the creep response for both l a rd and shortening 

at 2 5 ° c .  ( T ab l e s  1 . 1  and 1 .  2 )  The curve s obt a ined were 

int e rp reted i n  the same way a s  S hama and S he rman , 1 9 6 8  and 

1 97 0 ,  i e � as c l a s s i c  vi s co - e l as t i c  curves , having an 

inst ant aneous e l a s t i c  re spon s e , a numbe r  o f  ret a rded re sponses 

and eventu a l ly a region of vis cous flow . The curve s we r e  

ana l y s ed b y  t he procedure de s c r ibed b y  Warbu rton and Ba rry 

( 1 9 6 8 ) . Thi s procedure is bas i cal l y the s ame as t he met hod 

u s ed by She rman ( 1 9 6 6 )  and i s  de s c r ibed more fu l l y in Chapter 

4 ,  Sect i on 6 . 1 . 1 .  Three retarded e l a s t i c  me chan i sms we re 

t hought t o  be pres ent . 

D avi s a l s o  exper imented with creep by sphe r i ca l  indicat o r ,  

where a sphe re part i a l l y  penetrat e s  a semi - i n f i n i t e  s e a  o f  

mate r i a l  ( Barry and Warburton , 1 9 6 8 ) . Data i n  t h e  form o f  

penet r at i on depths were cu rve f i t t e d  and ana l y s e d  t o  give a 

cont inuous c reep funct i on . ( Tab le 1 .  2 )  . 

The t ime s c a l e  o f  the indent at i on experiment s  was ten t imes as 

great as that employed for concent r i c  cyl inder t e s t i ng . The 

i ndent at i on t e s t s  were a l s o  done at a lower t empe rature 

( 2 0 °C )  . The s ame s ampl e s  o f  l ard and short en i ng previou s l y  

u s ed we re empl oyed i n  thi s t e s t . Vi s co s ity v a l u e s  obt a i ned by 

indent at i on were much l arge r a s  a cons equence o f  both t he 

change i n  t empe rature and l ength o f  experiment , whe reas  

i n stant aneou s response values  for t he two met hods were of  the 

s ame magn i tude ( see T ab l e s  1 . 1  and 1 . 2 ) . The curve s lo oked 

qu ite d i f fe rent , po s s ib l y  a s  a result o f  di f ferences in 

t empe r at u re and s amp l e  disturbance p r i o r  t o  t e st i ng . A 

di s advant age o f  concent r i c  cy l inde r t e st ing i s  t he need t o  

di s turb s amp l e s  during l oading , in contrast w i t h  creep b y  

sphe r i ca l i ndicat o r ,  whe re s amp l e  d i s turbance i s  minima l . 

Both c oncent r i c  cyl inde r and sphe r i c a l  indi c a t o r  t e s t s  should 

give approx imat e l y  the s ame re s u lt s . The di f fe rence between 

the two s et s  of re s u l t s  empha s i z e s  t he need t o  per form t e s t s  

at t he s ame t emperature , f o r  t h e  s ame length o f  t ime a n d  t he 

• I 

- I 



2 9  

T ablet 2 :  Re sults report ed b y  Davi s ( 1 9 7 3 )  us ing a var i e t y  o f  

rhe o l og i cal methods . 

Method S ample 

Fe rrant i - Shi rley 
cone and plate 
Shear rate 1560 / s  
2 5 °c 

Concent r i c  
c y l inde r creep . 
We i s senbe rg 
Rhe ogoni omet er . 
2 5 °C .  

C reep by 
sphe r i c a l  
i ndicat o r . 
2 0 ° c .  

D yn ami c v i s co­
e l a s t i c  t e st ing . 
P ar a l l e l  plate 
con figurat ion , 
We i s senbe rg 
Rheogon i ometer . 
2 5° C .  

L a rd Shorten i ng 

Stat i c  y i e ld 
value ( P a . ) 

1 . 4 x 1 0 3 

Dynamic y ield 1 . 7 x 1 0 2 

value ( P a . )  

P l ast i c  0 . 3 1 
vi s co s it y  ( P a . s ) 

Go ( pa . )  5 . 9 x 1 0 4 

ll o ( P a . s ) 8 . 7 x1 0 6 

Go ( P a l  3 . 5 x 1 0 4 

1 . 2 x 1 0 8 llg ( P a . s ) 
2 0 - 3 0 0  m i n  

llg ( pa . s ) 3 . 0 x 1 0 7 

2 - 3 0  m i n  

G ' ( P a·) 6 . 0 x 1 0 4 

1 0  H z  

Tl '  ( P a . s ) 3 . 2 x 1 0 4 

2 . 5 X E- 3 Hz 

7 . 0 x 1 0 3 

1 . 4 x 1 0 2 

0 . 2 7 

2 . 1 x 1 0 4 

4 . 3 x 1 0 7 

1 . 0 x 1 0 4 

1 . 6x 1 0 8 

5 . 1 x 1 0 7 

1 . 6x 1 0 4 

1 . 9x 1 0 4 
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need t o  keep the s amp l e  i n  a n  undi sturbed s t at e , e spec i a l l y  i f  

a comp a r i s o n  i s  t o  b e  made between methods . 

D avi s a l s o  po int s out creep t e s t s  are l imited at short t ime s 

b y  inert i a l  e ffect s and t he impo s s ib i l it y  o f  app l y ing 

i n s t ant aneous s t re s s . 

U s ing a s impl e  creep anal y s i s  inst rument , des c r ibed by DeMan 

e t  a l  ( 1 9 8 5 ) , Gupt a and DeMan ( 1 9 8 5 )  looked at the e f fect 

working and the addit i o n  o f  sur fact ant s and a i r  had on the 

cons i st ency o f  but t e r ,  pay ing spec i a l  attent i on t o  change s in 

v i s co - e l a st i c  paramet e r s . 

S amp l e s  were sub j e cted t o  a known comp re s s ive force and 

d i s p l acement was me a s u red with a transducer . P rovided 

c ompre s s ion rema i n s  ve ry sma l l  calcu l at i ng �N from the 

gradient o f  the result ant cu rve i s  po s s ib l e  ( Sherman , 1 9 7 0 )  

Gupt a and DeMan found a l a rge de cre � s e in a l l  me a sured 

rhe o l og i ca l  parame t e r s  for but ter � : � e r  working . E l a st i c  and 

v i s cous terms de creased by approx i ; : , ·� e l y  the s ame amount s ,  in 

cont ra s t  with Shama and She rman ( 1 S � O ) , who found the vi s cous 

t e rm reduced more than the e l a s t i c  terms ( Tab l e s  1 . 1 and 1 . 3 ) . 

Gupt a and DeMan f ound a l l  rhe o logical parame t e r s  recove red to 

the s ame ext ent , once aga i n  i n  c ont rast with behaviour 

ob s e rved by Shama and She rman , where the e l as t i c  t e rms 

recovered far more t han the vi s cous t e rms ( Tab l e  1 . 3 ) . The 

s ame change s in v i s co s i t y  a ft e r  wo rking were s een by both 

groups o f  worke r s . Vi s c o s i t y  was decreased by the s ame e xtent 

and recovered t o  the s ame extent ove r s imi l a r  p e r i ods o f  t ime . 

Theoret i c a l l y  the work o f  Gupt a and DeMan shou l d  be compa rable 

to that o f  Shama and Sherman ( 1 97 0 ) . Both methods record creep 

comp l i ance respons e  unde r condi t i on s  of const ant s t re s s . DeMan 

u s e s  an a l t e rnat i ve method for obt a i n ing a value for the 

ret arded e l a s t i c  t e rm ,  pre ferring onl y  one t e rm t o  fitt ing one 



T a b l e  1 . 3 :  Compa r i s o n  o f  t h e  r e s u l t s  r ep o r t e d by S h am a  a n d  S h e r m a n  ( 1 9 7 0 )  a n d  Gupt a 
a n d  D e M a n  ( 1 9 8 5 ) . 

S a mple 

E o 
( P a )  

E r  
( P a ) 

TIN 
( P a . s )  

Temp . 
( oC )  

t ime 

S h a ma & 
S h e rman a 

Ma rg 
u n wo rked 

3 . 8 x 1 0 6 

1 . 6 9 x 1 0 7 

1 . 9 x 1 0 9 

1 0  

1 0  m i n  

( a )  1 9 6 8 
( b ) 1 9 8 5  
( c )  1 9 7 0  

Gupt a & 
DeMa n b 

Ma rg 
u n wo rked 

3 . 7 x 1 0 6 

4 . 0 x 1 0 6 

7 . 4 x 1 0 ° 

1 0  

1 0  m i n  

But t e r  B u t t e r  
u n w o rked 6 h r s  

4 . 5 x 1 0 6 1 . 9 x 1 0 6 

6 . S x 1 0 6 1 . 4 x 1 0 6 

9 . 3 x 1 o 1 0  1 . 0 x 1 0 1 0  

1 0  1 0  

8 h o u r s  8 hou rs 

S h ama & 
S h e rman c 

a f t e r  
5 d a y s  

3 . 3 x 1 0 6 

2 . 3 x 1 0 6 

2 . s x 1 o 1 0  

1 0  

8 hou r s  

w o r k i n g  
1 3  d a y s  

3 . 3 x 1 0 6 

2 . 5 x 1 0 6 

3 . 5 x 1 o 1 0  

1 0  

8 h o u r s  

Bu t t e r  
4 h r s  

6 . 2 x 1 0 6 

3 . 2 x 1 0 6 

6 . 4 x 1 0 8 

5 

1 0  m i n  

G u p t a  & 
DeMa nb 

a f t e r  w o r k i n g  
7 d a y s  1 4  d a y s  

6 . 6 x 1 0 6 7 . 3 x 1 0 6 

3 . 9 x 1 0 6 4 . 4 x 1 0 6 

0 . 7 x 1 0 8 8 . 5 x 1 0 8 

5 5 

1 0  m i n  1 0  m i n  

w 
I-' 
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o r  more retardat i on mechan i sms . His  methods for c a l cu l at ing 

the i n s t antaneous re sponse and apparent visco s i t y  are 

e s s ent i a l l y  the s ame . 

Where exper iment a l  condit ions are s imi l a r ,  for e x amp l e , 

s ampl e s  o f  ma rga r i ne unde r const ant s t re s s  for t e n  minutes at 

1 0 °C ,  di f fe r i ng s amp l e  compo s it i on p revents c l o s e  c omp a r i son o f  

t he reported resu l t s  ( Table 1 . 3 . ) . 

N o  ment i on i s  made o f  whethe r or not l inear vi s c oe l a s t i c  

respon s e s  we re obse rved b y  DeMan e t. a l .  ( 1 9 8 5 )  f o r  the s t re s ses 

u s ed ( 4 . 9  t o  1 9 . 6N ) . F rom a s imp l e  p l ot of the i n s t ant aneou s ,  

ret a rded e l a s t i c  and v i s cous response dat a  pre sented for 

butt e r  at 5 °C ,  plotted aga i n s t  force ( F i g . 1 . 8 ) , it  i s  

apparent that forces greater then 1 4 . 7N produced non- l inear 

behavi our . Vi s cous flow va lues shou ld a l s o  be independent o f  

t he fo rce o r  s t re s s  u s e d . Vi s c o s i t y  paramet ers p re s ented seem 

t o  be dependent on the force used . 

N o  further indi cat i on i s  given o f  the forces used t o  obt a in 

r e s u lt s . One can on l y  a s s ume s ome o f  the re su lt s pres ented are 

der ived from non- l in e a r  creep re spon s e s . This re s u l t s  i n  a 

curv i l ine a r  re l at i onship between s t r e s s  and st r a i n , with the 

c reep comp l i an ce-t ime response being i n f l uenced by the s t r e s s . 

I f  t h i s  wer e  t he ca s e ,  a di f fe rent c reep comp l i a n ce - t ime cu rve 

wou l d  be generated f o r  e a ch s t re s s  used ( She rman , 1 9 8 6 )  . Non­

l i ne a r  re spon s e s  cannot be ana l y sed u s ing the the ory o f  

v i s c o e l ast i c i t y . 

Que s t i on s  o f  l inear i t y  a s ide , DeMan e t  a l  ( 1 9 8 5 )  found 

evidence o f  a n  e a s i ly des t royed s t ructu r a l  component ( o r  

c omponent s )  . O n  exam i n i ng the c reep comp l i ance behaviour o f  

but t e r  and i t s  recove r y  on the remova l o f  s t re s s ,  they found 

n o t  a l l  the i n s t antaneous or ret arded e l a s t i c  s t r a i n  was 

recove red , with t he amount of s t ra i n  recovered decreas ing a s  

l o ading t ime s incre a s e d . 
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T h e  creep re s u l t s  repo rted by t h e  authors di s cu s s ed here have 

been drawn t ogether in Tab l e  1 . 1 .  Owing t o  the dive r s i t y  o f  

s amp l e s , expe riment durat i on and t emperature very few 

comp ar i s on s  can be made . Howeve r , the method c annot be 

dismi s sed l ight l y . D av i s  ( 1 97 3 )  conc lude s creep t e s t ing offers 

t he great e st po s s ib i l it ies for future t e s t ing . 

1 B . 2 . 2 .  Cont i nuous Shear 

An a l t e rn at ive method of obt a ining fundamen t a l  dat a i nvo lve s 

t he u s e  o f  cont inuous shear . Var i ous cone and p l at e  

con f i gu r a t i ons have been ut i l i sed f o r  thi s  purpose . I n  

gene ra l ,  cone and plate inst rument s compr i s e  a sma l l  angle 

cone capabl e  of rotat i on and a s t at i onary l ower p l at e . 

A l t e rnat ive l y ,  the cone may be s t a t i onary whi l e  the l ower 

p late rot at e s . 

P ar k i n s on e t  a l  ( 1 9 7 0 )  used a cone and p l at e  con figurat i on o f  

a We i s s enberg Rheogoni omete r  t o  obt a i n  cont inuous she a r  

measurement s ,  o r  rheograms , for e xt racted but t e r  cryst a l s . 

T e s t ing was done at 2 5 °C .  

They de r ived an equat ion whi ch cou l d  be u s e d  i n  predict ing the 

spre adab i l it y  charact e r i s t i c s  o f  butter and marga rine . Us ing 

the equat ion vi s c o s i t i e s  can be c a l cul at e d  for high rates o f  

s he a r  i f  t he v i s co s it y  o f  l iqui d  fat and the mean wate r  

droplet s i z e i s  known . 

Wh i l e  the equ at i on t akes the pres ence of s t ructura l e l ement s 

such a s  wat e r  drop l e t s  and l i qu i d  fat int o a ccount , the 

e x i stence o f  any three dimens i on a l  crys t a l  network is i gnore d . 

The i n i t i a l  ext r act i o n  o f  fat c rys t a l s  wou l d  have destroyed 

such a network . A secon d  point o f  pract i c a l  cons i d� rat i o n  i s  

t he t e st t empe rature . 2 5°C i s  much higher t han t he 

temperatures at whi ch the spreadab i l ity o f  butt e r  i s  a 

p roblem . 

• I 
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E l l iot a n d  Ganz ( 1 9 7 1 )  a l s o  u sed a cone and p l a t e  

c o n f i gu rat i on o f  a We i s s enbe rg Rheogoni ometer fo r cont inuous 

shear me a surement s o f  butter and margar ine at ' room 

t emperature ' . Describ ing obse rved behavi our as i n it i a l l y  

e l ast i c ,  f o l lowed b y  structure breakdown and f l o w ,  with a 

r a p i d  t hen s l ower re cove ry on the remova l o f  stre s s ,  t he y  

p r oposed a modi fied B ingham body to mode l the re sult s they 

observed ( F ig . 1 . 9 ) . The modi fied Bingham body d i f fe r s  in that 

two y i e ld stresses a re present in the f r i ct i on e l ement . One , 

cr0 r , i s  the yield s t re s s  requ i red to move the s l ider , but once 

s l i di ng a l ower stre s s , cr0s , is a l l  that is needed to cont inue 

s l iding . 

Vocadl o and Young ( 1 9 6 9 ) , u s i ng a cone and p l ate We i s senberg 

Rheogon i ometer examined the f l ow propert i e s  o f  butt e r ,  

margar i ne and l a rd . On obt a i n ing t races s imi l a r  i n  appe arance 

t o  those o f  E l l iot and Ganz t hey commented on t ime dependent 

rhe o l ogi c a l  cha ract e r i s t i c s  b e ing ve ry comp l ex and furthe r 

comp l i cated by sampl e  s l ip dur ing test i ng . F l ow behaviou r  was 

t hought to be visco-plast i c , . i e ,  have a y i e l d  t e rm and a 

v i s cous component , and a v i s co-plast i c  mode l with the 

fo l l owing equat i on was fitted : 

whe re cr = shear st re s s , cr0 = y i eld s t r e s s . G = s hear rate and 

K and n = rheologi c a l  paramet ers . When n = 1 ,  K = · vi s c o s i t y , 

and t he equat i on becomes that o f  the B ingham plast i c . 

Both exper iment a l  re s u l t s  and theore t i c a l  parameters indicated 

f l ow behavi our cou ld not be de scribed b y  a B i ngham mode l as  n 

f 1 ,  ( in di rect cont rast t o  E l l iot and Gan z ) and that a y i e l d  

s t r e s s  i s  app l i cabl e  a t  l ow s hear rat e s . Once agai n  

exper iment s we re done a t  high tempe rature s ,  from 2 1  - 3 0 °C .  

Davis  ( 1 97 3 )  used a Ferrant i - Shirley cone and p l at e  vi s comet e r  

t o  study s amples o f  l ard and s hortening . H e  report s good 
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agreement betwee n  result s  obt a ined b y  the Ferrant i - Sh i rley and 

resu l t s  from a H aake-Rot ovi sko co�e and p l at e  a t t achment . 

Con s c i ou s  o f  the pos sibi l it i e s  o f  work s o ft ening dur i ng 

l oading , s amples were di sturbed a s  l ittle a s  pos s ib l e . Test ing 

was done at 2 5 °C ,  and complex rhe ograms were obt a i ned whi ch 

were d i f fi cult t o  interpret . D av i s  does not propo s e  any mode l 

othe r t han to s a y  t ypical v i s coe l a st i c  behaviour i s  being 

exhib i t e d . 

D avi s a l s o  comments on whethe r or not cone and p l a t e  s hear 

t e st ing i s  suitab le for product s such as fat s . He e xpre s s e s  

doubt s a s  t o  the suitabi l it y  o f  c o n e  and p l ate t e s t ing due t o  

t h e  pos s ibi l it y  o f  shear fracture a n d  l o s s  o f  mat e r i a l  from 

between the cone and plate surface s . Cone and p l ate t e st ing 

doe s  n ot seem ve r y  suitable or u s e fu l  for f i rme r semi - s o l i ds . 

For a fat to be s u itable for examinat ion by cone and p l at e  

techn i ques it ha s to have a high percentage o f  l i qu i d  fat 

present . Fats such as mi l k fat consequent l y  have to be at high 

tempe r atures for testing . Furthe r ,  owing t o  the sma l l  s ampl e  

s i ze a n d  inevi t ab l e  sample disturbance o n  l oading , it  i s  

un l i k e l y  a n y  stru ctural e l ement s s u c h  a s  a network o f  fat 

crys t a l s  wi l l  be l e ft int act . 

1 B . 2 . 3 .  D ynami c T e st ing 

Dynam i c  o r  o s c i l l a tory t e st ing methods can a l s o  be used t o  

invest igate the fundament a l  rhe o l og i c a l  propert i e s  o f  foods . 

Although the method seems we l l  s u i t e d  for use on fat s y st ems 

l it t l e  work seems to have been done t o  inve s t igate 

vi scoe l a st i c  propert ies us ing os c i l l at ory t e chni que s . The 

the o r y  and bas i c  instrumentat i on used in dynam i c  t e s t i ng are 

d i s cu s s e d  more fu l l y in P art A,  S e ct i on 6 . 2 .  

De iner and Heldman ( 1 9 6 8 ) used an o s c i l lat ing cant i leve r beam 

o f  but t e r  in an att empt t o  i nve s t i gate sma l l  s t r a i n  behav i our 

of but t e r . They p r oposed a v i s cous -Maxwe l l -B i ngham mode l based 

on the i r  result s a nd attempted t o  r e l ate mechani c a l  e l ements 

of the mode l to butter s t ructure based on a des c r ipt i on b y  
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King ( 1 9 6 4 )  ( F i g . 1 . 1 0 ) . They as sume that stre s s  wi l l  r e l ax to 

z e ro i f  given s u f f i c ient t ime . From the o s c i l l at i on data ( not 

presented)  the storage modu lus and l o s s  t angent were 

c a l cu l ated . I ncre a s i ng frequency caused both the storage 

modu lus and l o s s  t angent t o  increas e ,  whi le i n c re a s ing 

t empe rature only  a f fe cted the st orage modulus . No attempt is 

made t o  re l at e  re s u l t s  back t o  t he s t ructural mode l pre sented . 

E l l i ot and Gan z ( 1 9 7 1 )  a l s o  per formed dynamic t e s t s  on butter 

and margarine us ing a cone and plate con figurat i on of a 

We i s senberg Rheogoni omet e r  at ' room temperature ' .  The s t re s s  

re sponse wave reported was s quare , n o t  s inu s o i da l ,  a t  s t rain 

amp l itudes greater than ± 0 . 6 6 .  Thi s  re sponse w a s  in 

acco rdance with the modi fied B i ngham mode l proposed above . 

Change s i n  st r a i n  direct i on caused an abrupt c hange i n  stress 

t o  a value s im i l a r  to be fore but of  opposite s i gn , caus ing the 

s t re s s  response wave to become square . I n  term s  o f  the model , 

the displ a cement between the s e  e s s ent i a l l y  con s t ant s t r e s s  

l eve l s  i s  equ a l  to twice the y i e l d  s t r e s s  a t  r e s t . 

E l l i ot and Green ( 1 9 7 2 )  calcu l ated t he re spons e  o f  the 

modi fied B ingham body , propo sed by E l l i ot and Ganz ( 1 9 7 1 ) , i n  
t e rms o f  mode l pa rameters . The mode l should e n a b l e  

e xper iment a l  resu l t s  t o  be int e rpreted in term s  o f  phy s i ca l  

paramet e r s  such as vi s cos i t i e s  and e l ast i c  modu l i . They 

conclude gene r a l l y ,  s ay ing a corre l at i on betwe e n  re s u l t s  and 

sub j e ct i ve t e xture notes shou l d  make it pos s i b l e  to re l ate 

t exture t o  measurable rhe o l o g i c a l  propert i e s . 

Davis  ( 1 9 7 3 )  examined l ard and short ening u s in g  para l l e l  

p l at e s  o n  a We i s senberg Rheogoni ometer . Linear response was 

checked b y  i n crea s i ng s t r a i n  amp l itude and mon i t oring the 

pha s e  angl e  and the amp l itude rat i o  between the s t r e s s  and 

s t r a i n  curve s . When the phase angle and the amp l itude rat i o  

became dependent on st rain amp l itude a l inear r e sponse w a s  no 

l onger s een . T e s t s  were carried out at 2 5 °C .  

• I 
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S amp l e s  were sub j ected t o  a var i ab l e  i nput s t r a i n  and the 

output re spons e  s t r e s s  was me asured . Both l ard and shorten ing 

s howed the s ame t ype o f  response but ca l cu l ated v i s coel ast i c  

parameters di f fered . F rom the s imi l a r  s hape s  o f  t h e  re spon se 

c u rve s Davi s concluded the two samples had s imi l a r  

v i s co e l a s t i c  propert i e s ,  pos s ib l y  becaus e  the t hree 

d i me ns i on a l  st ructure i s  composed o f  components with s imi l ar 

f r e quency re sponse s .  At high shear the G '  and the G0 va lue s 

f r om c reep showed r e a s onable agreement ( T able 1 . 2 ) . At low 

frequen c i e s  � ' va lue s shou l d  approach the s t e ady state �N 
v a l u e s  obt a ined from c reep t e st ing ( Tab l e  1 . 2 ) . This  was not 

obs e rved at the l owe s t  frequency used,  2 . 5 x 1 o - 3 Hert z . Dav i s  

f o u n d  the c a l cu l ated v i s coe l as t i c  parame t e r s  obt a ined by 

o s c i l l at o ry t e s t ing c le a r l y  di f ferent iated between his  two 

s amp l e s . 

D av i s  fee l s  such dynamic t e s t s  may be ve r y  u s e fu l  i n  

s upp l ement ing c reep dat a a t  short t ime s t o  provi de more 

i n fo rmat ion . One drawback is t he need to di sturb s ampl e s  

du ring loading . 

B i s t an y  and Kok in i  ( 1 9 8 3 )  compared the v i s c o s i t y  funct ions o f  

f o u r  foods i n c l uding a tub margarine . The v i s c o s i t i e s  were 

obt a ined by ste ady s hear and sma l l  amp l i t ude dyn amic 

me a s urement s .  The exper iment s were carried out at 2 5 - 2 6°C 

u s ing a cone and p l a t e  geomet ry . Care was t aken t o  minimi se 

t he e f fe ct o f  work s o ft ening dur ing l oading . In a l l  cases the 

dynami c vi s c o s i t y  funct ion was l arger than the s t e ady state 

v i s co s i t y  funct i on .  Thi s  was s a id to be due to s t ructure 

b r e a k down occurring be fore the steady state v i s c o s it y  was 

re ache d ,  whi l st the s t ra i n  i n  dynam i c  mea s u rement s is s o  sma l l  

t h e re i s  n o  appreciab l e  change i n  the s amp l e  mate r i a l . 

Vi s c omet r i c  funct i o.n s  o f  foods and corresponding l inear 

v i s coe l as t i c  results  do not seem t o  be s imp l y  re l ated,  in 

c o n t r a s t  t o  c l a s s i c a l  t heory . 



1 B . 3 .  EMP I RICAL AND I M I TAT IVE TE STING 

1 B3 . 1 .  Sect i l ity Test ing 
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s e ct i l it y  t e sting involve s  cut t ing a s amp l e  with a wire us ing 

e i ther a const ant force or a const ant cut t i ng speed . 

Knoop ( 1 9 7 2 ) out l ines the h i st ory o f  sect i l it y  t e s t i ng ,  

s ugge s t i ng the first worke rs t o  try t h i s  were W .  Mohr and F .  

O l denburg i n  1 9 3 3 . Us ing a constant force they me as ured the 

t ime t aken to cut a s ampl e  o f  butter i n  ha l f .  

D o lby ( 1 9 4 1 )  devised a s impl e  apparatu s  with whi ch the 

r e s i stance o f  a samp l e  o f  but t e r  to cutt ing by a wi re moving 

at a const ant rate cou ld be mea sured . Do lby found the method 

gave reproducible result s ,  t ak i ng the re s i s t ance measured as 

b e ing an indi cat ion o f  the f i rmness o f  t he butt e r . 

P rent i ce ( 1 97 2 )  reports Mohr et al  ( 1 9 5 1 ) deve l oped a more 

s ophi s t i cated tester i n  which t he wire was dr iven through 

s ampl e s  at a con st ant speed and the count e rthrust was 

measured . 

The F I RA-N I RD extru s i on apparatus ( P rent i ce ,  1 9 5 4 )  wa s 

modi fied b y  Wood and D o lby ( 1 9 6 5 )  t o  measure sect i l it y . The 

r e s u l t s  wer e  found t o  be more reprodu c i b l e  than those obt a ined 

by the extrus ion method . 

D o lby ( 1 9 4 1 )  found the f l ow prope rt i e s  o f  but t e r  were s im i l a r  

t o  tho se o f  a power l aw f l u i d  a n d  n o t  a B ingham p l a st i c ;  unde r 

the sma l l e s t  loads f l ow woul d  occur . The maximum cutt ing speed 

u s ed by D o lby was 0 . 0 0 7  mm/ s . 

Rebinder and Semenenko ( 1 9 4 9 )  ( cited by Hayakawa e t  a l ,  1 9 8 6 )  

u s ed a h igher rate o f  wire movement t o  obt a i n  a value l ike the 

B ingham vi s cosity and a l owe r ve locity t o  approximate an 

appa rent y i e ld s t re s s , with for ce mea sured corr e l at ing we l l  

with spreadab i l it y . 
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Knoop ( 1 9 7 2 )  de s c r i bed the p l ot of force vs cut t ing ve l oc i t y  

a s  characteri s t i c  o f  a Bingham p l a s t i c . Knoop c l a ims a l inear 

re l at i on ship between ve l o c i t y  and force e x i s t s  above a 

l im i t ing ve l oc i t y  o f  3 mm/ s  and that the B i ngham flow l imit 

re f l e ct s  the e s sent i a l  propert y to b e  me asured;  a concept 

supported by Mu lder and Wal st r a  ( 1 9 7 4 )  . Thi s  cont ra s t s  with 

D o l by ' s ( 1 9 4 1 )  sugge s t i on butter act s more a s  a powe r l aw 

f lu i d . Cutt ing ve l ocit i e s  used by Knoop far exceeded those 

used by D o lby . 

D ix o n  and Wi l l i ams ( 1 9 7 7 )  l o oked at sect i l it y  t e st i ng u s i ng a 

r an ge o f  cutt ing ve l o c i t i e s  from 0 . 4 5 mm/ s  - 9 mm/ s t o  

a s ce rt a i n  whether but t e r  acted a s  a Bingham p l a s t i c  o r  a s  a 

powe r l aw flu id . He found butter showed an e xponent i a l  

r e l at i onship between cutt i ng ve l oc i t y  and cut t ing force , with 

exce l l ent corre l at i ons for semi l og and powe r l aw 

r e l at i on ships , i n  cont rast with the B ingham p l a s t i c  mode l . 

Us ing cutt ing speeds ranging from 0 . 3 3 mm/ s  t o  1 0  mm/ s ,  

Mo rtensen and Danma rk ( 1 9 8 2 ) a l s o  found but t e r  did not behave 

a s  a B i ngham p l a st i c . A good corre l at i on between y i e l d  stress 

and spre adab i l i t y  was obs e rved ,  pos s ib l y  i ndi cat ing t he 

behavi ou r  o f  but t e r  i s  better de scr ibed by a power l aw with a 

y i e l d  t e rm .  They a l s o  f ound a c l o s e  corre l at i on between the 

ext r apo l ated y i e l d  s t re s s  based on sect i l i t y  me asurement s at 

var i ous speeds and r e s u l t s  obt a ined by cone and di sc 

penet rometer and const ant speed sect i l i t y  t e s t ing , indi cat ing 

r e s u l t s  obt a ined by the di f ferent methods a re e s t imat e s  o f  the 

s ame con s i stency paramet e r  ( yi e l d  s t re s s ) . Sect i l ity was fe lt 

to b e  more accurate i n  butters with a f i rme r cons ist ency . 

Whether or not the behaviour o f  but t e r  t e s t ed b y  sect i l it y  i s  

b e s t  de s c r ibed as t hat o f  a B ingham p l a st i c  o r  a powe r l aw 

f l u i d  s eems t o  dep�nd o n  the speed at which the samp l e  i s  cut . 

Kno op ( 1 9 7 2 ) , u s i ng high speeds , thought but t e r  behaved as a 

B ingham p l a st i c . He i s  supported i n  this  v i ew by Reb i nder and 

S emenenko ( 1 9 4 9 ) . Howeve r ,  work done by Reb inder and S emenenko 
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at l ower cutt ing speeds , l i ke t hat o f  D ixon ( 1 9 7 7 )  and 

Mo rtensen and D anmark ( 1 9 8 2 ) , po int t o  a power l aw with yield 

s t re s s  mode l a s  b e ing mo re appropri a t e . Thi s  agree s with the 

sugge s t ion o f  D o l by ( 1 9 4 1 ) , that but t e r  behave s s im i l a r l y  to a 

p ower l aw f l u i d . 

S ome c r i t i c i sms o f  sect i l it y  have been made . P rent i ce ( 1 9 7 2 )  

po int s out i f  the re i s  any tendency i n  a butter t owards a 

l aminar structure , re s i stance t o  cut t ing wi l l  be l e s s  i n  the 

di rect i on para l l e l  to the l aminat i o n s . D i xon ( 1 9 7 4 ) compa red 

f ive methods o f  t e st ing butt e r  and e xpre s s ed the opinion that 

a s  s amp l e  preparat ion was e l aborat e , sect i l ity wou ld rank low 

as a pre ferred met hod . Howeve r ,  the method was not used 

rout i ne l y . 

I n  sect i l ity ' s favou r ,  She rman ( 1 9 7 0 )  r�port s on compa r i s ons 

between penetrome t ry , sect i l it y  and � · ru s i on showing 

s e ct i l it y  t o  corre l ate better with sp : ·  � dab i l it y  and f i rmne ss 

than penet romet ry . Knoop ( 1 9 7 2 ) favou re� sect i l it y  t e st ing f o �  
its  prec i s ion . 

1 B . 3 . 2  Ext ru s i on 

Extru s ion test ing o f  butter invo lve s measur ing t he force 

requi red t o  ext rude a plug of butter t hrough an o r i f i ce . The 

force mea sured can be used a s  an i ndex o f  spreadab i l it y . 

P rent i ce ( 1 9 5 4 ) des cribes an inst rument for this  purpo s e , 

produced comme r c i a l ly as the F I RA-N I RD ext rude r . The force 

requ i red by t he F I RA-N I RD t o  ext rude a sample dec l ines  as 

extru s i o n  progre s s es . The f r i ct i on o f  the s ampl e  aga i n s t  the 

ext ruder wal l s  dec reases proport i on a l l y  to the amount o f  

s amp l e  i n  the ext rude r . At the po int o f  empty ing the c l o se st 

approximat ion o f  t he force needed t o  mainta i n  ext rus i on can be 

a s certa ined . 

Two emp i r i ca l  paramete r s  can be c a l cu l ated ; the m i nimum t hrust 

at the moment o f  e mpty ing , which can be used as a measure of 
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res i st ance t o  extru s i o n ,  and s e condl y ,  the fr i ct i on e l ement , 

giving an indi cat i on o f  propert i e s  such as ' st i ck i ne s s ' .  

P rent ice report s a good corre l a t i o n  between the perce ived 

spreadab i l it y  o f  butt e r , as det e rmined by a t r a i ned pane l ,  

and the force requ i red for ext ru s i o n . Reproduc i b i l it y  was 

t hought to be good,  with c o n f i dence leve l s  o f ± 0 . 2 3  kg at the 

5 %  s ign i f i c ance leve l . Much o f  the var i ance in i n s t rument 

r e adings was s a id to be due to var i ab i l it y  of s amp les . The 

sma l l  amount o f  work done dur i ng ext ru s i on wa s t hought to be 

i n s i gn i f i c ant and obs cured by the l ack o f  homogene i t y  in the 

butt er . 

N audet and S arnbac ( 1 95 9 ) , c i t ed by Sherman ( 1 9 7 0 )  a l s o found a 

good corre l at i on between F I RA-N I RD extru s ion r e s u l t s  and 

spreadab i l it y  f o r  margarine , with s e ct i l i ty l e s s  highly 

c o r r e l ated . 

I n  cont rast , Knoop ( 1 9 7 2 )  a rgue s  against ext ru s i on . He point s  

out it i s  not ver y  reproducib l e , and the f a l l  o f f  in force 

obs e rved t owards the end o f  mea su rement i s  part l y  from a 

change i n  t he vi s co s it y  o f  the s amp l e  as a re sult o f  

s t ructur a l  change and part l y  a result o f  sampl e  s o ftening a s  a 

great part o f  the mechan ical work i s  changed t o  frict i onal 

heat , and not j u s t  due t o  de c l i ning frict i onal e f fect s . 

T a y l o r  e t  a l  ( 1 9 7 1 )  mention ext ru s ion gave re s u l t s  whi ch were 

not as reproducible for butt e r  as t hose obt ained us ing 

s e ct i l i t y  h ardne s s  t e s t ing . T h i s  is probabl y  due to sect i l ity 

be ing mo re suited t o  s amp les with a f i rme r con s i sten cy 

( Mo rtensen and D anmark ( 1 9 8 2 ) ) .  

D i xon ( 1 9 7 4 ) found good temperature c ont r o l  was nece s s ary to 

prevent s ampl e s  warming dur ing ext ru s i on . He found extru s ion 

me a sured s imi l a r  propert ies to t he di s c  penet rorneter but that 

t h e s e  were not h i gh l y  re lated t o  such propert i e s  as she a r  

s t rength a n d  p l a s t i cit y . 
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Vas i c  and DeMan ( 1 9 6 8 )  examined convent ional churn butter and 

but t e r  manu factured in a manner s im i l a r  t o  margarine . They 

found work s o ftening occurred du ring ext ru s i on and that a 

di rect re l at i on ship e x i s t ed between hardne s s  and ext ru s ion 

p r e s sure for the s ame t ype of butter . Howeve r ,  even though 

but t e r s  manu factured by d i f fe rent methods , poss ibly having 

di f ferent cryst a l  st ructu res , have the same hardnes s e s  they 

may requ i re di f fe rent extru s i on pressures . Vas i c  and D eMan 

thought the det e rminat i o n  o f  the work o f  ext rus ion wa s use ful 

for  c omparing p l ast i c  fats with the s ame ha rdne s s  but po s s ibly 

di f fe rent crys t a l  s t ructures for this  rea s o n . 

Kawan ari  e t  a l  ( 1 9 8 2 )  de s cr ibe an ext ru s i on vis comet e r  in 

which the s amp l e  is forced through a cap i l l a ry tube to 

det e rmine f l ow charact e r i st i c s . Both the Cas son equat i on and 

powe r l aw fitted the dat a  we l l .  Howeve r ,  t he flow equat i on 

de rived did not correlate we l l  with spreadab i l it y  o r  texture 

notes . Thi s  i s  at variance with resu l t s  reported for 

inst rument s such as the F IRA�NIRD ext rude r , for examp l e , 

P rent i ce ( 1 95 4 ) . The di f ference s between co rre l at i on with 

spre a dab i l i t y  for the two ext ru s i on methods cou ld be a ccounted 

for a s  the di f fe rence in forces needed to move butt e r  through 

an o r i f i ce ( F I RA-N I.RD ) and through a sma l l  di amet e r  tube . 

1B . 3 . 3 .  Compres s i o n  

Compre s s i o n  i s  the study o f  butter behavi our under a l oad,  

usua l l y  app l i ed a l ong the vert ical axis of t he s amp l e . 

D av i s  ( 1 9 3 7 )  l o aded a c y l indr i c a l  s amp l e  o f  but t e r  ax i a l l y  at 

1 6  - 1 7 °C .  Us ing a bas i c  rheometer ( made out of Meccan o )  and a 

1 0 0g l oad , l oad/de format i on curves were generated . The 

de format i o n  was found t o  be non- l inear and a s l ow but 

inc omplete recove ry was observed when the l o ad was removed . 

From data obt a ined D av i s  calcul ated vi s co s i t y  and modu l i  o f  

e l ast i c i t y  for  var i o u s  butters . He de fined t o  rat i o  o f  

vi s co s it y  t o  e l ast i c  modu lus a s  ' springines s ' . 
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Us ing s im i l ar t e chn i ques Scott B l a i r  ( 1 9 3 8 )  and Do lby ( 1 94 1 )  

att empt ed t o  expres s  t he f i rmne s s  o f  butt e r  a s  a vi scosity . 

S cott B l a i r  pointed out the va lues obt a ined were highly 

dependent on the condit i ons of  the expe r iment and va l id on l y  

f o r  tho s e  part i cu l a r  c ondi t i on s . Both S cott B l a i r  and Dolby 

found the c rumb l ing o f  s amp l e s  under compre s s i on a problem . 

D o lb y  fe lt t h i s  was due t o  s ome s amples having a l amin ated 

st ructure . D o lby found the rep roduc ibi l it y  poor for the same 

r e a s on . As results from compre s s i on were direct l y  correlated 

with sect i l it y  hardn e s s  resu l t s  Do lby concluded the two tests  

me a su red the s ame prope rt y of  but t e r . 

P rent i ce ( 1 9 7 2 ) , comment ing on the above resu l t s , points out 

the c a l cu l at ion of any v i s c o s i t y  or e l a s t i c i t y  term from such 

dat a i s  spur iou s  a s  there i s  no way o f  knowing what proport ion 

of ene rgy is be i ng s t o red ( e l a st i c )  or d i s s ipated (vi scous ) a t  
any part i cu l a r  inst ant . P rent i ce a l s o  comment s that the 

Burgers mode l ,  a four component rhe o l og i c a l  mode l ( Se ct i on � ·S )  
whi ch has  been proposed t o  approximate the v i s coe last i c  

behavi our o f  s amp l e s  compres sed and then a l l owed t o  re lax,  

does not predict behavi our on subsequent l oading , nor does it 

a l l ow for a y i e l d  value , real or apparent . 

D ixon ( 1 9 6 6 )  deve l oped a t r i ax i a l  compre s s i on t e ster where a 

c y l indr i c a l  s ampl e  i s  c o n f i ned by a con s t ant l at e r a l  stre s s  

a n d  s ub j e cted t o  a n  increas ing ma j o r principle stre s s . At e a ch 

con f i n ing s t re s s  the principle stre s s  i s  increased unt i l  equal 

to t he she a r  st rength o f  the butt e r  and t he s ampl e  co l l apse s .  

D i xon des c ribed the behavi our o f  butter unde r  these condit i ons 

in t e rms of app arent p l ast i c i t y , apparent e l as t i c i t y  and t o t a l  

s t r a i n . Two paramet e r s  we re de r ived from t he st res s / strain 

r e l at i on s h i p ;  shea r  st rength as a measure o f  f i rmne s s  and 

p l a s t i c i t y ,  and pe�cent age de format i on at max imum shear 

s t r e s s . 
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Lat e r ,  D i xon ( 1 9 7 4 ) compares compre s s i on t e st ing with a number 

of other emp i r i cal t e s t s . Compres s i on t e s t ing was found t o  be 

l e s s  prec i se than othe r methods such as cone penet romet ry . 

1 B . 3 . 4 .  P enet rometry 

Penetromet r y  was deve l oped for measuring the fi rmness or y i e l d  

po int o f  semi - s o l i d  foods . A cone , needl e ,  sphe re etc . i s  

a l l owed t o  come down e ither under the force o f  gravity or a t  a 

const ant rate . As it cont act s the mat e r i a l  be ing t e sted 

penet r at i on depth o r ,  i f  penet ration is o ccurri ng at a 

const ant rate , the force nece s s ary to penet rate the sample i s  

me a su red . 

1 B . 3 . 4 . 1 .  D i s c Penet romet ry . 

Krui sheer e t  a l  ( 1 9 3 8 )  me asured the force neces s ary to pu s h  a 

c i rcu l a r  b l ock 4 cm2 c r o s s  sect i onal area into a s amp le o f  

but t e r  at a const ant ve l o c it y . Krui sheer sugge s t s  the va lue 

obt a ined was s l i ght l y  i n  exce s s  o f  the y i e l d  va lue . Re sult s 

f r om the i n s t rument corre l ated we ll with t he texture 

a s s e s sment s o f  pro fe s s ional  Dut ch grade rs . The Kru i s heer den 

He rde r penet rometer was manu factured comme r c i a l ly and rece ived 

o f f i c i a l  a ccept ance in Ho l l and . 

DeMan and Wood ( 1 95 8 ) used a modi fied Kru i sheer den Herde r  

penet romet e r ,  comment i ng that i t  was n o t  su ited t o  hardn e s s  

me a s u rement s a t  l ow t empe rature s .  Wood a n d  Dolb y  ( 1 9 6 5 ) , u s ing 

the apparatu s  de s cr ibed by DeMan and Wood , a l s o  comment on the 

i n s t rument per forming u n s at i s factor i l y  at tempe r atures be l ow 

1 2 . 5 °C ,  w i t h  samples c leaving a s  the force app l i ed exceeded 5 

kg . C onve r s l y ,  Mortensen and D a nmark ( 1 9 8 2 )  found the 

Krui sheer den Herde r  penetromet e r  to be most accurate for 

t a k ing mea s urement s i n  s o ft butters 

1 B . 3 . 4 . 2 .  Cone pene t romet ry . 

Cone penet r omet ry u s e s  a cone shaped probe i n s t e ad o f  a di s c . 

Thi s  i s  probab l y  t he most commo n  type o f  i n s t rument pre sent l y  

i n  u s e  t o  a s se s s  t he rhe o l og i c a l  prope rt i e s  o f  butt e r  
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( O ' Conner e t  a l  ( 1 9 8 3 ) ) .  Va r ious st andard cones are i n  use , 

f o r  examp l e ,  a 2 0 ° angl e  cone is  the present st andard o f  the 

Ame r i can O i l  Chemi s t s  S o c i et y  (AOCS , 1 9 6 0 )  . I n  norma l 

ope rat i on the depth o f  penet rat ion i s  mea s u red,  with cone 

angle , dropping a s semb l y  mas s ,  samp l e  tempe rature and 

penet r at i on t ime rema i n ing const ant . 

P enetromet ry va lues  a re not l ine a r l y  re l ated t o  hardn e s s  or 

s o ft n e s s  due t o  cone shape . This make s it impo s s ible to 

c ompare dat a obt a ined by u s i ng cone a s sembl i e s  o f  di f fe rent 

m a s s . There have been a s e r i e s  of propo s a l s  t o  overcome this 

p r o b l em ,  seve r a l  inve s t igat ors sugge st ing c onve rt ing re adings 

t o  y i e l d  values . 

The I nt e rn ational D a i ry Federat ion ( Wa l st r a  ( 19 7 9 ) ) proposed 

the fo l l owing re l at i on ship : 

where AY S = apparent y i e l d  s t res s ,  g = acce le rat ion due to 

g ravit y ,  W = we i ght of cone ass emb l y , a = the cone ang l e  and p 

= t he penet rat i on depth . 

Hayakawa e t  a l  ( 1 9 8 6 )  s ugge st a l l  attempt s can be re l ated t o  

one gene ral equat i on : 

H = cw;pn 

whe r e  H = hardne s s  o r  y i e l d  va lue , C = a const ant depending on 

cone geome t r y ,  W = we i ght o f  cone a s semb l y ,  p = penet r a t i on 

depth and n i s  an e xponent . Thi s equat ion can be simp l i fied to 

f o r  the AOCS cone ( AOC S , 1 9 6 0 ) . The problem o f  the val ue o f  

t h e  e xponent rema i n s , Hayakawa and DeMan ( 1 9 8 2 ) propo s e d  a 

v al u e  o f  one . 
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The p r i nc iple o f  cone penet r omet ry has  been used b y  many 

worker s . Haighton ( 1 9 5 9 )  used a const ant weight cone 

penet rometer to obt ain y i e l d  va lues for margar ines  and other 

fat produ ct s . Tab l e  margarines with y i eld value s between 2 0 0 -

1 0 0 0  g / cm2 ( 2 x 1 0 5 - 1 x 1 0 6 dyne / cm2 ) were thought t o  be 

' us ab le ' . Tempe rat ure was not spec i f i e d .  

Tanaka e t  a l  ( 1 9 7 1 )  used a const ant s peed cone penet rometer to 

measure textural p ropert i es . Us ing force /penet rat i on dat a ,  

apparent vi scos i t y  and yield values were calcu l ated . As suming 

butte r  e xhibited v i s co-pla s t i c  behavi our , they proposed a 

Kelvin un it as  a mechanical mode l . Y i e l d va lue s agreed qu ite 

c l o s e l y  with tho s e  obtained us ing the const ant we i ght 

penet rometer . For example , y i e l d  values o f  the orde r o f  S x 1 0 5 

dyne / cm2 were obt a i ned for marga rine u s ing con s t ant speed 

penet romet ry . The s e  are in good agreement with y i e l d  va l ues 

obt a i ned by Haight on ( 1 9 5 9 )  u s ing constant mas s  pent romet ry . 

Appa rent vi s c o s i t y  at 1 0 °C was o f  the order o f  4 . 6  x 1 0 6 

p o i s e ,  a number wh i ch appe ars rathe r unrea l i st i c  when compared 

with a Newt on i an material o f  s im i l a r  v i s cosi ty , e . g .  bitumen . 

Kawanari  et a l  ( 1 9 82 ) found the y i e l d  value obt a ined by cone 

penet rometry use fu l for predict ing spreadab i l i t y  and f i rmne s s .  

E qu ipment cost and conven ience were a l so found t o  favour the 

u se o f  penet romet r y  as a rout ine qua l ity cont r o l  t e s t . 

Mort ensen and Danmark ( 1 9 8 2 )  examined cone and di s c  

penet rometry and s e ct i l ity a s  methods o f  evaluat i ng 

c on s i stency . They found a l l  three methods measured the s ame 

c o n s i s tency parame t e r ,  the y i e l d  stre s s . Compar i s o n  o f  the 

t hree methods found cone penet romet r y  to be the l e a s t  

a ccurat e , especi a l l y for f i rm butters . A comprehens ive survey 

o f  New Z e a l and butters a l s o  con f i rms this  finding for harde r 

but t e r s  ( McLennan and MacGibbon , 1 9 8 7 ) . McLennan and MacGibbon 

a l s o  found a ve r y  poor corre l at i on between cone penet rometry 

and s e ct i l it y  har dness re s u l t s  ( r  = 0 . 1 8 ) . 
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Many var i at i on s  on the gene ral  theme o f  penet romet ry have been 

report e d . One such e xample is a s l i ding pin c o n s i s t ometer 

( D avey and Jones ( 1 9 8 5 ) ) whi ch measures average force 

r e s i s t ing a cyl indr i c a l  cutt ing pin moving through a 

prescr ibed path . The fo rce me asured corre l at e s  we l l  with 

perce ived hardne s s . Ease of use , minimal s amp l e  prepa rat ion 

and p o r t ab i l i t y  are features o f  the method and of penetrometry 

i n  gene ra l . 

Another var i at i on i s  thermopenet rometry ( DeMan e t  a l ,  1 9 8 4 ) . 

The t emperature o f  a s ampl e  i s  rai sed from 5 t o  2 5 °C whi le an 

AOCS spe c i f i cat i on cone re sts  on the sample c ont inuous l y . The 

penet rat i on o f  the cone int o the s amp le with changing 

t empe rature i s  cont inuous l y  recorded by a l in e a r  displ acement 

t ransduce r .  

1 B . 3 . 5 .  Spreadab i l it y  S imu l at ion 

Spreadab i l it y  s imu l a t i ons imitate the actual use of butter by 

mechan i c a l  or inst rumental means in an attempt to det e rmine 

the fact o rs invo lved the spreading of fat s . 

Mohr and Has s ing ( 1 9 4 9 ) de s cribed an apparatus whi ch s craped a 

l ayer 2mm t h i ck f rom a s ampl e  o f  butter with a kni fe he ld at 

9 0 ° to t he sur face and moving across it at a const ant 

ve l o c it y . At t empe ratures be l ow 1 5 °C the inst rument gave 

reasonab l e  reproduc ib i l it y  and good di f fe rent i at i on between 

s amp l e s . Re s u l t s  we re a lmo st l inear l y  re l ated to measurement s 

made b y  s e ct i l i t y . 

L at e r ,  Huebner and Thomsen ( 1 95 7 )  repeated thi s  work with the 

k n i fe b l ade i n c l ined at 4 5° t o  the sur face . D e f in i ng the 

charact e r i st i c s  mea su red with thi s instrument a s  spreadab i l ity 

and those me asured by s e ct i l it y  a s  hardne s s  t hey concluded 

from the c l o s e  corre spondence between the two t e s t s  that 

hardn e s s  was t he principle factor a f fect ing spreadab i l i t y . 
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Kok i n i  and D i ck i e  ( 1 9 8 1 )  suddenly imposed a const ant s hear 

rate on s amples of but t e r  and margar i ne at 2 5°C us ing a cone 

and p l ate apparatus . They showed t r an s i ent s t re s s e s  in but ter 

p l ay e d  an import ant ro l e  in the a s s e s sment of spreadab i l ity . 

The u s e  o f  the B i rd- Le i der mode l wa s proposed for predict ing 

she a r  stress  deve lopment in foods . The mode l can be used to 

prov i de a crude predict i on of spreadab i l it y  in foods with 

strong t rans i ent shear s t re s ses . 

The m ode l propo sed by Kokini and D i ckie was further deve l oped 

by Ma s on et al ( 1 9 8 2 )  to give bett e r  predi ct ion o f  the growth 

of t r an s ient shear s t re s s e s  at the i ncept i on of st eady shear 

f l ow . 

PART C :  BUTTER AND MARGARINE 

1C . 1 .  INTRODUCT I ON 

I n  o r der t o  ga i n  a bett e r  underst anding o f  the way in whi ch 

fat s y stems such a s  butt e r  and margar ine re spond t o  

rhe o l ogi cal test ing method o f  manu facture , fat compo s i t i on ,  

s t ructure and other fact ors  must be cons idered . An 
int r o duct ion t o  those factors con s i de red most re l evant i s  

given be l ow . 

1 C . 2 .  BUTTER 

1 C . 2 . 1 .  Manu facture 

F our bas i c  steps a re requ i red t o  convert cream into butte r : 

a ) , the crysta l l i z at ion o f  mi lk fat , b ) , the con cent rat ion o f  

mi l k fat , c ) , pha s e  i nve r s i on and d ) , the d i spers i on o f  

mo i st u re . I n  New Z e a l and the cont inuous F r i t z  proce s s  i s  

norma l ly used t o  make butte r .  

I n  t h i s  proce s s  the m i l k fat i s  cryst a l l i z e d  by ho lding the 

cream at l ow t emperature s in s i l o s  overnight . Phase invers ion 

o ccur s  during t he churn ing of the cream and the concent rat ion 
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o ccur s  in t he draining o f f  of the buttermi l k . The mo i sture is 

f i n e l y  ' di spersed'  in the fat phase by shearing or working as 

t he butter i s  forced through a series o f  spaghet t i  plat e s . 

C re am t o  be made into Frit z butter i s  pasteur i z ed on recept i on 

a t  t he fact ory . P a st e ur i z at i on i s  usua l l y  done i n  a high 

t empe rature , short t ime vacuum pasteuri zer or Vacreat o r ,  whi ch 

i s  e f fe ct ive in the removal o f  unde s i rable odours and t a i nt s . 

A ft e r  pasteu r i z at i on a variety o f  cream tempe r i ng t reatment s 

may be used . An examp l e  i s  s l ow coo l ing , whe re t he cream i s  

c o o l ed to s l ight l y  above churn ing t empe rature and l e ft t o  cool  

to  churning t empe rature ove rnight . 

Al l cont inuous butt e rmaki ng machines comp r i s e  the fo l l owing 

b a s i c  e lement s : a ) , a pr imary churning sect i on b ) , a 

s ep a rat ing s ect i on t o  separate butt er granu l e s  and buttermi l k  

and c ) , a working s e ct i on de s igned t o  di s t r ibut e moi sture , 

s a l t  etc . even l y  throughout the butter . A s chemat i c  diagram o f  

a cont i nuous but t e rmaking mach ine , the P a s i l ac HCT , i s  given 

in F i gure 1 . 1 1 .  

The machine has a four bl aded beater driven norma l ly between 

1 0 0 0 - 2 0 0 0  rpm i n  t he p r imary churn . Cream enters the prima r y  

churn on a t angent f r o m  the s ide and h a s  to pass  around a 

d i s t r ibutor t o  the beater b l ade s . Butterm i l k  and granu l e s  f l ow 

t h r ough a c l osed chute t o  the hor i z ontal separat ing sect ion . 

The s eparat i ng sect i on i s  a cyl i nde r revo lving between 1 5  and 

2 0  rpm driven by an e le ct r i c  mot or and expanding pul ley . The 

but t e rmi l k  and granu l e s  are moved by paddles t o  the draining 

s e ct io n , whi ch is  a per forated cyl i nde r l ined with f i ne 

s t a i n l e s s  s t e e l  gau z e . The but t e rmi l k  is  dra ined o f f  into a 

t ra y  and then t o  a b a l ance t ank t o  be pumped away . The 

granu l e s  are washed with a f i ne spray o f  chi l led wat er be fore 

dropping int o t he f i r s t  wo rking compartment o f  the wo rking 

s e ct i on . 



I -� -• _ __: -

· · I 
· � < " \.:V 
: . .. 0 

l 

. t:==-·--� 
A · ! - ----� .. . 

. , I <, '<: 
·
. - , ,: ·-:· : · . . ... :: :· 

i' •• I �  0 6 • "' :  . ' . .. . ·- . . .. , � � :·: ' . . 

G) 

1 .  C ream i n l e t  6 .  Te x tu r i s i ng s e c ti o n s  w a t e r c o o l e d  

2 .  Ch u r n i n g  s ec t i o n  w a t e r  c o o l e d  7 .  I n j e c t i o n  po i n t  

3 .  C h i l le d  b u t t e rmi l k  ' wa s h ' 8 .  Th r o t t l e  g a t e  

4 .  S e p a r a t i o n  s e c ti o n  9 .  V a c uum s e c t i o n  

5 .  B u t t e rmi l k  d r a i n s  1 0 . B u t te r p ump 

Figure 1 . 1 1 :  The Pasilac HCT 2 cont inues but tenraker . 
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Thi s compa rtment h a s  a p a i r  o f  auger screws whi ch force the 

granu l e s  through four o r i f i ce p l at e s ,  e ach fo l l owed by a four 

b l aded beat e r . Thi s  s y stem shears o r  wo rks the but t e r . The 

d i amet e r  o f  the o r i f i ce s  in each p l ate cont ro l s  t he degree o f  

working . S a l t  s lurry i s  i n j ected i n  between the s e c ond and 

t h i rd pates through two fine t ube s from the t op o f  t he working 

s ect i on . F o l l owing s a lt ing the but t e r  eme rge s as  ' sp aghett i '  

i n t o  t he second working compartment whe re it i s  moved a l ong by 

s c rews and forced through a second s e r i e s  o f  o r i f i ce p l at e s  

e ach f o l l owed by a four bl aded beate r .  The butter eme rges a s  a 

we l l  worked ma s s  and i s  packed . 

1 C . 2 . 2 .  Structure 

Butter con s i st s  of l i qu id fat , crys t a l l i ne ( s o l id )  fat , int act 

fat g l obu l e s ,  g l obu l e  fragment s ,  wat e r  drop l e t s  and a i r  ce l l s . 

But t e r  has a cont inuous l iqu id fat pha se in whi ch the se 

p a rt i c l e s  are dispersed . 

D u r ing churning s ome o f  the original  mi l k fat g l obu l e s  are 

dama ged,  l iqui d  fat may be l o st from g l obu l e s , some g l obu l e s  

a re complet e l y  d i s rupted and many g l obu l e s  c lump a n d  c o a l e s ce . 

S ubsequent l y ,  working de stroys mo re g l obu l e s  relea s i ng the fat 

cont a i ned within . The proport ion o f  i nt act g l obu l e s  in butt e r  

i s  o n l y  5 - 2 0 % . D i f ferent pasteuri z at i on t e chn i qu e s  can 

a f fe ct this proport i o n ,  p l at e  pasteur i z at i on give s about 2 0 %  

int act globu l e s  whe reas vacreat ion g ives l e s s  than 5 % . 

The cryst a l l ine fat re l e ased from the fat g l obules i s  a ma j o r 

c omponent o f  the di spe rse pha se . The fat cryst a l s  can 

f l o cc u l ate t ogethe r . They att ract each othe r by van- der-Wa�l s 

f o r c e s  and , a s  repu l s i ve forces are absent , the cry s t a l s  form 

a l a s t ing network ( Tempe l ,  1 9 6 1 )  . Touching c ry st a l s  c an s l owl y  

grow t ogether b y  further crystal l i z at i on , g iving r i s e  t o  a 

st r o n g ,  s o l id netwo rk . I t  i s  probab l e  the s t rong bonds do not 

e a s i l y  re form when b roken , whe re a s  fo rmat i on o f  the van-der­

W aa l s  t ype bonds i s  c omp l et e l y  reve r s ib l e , with b o nds forming 

i n  a short t ime ( H a i ght on ,  1 9 6 5 ) . The presence o f  a c r y s t a l  
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network formed and mainta ined by a mixture o f  reve r s ib l e  and 

i r reve r s ible bonds adequate ly exp l ains the phenomenon o f  ( i ) , 

s e t t i n g ,  the increas ing f i rmne s s  a fter manu facture , ( i i ) , the 

e ffe ct o f  work s o ftening and ( i i i ) , the i n c rease i n  hardne s s  

a ft e r  work so ft ening ( s ee be low )  . 

S o l id fat rema in ing ins ide globu l e s  a l s o  fo rms l imited crystal  

network s . Howeve r ,  the presence of  fat  gl obu les and wat e r  

drop lets h a s  the e f fect o f  decreas ing f i rmne s s ,  po s s ib l y  by 

phy s i c a l l y  prevent ing f l o ccu lat i on and l imit ing the extent o f  

the crystal network . 

But t e r  a l s o  has the remnant s o f  a cont inuous wate r  phase 

con s i st ing o f  buttermi l k  drop let s ,  globu l e  membranes and 

po s s ibly some protei n . Experiment a l  observat ions such as the 

di f fu s i on o f  sa lt into butter and the rate o f  wate r  

evapo rat ion from butter support the presence o f  an ( a lmo st ) 

cont i nuous wat er phase ( Mulde r and Wa l s t r a , 1 9 7 4 ) . The 

cont i nuous aqueous phas e  repre sent s only a minor port ion o f  

the moi sture i n  butter and may o n l y  be pres ent i n  l oca l i zed 

pat c he s . The maj ority of the wate r  wi l l  be p resent as dis crete 

droplet s . Legal requi rements re s t r i ct the amount o f  mo i sture 

t o  1 6 % by we ight . 

1 C . 2 . 3 .  Fact ors Affect ing Rheological P rope rties 

1C . 2 . 3 . 1 .  Component s of the D i sperse and Cont inuous Pha s e s  

The m o s t  import ant rhe o l ogical cha ract e r i s t i cs of butter a r e  

hardn e s s  and ease o f  spreadab i l i t y . Mul de r  a n d  Wal st ra ( 1 9 7 4 )  

s t a t e  that gene r a l l y  the rheo logical  p rope rt ies o f  a 

di spers i on such as butte r  depend on the s i z e ,  shape and vo lume 

o f  t he dispe r s e  phase and the vi s c o s i t y  o f  t he cont i nuous 

phas e . 

The v i s co s it y  o f  the con t i nuous phase ( l i qu i d  fat ) i s  unl i kely 

to a l t e r  but t e r  con s i s t ency as the v i s co s i t y  o f  the l i qu i d  

pha s e  i s  l ow and that o f  butter a s  a who l e  i s  about 1 0 6 t ime s 

l a rger ( Mulde r and Wal s t r a ,  1 9 7 4 ) . 
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The presence o f  water droplets may influence the rhe o l ogical 

propert i e s  of butter . Howeve r ,  because t he amount of wat er 

present i s  so cons i stent ( 1 5 . 6  ± 0 . 2 % )  var i at i ons i n  hardn e s s  

a r e  n o t  cons i de red t o  b e  due t o  water drop l et s . Non­

t ra di t i on a l  product s with de l iberat e ly h i gh wate r  cont ents , 

l ow fat spreads for example , wi l l  have a l t e red textures and 

rhe o l og i c a l  response s .  

The proport ion o f  fat cryst a l s  ( s o l i d fat ) and the t ype o f  

c ry s t a l  network markedly a f fect s  t h e  f i n a l  hardn e s s  o f  but t e r . 

The s o l id fat cont ent i s  a f fected by temp e r ature , mi l k fat 

compo s it i o n ,  and therma l t re atment o f  cream . The extent and 

t ype o f  c ryst a l  network is i n f l uenced by t he amount o f  non­

gl obu l a r  fat and the s ett ing proce s s . 

The shape and s i z e o f  the fat cry s t a l s  wou l d  a l s o  be expect ed 

t o  have an e f fe ct on hardne s s . Howeve r ,  in normal butters the 

d i f fe rence in c ry s t a l  s i z e s  are sma l l  ( Mu lde r and Wa l stra,  

1 97 4 )  . 

1 C . 2 . 3 . 2 .  But t e r  Tempe rature 

The t emperature at wh i ch butt e r  i s  held p r o foundl y a f fects 

fact ors s u ch a s  hardness  and ease of spr e ading . The fat 

c r y s t a l s  in butt e r  me l t  ove r an extreme l y  wide range , from - 4 0  

t o  + 3 5 °C ,  with most me lt ing between 0 and 3 5 °C .  T h i s  i s  we l l  

i l l u s t rated b y  a di f fe rent i a l  s cann i ng c a l o r imet ry me lt ing 

t he rmogram ( F i g . 1 . 1 2 )  o f  mi lk fat ext racte d  from butt e r . I t  

c an be s e e n  that the s o l i d/ l i qu i d  f a t  rat i o  change s very 

qui ck l y  as temperature increa s e s  f r om 5- 2 0 ° C .  It i s  this  

change i n  the s o l id/ l i qu i d  fat  rat i o  whi ch alters  t he 

rhe o l og i c a l  re sponse o f  butter a s  t emperature increas e s , �e . 

a s  t empe rature incre a s e s  butter become s s o ft e r  and e a s i e r  t o  

spre ad . 



A a Cl z w 

(/) t-t-< � � � �  r 

B. ll!  

N. H. 

DATEr 

\. -- - --.!_  
NORMA L I ZED . NOVEMBER SS� - - - - - - ----�----------, 

WT. 6. 3� ms 

SCAN RATEa 5. �121 des/m i n  

--- - -- - X SOL I D  

PEAK FROMr 234. 68 
To. 3 1 121. 96 

J/GRAI-4• 75. 1 

TEMP X 
273. 2 89. 9 
278. 2 83. 4 
283. 2 75. 1 
288. 2 63. 4 
293. 2 4121. 5 
298. 2 27. 121 
31213. 2 1 4. 5 
31218. 2 1 . 8 

229. 00  24a. OO 

FILEr TUOVJ. OA 

86/�9/ 1 9  T I MEr 

� 

26a 00  

1 4r 2� 

'""' '""" 
'\ ' \ ' 

200. 00 

\ 

TEMPERATURE CK) 

MAXr 29121. 58 

\ ' \ ' \ \ 

\ ' 

\ ' 

\ \ 

m oo  321l. 00 

DSC 

Figure 1 . 12 :  Different ial scanning c alorimetry melt ing thermogr am of a Fritz butter .  

------------------

3-4a 00 

lJ1 -...1 



58 

1 C . 2 . 3 . 3 .  Mi l k fat Compo s it i on 

The fat t y  acid compo s it ion o f  the t r iglyceride s  o f  butter 

markedl y  a f fect s the amount of crys t a l l ine fat at a given 

t empe r ature . Many fact ors can a f fe ct the fatty acid 

compo s i t i on of mi l k fat t ri g l y ceride s . Among these are season , 

feed ,  s t at e  o f  l act a t i on ,  genet i c  var i at i on ,  age , m i l king 

interv a l  and he a lth and nut rit ional  status of the cow . 

I n  New Z e a l and the re i s  a marked s e a s ona l var i at i on i n  fatty 

acid composit i on (Gray , 1 9 7 3 ) . Thi s  produces changes i n  s o l id 

fat whi ch in turn a f fect s but t e r  ha rdne s s . Thi s  i s  i l l ust rated 

by t yp i ca l  s o l i d  fat and sect i l it y  hardne s s  values for spring 

butt e r  at 1 0 °C o f  4 8  - 5 6 % and 1 5 3 0  - 1 8 7 0g re spect ive l y  and 

for summe r but t e r  at 1 0 °C o f  5 6  - 6 2 %  and 1 8 7 0  - 2 2 5 0 g  

re spect i ve l y  (MacGibbon and McLennan , 1 9 8 7 )  . Other workers , 

eg . Kn i ght sbridge and B l ack ( 1 9 7 8 )  and Cu l l i n ane e t  a l  ( 1 9 8 4  

have found s imi l a r  s e a s o n a l  t rends fo r Aust ra l i an and I r i s h  

butters re spect ive l y  . .  

MacGibbon and McLennan ( 1 9 8 7 )  found t hat by no means a l l  the 

var i at i on in but t e r  hardne s s  could be exp l a ined by the s o l i d  

f a t  cont ent . Mu l de r  a n d  Wa l s t r a  ( 1 9 7 4 )  s t at e  factors other 

than s o l id fat content c an i n f l uence the f i rmne s s  of butter by 

o ften a s  much a s  a fact o r  o f  two . 

F a t t y  a c i d  compo s it i on can be de l iberat e l y  man ipu l ated . Cows 

can be fed supp l ement s cont a i n i ng protected l ip i ds . Thi s  

r e s u lt s i n  increased l eve l s  o f  uns aturated f at t y  a cids , 

l e ading t o  a s o ft e r  product . Such product s may be spreadab le 

at re f r i gerator t empe r atures ( Ta y l o r  and N o rr i s ,  1 97 7 )  . 

Alt ernat i ve l y ,  l ow me lt i ng mi l k fat fract i on s  can be used to 

manu facture a s o ft e r  p roduct , f o r  example , t he ' So ft But t e r '  

ment i oned by T a y l o r. a n d  Norri s ,  1 9 7 7 . 

1 C . 2 . 3 . 4 .  Cream Treatment 

The t re atment of cream p r i o r  to chu r n i ng p l a y s  an import ant 

r o l e  i n  det e rmining the f i n a l  c on s i st ency o f  butter . 
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Rap id cream coo l ing t o ,  and ho l ding at churning t emperature 

results i n  the f o rmat ion o f  sma l l ,  m i xed cryst a l s  cont a ining 

lowe r me lt ing t r i g l ycer i des (Va s i c  and DeMan , 1 9 6 5 )  . Butter 

made from such rap i d  or shock cooled cream gives a harder 

butter with a higher sol id fat cont ent . An a l t ernat ive cream 

c o o l i ng regime i s  the ' Alnarp '  o r  ' Swedi sh'  method whi ch 

employs an init i a l  rapid cool ing to l ow tempe rature whi ch 

i n it i at e s  cryst a l l i z at i on , f o l l owed by tempe ring at 1 7 . 5  -

2 1 °c .  P r i o r t o  chu rning the cream i s  coo led t o  churning 

tempe rature . Thi s  procedure a l l ows re c ryst a l l i z at i on of the 

highe r me lt ing t r i g lyceri de s , re sult ing in fewer mixed 

crystal s ,  a l ower s o l id fat content and a s o ft e r  but t e r  

( E r i ckson , 1 9 8 5 )  . 

The ' Al n a rp '  method i s  thought t o  result in a t h i cke r ,  

st ronge r l ayer o f  cryst a l  fat bui lding up within the fat 

gl obul e . Thi s wou l d  lead to more g l obules surviving churn ing 

int act and fewe r fat crys t a l s  i n  the cont inuous phas e  wh i ch 

would reduce the hardne s s  o f . the butt e r . Alte rnat i ve l y ,  shock 

cool ing fat is thought to result in the format i on o f  free fat 

cryst a l s  forming t hroughout the fat g l obule . ( P recht and 

Peters , 1 9 8 1 a ,  1 9 8 1b )  

Cream t empe r ing c a n  b e  used t o  g ive e i the r a s o ft e r  product , 

eg . i n  summe r i n  New Zealand,  when t he s o l i d  fat content i s  

h i gh ;  or t o  g ive a f i rme r product , eg . i n  t he e a r l y  New 

Z e a l and spring when the butt e r  t ends to be s o ft . 

The t ype o f  pasteu r i z at i on can a l s o  a f fect but t e r  c o n s i stency . 

Butter made f rom c re am whi ch has been Vacreat ed s e t s  at a 

faster rate and rea ches a greater f i n a l  hardne s s  than butter 

made from cream whi ch has been p l ate pasteu r i z e d  ( Ta y l o r  et 

a l ,  1 97 3 )  . Thi s  is probabl y  due to the sma l l e r  p r oport i on of 

int act fat g l obu l e s  in butte r  made from Vac reated cream ( see 

above ) . Consequent l y ,  in but t e r  made f rom Vacreated cream 
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t he re a re more fat cryst a l s  i n  t he l iqu i d  fat and hence the 

sett ing rate i s  faster . 

1 C . 2 . 3 . 5 .  Manu factur ing Var i a b l e s  

The manufact u ring proce s s  det e rmine s the st ructu re o f  the 

butte r .  The range over whi ch machine var i ables can be a l t ered 

i s  l imited in pract i ce because o f  requ i rement s t o  meet 

spe c i f i cat i on . Cream f l ow to t he churning sect i on and beater 

speed are import ant var i able s ,  prima r i l y  a f fect i ng fat l os s e s  

i n  t h e  butt e rmi l k  a n d  moisture content ( B l oore e t  a l ,  1 9 8 5 ) . 

The f l ow o f  chi l led water through the j ackets o f  the working 

s e ct i on and the auge r speed a f fe ct the · f fect ivene s s  o f  

wo rking , whi ch i n  turn influences mo i s t ure di s t r ibut ion and 

h ardne s s . Howeve r , the e ffect on hardness is m i n o r . 

1 C . 2 . 3 . 6 .  P roduct Hand l i ng 

The handl ing o f  the f i n i shed product a l s o  a f fec t s c on s i stency . 

The hardne s s  o f  but t e r  cont inue s t o  increase f o r  seve r a l  days 

a ft e r  manu facture . Thi s phenomenon is cal led sett ing . Butter 

se� rapidly i n it i a l l y ,  reaching perhaps 7 0 %  o f  its f i n a l  

ha rdne s s  i n  five hou r s , but t he r at e  decreases , approaching a 

f i n a l  va lue a s ympt o t i c a l l y ,  att a i n ing 95% o f  i t s  f i n a l  

h ardne s s  a ft e r  3 0  days . 

S e t t ing i s  t hought not t o  be c au s ed b y  further fat 

c r y s t a l l i z at i on ( DeMan and Woo d ,  1 95 8 ) , but rather b y  the 

f ormat i on o f  a crys t a l l ine netwo rk he l d  togethe r by van-der­

W a a l s  forces . Once cryst a l s  are i n  c l o s e  cont act they can a l s o  

grow t ogethe r . S e t t ing has beeri de s c r ibed a s  s im i l a r  t o  a 

reve r s ib l e , i s othe rma l , sol -ge l  t rans fo rmat ion , i nvo lving 

changes i n  the spat i a l  a rrangement s o f  part i c l e s  ( DeMan and 

W oo d ,  1 9 5 8 ) . The d i sperse part i c l e s  are thought t o  form a 

s c a f fo l d  t ype st ructure . 

P r o c e s s ing condit i on s  can a f fe ct t he sett ing rat e o f  butt er .  

Butt e r  made from Vacreated cream set approximat e l y  t w i ce a s  

qu i c k l y  a s  t hat made f rom p l a t e  pasteu r i zed cream . T a y l o r  et  
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a l  ( 1 9 7 3 )  thought this was due to vacreat i on reducing the 

s t ab i l it y  o f  the fat globu l e s . Thi s wou l d  increase the number 

of fat g l obules broken up du ring chu r n i n g ,  l e ading to an 

increase in the numb e r  o f  sma l l  fat cryst a l s  in the cont inuous 

phase and consequent l y  an increase i n  t he rate of sett i ng . 

Butt e r  made from rapid or shock coo l ed cream set s fast e r  than 

butt e r  made from s l ow coo l e d  cream whi ch s e t s  faster than 

but t e r  made from ' Alnarp'  t reated cream . The se butters a l l  

have di f fe rent hardne s ses . I t  i s  a s s umed harde r butters have 

h igher s o l id fat content s and there fore have more fat ·cryst a l s  

t o  t ake part i n  t h e  setting proces s .  

Tempe rature a l s o  a f fect s  sett ing rat e s . Butter sets more 

qu i c k l y  at highe r  t emperatures , po s s ib l y  because the sma l le r  

f a t  c r y s t a l s  have greater mobi l ity i n  t he increased vo l ume o f  

l iqu i d  fat . Sett ing ceases altogethe r at t empe ratures b e l ow -

2 0 °c ( D eMan and Wood,  1 9 5 8 )  but resume s once the tempe rature 

i s  incre a sed . 

The t emperatures t o  wh ich butter i s  expo sed a fter sett ing i s  

complete can a l s o  a l t e r  hardne s s . I nc r e a s e s  in t empe ratures 

beyond t hose re a ched during manu facture wi l l  result in fat 

cry s t a l s  me lt ing , and recrystal l i z at i on occurring on any 

subs equent cool ing wi l l  genera l l y  have t he e f fect o f  

incre a s i ng hardne s s . This i s  demonstrated b y  Taylor and Jebson 

( 1 9 7 4 ) , who cause the hardness  o f  ' Al n a rp '  butter to i ncrease 

by temperature cyc l i ng . 

1 C . 2 . 3 . 7 .  Rewo rking 

Mechani c a l  wo rking a fter manu fact ure ( reworking )  has t he 

e f fe ct o f  permanent l y  l owering the hardne s s  o f  butter . Thi s  i s  

known a s  work s o ft e� ing . Reworking can b e  carried out o n  a 

cont inuous rewo rke r s im i l a r  to a cont inuous but t e rmaki ng 

machine ( Sect ion 1 C . 2 . 1 ) , e xcept the churn ing and separat ing 

s e ct i on s  are rep l a ced with a shiving s e ct i on .  The shiving 

s e ct i on cont a i n s  rotat ing k nive s whi ch reduce butter b l ocks t o  
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sma l l  p i eces . The p i eces are then conveyed to the working 

s e ct i on . 

Reduct i on in hardn e s s  depends on the extent o f  sett ing p r i o r  

t o  reworking and a l s o  on the hardness  o f  the o riginal but t e r  

( Ta y l o r  e t  a l ,  1 9 7 1 ) . 

Rewo rking i s  thought t o  break down the fat cryst a l  network by 

d i s rupt ing the forces ho l ding the network t ogethe r . The 

netwo rk can be e a s i l y ree s t ab l i shed by the format i on o f  new,  

van- der-Wa a l s  force s between cryst a l s ,  thus l e ading t o  an 

i n c re a s e  i n  hardne s s  a ft e r  rework ing . Howeve r ,  only a port i on 

o f  the o r iginal hardne s s  i s  re cove re d .  The breakdown o f  other 

t ypes o f  ' bonds ' has been propo sed to a ccount for the 

permanent reduct i on in hardne s s  seen . The s e  ' prima ry bonds ' 

are t hought to be s t r onge r ,  and once broken , ve ry s l ow t o ,  or 

u n ab l e  to re form ( Ha i ght on , 1 9 65 ) . The breaking and fai lure o f  

t h e s e  st r ong bonds t o  r e f o rm cou l d  a ccount f o r  the permanent 

de c r e a s e s  in hardne s s  obs e rved . 

1 C . 3 .  MARGARINE 

1 C . 3 . 1  Manu facture 

In genera l , margar in e s  are manu factured from a fat b lend o f  

l i qui d  o i l  and hydrogenated fat , and an aqueous phase whi ch 

may o r  may not cont a in mi l k ,  salt , emu l s i fi e r s , 

p r e s e rvat i ve s ,  et c .  A wide range o f  formu l at i ons are used i n  

t he manu f acture o f  margar ine . Both f a t s  u s e d ,  a n d  proce s s ing 

p a r amet e r s  can be t a i l o red to suit de s i red spe c i f i cat i on s . 

The b a s i c  proce s s  o f  margar i ne manu facture can be broken into 

four or f i ve operat i on s ; emu l s i f i cat i on , c o o l ing , working , 

ho l d i ng and/ or pac�aging . 

The i n i t i a l  emu l s i on may be formed i n  a bat ch o r  cont i nuous 

p r o ce s s . I n  a cont i nuous proce s s  the o i l  and aque ous pha s e  

ingredients c a n  e it h e r  be met ered i n t o  a l ine feed o r  s impl y  
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mixed i n  l ine . On mix ing the two phases f o rm an o i l - i n -wate r  

emu l s i on . Emul s i fiers are added t o  reduce t he sur face tens i on 

betwe e n  t he pha s e s , he lping the emu l s ion fo rm with min imal 

wo rk . Emu l s i fi e r s  a l s o  s t ab i l i z e the fini shed product , 

prevent ing the a queous pha se from l eaking o r  coa l e s c ing . 

Once t he emu l s i on i s  formed it i s  cooled i n  a s e r i e s  o f  

s c r aped surfaced heat exchangers . I n  a scraped s u r face he at 

exchanger the p roduct pas s e s  through the annu lus between a 

rot at i ng shaft and an out e r  insu l at ed j acket cont a in i ng a 

re f rige rant . B l ades attached t o  the mut at o r  sha ft scrape the 

inner j acket wa l l  cont inuou s l y  to a chieve max imum c o o l ing . 

Sha ft speeds range from 3 0 0  - 7 0 0  rpm , scrap ing the sur face 

c l e an as many as 1 5 0 0  t ime s per minute . The high i nt e rnal 

pres sures and s hearing forces generated by the b l ades cause 

rap i d  crystal  nucl eat i on and furthe r emul s i f i cat i on . Figure 

1 . 1 3 i l lust rat e s  diagramma t i ca l l y  a s craped sur face heat 

exchange r . 

Margarine i s  on l y  part i a l l y cryst a l l i zed dur ing coo l i ng ,  in 

many proce s ses further cryst a l l i z at i on take s p l a ce i n  a 

' wo rk ing unit ' . A common working unit i s  the pinworker whi ch 

has p i n s  a r ranged in a he l i c a l  pat t e rn on a var iable speed 

sha ft whi ch inte rmesh with s t at ionary pins p o s i t i oned on the 

c y l inder wa l l . P roduct pa s s ing through the p i nwo rker i s  then 

worked by the p ins , cau s i ng rapid crystal l i z at i on to occur . 

I f  a s t i f fer c o n s i stency i s  requ i re d  for packag i n g ,  the 

product may be a l l owed t o  rest , and part i a l l y  set , i n  s ome 

s o rt o f  h o l ding tube be f o re be i ng packaged . The ho lding or 

rest ing tube i s  a j ackete d  cyl i nde r that may cont a i n  baffles 

o r  per forated p l at e s  t o  keep the product from sett ing up on 

the wa l l s . 

A t yp i c a l  equipment con f i gurat ion for the cont inuous 

man u facture of t ab l e  margarine is s hown i n  F i gure 1 . 1 4 .  The 

emu l s i on i s  formed ,  coo led in the s craped sur face heat 
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exchange r s , t hen worked ,  i n  thi s c a s e ,  in a l arge b l ender . As 

the p roduct mus t  be qu ite f l u i d  t o  f i l l  packaging cont a ine r s ,  

ther e  a re n o  holding tube s . 

I n  a c l o s ed s ys t em such a s  i s  i l l u st rated , s ome over feeding 

must be present to mainta in su f f i c i ent product t o  t he f i l le r . 

The reme l t  l ine a l l ows exce s s  product to be returned t o  a tank 

whe re it i s  reme lted and pumped back int o t he product stream 

t o  be reproce s sed . 

The manu facture o f  margar ine di f fe r s  markedly c ompared to 

t radit i on a l  butter manu factur ing . Whi l e the raw mat e r i a l s  of 

but t e r  a r e  l imited to mi l k fat a l one , marga r ine can,  and does , 

have a w i de range o f  fo rmu lat ions . The formu l at i on s  can be 

va r i ed t o  make p roduct s for spe c i f i c  end us e s , for e x ample , 

p a s t r y  marga r ines and s o ft tab l e  margarine s . F o rmu l at ions can 

a l s o  be va r i ed t o  t ake into t he changing c o s t  o f  ingredient s . 

The margarine manu facturing proce s s  i s  a l s o  more flexible than 

t hat of t radit ional but t e rmak ing . The two manu factur i ng 

proce s s e s  d i f fe r  fundament a l l y  i n  t he way i n  whi ch water- in­

o i l  emu l s i ons are formed . I n  butt e rmaking a phas e  inve r s i on 

from o i l - in- wat e r  t o  wate r- in- o i l  o ccurs dur ing churn ing,  

whe r e a s  the emu l s ion is  fo rmed i n  margarine man u fa ct u r ing by 

s impl y  mi x ing t he two phas e s  t ogethe r . 

1 C . 3 . 2 .  S t ructure 

Marga r ine is a wat er- in- o i l  emu l s i on cons i s t ing o f  l i quid fat , 

cryst a l l i ne ( s o l id )  fat and wate r  droplets . The fat c ry s t a l s  

a n d  wate r  drop l e t s  a re di spersed i n  t h e  cont i nuous l i qu id fat 

pha s e , w i t h  the wat e r  droplets be i n g  kept separate by the fat 

cryst a l s . 

Cryst a l l in e  fat i s  the ma j o r c omponent o f  the d i spe r s e  phase . 

The fat c r y s t a l s  can vary i n  s i z e  and shape , from 0 . 1  �m - 3 0  

�m needl e s  and p l at e lets t o  1 0 0  �m di ameter s phe ru l it e s . As 

with but t e r ,  the fat cry s t a l s  a l s o  f o rm a three dimens i onal 
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network h e ld t ogether by van- der-Wa a l s  forces , or e l s e  show a 

t endency t o  form t in y  cluste r s  (Haight on ,  1 9 7 6 )  . Cryst a l s  i n  

di rect c o ntact with othe r  cryst a l s  i n  t he netwo rk may grow 

t ogether to form stronge r bonds , thus r e i n forc ing the network . 

Marga r i n e s in whi ch crystal networks f o rm tend t o  be harde r 

t han tho s e  in whi ch networks do not occur ( Ha i ght on , 1 97 6 ) . 

Shama and Sherman ( 1 9 7 0 )  con s ide red the cryst a l l i ne fat in 

margarine to have fewer van- der-Waa l s  reve r s ible t ype ' bonds ' 

and more i rreve r s ible ' strong bonds ' than butt e r . 

Other fat systems a re thought t o  form three dimen s i onal 

networks s imi l a r  t o  butter and marga r i ne , for e x amp l e ,  l a rd 

and shorten ings . Nede rveen ( 1 9 6 3 )  found su spens i ons o f  fat 

part i c l e s  in o i l  had st rong mutual att r act i ons and felt s ome 

s o rt o f  c rystal st ruct ure was formed . 

The s t ructure o f  butter and margarines have s imi l ar i t i e s  and 

d i f fe rence s . Both fat product s have , as the i r  ma j or s t ructural 

component , cryst a l l ine fat which can form three dimens ional 

networks , with l iqu i d  fat interme shed between t he fat 

cryst a l s . Both product s cont a in wate r  in the f o rm of wat e r  

drop l et s . In addi t i on ,  but t e r  h a s  the remnant s  o f  a cont inuous 

wate r  pha s e ,  whi ch is absent in marga r ine . But t e r  a l s o  

c ont a i n s  intact fat g l obu l e s  and g l obu l e  f ragment s ,  whi ch a re 

not found in margar i ne . 

1 C . 3 . 3 .  F actors Affect ing Rheol ogy 

A comp a r i s on o f  t he factors  a f fect ing the cons i stency o f  

marga r ine and but t e r  reve a l s  the amount o f  s o l i d  fat , and the 

way the s ol i d  ( cryst a l l ine ) fat can fo rm networ k s  is equ a l l y  

import ant for both p roduct s . Simi l arl y ,  it  is  found the 

cont inuou s l iqui d  �at phas e  and the pres ence o f  wate r  droplets 

does not i n fluence the con s i stency of  margarine o r  butt e r  t o  

a n y  great extent . 
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1 C . 3 . 3 . 1  Temperature 

As with butt e r , the rhe o l og i c a l  charact e r i s t i c s  of marga r ine 

change with t empe rature . In cont rast to but t e r ,  the 

s o l i d / l iqui d  fat rat i o  doe s  not change rap i dl y  in the 5 - 2 0 °C 

r ange . F i gure 1 . 1 5 shows a di f ferent i a l  s c an n ing ca l o r imet ry 

me l t i ng thermogr am o f  a p o l y- uns a t u rated margarine . Two ma j o r  

me l t i ng peaks a t  - 2 7 °C and - 1 0 °C c a n  b e  seen , with r e l at ive l y  

l it t l e me lt ing occurring a ft e r  5°C .  

A c ompar i s on o f  the di f fe rent i a l  s cann ing c a l o r imet r y  me lt ing 

curve s for margar i ne ( F ig . 1 . 1 5 )  and but t e r  ( F ig . 1 . 1 2 ) , shows 

6 0  - 7 0 % o f  the s o l i d  fat in margar ine has me lted by 5 °C ,  

whi le most o f  the s o l id fat i n  but t e r  me l t s  between 5 and 

2 0 °C .  Thi s i l lust rates changing t emperature has l i tt l e  e f fect 

on margarine , in di rect cont rast with butt e r . As tempe ratures 

increase ove r 2 0 °C the s o l id fat content s o f  both product s 

become s imi l ar . The two f i gures a l s o  show graph i ca l l y  the 

di f fe rence in fat comp o s i t ion o f  t he two p roduct s . 

1 C . 3 . 3 . 2 .  Fat Compos it ion 

The c on s i stency o f  margar i n e s  and short e n i ng s  depends heavi ly 

on s o l i d fat content of t he product s and hence the o i l s  and 

f a t s  used in manu facturing . Marked var i a t i o n s  in fat c ontent 

a r e  t he re fore p o s s ible f o r  margarine product s ,  unl ike butter . 

E x amp l e s  o f  t h i s  a re past r y  marga r ines , w i t h  high s o l i d  fat 

contents and p o l y- u n s aturated t ab l e  marga r i ne s , which have low 

s o l i d fat cont ent at t emperatures above 5° C .  

P o l y - un s aturated margar i n e s  are much s o ft e r  t han but t e r s , with 

s e ct i l it y  hardn e s s  values o f  about l l Og at 1 0 °C ,  comp a red with 

9 0 0g for the s o ft e s t  spring butte r s . Above 2 0 °C the h ardne ss 

o f  both p roduct s tends t o  be the s ame , due to s imi lar s o l i d  

fat l eve l s . 

1 . 3 . 3 . 3 .  Manu fact u ri ng Var i ables  

Marga r i ne and shortenings are much more sus c ept ible t han 

but t e r  t o  changing proce s s  condit i on s . The rate and extent o f  
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c o o l ing can be cont ro l led by changing scraped s u r face he at 

exchange r var i ab le s . The number o f  s craped sur face heat 

exchangers used can be varied,  usua l l y  two or t hree . Rate and 

extent o f  c o o l ing can be cont r o l led by the rate o f  product 

throughput and sha ft speed . 

Cont ro l l ing cool ing in the s craped sur face heat e xchangers and 

thus cryst a l  nuc l e at i on and cryst a l l i z at i on can a f fe ct s o l id 

fat c ont ent and hardne s s . For  e xample , rap i d  c o o l ing would 

l e ad to a l arge numbe r of sma l l  crys t a l s  and a harder product . 

D i f f e rent coo l ing regime s  can be used to imitate such 

proce s se s  a s  ' Alnarp ' c o o l i n g ,  with t he e ffe ct of l owe r ing the 

hardn e s s  o f  a product . 

A cho ice o f  whether or not t o  work a product a ft e r  coo l i ng 

e x i st s . Work ing un i t s  can be p l aced between or a fter scraped 

sur fa ce he at exchangers , or in both posit i on s . A cho i ce of 

t ype o f  worker i s  a l s o po s s ib l e ,  fo r examp l e , p i nworke r or 

b l ender . 

Work i ng produces a product with a more plast i c  body , compared 

to unwo rked product s . Thi s  i s  probab l y  achi eved by a ) , 

increased fat cryst a l l i z at i on , prevent ing t o  s ome extent 

further cryst a l l i z at i on a ft e r  pack ing , whi ch wou l d  cont ribute 

to a harde r ,  more britt l e  product and b ) , breaking crystal ­

cryst a l  bonds and di s rupt ing any van-der-Wa a l s  bonds whi ch may 

have a l re ady formed as part o f  a cryst al network . 

Another opt i on ava i l able in margarine manu facture i s  

r e c y c l ing . S ome o f  the product l e aving the s craped sur face 

heat e xchanger s  is mi xed back i nt o  the emu l s i on be fore it 

ent e r s  the s cr aped s u r face heat exchangers . Thi s is a f o rm of 

precryst a l l i z at i on �hi ch helps achieve ear l i e r  cryst a l l i z at ion 

and e n l argement o f  higher me l t ing glyce ri de s ( E r i ck s on , 1 9 8 5 )  

l e ading t o  a great e r  d i s t r ibut ion o f  c ryst a l  s i z e s  and 

improved con s i st ency . 
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1 C . 3 . 3 . 4 .  Rewo rk ing 

Margarines and shortenings can be reworked i n  the s ame fashion 

as butte r ,  with the s ame result s ,  a pe rmanent reduct ion in 

hardne s s . Thi s can be exp l ained in the s ame way as for but ter 

( Se ct i on 1 C . 2 . 3 . 7 ) . 

In  general ,  margarines seem t o  show a g reater pe rmanent 

reduct ion in hardne s s ,  than but t e r . Th i s  i s  pe rhaps due to 

margarine having a greater number of ' st rong ' bonds t han 

butt e r ,  whi ch a re not re formed a ft e r  rewo rking ( Shama and 

She rma n , 1 97 0 ) . 

1 C . 3 . 3 . 5 .  P o l ymorphi sm 

Cry s t a l  s i z e and form a l s o  influence cons i stency . Fat s exhibit 

p o l ymo rphi sm,  the abi l i t y  to cryst a l l i z e  in more than one 

form ,  one of wh ich i s  s t able for a given s et of condit ions . 

Long chain hydrocarbon compounds l i ke t r i glycerides can pack 

t ogether in a numbe r of d i f fe rent ways wh i ch are almost 

ene rget i c a l l y  equivalent (Norri s ,  1 9 7 7 ) . In t he case o f  

t r i g lyceride s , three main polymo rphi c  f o rms e x i s t , a ,  � and 

P ' , each with a di f fe rent me lt ing point . 

Fat s with fatty acid cha i n s  o f  varying l e ngths a re more stable 

i n  the � '  form ,  whi le fat s in which chai n  lengths show l i tt l e  

var i at i on a re s t able in the � form . The � '  form , cons i s t i ng o f  

a v e r y  fine network o f  cryst a l s  i s  de s i r able i n  marga r ine as 

it is  capable of immobi l i z ing l arge amount s of l i qu i d  o i l  and 

aqueous pha se droplet s .  In some c a s e s  i f  a margar ine o i l  has 

st rong � tendenc ie s ,  even though p roduced in t he �' form, it 

may t rans form to the � cryst a l l i ne state . Thi s is accompanied 

by a change in texture (to  coarse and s andy ) and cons i st ency 

with the deve l opment of l a rge cryst a l s . 
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1 C . 4 . 1  Manu facture 
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A new c omme r c i a l  buttermaking proce s s , t e rmed t he Ammix 

p r o ce s s ,  has recent l y  been int roduced i n  New Z e a l and . The 

p r o ce s s  ut i l i z es t e chno l ogy deve l oped for the manu facture o f  

margar ine . I n  the Ammi x  proce s s  the four b a s i c  s t eps in 

c onve rt ing c re am to but te r ,  cryst al l i z at i on , concentrat i o n , 

pha s e  i nve r s i on and mo i sture dispe r s i on , a r e  c a r r i ed out in a 

d i f fe rent o rde r ,  compa red to F r it z butt e r . 

The ' concent rat i on ' occurs i n  a separat o r  i n  t he AMF pl ant , 

whe r e  a 7 5 %  fat cream i s  produced . The phas e  inve r s i on occurs 

i n  t he homoge n i z e r  i n  t he AMF p l ant . Cryst a l l i z at ion and the 

d i spe r s i on of mo i sture occur in t he s craped sur face heat 

e xchange r s  and pinworkers . 

I n  t he proce s s , anhydr ous mi l k fat (AMF ) i s  produced from fresh 

p a s t eu r i z ed cream in a We st fa l i a di rect - from-cream pl ant 

w i t hout neut ra l i z at i on o f  free fat ty acids . The c rude AMF i s  

Vac r e ated t o  remove any t aint i ng subst ance s and res idual  

mo i s ture and then he ld in a s i l o  at  a temperature of  4 0 °C 

u nt i l  requ i red . 

C r e am f o r  b lending i s  Vacreate d ,  coo led t o  8 °C and he ld i n  a 

s i l o . Cream i s  used as the p r i nciple s ou rce o f  moi sture and 

n o n - fat mi l k  s o l ids in o rder t o  ensure the presence of some 

unbroken fat globu l e s  i n  the butt e r . Unbroken g l obules are 

thou ght to improve f l avour and texture . 

A m ixture with the s ame compo s it i on a s  butt e r  i s  formed by 

c o nt i nuous b lending of AMF, c ream, - and s a l t  s lu r r y  ( i f  

r e qu i re d )  . The tempe rature o f  the cream i s  r a i sed t o  4 0 °C en 

ro u t e  to b l ending . .  

The b l end i s  passed through two s craped s u r face heat 

e x change r s  whe re it is shock c o o l ed,  with cryst a l l i z at i on 

b e i n g  i n i t i ated . The c o o l ed p roduct i s  then worked in a p in 
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worke r ,  wher e  further c ry st al l i z at i on t ak e s p l ace . The product 

t he n  p a s s e s  through two furthe r s craped s u r face heat 

exchangers and a second pinworke r .  The but t e r  may be packed in 

bu l k  at thi s st age , or he l d  in a holding or resting tube t o  

a l l ow i t  t o  set part i a l ly and be come f i rm enough t o  b e  patted . 

F i gu re 1 . 1 6 i l lustrat e s  the equ ipment c o n f i guration de scr ibed . 

A reme l t  l ine , as for margar ine , i s  a l s o  i n c luded . 

F rom t he above de script ion o f  the Ammix proce s s  it can be seen 

to be very s imilar to the margar ine man u factur ing proce s s . As 

with t he margarine proce s s , the Ammi x  proce s s  has greater 

f l e x ib i l it y  than tradi t ional  but t e rma k i n g  proces s e s . A var i ety 

of product s can be produced on an Ammi x  p l ant . For examp l e ,  

mi l k fat / o i l  b lends such as the product made by Tay l o r  and 

Nor r i s  ( 1 9 7 7 )  wh ich con s i sted o f  8 0 %  mi l k fat and 2 0 %  o i l . 

1 C . 4 . 2  St ructure 

Ammi x  but t e r  cons i s t s  o f  l i qu id fat , s o l id ( cryst a l l ine ) fat 

and wat e r  droplet s . I n tact fat g l obu l e s  and g l obu l e  fragment s 

are a l s o  present , but i n  smal l e r  numbe r s  t han in t r adit ional 

butt e r . 

As w i t h  t r aditional butt e r  and margarine , s o l id fat forms the 

ma j or s t ructural compon ent . A network o f  fat cryst a l s ,  

i n i t i a l l y  he l d  togethe r by van- de r-Waa l s  forces i s  formed ,  

with s t rong e r  bonds forming late r . 

Othe r methods s imi l ar t o  the Ammix proc e s s  have been 

deve l oped . Perhaps the mo st di s cussed i s  t he Che rry-Burre l l  

' Go ld-n - F l ow '  method . Vas i c  and DeMan ( 1 9 6 8 )  fee l the 

st ructure o f  Cherry-Bu r re l l  but t e r  i s  s im i l ar to that o f  

margar i ne . Cherry-Burre l l  but t e r  i s  usua l l y  much f i rme r than 

butt e r  made by tradi t i onal methods . 

Kawana r i  e t  a l  ( 1 9 8 2 )  fe lt but t e r  manufactured by the Cherry­

Burre l l  method to be s t ronge r and l e s s  spre adable than that 

made by t radit ional met hods . Howeve r , further working o f  
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convent ional  and Che rry-Burre l l  butters made from the s ame 

cream resulted in butt e r s  o f  approx imat e l y  the same hardne ss 

(Vas i c  and DeMan , 1 9 6 8 ) . Butter manu factured by the Cherry­

Burre l l  method rece ives very l it t l e  working . I n  cont rast , 

Ammi x  butter i s  pinworked twice , result ing i n  a s o ft e r  butter 

with a mo re p l a st i c body (Munro , 1 9 8 5 ) . 

1 C . 4 . 3 .  Factors Affect i ng Rheol ogy 

The s o l id fat c ontent of Ammix butter , as with t radi t i onal 

butte r and margarine , has a ma j o r  e f fect on f i rmne s s . The 

amount of s o l i d  fat , and t ype o f  crystal network fo rmed wi l l  

a f fe ct the f i n a l  hardness  o f  t he butte r . I n  genera l ,  the 

hardne s s  o f  Ammix butter has been found to be s im i l ar to that 

o f  F r i t z  butte r . An Ammi x  butter compared with a F r i t z  butter 

made from the s ame cream was harde r ,  but the di f fe rence in 

hardne s s  di s appeared a ft e r  working . 

1 C . 4 . 3 . 1 .  Component s o f  t he D i spe r s e  and Cont i nuous Phases 

The cont i nuous l i qu id fat pha se and the pres ence o f  wat e r  

drop l et s have very l i t t l e  e ffect on the rhe o l og i c a l  behaviour 

of Ammix butt e r . 

Ammi x  but t e r  c ont a i n s  fewer fat gl obules than comparable 

t radi t ional  butter . As a result less fat wi l l  be c o n f i ned in 

g l obu l e s  and a greater number o f  fat cry st a l s  wi l l  be free to 

part i c ipate in crystal networks . This could l e ad to a st ronger 

or harder product than t radi t i on a l  butt e r . 

Che rry-Burre l l  butter cont ains n o  o r  ve ry few fat g l obules . As 

more fat cryst a l s  wou ld be ava i l ab l e  t o  form cryst a l  networks 

and the presence of fat g l obu l e s  prevent s the format i on of the 

network o f  c ry s t a l s  to s ome ext e nt , both fact ors cou l d  

cont r ibute t o  a harder product . Che rry-Burre l l  but t e r  may a l s o  

cont a i n  l a rge , roughl y  sphe r i c a l  bodies o f  c lustered cryst a l s . 

Larger cryst a l s  wou l d  have a s o ftening e f fect , howeve r this  

e f fe ct i s  not seen (Va s i c  and D eMan , 1 9 6 8 )  . 
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1 C . 4 . 3 . 2 .  Temperature 

A d i f fe rent i a l  s cann i ng cal orimet ry met ing t he rmogram (Fig . 

1 . 1 7 )  o f  a Ammi x  butt e r  shows the s ame me l t ing curve as that 

o f  a t radi t i on a l  but t e r  ( F i g . 1 . 1 2 ) . Me lt ing t he rmograms and 

s o l i d  fat content s det e rmined by NMR are obt a ined from 

e x t r a ct ed mi l k fat . The extract ion process e r a s e s  the t hermal 

h i s t o r y  o f  the mi l k fat . Thus , two butters whi ch may have the 

s ame me lt ing curve s and s o l id fat c ont ent s may have di f ferent 

h ardne s s e s  at the s ame t emperature . 

Ammi x  butt e r  has  been found t o  s o ften more qu ickly a s  

t e mperature incre a se s ,  c ompared t o  t radi t i on a l  butt e r ,  

e spec i a l l y  a t  temperatures above 2 0 °C ( B i s se l l ,  1 9 8 7 )  . As a 

d i rect result , Ammix butters do not stand up a s  we l l  as  

t radi t i on a l  butt e r s  at h igher temperature s . 

1 C . 4 . 3 . 3 .  Manu fact u r ing Var i ab l e s  

As w i t h  margarine , the Ammix proce s s  o f fe r s  a wide variety o f  

p r o ce s s ing var i ab l e s . 

The rate o f  coo l ing wou l d  a f fect t he product hardne s s e s  in the 

s ame way as for margar ine , with shock coo l ed product s be ing 

h a rde r . D i f fe rent c o o l ing t re atment s such a s  ' Alnarp ' cool ing 

a re p o s s ible , l e ading t o  s o ft e r  product s . In pract i ce ,  

howeve r ,  i t  has  been found t o  be di f fi cu l t  t o  i s o l at e  and 

g auge t he e f fe ct o f  coo l ing as a lt er ing c o o l ing regime s  o ften 

mea n s  other var i ab l e s  are a l s o  a lt e red ( Bi s se l l ,  1 9 8 7 ) . 

E xp e r iment at i on o n  p i l ot pl ant s c a l e  has s hown there i s  no 

s i gni fi cant di f fe rence in hardn e s s  between pinworked p roduct s 

a n d  p roduct s a l l owed t o  rest be fore packing ( B i s se l l ,  1 9 8 7 ) . A 

l ower throughput r e s u l t e d  iri a s o ft e r  produ ct , perhaps due to 

e i the r incre a s e d  c r y s t a l  nucleat i on occu r r i ng i n  the s c raped 

s u r f a ce heat exchange r s , or increased holding t ime s or both 

( B i s se l l ,  1 9 8 7 ) . 
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The re cyc l i ng o f  product i s  a l s o  an opt i on i n  the 

manu facturing o f  Ammix butter . B i s se l l  ( 1 9 8 7 )  repo r t s  products 

made u s ing the recycl ing techn ique to be s o ft e r ,  and t o  have 

l ower s o l i d  fat cont ent s than cont rols manu factured without 

recy c l ing . 

1 C . 4 . 3 . 4 .  Rewo rking 

On reworkin� t he hardne s s  of Ammix butt e r s  is reduced more 

t ha n  the hardnes s o f  t radit ional butter . In t h i s  re spect Ammi x  

b ut t e r  i s  behaving more l i ke margarine . The rea son for the 

great e r  reduct i on in hardness  found is  probab l y  the s ame . 

Amm i x  but t e r  s eems t o  cont a i n  a higher number o f  strong 

' bonds ' , compared to t radit ional but ter . A l arge proport ion o f  

t he s e  bonds may be broken o n  rework ing and not re formed ,  

cont r ibut ing t o  a greater permanent redu ct i on i n  ha rdne s s . 

1 C . 5 .  AFTERWORD 

The three product s ,  t radit ional  but t e r ,  Ammix butter and 

marga r ine share the s ame b a s i c  s t ructural e lement s and di f fer 

in r aw mat e r i a l s  and manu factur ing method . Ammi x  but t e r  s eems 

t o  h o l d  a middle ground betwen t radit ional  butt e r  and 

marg a r ine . Manu factured from the raw mat e r i a l s  of butt e r ,  

u s ing margarine techn o l ogy , st ructure and behaviour o n  

rewo rking fa l l  between the two ext remes , with the advantages 

o f  a de s i reable product and a f l e x ible manu facturing method . 
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CHAPTER TWO 

MATERIALS 

2 . 1 .  BUTTER FROM COMMERC IAL DAIRY FACTOR I E S  

S amp l e s  o f  commercial l y  produced Frit z a n d  Ammi x  but t e r s  we re 

co l l e cted ove r two and a ha l f  da i ryi ng s e a s ons . Forty S O O g 

pat s o f  Frit z butter , a l l from one day ' s product i on du ring the 

f i r s t  week o f  t he month ,  were obt a ined e ach month from Tui  Co­

op . D a i ry Co . Lt d . , Pahiatua . S imi lar l y ,  Ammi x butter 

p rodu ced by T a i  Tapu Cent ral Co-op . D a i r y  Co . Ltd ,  now Alpine 

D a i ry P roducts Ltd . , Chr i s tchurch , was a l s o  obt a ined . S amples 

we re a l s o  ta ken prior t o  packing at  the Manawatu Co-op . Dairy 

Co . Ltd,  Longburn . 

2 . 1 . 1 . Comme rc i a l  Samp l e  Ident i f icat i on 

Comme r c i a l  but t e r  s amp l e s  have been ident i fi ed by fact o ry o f  

o r i g i n ,  month a n d  ye ar . S amp l e s  from T u i  C o - op. D a i r y  Co . Ltd . 

are p r e f i xed TUI , samp l e s  from Tai Tapu Cent ral Co-op. Dairy 

Co . L t d . are pre fixed TT and s amp l e s  from Manawatu Co-op. Dairy 

Co . L td .  are pre f i xed MAN .  For example , a s amp l e  o f  1 9 8 6  

November butt e r  manu factured b y  Tui Co-op . D a i r y  Co . Ltd . 

wou l d  be re ferred t o  a s  TUI Novembe r ' 8 6 .  

2 . 2 .  BUTTER MADE US ING D IFFERENT CREAM COOLI NG TECHNI QUE S 

Butt e r s  were manu factured from creams sub j e ct ed t o  di f fe rent 

c r e am c o o l ing t e chn i ques at the New Z e a l and D a i ry Re search 

I n s t i t ut e ,  P a lmerston North . 

S i x  hundred k i l ogr9ms o f  cream was vacreat e d  us ing norma l 

ope r a t ing cond i t i ons . The cream wa s divide d  int o t hree batche s 

and e a ch c o o l e d  i n  a di f fe rent way . 

( 1 )  S ho ck cool ing . The cream was cooled i n  a plate heat 

exchanger to 5°C and pumped to a h o l di ng vat . Cream 



t empe rature was a l l owed t o  r i s e  s l owl y t o  1 1 . 5 ° C ,  he l d  

ove rn ight and churned a t  this  temperature . The final 

t emperature of the butter was 1 6°C .  
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( 2 )  S l ow c o o l i ng . The cream was coo led t o  1 3 °C i n  a p l at e  heat 

exchange r ,  pumped to a ho lding vat and coo l ed to 1 1 . 5 °C in the 

vat . The cream was he l d  ove rnight and churned at thi s 

t emperature . The final  temperature o f  t he but t e r  was 1 6 . 3 °C .  

( 3 )  Alnarp coo l ing . The cream was coo l e d  i n  a p l at e  he at 

exchange r t o  4 °C and held at thi s tempe rature for four 

se conds . The cream was then warmed to 2 1 °C i n  a p l at e  he at 

e xchange r ,  pumped to a hol ding vat and he l d  for four hou r s . 

The cream was then coo led in the vat t o  1 1 . 5 °C ,  he ld overnight 

and churned at thi s tempe rature . The f i n a l  tempe rature o f  the 

but t e r  was 1 5 . 7 °C .  

E ach bat ch o f  cream wa s chu rned i n  a cub i ca l  S i l keborg bat ch 

churn u s ing no rma l ope rat ing cond i t ion s . The t empe rature o f  

but t e r  leaving the churn wa s .  t o  be n o  more than 1 6°C .  

F r om e ach churn i ng two 2 5  kg boxe s and twe lve 5 0 0  g pat s we re 

packed . 

2 . 3 .  BUTTER AND ANHYDROUS PRODUCT S MADE FROM THE SAME FAT . 

A butt e r ,  p l a s t i c i z e d  m i l k fat and a mi l k fat / o i l  bl end were 

manu factured from the s ame mi l k fat at t he New Z e a l and D a i r y  

Re s e a rch I n s t it ut e ,  P a lrnerston Nort h ,  u s ing a Ge r s tenberg and 

Agger P i l ot P l ant P e r fecter Type 3 - 5 7  R2 2 ( Ge r s t enberg and 

Agger A/ S ,  Copenhagen , Denmark ) . 

The p l ant was s e t  �p i n  t he con figurat i on indi cated i n  F i gure 

2 . 1 .  Three product i on runs were c a r r ied out u s ing t he 

product i on condi t i on s  l i sted in Tab l e  2 . 1 .  The p roduct was 

r e c y c l e d  through t he p l ant unt i l  s t e ady s t at e  condi t ions were 

reache d . The rec y c l ed product was me lted down and added back 



Mix Tan 

4 0°C 

.J/ 

Plate Heat Exchanger 

....___�-- -[ 1--

/ . 

Scraped Surface Heat Exchangers 

----j 

/ "' 

1 0°C 

�� �� l'_LJ 07� 
Pinworker 

/]\ Rerrelt 

u 
Sample 

Figure 2 . 1 : Plant configurat ion used in the manufacture of butter and anhydrous products from the same fat . 

CO 1-' 



82 

Tab l e  2 . 1 .  P roduct i on condit i on s  used in the manu facture o f  

but t e r  and anhydrou s product s from the s ame mi l k fat . 

Mix Temp ( °C )  
Throughput ( kg / hr ) 

SSHE#  1 and 2 
She l l  Temp ( °C )  
Speed ( rpm) 
Sha ft Wat e r  Temp ( °C )  

SSHE 3 
P roduct Temp ( °C )  
She l l  Temp ( °C )  
Speed ( rpm ) 
Sha ft Wate r  Temp ( °C )  

P i nworker 
Temp ( °C )  
Speed ( rpm ) 

4 0  
1 5 0  

a s  required* 
7 0 0  
3 0  

1 0  
as  requi red* 
7 0 0  
3 0  

not cont o l led 
2 0 0  

# S c raped s u r face heat exchange r . 
* Tempe ratures var i ed a s  nece s sary t o  c o o l  the product 
su f f i cient l y . 

Tab l e  2 . 2 :  P roduct tempe ratures recorded during product i on o f  

butt e r  and anhydrous product s from the s ame mi l k fat . 

Tempe rature ( OC )  

Run 1 2 3 

ex S S HE 1 1 6 . 9  1 7 . 7  1 7 . 0  

ex S SHE 2 1 2 . 5  1 3 . 5  1 3 . 0  

e x  S S HE 3 9 . 8  1 0 . 0  1 0 . 0  

ex pinworker 1 2 . 2  1 1 . 7  1 2 . 0  
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into t he mix t anks . In between runs the p l ant was f l us hed with 

the new p roduct , with the mat e r i a l  used dur ing f l u sh ing being 

d i s ca rded as wast e . 

( 1 )  P l as t i c i zed mi l k fat . F i ft y  kg o f  mi l k fat was me lted and 

he ld at 4 0 °C unt i l  requ i red . The mi l k fat was pumped t hrough 

the p l ant . Twenty 5 0 0 g pot t l e s  of s ampl e  we re c o l l e cted . 

( 2 )  Butt e r . Mi l k fat at 4 0 °C was b lended with sk immi l k  t o  give 

a but t e r  with the approximate compo s it ion o f  mi l k fat 8 2 . 5 % ,  

s o l i ds not fat 1 . 6 % and wate r  1 5 . 9% .  The mix was pumped 

t h rough t he plant . Twenty 5 0 0g pot t l e s  of s ample we re 

co l l e c t e d . 

( 3 )  Mi l k fat / o i l  b l end . Mi l k fat at 4 0 °C was mixed with soya 

bean o i l  t o  make an 8 0 / 2 0  fat / o i l  b l end . The mi x was pumped 

t h rough t he p l ant . Twent y 5 0 0 g pott l e s  o f  s amp l e  were 

co l l e c t e d . 

The pr oduct temperatures recorded during t he run s  are shown in 

T ab l e  2 . 2 .  

2 . 4 .  REWORKING 

Rewo r k i ng on a sma l l  s c a l e  ( up t o  1 0  k g )  was carried out us ing 

a T o ledo Z Bl ade Rewo rker ( To l edo Engineer ing PGY Ltd . , 

L i dcombe , N . S . W . , Aust ra l i a )  at the New Z e a l and D a i r y  Re search 

I n s t i t ut e ,  P a lme r s t on North . Al l rework i ng was done unde r 

vacuum , with chi l l ed wat e r  p a s s ing t hrough the exte r i o r  

j acket . The butt e r  and anhydrous f a t  product s manu factured 

f r on t he s ame fat s ource and two commer c i a l  butt e r  s amp l e s , 

TUI Ma rch ' 8 7 and TT March ' 8 � we re reworked i n  t h i s  fashion . 

Temperatures reached dur ing reworking did not e xceed 1 5°C .  
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2 . 5 .  S TORAGE 

Al l s amp l e s , both comme rcial and those speci a l l y  manu factured 

were s t o red at 5°C for at least a month a ft e r  manu facture to 

a l low sett ing to be completed . S amp l e s  whi ch we re rewo rked 

were he l d  for at least one month be fore reworking , and held 

for at l east a month a fter reworking . 
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CHAP TER THREE 

ESTABL I S HED METHOD S  

S everal ana l yt i ca l  methods used i n  t he eva luat i on o f  fat s are 

we l l  e s t ab l i shed . The methods used in the course o f  thi s work 

are de s c r i bed be l ow . 

3 . 1 .  EXTRAC T I ON OF MI LKFAT 

S ome ana l y s e s  requ i re pure mi l k fat . Mi l k fat was ext racted by 

me l t ing a butter s amp le at 5 0 °C .  The fat layer was centri fuged 

and the separated fat pha se f i l t e red t hrough Whatman fi lter  

paper . 

3 . 2 .  SECT I L I TY HARD NE S S  

S amp l e s  for hardne s s  measurement s were held for t h i rt y  days at 

4 °C to a l l ow fu l l  s etting pri or t o  anal y s i s . Sect i l it y  

hardne s s  a t  1 0 °C wa s determined u s ing a modi fied F I RA / N I RD 

extrus i on apparat u s  according t o  the method o f  T a y l o r  e t  a l  

( 1 9 7 1 ) . 

S amp l e s  we re cont a ined in 4 8mm d i amet e r  stainle s s  s t e e l  rings . 

Longitudinal  s l ots on oppos i t e  s ide s o f  the rings a l l owed the 

c y l inder o f  but t e r  to be cut by a s t a i n l e s s  s t e e l  w i re . The 

wire was mounted on a bow car r i e d  by t he l ongitudinal  rod 

cont act ing the me a sur ing spr ing o f  the inst rument . A cutt ing 

speed o f  4 0  mm/min was used . S amp l e s  p l u s  s ampl e  holders were 

he l d  in a wate r  bath at 1 0°C for a l e a s t  five h o u r s  be fore 

mea surement . Dup l i c ate samples we re measured . 

The inst rument i s  c a l ibrated i n  t e rms o f  load;  hence s e ct i l ity 

hardne s s  i s  quoted i n  units o f  grams . The se un i t s  are 

arb i t rary a s  they d epend on the w i re d imens i ons , cutt ing speed 

and s amp l e  ring dimens ions . 
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3 . 3 .  FATT Y  AC I D  COMPOS I T I ON 

F a t t y  a c i d  c ompo s it i on was det e rmined by gas chroma t ography o f  

fat t y  a c i d  methyl  esters prepa red by di rect t rans 

e s t e r i f i cat i o n  of  a m i l k fat s amp l e  with sodium 

meth o x i de / methan o l . 

A Hewlet t - P ackard 5 8 4 0A gas chromat ograph w i t h  a s t a i n l e s s  

s te e l  c o l umn 2m l ong , 0 . 1 2 5  i n ch di amet er packed w i t h  1 0 - 1 5% 

diet h y l ene g l y c o l  succinate (An a l ab ,  Inc . ) on Chromo s o s rb W-HP 

8 0 / 1 0 0 (Va r i an Ae rograph ) wa s used to ana l y s e  t he fat t y  acid 

meth y l  e s t e r s . N i t rogen , flowing at a rate of 15 m l / mi n ,  was 

used as a c a r r i e r  gas . 

A st anda rd anhydrous m i l k fat wa s used t o  cal ibrate the gas 

chromat ograph . The results obt a i ned shou ld agree with 

e st ab l i shed mean values ( Tab l e  3 . 1 ) within two s t andard 

dev i at i ons . Weight correct ion fact o r s  (we ight / a rea of peak ) 

a re given i n  Tab l e  3 . 2 .  

S amp l e s  were prepared by me lt ing t he mi l k fat a t  6 0 °C .  When 

me l t e d ,  e i ght drops were t rans ferred to a s crew t op tube and 2 

m l  o f  the e s t e r i fying reagent ( s odium methox i de /methano l in a 

m i xture o f  ethy l ether and pet r o l eum ethe r )  w a s  added . S odium 

methox i de / methan o l  wa s prepared b y  t he method de s cr ibed by 

S hehat a et a l , 1 97 0 . After 2 - 4 mi nut e s  5 ml o f  hexane was 

a dde d . A furthe r 2 minutes l at e r  5 ml of saturated s o di um 

c h l o r i de s o l ut i on was added . The t ube wa s i nve rted s everal  

t ime s t o  m i x  the cont ent s then cent r i fuged b r i e f l y . Four mls  

of  the upper hexane l ayer were withdrawn and t ra n s ferred t o  a 

v i a l  cont a i n ing 5 0 0  mg o f  anhydrous s odium s ulphat e . The vial 

wa s shaken and a l l owed t o  sett l e . 1 - 2 �1  o f  s amp l e  was 

intro duced to the gas chroma t ograph . The s o l ut i on of e sters is 

s t ab l e  f o r  a few days i f  kept r e f r i ge rated . 

The i n j ecto r  temperature and dete c t o r  base were mai nt a i ned at 

2 4 0 °C and 2 5 0 °C re spect ive l y . A ft e r  i n j ect i on o f  t he s ample 



T able 3 . 1 :  Comp o s i t ion o f  st andard anhydrous m i l k fat . 

FATTY AC I D  MEAN STD . DEV . 

( we ight % )  

4 :  0 3 . 5 8 0 . 3  

6 : 0  2 . 0 7 0 . 1 5 

8 :  0 1 .  2 2  0 . 1  

1 0 : 0  2 . 4 8 0 . 1  

1 2 : 0  3 . 2 4 0 .  1 

1 4 : 0  1 0 . 0  0 . 3  

1 6 : 0  2 5 . 0  0 . 3  

1 8 : 0  1 0 . 4  0 .  4 

1 8 : 1  2 7 . 5  0 . 7  

Table 3 . 2 : Norma l i z ing fact o r s  for fat t y  acid we i ght 

pe rcent age s ,  re l at i ve t o  c 1 6 : 0 ·  

FATTY AC I D  

1 6 : 0 
4 : 0 
6 : 0  
8 :  0 
1 0 : 0  
1 0 : 1  
1 2 : 0  
1 4 : 0  
1 4 : 1  
1 5 : 0  
1 6 :  1 
1 7 : 0  
1 7 : 1  
1 8 : 0  
1 8 : 1  
1 8 : 2  
1 8 : 3  

NORMAL I Z ING FACTOR 

1 . 0 0 0  
1 .  37  
1 .  2 1  
1 . 1 2 
1 .  0 7  
1 .  0 5  
1 .  0 4  
1 .  0 1  
1 .  0 0  
1 .  0 0  
1 .  0 0  
1 .  0 0  
1 .  0 0  
0 . 9 8 
0 . 9 8 
0 . 9 7 
0 . 9 7 

8 7  
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at an i n i t a l  column t empe rature o f  1 0 0 °C ,  the chromat ograph 

was programmed t o  increase i n  temperature at 1 0 °C/min t o  1 3 0 °C 

and t hen increase at 5 °C /min unt i l  a t empe rature o f  2 1 0 °C was 

re a ched . T h i s  t empe rature wa s he l d  unt i l  a l l  methy l e st e r s  

we re e l ut e d . Peak are as we re c a l culated b y  t he 5 8 4 0A gas 

chromatograph t e rmina l . 

3 . 4 .  TRI GLYCERI DE COMPOS I T I ON 

T r i g l ycer ide compo s it i on wa s dete rmined u s ing a Perkin E lme r 

S igma 3 0 0  Cap i l lary Chromatograph with on - co l umn i n j ec t i on . 

The e qu ipment con s i sted o f  a hydrogen f l ame i on i zat i on 

det e c t o r  and a bonded fused s i l i ca co lumn i n  two part s ;  a non­

pha s e d  guard c o lumn , two met res l ong (Al l t e ch )  and a norma l 

t r i g l y ce r ide phased column , 2 . 5  met res in lengt h ,  internal  

diame t e r  0 . 2 5mm , s t at i onary phase OV- 1 ( P E  9 - 2 3 5 5 ) . Unde r 

no rma l condi t i on s  the carrier gas was n i t r ogen at 4 p s i . The 

f l ame i on i z at i on detector was supp l ied w i t h  a i r  at 3 0  p s i  and 

hydrogen at 2 0  p s i . 

S amp l e s  we re prepared by di s s o lving s i x  drops o f  mi l k fat in 1 

ml o f  hexane . A s ample a l i quot o f  1 �1 was used . 

S amp l e s  we re i n j ected int o t he co lumn at an i n i t i a l  

t empe rature o f  6 0 °C .  Aft e r  an i n i t i a l  holding t ime o f  one 

minut e the chromat ograph oven was programmed to heat at a rate 

o f  3 0 °C /min to 2 0 0 °C .  The oven rema ined at t h i s  t empe rature 

for  one minut e ,  fo l l owed by a second increase i n  tempe rature 

at a rate o f  1 0 °C / min t o  3 4 0 °C .  The det e ct o r  was mai n t a ined at 

3 5 0 ° C .  

3 . 5 .  S OL I D  FAT CONTENT BY NUCLEAR MAGNET I C  RE S ONANCE 

Nuc l e a r  magnet i c  re s onance ( NMR) spect r o s c opy can 

d i fferent i at e  between protons i n  s o l id and l i qu i d  fat s and 

t hu s  det e rmine the s o l id or l iqui d  fat content o f  a fat 

s amp l e . 
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The method o f  ana l y s i s  o f  s o l i d  fat content is de s cr ibed by 

MacGibbon and McLennan ( 1 9 8 7 )  . The method fo l l ows that o f  van 

P utte and van den Enden ( 1 97 4 )  us ing a Bruker min i spec PC 1 2 0  

pul sed nu c l e a r magnet i c  re s onance (NMR) spectrome t e r  ( B ruke r 

Analyt i s che Me s s t e rchr i k  GmbH , We st Ge rmany ) ope rat i ng at 2 0  

MHz with t he magnet t emperature ma int a i ned at 4 0 °C .  The 

m i l k fat s i gnal was measured 1 1 �s and 7 0 �s a ft e r  the pu l se and 

a di rect readout o f  the mean percentage s o l id fat is provided 

by the inst rument . Four scans o f  e ach s ampl e  we re t aken with a 
repet it ion rat e o f  2 s . The inst rument was cal ibrat ed us ing 

p e rcentage sol id st andards provided by B ruker ( 0 % ,  3 0 . 8 % ,  

7 1 . 9 % ) . Because probe t empe rature was not cont r o l l e d ,  the 

s o l i d fat measurement was pe r formed immediat e l y  a ft e r  removing 

the samp l e  from a const ant t empe rature b l ock ( cont rol led to ± 
o .  1 °c )  . 

Dup l i cat e NMR tube s we re fi l le d  t o  a he i ght o f  4 0mm with 

mi l k fat . S amp l e s  were heated to 6 0 °C f o r  30  minut e � th� pl aced 

in a 0 °C b l o ck and held ove rni ght at that temperature . The 

s o l i d  fat pro f i l e  o f  each s amp l e  was det e rmined at 5 °C 

i nt e rva l s  from 0 - 3 5 °C .  The s amp l e s  we r e  equ i l ibrat ed at each 

t e mperature for 4 5  minutes p r i o r  t o  mea s urement . 

NMR can be per formed on samp l e s  o f  anhydrous short e n i ngs 

w i t hout e r a s i ng therma l h i st o r i e s . Samp l e s  at 5 °C are forced 

i n t o  bott om l e s s  NMR tube s t o  t he he i ght of 4 0  mm and p l aced 

di rect l y  into a 0 °C b l ock . Ana l y s i s  t he n  proceeds a s  above . 

3 . 6 . SOL I D  FAT CONTENT BY D IFFERENT IAL S CANNING CALORIMETRY 

D i f fe rent i a l  s cann ing c a l o r imet ry ( D S C )  i s  based on the 

p rinciple that during the he at ing o r  c o o l ing of a fat s amp l e  

t h e  energy t ran s fe r  t o  o r  from a s amp l e  i ndicat i ng the rma l 

t rans i t i on s  i n  the s ampl e  can be reco rded as a funct i on o f  the 

t emperature o f  the s amp l e . 
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Thermal anal y s i s  o f  fat s amp l e s  w a s  carr i e d  out u s ing a 

d i f fe rent i a l  s cann ing c a l o r imet e r  ( P erkin E lme r DSC2 

D i f fe rent i a l  S cann ing C a l o r imet e r  conne cted to a P e r k i n  Elme r 

3 6 0 0  Thermal Ana l y s i s  Dat a  Stat i on via a P e rk i n  E lme r 

i nt e r face . P e rk in E lmer Corporat i o n ,  Norwa l k ,  Conn . , U . S . A . ) . 

M i l k fat was me lted at 6 0 °C and a 5 - 1 0  mg s amp l e  wa s qu i ckly 

t rans ferred t o  a s amp le pan using a g l a s s  c ap i l l ary . The 

s amp l e  pan was t hen sea led and l o aded into the inst rument . 

The s amp l e  was cooled from 6 0 °C t o  - 6 0 °C at a rate o f  

1 0 °C /minute and he ld at that tempe rature for f ive minutes 

un l e s s  othe rwi s e  stated . The me l t ing the rmogram was t hen 

recorded at a heat ing rate o f  5 °C /min . 

Cu rve s we re an a l y sed us ing a P a rt i a l  Area s  program and s o l i d  

f a t  cont ent s we re calcu l ated u s ing s o ftware provided b y  

P e r k i n  E lme r . 

I n  s ome c a s e s  anhydrous product s were l o aded c o l d  at 5 °C ,  in 

whi ch case a sma l l  piece of the s amp le was pl aced i n  the 

s amp l e  pan u s ing a spatu l a . The s amp le pan wa s sealed and 

l oaded i n t o  the i n s t rument . The s amp le wa s t hen t reated as 

out l ined above . 

3 . 7 .  COMP ARI SON OF NUCLEAR MAGNET I C  RESONANCE AND D I FFERENTIAL 

SCANN ING CALORI METRY 

Wh i l e  me l t ing pro f i l e s  obt a ined by nu c l e a r  magnet i c  r e s onance 

( NMR) and d i f fe rent i a l  s canning c a l o r imet r y  ( D S C )  are s imi lar, 
the s o l id fat cont ent s e st imated b y  DSC a re h i ghe r than 

corre spond i ng NMR value s (No rri s and Tay l o r , 1 9 7 7 ) . The 

e s t imat i on of s o l i d  fat from a DSC t hermogram invo lve s the 

a s sumpt i o n  that t he heat o f  fu s i on o f  t r i g l y c e r i de s  i s  

c o n s t ant . I n  fact the heat o f  fu s i on has a po s it ive 

c o r r e l a t i on with me lt ing point r e s u l t ing i n  the t rue 

p r op o rt i o n  o f  s o l ids be ing ove r-e st i mated at h i gh s o l id fat 

c ont ent s ( l ow t empe rature s )  . No r r i s  and T a y l o r  c a l cu l ated 



s o l i d  fat cont ents for m i l k fat are ove r - e s t imated by 

app r ox imat e l y  1 0 % at 5 °C and 7% at 2 0 °C .  

9 1  

Norr i s  and T a y l o r  ( 1 9 7 7 )  and Mort ensen ( I DF 1 5 3 )  conc luded 

pu l s e d  NMR techn i ques we re superio r for determinat i on o f  t he 

rat i o  o f  s o l i d  t o  l i qu i d  fat . Nor r i s  and T a y l o r  tempe r  thi s by 

p o i nt i ng out D S C  me lt ing thermograms a l s o  provi de add i t ional 

i n f o rmat i on i n  t he form of a d i f ferent i a l  me lt i ng curve ove r 

the e n t i re me l t i ng range , mak ing DSC a use fu l  c omp lement t o  

NMR . 
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CHAP TER FOUR 

CREEP COMP LIANCE METHOD 

4 . 1 .  THE INS TRUMENT 

Creep comp l i ance t e s t i ng can be used to me asure fundament a l  

rhe o l og i c a l  parameters o f  vi s coe l a s t i c  mat e r i a l s  ( Chapter 1 ,  

Sect i on B . 2 . 1 ) . Th i s  techn ique can be app l ied t o  any mat e r i a l  

whi ch wi l l  ret ain a rect angu l a r  shape p r i o r  t o  and du ring 

t e s t i n g . I n  order t o  carry out creep comp l iance t e s t ing on 

but t e r  and re l ated fat s ystems a paral l e l  plate 

vi s c oe l a s t ome ter , as  de s cr ibed by Shama and She rman ( 1 9 6 8 ) , 

wa s bu i l t ( F ig 4 . 1 ) . Two samp l e s  cut from t he s ame butter ( S )  

are l o aded between t he t op p l ate ( B )  and the bottom plate ( C )  , 

with a r i dged cent re p l ate ( D )  separat ing the two halves o f  

the s amp l e .  

The t op and bottom p l at e s  haye mi l l ed t ee t h  t o  prevent samp l e s  

s l ipp ing du r i ng test ing . The t eeth are s quare py ramids (with a 

base 4 mm2 ) t runcat ed at a he i ght o f  lmm ,  spaced Smm apart . To 

furthe r prevent samp l e s  s l ipp i ng ,  both s i de s of the cent re 

p l a t e  have 1 mm high r i dge s l Omm apart runn ing at right ang l e s  

t o  t he di rect i on o f  creep comp l i ance movement . 

At one end o f  the cent re plat e  the weight i s  att ached,  wh i l e 

at the ot he r end the moving part o f  a S angamo DFg 2 . 5  l i near 

d i s p l acement transducer ( T )  is mounted . 

A cent r a l  s crew mechan i sm (A)  r a i s e s  and l owe r s  t he top s ample 

p l at e  ( B )  . P l ate ( B )  move s downward to cont act t he uppe r 

s u r face o f  t he t op s ample . Two spacers e nsure t he s amples are 

fu l l y  in cont act with the t op and bottom s amp l e  ho lding p l ates 

and t he centre plate and a l s o  prevent s amp l e s  b e i ng compre s sed 

( Footnote 1 ) . The body o f  t he l inear d i s p l a cement t ransducer 

( T )  i s  mounted on a p l at form whi ch can be moved up and down . 



c 

w 

D S 

A 

A: Screw rrechanism to raise plate B .  

B and C :  Top and bottom plates respectively. 

D:  Ridged centre plate . 

S :  Sample . 

T :  Transducer . 

W: Weight . 

Figure 4 . 1 : The parallel plate viscoelastameter . 
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The lead we i ght ( W )  u s ed t o  app l y  cons t an t  s t r e s s  i s  att ached 

by n y l on st ring and hook t o  the centre p l at e . The s t r ing 

p a s s e s  over te f l o n  pu l leys mounted on a movab le boom . 

The i n s t rument i s  s it e d  s o  as t o  be hori z on t a l . Other 

precaut i on s  do not appear to be nece s s ary , for examp l e , sma l l  

vibrat i ons do not a f fe ct creep response . 

4 . 2 .  TEMPERATURE CONTROL 

Temperature cont r o l  i s  ve ry import ant whe n  dea l ing w i t h  fat s 

such a s  mi l k fat whi ch cont ain a wide var i e t y  o f  t r i gl yceride s  

w i t h  a correspondingl y wide range o f  me l t i ng point s . 

E x aminat ion o f  me l t i ng curve s for mi l k fat shows that s ma l l  

t empe rat ure var i a t i o n s  cau se a l e s se r  change in t he s o l id 

fat cont ent at 1 0 °C t han at 1 5°C .  For examp l e ,  a di f ference in 

t empe rature o f ± 0 . 5 °C at 1 0 °C give s  rise to a change o f  

approx imate l y  0 . 6 % s o l i d  fat as det ermi ned b y  DSC . A s imi l a r  

var i at i on a t  1 5 °C re s u l t s  in .  a 2 . 0 % change i n  s o l id fat . 

F i gure 4 . 2  shows a di f ferent ial  s canning c a l or imet r y  

t h e rmogram i l l u s t rat ing t h i s  po int . Con s e quent l y  a 

t empe rature o f  1 0 °C was cho sen t o  conduct c reep comp l i ance 

t e s t ing of but t e r  and r e l ated s y s t ems . 

Other t e s t s  such a s  s e ct i l it y  hardn e s s  t e s t ing were a l s o  

c a r r i e d  out a t  1 0 °C s o  mean ingfu l  compari s o n s  o f  re s u l t s  cou l d  

be made . 

A t empe rature o f  1 0 °C ± 0 . 2 °C wa s ma int a i n e d  for creep 

comp l i ance t e s t i n g  b y  p l ac ing the para l l e l  p l ate 

F o ot note 1 .  The p r e s ence of the spacers e n s u re samp l e s  are 
f i rm l y  embedded on t he t eeth and r i dge s o f  a l l  three p l at e s  
a n d  a re n o t  compre s sed . Compre s s i on o f  s amp l e s  can a l s o  be 
u s e d  t o  obt a i n  rhe o l og i c a l  dat a ( eg .  Sherman , 1 97 0 ,  Mohsen i n ,  
1 9 8 6 ) . Exce s s ive c ompre s s i on may there fore a l t e r  t he obse rved 
c reep comp l i ance . 
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v i s coe l a s t omet e r  i n  a n  Envi ron- Shaker 3 5 7 9- 1 2 3 4 & 1 0  ( Lab- Line 

I n s t rument s ,  Inc . Me l rose P ark , I l l i no i s )  act i ng as a 

r e fr igerated incubat or and conduct i ng a l l  e xper i ment s in the 

i n cubat o r . Con s t ant t empe ratures we re ma int a i ne d  de sp i t e  

amb i ent temperatures ranging from 1 0 °C - 3 0 °C du r ing a 

t went y four hour per i od . F i gure 4 . 3  s hows a graph o f  

t empe r ature measuremen t s  t aken ove r a 4 0  hour pe r i od 

i l lust rat i ng the change s in room tempe rature , s amp l e  

t empe rature and t he int ernal temperature o f  t he incubat or . 

4 . 3 .  THE DATA COLLECT I ON S Y S TEM 

The ve ry sma l l  movement s invo lved in creep comp l i ance t e st ing 

a re me asured by a S angamo DFg 2 . 5  l i near d i s p l acement 

t ran s duce r wh ich has a free gu i ded a rmat ure incorporat i n g  

D e l f i n  be arings . The t ransduce r ,  with a r a t e d  st roke o f  o r  -

2 . 5  mm , was cal ibrated us ing a 1 0  V de supp l y  and had a 

reported s e n s i t i v i t y  o f  7 7 6  mV/ mm . The mV s i gnal from the 

t r an sducer i s  reco rded s imu l t aneou s l y  by dat a l ogger and cha rt 

r e c o rde r to prov i de a pe rmanent record of t he expe r iment . 

F i gure 4 . 4  i l lust rat e s  diagrammat i ca l l y t he data c o l lect io n 

s y stem,  whi l e F i gure 4 . 5 shows a t yp i cal chart recorde r t race . 

The dat a l ogger was de s i gned and bu i l t by Mr . A .  Mathe son o f  

t he App l ied Mathemat i c s  Sect i on o f  New Ze a l and D a i ry Re se arch 

I n s t itute . I t  i s  spe c i f i ca l l y  programmed t o  record dat a  from 

c reep c omp l i ance e xper iment s .  The dat a  l ogger records in the 

0 - 4 0 0  mV range . D a t a  i s  reco rded with 1 2  b i t  pre c i s ion . The 

data l ogger a l s o  prov i de s  a de supp l y  to the t ransduce r . 

A reading i s  t aken every ha l f  second for t he f i r s t  ten minut es 

o f  any exper iment and then at 2 0  s e cond int e rva l s . Readings 

are s t o re d  i n  a random acce s s  memory on a m i crochip with a 

memo ry capa c i t y  s u ch t hat 1 5 . 5  hour s  o f  dat a can be s t o red . 

On comp l e t i on o f  an expe r iment dat a i s  o f f l o aded on t o  a d i s k  

f o r  s t o rage a n d  a n a l ys i s . A computer program ( UART ) was 
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provided by Mr . A .  Mathe son to do t h i s  and i s  inc luded in 

Appendix 1 .  

The dat a unde rgo e s  prel iminary anal y s i s  on an I BM compat ible 

m i c rocomput e r . The i n i t i a l  dat a f i l e  of 4 0 0 0  dat a points i s  

reduced i n  s i z e t o  2 1 2  dat a po i nt s by s e l e ct ing dat a at even 

ln t ime i n t e rva l s  o f  0 . 0 5 5 . A second computer program , 

F I LEED I T ,  wr itten i n  P a s c a l  accomp l i she s t h i s  and i s  included 

in Append i x  1 .  The t runcated dat a sets are t rans ferred to a 

main frame computer (PRIME 9 9 55 ) whe re fu rthe r an a l y s i s  us ing 

the Marqua rdt l e a s t  square algorithm t akes p l ace (Marquardt , 

1 9 6 3 ,  Meet e r ,  1 9 6 4 )  (Appendi x 1 ) . The non- l inear curve fitt ing 

p rogram f i t s  dat a t o  t he c l as s i c  vi s coe l a s t i c  mode l out l i ned 

in Chapt e r  One , Sect i o n  A . l . l . 2 .  

4 . 4 .  SAMP LE PRE PARAT I ON ,  LOAD ING AND RUNN I NG 

Al l fat s amp l e s  are s t ored at 5°C for at l e ast 3 0  day s to 

ensure that s amp l e s  have re ached maximum f i rmne s s . P r ior to 

c reep comp l i ance t e s t i n g ,  s amples a re a l l owed to equ i l ibrate 

i n  the r e f r i ge rated i ncubator at 1 0 °C for 2 4  hou rs . Samp l e s  

f o r  t e s t ing are removed from the re frigerated i n cubat or and 

p repared at room t empe rature . P repa rat i on t akes no more than 

9 0  s e conds and n o  appre c i able tempe rature r i s e  i s  obse rved 

dur i ng the handl ing o f  the samp l e s . 

S amp l e s  are cut u s i ng a cutter made from s quare s t e e l  pipe 

with an i n t e rn a l  me asu rement o f  4 8  mm x 4 8  mm . One end of the 

p ipe is sharpened wh i l st the other end has two handles 

a t t ached ( F ig . 4 . 6 ) . A ft e r  pus hing the cut t e r  into a s amp l e  

e x ce s s  fat i s  c u t  away . A wooden b l o ck i s  u s ed t o  force the 

s amp l e  from the cut t e r  and approximate l y  t he f i r s t  ten mm o f  

s amp l e  are cut and d i s c arded, leaving a smooth sur face . The 

s amp l e  i s  then pushed out to the required l ength ( 3 0mm ) , 

me asured and cut . Thi s  re s u l t s  i n  a s amp l e  with dimens ions o f  

4 8  mm x 4 8  mm x 3 0  mm . F at rema i n i ng i n  the s amp l e  cutter i s  

d i s c arded . A s econd s ampl e  i s  cut i n  the s ame way . 
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Figure 4 . 6 :  Plan and s ide view of the sample cutter . 
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S amp l e s  for c reep comp l i ance a r e  checked t o  ensure they are 

homogeneous , free o f  vi s ible a i r  holes and l aminat i ons . 

P repared s amp l e s  are l oaded into the inst rument t ak ing care t o  

e n s u r e  b o t h  t he dat a l ogge r a n d  chart recorde r readings are o n  

s ca l e . The t op p l ate i s  l owe red unt i l  st opped by t he spacers . 

Thi s ensures t hat teeth are fi rm l y  embedded in the s amples . 

( Footnote 2 ) . 

The we i ght i s  then attached t o  t he front o f  the centre p l ate 

and dat a reco rding s y s t ems are st arted . To re lease the weight 

i t  i s  he l d  i n  the palm o f  the hand wh ich i s  then rapidly 

l owe re d . ( F ootnote 3 )  Data i s  t hen co l l ected for 1 5 . 5  hours . 

When t he we ight i s  re leas ed ( st re s s  app l i e d )  both s amples are 

s ub j e ct t o  shear due t o  the movement of t he cent re p l ate in 

t he di rect i on in wh ich the s t re s s  is app l ied . The rate and 

d i s t ance moved by the cent re p l ate is reco rded by dat a l ogge r 

and chart re c o rde r . S ampl e  s � r faces in contact with the cent re 

p l at e  e xpe r ience maximum shear d i sp lacement , whi l e  those in 

cont act with t he t op and bott om p l ates expe ri ence min imum 

shear d i sp l acement . 

Footnote 2 .  S a int -Venant ' s  princ ip l e ,  t hat a l oad app l ied to 
a sma l l  part of a body wi l l  give r i s e to l o ca l i zed st re s s  and 
s t ra i n  ( T imoshenko and Goodi e r ,  1 9 7 0 ) , i s  app l i cab l e  here . The 
s t re s s  or s t ra i n  on a semi - i n f i n i t e  body ( or s ampl e  o f  butter ) 
due t o  l oading may be expected t o  dimini s h  rap i d l y  with 
d i s t ance . 

Footnote 3 .  Whi l e  i t  i s  impo s s ib l e  t o  app l y  s t re s s  
i n s t ant aneous l y  i t  i s  de s i rabl e  t hat stre s s  b e  app l ied a s  
qu i c k l y  a s  po s s ib l e . Mechan ica l s ystems such a s  l owe ri ng a 
j ack were found t o  be s l ower t han re leasing t he we i ght by 
hand . Hand r e l e a s e  is qu ick , e a s y  and has p roved ve ry 
s at i s fact o r y  a s  l ong a s  t he we i ght is  not j us t  dropped .  
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4 . 5 .  RECOVERY AND LOAD CYCL I NG 

On remova l  o f  s t re s s  a fter c reep comp l i ance test ing a part ial 

recovery o f  strain is  observed ( F i g . 4 . 7 ) . The appl i cat i on o f  

s t re s s  and i t s  recove ry can be re ferred t o  a s  a 

s t re s s / re cove ry c yc l e , or a l oad cycle . 

After a l l owing a s amp l e  t o  re cove r for s ome t ime s t re s s  may be 

app l i ed again . Thi s  can be f o l lowed by a further recove r y . Two 

o r  more s t res s / re cove ry cycles  can be carried out i f  de s i red . 

The lengt h o f  t ime t aken by one s t re s s / re cove ry cycle i s  

theoret i ca l l y  unl imited . Howeve r ,  the data logge r can o n l y  

re cord 1 5 . 5  hou rs o f  dat a ,  and , i f  any numbe r o f  expe r iment s 

are t o  be performed the cycl e s  can not be t o o  long . I n  

p ract i ce , a cycle o f  1 7  hou r s  creep and 7 hours rec ove ry has 

been found to be s at i s fact o r y  and conven ient . Un l e s s  otherw i s e  

s t at e d ,  a l l  load c y c l i ng fo l l ows this pat t e rn . 

A record o f  the 1 . 5 hours o f  dat a not reco rded by the data 

l ogge r i s  kept in t he form ot the chart recorde r t race . The 

dat a man ipulat ion and cu rve fitt ing pe rformed on dat a recorded 

by the data logger i nvo lves only the f i r st 1 5 . 5  hours o f  an 

e xper iment . I nclud i ng the addit i onal  1 . 5  hours of dat a wou ld 

have l it t l e  e f fect on the result s . Howeve r ,  when c a l cu l at ing 

v i s c o s i t i e s  from actual creep and recovery cu rve s ( s ee later ) 

t he t ot a l  length o f  t ime a s amp le was a l l owed t o  creep become s 

import ant , and thi s  t ime ( 1 7  hou rs ) i s  used in c a l cu l at i ons . 

4 . 6 . DATA ANALYS I S  

4 . 6 . 1 .  C reep Curve s 

The creep comp l i ance curve for a s ubst ance exhibit ing 

c l a s s i c a l  viscoe l a s t i c  behav i our can be s a i d  to con s i st o f  

three reg i ons : a )  a region o f  instant aneous e l a s t i c  response ,  

b )  a reg i on o f  ret a rded e l a s t ic respon s e  and c )  a regi on o f  

pure vi s cous flow . Vi scoe l a s t i c  behaviour has been mode l l ed by 

the gene ral i sed Ke l vin mode l ( Chapter One , Sect ion A . 6 . 1 . 1 . 2 ) . 
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The equat i on for creep behaviour based on t h i s  mode l i s  

( 4 .  1 )  

whe re J ( t )  = the overa l l  creep compl i an ce , J0 = the 

i n s t an t aneous e l ast i c  respon s e , Ji = t he retarded 

e l a st i c i t i e s , �i = the ret ardat i on t ime s a s s o c i ated with the 

ret arded e l ast i c it i e s , llN = the vi s r-'"'1 1 S  flow t e rm and t = 
t ime . 

Thi s  mode l has been used subs equent l y  to ana l y s e  creep 

compl i ance dat a . 

4 . 6 . 1 . 1  Graph i ca l  Analys i s  

Graph i ca l  ana l y s i s  o f  creep comp l i ance dat a was carried out 

u s ing the method out ined by She rman ( 1 9 66 ) . Th i s  method i s  

very s imi l a r  to t h e  techn i ques u s ed b y  D at t a  and Mo rrow ( 1 9 8 3 )  

and Warbu rt on and Barry ( 1 9 6 8 ) , and the method o f  succes ive 

re s i dua l s  ment i oned by Mohsepin ( 1 9 8 6 ) . 

I n  graphi ca l  ana l y s i s  the instantaneous comp l i ance can be 

t aken d i rect l y  from the curve ( F i g 4 . 8 ) , i e . the d i s t ance 

moved on t he app l i cation of stre s s . 

( 4 .  2 )  

The Newt o n i an v i s cous term can be found from t he l i near 

port i on of t he curve ( F i g . 4 . 8 ) . Newt on i an f l ow i s  

proport i on a l  t o  t he length o f  t ime s t re s s  has been app l ied i n  

t h i s  r e g i o n  o f  t he curve . The Newtoni an comp l i ance ( JN ) = 

YN ( t ) / cr  = t /llN · YN i s  the s hear st rain i n  t he l inear region o f  

t h e  creep curve . I n  other words the s l ope o f  the l inear 

port i on o f  t he cu rve = 1 /llN · 

The ret a rded e l a s t i ci t y  ( or e l a s t icit i e s ) can be c a l cu l ated 

once t he v i s cous t e rm and i n s t antaneous response have been 
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t ime 

F igure 4 . 8 a :  A c reep compliance curve showing the extrap o l at i on 

o f  the l i near portion o f  the curve back to 0 t ime , and a second 

l in e , start i ng at the origin , drawn para l l e l  to the f i rst . 

i.ance 
-t/ TJ ) 

Q. I 

time 

F igure 4 . 8b :  The modified creep curve found a fter subtracting 
v iscos ity and Q ( Q  = LJR - 'f...( t ) j a ) . 
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subt racted from the creep curve . The cont r i but ion o f  Newt on i an 

flow i s  s ubt racted by ext rapo lat ing t he l inear port i o n  o f  

curve t o  the y ax i s . A second l ine i s  then drawn from the 

origin, parallel with the extrapolated line (Fig. 4.8a). Plotting the distances between 

the second line and the creep curve (eg. D, Fig. 4.8a) (J(t)-t/TJ = J0 + L:Ji( l-exp(-

t/ r i)) gives a modified compliance, flat after time tk. 

The retarded compliance, Jr, can be written in its expanded form 

(4.3) 

If (4.4) 

then (4.5) 

where Q represents the distance, at any time t, between the modified creep curve 

and the extrapolated linear portion of the modified compliance curve ( Fig. 4.8b ) .  

This Q (Fig. 4.8b) i s  equivalent t o  the Q i n  Figure 4.8a. 

On p l ott ing ln Q aga i n s t  t ime a stra ight l i ne should be 

obt a ined at l arge value s o f t ( F i g . 4 . 9 ) . The s l ope o f  the 

s t r a i ght port i on of the curve g ive s t he t ime con s t ant � 1 , 

whi l e  the inte rcept o f  the straight l ine and the l n  Q axi s 

give s the creep paramete r  J1 . As �ret = � r / Er , � 1 can be 

cal culated . 

I f  t he value s o f  J 1 and �1 are i n s e rted i n t o  Equat i o n  ( 4 . 3 ) 
and are found t o  i nadequately des c r ibe t he e xpe r iment a l  curve , 

a s e cond plot o f  l n ( Q  - J1 exp ( -t /� 1 ) aga i n s t  t i me i s  requ i red 

t o  determine magn i tude of the s e cond ret a rdat ion t ime ( �2 ) and 

J2 . The nece s s it y  o f  a second plot can a l s o  be a s cert a i ned i f  

short t ime po i n t s  i n  t he first p l ot do not l ie o n  t he 

ext rapo lated s t raight l ine ( Fi g . 4 . 9 ) . ( Q - J1 exp ( - t /�1 ) i s  

the di fference between the extrap o l ated l in e  and t he plot o f  

l n  Q vs . t ime . ) 
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t ine 

Figure 4 .  9 :  ln Q plotted against tine showing the straight line port ion 

of the graph e}..'trapolated t o  0 t o  give a value for J 1 I the slope of the 

line giving -r
1

. � graph also shows Q' 1 where Q '  = lnQ- ( J
1

( 1-8xp( -t /-r1 > .  
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Should Equ a t i on ( 4 . 3 ) st i l l  fa i l  t o  de fine t he retarded 

e l a s t i c  region of the curve , o r  a l l  plotted p o int s fa i l  to l i e  

on t he ext r apolated st raight l i ne , the procedure can be 

repeated ( i e .  by plott ing ln ( Q - J1 exp ( - t /�1 ) - J2 exp ( - t / �2 ) )  

against t ime ) unt i l  s u f fi cient retardat i o n  t ime s have been 

c a l cu l ated for Equat i on ( 4 . 3 ) to repre sent adequat e l y  the 

e xp e r iment a l l y det ermined cu rve ( She rman , 1 9 6 8  and 1 9 7 0 ) . 

4 . 6 . 1 . 2 .  Cu rve Fitt ing 

An a l t ernat ive method o f  ana l y s ing creep curves invo lves the 

u s e  of a non-l inear least squa res curve f i t t ing program 

( NONL I N )  ba sed on the Ma rqua rdt method ( Ma rqu a rdt ( 1 9 6 3 ) , 

Me e t e r  ( 1 9 6 4 ) ) .  The program NONLIN fit s the t runcated dat a 

s e t s  ( Sect i on 3 )  to a user de fined mode l b a s e d  on Equat ion 

1 . 1  and obtains the va l ues o f  J0 , Ji , �i ' and �N wh i ch give 

t h e  best f i t . The cu rve fitt ing program NONL I N  and an example 

of t he mode l used are pre sented in Appendi x 1 .  

The numbe r o f  exponent ial  terms fitted by the computer progra� 

can be va r i ed from two to f ive . Table 4 . 1  pre sents the creep 

comp l i ance pa ramete rs obt ained on fitt ing 2 - 5 exponent i a l s  

t o  one s e t  o f  exper iment al dat a . 

As t he number of exponent ial  t e rms incre a s e  i ) , the mode l i s  

ab l e  t o  f i t  the curve more c l o s e l y ,  i i ) , t he cont r ibut i on o f  

r e t arded compl iances t o  the creep curve i n c r e a se s , i i i ) , t he 

cont r ibut i o n  o f  vi s c o s i t y  t o  the creep cu rve decrease s ,  and 

iv ) , the r ange of t ime s increas es . The s e  e f fects  are 

i l l u s t rated in Table 4 . 1 .  

The observed change s a re not unexpected . As more e xponent i a l  

t e rm s  are i mposed o n  one set o f  dat a t he spread o f  t ime s mu st 

i ncrease t o  accommodat e the ext ra term s . It s hou l d  be noted a 

f ive fold i ncrease i n  ret ardat i on t ime i s  n e c e s s a r y  in o rde r 

t o  d i s t ingu i sh between retardat i on mechan i sm s  ( Warburt on and 

Bar r y ,  1 9 6 8 ) . When f ive exponent i a l s  are f i tt e d  the l ong t ime 
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T a b l e  4 . 1 :  The e f fect o f  vary ing the number o f  exponen t i a l  

t e rms u s e d  i n  f i t t i ng dat a t o  the pre fined mode l . ( S amp l e  TUI 

Augus t  ' 8 6 ,  1 0 °C . ) 

No . o f  

2 3 

Jo 9 . 0  7 . 3  

J l 2 3 . 6  1 1 . 4  

't l 97  6 3 1  

J2 2 3 . 4  2 4 . 2  

'(2 1 5 0 4  3 1 3  

J3 1 5 . 9  

'(3 3 7 9 3  

J4 
'(4 
J5 
'(5 

TlN 3 2 . 7  4 3 . 9  

:EJa 4 2 . 3  5 8 . 8  

( a )  Sum o f  compl i ance s . 

Un i t s  

J · x l o - 8  P a- 1  
l 

TlN x 1 o 1 0  P a . s  

'ti s 

exponent i a l  t e rm s  

4 5 

6 . 7  6 . 4  

6 . 7  4 .  2 

1 6  1 0  

1 6 . 6 1 0 . 1  

1 2 1  6 0  

1 7 . 0  1 8 . 8  

6 6 9  2 9 6  

1 3 . 0  1 1 . 2  

5 8 9 0 1 5 2 8  

1 0 . 7  

92 2 0  

5 1 . 4  6 1 . 0  

6 0 . 0  6 1 . 5  
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const ant s may be come s o  l arge a reg i on o f  v i scous f l ow wou l d  

n o t  have been s een during the t ime t aken f o r  a n  exper iment 

( 1 5 . 5  hour s ) . Howeve r ,  a vi s cous t e rm i s  c a l cu l ated by the 

program, sugge s t ing a five expont i a l  mode l may be 

inapprop r i ate . 

The i n s e rt i on o f  addit i on a l  exponen t i a l  t e rms a l s o increases 

c reep due to comp l i ance at the expense of c reep due t o  viscous 

f l ow ,  result ing in an increased sum of comp l i ances ( and an 

increased visco s i t y )  . 

4 . 6 . 1 . 3 . D i scu s s ion o f  Cu rve Ana l y s ing Methods 

Although the graphical ana l y s i s  method of c a l cu l at ing 

exponent i a l  te rms is c l a imed to be very accurate (Mohsenin,  

1 9 8 6 ) , one d i s a dvant age of  t h i s  app roach is  the uncerta inty 

i nvo lved in est abl i shing when the cu rve has become l i near and 

thus a s ce rt a i n i ng and subt ract ing t he vi s cous term .  This  wou ld 

a f fect the first set of paramete r s  found . 

A s e cond problem a s s o c i ated �ith graphi c a l  ana l y s i s  occurs in 

s ome c a s e s , with the ret ardat i on t ime s ceas ing to be 

di s t i ngu i shable , as  the e f fect of one reta rdat ion me chanism 

wou l d  not have died out comp l et e l y  b e fore the next commenced . 

( Th i s  h a s  been rema rked upon previou s l y ,  a f ive f o l d  increase 

in t ime is necce sary be fore it be come s po s s ib l e  to dist ingu i s h 

between retardat ion mechan i sms . )  The s e  t ime s a re marked with * 

in Tab l e  4 . 2 .  

As i de from the p robl ems ment i oned above , manu a l  graphi cal 

ana l y s i s  is tedi ous and , at s ho rt t ime s ,  is  prone to l arge 

e r r o r s . 

The problem o f  deciding when a creep curve h a s  become l inear 

is avo i ded with the use o f  t he non - l inear l e a s t  squar e s  curve 

f i t t ing program . The v i s c o s i t y  va lue found b y  the program i s  

the val ue whi ch b e s t  fit s the dat a and the mode l . 
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P arameters obt a i ned by curve fitt ing three and four 

ret ardat i on mechan i sms and re s u l t s  from graph i c a l  ana l y s i s  for 

the s ame s amp l e s  are pres ented i n  Table 4 . 2 .  

The J0 va lue found by both methods i s  s imi l a r . As g raph i c a l  

ana l y s i s  t akes t he J0 value di rect l y  from t h e  c r e e p  curve t h i s  

i ndi cates t h e  v a l u e  found by t he curve f i t t i ng p r ogram i s  

c l o s e  to t h e  i n s t ant aneous comp l i ance response ob s e rved . 

Ret ardat ion t ime s c a l cu l ated by the two methods are not in 

good agreement , with the cu rve fitt ing r e s u l t s  a t  l ong t ime s 

sugge st ing t hat for graphical  ana l y s i s  t he curve was a s sumed 

to be l inear t o o  soon . P rob lems with the d i s t ingu i shab i l i t y  o f  

t imes has been men t i oned previous l y . 

I n dividual retarded compl iances are not s imi l a r ,  howeve r ,  the 

ove r a l l  sum o f  compl i ances found by the two methods is i n  good 

agreement . 

Vi s co s i t ie s  found are o f  the . s ame o rde r ,  with the curve fitted 

v i s c o s i t ie s  be ing s l i ght l y  l e s s  than those from graphical  

a n a l y s i s . 

Whi l e  both methods give s im i l a r  indi cat i o n s  o f  J0 , overal l 

ret a rded comp l i ance responses  and v i s c  o s i t ie s ,  t he 

ret a rdat ion t ime s found are di f fe rent . Comput e r i z ed curve 

f i t t ing,  whi ch does not requ i re a de c i s i o n  on whe re a curve 

bec ome s l inear has mo re advant age s , compa red with the method 

o f  graphical analy s i s . Cons equent l y  compu te r i sed cu rve f i t t i ng 

us ing the n on - l inear l e a s t  squ ares curve f i t t ing progarm, 

NONL I N , has been used throughout this wor k . 

Wh i le graph i c a l  anal y s i s  indicat e s  the pre sence o f  four 

ret a rdat ion me chan i sms i n  pract i ce these a ) , may not be 

d i s t ingu i shab l e  and b ) , in the c a s e  o f  the fourth retardat ion 

mechan i sm,  the value s obta i ned may be i n f l uenced by 

a s sumpt i on s  about the l inear it y of the curve unde r 
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T able 4 . 2 :  P arame t e r s  fitted t o  creep compl iance dat a b y  two 

methods , exponent i a l  pee li ng and non- l i near curve f i t t ing . 

MAN IX MANJX 

Graph . Curve fit Curve f it Graph . Curve f it Curve f it 

( 3 )  # ( 4 )  ( 3 )  ( 4 )  

Jo 8 1 0  ( .  3 )  9 ( . 3 )  9 9 ( . 3 ) 8 ( .  3 )  

J l  7 1 7  ( .  7 ) 1 3  ( .  5 )  1 7  1 8  ( .  7 )  9 ( .  6 )  

't1 6 s  3 4 s  ( 1 0 )  2 4 s  ( 7 )  4 2 s *  2 9 s ( 1 )  1 1 s  ( 1 )  

J2 1 9  2 6  ( .  7 )  2 2  ( .  9 )  1 8  3 1  ( .  8 )  2 0  ( .  8 )  

't2 6 9 s  4 0 0 s  ( 5 0 )  1 9 7 s  ( 2 0 )  1 5 8 s *  2 2 8 s  ( 1 8 )  7 7 s  ( 7 )  

J 3  1 9  1 6  ( .  8 )  1 4  ( .  9 )  1 6  2 1  ( .  5 )  2 7  ( .  8 )  

't3 4 6 1 s  6 2 6 4 s ( 6 0 0 )  1 2 7 7 s  ( 1 2 0 )  5 2 9 s * 3 2 1 3 s  ( 4 0 0 )  5 0 4 s ( 5 0 )  

J4 1 9  2 6  ( 1 0 )  2 2  1 7  ( .  5 )  

't 4 3 3 4 5 s  - * *  2 8 8 5 s  4 4 4 5 s  ( 2 0 0 )  

T]N 3 7  2 7  ( 2 )  - * *  3 3  2 9  ( 1 )  3 1  ( 1 )  

I.J 7 2  6 9  ( 3 )  8 6  ( 1 3 )  7 4  7 9  ( 2 )  8 1  ( 3 )  

# Numbe r o f  ret ardat i on me chan i sms fitt e d . 

* Ret ardat i on mechani sms whi ch wou l d  not be c l e a r l y  

dist ingu i s habl e  a s  t he ret ardat ion t ime s are not adequat e l y  

s eparated . 

* *  Parame t e r s  not f i tted . 

( )  Standard error . 

U n i t s  

J0 ,  Ji ,  LJ x l o - 8  P a - 1  

l1N x l o 1 0  P a . s  

'ti s 
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c o n s i de rat i on . A ft e r  con s idering the resu l t s f o r  a number 

o fs amp l e s  it s e emed more appropr i at e  to fit o n l y  t hree 

ret ardat i on mechani sms . Three ret a rdat ion t ime s have been 

u s ed con s i stent l y  throughout thi s work to anal y se init i a l  

creep re spons e s . Other worke r s  have u s e d  from o n e  t o  four 

e xponent i a l s  to ana l yse c reep cu rve s (Chapt e r  1 ,  Tab l e  1 . 1 ) . 

I n  the course o f  exper iment at i on i t  was found a t hree 

e xponent i a l  mode l did not fit curve s obt ained from t he creep 

p o rt i on o f  the s e cond or any sub s e quent l o a d  c y c l e . Onl y  one 

or two ret ardat i on me chan i sms seem to be p r e s ent and 

subsequent l y ,  curve s obt ained from a second ( o r t h i rd et c . )  

app l i cat ion o f  s t re s s  have had two retardat i on mechani sms 

f i tted . 

4 . 6 . 2 .  Re cove ry Curve s 

A recove ry curve i s  ob se rved a ft e r  t he remova l o f  s t r e s s  ( F ig . 

4 . 1 0 ) . The i n s t ant aneous e l a st i c  recove ry ( J0R) ,  the s um o f  

the e l a s t i c  comp l i ances ( LJiR ) a n d  a n  apparent vi s cous term 

( �NR) i n d i cat ive o f  pe rmanent de format ion can be t aken 

di rect l y  from the curve . 

The i n s t antaneous e l a s t i c  recove ry i s  found a s  for J0 as  

out l i ned above ( S ect i on 6 . 1 . 1 ) . The s um of t he e l ast i c  

comp l i ances  recovered i s  the t o t a l  di stance recovered ( F i g . 

4 . 1 0 ) . The apparent vi s cous t e rm i s  calcu l a t e d  from the 

unrecove red port i on of the creep curve . Vi s c o s i t y  is equal t o  

t he s t r e s s  mu lt ip l i ed by the t ime a t  which t he s t r e s s  was 

removed divided by the unrecovered s t rain . The unrecovered 

s t ra i n  is a l s o  shown i n  F i gure 4 . 1 0 .  

4 . 6 . 3 .  P re s entat i on o f  Re sult s 

Ana l y s i s  o f  creep dat a by t he curve f i t t ing p rogram NONL IN 

p re s ent s resu l t s a s  shown i n  F i gu re 4 . 1 1 .  

Ret ardat i o n  t ime s are pre sented a s  c omp l i an c e  divided by t ime . 

The s e  values can be converted t o  s e conds b y  mu l t i p l y ing by the 

approp r i at e  c omp l i ance t e rm,  i e . �i = Ji x c a l cu l at ed t e rm . 
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3 5 .  0 DEP . VAR . M I N . Y= 4 .  7 0 0 E + 0 1 MA X .  Y =  
R ANGE Y =  4 . 320E+02 

I ND .  VAR < I >  NAME C OE F .  B ( I >  S .  E .  C OEF .  T- VALUE 
1 ""!c:. 4 .  6 4 8 3 5 E +0 1 6 .  59E·· 0 1 7 0 .  5 
2 "Si 7. 1 8 0 8 7E + O  1 1 .  7 4 E+ O O  4 1 .  2 
3 "(, ,  2 .  9 3 5 0 5 E- 0 1 7 .  24E-03 40.  5 
4 .:.; 1.. 1 . 2 9 3 7 7 E+02 1 .  76E+OO 73.  5 
5 ..... 1 .  39982E+OO 4 .  93E-02 28.  4 � ·  

6 · -s "{. 8 .  6 8 1 83E + 0 1 1 .  6 9 £ + 0 0  5 1 .  3 
7 't. t. 1 .  9 1 866£ + 0 1 9 .  ·26E - 0 1 2 0 .  7 

8 �'!_r: 3 .  5 8 1 5 1 £ + 0 2  2 .  6 0 £ + 0 0  1 3 7 .  7 

N O .  OF O B SER V A T I ONS 2 1 1 

NO. OF C OEFF I C I ENTS 8 
R ES I DUAL DEGR EES OF F R EE D OM 2 0 3  
R ES I DUAL R O O T  MEAN S Q UAR E 1 .  6 5 0024 1 8  
R ES I DUAL MEAN SGUAR E 2 .  7 2 2 5 8 0 4 3  
R ES I D UAL S U M  O F  S QUAR ES 5 5 2 .  6 8 3 8 3 7 8 9  

Figure 4 . 1 1 :  Result presentat ion by the curve f it t ing program NONLIN . 
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1 . 3 0 £ + 0 0  1 .  50E+OO 
8. 3 5 £+0 1 9 .  0 1 £+0 1 
1 .  7 4 £ + 0 1 2 .  1 0£+0 1 
3 .  53E+02 3. 63E+02 
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The v i s cous term �N ' an indicat i on o f  the vi s c ous respon s e , 

and t he sum o f  the compl i an ce value s , LJ ,  an i ndi cat ion o f  t he 

e l a s t i c  respon s e ,  have been found t o  be most u s e fu l  in the 

d i s cu s s ion of creep comp l i ance behav i ou r . The inst ant aneous 

c omp l i ance term,  J0 , a l s o  give s a good i ndicat ion of creep 

re spon s e . 

I n  gene ral on l y  J0 , LJ and �N value s wi l l  be g iven in the 

t e xt , with fu l l  r e s u l t s  inc luded in the appropriate appendi x .  

However ,  where it i s  wa rranted, a l l  paramet e r s  wi l l  be 

repo rt e d . 

4 . 6 . 4 .  Retardat i on Spectra 

A retar dat ion spect rum ( L ( � ) ) i s  a cont inuous spect rum o f  

reta rdat i on t ime s , u s ua l l y  found b y  p l ott ing L ( t )  aga i n st log 

t ime . Ret ardat ion spect ra o f fer an a lternat ive way to view raw 

data f rom creep comp l i ance exper iment s .  Ret a rdat i on spect r a  

are int roduced i n  Chapter One , Sect i on A . 6 . 1 . 1 . 3 a n d  g ive a n  

i n s i ght i n t o  the number o f  ret a rdat i on t ime s present and the i r  

cont r ibut ion t o  the obse rved creep re spons e . 

L (� ) , o r  cont inuous ret a rdation spe ctra can be ca l cu l ated from 

dat a obt ained from c reep c omp l i ance expe ri ment s  us ing t he 

s e cond o rde r approx imat i o n  o f  the inve r s e  Lapl ace t rans form , 

L ( � )  = ( d /dlnt ) [ J  ( t )  -dJ ( t )  / dlnt ] t=2� ( 4 . 6 )  

An i de a l  viscoe l a s t i c  mat e rial , who s e  creep behaviour can be 

de s c r ibed by the c l a s s i c  e quat i on ( Equat i on ( 4 . 1 ) above ) , and 

whi ch has dist ingui shab l e  ret ardat i on t ime s would have a 

smooth cont inuous retarda t i on spect rum with a we l l  de f ined 

peak at each ret a rdat i on t ime . An ' idea l ' c reep curve was 

c a l cu l ated from NONLIN p a r ameters f o r  the s ample MAN May 87 

( Tab l e  4 . 2 ) . F i gure 4 . 1 2 s hows the cont i nuous ret ardat i on 

spect rum ( L ( � ) ) c a l cu l at e d  using Equ a t i on ( 4 . 6 ) fo r the i de a l  

c reep curve . The spect rum exhibi t s  three ret a rdat i o n  

mechan i sms . 



1 1 8  

A c ompu t e r  p rogram,  RETARD (Appendix 1 ) , wa s wr itten i n  P a s c a l  

t o  c a l cu l ate ret ardat ion spect ra . Fi rst a n d  s e cond order 

de r i vat i ve s  o f  t he creep funct ion were cal culated u s ing 

e quat i o n s  out l ined by Fox and Maynes ( 1 9 6 8 ) i e . 

d f l dx= 1 1 1 2 h [ f ( xo � ) - 8 f ( xo- h ) + 8 f ( xo + h ) - f ( xo + 2 h ) ] ( 4 • 7 )  

and 

d l.. f I dx � = 1 I 12 h 2.. [ - f ( x o- 2 h)  + 1 6 f ( x o-h ) - 3 0 f ( x o ) + 1 6 f ( x o +h)  - f ( x o + 2 h)  ] 

( 4 • 8 )  

The retardat i on spect rum obt ained for raw dat a ( s amp le ��N May 

8 7 )  on p l ott i ng L (� )  aga inst ln t ime gave a ve ry j agged 

spect rum ( F i g . 4 . 1 3 ) , in sharp cont rast w i t h  the i de a l  

spect rum s hown i n  Figu re 4 . 1 2 .  

I n  an e f fort t o  obt a i n  a smoother ret ardat i on spe ct rum dat a 

w a s  smoothed u s ing a convo l ut ing , smoothing funct i on ment ioned 

b y  S avi t z ky and Golay ( 1 9 6 4 ) . Subs equent l y  thi s dat a wa s 

di f fe rent i ated a s  out l i ned above . Thi s  pro cedure was inc luded 

i n  t he c omputer program RETARD . 

F i gure 4 . 1 4 i l lustrat e s  the spect rum obt a ined for raw data 

a ft e r  smoot h i ng and di f ferent i at i ng whi l e  F i gure 4 . 1 5 shows an 

ideal  spect rum a fter s im i l a r  t reatment . The spect rum obt ained 

for raw dat a is st i l l  very rough , contain i ng n o  apparent 

max i ma . The spect rum s hows ve ry l it t le imp rovement on the 

spect rum found for unsmoothed dat a . Smoot hing doe s  not seem t o  

h ave a ffe cted t he ide a l  spect rum . 

The dat a was d i f fe rent i ated u s ing an alte rnat i ve method 

s ugge s t e d  by S avit z ky and Golay ( 1 9 6 4 ) . D i f ferent i at i on was 

c a r r i ed out u s ing a s imp l i fied least squares method . The 

number o f  points  used in the di f fe rent iat i on ,  and the degree 

o f  p o l y n om i a l  are s e l ected by the user . The di f ferent i at i on 
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Figure 4 . 13 :  Retardat ion spectrum found for the sample MAN May 1987 us ing raw data only . 
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procedure was i n c luded in a computer program , S andD ( Appendi x 

1 )  • 

The spect ra obt a ined for raw dat a and the i de a l  dat a  are shown 

in F igu res 4 . 1 6 and 4 . 1 7 .  Once aga i n  the spect rum obt a i ned for 

raw dat a is unl ike that found i n  the ide a l  case . Howeve r ,  the 

spect rum obt a ined for the raw dat a i s  c l o s e r  to that o f  a 

( smooth ) curve , with ident i fi ab l e  maxima . 

Increas ing the number o f  po int s used in di f ferent iat i on had 

l i t t l e  e f fect on the spect ra . F i gure 4 . 1 7 s hows t he spect rum 

found for the ide a l  dat a a fter a s even po i nt cub i c  

di f ferent i at i on . Fi gure 4 . 1 8 shows t he spect rum found a fter a 

t h i rteen point d i f ferent i at i on wa s carried out on t he s ame 

dat a . D i f ferent iat i on by the method o f  Savit z k y  and G o l ay 

s e ems t o  move spectra to the l e ft as  can be seen i f  F i gure s  

4 . 1 7 and 4 . 1 8 are compared to F i gure 4 . 1 2 ( where the 

retardat i on spect rum was obta ined u s ing Equat ion ( 4 . 7 ) and 

( 4 . 8 )  above ) . 

Increas ing the degree o f  pol ynomial a l s o  had l i t t l e e f fect . 

T h i s  can be seen on compar ing F i gure 4 . 1 7 ,  a seven po int cubic 

di f fe rent i at i on with F i gure 4 . 1 9 ,  a seven point quart i c  

c a l cu l ated us ing the s ame ( idea l ) data . 

A fourth a lt e rnat ive invo lved p l ott i ng dat a whi c h  has been 

both s moothed and di f ferent iated by the methods o f  S av i t z ky 

and Go l ay . ( The smoothing funct i o n  i s  included i n  S andD . )  

Ret arda t i on spectra c a l cu l ated i n  t h i s  manne r  show a vast 

improvement on those found prev i ou s l y . F igure 4 . 2 0  shows a 

spect rum found for raw dat a ,  and F i gure 4 . 2 1 ,  the spect rum 

found for ide a l  dat a . The ret ardat i on spect ra found for a 

s e cond s amp l e , MAN Apr i l  8 7 ,  i s  s hown i n  F igure 4 . 2 2 , with the 

ideal spect rum calcu l ated from parameters obt ained from curve 

fitt ing in F igure 4 . 2 3 .  

F rom curve s such as those shown i n  F i gure s 4 . 2 0 and 4 . 2 2  a 

reasonable indi cat i on o f  t he actual retardat i on spe c t r a  can be 
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Figure 4 . 14 :  Con-;: inuous retardat ion spectrun found for MAN Muy 1987 after 

smoothing raw data . 
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Figure 4 . 15 :  The ideal continuous retardation spectrum found for MAN May 1987 
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Figure 4 . 16 :  The cont inuous retardat ion spectrum found for MAN I1ay 1987 after 

d ifferent iating the raw data ( Savit �cy and Golay, 1964 ) .  
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Figuce 4 . 17 :  The tdeal cont inuous retardation spectrum found for MAN May 1987 
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Figure 4 . 18 :  'TI1c idcu.:_ cont irmous retardat ion spectr\.lr:1 found for MAN 1:1A.y 1987 

after a 13 point cubic different iation . 
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Figure 4 . 19 :  The ideal continuous reta...-clation spect...-un found for HAN Hay 1987 

after a 7 point guartic differentiatio n. 
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Figure 4 .  20 : The cont inuous retardat ion spectrum found for y ar-;:er 
_SI!lC)Q.:hino and C:iffe.-ent iat ing accorC! ing to the rrethcd of Savitz ky and Golay ( 1964 ) 

1'• ...... 

� .Z. . (••) 

•) (• 1-
" (: :) -

·� . •)(• 1-

s (• •:. !-

• (•(1 1-
, (•·) -

: . (t{t ..__ 

t . (t(t 1--

1) . (u) I I I I I I :) •)(I 1 .) (· .. . (t(t . ·:· ( ! (• . .  

Figure 4 .  2 1 : The ideal continuous retardation s:pectrun found for MAN Ma.y 1987 

after smoothing and different iating according to the rrethcd of Savit:;::ky & Go1ay . 



1 2 6  

11) . (11) ,--

� .  (o) I-

:� . (rt) t-
':' .  (rr) I-

.; , (1 (1 t-
� . (11) I- �I � (r(t ..__ 

� . . ·: . .-. .-. - .  · · (• ,·, . 

. ;. • t • '1 -: .• 

Figure 4 . 2 2 : The cont inuous retardat ion spectrun found for the sample MAN April 
1987 1 smoothing and different iating according to Savitzky and Golay. 

Figure 4 . 2 3 : The ideal cont inuous retardation found for MAN April 1987 on 
smoothing and differe_�iating'- according to the rrethais of Savitz!c}r and Golay. 
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obt a ined . The c omp lex nature o f  the spect ra makes them 

di f f i cult to interpret , h oweve r ,  the ret ardat ion spect ra found 

f o r  raw dat a a ft e r  smoothi ng and di f ferent i at ing o f fers some 

evidence for the exi stence o f  three or four main groups o f  

ret ardat ion mechani sms bet ween the t ime s o f  0 a n d  1 0 0 0 0  

s e c onds . 

The region between ln t ime 0 and 3 . 5  i s  thought t o  be due to 

the instantaneous comp l i ance respon s e . Thi s  is  fo l l owed by a 

sudden , marked i ncrease at ln t ime 3 . 5 ( 2 2  s ) , a ft e r  whi ch a 

number o f  individual reta rdat ion t ime s cont r ibute t o  the 

re s u l t ant curve . I t  has been found in s ome cases  peaks are 

bet t e r  de fined than in others . The rise  at l ong t ime s seems to 

be a funct ion of the di f fe rent iat ion method of S avit z ky and 

Go l a y ,  rather than an indi cat ion o f  a rea l maximum . Thi s can 

be seen on comparing F igu res 4 . 1 2 and 4 . 2 2 ,  for example . 

The s e r� e s  o f  peaks seen i n  the spectra seem to repre sent 

groups of t imes . Attempt s can be made to obt ain retardat ion 

t imes f rom the spect ra . Assuming the ma rked lncrease at 1 n  

t ime 3 . 5  t o  be t he first retardat ion t ime ( 2 2  s ) , and t ak ing 

int o account a spac ing o f  five t ime s the previous t ime i s  

n e ce s s a ry before the next t ime c a n  b e  seen , a se cond t ime can 

be postulated between 1 0 0  - 2 0 0  seconds . The cont ribut i on o f  

ret ardat ion me chan i sms operat ing between 2 0  and 2 0 0  se conds 

account s for the ma j o r  region ma rked A in F igure 4 . 2 0 . Third 

( and fourt h )  peaks may e x i st ,  giving furthe r ret ardat ion 

t ime s . 

The appropriatene s s  o f  the vi scoe l as t i c  mode l can be checked 

b y  c omparing l i ne spect ra with cont inuous spect ra ( Chapter 1 ,  

S e ct i on A . 6 . 1 . 1 . 3 ) . A compari s on o f  the cont inuous spect ra 

found ( F igs . 4 . 2 0 and 4 . 2 2 )  with the ideal  or l ine spectra 

c a l cu l ated us ing the parameters fitted by the program NONLIN 

( Se ct i on 6 . 1 . 2 )  ( F igs . 4 . 2 1 and 4 . 2 3 )  for t he two above 

s amp l e s  ( MAN May 8 7  and MAN Apr i l  8 7 ) , shows the two di f ferent 

t ype s o f  spect r a  do not l ook too di s s imi l a r . 
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T a b l e  4 . 3 :  A compar i s on o f  ret ardat i on t ime s c a l cu l ated by a 

l e a s t  squares curve fitt ing program (NON L I N )  and t aken from 

c ont i nuous ret ardat i on spect ra , F igures 4 . 2 0  and 4 . 2 2 .  

't1 ( s )  

't2  ( s )  

't3  ( s )  

MAN Apr i l  8 7  

Ret ' n NONL IN 

3 0  3 4  

1 6 1 , 3 3 2  3 7 4  

3 3 1 7  6 2 6 4 

MAN May 8 7  

Ret ' n  NONLIN 

2 7  2 9  

1 8 2  2 2 8  

3 1 2 3  4 0 5 1  
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Ret ardat ion t ime s from curve fitt ing used t o  generate the 

i de a l  spect r a ,  and those obt ained from the ret ardat i on spectra 

( F i gs . 4 . 2 0 and 4 . 2 2 )  calculated from experiment a l  creep 

curves , are compared in Table 4 . 3 .  Corresponding t ime s are of 

the same orde r . D i f fe rences in the t ime s i l lustrates a shi ft 

t o  t he l e ft has occur red during the c a l cu l at i on o f  the 

ret ardat ion spect ra for the raw dat a . Thi s has been noted 

above . 

I n  gene ra l ,  the reta rdat ion spe ct ra obt a i ned for exper iment al 

dat a a fter smoothing and di ffe rent i at i on by the methods o f  

S av i t z ky and G o l a y  seem to be s imi l ar t o  those obt ained us ing 

p a r amet ers fitted by the program NONLIN which have a l s o  been 

smoothed and di f ferent iated . Given the pa rameters used to 

ca l culate t he i deal  s pectra are obt a i ned us ing a mode l based 

on Equat ion ( 4 . 1 ) ,  with a l l  the imp l ied l imitat i ons o f  a 

mode l , the i r  s imi l ar i t y  sugge s t s  the v i s c o e l a s t i c  mode l is  

appropriate to mode l creep comp l i ance behavi our . The 

s im i l arity a l s o  sugge sts that fitt ing a mode l with t hree 

retardat i on t imes i s  not too inappropri ate . 

4 . 7 .  PRELIMINARY EXPERIMENTS 

4 . 7 . 1 Line a r i ty 

With non- l inear v i s coelastic mat er i a l s  t here is  a curv i l inear 

re l at i onship between stress and strain . The c reep comp l i ance 

t ime respon s e  is i n f luenced by app l ied stre s s  so that for each 

s t re s s  a di f fe rent c reep comp l i ance I t ime curve i s  obt a ined 

( Sherman , 1 9 8 6 ) . 

Mo st v i s coe l a s t i c  mat e r i a l s  exhibit l inear stre s s / st ra i n  

behavi our at very l ow stress e s . I f  the s t re s s  s e lected does 

not exceed the value beyond whi ch non - l inearity deve l ops it is 

po s s ible to ana l y s e  the creep comp l i ance dat a obt a ined . 

I n  order t o  e s t ab l i s h  whether l inear vi s coelast i c  behavi our 

wa s exhibit e d  by but ter at l ow s t re s s e s , and the range o f  
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l im i t i ng s t re s s e s , a s e r i e s  o f  exper iment s w e r e  pe r fo rmed . Two 

butters , a Frit z autumn s amp l e  at 1 5°C ( an ave r age butter ) and 

a reworked Ammix sample at 1 0 °C ( a  ve ry s o ft but t e r )  were 

exposed to a range o f  stre s s e s  vary ing from 7 8 4  - 3 9 2 0  Pa for 

five minut e s . S amp l e s  were t e sted in dup l i c at e . The c reep 

comp l i ance responses we re obs e rved . Re sul t s  a r e  pres ented in 

. T ab l e  4 . 4 .  

S t r e s s  vs . s t r a i n  p l ot s  indicate a l inear creep comp l i ance 

response for the F r i t z  but ter up to a stre s s  o f  3 9 2 0  P a  at 

1 5 ° C ( r  = 0 . 9 8 4 ,  y = 0 . 0 0 0 4 x  + 0 . 1 3 )  with t he Arnmi x  but ter 

a l s o  exhibit ing a l i near response up to a s t r e s s  of 3 1 3 6P a  at 

1 0 °C ( r  = 1 . 0 ,  y = 0 . 0 0 2 x - 0 . 2 4 5 ) . The re s p o n s e  o f  butter to 

a creep comp l i ance test o f  f ive minutes du rat i on i s  

e s s ent i a l l y  e l a s t ic i n  nat ure . The respon s e  wou l d  i n c l ude the 

i n s t antaneous compl i ance , J0 , and the fi rst retarded 

comp l i ance , J1 , whi ch has a retardat i on t ime o f  approx imat e l y  

3 0  se conds . Consequent l y ,  Tab l e  4 . 4  shows a l i ne a r  re sponse 

for the e l a s t i c  part of the cu rve . The cont r ibut i on o f  the 

v i s cous t e rm to ove r a l l  response wou ld be n eg l i g i b l e  i n  the 

f i rst f ive minut e s . 

The cont r ibut i on o f  v i s co s ity to the tot a l  c omp l i ance shou ld 

be i ndependent o f  the stre s s  used . I n  orde r t o  det e rm i ne the 

re sponse o f  the v i s cous t e rm to vary ing stre s s e s  a s i ngle 

Arnmi x  s amp l e  ( TT Oct . 1 9 8 7 )  was expo sed to s t re s s e s  o f  7 8 4 , 

1 5 6 8 , 3 1 3 6  and 3 92 0  P a  for 1 5 . 5  hou r s . The r e s u l t s ,  wh i ch are 

p re sented in Tab l e  4 . 5 show that v i s co s i t y  appe ars t o  be 

i ndependent o f  the app l i ed stre s s , rema ining approx i mat e l y  the 

s ame as s t re s s  increase s . It can a l s o  be seen that the sum of 

t he comp l i ances increases l in e a r l y  a s  stre s s  i n c r e a s e s  (r = 

0 . 9 8 8 ,  y = 0 . 0 7 8 x + 0 . 2 5 ) . The inst ant ane ous comp l i ance term 

r e sponds i n  a s imi l a r  manne r . I t  seems a l in e a r  e l ast i c  

re spon se i s  obse rved ove r l ong t ime creep exper iment s a s  we l l  

a s  exper i ment s l ast i ng only  five minutes . 
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Tab l e  4 . 4 :  Strain respon s e s  observed on the app l i cat i on o f  

s t re s s . 

Stre s s  

P a  

7 8 4  

1 5 6 8  

2 3 52 

3 1 3 6  

3 9 2 0  

Strain 

0 . 5 2  1 .  3 2  

0 . 7 2 2 . 9 7 

1 .  3 2  4 .  6 2  

1 .  5 3  6 . 1 0 

1 .  8 0  

Tab l e  4 . 5 :  Creep comp l i ance parameters found for one s amp le on 

the app l i cat ion of di f ferent _ stresses . 

Stre s s  

7 8 4  P a  1 5 6 8  P a  3 1 3 6  P a  3 92 0  P a  

Jo ( x l 0 - 9 ) 1 4  ( 1 )  1 9 . 2  ( .  3 )  4 3 . 8  ( . 1 )  6 4 . 4  ( . 2 )  

P a- l 

:EJ ( x l 0 - 9 ) 7 9  ( 4 )  1 8 6  ( 3 )  3 0 5  ( 3 )  4 4 1  ( 1 )  

P a- l  

TlN ( x 1 o 1 0 ) 3 3  ( 4 )  3 6  ( 3 )  4 2  ( . 7 )  3 3  ( . 5 )  

P a . s  

( )  9 5 %  con fidence interva l s . 
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I n  choos ing a const ant s t re s s  with whi ch t o  p e r form creep 

comp l i ance exper iment s two points must be cons i dered ; f i rst , 

t he v i s c o e l ast i c  re sponse should be l inear fo r the stre s s  

chosen and second, the re sponse seen must be o f  s u f f i ci ent 

magnitude for ana ly s i s . Whi le a l i near re spon s e  is seen i n  

but t e rs o f  average hardn e s s  at 1 5 °C for a s t r e s s  o f  3 9 2 0  P a ,  

i t  i s  pos s ible ve ry s o ft samp l e s  may not exhibit a l inear 

r e sponse at this stre s s . At a stre s s  o f  3 1 3 6  Pa a ve ry s o ft 

s amp le at 1 0 °C re sponded i n  a l inear fa s h i on . 3 1 3 6 P a  i s  a l s o  

l a rge enough to g e t  a respon se from the harde s t  s amp l e s . 

T here fore a l l  creep comp l i ance wo rk has been c a r r i ed out us ing 

a s t r e s s  of 3 1 3 6  Pa ( 4 0 0 g )  at 1 0 °C .  

4 . 7 . 2 .  Ori ent at i on 

On con s i dering a pat o f  butter the f o l d  face c an be de s i gnated 

t he top face . A set of three-dimens i onal axes can then be 

i mpo sed on a butter pat such that the top and bottom faces l i e 

i n  t he xy p l ane , s ide faces in the x z  p l ane and end face s in 

the y z  p l ane ( F ig . 4 . 2 4 ) . 

A s amp l e  cut from the t op face o f  a pat o f  but t e r  ( i e .  s amp led 

in t he z direct i on )  can be she a red i n  e ither t he x or y 

di rect ion . S imi l a rl y ,  s amp l ing in t he y di rect i on a l l ows shear 

in the x or z direct i on s  whi l e  she ar is  pos s ib l e  i n  y or z 

di rect i on s  i f  samp l ing i s  done in the x d i r e ct i on . 

I n  o rder to eva luate any pos s ib l e  e f fect o f  the di rect i o n  o f  

shear two Frit z patted butt ers ( TU I  Apr i l  ' 8 6 ,  TUI  Apr i l  8 7 )  

and two Ammi x  patted butters ( TT Jan . 8 6 ,  T T  Apr i l  ' 8 6 )  were 

sheared i n  a l l  three direct ion s . The TUI Apr i l  ' 8 7 s amp l e s  

were a l l owed to recove r f o r  seven hours a f t e r  shear . Creep 

comp l i ance respo n s e s  were reco rded and anal ysed in a l l  cases 

u s i ng the non- l inear l east square s cu rve f i t t ing p rogram 

( S e ct i on 6 . 1 . 2  above ) . Comp l i ance and vi s c o s i t y  va lues are 

p r e s ented in Tab l e  4 . 6 , whi le recove ry dat a  f o r  T U I  Apr i l  ' 8 7 

i s  pre sented in Table 4 . 7 .  Al l re s u l t s  presented a re ave rages 

o f  dup l i cates . 
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y 

Top ( fold ) face 

X 

z 

Figure 4 . 24 : Three dimensional axes imposed on a pat of butter . 
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Table 4 . 6 : Creep comp l i ance parameters obt a ined from patted 

butt ers sheared in the three p o s s ib l e  direct i ons . 

3. 

'1 C  

FRITZ 

TUI Apr i l  ' 8 6 TUI 
X y z X 

2 . 5  4 . 8  6 . 6  6 . 2 
{ .  7 )  { .  7 )  { .  5 )  { .  4 )  

4 . 5  8 . 2 1 0  1 3  
{ .  7 )  { .  7 )  ( 1 )  ( 1 )  

1 0 . 0  1 5 . 9  1 7 . 8  2 0  
{ .  7 )  { .  8 )  ( .  4 )  ( 1 )  

9 9 1 1 . 6  8 . 4  
( 2 )  ( 2 )  { .  3 )  ( .  5 )  

7 3  4 9  4 6  4 4  
( 1 0 )  ( 6 )  ( 1 0 )  ( 7 )  

2 6  3 8  4 6  4 7  
( 4 )  ( 3 )  ( 2 )  ( 3 )  

- 4 5  7 7  
( 1 0 )  ( 1 5 )  

Sum o f  comp l i ances . 

St andard e r r o r . 

i t s : 

, Ji , LJ x 1 0 - 8  P a- l 

x 1 0 1 0  P a . s  

April ' 8 7 
y z 

7 . 8  1 0  
{ .  5 )  ( 2 )  

1 5 . 1  1 4  
( . 2 )  ( 3 )  

2 8  2 5  
{ 1 )  ( 4 ) 

12  2 0  
{ 3 )  ( 2 )  

3 7  1 8  
( 1 )  ( 2 )  

6 3 6 8  
( 4 )  ( 1 1 )  

3 3  4 4  
( 4 ) ( 1 0 )  

AMMI X  

TT Jan . ' 8 6 TT Apr i l  ' 8 6 
X y z X y z 

6 . 3  5 . 8  6 . 7  7 . 8  7 7 . 5  
( .  6 )  ( .  3 )  { .  5 )  { . 5 ) ( 1 )  { . 3 ) 

1 0  9 . 6  9 . 6  1 0 . 0  1 1  1 0  
( 1 )  ( . 3 ) ( .  1 )  ( .  7 )  ( 2 )  ( 2 )  

1 9 . 9  1 5 . 7  2 0 . 8  1 7 . 5  1 8 . 9  2 5 . 5  
( . 2 )  ( .  4 )  ( .  2 )  ( .  7 )  ( .  7 )  { .  1 )  

1 8  1 4  1 4  1 2 . 1  9 . 6  1 4  
( 3 )  { 1 )  ( 2 )  { .  4 )  ( .  5 )  ( 3) 

3 3  2 6  2 4  4 9  5 1  4 6  
( 7 )  ( 5 )  ( 1 )  ( 1 )  ( 7 )  ( 8 )  

5 4  4 4  5 1  4 7  4 7  s o  
( 5 0 )  ( 2 )  ( 3 )  ( 3 )  ( 4 ) ( 6 0 
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The creep comp l i ance resu lts f o r  the Ammi x  butt e r s  indi cate 

the di rect ion i n  whi c h  shear occurs doe s  not a f fe ct the creep 

comp l i ance response g reat ly . 

I n  cont rast , a di fference in t he magn i tude o f  creep comp l i ance 

re spons e  was ob served for patted F r i t z  butters , s hear in the x 
di rect ion gave the smal lest re sponse , fo l l owed by s he a r  in the 

y d i rect i on , with shear in the z direct i on giving the great est 

re sponse . The sum o f  the comp l i ance s increase and the vi s cou s 

t e rms de crea s e  a s  shear direct ion changes from x t o  y to z ,  

indi cat ing an incre a s ing creep comp l i ance respon s e  a s  the 

s amp les seem to become easier t o  shear . 

On examining the recovery dat a for TUI Apr i l  ' 8 7 ( Table 4 . 7 )  

i t  can be seen t hat t he percent age recove ry , ie . the s um o f  

t h e  recove ry comp l i a nces divided b y  the sum o f  creep 

comp l i ances , decre a s e s  as the di rect i on o f  shear change s from 

x t o  y to z .  

T o  further inve s t igate the extent o f  t he e f fect o f  s amp le 

o r ient at i on ( ie .  d i r e ct i on of s hear ) on the creep comp l i ance 

re spon s e s  of patted F r itz but t e rs two mo re samp l e s ,  TU I Oct . 

' 8 5 and TUI Jan . ' 8 6 we re shea red in two direct i on s , x and y 

i n  the case o f  TUI Oct . ' 8 5 ,  x and z i n  the ca s e  o f  TUI Jan . 

' 8 6 ( T ab 1 e 4 . 8 ) . 

A compar i s on o f  the s e  resu l t s  with data presented i n  Table 4 . 6 

s hows that t he change in the sum o f  comp l i ance f o r  TUI Oct . 

' 8 6 i s  not a s  great a s  that fo r TUI Apr i l  ' 8 6 o r  TUI Apr i l  ' 8 7 

a s  one change s from s hear in t he x to the y direct i on . 

F urthe rmo re , t he re i s  essent i a l ly no change in t he sum o f  

c omp l i ances for TUI Jan . ' 8 6 a s  the di re ct i on o f  shear changes 

from x to z .  Vi s c o s i t y  decre a s e s  for TUI Oct ' 8 5 as t he shear 

d i rect ion change s f r om x to y and x to z ,  whi l e  for TUI Jan . 

' 8 6 change i n  di rect i on o f  shear has l it t l e e f fect on 

v i s co s it y . 
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T ab l e  4 . 7 :  Recovery dat a for the butter TUI Apr i l  ' 8 7 .  

Shear � J Creep 
di rect i on ( x 1 0 - 8 P a - 1 ) 

X 4 9  

y 5 9  

z 7 0  

� J Re c 
( x l o - 8  P a- 1 ) 

9 . 9  

8 . 6  

7 . 1  

% r ec ,  

2 2  

1 5  

1 0  

T ab l e  4 . 8 :  Creep comp l i ance parame t e r s  obt a i n e d  from patted 

F r i t z  butt e r s  sheared in two di rect i ons . 

TUI Oct . ' 8 5 
X y 

Jo 4 . 6 ( . 3 )  5 . 7  ( . 3 )  

J l 6 . 1  ( . 7 )  7 . 3  ( . 7 )  

J2 1 6  ( 1 )  1 7 . 6  ( . 8 )  

J3 1 2  ( 1 )  1 2  ( 1 )  

llN 2 8  ( 3 )  3 5 . 1  ( . 7 )  

1:Ja 3 8  ( 3 )  4 3  ( 3 )  

% inc 1:J - 1 2  

( a )  Sum o f  comp l i ance s . 

( ) St andard e r r o r . 

Un i t s : 

J0 , Ji , 1:J x 1 0 - 8  P a _ 1 
llN x 1 0 1 0  P a . s  

T U I  Jan . ' 8 6 
X z 

5 . 6  ( .  3 )  4 .  9 ( . 3 )  

1 1 . 5  ( . 8 )  1 1 . 2  ( . 8 )  

1 8 . 0  ( . 8 )  1 6 . 3  ( . 6 )  

2 0  ( 6 )  2 1 . 7  ( . 8 )  

4 6  ( 1 )  

5 5  ( 8 )  5 4  ( 3 )  



1 3 7  

Addit i onal l y ,  two samp l e s  o f  F ri t z  butt e r  ( MAN Apr i l  ' 8 7 and 

MAN May ' 8 7 )  were co l l e cted as t he butter l e ft the butter 

making machine ( i e .  be fore patt i ng ) . The s amp l e s  were sheared 

in t he di rect ion of f l ow from the butter making machine and at 

r i ght angles to the f l ow . 

Creep comp l i ance resu l t s  for the se unpatted F ri t z  butters are 

p re sented i n  Table 4 . 9 . Samp l e s  whi ch we re sheared in the 

direct i on o f  flow gave s im i l a r  results to s ampl e s  sheared at a 

r i ght angles to the f l ow . 

S ome patted butters made by the F r i t z  proce s s  appeared to be 

p a r t i cu l a r l y  sensit ive to the di rect ion in which s t r e s s  wa s 

app l i ed,  whi l e othe r patted F r it z samp l e s  were l e s s  sen s i t ive . 

I n  cont rast , patted butters made by the Ammix proce s s  a re not 

a f fected to any great e xtent by the direct i on of shear . Bu l k  

butters made b y  the F r i t z  proce s s  a r e  a l s o  una f fe cted by 

change s in shear di rect ion . 

A p o s s ible expl anat ion for the d i f ference i n  behaviour 

ob s e rved for shear in the three di rect i ons , x,  y ,  and z ,  

e x i st s . Both pump ing through pipes and the p roce s s  o f  patt ing 

exp o s e s  butt e r  to she a r  s t r e s se s . It i s  p o s s ible s ome order i s  

imposed on fat cryst a l s  during pumping and p att ing , thus 

l eading to a larger c reep comp l i ance response in s ome 

di rect i ons . Addit ional l y ,  the s hear forces i nvo l ved may cause 

' bo nds ' or weak van-de r-Wa a l s  fo rces t o  break which are not 

l at e r  reformed ( i e . a form o f  rewo rking ) . 

The de crease in percent age recovery a ft e r  shear i n  the x t o  y 

t o  z d i rect i on for TUI Apr i l  ' 8 7 support s the idea some form 

o f  s t ructural a l ignment o r  damage has occur red whi ch makes 

recovery more di f fi cu l t . 

Both t he F r i t z  and Ammi x  s amp l e s  were packed us ing a pump fed 

S I G FD 1 4 0  patter . In s impl e  t e rms , a pat t ing machine a ) , 

moul ds a f i xed quant i t y  o f  but t e r ,  by vo l ume , into a p re -
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T ab l e  4 . 9 : Creep c ompl i ance paramet rs obt a ined from unpatted 

F r i t z but ters sheared in two direct i on s . 

MAN Apr i l  ' 8 7 

with 9 0 ° t o  

f l ow 

Jo 9 . 9  ( . 2 )  8 . 7  

Jl 1 7 . 7  ( • 4 )  1 9  

J2 2 6 . 1 ( . 4 )  2 2  

J 3 1 6 . 2  ( • 5 )  1 5  

llN 2 8  ( 1 )  35 . 1  

LJa 7 0  ( 2 )  6 4  

( a )  Sum o f  comp l i ances . 

( ) S t anda rd e r ro r . 

Un it s : 

J0 , Ji LJ x 1 0 - 8  P a - l  

llN x 1 0 1 0  P a . s  

( • 4 )  

( 2 )  

( 2 )  

( 1 )  

( . 6 )  

( 5 )  

MAN May ' 8 7 

with 9 0 ° to 

flow 

8 . 2  ( . 9 )  8 . 1  ( .  7 )  

1 6  ( 2 )  1 6  ( 1 )  

2 8  ( 3 )  2 8  ( 5 )  

2 1 . 7  ( . 3 )  2 3  ( 1 )  

3 1  ( 3 )  3 6  ( 7 )  

7 3  ( 6 )  7 5  ( 8 )  
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determ ined s hape , and b ) , folds t he wrapper a r ound the block 

of butt e r . S I G machines operate by f i l l ing a moul d  with a 

p i ston backs t op with but t e r . The mou ld rot ates and the p i st on 

e j ect s the formed b l ock from the mould . The b l o ck i s  cut from 

the p i st o n , pl aced ont o t he wrapping mat e r i a l  with subsequent 

wrapp i n g ,  folding and p re s s ing complet ing t he pat . The se 

operat i on s  a re s hown diagrammat i c a l l y  i n  Fig 4 . 2 5 . 

The direct i on o f  butter f l ow through pipe s , as  butter i s  

pumped i n t o  t he patt e r ,  i s  man i fe st ed in t he z ax i s  o f  the 

f i n i shed pat . But t e r  i s  then exposed t o  further s t re s ses 

du ri ng the proce s s  of patt i ng and wrapping . The ma j o r s t re s s  

du r ing patt ing s eems to be caused b y  the remova l o f  the block 

of but t e r  from t he p i st on . As this happens the butter is 

she ared in what wi l l  be the y di rect ion in t he f i n i shed pat . 

The above expl anat i on imp l i e s  increas ing shear w i l l  l e ad t o  an 

i nc re a s e  in creep comp l i an ce re sponse . I f  it i s  a s sumed that 

pumping produces mo re she a r  than the patt ing proce s s ,  then the 

t rends in creep comp l i ance parameters can be e xp l a ined . 

S e n s i t ivity to shear in the proce s ses o f  pumping and patt ing 

i s  ma i n l y  exhibited i n  F r i t z  butters . I n  the manu facture o f  

F r i t z  t ype but t e r  t he mi l k fat i s  complet e l y  cryst a l l i z ed 

be fore churn i ng . Any rear rangement o f  the fat cryst a l s  wh ich 

o ccurs a ft e r  churning and working wou ld be permanent . I n  

contrast , i n  t he manu facture o f  butte r  b y  t he Ammi x  proce s s , 

cryst a l l i z at i on i s  not comp leted unt i l  a ft e r  process ing . 

P re s umab l y  any rearrangement o r  i mposed order result ing from 

pump ing or p at t ing wou ld be obs cu red by sub s equent 

c r y s t a l l i z at i on . 

The que s t i on o f  d i rect ion o f  shear present s a problem in t e rms 

o f  creep comp l i an ce t e s t i ng . Obv i ous l y  for c on s i s tent re sults 

i t  i s  i mport ant t hat s amp l e s  a re a lways cut and o r i entated i n  

t he para l l e l  p l a t e  v i s c oe l ast omet e r  in the s ame w a y  t o  ensure 

s h e a r  i s  a lways i n  the s ame direct i on . S amp l ing s o  a s  to shear 



1 4 1  

i n  the x direct i on wi l l  ensure the but t e rs ' rheo l og i c a l  

par ameters a r e  a s  unchanged as pos s ib l e , i e . t hat the e ffect 

of pumping and pack ing a re not obs curing the bas i c  creep 

comp l i ance re sponse . For cons i stent , reprodu c ible re s u l t s  a l l  

pat t e d  butters a re prepared by cutt ing s amp l e s  from t h e  t op 

face o f  the pat , with shear occurr ing i n  t he x direct i on . 

The above re s u l t s  sugge st creep comp l i ance t e st ing i s  very 

sen s i t ive and capabl e  of pi cking up the e f fe ct of s t re s s e s  

app l i ed to but t e r  dur ing pump ing a n d  p a t t i n g  ope rat i on s . 

Mea s urements on s im i l a r  patted samp l e s  showed sect i l it y  

hardn e s s  re s u l t s  we re not detectab l y  a f fected by di rect i on o f  

she a r . 

4 . 7 . 3 .  Re apeatab i l i t y  

For rheological me asurement s to b e  me aning fu l  they mu st be 

repe atable . I dea l l y ,  creep comp l i ance t e st ing pe r formed on the 

s ame butter should give the same re s u l t s  each time . 

The curve fitt ing program NONLIN per forms s ome s t at i st i c a l  

ana l y ses . St andard error coe f ficient , t -value and 9 5 %  

con f i dence leve l s  a re c a l culated for a l l  paramete r s  ( e g . F i g . 

4 . 1 1 ) . For sets o f  re s u l t s  observed for s amp les to be j udged 

s ign i ficant l y  a l i ke , con f idence l eve l s  

shou l d  ove r l ap . This  wa s seen f o r  many s amp l e s ,  e s pe c i a l l y  in 

the case  of J0 and J1 va lues . Howeve r ,  in s ome c a s e s  good 

ove r l ap was not seen � 

P o s s ible Re asons for Departure from Repe atab i l i t y  

i )  S amp le I nhomogeneit y . 

Creep comp l iance has been seen t o  be ve ry s e n s it ive t o  s l i ght 

di f f erence s i n  s amp l e s  ( see above , Sect i on 7 . 2 ) . Mat e r i a l s  

s u c h  as butter and re l ated fat p roduct s a re o ften i nhomgenous . 

Thi s can range from the presence o f  a i r  t o  the c rys t a l l ine 

network di f fe r ing i n  s t ructure i n  p l ace s . Changes occurr ing 

w i t h  t ime and t emperature , for examp l e , dur ing s e t t i n g ,  may 

cont r ibute t o  t hese di f fe rence s . S ampl e  inhomogeneity pre sents 
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a s ign i fi cant problem i n  c reep c omp l i ance t e s t i ng . Whi l e  eve ry 

e f fo rt is made to ensure s amp l e s  are homogenou s ,  s ome wi l l  

f a l l  short o f  t he mar k . Thi s  wi l l  cause a decrease in 

repeat ab i l i t y . 

Ano t he r prob l em i s  the s amp l e s  for one t e s t  o n l y  can be cut 

f o rm a S O O g pat o f  but t e r , As pat s are packed into c artons 

which cont a i n  4 0  pat s there is t he poss ib i l it y  the s t re s s  and 

t empe rature h i story o f  e ach pat i n  a carton may di f fe r  from 

i t ' s  n e i ghbour . This means that a lthough two pats may be 

f i l l e d  with t he s ame but ter t he i r  re spons e s  dur ing c reep 

t e st ing may be di f ferent . S amp l e s  manu factured spe c i f i c a l l y  

f o r  creep comp l i ance t e s t i ng ( Chapte r  2 )  gave t h e  most 

rep e a t able re s u l t s  whi l e comme r c i a l  s amp l e s  c o l l ected from 

butt e r  fact o r i e s  o ften gave l e s s  repe atab l e  resul t s . 

i i ) Curve F i tt ing . 

Whi l e  compl i ance test ing can be a f fected by var i ab l e s  re lat ing 

to s amp l e s , a se cond s ign i fi cant factor cont r i but i ng to the 

di f f i cu l t y  in obt ain ing repeatab l e  result s involve s  the curve 

f i t t ing proce s s  i t s e l f .  Two curve s which may l o ok 

supe r fi c i a l l y  a l i ke , i e . ,  s how a s imilar ove ra l l  c reep , may be 

f i t t e d  with d i f fe r ing parameters . I n  some c a s e s  whe re the 

curve s a re s im i l ar, parameters may vary by 1 0  - 2 0 %  o r  more . 

F i gu r e  4 . 2 6  shows two curve s found for the s amp le TT January 

' 8 6 .  Whi l e ove ra l l  creep was approx imat e l y  t he s ame for both 

s amp l e s , the two curve s are ve ry d i f ferent in s hape . This  i s  

re f l e ct e d  in t he parameters l i sted i n  Tab l e  4 . 1 0 .  

I n s t ant aneous comp l i ance , vi s c o s i t y  and t he ret a rdat i on t ime s 

a re d i f fe rent for each s ample , howeve r ,  t he sum o f  comp l a inces 

are t he s ame . 

Whi l e  the above examp l e  i l lust rates the e xp e ct e d ,  i e . ,  

di f fe rent cu rve s de fined by di f fe rent paramete r s , F igure 4 . 2 7 

shows two creep curve s found f o r  t he but t e r  TT Apr i l  ' 8 6 .  The 

f i gu r e  s hows the curve s di f fe r  s l i ght l y  i n  s hape and have 



c r e e p  

--------· 

0 1 0 0 0 0  2 0 0 0 0  

t ime ( s )  

F i gure 4 . 2 6 :  C r e e p  c omp l i a n c e  c u rve s f o u n d  f o r  t he s amp le TT J a n u a ry 1 9 8 6 . 

f-' � 
w 



1 4 4 

Tab l e  4 . 1 0 :  Creep comp l i ance parameters f i t t ed t o  c reep curves 

obs e rved for the but t e r  TT January , 1 9 8 6 .  

1 

Jo 1 1  ( . 2 )  

J l 6 ( 1 )  

't l  1 9  ( . 3 )  

J2 1 6  ( 1 )  

't2 1 3 9  ( 1 )  

J3 1 5  ( 2 )  

't3 6 9 4  ( 1 4 )  

TlN 3 5  ( 1 )  

I.Ja 4 8  ( 4 )  

( a )  S um o f  comp l iances . 

( ) St andard E r r o r . 

Un it s : 

J0 , Ji , I.J x 1 0 - 8  P a- 1 . 

TlN X 1 0 1 0  P a . s .  

'ti X S . 

2 

5 ( . 1 )  

5 ( 1 )  

1 7  ( . 6 )  

1 6  ( 1 )  

1 8 7 ( 2 )  

2 2  ( 1 )  

37 8 0  ( 1 0 )  

5 0  ( 5 )  

4 8  ( 4 )  
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approx imat e l y  the s ame t ot a l  c reep ( ±  1 0 % )  . The parame t e r s  

fitted a r e  l i st e d  in Tab l e  4 . 1 1 . F rom t h e s e  p ar ameters it can 

be s een t he sum o f  comp l i ances are s imi l a r  ( 4 4  and 5 1  x 1 0 - 8  

P a- 1 ) but that t hese figures di f fe r  by about 1 5 % . The 

v i s c o s i t y  va lues found , 3 9  and 63 x 1 0 1 0  P a . s  re spect i ve l y  

d i f fe r  b y  approx imat e l y  6 0 %  and yet the curve s a r e  st i l l  

s imi l a r . 

i i i )  Othe r Fact o r s . 

Other facet s o f  c reep comp l i ance t e s t ing may a l so decrease 

r epeatab i l it y . F o r  example , the impo s s ib i l i t y  of obt a i ning an 

i n s t ant aneous s t a rt . Whi l e  a st andard ope rat i n g  procedure is 

u s ed at the s t a rt of a creep e xpe r iment it is not p o s s ible to 

s t art e ach e xpe r iment i n  exact l y  the same way . I n  addit i on the 

po s s ib i l i t y  o f  s amples s l ipping du r ing a t e s t  wou l d  de crease 

repe a t ab i l i t y . H oweve r ,  n o  evi dence of s amp l e s  s l ipping ( in 

t he form o f  p l at e aux in the chart recorder t race ) i s  seen 

du ring exper iment s .  

Another minor s ource o f  error i s  found i n  s amp l e  p repar at ion 

and i n t r oduct i on o f  the s ample into the inst rument . The 

preparat i on o f  s amples  for creep comp l i ance t e st ing i nvolves 

t he mea s u r i ng and cutt ing of butt e r . Sma l l  e r ro r s  w i l l  

t here fore b e  present i n  the s i z e  o f  the prepa red s amp l e . 

L i t t l e  damage , howeve r ,  occurs as s amples are l o aded into the 

paral l e l  p l at e  v i s coe l a s t omet er . A st andard p r o cedu re 

m i n imi z e s  probl ems in thi s area . 

A further con s i derat i on when dea l ing with mat e r i a l s  such as 

fat s is temperature cont ro l .  Any t empe rature f lu ctuat ions 

wou l d  r e su lt i n  changed creep behavi our and wou l d  dimi n i sh 

repeatab i l it y . Temperature du ring c re ep comp l i ance e xperiments 

wa s mai n t a ined at 1 0  ± 0 . 2 °C ( Sect i on 2 ) . Temperature 

f luctuat i on s  o f ± 0 . 2 °C had n o  di s ce rnable e f fe ct on creep 

behavi our . 

The most s u i t ab l e  s amp l e s  for creep c ompl i an c e  t e s t ing were o f  

ave rage hardne s s . The creep behaviour o f  ve r y  s o ft s amp l e s  
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Tab l e  4 . 1 1 :  Creep comp l i ance paramete r s  f i tted t o  creep cu rve s 

observed for the butt e r  TT Apr i l ,  1 9 8 6 .  

1 

Jo 6 ( . 3 )  

J 1 9 ( .  5 )  

tl 1 3  ( . 3 )  

J2 1 8  ( . 7 )  

t2 1 2 0  ( . 4 )  

J3 1 0  ( . 8 )  

t3 7 92 ( 1 2 )  

TIN 3 9  ( 1 )  

L:Ja 4 4  ( 2 )  

( a )  Sum o f  comp l i ances . 

( ) Standard Error . 

Un i t s : 

J0 , Ji , L:J x 1 0 - 8  P a- 1 . 

TIN x 1 0 1 0  Pa . s .  

'ti X S . 

2 

8 ( . 1 )  

1 2  ( . 3 )  

2 2  ( . 1 )  

1 8  ( . 3 )  

2 0 2  ( . 1 )  

1 2  ( . 3 )  

2 7 3 0  ( 4 )  

6 3  ( 2 )  

5 1  ( 1 )  
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( eg . s e ct i l it y  hardne s s  o f  6 0 0g )  t ended t o  be l e s s  

reproducible . The s o ft natu re o f  t h e  s amp l e s  made sample 

preparat i on more di f f i cu l t . The paramete r s  f i tted to the creep 

re spons e s  o f  harde r s amp l e s  tended to be l e s s  accurate due to 

t he sma l l  numbers i nvo lved . Thi s a l s o  app l i e s  t o  the ( sma l l )  

s econd creep respo n s e s  obse rved . 

Due t o  the di f f i cu l t i e s  i nvo lved i n  obt a i n ing repeatable 

reu l t s  a gene ral t e chn ique of t e s t i ng i n  t r i p l i cate was 

adopted . Odd re sult s being d i s carded , for  examp l e , tho s e  with 

ve r y  l ow t -value s . I f  problems were st i l l  found to ex i s t  

further runs were carried out . 
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CHAP TER F IVE 

LARGE DEFORMAT ION TES T ING 

5 . 1 .  INTRODUCT I ON 

I t  i s  wide l y  recogn i sed t hat most methods u s ed t o  eva luate the 

rhe o l ogical  propert ies o f  butter and other fat s y st ems give 

emp i r i ca l , i n s t rument dependent result s . The se methods 

general l y  use l a rge forces whi ch pe rmanent l y  de form the 

mate r i a l  being te sted . Whi le resu l t s  o ften c orre late we l l  with 

s e n s o ry charact e r i s t i c s  and indicate whethe r s amp l e s  di ffer i n  

t he i r  response t o  the t e s t  condi t i ons , they have l i tt le 

fundament a l  va lue . 

I n  an att empt t o  find a t e s t  method whi ch i nvo lved l a rge 

s t ructural de format ions and gave fundament a l  rhe o l o g i cal 

i n format i on on butter Kawanari e t  a l  ( 1 9 8 2 )  evaluated three 

t e s t  procedure s .  The procedures , shear , u n i a x i a l  c ompre s s i on 

and penet rome t ry a l l  produced shear y i e l d  s t re s s  values which 

agreed c l o s e l y . The f i r s t  two pro cedures u s e d  l ow rat e s  of 

de fo rmat ion p roducing qua s i s t at i c  prope rt i e s . I ns t rument al 

r e s u l t s  were a l s o  compared t o  sens ory dat a and were found to 

predict spreadab i l i t y  and fi rmne s s . 

The quas i st at i c  shear t e s t  out l ined by Kawanari  e t  a l  exerted 

n e a r l y  pure shear s t r e s s  on s amp l e s . The s t re s s  needed to 

cau s e  fai lure , ie . t he shear fracture s t re s s ,  and the apparent 

shear modulus we re found to be h i ghly corre l ated . As the 

apparent shear modulus represented product s t re s s / st rain 

modu l i  and the shear fai lure s t re s s  repres ented s t rengt h ,  it 

was fe l t  t he two modu l i  were good indi cat o r s  o f  but t e r  

s t rengt h ,  i e . the more r igid a f a t  cry s t a l  s y s t e m ,  t he great e r  

the s t r e s s  needed t o  fracture a butter . 

S he a r  fai l ure stress  was a l s o  found t o  c o r r e l a t e  ve r y  we l l  

w i t h  spreadab i l ity a s  determined b y  a t ra ined pane l . F i rmne s s ,  
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a l s o  det e rmined by a pane l ,  was h i ghly c o r re l ated with both 

s hear fai lure s t re s s  and the apparent shear modu l u s . Kawanari 

e t  a l  conc lude from t he st rong correlat i on s  that but t e r  

fracture s t rength i s  the primary fact o r  i n fl uenc i ng 

s p re adab i l i t y  at 1 0 °C .  

5 . 2 .  EXPERIMENTAL METHOD 

5 . 2 . 1 .  She a r  T e s t i ng 

An apparat u s , based o n  that de s c r ibed by Kawanari e t  a l  fo r 

qua s i st at i c  shear t e s t i ng ,  was de s i gned f o r  use w i t h  the 

S t even s Compre s s i on Re sponse Anal y s e r  (C R Anal y s e r )  ( C . 

S t evens and Son Ltd . , S t .  Alban s ,  Great B r i t a i n . )  The apparatus 

i s  in two part s ;  the bott om part be ing he l d  stati onary whi l e  

t he top ha l f  i s  att ached t o  t he probe o f  t he C R An a l yser and 

c apab l e  of movement in a vert i ca l  p l ane ( F ig . 5 . 1 ) . I n i t i a l l y , 

t he two po rt i on s  o f  the apparatus are l i ned up together · and 

t he sample h o l de r  cont ain ing the s amp le i s  s l ipped in . The 

s amp le is c l amped secure l y  in each ha l f  o f  the apparatus . On 

s t art i ng t he i n s t rument , the . t op port ion o f  the apparatus 

move s downward , exe rt i n g  a lmo st pure she a r . The peak fo rce , 

change i n  force with t ime and the d i s t an c e  moved by the top 

p o rt i on of the apparatus dur ing shear can a l l  be me asured . 

T r ave l speed ranges from 5 - 1 0 0  mm/min . 

But t e r  s amp l e s  f o r  l arge de format i on she a r  t e st i ng were stored 

at 5 °C .  P r io r  to s amp l e  preparat i on ,  samp l e s  were he ld 

ove r n i ght in a wate rbath at 1 0 °C .  The use o f  a tempe rature o f  

1 0 °C ,  a s  oppo sed t o  5 °C for s amp l e  preparat i on ,  was t o  reduce 

p os s ible damage to s amp l e s  during preparat i on . 

S amp l e s  were prepared b y  pushing two lengt h s  o f  square pipe 

( each 2 5 mm x 1 4mm x 1 4mm ) , one on t op o f  t he othe r ,  into 

butt e r . E x ce s s  butter is cut away . A gap bet ween the two 

h a lves o f  the samp l e  ho lder is nece s s ar y  t o  avo id the s amp l e  

b e i ng s imp l y  cut b y  t h e  s ampl e  h o l de r . T h e  gap mu s t  b e  sma l l  

t o  ensure s t r e s s e s  d i f fe r i ng f rom pure s h e a r  b y  l e s s  than 3 %  

a r e  obt ained ( Kawana r i  e t  a l  ( 1 9 8 2 ) ) .  
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Figure 5 . 1 :  Front and s ide views of the appartus attached to the C R Analyser 

used for shear test ing . 
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Once s amples  have been prepared they were tempe red for a 

m i n imum o f  five hours i n  a wat e rbath at the des i red 

t emper at u re ( 5 ,  1 0  or 1 5 °C )  . When tempering was c omplet e ,  the 

s amp l e  holders , cont a i n ing the s amp l e , we re l oaded int o the 

apparatus and the test was done imme d i ate l y . Test i ng has been 

c a r r i e d  out at 5 °C and at room temperature . As t e s t s  were ve ry 

qu i c k ,  i e . l e s s  than ten seconds i n  durat i on , the s amp l e  

t emperature did n o t  change percept ib l y . 

5 . 2 . 2  Reproducib i l it y  

The method was found t o  b e  s en s i t ive ,  howeve r , reprodu c i b i l ity 

was poo r ,  with an e r r o r  at best , of approx imat e l y  1 0 % .  The 

poor reproduc ib i l i t y  i s  probab l y  due to the s ma l l  samp l e  s i z e . 

As any damage t o  t he s ample , or s amp l e  inhomo gene i t y  wou ld 

a f fe ct r e s u l t s ,  readings were done i n  t r ip l i c at e  and any 

readings i ndi cat i ng a damaged s amp l e  were di s carded . One 

d i s advant age o f  the C R Ana l y s e r  is t hat speeds below 5mm / m i n  

a r e  not very accurate ( C . Steven s  a n d  S on ) . 

5 . 2 . 3 .  Shear F a i l ure S t re s s  

S he a r  f a i lure stre s s  w a s  found by conve rt ing t he force u s e d  t o  

c au s e  f a i lure i n  grams t o  N/m2 , i e . force divided b y  c r o s s  

s ect i o n a l  area o f  t h e  s amp l e . 

5 . 2 . 4 .  Apparent Shear Modu l i  

Apparent shear modu l i  can be ca l cu l at ed from t he s l ope o f  the 

shear s t re s s  v s . s he a r  s t rain graph . S hear s t re s s  was 

c a l c u l ated by divi ding the shear force by the s amp l e  c r o s s ­

s e c t i o n a l  area , a n d  s hear s t r a i n  by d i viding d i s t ance moved by 

t he t op p o rt i on o f  the apparatus by t he gap between the two 

p ieces o f  the s amp l e  h o l de r . Data for this  purp o s e  was 

c o l l e ct e d  u s ing a P e r k i n  E lmer dat a s t a t i on ( Pe r k i n  E lme r 

C o rporat i on ) , capabl e  o f  t ak ing 3 readings a s e c ond . E i ght 

s amp l e s  were sheared f o r  e ach butt e r . 
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5 . 2 . 5 .  S e ct i l it y  Hardn e s s  

T radi t i o n a l  sect i l i t y  hardne s s  test ing us ing the modi fied F I RA 

- N I RD ext ruder was performed at 4 0  mm / mi n . The method i s  

de s c r ibed in Chapt e r  Three . 

S e c t i l it y  hardne s s  can a l s o  be pe rformed u s i ng t he C R 

Ana l yser by attaching a cutt ing wire acce s s ory . S amples  were 

prepared as for t radi t i onal  sect i l i ty hardne s s  ( Chapt e r  3 )  and 

p l aced on the s amp l e  p l at form . As the probe moved downwa rd the 

cut t ing wire was f o rced int o the butt e r  and the force requ i red 

was measu red . T e s t s  were done in dup l i cate . 

5 . 3 .  EXPERIMENTAL AND RE SULTS 

S e c t i l i t y  hardne s s  ( t radit ional ) at 1 0  °C and pe rcent age s o l i d  

fat as det e rmined b y  NMR a t  5 ,  1 0  and 1 5  °C were found for a l l  
s amp l e s  u sed i n  l arge de format ion t e s t ing . Re su l t s  are 

p r e s ented in Tab l e  5 . 1 .  

5 . 3 . 1 .  Shear Test ing 

Four comme rcial autumn butt e r  samples , two manu factured by the 

F r i t z  proces s ( TUI F eb . 8 7 ,  MAN May 8 7 )  and two manu factured 

by t he Ammix proce s s  ( TT Feb . 8 7 ,  TT  Mar . 8 7 ) , were sub j ected 

to d i f fe rent test s . The but t e r s  were s heared at speeds of 1 ,  

2 ,  5 ,  1 0 ,  2 0 ,  3 0 , 4 0  and 5 0  mm/min at three d i f ferent 

t emperat u re s ,  5 ,  1 0  and 15 °C .  

5 . 3 . 1 . 1 .  Shear spee d . 

The resu l t s  o f  she a r i ng t he four cho s e n  butt e r  s amples  at 

di f fe rent speeds are s hown in plots o f  probe speed vs . cut t ing 

force . ( F igs . 5 . 2  ( TU I  Feb . 8 7 ) , 5 . 3  ( MAN May 8 7 ) , 5 . 4  ( TT 

Feb . 8 7 )  and 5 . 5  ( TT Mar . 8 7 ) ) .  

I n c reas i ng the probe speed ( or shear r at e )  during l arge 

de f o rmat i on test ing resu lted in incre a s ing force being needed 

to s hear butter s amp l e s . Thi s  e f fect i s  more marked at 5 and 

1 0 °C .  At 1 5°C ,  the increase in force n eede d  is sma l l e r . 
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T ab l e  5 . 1 :  P ercent age s o l i d  fat dete rmined b y  NMR and 

t radit i on a l  sect i l it y  hardne s s  values at 1 0 °C for butters used 

in l arge de format i on t e st ing . 

S amp l e  % S o l id f a t  NMR 

5°C 1 0 °C 1 5°C 

TT Feb . 8 7  6 4 . 5  

TT Mar . 8 7  6 1 . 1  

TUI  Feb . 8 7  6 7 . 0  

MAN May 8 7  6 0 . 6  

T T  Jan . 8 7  6 3 . 7  

T U I  Mar . 8 7  6 3 . 9  

5 8 . 4  4 2 . 6  

5 4 . 3  3 7 . 2  

6 1 . 1  4 5 . 8  

5 4 . 0  3 8 . 0  

5 7 . 5  4 2 . 5  

5 7 . 8  4 2 . 0  

Hardne s s  1 0 °C 

( g )  

1 7 0 0  

1 4 5 0  

2 0 0 0  

1 3 2 5  

1 8 0 0 

1 8 0 0 
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Figure 5 . 2 :  Force vs . shear speed for t he sample 1UI February 1987 . 
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Figure 5 . 3 :  Force vs . shear speed for the sample MAN May 1 9 87 . 
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Figure 5 . 4 :  Force vs . shear speed for the sample TT February 1987 . 
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Figure 5 . 5 :  Force vs . shear speed for the sample TT March 1987 . 
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5 . 3 . 1 . 2 .  She a r  Fai lure Stre s s . 

F i gure 5 . 6  s hows the shear fa i lu re st re s s e s  calcu l ated from 

the l arge de format ion shear test i ng ,  at 1 0  mm/mi n ,  for the 

three t e s t  t emperature s .  

5 . 3 . 2 .  Apparent Shear Modulus 

Appa rent she a r  modu l i  whe re found for two Fritz  and two Ammix 

but t e r s . The s amples , TUI Mar . 8 7 ,  TU I Feb . 8 7 ,  TT Feb . 87 and 

TT Jan 8 7 ,  we re sheared at a temperature o f  1 0 °C and a speed 

o f  5 mm/ mi n . 

An e xamp l e  o f  resul t s  a s  reco rded by the P e rkin E lmer dat a 

s t at i on , are presented i n  Tab le 5 . 2 . Typi c a l  graphs o f  shear 

s t r e s s  vs . shear st ra in are shown in F i gure 5 . 7 .  

The apparent shear modu l i  found on averaging 8 t e st s each for 

the s amp l e s  t e sted are : TT Feb . 8 7 - 4 . 7  x 1 0 4 , TUI Feb . 8 7 -

1 2 . 0  x 1 0 4 , TUI  Mar .  8 7  - 1 0 . 2  x 1 0 4 and TT Jan . 8 7  - 5 . 0  x 

1 0 4 P a . The apparent shear modulus corre l at e s  we l l  with 

t radit i on a l  s e ct i l i t y  ha rdne s s  ( r  = 0 . 8 1 ) . Hardn e s s  seems to 

account for approx imate l y  6 6% of the apparent s hear modu lus 

( R2 = 6 6 . 3 % ) . On compar ing the apparent s he a r  modu l i  of the 

two s amp l e s  with the s ame hardne s s  and s o l i d  fat cont ent , TUI 

Mar . 87 and T T  Jan . 8 7 ,  it  seems easier to s hear the Ammi x  

s amp l e , compared to t h e  Frit z samp l e . 

5 . 3 . 3 .  Compar i s on o f  Shear Test ing with Traditional  Sect i l ity 

Hardn e s s  Test i ng . 

A comp a r i s on between shear t e s t ing and t radit ional  sect i l ity 

hardn e s s  was carried out . Two s amples known t o  have the s ame 

s e ct i l it y  hardness and s o l id fat content at 1 0°C we re chosen , 

one manu factured by the F r i t z process ( TU I  Mar . 8 7 ) , the other 

by t he Amrnix p roce s s  ( TT Jan . 8 7 ) . S amp l e s  were s heared at 7 

and 8 mm/ mi n . 

Res u l t s  are presented i n  Tab l e  5 . 3 .  She a r  t e st ing carried out 

at 7 mm/min required approx imat e l y  the s ame force t o  shear 
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x TU I Feb . 8 7  
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1 6  • MAN May 87 

S h e ar F a i l ure • TT Feb . 87  
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1 0  
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5 1 0  1 5  
Test Temper ature ( ° C )  

Figure 5 .  6 :  Shear failure stress plotted against temperature . 
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Tab l e  5 . 2 :  An example o f  dat a recorded by the P e r k i n  E lme r 

dat a stat i on during l a rge de format i on t e s t ing . 
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:u (:1 

·
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shear modulus ) .  
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s amp l e s  a s  the cut t ing force requi red i n  t radit i onal  s e ct i l ity 

hardne s s  t e st ing . 

5 . 3 . 4 .  Sect i l it y  Hardn e s s  ( C  R Ana l y s e r )  

S e ct i l it y  hardne s s  t e s t i ng was performed o n  two s amp le s ,  one 

F r it z ( MAN May 8 7 )  and one Ammix but t e r  ( T T  Mar .  8 7 ) . S amp l e s  

w e r e  t e st e d  a t  speeds o f  1 0 ,  2 0 ,  3 0 ,  4 0  and 5 0  mm/min a t  a 

t empe rature o f  1 0 °C .  

5 . 3 . 4 . 1 .  S hear Speed 

Re s u l t s  are pre sented in Table 5 . 4 .  P l ot s of probe speed vs . 

force requ i red ( F i gures 5 . 8  and 5 . 9 ) ,  i n d i cate a l inear 

r e l at i onship between shear spe ed and de f o rmat i on force . 

5 . 3 . 4 . 2 .  C omparison o f  Shear Test ing with Sect i l it y  Hardness  

(C  R Ana l y s e r )  

S h e a r  t e s t i ng and s e ct i l it y  hardne s s  t e s t ing ( C  R Ana l y s e r )  

w a s  pe r fo rmed o n  t w o  samples  ( MAN  May 8 7  a n d  TT Ma r .  8 7 )  at 

d i f fe rent speeds . The re sults obtained f o r  the s ample MAN May 

8 7  at 1 0 °C are pre s e nted in F i gure 5 . 8 .  I t  shows approx imat e l y  

t h e  s ame force i s  requ i red f o r  shear a n d  cutt i ng a t  speeds o f  

2 0  - 5 0  mm/ min . A c ompar i son o f  the re s u l t s  obt a i ned for 

s amp l e  TT Mar . 87 ( F i g . 5 . 9 ) s hows the force s requ i red for 

shear and cutt ing do not coinc ide unt i l  speeds of 5 - 1 0  

mm/ mi n . 

5 . 4 .  D I SCU S S I ON 

5 . 4 . 1 .  Shear Test ing 

5 . 4 . 1 . 1 .  S hear Speed 

For both s hear t e s t i n g  and s e ct i l it y  har dne s s  ( C  R Ana l y s e r )  

an i n c re a s ed force i s  needed t o  ' shea r ' a s ampl e  a s  speed 

i n c r e a s e s . Thi s  is n ot unexpected . I f  butter was act ing i n  a 

Newt on i an manner s he a r  s t re s s  wou ld i n c rease as shear rate 

i n creased . However ,  a s  F i gure s 5 . 2 , 5 . 3 , 5 . 4  and 5 . 5  indicate 

a Newt o n i an ( l inear response ) is not s e e n . The shape of the 

curves indicates but t e r  i s  act ing a s  a s h e a r  thinning 

mate r i a l . 



T ab l e  5 . 3 :  Compa ri s on o f  s ect i l it y  hardnes s t e s t ing 

( t ra di t i on a l ) with shear t e s t ing . 

S amp l e  

T U I  Ma r . 8 7  

TT Jan . 8 7  

S e ct i l it y  

4 0  rnrn / m i n  

( g )  

1 8 0 0  

1 8 0 0  

Shear 

8rnrn/min 7 mm/min 

( g )  ( g )  

2 1 3 0  1 8 5 0  

1 9 8 0  1 7 9 0  

T a b l e  5 . 4 : Sect i l i t y  hardne s s  result s ( C  R Ana l y s e r ) . 

Speed 

( mm / mi n )  

5 

1 0  

2 0  

3 0  

. 4 0  

5 0  

TT Mar . 8 7  MAN May 8 7  

1 1 1 2  1 2.0 0  

1 1 7 0  1 2 6 1 

1 3 4 6 1 3 7 5  

1 3 1 8  1 4 9 6 

1 3 6 9  1 5 1 0  

1 3 8 0  1 6 0 0  

1 6 4  
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Thi s  general re l at i onship found between de format ion speed and 

s t re s s  ( force needed for de format i on )  has been obse rved i n  

s e ct i l it y  hardn e s s  t e s t ing by a numbe r o f  worke rs incl uding 

D o lby ( 1 9 4 1 ) , Knoop ( 1 9 7 2 ) , D ixon and Wi l l i am s  ( 1 97 7 )  and 

Mo rten s e n  and D anmark ( 1 9 8 2 ) . 

The behaviour o f  but t e r  dur ing sect i l it y  hardn e s s  t e s t ing has 

been var i ous ly regarded a s  charact e r i s t i c  of a Bingham p l a s t i c  

( Knoop ( 1 9 7 2 ) ) and o f  a powe r law f l u i d  ( D o lby ( 1 9 4 1 ) ) .  D i xon 

and Wi l l i ams ( 1 9 7 7 )  found t he Bingham p l a s t i c  mode l did not 

de s cr ibe the re l at i onship between cut t ing force and cut t ing 

speed as we l l  as  an exponent ial , s emi - l og o r  p ower l aw 

re l at i on ship , a l l  o f  whi ch corre l ated ext reme l y  we l l  w i t h  the 

ob served behavi our . D o lby and Di xon and Wi l l i am s  point out the 

re lat i onship between force and speed may s eem l inear ove r the 

range o f  speeds t e s t e d ,  but in fact be curve d . Sect i l i t y  

test ing u s ing t he C R Ana l y s e r  ove r a wide range o f  speeds ( up 

t o  1 0 0  mm/min ) reveal s a re lat i onship between force and speed 

that i s, in fact, curved ( MacGibbon , 1 9 8 7 ) . 

Knoop c arried out h i s  expe r iment s at speeds o f  0 . 2  - 1 0  mm / s ,  

whi le t he maximum speed u s e d  by D o lby was app r oximat e l y  0 . 65 

mm/ s . D i xon and Wi l l iams u sed speeds i n  the s ame range a s  

Knoop , from 0 . 4 5 - 9 mm/ s  t o  reach t he i r  c on c l u s i on s . B a s ed on 

the r ep o r t s  o f  the above workers it s e ems but t e r  i s  behaving 

more l ike a Bingham p l a s t i c  at higher speeds , and responding 

i n  a more e l a s t i c  fas h i on . I n  cont r a s t , at l ow speeds , butter 

seems to  behave more a s  a p ower l aw fluid,  with vi s cous f l ow 

becom i n g  more import ant . 

P aral l e l s  exist between t h e  changing respons e  o f  butt e r  t o  

incre a s ing speed,  t emperature and hardnes s  dur ing s e ct i l it y  

hardne s s  test ing and shear t est ing . O n  att empt ing t o  f i t  

B i ngham plast i c ,  s emi - l o g  and powe r l aw r e l at i onships t o  the 

curve s obt ained by shear t es t ing p re s ented h e r e  i t  was found 

the B in gham p l a s t i c  mode l best de s cr ibed t he r e su l t s  r e c o rded 
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a t  5 and 1 0 °C .  Howeve r ,  at 1 5 °C a semi - l og o r  powe r - l aw 

re l a t i onship was o ften found t o  be more app r o pr i at e  ( Tab l e  

5 . 5 ) . I n  addit i on ,  in going from hard t o  med i um t o  s o ft 

but t e rs ( as det e rmined by sect i l it y  hardne s s ) , the best 

de s c r ipt i on of butt e r  behaviour appears to progre s s  from 

B i ngham p l ast i c  ( t o  sem i - l og )  t o  powe r - l aw re l at i onship . 

I t  i s  i n t e re s t ing that D o lby ( 1 9 4 1 ) , who found a powe r - l aw 

r e l a t i onship most approp r i ate for s e ct i l it y  h a rdne ss te st ing,  

used re l at ive l y  s o ft s amp l e s  at 1 2 . 5 °C .  Simi l a r l y ,  D i xon and 

Wi l l i ams ( 1 9 7 7 ) used a range o f  butt e r  and butte r / o i l  b lends , 

none o f  whi ch appears t o  have had a sect i l i t y  hardne s s  o f  

grea t e r  than about 6 0 0g a t  1 3 °C .  They t o o  c o n c luded a power­

l aw or s emi - l og re l at i on ship de s cr ibed the behav i our of butter 

bett e r  than the B ingham p l ast i c  mode l . P resumab l y  as 

t emp e r ature and l i qui d  fat content increase , but t e r  is more 

incl ined to f l ow on app l i cat ion of shear st re s se s . Conve r s e l y , 

at l ow t emperatures s o l i d  fat content wou l d  b e  highe r and the 

response woul d  be e l ast i c  rathe r than vi scou s ,  requ i r ing a 

l a rg e r  shear s t r e s s  t o  cause . de format i on . 

I t  s eems a powe r l aw re l at i onship i s  most approp r i at e  t o  

de s c r ibe t he behaviour o f  s o ft e r  but t e r s  unde r s t r e s s  a t  low 

speeds and at h i ghe r t emperature s , wh i l e  the B i ngham p l a s t i c  

mode l best  charact e r i z e s  behaviour o f  harde r but t e r s  a t  h igh 

speeds and l owe r t emperature s . 

5 . 4 . 1 . 2 .  S he a r  F a i lure S t r e s s  

The s h e a r  f a i lure s t re s s e s  o f  Ammi x  butt ers appea red t o  

decre a s e  more rap i d l y  t han Frit z but t e r s  a s  tempe rature 

i n c r e a s e d  from 5 t o  1 0 °C .  Howeve r ,  at 1 5 °C a l l  s amp l e s  had 

app r o x imat e l y  t he s ame shear fai lure s t re s s  ( F i g . 5 . 6 ) . The 

decre a s e  in shear fai l u re stre s s  as t emperatu r e  increases 

depends l arge l y  on the de crease i n  percentage s o l i d fat which 

o c cu r s  a s  t empe rature s r i se . 

Kawa n a r i  e t  a l  ( 1 9 8 2 )  found but t e r  made by t he Cherry-Burre l l  

p r o c e s s  t o  b e  ha rde r a t  a l l  temp erature s ,  t o  h ave greater 



1 6 9  

Tab l e  5 . 5 :  The fit o f  var i ou s  mode l s  t o  she a r  speed vs . force 

dat a found at 5 ,  1 0  and 1 5 °C for four s amp l e s  e xpre s sed as 

c o r r e l at i on coe f fi c i ent s . 

B inghama 

5 °c semi l ogb 

powerlawc 

B i ngham 

1 0 ° C semi log 

powe r law 

B ingham 

1 5 ° C s emi log 

powe r law 

( a )  B ingham : 

TUI Feb . 

8 7  

0 . 9 8 

0 . 8 9 

0 . 9 0 

0 . 9 5 

0 . 8 4 

0 . 8 5 

0 . 9 8 

0 . 9 3 

0 . 9 5 

s = a +b/V 

MAN May 

8 7  

0 . 9 1 

0 . 95 

0 . 95 

0 .  9 2  

0 . 8 8 

0 . 9 1 

0 . 5 4 

0 . 7 4 

0 . 7 4 

( b )  S emi - l og : s = a + b l ogV 

( c )  P ower l aw :  s = avb 

TT Feb . 

8 7  

0 . 9 3 

0 . 9 0 

0 . 9 0 

0 . 9 8 

0 . 9 4 

0 . 9 6 

0 . 8 8 

0 . 9 4 

0 . 9 8 

TT Mar . 

8 7  

0 . 9 7 

0 . 9 3 

0 . 9 4 

0 . 9 7 

0 . 8 8 

0 . 8 9 

0 . 7 6 

0 . 8 7 

0 . 8 5 

( s  = s t re s s  ( cutt ing force ) , V =  she ar s pe e d ,  a and b = 

c on s t ant s . )  
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shear f a i l ure s t re s s e s  and found shear fai lu re stres s  t o  

de crease more rapidly a s  t e st t emper ature i ncreased . A 

di f fe rence between F r i t z  and Ammi x  butter m i ght there fore be 

expecte d . Howeve r ,  the Ammi x  proce s s  d i f f e r s  from the Cherry­

Burre l l  proce s s  in that the Ammix butter is cooled mo re s lowl y  

and w o r k e d  more dur i ng manu facture re sult i n g  i n  a product 

c l o s e  in texture and hardne s s  to c orresponding Frit z butters . 

5 . 4 . 2 .  Apparent She a r  Modu l i  

The apparent s he a r  modu l u s  found for the Ammi x  butte r ( TT 

Jan . 8 7 )  i s  lower than that found for the F r it z  but t e r  ( TUI 

Ma r .  8 7 ) . This is in cont rast with shear fa i lure stre s s  and 

t radi t i on a l  s e ct i l it y  hardne s s  re s u lt s . The apparent s hear 

modulus of the other Ammi x  butt e r  t e sted is a l s o  l ower then 

shear fa i lure s t re s s  or s e ct i l it y  hardne s s  wou ld predi ct . 

Shear fa i l ure s t r e s s  i s  a measure o f  but t e r  st rength . Two 

but t e r s  may requ i re t he s ame amount o f  force to cause shear 

fa i lure , for examp l e , the s amp l e s  TUI Ma r . 8 7  and TT Jan . 8 7  

( fo rce = 1 9 0 0 - 2 0 0 0 g ) . However ,  o n  c a l cu l at ing the apparent 

shear modulus o f  t he s e  two butte r s , the Amm i x  s ample shears 

more e a s i l y ,  i e . ,  Ammix but t e r s  are e ither de forming more 

qui ck l y ,  o r  more de f o rmat i on is needed b e f o re fai lure occurs , 

i n  compar i s on w i t h  F r i t z butt e r . The quest i o n  whi ch mu st be 

a s ked i s  why ,  or how doe s Ammix butt e r  de f o rm more than Frit z ,  

o r ,  why i s  l e s s  de format i on needed be fore shear fa i lure in 

F r i t z  but t e r ?  

F a c t o r s  whi ch m a y  i n fluence t h e  phy s ical  p r opert ies o f  butter 

have been ment i oned i n  t he Int roduct ion ( Chapt e r  1 ,  S e ct i on 

C )  . The s e  include the proport i on o f  s o l i d  t o  l i quid fat the 

ext ent o f  the c r y s t a l l in e  network and the number o f  i nt act fat 

g l obul e s  present . It i s  t hought these fact o r s  wou ld i n fluence 

h ar dne s s ,  she a r  f a i lure s t re s s  and apparent shear modul u s  t o  

t he s ame degree , however t he app a rent shea r  modulus for Ammix 

butt e r  is  substan t i a l l y  l ower than would be predi cted . 
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Kawanari e t  a l  ( 1 9 8 2 )  found Cherry -Burre l l  but t e r  t o  have a 

h igher apparent she a r  modulus than F r i t z but t e r . An 

expl anat i on o f  t h i s  observat i on can be o f fered, based on the 

above fact o r s . The absence o f  fat gl obu les i n  Cherry-Burre l l  

but ter wou l d  r e s u l t  in a l l  s o l id fat pres ent be ing ab l e  t o  

p a r t i cipat e i n  cry s t a l l ine networks . T h i s  wou l d  l e a d  t o  a more 

r igid but te r . Rapi d  cool ing and l it t l e  wo rking wou l d  a l s o  

contr ibute t o  st rength and r i g idity o f  the butt e r ,  result ing 

in a but t e r  whi ch i s  more di f f i cu lt to shear . 

U n l ike Che r ry-Burre l l  butt e r ,  no e a s y  e xp l an at i on for the 

behaviour o f  Ammi x  butter pre sent s i t s e l f  at thi s st age . One 

po s s ibi l it y  re lates to the obs e rvat i on more de fo rmat i on may be 

needed before fai l u re occurs . I f  Ammi x  but ter i s  more pl ast ic 

t han F r i t z  but ter t h i s  e f fect may be s een . 

5 . 4 . 3 .  Sect i l it y  Hardness 

5 . 4 . 3 . 1 .  Compar i s on between Shear Test i ng and T r adit i onal 

S e ct i l it y  H a rdne s s  

Shear test i ng exper iment s per formed at di f fe rent shear rates 

indi cated t hat the force requ i red for shear at a probe speed 

o f  7 - 8 mm/min was approx imat e l y  the s ame as the force required 

f o r  the s e ct i l it y  w i re to cut a s ample . ( T radi t i onal  sect i l ity 

hardness is  per formed at a speed of 4 0  mm /min . )  

5 . 4 . 3 . 2 .  Compar i son between Shear Test ing and S e ct i l it y  

Hardne s s  T e s t i ng ( C  R Ana l y se r )  

U s i ng the C R Ana l y s e r  comp a r i sons between the force requ i red 

t o  shear a s ampl e  with the f orce requ i red to cut a s ample at 

d i f fe rent speeds we re made . At speeds o f  5- 1 0  mrn/min the 

for ce s  needed for s hear and cutt ing we re c l o s e  ( F igs . 5 . 8  and 

5 . 9 ) ,  however ,  at h igher speeds the for ce s  needed tended to 

dive rge e s pec i a l l y  for the s ampl e  TT Mar .  8 7 . 

The re l at i onship between shear test ing and t rad i t i on a l  

s e ct i l i t y  hardnes s , and ( mo re tenuous l y )  shear t e s t ing and 

s e ct i l it y  hardnes s  test ing u s ing t he C R Ana l y s e r  imp l i e s  
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s e ct i l it y  hardne s s  carr i ed out us ing t radi t i o n a l  methods and 

t he c R Ana l y s e r  s hou l d  give s imi l a r  result s . I n  connect i on 

w i t h  thi s MacGibbon and Van der D o e s  ( 1 9 8 7 )  found t radi t i onal 

s e ct i l it y  hardn e s s  carr i ed out at a speed of 4 0  rnrn/min 

c o r re l ated h i gh l y  with C R Ana l y s e r  s e ct i l it y  r e s u lt s . 

5 . 5 .  CONCLUS I ON 

S h e a r  t e s t ing did n ot di f fe rent i a t e  between F r i t z  and Arnmi x  

butt e r  i n  t h e  cou r s e  o f  ordinary t e s t ing . Howeve r ,  calcu l at ion 

o f  apparent shear modu l i  indicate t he s t ructure o f  the two 

t ypes o f  butt e r  di f fers . Arnmix butt e r s  either deform more 

qu i ck l y  or more de format i on is neede d  be fore fai lure occurs . A 
p o s s ib l e  e xp l anat i on for t h i s  apparent di f fe rence may be the 

greater p l as t i c i t y  o f  Arnrnix butt e r . I n  contrast , Kawanari et 

a l  ( 1 9 8 2 ) found a l arge di f ference between F r i t z but ters and 

Che r ry-Burre l l  but t e r . Arnmi x  butt e r  i s  made t o  be as c l o s e  to 

F r i t z  butt e r  in t exture as pos s ib l e , wh ich may exp l a i n  why no 

ma j o r  di f fe rence between F r i t z  and Arnmi x  but t e r  was seen . 

5 . 6 . TRAD I T I ONAL S ECT I L I TY HARDNE S S  T E S T ING VS . LARGE 

D E FORMAT I ON TEST ING 

T ra di t i o n a l  s e ct i l it y  hardn e s s  and s he a r  t e st ing seem to 

mea sure the s ame p rope rty of butt e r ,  ha rdne s s  or f i rmne s s . 

S e ct i l it y  hardn e s s  t e s t ing , with an e rror o f  ± 2 5 g ,  ha s been 

found to be more reproducible than l a rge de format i on t e s t ing . 

I n  addi t i on ,  prepar at i on o f  s amp l e s  f o r  sect i l i t y  hardness  

t e s i n g  i s  e a s i e r  and s amp l e s  are much l arger . Consequent l y ,  

r e s u l t s  are l e s s  a f fected b y  any damage t o  s amp l e s  o r  

i nh omogene i t i e s . 

F o r  a qu i ck ,  rout i n e  ' hardne s s ' me a s urement sect i l i t y  t e s t ing 

wou l d  be the favoured method . She a r  t e s t ing was fe l t  to be 

l e s s  pract i c a l  and l e s s  reproduci b l e . Howeve r ,  s e ct i l it y  

h a rdne s s  t e s t ing i s  a n  emp i r i c a l  t e s t  whi ch doe s not give 

fundament a l  dat a . I f  fundament a l  dat a was requ i red,  for 
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xamp l e , i n  the c a l cu l at i on o f  apparent shear modu l i , l arge 

.e format i on t e s t ing coul d be car r i e d  out . 

n t h i s  wo rk s e ct i l it y  hardne s s  t e s t ing ha s been rout inely 

•er formed on al l s amp l e s  to gain an impre s s i o n  o f  hardness  and 

. s  the pre fe rred test . 



CHAP TER S IX 

AN INTRODUCT I ON TO CREEP COMP L IANCE 
EXP ERIMENTAT ION 

Thi s  chapt e r  i s  divided into two part s . I n  t he f i r s t  part 

( P a rt A)  t he e f fect o f  varying the durat ion o f  creep 

comp l i ance e xper iment s i s  examined . In the se cond part ( P a rt 

B )  expe r imental length i s  kept constant and the creep 

respo n s e s  o f  butt e rs manu factured from cream sub j e cted to 

d i f fe rent cream coo l ing t e chniques are obs e rved . 

PART A 

6A . 1 .  EXPERIMENTAL 

Two F r i t z but t e r s , MAN May 8 7  and TUI Ma r 8 7  were sub j e ct ed t o  

c re ep c omp l i ance t e s t ing o f  va ry ing du rat ion ; 8 ,  1 5  and 2 5  

hours f o r  MAN May 8 7 , a n d  5 , .  8 and 1 9  hours for T U I  Mar . 8 7 . 

Al l s amp l e s  we re a l l owed t o  rec ove r a ft e r  creep comp l i ance 

t e s t ing . 

6A . 2 .  RES ULT S 

A t yp i ca l  c reep and recove ry curve i s  shown i n  F i gu re 4 . 7 .  

C re ep comp l i ance parame t e r s  ( in s t ant aneous comp l i ance , 

ret a rded comp l i ances and v i s co s i t y )  were found for the creep 

re sponse u s ing the n o n - l inear least square s  curve fitt ing 

p rogram NONL I N  ( Chapt e r  4 ,  Sect i on 6 . 1 . 2 ) . I n s t ant aneous 

r e s p on s e s , t he sum o f  comp l i ances and v i s c o s i t y  t e rms for t he 

recove r y  curve were found di rect l y  from the r ecovery curve 

( Ch apte r  4 ,  Sect ion 6 . 2 ) . D at a ,  a l ong with per cent age recovery 

o f  comp l i ance value s are presented in Table 6 . 1 .  F u l l  resu l t s  

a r e  i n c luded i n  Appendix 2 .  

The s um o f  comp l i ances found for the creep expe r iments did not 

vary much as expe r i ment a l  l ength changed . The sum of the 

c o mp l i an c e  values found on recove ry were much l e s s  than those 
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Tab l e  6 . 1 :  Rhe o l ogical paramet ers found for c reep and recove ry 

exper iment s o f  d i f fering l ength . 

S ampl e  MAN May 8 7  

Dur a t ion 8 1 5  

( hours J 

Joc reep 9 ( .  1) 7 ( . 1) 

JRc reep 
a 5 5  ( 2) 5 4  ( 1) 

I:Jc reep 
b 6 4  ( 2) 6 1  ( 1) 

Jorec 5 ( . 5) 3 ( .  5) 

JRrec 1 0  ( 2) 1 2  ( 2) 

I:Jrec 1 5  ( 3) 1 5  ( 2) 

% I:J rec . 2 4  ( 5) 26 ( 4) 

TIN c reep 2 9  ( 1 0) 3 8  ( 9) 

TINrec 4 ( .  5) 1 2  ( 2) 

( a )  Ret arded comp l i ance s . 

( b )  Sum o f  a l l  comp l i ances . 

( )  S t anda rd e r ror.  

Un i t s  

J0 , JR , LJ x 1 0 - 8 P a- l  

llN x 1 0 1 0  P a . s  

7 

56 

6 3  

2 

7 

9 

1 4  

3 3  

16 

TUI Ma r 8 7  

2 5  5 8 1 9  

( .  5) 4 ( .  1) 4 ( . 1) 3 ( . 1) 

( 5) 3 8  ( 1) 3 8  ( .  5) 3 4  ( 16) 

( 5) 42  ( 1) 4 2  ( .  6) 3 7  ( 1 7) 

( .  5) 2 ( .  5) 2 ( .  5) 2 ( .  5) 

( 2) 1 0  ( 2) 6 ( 2) 6 ( 2) 

( 2) 12  ( 2) 8 ( 2) 8 ( 2) 

( 4) 2 9  ( 6) 1 8  ( 5) 22 ( 9) 

( 1 5) 1 8  ( 2) 1 9  ( 1) 1 5  ( 6 )  

( 2) 4 ( .  5) 7 ( 1) 7 ( 1) 
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ca l cu l at e d  for t he creep re sponse . On l y  1 5  - 3 0 %  o f  t he 

o r i ginal  creep respon s e  was recovered . I n  cont rast with the 

sum o f  comp l i ances found for the creep cu rve , t he sum o f  the 

comp l i ance va lues recove red showed a t endency to change as 

dur a t ion of t he e xper iment changed . As a cons equence 

pe r cent age recove ry a l s o  changed ( decreased)  as exper imental 

l en gt h  increased . 

I n  a l l  cases  t he v i s c o s i t y  term obt a ined from creep was larger 

than t he vi s c o s i t y  t e rm found from the re covery curve . The 

vi s co s i t y  t e rms c a l cu l ated for the creep curve s show l i t t l e  

var i at i on with changing exper iment al l engt h . Howeve r ,  the 

v i s co s it y  t e rms found from the recove ry curve show some 

t endency t o  increase a s  the du rat i on o f  the exper iment 

i n c r e a se s . 

6A . 3 .  D I SCUS S I ON 

The var i at i on s een in s ome creep comp l i ance parameters as 

exp e r iment a l  l ength changes demon st rat e s  the need for creep 

comp l i ance expe rimen t s  t o  be carried out ove r a const ant 

l ength o f  t ime . Thi s  mu st be done t o  enable meaningful 

c omp a r i s on s  of dat a obt ained from di f ferent e xper iment s .  

I n  a ddi t i on ,  t he r e s u l t s o f  the creep and recove ry exper iment s 

pe r fo rmed r a i s e  s ome que s t i ons about the nature o f  butters ' 

re sponse . The i n s t ant ane ous recove ry o f  a mode l v i s coe l a s t i c  

mat e r i a l  shou l d  b e  equ a l  t o  t he instantaneous e l ast i c  response 

s e e n  on t he app l i cat i on of s t re s s . L i kewi s e , the ret arded 

e l a s t i c  re spons e  dur ing recove ry shou l d  equ a l  t hat obse rved 

dur ing c reep ( Chapt e r  One , Sect i on A . 6 . 1 . 1 . 1 ) . 

N e it he r  the i n s t ant aneous nor the ret a rded e l ast i c  re sponses 

from recover y  approach the va lues obt a i ned f r om the creep 

curve . On the remova l o f  s t re s s  only 3 0  - 5 0 %  of the 

i n s t antaneous e l a s t i c  re sponse and only  1 5  - 2 5 %  o f  t he 

ret a rded e l as t i c  re sponse i s  being recovered . 

I n  a t rue v i s c o e l a s t i c  mater i a l , a regi on o f  pure v i scous flow 
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i s  e ventua l l y re ached and viscos i t y  rema ins constant a ft e r  

that t ime ( see , f o r  e xample , F ig . 1 . 5 ) . I f  the durat i on o f  an 

exper iment i s  such that a state o f  pure v i s cous f l ow i s  not 

reached, the v i s co s it y  can be c a l culated from the re cove ry 

cu rve , as unre cove red s t rain i s  i ndicat ive o f  the permanent 

de f o rmat ion caused by v i scous flow ( Chapt e r  4 ,  Sect ion 4 . 6 . 2 ) 

The var i at ion in t he v i s cosity values obt a i ned from the creep 

curves as length o f  exper iment increases may indi cate a regi on 

o f  v i s cous f l ow i s  not be ing re ached du ring an expe r iment . 

Howeve r ,  v i s co s i t y  values calcu l ated from t he recove ry curve 

sho u l d  be con s t ant , regardless o f  lenoth o f  expe r iment . This 

was found n o t  t o  be s o ,  with vi s cos it � t e rms tending to 

i n c rease as e xperiment a l  length incre . :  �d . Viscos ity values 

c a l c u l ated from t he creep and recove r 1  curve s ( for exper iment s 

o f  t he same l engt h )  should also be approx imately  the s ame , 

whe reas  they a re not ( s ee Chapte r Seven , S e ct i on 2 . 3 . 1 ) . 

Re s u l t s  for e l a st i c  recove ry are at odds with the genera l i z ed 

Ke lvin v i s coe l a s t i c  mode l ,  as i s  the vi s c o s i t y  term found from 

recovery chang i ng with t ime . Obs e rved creep and recove ry 

behaviours o f  but t e r  are not being account ed for by th i s  

vi s c o e l ast i c  mode l . The se observat i ons and the que st i ons 

a r i s i ng from t hem w i l l  be fu rthe r addressed in Chapter S even 

where creep/ recove ry e xpe riment s are ext ended to more than one 

l oa d  cyc le . 

Le s s  than 1 0 0 %  recove r y  o f  the i n s t ant aneous response has 

previous l y  been reported by DeMan et  a l  ( 1 9 8 5 ) , who fai led to 

see fu l l  recove ry on removing s t re s s  from a sample ( fo r  

examp l e ,  on l y  1 0 % recovery was s een a ft e r  an expe r iment 1 0  

minutes in durat i o n )  . DeMan e t  a l  ( 1 9 8 5 )  a l so reported a 

dec l ine i n  the percent age ret arded e l as t i c it y  recovered ( for 

example , 2 0 %  recove ry a fter a 1 0  minute e xpe riment ) . 

P e rcent age recovery o f  the instantaneous and r�t arded 

e l a s t i ci t y  both decreased as exper imen t a l  du � �' � i on increased . 

I n  cont rast with the r e sult s pre s ented here , they found the 

percentage ret arded e l ast i c  t e rm recovered more than the 
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i n s t an t aneous t e rm over a l l  exper iment al lengths . 

D eMan e t  a l  thought the network st ructures o f  p l a s t i c  fat 

products we re showing an i n i t i a l  e l as t i c response to s t res s ,  

but , a s  experiment a l  length increased the st ructure was 

c o l l ap s ing , result ing i n  incre as ing pe rmanent de format i on . 

The s e  aut hors used the rapid decrease in the recovery o f  

i n s t an t aneous e l ast i c ity as evidence for a rapid co l l apse o f  

the network st ruct ure under a stre s s  great er than the y i e l d  

v a l ue . I f  t h e  s amp l e s  t e sted b y  DeMan e t  a l  w e r e  showing yield 

t ype behavi ou r ,  they we re obvi ous l y  not act ing as l inear 

v i s co e l as t i c  mat e r i a l s . I t  i s  pos s ib l e  the f o rce being used 

wa s t o o  l arge for v i s c oe l a s t i c  the ory to app l y  ( Chapt e r  1 ,  

S e c t i on B . 2 . 1 ) . 

PART B 

BUTTERS MANUFACTURED US ING D I FFERENT CREAM COOL I NG TECHN IQUE S 

6B . 1 .  E XPERIMENTAL 

The ha rdne s s  o f  butt e r  can be man ipul ated by a l t e r ing c ream 

c o o l ing p r ocedures ( Chapter 1 ,  Sect i on C . 2 . 3 . 4 ) . But t e r  was 

manu fa ctured from Alnarp coo led cream ,  s l ow l y  coo led and 

r ap i d l y  c o o led cream ,  as det a i led in Chapte r  Two . 

S e ct i l it y  hardne s s  t e s t ing was carried out . The i n i t i a l  creep 

respon s e s  o f  the three butt e rs we re observed over a pe r i od o f  

1 7  hou rs . 

6B . 2 .  RE SULTS 

S e ct i l it y  hardn e s s  r e s u l t s  at 1 0 °C are presented i n  Tab l e  6 . 2 .  

Creep comp l i ance paramet e r s  were found for the creep r e sponse 

u s i ng t he non- l i near l e ast squares cu rve f itt ing program 

NON L I N  ( Chapte r  4 ,  S e ct i on 6 . 1 . 2 ) . The parame t e r s  fitted to 

t h e  f i r s t  creep comp l i ance response are pre s ented in Table 

6 . 3 .  F u l l c reep comp l i ance resu l t s  are given i n  Append i x 2 .  

The s e ct i l it y  hardn e s s  value found f o r  the samp l e  made f rom 
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Alnarp t reated cream had the lowest sect i l i t y  value , whi l e  the 

s amp le made from s l ow c o o l e d  cream and the samp l e  made from 

rapidly cooled cream had approx imat e l y  the same sect i l i t y  

hardne s s e s . 

The creep comp l i ance re s u l t s  indicate the but t e r  made from 

Alnarp c o o l ed cream showed t he greatest re spon s e ,  i e . ,  had the 

l arge st sum o f  c omp l i ances . The but t e r  manu factured from s l ow 

c o o l ed c ream displ ayed a creep respon s e  s omewhe re between 

those o f  the but t e rs made from Alnarp and rapidly cooled 

cream , whi le the butter prepared from rapidly c o o l ed cream 

showed t he sma l l e s t  creep re sponse . The v i s c o s i t y  t e rm found 

for the butter prepared from s l owly c o o l ed cream is higher 

than wou l d  be expe cted, howeve r ,  a l arge error is invo lved in 

this  t e rm . 

6B . 3 .  D I SCUS S I ON 

I t  i s  wide l y  recogn i s ed Al narp treatment o f  cream produces a 

s o ft e r  p roduct ( Chapt er 1 ,  S ect ion C . 2 . 3 . 4 )  and that rapi d  o r  

shock c o o l ing o f  c ream p roduces a harder pr oduct . 

Butter made from Alnarp treated cream i s  s o fter and c reeps 

further than butt e r  made from s l ow c o o led cream wh i ch i n  turn 

i s  s o ft e r  and creeps furthe r than butt e r  made from rapidly 

c o o l ed cream . From the se re sults it appe ars creep comp l i ance 

re spons e  is di rect l y  re l ated to sect i l it y  hardne ss . This  

re l at i on ship wi l l  be exp l o red further in the f o l l owing 

chapt e r s . 



1 80 

T ab l e  6 . 2 :  Sect i l it y  hardne s s  value s at 1 0 °C found for butters 

manu factured from cream sub j ected t o  di f fe rent c ream coo l ing 

t e chn i que s .  

Cream 

c o o l i ng 

S e ct i l it y  Hardness  

( g )  

A l n a rp 1 4 2 5  

S l ow 1 65 0  

Rap i d  1 7 0 0  

T ab l e  6 . 3 :  Creep comp l i ance paramet ers fitted t o  the creep 

re sponse of butt e r s  manu factured from cream sub j ected t o  

d i f fe rent cream coo l i ng techn i que s .  

Alnarp 

5 . 7  ( . 5 )  

7 0 . 4  ( . 6 ) 

4 7 ( 1 )  

S l ow 

5 .  6 ( .  4 )  

5 6  ( 5 )  

7 3  ( 2 0 )  

( a )  Sum o f  comp l i an c e s  

( )  Abs o l ut e  e r r o r  

Un i t s  

J ·  X 1 0 - 8 Pa - l 
l 

TlN x 1 0 1 0  P a . s  

Rap id 

5 . 5  ( . 5 )  

4 3  ( 5 )  

5 4  ( 7 )  
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CHAP TER SEVEN 

THEORY 

7 . 1 .  INTRODUCT I ON 

Ana l y s i s  o f  the creep comp l i ance o f  but t e r a s s ume s but ter 

behaves a s  a viscoe l a s t i c  mat e r i a l . The gene r a l i zed Kelvin 

v i s coe l a s t i c  mode l ( Chapt e r  1 ,  Sect i on A . 6 . 1 . 1 . 2 )  has been 

used by many wo rke rs t o  exp l ain the rhe o logi c a l  re spons e s  o f  

but ter and re lated fat systems . This s ame mode l i s  f i tted by 

t he least square s non- l i near curve fitt ing p rogram t o  

e xper iment a l  data i n  this  work and creep comp l i ance parameters 

are obt a ined . Howeve r ,  some pre l iminary wo rk ( Chapte r  6 )  

indicat e s  butter may not be act ing a s  a v i s coe l a st ic mat e r i a l . 

Thi s chapt er has been divided into three sect i ons : 

1 )  Load cycl ing , whe re t he appropr i at eness  o f  the gene ra l i z ed 

Ke lvin vi s coelast i c  mode l i s . tested by extending the 

ob servat i on o f  creep comp l i ance behaviour t o  a se cond cycle o f  

s t re s s  and recovery . 

2 )  Rewo rking,  whe re the creep comp l i ance o f  rewo rked butters 

a re obse rved during l oad cycl ing . 

3 )  Deve l opment o f  a theory t o  explain obse rved behavi our . 

7 . 2 .  LOAD CYCL ING 

7 . 2 . 1 .  E xpe riment a l  

Three s amples o f  F r i t z  butt e r  and three s amp l e s  o f  Ammi x  

but ter c o l lected t hroughout t he da i ry ing s e a s on were chosen t o  

g ive a r a nge o f  sect i l it y  hardnes ses and s o l i d  fat content s . 

S amp l e s  were sub j ected t o  c reep comp l i ance t e s t ing for 1 7  

hours , then a l l owed t o  rel ax for 7 hou r s . The creep / recovery 

c y c l e  was then repe ated . 

7 . 2 . 2 .  Re sults 

The s amp l e s  sub j ected t o  c reep and recover y  cyc l ing are a l s o  

e xamined i n  Chapte r  Nine , whe re the re l a t i onships between 
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c r e ep response , sect i l it y  hardness  and s o l i d  fat content are 

exp l o red . Sect i l it y  hardn e s s  resu l t s  and s o l id fat conten t s 

are given in T able 7 . 1 .  Al l s amp l e s  gave the s ame gene ral  

response curve i l l u s t r ated in Figure 7 . 1 .  C reep comp l i ance 

par amet e r s  were found for both the f i rst and se cond c reep 

responses ( C l and C2 re spect ive l y )  u s i ng a non- l inear l e a s t  

s qu a r e s  curve fitt ing p ro gram ( Chapt e r  4 ,  S e ct i on 6 . 1 . 2 ) . 

Three retardat ion mechan i sms were fitted t o  the f i r s t  creep 

curve and two were f i t t e d  to the second creep curve . 

I n s t ant aneous respon s e s , the sum o f  comp l i ances and visco s it y  

t e rm s  for the f i rst a n d  second recovery curve s ( Rl and R2 

re spect ive l y )  were found di rect l y  from the re cove ry curve s 

( Chapt e r  4 ,  Sect i on 6 . 2 ) . Cont i nuous retardat i o n  spectra 

found for the first and s econd creep re spon s e s  o f  TUI Apr .  8 7  

and T T  Apr . 8 7  are shown i n  F i gures 7 . 2 a and b and 7 . 3 a and b .  

Re s u l t s  i n  the form o f  i n st ant aneous comp l i ance , sum o f  the 

c omp l i ances and vi s c o s i t y  terms for the f i r st and second c reep 

and recove ry responses are presented in Tab l e  7 . 2 .  Table 7 . 3  

give s  the ove r a l l  creep respon s e s  found i n  t e rms o f  t o t a l  

d i s t ance crept or recovered whi le T able 7 . 4  shows the 

c o r r e l at i on coe f f i c i ent s calcu l ated between var i ous 

p a r amet e r s . 

On t he f i rst app l icat i on o f  s t r e s s  the usual creep comp l i ance 

r e s p o n s e  is seen . On t he remova l of stress  s ome recovery t akes 

p l a c e , as de s c r ibed in Chapt e r  S ix . On a s econd app l i cat i o n  o f  

s t r e s s  a creep respo n s e  o f  approximate l y  t he s ame magn itude as 

the f i r s t  recovery is observed ( s o ft e r  s amp l e s  c rept a l it t le 

fu rther ) . I f  t he stre s s  i s  then removed a s e c ond recovery , 

ver y  s imi l a r  t o  the f i r s t , i s  obse rved ( F i g . 7 . 1 ) . From the 

gene r a l  shapes o f  the o b s e rved curves i t  s eems butt e r  may be 

behaving i n  a v i s coe l a s t i c  manner a ft e r  the i n i t i a l  c reep 

r e s p on s e . 

Between 3 0  and 5 0 %  o f  t h e  i n i t i a l  i n s t ant aneous comp l i ance wa s 

r e c overed on the remova l o f  s t r e s s . I n s t a: . · , :1eous comp l i ance 
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T ab l e  7 . 1 :  S e ct i l it y  hardn e s s e s  and s o l i d  fat cont ents o f  

s e l ected det e rmined a t  1 0 °C .  

TUI  Oct 8 7  

TT Oct 8 7  

TU I Jan 8 7  

TT Jan 8 7  

TU I Apr 8 7  

T T  Apr 8 7  

TUI  Mar 8 7  

Reworked TUI Mar 87 

TT t==e. �· 8 7 

Reworked TT F e..\:> 8 7  

Sect i l it y  

Hardne s s  ( g )  

1 8 5 0  

1 7 0 0  

2 4 0 0  

1 8 5 0  

1 4 5 0  

1 3 2 5  

1 7 0 0  

5 7 5  

1 6 5 0  

6 0 0  

S o l i d  Fat 

Cont ent 

5 4 . 2  

5 3 . 7  

6 1 . 2  

5 7 . 5  

5 5 . 9  

5 3 . 6  

5 7 . 8  

5 4 . 3  



c reep 

Rl 

C l  

Fi'gurc 7 . 1 :  Typica l c reep comp l i a n ce cu rve seen on repea ted l y  app l y ing a n d  remov i n g  s t re s s . 

R2 

t ime 

....... 
CXl ,j::. 
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Figure 7 . 2 :  Cont inuous ret ardat ion spectra found for t he sample 
TUI Apr i l  1 9 8 7 , a )  f irs t creep response , b ) , s e c ond creep respon s e . 
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F i gure 7 . 3 :  Cont i n uous ret ardat ion spectra f o un d  for t he but t er 

TT Apr i l  1 9 8 7 , a ) , f ir s t  creep re sponse , b ) , second creep respon s e . 
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Tab l e  7 .  2 :  Creep c omp l i ance parame t e r s  f o r  

throughout the y e a r . 

TUI Oct TT Oct 
8 7  8 7  

Creep 1 
Jo 4 . 1  ( .  3 )  4 . 8  ( .  4 )  
J a 3 4  ( 2 )  3 0  ( 3 )  
I:�b 3 8  ( 2 )  3 5  ( 3 )  
TIN 1 1 0  ( 2 2 )  3 4  ( 7 )  

Recove ry 1 
Jo 2 . 1  ( . 5 )  2 . 2 ( .  5 )  
Jr 4 . 9  ( .  5 )  7 ( 1 )  
I:J 7 ( 1 )  9 ( 2 )  
TIN 1 6  ( 2 )  3 0  ( 3 )  

Creep 2 
Jo 1 . 9  ( .  3 )  2 . 2  ( .  4 )  
Jr 2 .  5 ( . 1 ) 0 . 8  ( .  6 )  
I:J 4 .  4 ( .  4 )  3 ( 1 ) 
TIN 1 4 0  ( 4 0 )  5 5  ( 5 )  

Recover y  2 
Jo 2 . 5 ( .  5 )  2 . 2 ( .  5 )  
Jr 5 . 5  ( .  5 )  7 ( 1 )  
I:J 8 ( 1 )  9 ( 2 )  
TIN 1 2 0  ( 3 0 )  1 7 0  ( 3 0 )  

% rec Jo 5 0  ( 1 5 )  4 6  ( 1 4 )  
% rec J r 1 4  ( 4 )  1 5  ( 8 )  
% rec I:J 1 8  ( 3 )  2 5  ( 2 )  

( a )  Ret a rded comp l i ance . 

( b )  Sum o f  comp l i ances . 

( ) St andard e r ro r . 

Un i t s : 

J0 , Jr , LJ x 1 0 _ 8 P a- l  

TlN X 1 0 l O  P a  S . 

TUI Jan TT Jan 
8 7  8 7  

3 . 3  ( . 3 )  4 . 0  ( .  5 )  
2 4  ( 2 )  2 7  ( 4 )  
2 7  ( 2 )  3 1  ( 5 )  

8 8  ( 1 4 )  6 6  ( 7 )  

1 . 4  ( .  5 )  1 . 4  ( .  5 )  
4 . 6  ( . 5 ) 5 ( 1 )  

6 ( 1 )  6 ( 2 )  
2 2  ( 3 )  1 9  ( 1 )  

1 . 4  ( .  4 )  1 . 6  ( .  6 )  
0 .  8 ( . 1 ) 2 . 4  ( .  4 )  
2 . 2 ( .  5 )  4 ( 1 )  
1 1 0  ( 2 8 )  1 8 0  ( 8 8 )  

1 . 4  ( .  5 )  
3 ( 1 )  6 . 6  ( .  5 )  
3 ( 1 )  8 ( 1 )  � 0 0  ( 1 0 0 )  

4 2  ( 1 8 )  3 4  ( 1 6 )  
1 7  ( 9 )  1 7  ( 1 0 )  
2 0  ( 5 )  1 9  ( 9 )  

1 8 7 

s amp l e s  co l l ected 

TUI Apr TT Apr 
8 7  8 7  

5 . 3  ( . 3 )  5 . 2  ( .  3 )  
4 0  ( 1 )  2 7  ( 2 )  
4 6  ( 1 )  3 2  ( 2 )  
2 4  ( 2 )  2 9  ( 3 )  

2 . 7 ( . 5 )  2 . 5 ( . 5 ) 
8 ( 2 )  1 1  ( 2 )  

1 1  ( 3 )  1 4  ( 3 )  
1 1  ( 3 )  2 0  ( 4 )  

1 . 1  ( . 3 )  2 . 3 ( .  5 )  
7 . 1  ( . 1 ) 5 .  7 . 5 
8 . 2  ( .  4 )  8 ( 1 )  
6 5  ( 3 0 )  4 0  ( 1 0 )  

2 . 7  ( . 5 )  2 . 7  ( .  5 )  
7 ( 1 )  7 . 3  ( .  5 )  

1 0  ( 2 )  1 1  ( 1 )  
1 6 0  ( 8 0 )  8 8  ( 1 4 )  

5 1  ( 12 ) 4 7  ( 1 2 )  
2 0  ( 1 0 )  4 2  ( 1 8 )  
2 5  ( 7 )  4 3  ( 1 2 )  
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Tab l e  7 . 3 :  Ove r a l l  creep response di spl ayed b y  s amp l e s  

co l l e cted t hroughout t h e  y e a r  ( x  1 0 - 8 P a- 1 ) .  

Creep 1 

Re c . 1 

Creep 2 

Rec . 2 

TUI  Oct 

8 7  

4 3 . 7  

6 . 7  

1 1 . 1  

8 . 3  

TT Oct 

8 7  

4 4 . 7  

8 . 9  

1 6 . 4  

1 0 . 9  

TUI  Jan TT Jan TUI Apr 

8 7  8 7  8 7  

3 7 . 5  3 7 . 3  6 5 . 1  

5 . 5  5 . 8  1 1 . 4  

5 . 9  7 . 3  1 3 . 7  

4 . 7  7 . 5  9 . 9 

TT Apr 

8 7  

4 3 . 8  

1 3 . 7  

1 8 . 8  

1 1 . 6  

.• 
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Table 7 . 4 :  Corre l a t i on coe f f i cient s f ound between var i ous 

creep comp l i ance parameters and sect i l it y  ha rdne ss for s amp l e s  

o f  but t e r  co l l ected throughout the year . 

S o l i d- 0 . 4 6  

fat 

Sect . - 0 . 5 7 

hard . 

I:Jc 1  

T1Nc 1 

I:JR1 

TlNR1 

I:Jc2 

TlNC2 

I:JR2 

llNR2 

% re ci:J-

0 . 3 9  - 0 . 6 2 - 0 . 0 6 - 0 . 4 7 0 . 1 1 - 0 . 8 7 0 . 2 8  - 0 . 4 8 - 0 . 5 3 

0 . 7 4 - 0 . 8 8 0 . 2 6 - 0 . 8 6 - 0 . 2 7 - 0 . 9 8 0 . 1 4 - 0 . 6 9  - 0 . 4 4 

- 0 . 3 4 0 . 4 0 - 0 . 5 9 0 . 5 8 0 . 8 0 0 . 5 5 - 0 . 3 1 - 0 . 0 5 0 . 6 9 

- 0 . 8 0 - 0 . 0 8 - 0 . 6 0  - 0 . 2 9 - 0 . 62 0 . 1 2 - 0 . 6 6 - 0 . 1 8 

- 0 . 1 7 0 . 8 6 0 . 1 8 0 . 8 4 - 0 . 4 4  0 . 8 9 0 . 5 5 

- 0 . 6 3 - 0 . 2 1 - 0 . 2 6  0 . 0 4 0 . 0 8 0 . 3 0 

0 . 5 1 0 . 8 2 - 0 . 1 8 0 . 6 6 0 . 4 7 

0 . 1 8 0 . 0 0 - 0 . 2 2 0 . 3 1 

- 0 . 1 5 0 . 6 6 0 . 4 7 

- 0 . 3 3 0 . 9 5 

0 . 6 6 
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then rema ins approximat e l y  const ant during the subsequent 

creep and recove ry cyc l e . S imi lar l y , very l it t l e  re cove ry o f  

the ret arded response w a s  obse rved ( T able 7 . 2 ) . Con s equent l y ,  

the sum o f  comp l iances (LJ) recovered i s  much l e s s  than the 

sum o f  c omp l i an c e s  seen f o r  the i n i t i a l  c reep . 

The sum o f  c omp l i ances found for the second creep responses 

appear to be sma l l e r  t han those c a l cu l ated for the f i r st and 

second recove r i e s  ( Tab l e  7 . 2 ) . A cons i de rat i on of t he t o t a l  

creep movement ( T ab l e  7 . 3 ) shows the overa l l  second c reep 

re sponse to be l a rger than e ither of the two recove ry 

re spon s e s . The two f i ndings are cont radict o r y , however ,  t he 

app a rent di s crepancy i s  probab l y  due t o  the fact that the 

ove r a l l creep respon s e s  inc ludes a vi s cous f l ow e l ement 

whe reas  t he ove ra l l recovery respons e s  do not . The f i r s t  

re cove r y  c a n  a l s o  be s e e n  t o  b e  the s ame a s , or l arger t han 

the s e c ond . 

Whi l e  t he re cove r y  re spon s e s  do not cont a i n  a viscous f l ow 

t e rm ,  t he re spon s e s  can be U?ed t o  c a l culate the Newt on i an 

vi s c o s i t y  o f  the pre ceeding creep response . Vi scos i t i e s  

c a l cu l ated f rom t h e  f i r s t  recovery curve a re l e s s  than those 

found for the f i rst creep re sponse ( Table 7 . 2 ) . Howeve r ,  the 

v i s c o s i t i e s  found for t he f i rst creep respon s e s  are s imi l a r  i n  

mag n i tude t o  those obt a i ned from the s econd creep and 

recove r y . The v i s c o s i t i e s  found for the s e cond creep and 

re covery t end to be greater than those seen for the f i r s t  

creep . 

7 . 2 . 2 . l . Retardat i o n  Spe ct ra 

A c ompar i son of the ret a rdat i on spect ra for the first and 

s e cond creep curve s shows t he spectra are not a l i ke ( F i g s . 

7 . 2 a ,  7 . 2b and 7 . 3 a ,  7 . 3b ) . The reta rdat ion spect ra for the 

s e c ond c reep cu rve s are much reduced i n  magn itude . The f i rst 

creep cu rve s have a far great e r  cont r ibut i on to ove ra l l  

response from retardat i on mechan i sms betwe en l n  t ime 3 . 5  and 

8 . 5 ,  whi l e  retardat i o n  mechani sms cont r ibut e  very l itt le t o  
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the second creep c urve unt i l  l ong t ime s . Thi s c an a l so be seen 

on c omparing the c reep curves observed ( F i g . 7 . 4 ) . 

The nece s s i t y  o f  f i t t ing a reduced number o f  retardat i on 

me chan i sms t o  se c o nd creep curve s become s obvi ous , g iven the 

much reduced cont r ibut ion o f  such reta rdat ion mechani sms at 

short and medium t ime s . The t ime constants fitted t ended to be 

in t he regions o f  approximat e l y  ln t ime 6 . 5  and 8 . 5 .  The s e  

constant s a l s o  i nd i cate a l o s s  o f  ret a rdat ion mechani sms at 

sho rt t ime s . The great di f fe rence between the spe c t ra obt ained 

fo r f i rst and s e cond creep re sponses a l s o  i l l u s t r at e s  the 75  -

9 0 %  decrease seen in retarded e l a st i c  response . 

7 . 2 . 2 . 2 .  Corre l at i ons 

The sums of comp l i ances found for the first recover y  ( LJR1 ) , 
the second creep ( LJc2 )  and t he second recover y  ( LJR2 ) are a l l  

highly corre l at e d  with each othe r . I n  addi t i on , these sums o f  

comp l i ances are a l l  high l y  corre l ated with sect i l it y  hardne s s  

( Table 7 . 4 ) . I n  c ont rast , the sum o f  comp l i ances found for the 

f i rst creep response ( LJc 1 ) i s  not h i ghly corr e l a t ed any other 

sum of comp l i ance , ne ithe r  is it  high l y  corre l ated with 

s e ct i l it y  hardne s s  ( Tab le 7 . 4 ) . 

The v i s c o s i t y  found for the f i r s t  creep response (�Nc l ) shows 

a good correl at i on with s e ct i l i t y  hardne s s . �NC l a l s o  shows a 

high negat ive c o r re l at i on wi t h  the sum o f  comp l i an c e s  found 

f o r  the f i r st recove ry ( LJRl ) imply ing the mo re v i s cous a 

s amp l e , the l e s s  it recove rs . Thi s  cont radi ct s e s t ab l i shed 

vi s coe l a s t i c  the o ry which predi ct s greater recove r y  wou l d  be 

s e e n  for increas i ng l y  vi scou s  s amp l e s . No obv i ou s  t rends or 

patterns can be s een for other v i s co s ity terms . 

7 . 2 . 3 .  D i s cu s s i o n  

7 . 2 . 3 . 1 .  Gene ra l Obse rvat ions 

A s ituat i on seems t o  exi st whe re butt e r  i s  behav i n g  as 

s omething othe r  t han a v i s coe l a s t i c  mater i a l . Thi s  was 

i n i t i a l l y  seen o n  a l l owing but t e r  s amp l e s  t o  recover a fter 
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creep test ing ( Chapt e r  6 )  . On ext ending c reep experiment s t o  a 

second creep / recove ry cycle the e xpected r e spons e  o f  a 

vi s c oe last i c  mate r i a l  t o  such t reatment ( as out l ined i n  

Chapter One ) was not observed . The but t e r s  examined f a i led t o  

recover a l l  t he inst ant aneous and ret arded e l ast i c  responses 

and , on a s e c ond app l i cat ion of s t re s s , fai led t o  show a creep 

re sponse s imi l ar t o  that shown on the f i r s t  app l i ca t i o n  o f  

stre s s . 

The cont inuous ret a rdat ion spectra should rema in const ant for 

a v i s coe l ast i c  sy stem . Howeve r ,  retardat i on spect ra found for 

the fi rst and se cond creep are n ot the s ame . This can be seen 

in F i gures 7 . 2 a ,  7 . 2b ,  7 . 3 a and 7 . 3b ,  which show cont i nuous 

reta rdat ion spect ra for the f i r st and second creep responses 

for Apr i l  87 TUI and TT butte r s amp l e s . The number o f  

reta rdat i on me chan i sms fitted shou ld a l s o  rema in const ant from 

the first creep to the second . As ment i oned previ ou s l y ,  it was 

found a two ret ardat i on mechan i sm mode l was more appropriat e  

t o  f i t  the s e c ond creep resu l t s . The change in the number o f  

ret a rdat ion mechan i sms f itte� sugge sts the structural  e l ement s 

whi c h  responded in a certain way on the f i r s t  app l i ca t i o n  o f  

s t re s s  have been a l t ered o r  de st royed . 

The viscos i t y  found from the f i r s t  recover y  (�NRl ) i s a l ways 

l e s s  than that found f r om the f i r s t  creep . Howeve r ,  a s  the 

vi s c o s ity from the f i r s t  recove ry i s  c a l cu l ated from t he total 

unre c overed s t rain ( Chapt er 4 ,  Sect ion 6 . 2 ) , any pe rmanent 

de fo r mat ion caused by s omething other than v i s cous flow wi l l  

be included i n  the term and e f fect ive l y  dec rease the apparent 

v i s c o s i t y  seen . In a t rue vi s co s e l ast i c  s y s t em the v i s c o s i t i e s  

ca l cu l ated from both creep and recove r y  shou ld b e  the s ame . 

The c a l cu l at i on o f  the v i scos i t y  for t he f i rst recove r y  from 

tot a l  unrecovered s t r a i n  has other e ffect s . This vi s co s i t y  i s  

i nve r s e l y  corre l ated w i t h  the s um o f  comp l i ances seen for the 

f i r s t  creep . As the unre covered st rain i n c lude s  a l arge 

propo rt ion o f  the i n it i a l  creep respon s e ,  t h i s  is  not 

surp r i s ing . 
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Tab l e  7 . 2  indicates a rec overy o f  between 3 0  t o  5 0 %  o f  the 

i n s t ant aneous e l a s t i c  re sponse i s  being seen a ft e r  1 7  hours 

creep . The inst ant aneous e l ast i c  re sponse di f fe r s  in 

compar i s on with the reta rded e la s t i c  re spons e s  i n  that the 

proport i on o f  t he o r igin a l  e l ast i c  r esponse ( J0c 1 > rec overed 

i s  great e r  than t hat recovered by the retarded comp l i an ce s . 

The pe r cent age r ecove ry o f  the i n stantaneous response i s  

i nve r s e l y  re l at e d  t o  sol i d  fat content and s e ct i l it y  h ardness . 

A bet t e r  corre l at i on is  seen for s o l id fat c ontent than 

sect i l it y  hardn e s s  ( Tabl e  7 . 4 ) , howeve r ,  n e it he r  corre l at i on 

i s  h i gh . I n  cont rast , the sum o f  comp l iance s found f o r  the 

f i r st and s econd creeps and recove r i e s , and pe rcent age 

recove ry o f  the sum o f  c omp l i ances a re l e s s  we l l  corre l ated 

with s o l i d fat content , compared to sect i l it y  hardne s s . This 

sugge s t s  s o l i d fat content in fluence s the i n s t antaneous 

respon s e , whi l e  the retarded comp l i ances may be mea s u ring the 

s ame p roperty a s  sect i l i ty hardne s s . 

7 . 3 .  REWORK ING 

7 . 3 . 1 .  Expe rime n t a l  

A s ampl e  o f  F r i t z but t e r  and a s amp l e  o f  Ammi x  but t e r  ( TU I  

Mar . 8 7 , hardne s s  1 7 0 0 g  and TT Feb . 8 7 ,  hardne s s  1 65 0g )  we re 

rewo rked t o  i nve s t i gate the e f fe ct o f  rework ing on creep 

compl i an c e s . C re ep c omp l i ance re sponses wer e  obs e rved for two 

1 7  hour creep / 7  hour recovery c y c l e s . 

7 . 3 . 2 .  Re sult s 

The non- l inear l e a st s quares curve fitting program ( Chapter 4 ,  

Sect i on 6 . 1 . 2 )  was u sed t o  fit parameters t o  the creep 

re spons e s  for both o ri g i n a l  and reworked butters . Three 

ret ardat i on mechani sms were f i t t ed to the i n i t i a l  creep 

r e spo n s e ,  whi l e  o n l y  two we re f i t t ed to the second creep 

respon s e . Thes e  resu lts , a l ong with inst ant aneous c omp l i ances , 

sum o f  comp l i an c e s  and v i scos i t e s  found fo r t he f i r s t  and 

second recove r i e s  are p re s ented in Table 7 . 5 .  Fu l l  r e s u l t s  are 
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Tab l e  7 . 5 :  Creep c omp l i ance parameters fitted t o  origina l and 

reworked butter p a i r s . 

TUI Mar RWTUI Mar 
8 7  8 7  

Creep 1 

Jo 5 . 7  ( .  4 )  1 9  ( 3 )  
J 

a 4 0  ( 5 )  1 6 8 ( 4 )  
��b 4 6  ( 5 )  1 8 7 ( 7 )  
TIN 3 4  ( 7 )  6 . 3  ( . 3 )  

Recove ry 1 

Jo 2 . 7 ( .  5 )  4 . 6  ( .  5 )  
Jr 5 ( .  3 )  5 2  ( 1 5 )  
�J 8 . 6 ( .  8 )  5 5  ( 1 6 )  
TIN 1 4  ( .  4 )  2 . 1  ( . 1 )  

Creep 2 

Jo 1 . 8  ( .  3 )  8 . 2 ( . 2 )  
Jr 6 ( 2 )  22  ( 6 )  
�J 8 ( 2 )  3 0  ( 6 )  
TIN 6 8  ( 1 0 )  1 7  ( 4 )  

Recovery 2 
Jo 2 . 5  ( .  5 )  8 . 2 ( . 5 ) .  
Jr 5 ( . 5 ) 3 1 . 9  ( .  5 )  
I.J 8 ( 1 )  3 0  ( 1 )  
TIN 1 2 2  ( 2 0 )  2 5  ( 3 )  

% rec Jo 47 ( 1 2 )  5 1  ( 1 3 )  
% rec Jr 1 3  ( 4 )  2 7  ( 1 0 )  
% rec I.J 1 9  ( 4 )  2 8  ( 4 )  

Sect . 
hard . ( g )  

1 7 0 0  5 7 5  

( a )  Ret a rded comp l i ance . 

( b )  S um o f  comp l a i nces . 

( ) S t andard e r r o r . 

Un it s : 

J0 , Jr , LJ x 1 0 - 8  P a - l 

llN x 1 0 1 0  Pa . s  

TT !=eo RWTT R.-b 
8 7  8 7  

4 . 8  ( . 5 ) 9 ( 1 )  
2 8  ( 2 )  1 2 4  ( 7 ) 
3 3  ( 3 )  1 3 3  ( 8 )  
2 3  ( 4 )  1 0  ( 3 )  

1 . 3  ( .  5 )  7 . 1  ( .  5 )  
4 .  9 ( . 5 ) 2 4 . 1  ( . 5 ) 

6 ( 1 )  3 1 . 5  ( 1 )  
1 8  ( 2 )  3 ( .  5 )  

6 ( 1 )  
7 ( 3 )  1 6  ( 1) 
7 ( 3 )  2 2  ( 2 )  

8 0  ( 1 0 )  2 4  ( 7 )  

6 . 8  ( .  5 )  
7 ( 1 ) 1 5  ( 1 )  
7 ( 1 )  2 2  ( 2 )  

2 5 0  ( 4 0 )  3 0  ( 1 0 )  

2 8  ( 1 3 )  7 7  ( 1 4 )  
1 5  ( 8 )  2 0  ( 2 )  
1 9  ( 5 )  2 3  ( 2 )  

1 6 5 0  6 0 0  
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i nc luded i n  Appendi x 2 .  P ercent age recove r i e s  are a l s o  

pre sented in T able 7 . 6 .  Sect i l it y  hardn e s s e s  and s o l id fat 

c ontent s are shown in Tab l e  7 . 1 .  

B o t h  t he original and reworked s amples  showed t he s ame general 

r e sponse curve ( F i g . 7 . 1 ) on be ing sub j ected t o  two cycl e s  of 

c reep and recovery . 

H ardnes s  de creased cons i de rabl y  on rewo rking , 6 6 % for the 

F ri t z butt er and 6 4 %  f o r  the Ammix butt e r . 

I n i t i a l  Creep 

On compar ing the init i a l  creep response o f  o r i gi n a l  and 

reworked butt e rs , it can be seen that instantaneous comp l i ance 

values i ncreased from 5 . 7  to 1 8 . 9  P a- l ( 3 2 0 % )  f o r  Frit z 

butt e r ,  and from 4 . 5  t o  9 . 2  P a- l  ( 1 9 0 % )  for Amm i x  butt e r . The 

s ums o f  comp l i ance increased by approximat e l y  4 0 0 %  for both 

but t e r s . The t h i rd ret a rded comp l i ance t e rm wa s found to 

increase more on rework ing than t he instant aneous c omp l i ance 

and the f i r s t  and s econd ret?rded terms ( Tab l e  7 . 6 ) . 

The vi s c o s i t y  o f  the reworked Frit z butter de creased by 7 6 % ,  

c omp ared t o  that o f  the o r iginal  butter , whi le that o f  t he 

Amm i x  butt e r  decreased by 6 0 % . 

F i rs t  Rec overy 

The pe r cent age of t he i n s t ant aneous t e rm recovered was greater 

t han t hat recovered by t he ret arded comp l i ance s for both 

o r ig i n a l  and reworked s amp l e s . The reworked Ammi x  s ampl e  

recovered a great e r  pe rcent age o f  t he instantaneous t e rm ,  

c omp ared t o  the o ri g i n a l s amp l e s . The percent age o f  the sum o f  

c o mp l i ances  recovered was approximate l y  t he s ame f o r  the 

o r i g i n a l  and rewo rked s amp l e s  ( Tabl e  7 . 5 ) . 

S ec o nd Creep 

The sum o f  comp l i ance t e rms found for the second c reep 

r e sp o n s e s  o f  the reworked but t e r s  were much great e r  t han those 
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T ab l e  7 . 6 : P ercentage change s seen i n  c reep response o n  t he 

reworking o f  but t e r  s amples . 

TU I Mar . 8 7  T T  Feb . 8 7  

F i rs t  creep 

S!-0 i n c  Jo 3 2 0  1 9 0 

% i n c  LJ 3 8 0  4 0 8  

% i n c  J1 3 0 5  4 3 0  

% i n c  J2 4 1 5  4 4 0  

% i n c  J3 4 6 0  4 8 0  

% dec llN 7 6  6 0  

S e c ond creep 

% i n c  LJ 6 3 0  2 1 0  

S!-0 dec llN 7 0  7 0  

T ab l e  7 . 7 : Pecent age change found i n  s e l ected pa rame t e r s  on 

comp a r i n g  first and s econd c reep respon s e s . 

TUI Mar Reworked 

8 7  TUI Mar . 

% dec Jo 7 7  5 7  

% d e c  LJ 92  8 6  

% dec Jr 9 0  8 9  

% i n c  llN 5 4  6 4  

8 7  

TT F �b 
8 7  

7 8  

8 0  

7 1  

Reworked 

TT fe. b  . 8 7  

3 7  

8 9  

92  

6 0  
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found for the o r i g i n a l  s amples , s i x  t ime s g r e at e r  i n  t he case 

o f  t he F r i t z butt e r ,  and twice as l arge i n  t he case o f  the 

Ammi x  butte r . 

The v i s c o s i t i e s  found f o r  t he se cond creep r e sponse o f  both 

reworked butters showed a 7 0 %  decrease on t he v i s cos i t ies 

found for the o r i g i n a l  s amp l es ( Table 7 . 6 ) . T hese findings are 

i n  l ine with the change s seen dur ing the i n i t i a l  creep 

response o f  the o r i g i n a l  and reworked butt e r s . 

Se cond Rec overy 

The s econd recove ry was , i n  general , sm2 : : e r than the first 

recovery . 

7 . 3 . 2 . 1 .  A Compar i son o f  t he F i rst Creep Re sponse with the 

Se cond 

A c ompa r i s o n  o f  the f i r s t  and second creep re sponse s for 

o r i g i n a l  and rewo rked but t e r  shows the percentage dec rease 

obs e rved from the f i rst to se cond creep i n  i ns t antaneous 

comp l i an ce was l e s s  for t he reworked butt e r . In cont rast the 

percent age decrease in t he sum of comp l i an c e s  for o r i ginal and 

reworked butters was approximat e l y  the s ame ( Tab le 7 . 7 ) . 

Vi s c o s i t y  incre a s e d  from t he first t o  second c reep ,  i n  l ine 

w i t h  those resu l t s  prev i o u s l y  seen ( Sect i on ) . Howeve r ,  the re 

was l it t l e  di f fe rence i n  t he increases seen o n  compar ing 

o r i g i n a l  and reworked but t e r . 

7 . 3 . 2 . 2 .  Ret a rdat i o n  Spe c t r a  

Ret a rdat i on spe ct ra f o r  t he init i a l  creep o f  t he o r i g inal  and 

reworked p a i rs are shown i n  F igures 7 . 5a and 7 . 6a ,  and F igu re s 

7 . 7 a and 7 . 8 a .  The spectra found for the reworked but t e r s  have 

changed i n  shape and are smoothe r . The bu l k  o f  t he spectra 

s eems t o  l ie at l ower t ime s . Thi s  t rend i s  r e f l e ct ed i n  the 

sho rtening o f  ret a rdat i on t imes fitted by t he curve f itt ing 

program NONL IN ( Table 7 . 8 ) . 

F igures 7 . 5b ,  7 . 6b ,  7 . 7b and 7 . 8b show the r e t a rdat i o n  spect ra 

found for the s econd creep re spons e  for the o r iginal and 

• 
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Tab l e  7 . 8 :  Ret ardat i o n  t imes found for original and reworked 

butt er s . 

't 1 ( s )  

TU I Mar 

8 7  

2 8  

3 1 5  

2 0 0 0  

Rewo rked 

TUI Mar . 8 7  

2 0  

1 9 0 

1 6 0 0  

TT 'F eo 
8 7  

2 9  

3 1 9  

3 7 4 0  

Reworked 

TT Fe..o . 8 7 

1 5  

1 0 0  

1 0 0 0  
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reworked p a i r s . I n  cont rast t o  the o r iginal but t e r s ,  t he 

reworked butters have a greater con�ibut ion t o  the spectra at 

l ong t ime s . 

7 . 3 . 3  D i s cu s s i on 

Rewo rk ing a butt e r  results i n  a ma j or di s rupt i on o f  any 

c r y s t a l l ine st ructures pre sent . Cry st a l s , o r  sma l l  c l umps o f  

c r y st a l s , wi l l  b e  distu rbed and rel ocated throughout the 

s amp l e . When the proce s s  of rewo rk ing is comp l et e ,  crystal  

networks w i l l  re form . Howeve r ,  owi ng t o  the break ing of  bonds 

and the di s rupt i on o f  s t ructural un it s ,  the s e  un i t s  w i l l  no 

l onger be in t he i r  mo st probable con f igurat i on . Thi s p roces s 

i s  a l s o  t hought t o  break ' st rong ' bonds or l inkages between 

t he s t ructural e l ement s o f  butte r .  It  is thought that once 

t h e s e  bonds are b roken a l arge proport ion e i ther do not 

re f o rm ,  or on l y  part i a l l y  re form over a long p e r i od o f  t ime 

( H a i ght on , 1 9 6 5 ) . For  these reasons reworking resu l t s  in a 

pe rmanent reduct i on i n  hardne s s . 

Both s amp l e s  dec reased in hardne ss on rewor k i n g . Creep 

comp l i ance parameters have been found to corre l at e  with 

s e ct i l it y  hardn e s s  ( see l at e r ,  Chapt e r  9 ,  S ect i on B . 3 ) , 

there fore t he s e  paramete r s  wou ld be e xpected t o  change for 

reworked butters . 

I n i t i a l  C reep 

I n st ant aneous Re spons e  

The e l as t i c  comp l i ance respons e s  seem t o  be dependent on the 

n umb e r  o f  s t rong ' bonds ' present . As these a r e  broken dur ing 

rewo rking , t he inst ant aneous compl i ance term should i ncrease 

f o r  rewo rked butte r . The reworked F r i t z  but t e r  has a t h i rd o f  

t h e  hardn e s s  o f  the original  butter , and shows an 

i n s t an t aneous r e sponse three t ime s greater t han the o r iginal 

butt e r . The hardne s s  o f  the reworked Ammix butt e r  i s  4 0 % that 

o f  t he unworked but t e r ,  with an inst antaneou s  respons e  twice 

as great as that seen for the unwo rked but t e r  ( Tabl e  7 . 6 ) . 
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Ret arded Re spons e  

Ret arded comp l i ance re sponses should a l s o  increase because the 

reworking proce s s  has reduced the number o f  st rong ' bonds ' 

pre sent . Ret a rded comp l i ances o f  reworked butters are four to 

five t ime s l a rger than those s een for the origina l butt e r . 

The se increa ses are l a rger than woul d  be p redicted by 

s e c t i l it y  hardne s s  a l one . Thi s sugge s t s  reworking a f fects  

e l a st i c  comp l i ances in ways other than j u s t  breaking st rong 

' bo nds ' . The l e s s  favourabl e con f i gurat i ons of elemen t s  of the 

cry stal latt i ce may make de format ion e a s i e r  and exp l a i n  the 

i n c reases seen . 

Ret ardat ion t ime s are a l s o  a f fected by rewo rking in t hat they 

d e crease . It  seems t hat as de format i on becomes ea s i e r , it  

b e c ome s faster ( Tab l e  7 . 8 ) . I t  a l so appea r s  some ' bonds ' at 

med ium to l ong t ime s are lost on reworking . Thi s  may happen as 

st ructural un i t s  are forced from the i r  most probab l e  

pos it ions . O n  r e f o rmat i on o f  crystal netwo rks these ' bonds ' 

may not re form o r  re form very s l owl y . The s e  change s are 

r e flected i n  the reta rdat ion. spectra . 

Vi s cos ity 

The de crease in v i s co s i t y  seen for rewo rked butter i s  

e xpected . With st rong ' bonds ' being broken during rewo rk ing 

fewer bonds wou l d  need t o  break for part i c les or cry s t a l s  to 

be able t o  f l ow . 

I n t erest ing l y ,  the percent age dec re a s e  in vi sco s it y  i s  c lose 

t o  the percent age decrease i n  s e ct i l it y  hardness . As 

mentioned, sect i l it y  h ardne s s  has been found to corre late we l l  

w i t h  vi s co s i t y ,  and l e s s  we l l  with s o l id fat content for a 

range o f  butters ( s ee l at er , Chapter 9 ,  S e ct i on B . 3 ) . S o l i d  

f a t  cont ent i s  n o t  a f fected b y  the breaking o f  st rong bonds 

dur ing rewo rking . F rom the obs e rvat i on s  made he re it s e ems the 

vi s cos ity ( and sect i l i t y  hardne s s }  o f  a s ample are highly 

dependent on the numb e r  of  st rong bonds present , rather than 

s o l id fat content . 
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Other Workers 

S hama and She rman ( 1 9 7 0 )  and Gupt a and DeMan ( 1 9 8 5 )  obs e rved a 

reduc t i o n  o f  approx imat e l y  6 0 %  i n  v i s c o s i t y  on rework ing . This 

f i gure i s  ver y  s im i l ar to the reduct i on in vi s c o s i t y  s een 

here . Change s i n  the sum of comp l i ances seen a ft e r  reworking 

of app r o ximat e l y  5 0 %  were repo rt ed by the s e  worker s . This is  

s omewhat less t han the 75% seen he re . 

7 . 4 .  DEVELOPMENT OF A THEORY TO EXPLAIN OBS ERVED BEHAVI OUR 

7 . 4 . 1 .  I nt roductory comment s .  

The ma j o r s t ruct ural component o f  butter i s  cryst a l l ine fat 

whi ch fo rms a network or series o f  network s . The ne two rk is 

he l d  t ogether by a range o f  ' bonds ' o f  vary i ng s t rengths , 

rang i ng from actual cry s t a l -crystal  l inkage s t o  ve ry weak 

att ra ct i ve van- de r -Waa l s  forces ( Chapter 1 ,  Sect i on C . 2 . 2 ) 

L i qu i d  o i l  i s  h e l d  within t he s o l i d fat network . Ways i n  whi ch 

t he netwo rk mi ght de form under a shear stre s s  mu st now be 

con s i de r ed . The hypothe s i s  mu st exp l a in the obs e rved 

behavi o u r , name l y  t hat a fter the i n i t ial creep response 

s amp l e s  do not s eem t o  unde rgo any further permanent changes 

and appear  to behave in a viscoe l a s t i c  fash i on . 

7 . 4 . 2 Theory A - The Breaking o f  Bonds 

I f , a s  v i scoe l a s t i c  theory assume s , t he inst ant aneous re sponse 

i s  due t o  st rong ' bonds ' or cryst a l - c rysta l l inkages 

st retching ( She rman , 1 9 7 0 ) , the fai lure to recove r a l l ,  or 

even most of t he instant aneous e l a st i c  re sponse may indi cate 

s ome o f  these ' bonds ' are being broken . 

The t endency o f  the instant ane ous re sponses seen a ft e r  the 

f i r st c reep response to rema in approx imat e l y  the s ame ( Table 

7 . 2 )  s ugge s t s  t hat once an init i a l  rupture has o c curred the 

numb e r  o f  rema i n i ng ' bonds ' or cry s t a l - cryst a l  l i nkages does 

not dec r e a s e  furthe r . 
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The break ing o f  ' bo nds ' may cont inue du r ing the ret arded 

e l ast i c  response . The pe rcent age recovery o f  the retarded 

comp l i ances is l e s s  than the percent age recovery o f  

inst antaneous comp l i ance ( Tabl e  7 . 2 ) . This  sugge s t s  mo st 

change i n  structure occurs in the reta rded comp l i ance region 

of  the i n i t i a l  creep curve . Thi s i s  suppo rted by the 

di f ference in retardat i on spe ct ra s een for the f i rst and 

second creep respon ses . The di f fe rence s indi cate the l o s s  o f  

who le regions o f  retardat ion me chan i sms sugge sting a dra s t i c  

change i n  structure h a s  occurred . 

In a v i s c oe l ast i c  s ystem the retarded e l a s t i c  response i s  

thought t o  be due t o  the breaking and re forming o f  the weak 

van-de r-Waa ls ' bonds ' ho lding the crystal  network t ogethe r ,  as 

suggested in Chapt e r  One , Sect ion C . 2 . 2 .  I f  the re format i on of 

van-de r-Waa l s  ' bonds ' is completely revers ible this shou l d  

lead t o  a complete recovery o f  ret arded comp l i ance s . 

Alternat i vely , i f  van-der-Waals  ' bonds ' are re forming without 

recove ring strain t he second creep response shou l d  st i l l  be 

s im i l a r  in magnitude to the Ti rst creep re spon s e . The 

obse rved creep response of butter doe s  not fit e ither o f  these 

scenar i o s . Although van- der-Waa ls ' bonds ' are l i ke l y  t o  be 

present , there mu s t  be some other fact or whi ch is respons ible 

for obs e rved behav i our . �hi s may be t he breaking of bonds , as 

sugge sted above . 

7 . 4 . 2 . 1  Crit i c i sm o f  Theory A 

The suggest ion has  been made above that st rain i s  not 

recovered aft e r  c reep comp l i ance due t o  t he breaking o f  bonds 

on the appl icat i on o f  stress . The s e  bonds are not t hought to 

re form o n  the t ime scale o f  the expe r i ment . 

The rework ing o f  but t e r  i nvo lve s the dis rupt ion o f  st rong 

bonds , leading t o  a permanent s o ftening e ffect ( H a i ght on ,  

1 9 65 ) . The creep r e sponse o f  a reworked butter has  been found 

to show an e last i c  response approx imat e l y  four t ime s that seen 

for an u nwo rked but t e r  ( Sect i on 3 . 2  above ) . I f , as i n  
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rewo rk ing , st rong ' bonds ' are broken dur ing t he f i rst c reep 

respon s e , t he s econd c reep response would be e xp e ct ed to be 

great e r  t han the f i r st , even i f  recovery was s ma l l . I f  the 

number o f  bonds broken was sma l l  i n  compari s o n  t o  rewo rking a 

second creep response at l e a s t  s imi lar t o  t he f i r s t  wou l d  be 

expect e d . 

The vi s c o s i t y  o f  rewo rked but t e r  i s  approx imat e l y  6 0  - 8 0 %  

l owe r than that o f  unworked butter ( Tab le 7 . 6 ) . Ana l ogou s l y ,  

v i s c o s i t y  should a l s o  b e  a f fected b y  bonds bre a k i ng and 

f a i l ing to re form during the i n i t i a l  creep respons e . The 

v i s cos i t y  seen for the second c reep shou l d  indicate the sampl e  

h a s  become l e s s  vi s cous . I n  fact , the vi s co s i t i e s  found for 

the f i r s t  and second creep responses are of s im i l ar magn itude , 

with the v i s c o s i t y  t e rm for the s econd creep (�NC2 ) tending to 

be h i ghe r . 

The above di s cu s s i on sugge st s that whi le the po s s ib i l i t y  some 

bonds may break dur ing creep comp l i ance cannot be ruled out , 

the ob s e rved behavi our doe s not seem to be due t o  bonds 

b r e a k i ng and fai l i ng to re form . 

7 . 4 . 3 . Theory B - D e f o rmat i on o f  the Cry st a l l i n e  Network 

The po s s ib i l it y  that t he bonds ho lding the netwo rk together 

are broken and not reformed dur ing creep comp l i ance now seems 

l e s s  l i ke l y ,  consequent l y  a furthe r exp l anat i on o f  observed 

behavi our appears nece s s ary . 

On the app l i cat i on o f  a shear s t re s s , as i n  creep comp l i ance , 

the network may behave i n  a way s imi lar t o  p o l yme r s  under 

s t r e s s  ( Mande lk e rn , 1 9 6 4 ) . The network may de form a l ong the 

a x i s  o f  app l i e d  stre s s . As thi s happens e l emen t s o f  the 

c r y s t a l  netwo rk wou l d  be d i s t o rted from the i r  m o s t  probable 

c o n f i gurat i on s . In p o l ymers t h i s  results i n  a decrease in 

con f igurat i on a l  ent ropy and may a l s o  be happe n i n g  here . As 

de f o rmat i on i s  maintained,  cryst a l , or stru ct u r a l  uni t s  wou l d  

become i n c re a s ingly o r i entated a l ong the axi s  o f  shear . 
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As the network , o r  part s o f  t he network become more o r i ent ated 

and become a l i gned with each othe r ,  opportun i t i e s  for the 

format ion of a range of bonds wi l l  arise . Weak bonds and / o r  

van-der-Waals  att ract ive forces wi l l  break and re form and , a s  

du rat i on o f  t h e  experiment increases , increas ing l y  st rong 

' bonds ' wi l l  break and re form . Addit ional st rong ' bonds ' , or 

cry stal -cry s t a l  l inkage s may a l s o  be formed du ring t h i s  

proces s .  

The net result o f  forming new l inkages and the cont inuous 

breaking and re forming of van-der-Waals bonds as the network 

become s increas ingly de f o rmed ,  wi l l  be to gradu a l l y  ' l ock ' the 

netwo rk int o a de fo rmed state . Not only wi l l  the de fo rmat i on 

o f  t he network be permanent , the de formed state w i l l  be more 

orde red and there fore have reduced ent ropy . As a result l it t l e  

recovery wi l l  b e  seen on the removal o f  s t re s s . I f  the 

st ructure becomes l ocked int o a more orde red stat� subsequent 

app l i cat i on o f  stre s s  wou ld be e xpected to cause l it t l e  

further de format ion . 

7 . 4 . 3 . 1 .  Explanat ion o f  General Creep Re sponse i n  Re l at i on to 

Th i s  P roposed Theory 

T o  inve s t i gate whether or not t he theory o f  network 

de format ion account s for the creep and recovery behaviour 

du r i ng creep c ompl i ance test ing of the butter , it  i s  now 

appropri ate to cons ider t he re sponses of o r iginal and reworked 

but t e r  s amp l e s  with va ry i ng sect i l ity hardnes s e s  and s o l id 

fat content s . 

I n it i a l  Creep , Instant aneous Response 

On t he app l i cation o f  s t re s s  an inst antaneous e l a s t i c  re spons e  

i s  s een . This can b e  thought o f  a s  t he i n s t ant aneous e l as t i c  

de format ion o f  the netwo rk . The i nstantaneous response 

i n c reases as s o l id fat content decreases . As percent age s o l i d  

fat de creases the crys t a l l ine network wi l l  be l e s s  r ig i d  

because o f  a sma l l e r  number o f  ' bonds ' , a n d  there w i l l  be a 



2 1 0 

sma l l e r  mas s  o f  cryst a l s  t o  de form . Thi s ,  and the pos s ib i l i t y  

o f  increased l iqui d  fat act ing a s  a lub r i c ant wi l l  n o t  on l y  

make deformat i o n  eas i e r , but wi l l  i ncrease the magn i tude o f  

t he de format ion . S imi l a r l y , i n  rewo rked butters whi ch cont a i n  

fewer st rong ' bonds � t h e  crys t a l l ine netwo rk wi l l  be l e s s  

r ig i d  and w i l l  de f o rm m o r e  e as i l y . 

Ret a rded Re spons e  

T h e  retarded e l ast i c  response c a n  be thought o f  a s  the network 

cont i nui ng to de form, with de format i on becoming s l ower as t ime 

goes  on . Bonds w i l l  be breaking and new bonds wi l l  be forming , 

i n c luding some new st rong ' bonds ' . The network wi l l  a l s o  be 

becoming more o r i entated in the di rect i on o f  she a r . The degree 

o f  de format i on wi l l  be re f l e ct ed i n  the comp l i ance s seen . 

S o l i d fat content has been seen t o  have an e f fect on the 

r e t a rded e l ast i c  comp l i ance s . Le s s  cryst a l l ine fat not onl y  

me ans fewe r cry s t a l s  pres ent t o  part icipate i n  the network and 

fewe r ' st rong bonds ' , but a l s o a sma l l er number o f  crystal s t o  

de f o rm . Ove ra l l ,  t h i s  wi l l  r_esult i n  a l e s s  rigid network,  

wh i ch i s  easier t o  de f o rm . 

The l a rge increase i n  retarded comp l i ances seen f o r  reworked 

butt e r s  pre sumabl y  resu l t s  in part from fewer st rong ' bonds ' 

b e i n g  present in the st ructure . As noted p revi ou s l y  ( Se ct i on 

3 . 3 ) an addit i on a l  fact or may be i nvolved,  namely the l e s s  

favourable con f i gurat i on o f  structural e l ements re s u l t ing from 

reworking . 

Vi s co s i t y  

Vi scous f l ow wi l l  event u a l l y  occur a s  part i cl e s  break free and 

a re abl e  to move . Thi s  w i l l  a l s o  he lp or ientation o f  

s t ructural unit s i n  t he di rect i on i n  whi ch stre s s  i s  app l i e d . 

Vi s c o s i t y  i s  corre l at ed with sect i l it y  hardne ss , and s o l id fat 

c o nt ent to a l e s s e r  ext ent . As s e ct i l it y  h ardne s s  and s o l id 

fat content decrease fewer st rong ' bonds ' w i l l  be p r e sent . 
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P r e sumab l y , with fewe r  strong ' bonds ' t o  be broken be f o re flow 

o c curs , a great e r  v i s cous response wou l d  be seen . Thi s i s  

e s pec i a l l y  marked f o r  butters i n  whi ch st rong ' bonds ' have 

been broken on rewo rk ing . I n c reased amount s o f  l iqu id fat 

would a l s o  fac i l it at e  f l ow,  and both factors wou l d  c ont ribute 

to increased orient at i on of s t ructur a l  un its . 

F i r st Re cove ry 

On the remova l of s t res s ,  l it t l e recovery of s t rain i s  seen as 

the de formed netwo r k  has been ' l ocked'  into pl ace . S ome 

in stantaneous recovery ( 3 0 - 5 0 % )  o f  the original e l a s t i c  

r e sponse i s  seen a s  the who l e  netwo rk rel axes when s t re s s  is 

removed . The instantaneous recovery i n c reases a s  s o l i d fat 

c ontent de crea ses . A much sma l l e r  recove ry of o r i g i n a l  

retarded e l ast i c i t y  i s  seen ( 1 5 - 2 0 % )  . Thi s  pre sumab l y  occurs 

as part s o f  the network re l a x  furthe r ,  at a s l owe r pace . 

A greater recove ry o f  the i n s t antaneous comp l i ance i s  seen for 

r eworked butters ( T able 7 . 5 ) , pos s ib l y  indi cat ing the 

reduct ion i n  the number of strong ' bonds ' and t he l e s s  rigid 

s t ructure resu l t ing from reworking enab l e s  gre ater r e l axat ion 

on the remova l of s t re s s . The re cove ry of sums o f  reta rded 

c omp l i ances is al s o  greater f o r  reworked butt e r s . Thi s  may 

a l s o  indi cate the reduct ion o f  the number of s t r ong ' bonds ' 

enables the de formed st ruct u re t o  r e l a x  more . 

S econd Creep and Re covery 

On a second appl icat ion o f  s t re s s  the instant aneous re sponse 

i s  s imi l a r  to that seen previ ou s l y  on recovery . I t  can be 

t hought o f  as the network ' t a k ing the st rain ' again . 

S imi l a r l y ,  ret arded e l a s t i c  responses are o f  the s ame o rder as 

t he strain recove re d .  A greater response than t hat seen for 

recovery may be observed for t he sec ond creep , espe c i a l l y  in 

s o fter but t e r s , a s  further o r ientat i on t akes p l ace . 

The se cond re cove r y  i s  frequent l y  sma l l e r  than that seen for 

t he first recovery , a l s o  indi cat ing t he network has become 
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more o r i ent ated and more ' l ocked'  i n t o  a new , o rde red s t ate 

dur ing the s econd creep . Eventu a l l y  an equ i l ibr ium wi l l  be 

re ached a ft e r  whi ch very l it t l e  i rreversible de fo rmat i o n  wi l l  

t ake p l ace . 

Ret a rdat i on Spect ra 

The ret a rdat i on spe ct ra found f o r  the second c reep responses 

tend t o  support t he idea that de format ion i s  s t i l l  occu r r ing 

at long t ime s . Very l it t l e  de f o rmat i on seems t o  be occu r r ing 

at short t ime s . This  may indicate the de formed network i s  

re asonab l y  s t able a ft e r  one creep - re c overy cyc l e . Howeve r ,  a 

problem with scale e x i s t s  a s  t he s e cond creep re spon s e s  are 

ve ry sma l l . Thi s may be obs cu r ing t he spect ra at short t imes . 

• 

• 
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CHAP TER E I GHT 

BUTTER AND ANHYDROUS P RODUCTS MADE FROM 
THE SAME FAT 

8 . 1 .  INTRODUCT I ON 

Creep compl i ance experiment s on butt e r  in whi ch s t re s s  i s  

app l ied and removed i n  a cycl i c  fashion ( l oad cyc l in g )  

indi cat e samples b e i ng t e s t ed a r e  n o t  act ing a s  viscoe l a st i c  

mat e ri a l s . P e rmanent s t ructural change s seem to be occurr ing 

on t he app l i cat i o n  o f  s t r e s s . Thi s  i s  thought to be due to the 

cry st a l l ine network de fo rming a l ong t he axis  of app l i e d  

s t re s s . A combinat i on o f  new st rong bonds and the rel ocat i on 

o f  weak bonds increas ingly l ock the network into a new , 

po s s ib l y  mo re o rde red s t at e . Thi s was d i s cus sed in the 

p revi ous chapt e r . 

8 . 2 .  EXPERIMENTAL 

Three samples , a p l a st i c i z ed mi l k fat , a mi l k fat / o i l  b l end and 

a butter were prepared from the s ame mi l k fat source in orde r 

t o  invest i gate the e f fe ct o f  the presence o f  wate r  and the 

i n fluence o f  s o l i d  fat content on c reep comp l i ance behavi our . 

The samples were manu factured us ing an Arnrnix type proce s s , 

det a i l s  o f  whi c h  are found in Chapter Two . Al l three s amples  

were l ater reworked . 

S e ct i l ity hardn e s s  values at 1 0 °C we re obt ained for both the 

o r i g i nal and reworked s ampl e s . S o l id fat content s we re found 

by NMR . The s o l id f at content s o f  t he anhydrous product s 

( o ri g inal and rewo rked p l ast i c i zed mi l k fat and m i l k f at / o i l  

b l end)  we re det e rmined d i rect l y  f rom the product s t hemselve s . 

Samp l e s  we re l oaded c o l d  at 5 °C .  The s o l id fat content o f  the 

mi l k fat extracted from the butte r  wa s a l s o  dete rmined . 

Me l t i ng t he rmograms were obt a ined by di f fe rent i a l  s canning 

ca l o r imet r y  fo r the o r iginal  and reworked anhydrous p roduct s .  
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S amp l e s  wer e  l oaded c o l d  at 5 °C .  Al l samp l e s  we re sub j ected to 

c re ep comp l i ance t e s t ing for 17  hours then a l l owed t o  recover 

f o r  7 hour s . The creep / recover y  cycle wa s then repeated . 

8 . 3  RESULTS 

S e ct i l it y  hardne s s  re s u l t s  are presented in Tab l e  8 . 1 ,  and 

s o l id fat content s in T ab l e  8 . 2 .  F i gure 8 . 1 a and b i l lust rate 

t he me lt ing thermograms obt a i ned for the p l ast i c i z ed mi l k fat 

b o t h  be fore and a ft e r  rewo rking,  with F i gure 8 . 2 a  and b 

s howing the me lt i ng curve s o f  t he mi lk fat / o i l  b l end be fore and 

a ft e r  rewo rking . 

The c reep response o f  t he s amp l e s  was ve ry s imi l ar t o  that 

s e e n  and de s c r ibed in Chapt e r  Seven , Figure 1 .  Creep 

c omp l i an ce parameters were found for both the f i r s t  and s econd 

creep re spon s e s  ( C l  and C2 re spect i ve l y )  us ing a non-l inear 

l e a st s qua re s curve f i t t ing program ( Chapt er 4 ,  Sect i on 

6 . 1 . 2 ) . Three ret ardat i on me chani sms we re fitted t o  the first 

creep curve and two we re f i t t ed t o  the se cond creep cu rve . 

I n st ant aneous respon s e s , the · sum o f  comp l i ances and vi scos ity 

t e rms for the f i r s t  and se cond recovery curve s ( R1 and R2 

r e spective l y )  were found direct l y  from the recove r y  curve s  

( Ch apt e r  4 ,  Sect i on 6 . 2 ) . Re s u l t s  a r e  pres ent ed i n  Table 8 . 3 .  

F u l l  c reep r e s u l t s  are g iven i n  Appendix 2 .  Tab l e  8 . 4 give s  

t h e  c o r re l at i on coe f f i c i ent s found between var i o u s  creep 

comp l i an ce paramet e r s  and s e ct i l it y  hardne s s . 

Cont i nuous ret ardat i on spect r a  f o r  the first and s econd c reep 

r e s p o n s e s  f o r  t he o r i g i n a l  s amp l e s  are presented in F i gures 

8 . 3  ( p l a st i c i z e d  m i l k fat ) , 8 . 4  ( but t e r )  and 8 . 5 ( m i l k fat / o i l  

b le n d )  . The ret a rda t i o n  spectra found for t he f i rs t  and second 

c r e ep r e sp on s e s  for t he reworked s amples  are pre s e nt e d  i n  

F i gu r e s  8 . 6  ( p l ast i c i z e d  m i l k f at ) , 8 . 7  (but t e r )  a n d  8 . 8  

( m i l k fat / o i l  b l end)  . 

8 . 3 . 1 .  Sect i l it y  Hardn e s s  and S o l id Fat Content 

The o r i g i n a l  p l a st i c i z ed mi l k fat and butt e r  manu factured from 

the s ame m i l k fat have approximate l y  the s ame sect i l it y  

• 
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Tab l e  8 . 1 :  Sect i l i t y  hardne ss results , 1 0 °C .  

S ampl e  Sect i l it y  Hardne s s  % red' n 

( g )  hardne s s  

PMF 1 8 0 0  

O r i g i n a l  Butter 1 8 2 5  

MF / o i l  1 5 1 2  

PMF 5 5 0  6 9  

Rewo r ked But t e r  7 5 0  5 9  

MF / o i l  4 8 5 6 8  

Tab l e  8 . 2 :  S o l i d  fat contents a s  dete rmined by NMR . 

Tempe rature ( OC )  

0 5 1 0  1 5· 2 0  2 5  

Original  

PMF 4 8 . 0  4 3 . 4  3 5 . 8  2 8 . 9  1 8 . 4  8 . 7  

MF / o i l 3 9 . 1  3 4 . 8  2 8 . 7  2 2 . 3  1 3 . 2  6 . 2  

Reworked 

PMF 4 9 . 7 4 5 . 6  4 0 . 2  32 . 1  " 2 0 . 2 9 . 1  

MF / o i l 4 1 . 6  3 7 . 9  3 3 . 3  25 . 6  1 4 . 7  6 . 5  

But t e r *  5 9 . 6  5 5 . 8  4 8 . 8  33 . 2  1 6 . 6 8 . 5  

* E xt r acted fat . 

PMF = p l a st i c i z ed m i l k fat . 

MF / o i l  = milk fat / o i l  b l end . 

3 0  3 5  

3 . 8  0 . 4  

2 . 5 

3 . 6  0 . 7  

2 . 7 0 . 8  

4 . 0 1 . 1  

2 1 5 
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T able 8 . 3  Creep comp l i ance parame t e r s  f o r  o r i g i n a l  and 

reworked s amp l e s  of but t e r ,  p l ast i c i z e d  mi l k fat and a 

m i l k fat / o i l  b lend manu factured from the same fat s ource . 

Original Reworked 
Butter PMF MF/oil Butter PMF 

C reep 1 

Jo 4 ( . 3 ) 4 ( .  3 )  7 ( 2 )  1 1  ( 1 )  1 2  ( . 1 ) 

J 
a 1 9  ( 1 )  2 1  ( 3 )  4 6  ( 5 )  1 0 4  ( 4 )  1 3 1  ( 1 3 )  

I:�b 2 3  ( 2 )  2 5  ( 3 )  5 3  ( 9 )  1 1 5  ( 5 )  1 4 3  ( 1 3 )  
llN 7 0  ( 4 )  3 0  ( 3 )  3 7 ( 3 )  9 .  6 ( .  6 )  6 ( 1 )  

Recovery 1 

Jo 2 ( .  5 )  2 ( .  5 )  3 ( .  7 )  6 ( .  8 )  6 ( . 5 ) 

Jr 5 ( 1 )  6 ( 1 )  5 ( . 3 )  1 5  ( 5 )  3 2  ( 3 )  
I:J 7 ( 1 )  8 ( 1 )  8 ( 1 )  2 1  ( 6 )  3 8  ( 3 )  
llN 3 3  ( 6 ) 2 0  ( 1 )  2 1  ( 3 )  5 . 1  ( . 2 )  3 . 2  ( . 1 ) 

C reep 2 

Jo 1 . 1  ( .  4 )  1 . 4  ( . 2 )  2 . 5  ( .  3 )  4 . 2  ( .  3 )  5 . 5  ( .  4 )  

Jr 3 ( . 1 ) 1 . 6  ( .  8 )  3 ( .  7 )  1 2  ( . 2 )  1 1  ( .  4 )  
I:J 4 ( .  5 )  3 ( 1 )  6 ( 1 )  1 6  ( . 5 )  1 6  ( .  8 )  
llN 3 0 0  ( 2 0 )  7 0  ( 1 0 )  9 0  ( 1 0 )  2 0  ( .  5 )  1 1  ( 1 )  

Recovery 2 

Jo 2 . 1  ( .  4 )  2 . 1  ( . 5 ) 3 ( .  7 )  6 . 8  ( .  5 )  6 . 8  ( .  5 )  

Jr 2 . 3 ( . 1 )  4 .  9 ( . 5 )  3 ( . 3 )  1 4  ( 5 )  2 6  ( 3 )  
I:J 4 . 4  ( . 5 ) 7 ( 1 )  6 ( 1 )  2 1  ( 6 )  3 3  ( 4 )  
llN 1 1 0 0  ( 3 0 0 )  2 7 0  ( 5 0 )  9 8  ( 1 4 )  2 3  ( 5 )  2 5  ( 6 ) 

% rec Jo 4 8  ( 1 5 )  5 8  ( 1 8 )  4 6  ( 2 4 )  5 0  ( 1 2 ) 4 6  ( 5 )  
% rec Jr 2 5  ( 1 3 )  2 8  ( 1 3 )  1 0  ( 7 )  1 4  ( 7 )  2 5  ( 6 ) 
% rec I:J 2 9  ( 7 )  3 2  ( 8 )  1 5  ( 5 )  1 8  ( 6 )  2 7  ( 4 )  

( a )  Ret a rded c omp l a i n ce . 

( b )  Sum o f  compl i a n ce s . 

( ) St andard e r ro r . 

Un i t s : 

Jo , Jr , }:J x l o - 8 P a- 1 . 

11N x 1 0 1 0  P a . s .  

2 2 0 

MF/oil 

2 2  ( 3 )  
1 6 0 ( 2 2 ) 
1 8 2 ( 2 5 )  
4 . 0 ( . 1 )  

1 4  ( . 5 ) 
5 2  ( 2 )  
6 6  ( 2 )  

1 . 8  ( . 1 ) 

8 . 9  ( . 1 ) 
1 5  ( 3 )  
2 4  ( 3 )  
8 ( 3 )  

1 2  ( .  5 )  
3 5  ( 6 )  
4 8  ( 7 )  
1 8  ( 4 )  

6 4  ( 1 1 )  
3 3  ( 8 )  
3 6  ( 6 )  
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Tab l e  8 . 4 :  Corre l at i on coe f fi c ient s found between var i ous 

creep comp l i ance parameters and sect i l it y  hardne s s  for 

original and reworked butters , p l a st i c i zed mi l k fat and 

mi l k fat / o i l  b l end manu factured from the same fat . 

Sect - 0 . 9 8 0 . 8 7 - 0 . 8 6 0 . 95 - 0 . 9 6 0 . 7 4 - 0 . 9 1 0 . 6 8 0 . 0 8 

hard 

�NC 1 

�NR1 

�NC2 

�NR2 

- 0 . 8 4 0 . 9 4 - 0 . 9 1 0 . 9 9 - 0 . 7 1 0 . 9 7 - 0 . 65 0 . 2 2 

- 0 . 7 3 0 . 9 8 - 0 . 7 9 0 . 97 - 0 . 7 8 0 . 9 1 - 0 . 0 6 

- 0 . 7 9 0 . 95 - 0 . 5 9 0 . 9 9 - 0 . 4 9 0 . 5 2 

- 0 . 8 9 0 . 9 1 - 0 . 8 6 0 . 8 4 - 0 . 0 9 

- 0 . 65 0 . 9 7 0 . 5 8 0 . 2 5 

- 0 . 6 5 0 . 9 8 - 0 . 0 3 

- 0 . 5 6 0 . 4 4 

0 . 2 1  
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har dnes s ,  whi l e the m i l k fat / o i l  b l end i s  s o ft e r . O n  rewo rking 

t he hardne s s  o f  a l l  s amp l e s  i s  reduced . The hardne s s  o f  t he 

two anhydrous product s decreased by approx imat e l y  7 0 % whi le 

the ha rdne s s  o f  the butt e r  decreased by approx imat e l y  6 0 % . 

As e xpected s o l i d  fat cont e n t s  indicat e  the o r i g i n a l  

m i l k fat / o i l  bl end h a s  l e s s  s o l i d fat than t h e  o r i g i n a l  

p l a s t i c i z e d  mi l k fat . On rewo rking t h e  s o l id f a t  cont ent s o f  

t he anhydrous product s incre ases  s l i ght l y  ( 2  - 4 % )  around 1 0  -

1 5° c .  Thi s phenomenon has been noted be fore ( B i s s e l l ,  1 9 8 8 ) . 

Thi s sugge sts tempe rature dur ing rewo rking may have reached 

about 1 5°C ,  caus ing s ome of the fat t o  me l t  and subsequent 

recryst a l l i zat i on has i ncreased the amount of s o l i d fat . 

A me aningfu l  compa r i s on o f  the s o l i d fat cont ent o f  butter and 

t he anhydrous products can not be made because fat was 

i n i t i a l l y  e xt racted from the butter be fore mea s u rement . 

The me l t ing thermograms dete rmined by di f fe rent i a l  s cann ing 

c a l o rimet ry ( F igure s 8 . 1  and . 8 . 2 )  g ive a vi sual  p i cture o f  the 

way i n  whi ch the anhydrous product s re spond t o  i n c re a s i ng 

t emperature . It can be seen that the mi l k fat / o i l  b l end has a 

greater proport i on o f  l iqu i d  fat at l ow t empe rature s . The 

the rmograms show a ma i n  peak at 1 6°C preceeded by a sma l l e r 

p e a k  at 5°C .  The p l ast i c i zed mi l k fat exhib i t s  a sharp wat er 

peak at 0 °C ,  whi ch d i s t o rt s  the sma l l e r  peak . The magni tude of 

the peak sugge s t s  the p roduct cont ains  approx imat e l y  1 %  

mo i sture . The ma i n  peak i s  f o l l owed b y  a sharp dip and a 

l arge , broad peak . Thi s featu re sugge s t s  the h i gh me l t i rig 

t ri g ly c e r i de s  may be crysta l l i z ing separat e l y  dur i ng 

manu facture rather t han forming s o l id solut i on s  with the 

i n t ermediate me lt ing t r iglyceride s  ( Taylor et a l ,  1 97 8 ) . On 

rewo rking t he mai n  features o f  the me l t ing thermograms did not 

change . 
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Figure 8 . 4 :  Continuous retardation spectra found for butter: ( a )  initial creep 

response , ( b )  second creep response. 
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8 . 3 . 2 .  Creep Comp l i ance Re spons e s  

8 . 3 . 2 . 1 .  A Compar i s on o f  t h e  Three S amp le s .  

a )  I n i t i a l  Creep 

2 2 9  

The i n i t i a l  i n s t ant aneous response and sum o f  comp l i ances o f  

the original  m i l k fat / o i l  bl end i s  great er than that seen for 

the other two samp l e s  ( Tab l e  8 . 3 ) . The inst antaneous 

comp l i ance re spons e  and the s um o f  comp l i ances found for the 

p l as t i c i z e d  m i l k fat s ample is approx imately t he s ame as that 

found for the butt e r . The v i s cos i t i e s  o f  the two shorten ings 

are app rox imate l y  t he s ame , whi l e  the v i s cos i t y  f ound for 

butt e r  i s  twice a s  l a rge . 

As for the o r iginal  s amples , t he rewo rked mi l k fat / o i l  b lend 

showed the great e st creep respon s e  ( Table 8 . 3 ) . The sum o f  

comp l i ances s een f o r  t he rewo rked p l as t ic i z ed mi l k fat was less  

than that of  t he mi l k fat / o i l  blend,  with the rewo rked butter 

showing the sma l l e st re spon se . The vi s cos ity o f  t he rewo rked 

but t e r  is once aga i n  greate r  than the v i s cos i t i e s  seen for the 

othe r two s amples . 

b )  F i rst Recovery 

The percent age recove ry of i n st antaneous comp l i ance and the 

sum o f  comp l i ances seen a ft e r  the f i r s t  recove ry are a l s o  

pre s ented i n  T able 8 . 3 .  The o r iginal  p l ast i c i zed mi l k fat and 

but t e r  s howed approx imat e l y  t he s ame percent age recovery o f  

the sum o f  comp l i ances ( about 3 0 % )  whi l e  the m i l k fat / o i l  b lend 

showed a sma l l e r  recove ry ( 1 5 % ) . 

An e xaminat i on o f  t he percent age recoveries o f  the sum o f  

comp l i an c e s  seen a ft e r  t he i n i t i a l  creep for the rewo rked 

s amp l e s  ( Tabl e  8 . 3 ) shows t he b lend to have recovered most , 

fo l lowed by t he p l a s t i ci zed m i l k fat and butt e r . T h i s  t rend i s  

t h e  rever s e  o f  that s e e n  for t he original  samp l e s . 

A great e r  proport i on o f  the i n s t antane ous t e rm i s  recove red 

for both o r iginal  and reworked s amp l e s , compared with the sum 

o f  comp l i ances recovered . 
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c )  S e c ond Creep 

The magn itude o f  t he second c reep response o f  a l l  samp l e s  was 

much l e s s  than that s e e n  f o r  the f i r st creep . The original 

m i l k fat / o i l  blend d i spl ay e d  a great e r  creep re sponse than the 

o t h e r  two s amp l e s  dur ing t he se cond l oad c y c l e  ( Tabl e  8 . 3 ) . 

The v i s cos ity o f  but t e r  was aga i n  great er t han that o f  the 

anhydrous product s .  

On c on s i de r ing the reworked s amples it can be seen that once 

again t he bl end s howed the greatest re spon s e . Both t he 

reworked butter and reworked plas t i c i zed mi l k fat had 

app r o ximat e l y  t he s ame sum o f  comp l i ance s . The vi s co s i t y  seen 

f o r  but t e r  is approx imat e l y  twice that seen for the two 

rewo rked shorten ings . 

d )  Second Re cover y  

T h e  s u m  o f  comp l i an c e s  found f o r  the second recove ry o f  the 

o r i g i n a l  and reworked s amp l e s  are s l i ght ly l e s s  t han those 

seen for corresponding s amp l e s  duri ng the f i rst re covery . 

Vi s c o s i t y  terms found we re l a rge r than tho s e  seen fo r t he 

s e c ond c reep . 

8 . 3 . 2 . 2 .  A Compar i s on between Original and Reworked Samples 

a )  I n i t i a l  Creep 

The c reep respons e  seen for the reworked s amp l e s  is much 

great e r  than that seen for t he original s amp l e s . On compar ing 

t h e  i n i t i a l  creep response o f  the o r iginal and reworked 

s amp l e s  it can be s e e n  that the plast i c i z e d  mi l k fat , the 

butt e r  and the rewo rked mi l k fat / o i l  b lend a l l  s howed 

approximat e l y  the s ame increase in i n s t ant aneous comp l i ance 

( 3 0 0 % ,  T able 8 . 5 ) . I n  cont rast , the pe rcent age increase i n  

sums o f  c omp l i an c e s  seen f o r  reworked p l ast i c i zed mi l k fat 

( 5 5 0 % )  and butter ( 5 0 0 % )  was  great e r  t han that s een for the 

rewo rked b lend ( 3 4 5 % ) . The s econd and t h � �d retarded 

comp l i an c e s  were found to i n c rease mos� · :  reworking . I n  

add i t i o n , t ime c o n s t ant s d�c reased . Thi s J l l ows a t rend noted 
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Table 8 . 5 : P ercent age change s seen i n  var i ou s  paramet e r s  going 

from o r iginal to reworked . 

But t e r  PMF MF / o i l  

Creep 1 

% inc Jo 2 6 0 ( 4 0 )  3 3 0  ( 3 )  3 3 5  ( 1 4 0 )  

% inc J1 4 3 5  ( 4 0 )  4 3 5  ( 4 0 )  1 7 0  ( 5 0 ) 

g,. 0 inc J2 6 5 0 ( 7 0 )  5 9 0  ( 7 0 )  3 6 0  ( 1 0 0 )  

g,. 0 inc J3 5 3 0  ( 5 0 ) 7 4 0  ( 1 8 0 )  5 3 0  ( 1 3 0 )  

% inc LJ 5 0 0  ( 7 0 )  5 5 0  ( 1 1 0 )  3 4 5  ( 1 0  0 )  

%dec llN 8 6  ( 1 0 )  8 1  ( 2 0 )  9 0  ( 1 0 )  

Creep 2 

% inc Jo 3 9 0 ( 1 6 0 )  4 0 0  ( 9 0 )  2 0 0  ( 3 0 )  

% inc LJ 4 1 0  ( 6 0 )  6 1 0  ( 2 3 0 )  4 5 0  ( 1 3 0 )  

% dec TIN 9 3  ( 9 ) 8 4  ( 2  0 )  9 1  ( 4 0 )  

( ) Ab s o lute e r r o r . 
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e ar l i e r  ( Chapte r  7 ,  Sect i on s  3 . 2  and 3 . 2 . 2 ) . The v i s c o s ity o f  

a l l  three s amp l e s  dec re a s e d  b y  8 0  - 9 0 %  o n  reworking . 

b )  F i rs t  Rec ove r y  

THe reworked samp l e s  recovered approx imate l y  t he s ame 

proport i o n  o f  the instant aneous re sponse , as t he original 

s amp l e s  ( Tabl e  8 . 3 ) . The reworked mi l k fat / o i l bl end recovered 

a g r e a t e r  percent age o f  the ret arded comp l i an ce t e rms , 

c omp a r e d  t o  t he o riginal b lend . I n  contrast , t he other 

rewo rked s amp l e s  recovered less t han the o r i ginal s amples . 

c )  S e cond Creep 

The s um o f  comp l i ance t e rms found for the second c reep 

resp o n s e s  o f  the rewo rked s amples  we re much greater than those 

found f o r  t he o r iginal s amp l e s ; s i x t ime s greater i n  the case 

o f  p l as t i c i z e d  mi l k fat , 4 . 5  t ime s great e r  for the blend and 

four t ime s gre ater for t he but t e r . The se increases are s imi lar 

to t h o s e  seen f o r  the i n i t i a l  creep response . 

The v i s c o s i t i e s  found for the second creep o f  the reworked 

s amp l e s  s h owed a dec re a s e  of 8 0  - 9 0 % ,  compared to the 

v i s co s it ie s  found for the original  s ampl e s . These findings are 

s imi l a r  t o  tho s e  changes s een on comparing the init i a l  creep 

response o f  the o r iginal  and reworked s ample s .  

d )  S econd Rec over y  

T h e  s ame t rends whi ch wer e  s e e n  for t h e  f i rst recovery o f  the 

o r i g i n a l  and reworked samp l e s  were evident for the second 

recovery w i t h  the reworked m i l k fat / o i l  b l end recovering a 

great e r  p e r cent age o f  sums o f  comp l i ance , compared t o  the 

other two s amp l e s . 

8 . 3 . 2 . 3 .  A Comp a r i s o n  o f  the F i rst Creep Re sponse with the 

S econd 

A compari s on o f  the first and second creep re spon s e s  for the 

o r i g i n a l  and reworked s amp l e s  ( Tabl e  8 . 6 ) shows the percent age 

decre a s e  obse rved in t he i ns t antaneous re spons e  i s  s imi l ar for 
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Tab l e  8 . 6 : Compar i s on o f  s econd c reep response with the first 

creep re spon s e . 

Original  Reworked 

Butter PMF MF / o i l  Butter PMF MF / o i l  

5 3  6 1  7 4  6 1  6 1  7 8  

% de c I.J 8 9  9 0  8 3  9 0  8 6  8 7  

% inc TIN 4 8  5 7  7 7  5 9  5 2  5 0  
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c o r r e spondi ng pairs o f  s amp l e s . Li kewi se , the percent age 

dec r e a s e  seen in the sum o f  comp l i ances i s  approx imat e l y  the 

s ame f o r  both o r i g i n a l  and reworked butte rs . S im i l a r  re s u l t s  

were found for butt e r s  reworked butter in Chapt er Seven , 

S e ct i on 3 . 2 . 1 .  

Vi s c o s it y  i ncreas e s  from f i rst t o  second c reep for both 

o r i g i na l  and rewo rked s amp l e s . The percent age i ncrease in 

v i s c o s i t y  was not as great for the rewo rked mi l k fat / o i l  b l end . 

S e ct i l it y  hardne s s  was ve ry highly correl ated with a l l  sums o f  

c omp l i an c e s  and with the v i s co s i t i es cal culated for the f i rst 

l oa d / recovery cycle ( T ab l e  8 . 4 ) . Sums of compl i ances were a l s o  

we l l  cor r e l ated with one another . In this  respect the creep 

behav i ou r  o f  s amp l e s  t e sted can be said t o  be s imilar to that 

s h own by t he samp l e s  examined in Chapter Seven . 

8 . 3 . 2 . 4 .  Ret ardat i on Spectra 

The r e t a rdat ion spect ra of  the i n i t i a l  creep curve s ( F i gs . 

8 . 3 a ,  8 . 4 a and 8 . 5 a )  r e f l e ct . the re l at ive s i z e s  o f  the creep 

r e sponse s and show t he blend had a larger first retarded 

r e sp o n s e  t han the o t he r two s amples . Ret ardat i o n  spect ra found 

f o r  t he s e cond c reep response ( F igs . 8 . 3b ,  8 . 4 b and 8 . 5b )  

i n d i cate a l o s s  o f  retardat i on mechan i sms i n  short t ime 

r e g i o n s . ( Th i s  le ads t o  t he fitt ing o f  a sma l l e r  number o f  

r e t a rdat i on mechan i sms , two i nstead o f  three ) . 

Ret a r dat i on spect ra for the reworked s amples ( F igs . 8 . 6a ,  8 . 7 a 

and 8 . 8 a )  s eem t o  be smoother and to have changed in shape , 

comp a red t o  the o ri g i n a l  s amples  ( F igs . 8 . 3a ,  8 . 4 a and 8 . 5a ) . 

The b u l k  o f  retardat i on mechani sms seem t o  have moved to 

s h o r t e r  t ime s . Thi s  phenomenon was also seen f o r  reworked 

b ut t e r  ( Ch apt e r  7 ,  S e ct i on 3 . 2 . 2 ) . In addi t i on the retardat ion 

t ime s c a l c u l ated by NONLIN a re shorter . 

Ret a rdat i o n  spect r a  f o r  the second creep o f  the reworked 

s amp l e s  d i f fe red t o  those seen for the original s amples , 
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espe c i a l l y  at l ong t ime s . The reworked butt e r s  have a much 

great er cont r ibut i on t o  the spect r a  at l ong t ime s ( compare , 

for e xample F igs . 8 . 3  and 8 . 6 ) . 

8 . 4 .  D I SCUS S I ON 

This  study a l l ows t he e f fects o f  vary ing c ompo s i t i on and the 

e f fect of reworking to be inve st igated . It should be po s s ible 

to  appl y  the theory of  network de format i on d i s cussed i n  the 

previ ous chapte r  and e xp l a i n  obse rved behavi our . 

8 . 4 . 1 .  The E f fect o f  Va ry ing Compo s i t i on 

8 . 4 . 1 . 1 .  Sect i l it y  Ha rdne ss 

8 . 4 . 1 . 1 . 1 .  P l ast i c i zed Mi l k fat and Butter 

S e ct i l ity hardne s s  va lues demonst rate that the plast i c i zed 

m i l k f at and but t e r  have approximat ely the s ame hardne s s . On 

cons i dering the po s s ib l e  structure o f  the p l a s t i c i z e d  mi l k fat 

it s e ems l i k e l y  mo st , o r  a l l  o f  t he s o l id fat present wi l l  

f o rm exten s i ve cry s t a l  network s . I n  cont rast , the but t e r  wi l l  

cont a in wate r  drop l e t s  whi ch wou l d  be exp e cted int e r rupt the 

c r y s t al networks . T h i s  would . dec rea se the number o f  s t rong 

' bonds ' present and po s s ibly lead to a l e s s  r igid st ructure . 

As manu factur ing condi t i ons were s imi lar ( Chapter 2 )  t he 

butt e r  might be expe cte d  to be s o fter than the plast i c i z ed 

mi lk f at, howeve r ,  t h i s  i s  not seen . 

I t  i s  t hought strong ' bonds ' are broken o n  reworking and that 

a l a rge proport ion o f  t hese either do not re form, or part i al l y  

r e f o rm ove r a l ong per i od o f  t ime ( Chapt e r  1 ,  Sect i on 

C . 2 . 3 . 7 ) . The p l a s t i c i z ed milk fat , with more extens ive 

c ry s t a l l ine networks , s hould have mo re o f  the se t ype s o f  bonds 

and should t he r e fo re u nde rgo a great e r  reduct i on in h ardnes s  

o n  r eworking . O n  rewor king the p l ast i c i z ed m i l k fat does i n  

fact show a great e r  reduct i on i n  hardne s s  t han the butte r ,  

( Tab l e  8 . 1 ) . This  sugge st s a s ampl e  with a l a rge number o f  

s t rong ' bonds ' wi l l  undergo a greater permanent reduct i on in 

hardness  on rework ing , compared to a samp l e  whi ch may have 

approximat e l y  t he s ame hardne s s ,  but fewe r st rong ' bonds ' . 
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8 . 4 . 1 . 1 . 2 .  P l a s t i c i z ed Mi l k fat and Mi l k fat / o i l  B l end . 

I n  c ont rast with the p l a s t i c i zed m i l k fat , the 8 0 : 2 0 

m i l k fat / o i l  b l end has  a great er pe rcent age o f  l i qu i d  fat , and 

a c o r re spondingly sma l l e r  amount o f  s o l id fat . F rom 0 - 1 5 °C ,  

t he b lend has  approximate l y  2 0 %  l e s s  s o l id fat a s  dete rmined 

by NMR ( Table 8 . 2 ) . Consequent l y ,  less s o l i d  fat is ava i l able 

t o  be invo lved i n  cryst a l l ine netwo rks and fewe r st rong b onds 

w i l l  have formed . The mi l k fat / o i l  b l end,  the re fore , shou l d  be 

s o ft e r ,  and not as s t r ong as t he plast i c i zed mi l k fat . Th i s  i s  

r e f l ected in s e ct i l it y  hardne s s  result s ,  with the blend having 

a hardn e s s  approx imat e l y  2 0 %  lower t han t hat found for the 

p l a s t i c i z ed mi l k fat . 

On reworking,  the m i l k fat / o i l  b l end, with pre sumab l y  fewe r 

s t rong bonds , shou l d  experience a sma l l e r  reduct i on in 

hardn e s s , than that seen for the plast i c i zed m i l k fat . The 

m i l k fat / o i l  b lend does experi ence a sma l ler reduct i on in 

hardn e s s  ( 1 0 0 0 g )  compared with 1 2 5 0 g fo r the plast i c i zed 

mi l k fat . Howeve r ,  both samp l e s  experience about the s ame 

percent age reduct i on in hardne s s ,  7 0 %  f o r  plast i c i z ed mi l k fat 

and 6 8 %  for the m i l k fat / o i l  blend . Thi s  sugge sts the s ame 

pe rcent age o f  ' bonds ' was broken during working . 

I nt e re s t i ng l y ,  even t hough a ma rked reduction in s e ct i l it y  

hardne s s  i s  seen , s o l id fat co� · - � nt seems t o  have increase 

s l i ght l y  on r ewo rking . 

8 . 4 . 1 . 2 .  Creep Comp l i ance 

The s ho rt e ni ng s  and but t e r  made f rom the same fat have been 

found t o  exhibit creep c omp l iance behav i our s imi l a r  t o  that 

seen for t he s amp l e s  examined i n  Chapte r  Seven . C omment s made 

about the c a l cu l at i on o f  the apparent v i s cous t e rm from t he 

f i r s t  recovery a re app l i cable here . Thi s term include s 

unre c overed s t ra in a s  we l l  as v i s co s i t y  and hence give s  an 

unre l i ab l e  indi cat i o n  of v i s cos i t y . 
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The sum o f  the i n i t i a l  creep comp l i ance re spons e s  o f  

p l a s t i c i z e d  mi l k fat and butter we re s im i l a r . Given that the 

two s amp l e s  have approximate l y  the s ame sect i l i t y  hardn e s s  

( and s o l i d  fat cont ent ) the s im i l a r i t y  o f  the sum o f  

comp l i ances i s  not surpri s ing . The sum o f  comp l i ance va lues 

( Tab le 8 . 3 )  and ret ardat i on t ime s ( Appendix 2 )  imp l y  

crys t a l l ine netwo rks a r e  being de formed t o  t h e  s ame ext ent and 

at the s ame rate in both s ample s .  

The vi s c o s ity found for the butter wa s twice that found for 

the p l a s t i c i z ed mi l k fat . Experience with a range of but t e r s  

has shown that s ect i l it y  hardne ss correlat e s  w i t h  v i s c o s i t y  

( Chapt e r  9 ,  Sect i o n  B . 3 ) . Given thi s ,  the di s s im i l a r i t y  i n  

vi scos i t y  seen for the two s amples i s  surpr i s ing . Thi s 

sugge s t s  factors other than fat compo s it ion or method o f  

manu facture are i n fluencing viscos i t y . The ma in di f fe rence 

between the two s amples  is the presence (or absence ) o f  wate r  

droplet s . The re s u l t s  sugge s �  the pre sence o f  wate r  drop l e t s  

m a y  b e  a f fecting t he viscos i ty o f  t h e  i n it i a l  creep response . 

I f  vi s c o s it y  i s  a me asure o f  the ease with whi ch part i c l e s  can 

move past one anothe r ,  t h i s  may indicate wate r  drop l e t s  impede 

t h i s  f l o w  or movement . F l ow may be impeded by wat er drop l e t s  

phys i ca l l y  prevent i ng f l ow b y  dis rupt ing t h e  network and 

b l ocking movement o f  part ic l e s . Wat e r  drop l e t s  may a l s o  

prevent orientat i o n  in the direct ion i n  whi ch s t r e s s  i s  be ing 

appl ied . 

On exam i ning the re sponse o f  reworked p l ast i c i zed mi l k fat and 

butte r  t he reworked butt e r  s ampl e  did not c reep as far as t he 

rewo rked plast ic i z ed mi l k fat (LJ but t e r  1 1 5  x l o - 8 P a- 1 , LJ 

p l a st i c i zed milk fat 1 4 3  x 1 o - 8 P a- 1 ) ,  i e . the two s amp l e s  were 

not de f o rming to the s ame e xtent . Thi s cont rast s with the 

results  seen for the original samp l e s  whi ch have s imi l a r  sum 

o f  comp l i ance va lue s . The fai lure o f  but t e r  t o  work s o ft e n  to 

the s ame e xtent as the p l a s t i c i zed mi l k fat ( 5 9% as opposed to 
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6 9 % )  may e xp l a in the sma l l er s um o f  comp l iance s s e e n , a s  creep 

r e sponse i s  highly correl ated with sect i l it y  hardn e s s  ( T able 

8 • 4 )  • 

I n  l ine with t he original s amp l e s  the vi s co s i t y  o f  t he 

reworked but t e r  was higher than t hat o f  the rewo rked 

p l as t i c i zed mi l k fat . Once agai n  it appears the pre s ence of 

wat e r  drop l e t s  may be impeding f l ow .  

b )  F i rst recove ry 

On t he removal of stres s ,  the p l a s t i c i zed m i l k fat and butter 

both recover to approximat e l y  the s ame extent ( Tab l e  8 . 3 ) . 

The s imi l a r  recovery seen for the retarded comp l iances may 

a l s o  indi cat e  the netwo rk s t ructure s were de f o rmed t o  the same 

ext ent in both s amples and that the amount o f  permanent 

de format i on expe r ienced by both s amp les is app roximat e l y  the 

s ame . 

The i n s t antaneous recove ry seen on the remova l o f  s t r e s s  is  

approximat e l y  the s ame f o r  b0th reworked samp l e s , whi l e  butter 

showed a sma l l e r  overal l recover y  of e l a s t i c  re spon s e  ( 2 0 . 5  x 

1 0 - 8  P a- l compared to 3 8  x l o - 8 P a- 1 ) .  The smal l e r  o ve ra l l 

re covery o f  sums o f  comp l i ance found for but t e r  i s  p robably 

re l at e d  to t he sma l l e r  i n i t i a l  de format i on seen . 

c )  S e cond Creep 

The i n s t antaneous comp l i an ce and sums of comp l i ance s seen fo r 

the s econd c reep re spons e  once again sugge st t he two o r iginal 

s amp l e s  are de f o rming to the s ame extent . 

The r e s u l t s  f o r  t he s econd creep o f  the rewo rked samp l e s  

( Tabl e  8 . 3 ) sugge s t s  the s um o f  comp l i ances s e e n  a r e  

app r o x imat e l y  t h e  s ame . T h i s  cont r a s t s  w i t h  t he i n i t i a l  creep 

where t he p l as t i c i z ed mi l k fat s howed a great e r  sum o f  

comp l i ance r e sponse . 

The o r ig i n a l  and rewo rked butte r s  have much g re at e r  

v i s co s it ie s  than t he o r i g i na l  a n d  reworked p l a s t i c i z ed 
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d )  Second Recover y  
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The s ame t rend a s  seen for the first recovery i s  a l s o  s een for 

the s econd recove r y . On the remova l of stre s s , t he recove r i e s  

seen a r e  approximat e l y  t h e  s ame fo r b o t h  or iginal s amp l e s . The 

reworked plast i c i z ed mi lk fat shows a great e r  recove ry t han t he 

reworked butte r ,  indi cat ing the network st ructure o f  t he 

p l a st i c i zed mi l k f at i s  ab le to relax more e a s i l y  when s t re s s  

i s  removed . 

The v i s c o s i t y  found for t he butter i s  great e r  t han that found 

f o r  the p l ast i c i z ed mi lk fat . Unu sua l l y ,  the v i s c o s i t i e s  found 

for the reworked s amples are approx imately the s ame . 

e )  General  Comments 

The o r ig i n a l  and reworked s amples of  plast i c i zed m i l k fat and 

butt e r  are behaving as wou l d  be predi cted by the t he o r y  

deve l oped in t h e  previous chapter . The one departure from 

predi cted behavi our is  the con s i stent ly highe r vi s co s i t y  found 

for the but ter s ampl es . Thi s is  perhaps due to the presence o f  

wate r  droplets i n  t he butter . 

I t  i s  i nt e rest ing t o  note inst ant aneous comp l i ance values 

rema i n  approxima t e l y  the s ame for or i gina l p l ast i c i z ed 

m i l k fat , reworked plast i c i z ed m i l k fat , original but t e r  and 

reworked butter a fter t he i n i t i al de format i on . This  h a s  been 

noted previ ous l y  ( Chapte r  7 )  . 

8 . 4 . 1 . 2 . 2  P l ast i c i zed Mi l k fat and Mi l k fat / o i l  B l end 

a )  I n i t i a l  Creep 

A compar i s on o f  t he init i a l  creep re sponses seen for t he 

o r i g i n a l  p l ast i c i zed mil k fat and the mi l k fat / o i l  b lend reve a l s  

t h e  b l e n d  h a s  a greater i n stantaneous comp l i an c e  and s um o f  

comp l i an ce va lue and approximate l y  t he s ame v i s c o s i t y  a s  t he 

p last i ci zed mi l k fat . Given the ma i n  di fference betwee n  s amples  
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i s  s o l id fat content t h i s  suggest s the amount o f  s o l id fat 

p r e sent has a l a rge e f fect on both the i n s t antaneous and 

ret a rded e l ast i c  comp l iance s . As noted previou s l y ,  a l ower 

s o l id fat content woul d  have the e ffe ct o f  dec reas i n g  the 

amount of s o l id fat i n  the cryst a l l i ne network and t he number 

o f  s t r ong ' bonds ' pres ent . This wou l d  enab l e  t he networks to 

de f o rm more ea s i ly . Lowe r ing the number o f  fat cryst a l s  

p r e s ent shou l d  a l s o  increase ease o f  de f o rmat i on ,  a s  should 

i n c re ased amount s of l i qu i d  fat , i f  l iqui d  fat act s as a 

lub r i cant ( Chapt e r  7 ,  S e c t i on 4 . 3 . 1 ) . 

Al s o  noted in the previous chapt e r ,  a decrease in t he number 

o f  s t rong ' bonds ' and an increase i n  l iqu i d  fat might a l s o  be 

e xp e cted to decrease vi s c o s it y . This  does not appea r  to have 

happened ,  sugge st ing the ease with whi ch f l ow occurs i s  about 

the s ame in both p l a s t i c i z e d  milk fat and mi l k fat / o i l  b l end . 

On e x amining the reworked plast i c i z ed m i l k fat and mi l k fat / o i l  

b l end the sum o f  comp l i ances o f  the i n i t i a l  c reep found for 

t he b l end i s  great e r  than th�t seen f o r  t he p l a st ic i z ed 

mi l k fat . Howeve r ,  t he di f fe rence between t he two responses is  

n o t  a s  great a s  the di f fe rence in sums of comp l i ance s een 

between the o r i g i n a l  s amp l e s . Thi s sugge s t s  reworking has had 

a g r e ater e f fe ct on p l a s t i c i zed mi l k fat , i e . more st r ong 

' bonds ' may have been broken , enab l ing t he p l a s t ici z ed m i l k fat 

t o  creep comparat i ve l y  further than be fore . This  a l s o  imp l i e s  

t he p l as t i c i zed mi l k fat s hould have w o r k  s o ft ened m o r e  than 

the b lend . Thi s  was obse rved ( Sect i on 4 . 1 . 1 . 1 ) . 

I n  c ontrast t o  the o r ig i n a l  s amp l e s  the v i s co s i t y  o f  t he 

reworked blend i s  s l i ght l y  l e s s  than that seen for t he 

p l a s t i c i zed mi l k fat . Thi s woul d  be expecte d ,  based o n  

d i f fe rences i n  s o l id fat c ontent . 

b )  F i rst Recover y  

The s um o f  comp l i an c e s  recovered a ft e r  the i n i t i a l  c r e ep i s  

s im i l a r  for each s amp l e . P ercent age recovery o f  the s u m  o f  



2 4 1 

compl i ances shows the b l end recover s  l e s s , compared t o  t he 

pl ast i c i zed mi l k fat . Given the appa rent e a s e  with whi ch the 

b lend de forms dur ing the first c reep , t he s t ru cture should 

also relax eas i l y ,  result ing i n  a greater recover y  than is 

seen . The c l osene s s  of t he percent age recovery of the 

inst ant aneous t e rm t o  those seen for p l ast i ci z ed m i l k fat and 

butte r ,  also sugge s t s  the recove r y  of retarded e l ast i c  

comp l i ances i s  much l owe r than expected . 

The reworked mi l k fat / o i l  b lend : shows a great e r  recove ry 

of the retarded comp l i an ce s . Thi s wou l d  be expected i f  

decre a s ing amoun t s  o f  s o l id fat i nc rease the ease with whi ch 

relaxat ion as we l l  a s  de format ion o ccur as ment i oned above . 

The i n stantane ou s comp l i ance term a l s o shows a great e r  

recovery for the bl end . This i s  a l s o  expe cted,  given that the 

instantaneous t e rm is t hought to be dependent on the amount o f  

l i qu i d  fat pre sent . The s e  resu lt s c ont rast with those s een for 

the o r iginal s ample s .  

c )  Se c ond Creep 

Once again the s e cond c reep respons e  o f  the mi l k fat / o i l  b lend 

is gre ater ( in t e rms of sum of comp l i ances ) than t he 

p l ast i ci zed m i l k fat . Thi s sugge s t s  more de format i on i s  t aking 

place . A s im i l a r  re spon s e  is seen for the reworked s amp l e s . 

The v i sco s i t i e s  found for each pa i r  o f  o r i ginal and reworked 

s amp l e s  were s im i l a r . T h i s  unexpected t rend is  the s ame as 

that s een for t he first c reep response . 

d )  S e c ond Recove ry 

The sums of comp l i ance are seen o n  re cover y  for the o r iginal 

samp l e s  a fter the second c reep we re s imi l a r , whi l e  the 

reworked mi l k fat / o i l  blend recove red a great er sum o f  

comp l i ances than the p l a s t i c i zed mi l k fat . This  t rend i s  the 

s ame as that seen for the first recovery . 
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e )  Gene r a l  Comment s 

The behaviour o f  the reworked m i l k fat / o i l  b lend is  i n  

accordance w i t h  expect at i on s  based o n  the the o r y  de s c r ibed in 

the previous chapte r ,  i e . a great e r  creep and recover y  i s  seen 

for e ach cyc l e , compared with the p l as t i c i z e d  m i l k fat . I n  

cont rast , whi l e  the o r i g i n a l  mi l k fat / o i l  blend shows greater 

creep re spons e s  than the p l ast i c i zed m i l k fat , it doe s not show 

the expected great e r  recovery . 

8 . 4 . 2 .  E ffect s o f  Rewo r k i n g  

The hardne s s  o f  a l l  s amp l e s  decreased on reworking , w i t h  the 

p l a s t i c i zed mi l k fat showing the great e s t  decrease i n  hardne s s . 

As noted previous l y ,  vi s c o s i t y  and sum o f  comp l i ances are 

c o r r e l ated with sect i l it y  hardn e s s  ( Tab le 8 . 4 ) , there fore 

change s in these paramet e r s  are expect ed for reworked s amples . 

a )  I n i t i a l  creep 

The change s s een i n  the i n s t ant aneous response appear t o  be 

di rect l y  l inked t o  changes i n  s e ct i l i t y  hardne s s . The hardne s s  

o f  t h e  rewo rked m i l k fat / o i l  Qlend and plast i c i z ed mi l k fat are 

one t h i r d  o f  the hardne s s  o f  the original s amples , whi le the 

i n s t an t aneous respon s e s  are three t ime s tho s e  o f  t he original 

s amp l e s .  The hardne s s  o f  reworked butter i s  4 0 % o f  the 

o r i g i na l , w i t h  an i n s t an t aneous comp l i ance t e rm 2 . 5  t ime s that 

o f  t he s amp l e  ( Tab le 8 . 5 ) . A s im i l a r  relat i onship between 

change i n  hardne s s  and i n c r e a s e s  i n  the inst ant ane ous re sponse 

has been noted for rewo rked but t e r s  ( Chapt e r  7 ,  Sect i on 3 . 3 ) . 

The ret arded e l a s t i c  comp l i ances increase on reworking and are 

2 - 7 t ime s great e r  than those seen for the o r i � i na l  s amples 

( Tabl e  8 . 5 ) . S ome of t h e s e  increases are far 9 ! · · ater  than 

changes in s e ct i l it y  hardn e s s  would predict . This ha s a l s o  

b e e n  seen previ ous l y  f o r  reworked but ters ( Chapte r  7 ,  Sect i on 

3 . 3 ) . I t  i s  t hought reworking a f fect s e l a s t i c  comp l i an ces in 

way s other t han just b r e a k i ng s t rong ' bonds ' . The l e s s  

favourab l e  c o n f i gurat i on s  o f  e l ement s o f  the crys t a l  l at t i ce 

may make de format i on e a s i e r  and e xp l ain the incre a s e s  seen . 
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The great e st i ncrease i n  individu a l  retarded comp l i ances on 

rewo rk ing i s  s een for t he se cond and third comp l i ances . This 

can be seen o n  comparing the retardat i on spect r a  found for 

o r i g in a l  and reworked s ample s .  Ret ardat ion curve s for rewo rked 

s amp l e s  are s moothe r ,  with t he bu l k  of retardat i o n  t ime s 

s h i fted t o  shorter t ime s . The change i n  ret ardat ion spect ra 

and ret ardat i on t ime s indicate t he numbe r o f  mechan i sms and 

bonds contr ibut ing to t he structure of the fat s have changed,  

with the cont r ibut i on from those at l ong t imes being reduced . 

Thi s suggest s bonds etc . which wou ld not o rdin a r i l y  break 

unt i l  l ong t ime s have been de st royed by rework ing . The change s 

s een on rewo rking are s im i l a r  t o  those seen for reworked 

but t e r  ( Chapt er 7 ,  Sect i on 3 . 2 . 2 ) . 

The decrease in v i s co s i t y  seen f o r  rewo rked samp l e s  i s  

expected . A s  with a l l  reworked s ampl e s , t h e  breaking o f  st rong 

' bonds ' wou l d  mean fewe r ' bonds ' would need to break be fore 

part i c l e s  or cryst a l s  a re ab le to flow . 

Vi s c o s i t y  wa s reduced on ave rage 8 6% by rework ing . This i s  a 

great e r  percent age reduct ion than that o f  approx imat e l y  6 0 %  

s e e n  b y  Shama and S he rman ( 1 9 7 0 )  and Gupt a and DeMan ( 1 9 8 5 )  

and a reduct i on o f  6 0  - 7 5 %  seen earl i e r  i n  t h i s  work ( Chapt e r  

7 ,  Sect i on 3 . 3 ) . 

The gre ater reduct ion i n  v i s co s i t y  seen may be due to the 

manu fact u r i n g  method i e . ,  rapid coo l ing and l it t l e  working , 

c ompared t o  ' norma l ' butters , woul d  comb i ne t o  produce a 

harde r product . This  p rodu ct cou l d  be expected t o  cont a in a 

great e r  number o f  st rong ' bonds ' and ther e fore s o ften more on 

reworking , l eading t o  the greater reduct i on i n  v i s co s i t y  seen . 

b )  F i rs t  Rec ove ry 

Reworking does not seem t o  a f fe ct the pe r cent age re cove ry o f  

the inst ant aneous term,  compared with t he o r i g i n a l  s amp l e s . As 

e xpecte d ,  t he reworked b l end shows a greater recovery t han t he 
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o t he r two s amp l e s . Thi s  cont rast s with the behaviour o f  t he 

o r i g i n a l  b l end whi ch s howed l e s s  recovery t han the othe r two 

s amp l e s . The rewo rked p l ast i c i zed mi l k fat and butter show a 

s imi l a r  or l e s s  recove r y ,  compared to t he o r i g i n a l  s amp l e s . 

c )  Second Creep and Recove r y  

Rewo rking,  l e ading t o  a decrease in sect i l i t y  hardne s s ,  would 

a l s o  be expected to result i n  increased sum of c omp l i ances and 

dec r e a s ed vi s c o s i t i e s  being seen during a s e cond l oad cycle . 

The re sponses  seen are appropri a t e l y  increased o r  decreased 

( Tabl e  8 . 5 ) , and are r e l ated t o  sect i l it y  hardne s s  ( T ab l e  

8 . 4 ) . The parame t e r s  increase and decrease i n  approximate l y  

t he s ame rat i o s  a s  seen when the f i rst creep o f  o r i g i n a l  and 

rewo rked s amp l e  p a i r s  are compared ( Tab le 8 . 4 ) . This was a l s o  

seen f o r  rewo rked butt e r  ( Chapt e r  7 ,  Section 3 . 2 ) . 
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CHAP TER NINE 

SEASONAL TREND S IN FRI T Z  AND AMMIX BUTTER 

PART A : E S TABL I SHED METHOD S 

9A . 1 .  INTRODUCT I ON 

I n  New Z e a l and , m i l k fat compo s i t i on va r i e s  in a regu l a r ,  

recurring manner t h roughout t he year . As a re su l t , t he 

rhe o l og i c a l  behaviour o f  butter fluctuat e s  with s e a s on . 

S e a s onal t rends obs e rved i n  t he sect i l i t y  hardn e s s  o f  patted 

butter we re reported by D o lby , who c a r r i ed out t he f i r st 

reported survey o f  the hardne s s  o f  New Zealand butter ( D o lby , 

1 9 4 9 ) . The re s u lt s showed a l a rge annua l  variat i on ,  with 

butter s o ft e st at t he st art o f  the s e a s on (Augu st ) , rapidly 

be coming harde r i n  O ct obe r t o  reach a peak hardn e s s  in 

Decembe r .  F rom Janua r y , the butter became soft e r .  Us ing i odine 

values and s o ftening point as a measure of mi l k fat 

compos i t i on , D o lb y  c onc luded . " . . .  t hat at least 8 0 % o f  the 

var i at i on in s o ft ne s s  . . .  can be att ributed to var i at i on s  in 

t he compo s i t i on of t he but t e r f at " . . . . 

The seasona l t rends repo rt ed b y  MacGibbon and McLennan ( 1 9 8 7 ) , 

who unde rtook a s e c ond survey o f  but t e r  t o  dete rmine the 

c hange s i n  hardn e s s  o f  New Z e a l and pat ted butte r ,  para l le l  

t ho se o f  D o lby ( 1 9 4 9 ) . 

I n  this  study t he s easonal t rends i n  chemi cal and phys i c a l  

p ropert i e s  o f  but t e r  we re exam i ned . An attempt was made t o  

e st ab l i s h  a re l at i o n ship between rhe o l o g i cal measurement s such 

a s  sect i l it y  hardne s s  and creep comp l i ance (P art B )  and 

melt ing charact e r i s t ics and compo s i t i on o f  mi l k fat . 

9A . 2 .  EXPERIMENTAL 

S amples  o f  Frit z and Ammi x  butters were col lected t hrough the 

1 9 8 5  - 1 9 8 6  dai ry s e ason f rom Oct obe r t o  Apri l ,  the 1 9 8 6  -
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1 9 8 7  season f r om August t o  Apr i l  and the 1 9 8 7  - 1 9 8 8  s e a s on 

f r om Sept ember t o  Decembe r  inclus ive . Tradit i on a l  sect i l it y  

hardne s s  and s o l id fat cont ent by NMR were dete rmined f o r  a l l  

s amp le s . D i f fe rent i a l  s canning calor imetry me l t i ng 

t he rmograms , fat t y  a c i d  and t r iglyc e r i de compo s it i on s  we re 

det e rmined f o r  s amp l e s  co l l ected in the 1 9 85 - 1 9 8 6  s e a s on . 

S ample c o l l e ct i on i s  det a i led in Chapt e r  Two . 

9A . 3 .  RE SULTS AND D I SCUS S I ON 

9A . 3 . 1 .  S e ct i l it y  Hardne s s  

S e ct i l it y  ha rdne s se s  were det ermined a t  1 0 °C f o r  a l l  s amp l e s  

( Table 9 . 1 ) . F i gu re 9 . 1  shows the var i at ion i n  hardn e s s  

t h roughout t he year . The resu l t s  f o r  t h e  ' 8 6 - ' 8 7 sea son show 

a s t eep r i s e  in hardn e s s  i n  the spring , reaching a peak around 

Novembe r / D e cembe r ,  fo l l owed by a de crease in t he autumn . 

Aut umn hardne s s e s  do not fa l l  as low a s  spring hardne s se s . The 

' 8 5 - ' 8 6 s e a s on shows a s imi lar t rend,  although the Ammi x  

but t e rs had l ower sect i l it y  values dur ing the s umme r . Too few 

samp l e s  were c o l l e cted for the ' 8 7 - ' 8 8 season to e s t ab l i sh 

any de f i n i t e  t rends i n  hardn� s s . 

The t rend i n  sect i l it y  hardn e s s  throughout the s e a s on was 

s im i l a r  to that reported by Do lby ( 1 9 4 9 )  and MacG ibbon and 

McLennan ( 1 9 8 7 ) . 

But t e r s  manu factured by the Ammi x  method during the s amp l ing 

pe r i od were s o ft e r  t han corre sponding butters manu factured 

u s ing the F r i t z  proces s .  Howeve r ,  the F r i t z  and Ammix s amp l e s  

c o l l ecte d  mont h l y  are manu factured w i t h  cream c o l lected from 

d i f ferent s ou rce s . The imp l i cat i ons o f  this are d i s cu s s ed 

l a t e r  ( Se ct i on A . 3 . 5 ) . 

9A . 3 . 2 .  S o l id Fat Content 

S o l i d fat content s for mi l k fat extract ed from F r i t z  but t e r  are 

p r e s ented i n  T ab l e  9 . 2 , with re s u l t s  f o r  mi lk fat extracted 

from Amm i x  but t e r  i n  Table 9 . 3 .  
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T ab l e  9 . 1 : The sect i l it y  hardness  o f  s amples  o f  patted but t e r  

det e rmined at 1 0 °C .  

FRI TZ AMMI X  
Date Hardne s s  Date Hardn e s s  

( ) ( g )  
8 5  - 8 6  S EASON 

Oct 1 1 7 2 5  Oct 2 1 1 0 0 

Nov 5 2 1 0 0  Nov 1 1 4 0 0  

Dec 7 1 3 5 0  

Jan 8 1 8 5 0  Jan 3 1 2 0 0  

Feb 1 1 7 0 0  Feb 1 1 3 2 5  

Mar 6 1 4 5 0  Ma r 7 1 3 2 5  

Apr 9 1 9 5 0  Apr 1 1 5 0 0  

8 6  - 8 7  S EASON 
Aug 1 4  9 0 0  

Sep 1 1 0 0 0  
2 1  1 2 0 0  

Oct 22 1 9 0 0  

Nov 1 2 0 5 0  Nov 1 1  1 5 5 0  

D e c  5 2 3 0 0  

Jan 6 2 4 0 0  Jan 1 1 8 5 0  

Feb 1 0  2 0 0 0  Feb 1 0  1 65 0  

Ma r 7 1 7 0 0  Ma r 2 5  1 4 5 0  

Apr 4 1 7 0 0  Apr 2 1 3 2 5  

8 7  - 8 8  S EASON 
Sep 4 1 4 5 0  

Oct 5 1 8 5 0  Oct 7 1 7 0 0  

Nov 1 1 7 2 5  Nov 1 1 7 0 0  

D e c  7 2 1 5 0  D e c  7 1 4 0 0  
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Table 9 . 2 :  P e rcent age s o l id fat as det ermined by NMR f o r  

s amples o f  m i l k fat ext ract ed from Fr i t z  butt e r . 

TEMP . 0 5 1 0  1 5  2 0  2 5  3 0  
( oC )  

8 5- 8 6  S EASON 
Oct 1 6 6 . 1  6 1 . 8  5 4 . 4  3 7 . 1  1 9 . 7  1 0 . 1  4 . 5  

Nov 5 6 9 . 2  6 5 . 0  5 8 . 5  4 2 . 0  2 2 . 0  1 2 . 1  5 . 9  

Dec no s amp le rece ived 

Jan 8 6 8 . 8  6 5 . 0  5 8 . 5  4 3 . 0  2 4 . 2  1 2 . 1  6 . 8 

Feb 1 6 7 . 4  6 3 . 6  5 7 . 1  4 2 . 3  2 3 . 1  1 2 . 8  6 . 4  

Mar 6 6 6 . 3  6 3 . 3  5 7 . 2  4 2 . 2  2 3 . 0  1 2 . 6  6 . 1  

Apr 9 6 6 . 4  63 . 3  5 7 . 1  4 1 . 6  2 2 . 5  1 3 . 0  5 . 8  

8 6- 8 7  SEASON 
Aug 1 4  5 8 . 6  5 5 . 1  5 0 . 3  3 5 . 1  1 9 . 0  9 . 5  4 . 4  

Sep 1 5 8 . 7  5 5 . 1  4 8 . 8  3 4 . 9  1 7 . 6  8 . 9  4 . 5 

Sep 2 1  6 0 . 5  5 7 . 1  5 0 . 5  3 5 . 9  1 9 . 0  9 . 9  4 . 8  

Oct 2 2  6 5 . 0  6 1 . 9  5 6 . 1  3 8 . 2  2 0 . 5  1 1 . 4  4 . 9  

Nov 1 6 7 . 0  63 . 3  5 6 . 1  4 0 . 4  2 1 . 5  1 1 . 5  4 . 4  

D e c  5 7 0 . 8  6 7 . 3  6 0 . 5  4 5 . 4  2 5 . 4  1 3 . 4  7 . 0  

Jan 6 7 1 . 0  6 7 . 6  6 1 . 2  4 6 . 8  2 7 . 3  1 4 . 0  7 . 2  

Feb 1 0  7 0 . 6  67 . 0  6 1 . 0  4 5 . 8  2 7 . 7  1 4 . 5  7 . 2  

Ma r 7 6 7 . 3  63 . 9  5 7 . 8  4 2 . 0  2 4 . 4  1 3 . 0  6 . 9  

Apr 4 6 6 . 4  62 . 5  5 5 . 9  3 9 . 4  2 1 . 6  1 2 . 3  5 . 6  

8 7 - 8 8  S EASON 
Sep 4 6 2 . 0  5 7 . 3  5 1 . 0  3 6 . 4  1 8 . 2  9 . 4  4 . 5  

Oct 5 6 5 . 0  6 0 . 7  5 4 . 2  3 8 . 6  1 9 . 5  1 0 . 5  4 . 6  

Nov 1 6 8 . 1  6 4 . 1  5 7 . 0  4 1 . 4  2 1 . 4  1 1 . 8  5 . 0  

Dec 7 7 0 . 2  6 6 . 5  6 0 . 0  4 5 . 3  2 4 . 6 0 1 3 . 4  6 . 7  

2 4 9  

3 5  

0 . 4  

1 . 0  

1 . 3  

1 . 3  

1 . 3  

1 . 6  

1 . 4  

1 . 6  

0 . 6  

1 . 0  

1 . 6  

1 . 3  

1 . 8  

1 . 5 

0 . 4  

0 . 6  

0 . 1  

0 . 4  

0 . 8  



T ab l e  9 . 3 :  Percent age s o l id fat as dete rmined by NMR for 

samp l e s  of m i l k fat ext r acted from Amm i x  butt er . 

TEMP . 0 5 1 0  1 5  2 0  25 3 0  
( oC )  

8 5 - 8 6  SEASON 
Oct 2 6 0 . 5  5 6 . 2  4 8 . 8  3 1 . 8  1 5 . 7  8 . 3  5 . 0  

Nov 1 6 3 . 8  5 9 . 5  52 . 3  3 5 . 2  1 7 . 5  9 . 8  4 . 4  

D e c  7 6 5 . 6  6 1 . 8  5 4 . 7  3 8 . 6  2 0 . 0  1 1 . 8  5 . 1  

Jan 3 6 5 . 1  6 0 . 9  5 4 . 0  3 7 . 1  1 9 . 7  1 0 . 8  4 . 9  

Feb 1 6 4 . 5  6 0 . 7  5 4 . 1  3 8 . 8  1 9 . 8  1 1 . 7  5 . 4  

Mar 7 62 . 2  5 9 . 1  5 2 . 3  3 6 . 5  1 8 . 7  1 0 . 8  4 .  8 

Ap r 1 6 2 . 8  5 9 . 5  5 3 . 0  3 6 . 7  1 9 . 1  1 1 . 3  5 . 2  

8 6 - 8 7  SEASON 
Nov 1 1  65 . 5  6 1 . 8  5 4 . 3  3 7 . 5  1 9 . 9  1 1 . 4  4 . 0  

Dec No s ampl e  rece ived 

Jan 1 6 7 . 7  6 3 . 7  5 7 . 5 . 4 2 . 6  2 3 . 8  1 2 . 7  6 . 1  

Feb 1 0  6 8 . 8  6 4 . 6  5 8 . 4  4 2 . 6  2 4 . 1  1 3 . 2  6 . 3  

Mar 2 5  6 5 . 1  6 1 . 1  5 4 . 3  3 7 . 2  2 0 . 1  1 1 . 3  5 . 6  

Apr 2 6 4 . 2  6 0 . 2  5 3 . 6  3 6 . 3  1 9 . 1  1 1 . 1  4 . 9  

8 7 - 8 8  S EASON 
Oct 7 6 5 . 4  6 0 . 3  5 3 . 7  3 8 . 7  1 9 . 6  1 0 . 9  4 . 9  

Nov 1 6 7 . 6 6 3 . 8  5 6 . 9  4 0 . 9  2 2 . 1  1 2 . 5  5 . 7  

D e c  7 6 7 . 3  6 3 . 6  5 6 . 4  4 1 . 3  2 1 . 0  1 2 . 0  5 . 5  

2 5 0 

3 5  

0 . 7 

0 . 6  

0 . 7  

0 .  6 

0 .  9 

0 . 3  

1 . 3  

1 . 1  

1 . 1  

0 . 5  

0 . 8  

0 . 8  
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Summe r  m i l k fat has a h i gher s o l id fat content than either 

spr ing o r  autumn mi l k fat , e spe c i a l l y  at temperatures be l ow 

2 0 °c .  

The s e a s onal va r i at i on i n  t he s o l i d fat content at 1 0 °C i s  

shown i n  F igure 9 . 2 .  A t rend s imilar t o  t hat shown by hardness  

( F i g . 9 . 1 ) may be obs e rved ,  with a rap i d  increase in s o l i d fat 

content through spring t o  s umme r ,  f o l l owed by a dec l ine i n  

autumn . MacGibbon and McLennan ( 1 9 8 7 )  obs e rved the same 

seasonal t rends for s o l i d fat content as a re reported here . 

MacG ibbon and McLennan point out the e f fe ct o f  short t e rm 

f luctuat ions in s o l i d fat c ontent are a l s o  seen i n  the s o l i d 

fat / s e a s on curve . 

Mi l k fat extract ed from butter made by the Ammix method has 

c on s i stent ly l owe r s o l i d  fat leve l s  than that made by the 

F r i t z  p roce ss . This is d i s cu ssed fu rther bel ow . 

9A . 3 . 3 .  Compari s on between Sect i l it y  Hardness and S o l i d  Fat 

Content 

F i gure 9 . 3  i l lustrates the re lat i onship between s e ct i l it y  

hardn e s s  a t  1 0 ° c a n d  s o l id fat content a t  · the s ame 

t emperature for s amp l e s  o f  F r i t z  and Ammix butters co l l e cted 

throughout the s e ason . The corre l at ion was high ( r  = 0 . 8 1 for 

all  s amples ) .  Howeve r ,  not a l l  the var i at i on i n  butter 

hardn e s s  i s  e xp l a ined by s o l i d fat content ( R2 = 65 . 8 % ) . 

For  F r i t z  butters a l one the corre l at i on between s o l id fat and 

s e ct i l it y  hardne s s  was r = 0 . 8 2 ,  whi le for Ammix but t e r s  the 

c o rre l at i on was r = 0 . 7 1 . The bett e r  corre l at i on s hown by 

F r i t z  butter may be due t o ,  i n  part , a wide r  range o f  

s e ct i l it y  hardn e s s  value s . D i f fe rence s i n  manufacturing method 

may a l s o  a f fect t he c or re l at i ons . On examin ing F i gure 9 . 3 , t he 

F r i t z  and Ammi x p o i n t s  can be seen t o  be l y ing on s l ight l y  

di f fe rent l ines . Arnmi x  butt e r  appea r s  t o  be s o ft e r  than F r i t z  

butt e r ,  espec i a l l y  a s  s o l i d  fat content i ncrease s . 
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S o l i d  fat content has been found t o  account f o r  about 6 6 % o f  

var i at i on i n  butt e r  hardne s s . This sugge s t s  other fact o r s  such 

a s  manu factur ing have s ome e f fect on hardness . The s e  fact ors 

s eem t o  have more e f fect o n  Ammi x  butt e r ,  as  s o l id fat 

a ccount s for 5 7 %  ( R2 
= 5 6 . 5 6% )  o f  the variat i on in hardn es s ,  

whe re a s  s o l i d  fat account s for about 6 7 %  ( R2 
= 6 7 . 3 5 % )  o f  t he 

var i at i on i n  hardne s s  o f  the F r i t z s amp l e s . D e s p i t e  the 

e f fe ct s  o f  factors  other t han s o l id fat content , it seems 

Amm i x  but t e r s  are s o fter than F r i t z  butt e rs ma i n l y  by vi rtue 

o f  l owe r s o l i d  fat content . 

Other workers have examined t he relat i onship b etween s o l i d  fat 

and s e ct i l it y  hardne s s . Taylor and No r r i s  ( 1 9 7 7 ) ,  for example , 

found s amp l e s  with a wide range o f  sect i l ity h a rdne s se s  at 5 °C 

were highly corre l ated with s o l id fat cont ent det e rmined by 

NMR ( r  = 0 . 9 7 ) . MacGibbon and McLennan ( 1 9 8 7 )  found the 

ave rage corr e l at i on for the but ters from a l l  p l ant s surveyed 

was r = 0 . 5 5 ( 1 0 °C ) . They po i nt out that the c o rr e l at i on wou ld 

be e xpected t o  improve a s  the range of s e ct i l it y  values 

increased and i f  manu facturing condi t i on s  we re kept const ant . 

9A . 3 . 4  D i f fe rent i a l  S canning Calorimet r y . 

D i f fe rent i a l  s cann i ng c a l o r imetry was used to obt a in me l t ing 

thermograms o f  mi l k fat e xt racted from F r i t z  and Ammix butters 

c o l l l e cted during the ' 8 5 - ' 8 6 season . These a re included in 

Appendix 3 . . The shape of  the curves obt a i ned i s  charact e r i st i c  

o f  m i l k fat , with a mai n  peak a t  1 7 °C ,  a smal l s hou l der at 1 2 °C 

and a l a rge p l at e au between 2 0  - 3 7 °C .  The me l t i ng thermograms 

o f  e a r l y  Oct ober and Decembe r  Ammix mi l k fat are shown i n  

F i gu re 9 . 4 .  A l l  cu rve s obt ained l i e  between the Oct obe r and 

D e cember curve s . The rmograms o f  early s e a son s ampl e s  show a 

l e s s  p r onounced l ow t empe rature shou l de r  ass o c i at e d  with a 

sma l l e r  ma i n  peak and a l e s s  p ronounced p late au . 

D i f fe rent i a l  s canning c a l o r imet ry provi de s i n f o rmat ion i n  the 

f o rm o f  a me l t ing curve over the ent i re me l t i n g  r ange . Changes 

in t he me l t ing thermograms with season were s im i l a r  to those 
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Figure 9 .  4 :  Different ial scanning rrelt ing thermograms found for October ( dotted line ) and J::ecember ( solid 

line ) .Amnix butters . 

N 
l11 
l11 



2 5 6  

seen b y  Nor r i s  e t  a l  ( 1 9 7 3 ) . Me l t i ng thermogr ams obt a i ned 

showed the Ju l y  s amp l e  to have the most l i qu i d  fat , and the 

November s amp l e  to have the least . A l l  other s ampl e s  had 

intermedi ate l iqu id fat content s . 

Compar i s on o f  the di f ferent i a l  s cann ing c a l o r i met ry curves for 

F r i t z  butt e r s  w i t h  those o f  Arnrnix butters co l le cted at t he 

s ame t ime reve a l s  di f ferences i n  the curves . The curve s show 

Frit z but t e r s  have a great e r  propo rt ion o f  h i gher me l t ing fat . 

Thi s f inding i s  c on s i s tent with di f ferences i n  s o l id fat 

content and sect i l i t y  hardn e s s  noted above . 

9A . 3 . 5  Fatty Ac i d  Compos i t i on 

The F r i t z  and Arnmi x  s amp l e s  c o l lected during t he ' 8 5 - ' 8 6 

season we re ana l y s ed by gas chroma t ography t o  a s ce rt a i n  t he i r  

fa�t y  a c i d  compos i t i on . Re s u l t s  for Frit z butt e r  are pre sented 

in Tab l e  9 . 4  and re s u l t s  for Ammi x  butter are presented in 

Table 9 . 5 .  

But y r i c  a c i d  leve l s  do not seem t o  s how any p a rt i c u l a r  

s e a s o n a l  t rend . Short cha i n  fat t y  a cids , cap r o i c  ( C G : O ) and 

capryl i c  ( C 8 : 0 ) ,  show a s l i ght r i s e  dur ing October-Novembe r 

then a gener a l  dec l ine throughout t he sea son . Medium chain 

acids , c 1 o : O ' c 1 2 : 0 and c 1 4 : o ' r i s e  to a peak i n  l ate 

Novembe r ,  then dec l ine unt i l  the end o f  the s e a s on . P a lmit ic 

acid ( C 1 6 : 0 ) i n c r e a s e s  from a minimum value i n  spring t o  peak 

in the s umme r ,  with a sma l l  dec l ine in the autumn . c 1 8 : o and 

C 1 8 : 1 are at h i gh l eve l s  at the beginning o f  the s e a s on , fal l 

t o  a minimum i n  December and r i s e  again in the autumn . 

P a lmi t i c  a c i d  was found t o  vary inve r s e l y  with s t e a r i c  acid 

( C 1 8 : 0 ) 
· 

Gray ( 1 9 7 3 )  s tudied t he s e a s on a l  var iat i on o f  fat t y  a c i d  

compo s it i on o f  New Z e aland mi l k fat s amples  c o l l ected dur i ng 

the 1 9 6 9- 7 0  d a i r y ing s e a s on us ing g a s - l i quid chromat ography . 

He found the l eve l s  o f  vari ous fat t y  acids v a r i ed with season 

i n  much the s ame way as  de s c r ibed above . Sho rt cha i n  fatty 

-· 

• 

... 
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Table 9 . 4 :  Fatty a c i d  c ompo s it ion o f  F r i t z butters c o l lected 

dur ing the 1 9 8 5  - 1 9 8 6  s e a s on . 

F at t y  a c i d  Fatty acid compo s it i on ( wgt % )  

OCT NOV JAN FEB MAR APR 

4 : 0 3 . 3  4 . 0  4 . 5  4 . 0  4 . 3  4 . 1  

6 : 0  2 . 2  2 . 7  2 . 4  2 . 3  2 . 2  2 . 2 

8 : 0  1 . 3  1 . 7  1 . 4  1 . 4  1 . 3  1 . 3 

1 0 : 0  2 . 9  4 . 1  3 . 0  3 . 0  2 . 8  3 . 0  

1 2 : 0  3 . 6  4 . 5  3 . 4  3 . 3  3 . 1  3 . 3  

1 4 : 0  1 0 . 6  1 3 . 2  1 0 . 8  1 0 . 7  1 0 . 2  1 0 . 5  

1 4 : 1  1 . 8  1 . 0  1 . 3  1 . 4  1 . 4  1 . 5 

1 5 : 0  1 . 4  1 . 3  1 . 5 1 . 5  1 . 4  1 . 5 

1 6 : 0  2 5 . 4  2 8 . 2  2 7 . 8  2 8 . 7  2 7 . 3  2 7 . 0  

1 6 : 1  3 . 6 1 . 9  3 . 0  3 . 1  3 . 2  3 . 4  

1 7 : 0  1 . 0  0 . 5  1 . 1  1 .  0 4  1 . 0  1 . 1  

1 7 : 1  0 . 5  0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  

1 8 : 0  9 . 8  1 1 . 4  1 1 . 5  1 1 . 1  1 1 . 0  1 1 . 0  

1 8 : 1  2 7 . 1  1 9 . 6 2 1 . 2  2 1 . 4  2 2 . 9  2 3 . 1  

1 8 : 2  2 . 6  1 . 4  2 . 5 2 . 3  2 . 5  2 . 7  

1 8 : 3  2 . 3  2 . 1  2 . 4  2 . 5  2 . 6  2 . 5  
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T a b l e  9 . 5 :  F a t t y  acid c ompo s s iton o f  Ammix but t e r s  col lected 

dur in g  the 1 9 8 5  - 1 9 8 6  s e a s on . 

F a t t y  a c i d  F a t t y  a c i d  c ompo s i t i on ( wgt % )  
OCT NOV DEC JAN FEB MAR APR 

4 :  0 3 . 4  4 . 7  4 .  1 4 . 0  4 . 0  4 .  8 4 .  0 

6 : 0  2 . 5 2 .  6 2 . 2  2 . 3  2 . 3  2 . 1  2 . 0  

8 : 0  1 . 6  1 . 6  1 . 4  1 . 4  1 . 3  1 . 2  1 . 2  

1 0 : 0  3 . 5  3 . 9  3 . 1  3 . 0  2 .  8 2 . 7  3 . 0  

1 2 : 0  3 . 8  4 . 2 3 . 5  3 . 3  3 . 1  2 . 9  2 . 6  

1 4 : 0  1 0 . 9  1 1 . 3  1 0 . 9  1 0 . 8  1 0 . 3  9 . 9  9 . 9  

1 4 : 1  1 . 4  1 . 5  1 . 5 1 . 5 1 . 5 1 . 5 1 . 5 

1 5 : 0  1 . 4 1 . 6  1 . 6  1 . 6  1 . 5  1 . 4  1 . 5  

1 6 : 0  2 4 . 5  2 4 . 9  2 6 . 4  2 6 . 8  2 7 . 0  2 5 . 6  2 5 . 5  

1 6 : 1  3 . 2  3 . 2  3 . 2  3 . 2  3 . 3  3 . 4  3 . 4  

1 7 : 0  1 . 1  1 . 2 1 .· 1  1 . 2  1 . 2 1 . 0  1 . 1  

1 7 : 1  0 . 4  0 . 5  0 . 5  0 . 5 0 . 5 0 . 4  0 . 4  

1 8 : 0  1 1 . 4  1 1 . 2  1 1 . 0  1 0 . 6  1 0 . 6  1 0 . 6  1 0 . 9  

1 8 : 1  2 4 . 3  2 2 . 9  2 2 . 6  2 2 . 6  2 2 . 9  2 4 . 7  2 5 . 3  

1 8 : 2  2 . 3  2 . 2  2 . 4  2 . 5  2 . 6  2 . 9  2 . 7  

1 8 : 3  2 . 5 2 . 5  2 . 6  2 . 7  2 . 8  3 . 0  3 . 0  
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Figure 9 . 5 :  Weight percentages of c
16 : 0 and c

18 : 1 
for Fritz and Ammix 

butters collected over the 1 85 - 1 86 season . 
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a c i ds were found t o  be h i gh l y corre l ated with one anothe r and 

showed s i gni fi cant negat ive corre l at i on with p a lm i t i c  a c i d  

( c 1 6 : o > and s ign i fi cant po s it ive corre lat ion w i t h  ste a r i c  acid 

( C 1 s : o > 

P arodi ( 1 9 7 0 )  a l s o  used gas - l i quid chromat ography to survey 

s e a s on a l  change s in the fatty acid compo s it i o n  o f  Aust r a l ian 

but t e r s . H i s  findings par a l l e l  those o f  Gray ( 1 9 7 3 ) . 

Re s u l t s  in the pres ent study are in accordance with tho se o f  

G r a y  and P arodi , w i t h  t he except ion o f  but y r i c  acid leve l s . 

F i gu r e  9 . 5  i l lust rates the change in C 1 6 : 0  and C 1 8 : l leve l s  

for both F r i t z  and Ammix s amp les as  the season progres s e s . The 

Ammi x  s amp les con s i stent l y  have a sma l l e r  proportion o f  c 1 6 : o  
and a greater proport i on o f  C l B : l ·  Furthermore , the amount o f  

C 1 6 : 0  and c 1 a : 1  present i n  the Ammix s amp le doe s  not seem t o  

va r y  a s  much with s e a s on a s  fatty ac i d  leve l s  i n  cor�esponding 

F r i t z s amp le s . 

D i f f e rences seen in the fatty acid compo s it i o n s  o f  F r i t z  and 

Ammi x  but t e r s  exp l a i n  t he di f ference in s o l i d  fat contents o f  

t he two t ypes o f  butt e r . The l owe r leve l s  of c 1 6 : o and highe r 

l eve l s  o f  C l 8 : l  seen in m i l k fat ext racted from Ammix butter 

wou l d  l e ad t o  a l ower s o l i d  fat cont ent . 

On c o n s i de r ing · fact o r s  whi ch could cause di f fe rence s i n  the 

fat t y  a c i d  c ompo s i t ion o f  m i l k fat ext racted f r om Fritz and 

Amm i x  butte r s , two ma j o r  d i f fe rences st and out ; method o f  

man u f acture and di f fe rent cream s ource s . The method o f  

manu f acture doe s not a f fect t he fatty acid c ompo s i t ion o f  

m i l k fat i n  butte r , t he r e fore di f ferences in c re am source must 

be a p r incpal fact o r . 

The obv i ou s  di f fe rence between cream s ou rces whi ch are used 

for t he manu facture o f  the F r i t z  and Amm i x  butt e r  samp l e s  is a 

geograph i c a l  one . The two s ou rces are w i dely s ep arated within 
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New Z e al and . I n  connect i o n  with thi s ,  MacGibb on and McLennan 

( 1 9 8 7 )  found but t e r  from five of the s i x  plants they s u rveyed 

t o  have approximat e l y  the same sect i l i t y  hardnesses at the 

s ame t ime o f  the year . As a re sult regional d i fferences we re 

not thought to a f fe ct s o l id fat cont ent or mi lkfat 

compo s i t i on . 

Howeve r ,  fatty a c i d  compo s it ion sugge sts a di fference i n  cream 

produced in the two reg i o n s . As i de from geographical 

di f fe rence s , a l a rge amount of art i f i c i a l  i r r igation i s  

carried out i n  t he region which supp l i e s  the cream which i s  

manu factured into Ammi x  butter , espe c i a l l y  in the summe r . Thi s 

wou ld lead to p a s t u re growth simi l a r  to that o f  spr i n g ,  with 

pastu re p l ant s cont a ining more un- s aturated l ipids ( McDowa l l  

e t  a l ,  1 9 6 1 ) . Thu s , the fatty acid compost i on of milk fat 

produ ced by cows g r a z ed on i rrigated pastures wou ld be 

expe c t ed to be di f fe rent from the fatty acid compo s i t i on o f  

m i l k fat o f  cows g r a z ed o n  non- i r rigated pas t u res . The s o l id 

fat c ont ent wou l d  be expe ct ed to be lowe r in the forme r case 

becau s e  o f  incre sed amount s of un- s aturated fats . 

In  addit ion ,  cont inued spring- l ike pasture growth should lead 

to a dimini shed f luctuat i on on the leve l s  of vari ous fat t y  

acids . F i gure 9 . 5  shows l eve ls o f  c 1 6 : o and c 1 8 : l  do not vary 

as much for Ammi x  s amp l e s  compared t o  F r i t z  s amples . 

9A . 3 . 6 .  Triglyce r i de Compos it ion 

The t ri glyce r i de c ompo s i t i on of F r i t z  and Ammix butt e r s  

co l l e cted during t he ' 8 5 - ' 8 6 s e a s on we re a l so ascert ained by 

gas chromatography . T r i g l yceride anal y s i s  re sults are 

presented in T ab l e s  9 . 6  and 9 . 7  f o r  Frit z and Ammix but t e r s  

respect ive l y . L owe r mo l e cular we i ght t riglycerides , C 3 6 and 

unde r ,  increase unt i l  N ovember/De cembe r then sl owly dec l ine 

through the autumn . The percentage of high m o lecu l a r  we i ght 

t rigl yceride s , C 5 0  and above , dec l ine to a min imum in November 

and i nc rease agai n  i n  t he autumn . T r i g l yce r i des between C 3 6 

and C 4 8  tend t o  dec l ine s l ight ly a s  the s e a s on progre s s e s . 



2 6 2  

T ab l e  9 . 6 :  T r i g l yceri de compo s it i on o f  Fritz but t e r s  co l l ected 

dur ing the 1 9 8 5  - 1 9 8 6  season . 

C *  OCT NOV JAN FEB MAR APR 

2 8  0 . 6 3 0 . 8  0 . 5 0 . 5  0 . 4  0 . 4  

3 0  1 . 4  1 . 5 1 . 1  1 . 0  1 . 0  1 . 1  

3 2  2 . 7  3 . 0  2 . 1  2 . 2  1 . 9  2 . 0  

3 4  5 . 9  6 . 2  5 . 5  5 . 5  4 .  8 4 . 9  

3 6  1 1 . 2  1 2 . 1  1 1 . 3  1 1 . 0 2 1 0 . 4  1 0 . 3  

3 7  1 . 1  0 . 7  1 . 3  1 . 4  1 . 3  0 . 8  

3 8  1 4 . 2  1 3 . 8  1 4 . 0  1 3 . 6  1 3 . 4  1 2 . 9  

4 0  1 1 . 0  1 1 . 1  1 0 . 6  1 0 . 2  1 0 . 4  1 0 . 3  

4 2  7 . 2 8 . 5 6 . 9 6 . 6  6 . 0  6 . 8  

4 4  6 . 6  7 . 4  6 . 0  5 . 8  5 . 6  6 . 4  

4 5  0 .  4 0 . 5  0 . 5  0 . 5 0 . 5  0 . 4  

4 6  6 . 4  7 . 3  6 . 4  6 . 3  6 . 2  6 . 9  

4 7  0 . 6  0 . 5 0 . 7  0 . 8  0 . 8  0 . 7 

4 8  7 . 1  7 . 3  7 . 9  7 . 7  8 . 0  8 . 6  

4 9  0 . 8  0 . 4  1 . 0  1 . 1  1 . 2 1 . 1  

5 0  8 .  8 7 .  8 1 0 . 0  1 0 . 1  1 0 . 7  1 1 . 1  

5 2  8 . 7  7 . 2 9 . 3  9 . 1  1 0 . 4  1 0 . 6  

5 4  4 . 0  2 . 9  3 . 6  3 . 5  4 . 5 4 . 4 

( C * ) C a rbon number of t riglyceride s . 
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T ab l e  9 . 7 :  Triglycer i de composit i on o f  Ammi x  butters co l lected 

dur ing the 1 9 8 5  - 1 9 8 6  s e a s on . 

C *  OCT NOV DEC JAN FEB MAR APR 

2 8  0 . 6  0 . 9  0 . 7 0 . 6  0 . 5 0 . 5  0 . 5  

3 0  1 . 4  1 . 6  1 . 2 1 . 3  1 . 0  1 . 0  1 . 0  

3 2  2 . 7  3 . 1  2 . 5  2 .  6 2 . 0  2 . 1  2 . 0  

3 4  5 . 4  6 . 2  5 . 8  6 . 1  4 .  8 5 . 2  4 .  7 

3 5  0 . 7  0 . 7  0 . 5  0 . 8  0 . 7  0 . 4  0 . 0  

3 6  1 0 . 8  1 1 . 7  1 0 . 8  1 2 . 0  1 0 . 2  9 . 9  9 . 7  

3 7  1 . 5 1 . 4  0 . 7  1 . 3  1 . 4  0 . 7  1 . 4  

3 8  1 4 . 2  1 4 . 5  1 2 . 4  1 4 . 7  1 2 . 9  1 2 . 5  1 2 . 7  

4 0  1 2 . 2  1 1 . 0  9 . 9  1 0 . 7  1 0 . 3  1 0 . 7  1 0 . 3  

4 2  7 . 4  7 . 6  6 . 7  7 . 0  6 . 3  6 . 4  6 . 3  

4 4  6 . 0  6 . 5  6 . 3  6 . 3  5 . 5  5 . 8  5 . 4  

4 5  0 . 4  0 . 5  0 . 5  0 . 4  0 . 5 0 . 4  0 . 5 

4 6  5 . 9  6 . 3  6 . 7  6 . 5  6 . 1  6 . 4 6 . 0  

4 7  0 . 5  0 . 4  0 . 8  0 . 5  0 .  8 0 . 6  0 . 8  

4 8  6 . 6  6 . 8  8 . 0  7 . 5 7 .  8 8 . 1  7 .  8 

4 9  0 . 8  0 . 5  1 . 2  0 . 5 1 . 2 1 . 1  1 . 2  

5 0  8 .  8 7 . 3  1 0 . 1  8 . 3  1 0 . 8  1 1 . 7  1 0 . 5  

5 2  9 . 2  7 . 3  9 . 4  8 .  4 1 0 . 2  1 0 . 9  1 1 . 2  

5 4  4 . 4 3 . 7  4 . 3  3 . 9  4 . 5 5 . 4  5 . 5  

( C* ) Carbon numbe r o f  t ri g l y ce r i de s . 
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T a y l o r  and Hawke ( 1 9 7 5 a )  ana ly s ed the t riglyceride s  pre sent in 

s amp l e s  of Sept ember ,  January and March mi l k fat s . The 

S ept ember s ampl e  contained a higher proport ion o f  uns aturated 

t r i g l y ce r i de s  than the January and March s amp l e s . They 

c o n c lu ded d i f ferences in t he t riglyceride compo s it i on between 

S ep tembe r ,  and the January and March s amples  we re t he result 

o f  d i f ferences in the proport i ons of the di ffe rent t ypes of 

t r ig l y c e r i de s , and not di f ferences in the compo s it i on o f  the 

ma j o r  t ri g l yceride spe c i e s .  

The s e asonal changes i n  fatty a c i d  compo s i t ion and 

t r i g l yceride leve l s  seen here are in accord with Tay l or and 

Hawke ' s ( 1 9 7 5b )  obse rvat i on that fatty acid compos i t i on 

a f fect s the re l at ive propo rt ions o f  const i tuent t r i gl yceride s . 

The pe rcent age s o f  l ow mo l e cu l ar we i ght t r i glyer ides vary 

t h roughout the season in t he s ame way as short and medium 

cha i n  fatt y  acids . H i gh mo lecu l ar we i ght t r iglycer ides fo l l ow 

the s ame s e asonal t rends a s  c 1 s acids . Change s i n  the 

p roport i on o f  t r ig l y ce ride s are c l e a r l y  re l ated to change s in 

fat t y  acid comp o s it i on and depend on those fact ors whi ch 

i n fl uence fatty acid c ompo s i t i on . 

9A . 4 .  CONCLU S I ON 

The ma j or phy s i ca l  prope rt y o f  butt e r  con s i dered in P art A, 

hardne s s ,  h a s  been found t o  be highly corre lated to s o l i d  fat 

cont ent . S o l id fat content in turn is dependent on fatty acid 

and t r i g l y c e ri de compo s i t i on . 

The r e l at i onship between s o l i d  fat content and compos i t i on has 

been d i s cus sed by Gray ( 1 9 7 3 )  and Norr i s  et a l  ( 1 9 7 3 ) . The 

c ompo s it i on o f  m i l k fat i s  a ffected by a numbe r o f  fact ors , 

i n c l uding t ype o f  feed ,  s t age o f  l actat i on and p l ane o f  

nut r i t i on . The s e  fact o rs , and othe r s , inte ract i n  a complex 

manne r . In New Zealand,  spr ing calving and spri ng pasture 

g r owth cont r ibute t o  highe r leve l s  of short cha in and 

un s at urated fat t y  acids , and hence l ower s o l id fat contents . 

As p a s ture s mature , t he l eve l o f  s aturated fat s r i se , 

, I 



increas ing s o l i d fat cont ent . Fresh autumn pasture growth 

leads t o  the product i on o f  mi lk fat with a l ower s o l i d  fat 

content , but not as l ow as that found in spr ing . 
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The phy s i ca l  propert i e s  o f  butter are very dependent on the 

chem i c a l  compo s it i on o f  m i l k fat and thus w i l l  vary a s  chemi cal 

compos it i on var i e s . Other factors , such a s  manu factur ing 

var i ab l e s  w i l l  have s ome e f fect on phy s i ca l  propert i e s ,  

· howeve r ,  the s o l i d  fat content o f  m i l k fat has been found t o  be 

the ma j or cont r ibut ory factor to the phy s ical  prope rt i e s  o f  

but t e r . 

PART B :  CREEP COMP L IANCE 

In addit i on to e s t ab l i shed methods of phy s i cal and chemi cal 

t e s t ing the creep comp l i ance behavi our of a range of s amples 

was examined . 

9B . 1 .  EXP ERIMENTAL 

F r i t z  and Ammi x  but t e r s  from · the months o f  October , January 

and Apr i l  were chosen t o  give samples  with a wide range o f  

sect i l it y  hardne s s  and s o l i d fat content s .  Creep comp l i ance 

t e s t ing of 1 7  hours du rat i on was carried out on Oct ober , 

January and Apr i l  samp l e s  from the 1 9 8 5  - 1 9 8 6  seas on , whi l e 

January , Apr i l  and October samp l e s  from 1 9 8 7  were sub j ected to 

l oad c y c l ing e xpe riment s whe re s amples were sub jected t o  creep 

c omp l i ance t e st ing for 1 7  hours , then a l l owed t o  re lax for 7 

hou rs . The creep/ recove ry cycle wa s then repeated . 

9B . 2 .  RE SULT S 

a )  F i r s t  Creep Re spons e  

S e ct i l it y  hardne s s ,  s o l id fat content and c reep comp l i ance 

re s u l t s for the f i r s t  c reep response are presented i n  Table 

9 . 8 .  Creep comp l i ance parameters were found for the f i rst 

creep re spons e  u s ing a non-l inear least s quares curve fitt ing 

program ( Chapte r  4 ,  Sect i on 6 . 1 . 2 ) . Three ret ardat i on 

mechan i sms were fitted . I n st antaneous response , the sum o f  
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comp l i ance and v i s c o s i t y  t e rm were found direct ly from the 

r ecovery curve ( Chapt e r  4 ,  Sect ion 6 . 2 ) . Ful l c reep comp l i ance 

p a r amet e r s  are l i sted in Appendix 2 .  

I n  gene r a l , the sum o f  the comp l i ance values de cre a s e s  a s  

s e ct i l i t y  hardn e s s  a n d  s o l i d  fat content increase . Vi s c o s i t y  

va l u e s  t end t o  increase a s  hardne s s  and s o l i d  fat content 

i n c re a s e . 

The corre l at i on coe f f i c i ent s found between sect i l i t y  ha rdne s s  

and s o l i d  fat content and var ious c reep comp l i ance parameters 

f o r  a l l  butte r s , and Fritz  and Ammi x  separat e ly , are pre sented 

in Table 9 . 9 .  For a l l  butt e rs the sum of the comp l i ance val u e s  

c o r re l at e s  w i t h  sect i l it y  hardnes s  ( r  = - 0 . 7 7 )  and s o l id fat 

cont ent ( r  = - 0 . 8 0 ) . V i s c o s ity corre lates we l l  with sect i l it y  

hardne s s  ( r  = 0 . 8 1 ) , a n d  l e s s  we l l  w i t h  s o l i d fat content ( r  = 

0 . 5 6 ) . Ha rdne s s  account s for 6 6 % o f  the var i ance in vi s c o s i t y  

( R2 
= 6 6 . 1 % )  and for 6 0 %  o f  the var i ance i n  the sum o f  the 

comp l i ances ( R2 = 5 9 . 8 % ) . S o l id fat content has a l a rge e f fect 

on s um of comp l i ances  but l it t l e  e f fect on vi scos ity ( R2 = 

6 4 . 6 % and 3 1 . 4 % respe ct ive l y ) .  

A s eparate examinat i on o f  the c reep re s u l t s  found for t he 

F r i t z and Ammi x  but t e r s  shows Ammix but t e r  to have a h i gh 

c o r r e l at i on between sum o f  comp l i ances and sect i l it y  hardne s s  

( r  = - 0 . 7 5 ) , a s  does F r i t z  butter ( r  = - 0 . 8 6 ) . Ammi x  but t e r  

s hows a h i gher corre l at i on between s o l i d  fat cont ent a n d  sum 

o f  comp l i ance ( r  = - 0 . 8 5 )  than Frit z butter ( r  = - 0 . 7 0 ) . 

The v i s c o s i t i e s  found for both F r i t z and Ammi x  butt ers are 

c o r r e l ated with s e ct i l it y  hardne s s  (r  = 0 . 6 6 and 0 . 8 4 

r espect i ve l y )  . Ammi x  but t e r  a l s o  shows a high correl at i on 

between v i s c o s i t y  and s o l id fat content (r = 0 . 8 0 ) , in 

comp l et e  contrast to F r i t z  butter ( r  = 0 . 1 1 ) . 
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Tab l e  9 . 8 :  Creep comp l i ance paramet ers fitted t o  butte r s . 

Sect i l i t y  S o l id fat Sum o f  the Vi s c o s i t y  

hardne s s  % comp l i ances 'llN 
( g )  ( x l o - 8  P a - 1 ) ( x l o 1 0P a . s ) 

FRI T Z  

TU I Apr i l  8 7  1 4 5 0  55 . 9  4 5  2 4  

TUI  Oct 8 5  1 7 2 5  5 4 . 4  4 0  6 2  

T U I  Oct 8 7  1 8 5 0  5 4 . 2  3 8  1 1 0  

TUI  Apr i l  8 6  1 95 0  5 7 . 1  2 6  7 3  

TUI Jan 8 7  2 4 0 0  6 1 . 2  2 7  8 8  

AMM I X  

TT Oct 8 5  1 1 0 0  4 8 . 8  6 8  1 9  

TT Jan 8 6  1 2 0 0  5 4 . 0  4 9  2 8  

TT Apr i l  8 7  1 3 2 5  5 3 . 6  3 2  2 9  

TT Apr i l  8 6  1 5 0 0  5 3 . 0  4 7  4 9  

TT Oct 8 7  1 7 0 0  5 3 . 7  3 5  3 4  

TT Jan 8 7  1 8 5 0  5 7 . 5  3 1  6 6  
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b )  Load C y c l ing 

Creep comp l i ance re su l t s  for l oad cycled samp l e s  are presented 

in Table 9 . 1 0 .  Thi s dat a w a s  presented previ ous l y  in Chapt er 

Seven . The i n s t antaneous comp l i ance va lues and sums o f  

comp l i ances  observed for recovery and creep a ft e r  the init i a l  

creep r e sponse t end t o  decrease as sect i l i t y  hardne s s  and 

s o l i d  fat increase , whi l e  no t rends are di scernible for the 

vi s c o s it i e s . 

The sum o f  comp l i ance s recovered a fter the f i r s t  creep , LJR1 , 

i s  h i gh l y  negat ive l y  corre l ated with sect i l it y  hardn e s s  { r  = -

0 . 8 8 )  {All  corre l at i on coe f fi c ient s are presented in Table 

9 . 9 . )  The sum of comp l i ances recovered doe s  not corre l ate as 

we l l  w i t h  s o l i d  fat content { r  = - 0 . 62 ) . Hardne s s  account s for 

7 8 %  o f  var i at i on in the sum o f  comp l i ances recovered { R2 = 

7 8 . 0 % ) , whi l e s o l i d fat account s  for only 3 8 %  { R2 = 3 8 . 3 % ) . 

The c reep and recove ry obse rved for the se cond load cycle 

corre l at e  h i gh l y  with s e ct i l it y  hardne s s  {r  = - 0 . 8 6 and - 0 . 9 9 

re spe c t i ve l y ) , with sect i l it y  hardne s s  account i ng for 7 3 %  o f  

the LJc 2  re sponse ( R2 = 7 3 . 5 % )  and 9 7 %  o f  the LJR2 response 

( R2 
= 9 7 . 1 ) . I n  cont rast , s o l id fat cont ent doe s n ot corre l ate 

as  we l l ,  r = - 0 . 4 7 for t he sum o f  creep comp l i ances and r = -

0 . 8 7 for  t he sum o f  t he recovery comp l i ance s . 

The pe rcent age o f  the inst ant aneous comp l i ance va lue recove red 

a ft e r  t he i n i t i a l  creep decreases as sect i l i t y  hardness and 

s o l i d  fat cont ent incre a s e  { Tab le 9 . 1 0 ) . Howeve r ,  a better 

c o r r e l at i on i s  seen for s o l id fat  content {r  = - 0 . 5 1 ) , 

comp ared t o  s e ct i l it y  hardn e s s  { r  = - 0 . 4 0 )  

S im i l a r l y , the percentage o f  the sum o f  comp l i ance s recove red 

a ft e r  the f i r s t  creep gene r a l l y  decre a s e s  as  s e ct i l it y  

hardne s s  increases and shows a reas onable corre lat ion with 

s e c t i l it y  hardness { r  = - 0 . 6 8 ) . Regre s s i on ana l y s i s  shows 

sect i l i t y  hardne s s  a ccount s for about 4 6 % { R2 
= 4 6 . 1 % )  of the 

p e r cent age recove ry s een . S o l id fat content does not corre l ate 

a s  we l l  { r  = - 0 . 4 3 ) . 
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Tab l e  9 . 9 : Corre l at i on coe f f i c ient s found between s e ct i l it y  

hardn e s s  and s o l i d  fat cont ent and creep comp l i ance paramet ers 

for a number of but t e r s . 

:EJ vs . SH 

C l  :EJ vs . s fc 

11N vs . SH 

11N vs . s fc 

Rl :EJ vs . SH 

:EJ vs . s fc 

C2 :EJ vs . SH 

:EJ vs . s fc 

R2 :EJ vs . SH 

:EJ vs . s fc 

Al l 

Butters 

( 1 1 )  

- 0 . 7 7 

- 0 . 8 0 

0 . 8 1 

0 . 5 6  

( 6 )  

- 0 . 8 8 

- 0 . 62 

- 0 . 8 6 · 

- 0 . 4 7 

- 0 . 9 9 

- 0 . 8 7 

Frit z 

Butters 

( 5 )  

- 0 . 8 6 

- 0 . 7 0 

0 . 6 6 

0 . 1 1 

F i gures in bracke t s  = numbe r o f  s ampl e s . 

SH = Sect i l i t y  hardne s s . 

s fc = S o l i d  fat content . 

:EJ = Sum o f  compl i ance s . 

11N = Vi s c o s i t y . 

C l  and C 2  = f i rst and s econd creep . 

Rl and R2 = fi rst and s econd recovery . 

Ammi x  

Butters 

( 6 )  

- 0 . 7 5 

- 0 . 8 5 

0 . 8 4 

0 . 8 0 
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Tab l e  9 . 1 0 :  C r e ep comp l i ance parameters for s amp l e s  c o l lected 

throughout the year . 

TUI Oct TT Oct 
8 7  8 7  

Creep 1 
Jo 4 . 1  ( .  3 )  4 . 8  ( .  4 )  
J a 3 4  ( 2 )  3 0  ( 3 )  
l:�b 3 8  ( 2 ) 3 5  ( 3 )  
llN 1 1 0  ( 2 2 )  3 4  ( 7 )  

Recovery 1 
Jo 2 . 1  ( .  5 )  2 . 2 ( .  5 )  
Jr 4 . 9  ( . 5 ) 7 ( 1 )  
l:J 7 ( 1 )  9 ( 2 )  
llN 1 6  ( 2 )  3 0  ( 3 )  

Creep 2 
Jo 1 . 9  ( .  3 )  2 . 2 ( .  4 )  
Jr 2 .  5 ( . 1 ) 0 . 8  ( .  6 )  
l:J 4 . 4  ( . 4 )  3 ( 1 )  
llN 1 4 0  ( 4 0 )  s s  ( 5 )  

Recovery 2 
Jo 2 . 5  ( .  5 )  2 . 2  ( .  5 )  
Jr 5 . 5  ( .  5 )  7 ( 1 )  
l:J 8 ( 1 )  9 ( 2 )  
llN 1 2 0  ( 3 0 )  1 7 0  ( 3 0 )  

% rec Jo 5 0  ( 1 5 )  4 6  ( 1 4 )  
% rec Jr 1 4  ( 4 )  1 5  ( 8 )  
% rec l:J 1 8  ( 3 )  2 5  ( 2 )  

( a )  Ret arded comp l i ance . 

( b )  S um o f  comp l a i n ce s . 

( ) S t andard e r r o r . 

Un it s : 

J0 , Jr , LJ x 1 0 _ 8  P a- l  

11N X 1 0 1 0  P a  s .  

TUI Jan 
8 7  

3 . 3  ( . 3 )  
2 4  ( 2 )  
2 7  ( 2 )  

8 8  ( 1 4 )  

1 . 4  ( .  5 )  
4 . 6  ( .  5 )  

6 ( 1 )  
2 2  ( 3 )  

1 . 4  ( .  4 )  
0 . 8  ( . 1 )  
2 . 2 ( .  5 )  
1 1 0  ( 2 8 )  

3 ( 1 )  
3 ( 1 )  

5 0 0  ( 1 0 0 )  

4 2  ( 1 8 )  
1 7  ( 9 )  
2 0  ( 5 )  

TT Jan TUI Apr TT Apr 
8 7  8 7  8 7  

4 . 0  ( .  5 )  5 . 3  ( . 3 )  5 . 2  ( . 3 )  
2 7  ( 4 )  4 0  ( 1 )  2 7  ( 2 )  
3 1  ( 5 )  4 6  ( 1 )  3 2  ( 2 ) 
6 6  ( 7 )  2 4  ( 2 )  2 9  ( 3 )  

1 . 4  ( .  5 )  2 . 7  ( .  5 )  2 . 5  ( .  5 )  
5 ( 1 )  8 ( 2 )  1 1  ( 2 )  
6 ( 2 )  1 1  ( 3 )  1 4  ( 3 )  

1 9  ( 1 )  1 1  ( 3 )  2 0  ( 4 )  

1 . 6  ( .  6 )  1 . 1  ( .  3 )  2 . 3  ( .  5 )  
2 . 4  ( .  4 )  7 . 1  ( . 1 ) 5 .  7 . 5  

4 ( 1 ) 8 . 2 ( .  4 )  8 ( 1 )  
1 8 0  ( 8 8 )  6 5  ( 3 0 )  4 0  ( 1 0 )  

1 . 4  ( .  5 )  2 . 7  ( . 5 ) 2 . 7 ( .  5 )  
6 . 6  ( . 5 ) 7 ( 1 )  7 . 3 ( .  5 )  

8 ( 1 )  1 0  ( 2 ) 1 1  ( 1 )  
1 6 0  ( 8 0 )  8 8  ( 1 4 ) 

3 4  ( 1 6 )  5 1  ( 1 2 )  4 7  ( 1 2 )  
1 7  ( 1 0 )  2 0  ( 1 0 )  4 2  ( 1 8 )  
1 9  ( 9 )  2 5  ( 7 )  4 3  ( 1 2 ) 
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9B . 3 .  D I S CUS S I ON 

F o r  a l l  butters examined,  the sum o f  compl i ances seen dur ing 

the init i a l  creep re sponse , during recovery on the remova l o f  

s t re s s ,  and when s t re s s  i s  appl ied and removed again , have a l l  

been seen to corre l at e  we l l  with sect i l it y  hardne s s . I n  

addi t i o n ,  the corre l at i on between sum o f  comp l i ance s and 

s e ct i l it y  hardne ss i mprove s a fter the init i a l  c reep response 

( T ab le 9 . 9 ) . 

S o l i d  fat cont ent corre l ates we l l  with the sum o f  comp l i ances 

found for the first creep re sponse . Howeve r ,  s o l id fat c ontent 

does not corre l ate as we l l  a s  sect i l i t y  hardn e s s  with the sums 

o f  comp l i ances found for the first recovery , or the sum o f  

comp l i ances found for the subsequent l o ad cycle ( Tabl e  9 . 9 ) 

The v i s co s ity terms found for the init i a l  creep response 

correlat e  we l l  with s e ct i l it y  hardne s s ,  and l e s s  we l l  with 

s o l i d fat content ( Tab l e  9 . 9 ) . 

A separate examinat i on o f  the re l at i onships between sum o f  

comp l i ances found for the F r i t z  and Ammix s amples and 

sect i l it y  hardne ss s hows a good corre l at ion for both butters 

( Tab l e  9 . 9 ) ,  with Ammi x  but t e r  showing a higher corre l at i on . 

The vi sco s i t ie s  of F r i t z and Ammix butt e r  show re asonab l e  

c o r re l at i ons with s e ct i l it y  hardne s s . I n  comp l ete cont rast , 

the vi s c o s ity o f  the F r i t z  butter shows almost no corre l at i on 

with s o l i d  fat content , whi l e  the corre l at i on between the 

. v i s c o s i t y  of Ammix but t e r  and s o l i d fat content i s  good ( Table 

9 .  9 )  . 
. . 

� 

Given that s o l i d  fat c ont ent has been seen t o  corre late we l l  

with sect i l it y  hardne s s ,  for examp l e , r = 0 . 8 1 for the but t e r  

s amp l e s  reported o n  i n  P art A, Sect i on 3 . 3 , i t  i s  not 

unreasonable to expect sect i l i t y  hardne s s  and s o l i d  fat 

cont ent t o  be corre l ated with var ious c reep and recove ry 

paramete r s  t o  the s ame extent . Howeve r ,  thi s is not seen in 
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eve r y  c a s e . On cons idering a l l  s amp l e s  t ogethe r ,  i t  i s  

apparent the corre l at i on between s o l i d fat content and 

v i s co s it y  is much l ower than that found for s e ct i l it y  hardnes s  

and v i s c o s it y . T h i s  i s  espe c i a l l y  apparent i f  the F r i t z  

s amp l e s  a r e  con s ide red s eparate l y . Sums o f  comp l i ances  found 

for r e c overy and the second creep response a l s o  f a i l  t o  

corre l at e  a s  we l l  with s o l i d  fat content . 

The p o o r e r  corr e l a t i on s een between s o l i d  fat cont ent and 

v i s co s it y , compared to that seen between visco s it y  and 

s e ct i l it y  hardne s s  is not unexpected . Both creep and sect i l ity 

hardne s s  t e st i ng a re pe r fo rmed on butt e r  di rect l y  whi l e  s o l i d 

fat content i s  det e rmined from ext racted fat which has  

unde rgone a cool ing and t empe r ing procedure . P repa rat i on o f  

s amp l e s  i n  such a manne r wou ld e l i minate any cont r ibut ion 

whi ch manu factur ing method or st ructure may have had on 

hardne s s . Thi s  may part i a l l y  exp l a in the ve ry l ow correlat i on 

seen between s o l id fat c ont ent and v i s c o s ity for F r it z butte r ,  

however ,  t he l ow corre l at i on seen may a l s o  be (part i a l l y )  

accounted for b y  the di f f i cu l t y  e xpe r i enced i n  obt a i n i ng 

accurate v i s co s i t y  value s . 

I n  gen e r a l  the s e  re sult s sugge st both s e ct i l it y  hardne s s  and 

s o l i d  fat content have approx imat e l y  t he same e f fect on the 

i n i t i a l  sum o f  compl i an ce s , whi l e sect i l i ty hardn e s s  p l ays a 

greate r  p a rt in det e rm i n i ng the i n i t i a l  viscous re sponse and 

subs e quent creep and recovery response s . The resu l t s  a l s o  

sugge s t  Ammix but t e r  i s  behaving a s  might be expe ct ed,  ie . ,  

s e ct i l i t y  hardne s s  i s  dependent on s o l i d  fat cont ent . 

9B . 4 .  CONCLUS I ON 

The s um o f  comp l i ances and vi s c o s i t y  t e rms found for t he 

i n i t i a l  creep curve s are we l l  correlated with s e ct i l i t y  

hardn e s s  and s o l id fat content . S o l i d  fat cont ent h a s  a much 

greate r  i n fluence on the creep behavi our o f  Arnmi x  but t e r ,  

whi l e  i t  i s  l ik e l y  the behav i our o f  F r i t z but t e r  i s  more 

i n f l uenced by othe r  fact o r s , espe c i a l l y  i n  the case of v i s cous 

f l ow . 
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As s ect i l it y  hardne s s  ha s previ ous l y  been s hown t o  be 

dependent on mi l k fat compo s it i on and thus t ime o f  s e a s on ( P art 

A) it can be s a i d  the init i a l  creep comp l i ance r e sp on s e  o f  

butt e r  i s  dependent o n  sea s on . The s um o f  comp l iances seen 

dur ing recovery and subsequent creep a l s o  show a dependence on 

sect i l i t y  ha rdne s s . The di f f i cu l t i e s  in ascert a i n i ng the ve ry 

sma l l  e ffect s  o f  the ve ry l a rge vi s cosit ies found dur ing 

recove r y  and sub sequent creep may be obscuring any s e a s onal 

t rends present in these parameters . 
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CHAP TER TEN 

GENERAL D I S CUS S ION 

Thi s work was unde rtaken t o  study the rhe o l ogi cal prope rt i e s  

o f  but t e r  and re l at e d  f a t  p roduct s us ing a creep comp l i ance 

metho d . Through t h i s  study it was hoped a c l eare r  

unde r s t anding o f  the r e l at i onship between rhe o l ogical 

p r ope rt i e s , compo s i t i on and st ructure o f  but t e r  and re l ated 

produ ct s  would be a che i ved . 

1 0 . 1 .  DEVELOPEMENT OF THE CREEP COMP L I ANCE METHOD 

1 0 . 1 . 1 .  E qu ipment 

S hama and She rman ( 1 9 6 8 )  u sed a paral l e l  plate 

v i s co e l a s t omet e r  to perform creep comp l i ance tests on 

marga r i ne and l a t e r ,  1 97 0 ,  on both but t e r  and margarine . A 

p a ra l l e l  p l ate vi s co e l a s t omet e r ,  such a s  that de scribed was 

bu i l t  to carry out c reep comp l i ance t e s t ing on butter and 

re l at ed s ystems . A l inea r  d i spl acement t ransducer was u sed t o  

me a s u re t h e  ve r y  s ma l l  creep respon s e s  s een in t h i s  work . The 

t ra n s ducer was found t o  be very s e n s i t i ve . 

1 0 . 1 . 2 .  Data Col l e ct i on 

The s igna l  from t he t ransducer was reco rded s imu l t aneou s l y by 

dat a l ogge r ,  and chart r e c o rder t o  provide a pe rmanent record 

o f  the e xper iment . 

The dat a l ogge r was de s igned and bu i lt b y  Mr . A .  Mathe s on o f  

t he Appl ied Mathema t i c s  S e ct i on o f  New Z e a l and D a i ry Re search 

I n s t i tute . It  wa s s pe c i f i c a l l y  programmed to record data from 

c reep comp l i ance exper iment s .  A reading was t aken eve ry ha l f  

s e cond for the f i r s t  t en m inute s  o f  any e xpe r i ment and then at 

� 
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2 0  second interva l s . O n  complet i on o f  a n  e xperiment dat a was 

o f fl oaded on to a d i s k  for stor age and ana l ys i s . 

1 0 . 1 . 3 .  Tempe rature Control 

Fat s such a s  m i l k fat c ont ain a wide var iety of t r ig l yc e r i des 

with a corre s ponding l y  wide r ange of me lt ing point s ,  

cons equent l y  t empe rature cont r o l  is  a vit a l  part o f  creep 

comp l i ance e xper iment a t i on . Change s in s o l id fat content a s  a 

r e s u lt o f  change s in t emperature wou ld lead t o  changing 

rhe o logical r e sponse s . Thi s must be avo i ded i f  u s e ful 

me a s urement s are to be made . 

A t empe rature o f  1 0 °C wa s cho sen to conduct creep comp l i ance 

t e s t ing o f  butt e r  and re l ated s y stems . Sma l l  fluctuat ions in 

temperature at 1 0 °C had less e f fect on s o l id fat content than 

at other , h i gher tempe ratures . In addi t i o n ,  other t e st s , such 

as s ect i l i t y  hardne s s , were rout inely carried out at 1 0 °C .  

Temperature was mainta ined by p l ac ing the para l l e l  p l a t e  

v i s coel ast ometer in an Envi ron- Shaker whi ch acted a s  a 

re f r ige rat ed incubat o r . Al l exper iment s were conducted in the 

incubator . Const ant tempe ratures ( 1 0  ± 0 . 2 °C )  we re mainta ined 

de spite amb i ent t empe ratures ranging from 1 0 °C - 3 0 °C dur ing a 

twenty four hour pe r i od . 

1 0 . 1 . 4 .  Accur a cy 

Creep comp l i ance was found t o  be very sensit ive t o  s l i ght 

di f ferences i n  s amp l e s  ( see b e l ow ,  Sect ion 3 . 3 ) . Howeve r ,  in 

many cases repeat ab i l i t y  was found t o  be poor . 

P o o r  repeat abi l i t y  was thought t o  be due in the ma in t o  s l ight 

d i f ferences between s amp les and the proce s s  o f  fitt ing 

p a r ameters t o  obs e rved c reep curves . 

Mat e r i a l s  such a s  but t e r  and r e l ated fat s a re o ft e n  

inhomogenou s .  Gros s ly inhomogenous s amp l e s  we re e a s i l y  

det e cted and exc luded from creep comp l i ance t e st ing . However , 

\ 
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s amp les w i t h  m i n o r  v a r i at i ons were not e as i l y det ected and 

s ome were i nevit ab l y  used for creep comp l i ance t e s t ing . 

Furthermo re , s amp l e s  for one test only could be cut from a 

5 0 0 g pat o f  but t e r . As pat s a re packed i nto cartons whi ch 

cont a in 4 0  pat s there i s  the poss ibi l i t y  the st re s s  and 

t empe rature h i st o ry of each pat o f  butt e r  in a c a rt on may 

di f fe r  from i t ' s ne i ghbour ,  and give s l i ght l y  di f fe rent c reep 

re sponse s on t e s t ing . Int e re st ingl y ,  s amples made spe c i f i c a l l y  

for c reep t e s t i ng ( Chapte r  2 )  gave t h e  most repe a t able 

r e s u l t s . 

A s e cond fact o r  cont r ibut i ng t o  the d i f f i culty o f  obt a ining 

repeatab l e  re su l t s  was thought to invo lve the curve fitt ing 

p r o c e s s  i t se l f .  Two curves whi ch may l o o k  supe r fi c i a l l y  a l ike , 

i e . show a s im i l a r  ove ra l l  creep , may be fitted with vast l y  

d i f fe ring p a r amet e r s . The pa ramete r s  f i tted var ied by 1 0  - 2 0 %  

o r  even m o r e  in s ome cases . 

As a re s u l t  o f  t he di f f i cu l t y  in obt a in ing repeat able dat a 

e xpe r imen t s  we re done in t rip l i cate o r  quadrup l i cate , unt i l  

two s imi l ar s e t s  o f  result s we re obt ai ned . 

1 0 . 2 .  DATA ANAL Y S I S  

1 0 . 2 . 1 .  The Vi scoe l a st i c  Mode l 

The c reep behav i our o f  but t e r  i s  usua l l y  thought o f  a s  

v i s co e l a s t i c . The c reep comp l i ance curve for a subst ance 

exhibiting c l a s s i c a l  v i s coe l a s t i c  behavi our can be s a i d  t o  

cons i st o f  t hree regions ; a )  a region o f  inst antaneous e l a s t i c  

response , b )  a regi on o f  ret a rded e l a s t i c  response and c )  a 

. 
regi on o f  pure v i s cous f l ow . Vi scoe l a s t i c  behav i our has been 

mode l led by the gen e r a l i sed Kelvin mode l ( Chapte r  1 ,  Sect ion 

A . 6 . 1 . 1 . 2 ) . 

The equat i on for c reep behaviour based on thi s mode l i s  

( 1 0 . 1 )  
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where J ( t )  = the ove ral l  creep comp l i ance , J0 = the 

inst ant aneous e l a s t i c  respons e ,  Ji = the retarded 

e l as t i c i t i e s , �i = the retarda t i on t ime s a s s o c i ated with the 

reta rded e l asticit i e s , �N = t he vi scous flow t e rm and t = 
t ime . 

Thi s mode l was used t o  ana l y s e  creep re spons e s . 

1 0 . 2 . 2  Data Analys i s  

Sherman ( 1 9 6 8 ) carr i ed out ana l y s i s  o f  dat a us ing a graph i c a l  

method . One dis advant age o f  t h i s  approach i s  t h e  uncert a i n t y  

invo lved i n  estab l i s hing when the curve h a s  become l inear and 

t hu s  a s certaining and subt ract ing the v i s cous t e rm . T h i s  would 

a f fe ct the fir st set of parameters found . A second problem 

a s s o c i ated with graph ical ana l y s i s  occurs in s ome cases , with 

the retardat ion t imes cea s i ng to be d i s t ingu i shab l e ,  a s  the 

e f fe ct of one ret a rdat i on mechan i sm wou ld not have died out 

comp l et e l y  before the next commenced . In addi t i on ,  manual 

graph i c a l  ana l y s i s  i s  tedious and, at s hort t i me s , is prone t o  

l arge e r r o rs . 

The problem of dec iding when a creep cu rve has become l inear 

was avo i ded with the u s e  of a Marquadt non - l inear least 

s quares curve algo r it hm ( Marqu adt , : 1 9 6 3 ) . The v i s cos i t y  value 

found by t he program is t he value which best fits the dat a and 

mode l used . 

Whi l e  both methods were found t o  give s im i l a r  indicat ions o f  

J0 , ove ra l l  retarded comp l i ance respons e s  and v i s co s i t i e s , the 

ret a rdat ion t imes found are d i f fe rent . Comput e r i zed curve 

f i t t ing has more advant age s , c ompared with t he method o f  

graphi c a l  analys i s . Consequent l y  compute r i sed curve fitt ing 

u s in�he non- l inear l e a s t  s quares curve fitt ing progarm, 

NONL I N ,  was used throughout t h i s  work . 



2 7 8  

1 0 . 2 . 3 .  Ret ardat i on Spect r a  

The ret ardat i on spect rum i s  the cont inuous spect rum o f  

ret a rdat i on t ime s , usu a l l y  found by plott ing L ('t )  ( s ee 

Equat i on 1 0 . 2 )  against ln t ime . Ret ardat i on spec t r a  o ffer an 

a l t e rnat i ve way to view raw dat a from creep comp l i ance 

e xp e ri ment s . 

Cont i nuous ret a rdat ion spect ra can be c a l culated from dat a 

obt a ined from creep comp l i ance experiment s us i ng t he s econd 

o rder approximat i on o f  the inve rse Lap l ace t rans f o rm ,  

L ( 't )  ( d/ dlnt ) [ J ( t )  - J ( t )  / dlnt ] t=2't ( 1 0 . 2 ) 

An i de a l  vi s co e l a s t i c  mat e r i a l , who se c reep behaviour can be 

de s c r ibed by the c l a s s i c  equat i on (Equat ion ( 1 0 . 1 ) ) ,  and whi ch 

has d i s t ingu i shab l e  ret a rdat ion t ime s would have a smooth 

cont i nuous ret a rdat i on spect rum with a we l l  de fined peak at 

e a ch retardat i on t ime . I n  cont rast , the ret ardat i on spectra 

found for raw dat a on p l ot t ing L ('t )  aga inst l n  t ime gave very 

j agged spe ct r a . 

P l ot t ing dat a which had been both smoothed and d i f ferent i ated 

b y  t he methods o f  S avi t z ky and Golay ( 1 9 6 4 ) g ave ret ardat ion 

spe ct ra whi ch were mo re l ike t he i de a l  spect r a . The s e  spect ra 

gave a reas onable indi cat i on o f  the actual ret ardat ion 

spe ct r a . The comp l e x  nature of t he spectra made t hem di f ficult 

to i n t e rpre t , howeve r ,  the ret a rdat i on spect r a  f ound o f fe red 

s ome evidence for the e x i st ence of three or four main groups 

o f  ret a rdat i on mechani sms between the t imes o f  0 and 1 0 0 0 0  

s e conds . 

1 0 . 2 . 3 .  App ropri at ene s s  o f  the Mode l 

The approp r i atene s s  o f  the v i s coel ast i c  mode l can be checked 

b y  comparing ideal ret a rdat i on spectra ( Chapte r  1 ,  Sect i on 

A . 6 . 1 . 1 . 3 ) w i t h  ret a rda t i on spectra found from exper iment al 

dat a . I n  gene r a l , the e xper i ment a l  cont inuous ret a rdat i on 

spe c t r a  obt a i ned a ft e r  smoothing and di f fe rent i at i on by the 
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methods o f  Savit z k y  and Go l ay seemed t o  be s im i l a r  t o  t he 

i de a l  cont inuous r e t ardat i on spectra obt ained us ing parameters 

fitted by the program NONLI N  whi ch had a l s o  been smoothed and 

di f fe rent i ated . G i ven the p arameters used to calcu l at e  the 

i de a l  cont inuous spectra we re obt ained us ing a mode l based on 

Equat ion ( 1 0 . 1 ) , w i t h  a l l  t he impl ied l imitat i ons of a mode l ,  

the s imi l a r i t y  o f  the two s e t s  o f  cont inuous spect r a  sugge sted 

the v i s c o e last i c  model was appropriate to mode l creep 

compl i ance behav i o u r . 

The s imi l a r i t y  o f  the spectra a l s o  sugge sted that fitt ing a 

mode l with three retardat i on t imes was not too inapprop r i ate . 

Three ret a rdat i on t imes have been used con s i st ent ly throughout 

this  work to ana l y s e  init i a l  c reep re sponse s .  Othe r workers 

have used from one to fou r e xponent i a l s  to analyse creep 

cu rve s ( Chapter 1 ,  Table 1 ) . 

1 0 . 3 .  PRE L IMINARY E XPERIMENTS 

1 0 . 3 . 1 .  Linearity 

With non - l inear vi s coelast i c . mater i a l s  a curvi l inear 

re l at i onship ex i s t s  between stre s s  and strain . Mo st 

viscoe l as t i c  mat e r i a l s  exhibit l i near s t re s s / st rain behaviour 

at ve ry l ow stres s e s . I f  the s t re s s  s e l e cted does not exceed 

the value beyond whi ch non- l inearity deve lops it is po s s ib l e  

t o  ana l y s e  the c r e e p  comp l i ance dat a obt ained . 

A s e r i e s  o f  expe r i ments were per formed to e s t ab l i sh i f  l inear 

vi s co e l a s t i c  behav i ou r  wa s e xhibited by but t e r  at l ow 

stres s e s . Two but t e rs were sub j ected t o  a range o f  s t r e s s e s  

vary i ng from 7 8 4  - 3 9 2 0  P a  for five m i nutes . L ine ar creep 

comp l i ance respon s e s  were s een for both butt e r s . 

The r e sponse o f  but t e r  t o  a creep comp l i ance t e st o f  five 

minute s  durat i on i s  e s sent i a l l y  e l ast i c  in nature . The 

cont r ibut i on of the vi scous t e rm wou l d  be negl igible in the 

f i r s t  five minut e s . However ,  the cont r ibut i on o f  v i s c o s i t y  to 

the t otal  c omp l i ance should be independent o f  the st re s s  used . 
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I n  o r de r  t o  det e rmine the re sponse o f  the vis cous term t o  

v a r y i n g  s t r e s s e s  a s ingle butter was e xp osed t o  vary ing 

s t re s s e s  for 1 5 . 5  hours . The re s u l t s  showed vi s co s it y  t o  be 

i n dependent o f  the app l ied s t re s s , rema i ning approximat e l y  the 

s ame a s  s t re s s  increas ed . The inst ant aneous comp l i ance and sum 

o f  t h e  c omp l i ances a l s o  i n c reased l inea r l y  as s t re s s  i n c reased 

indi c at ing a l inear e l a s t i c  response was obse rved ove r l ong 

t ime c reep expe r iments as we l l  as  expe r i ments l ast ing o n l y  

f i ve m i nutes . 

Al l c reep comp l i ance work was carried out using a stre s s  o f  

3 1 3 6  P a  at 1 0 °C .  

1 0 . 3 . 2 .  Durat i on o f  Exp e r iment 

To det e rmine the e f fect o f  varying the durat i on of creep 

c omp l i ance exper iment s ,  two butters were sub j ected t o  c reep 

comp l i ance t e s t i ng of var y i ng dur at i on and a l l owed to recover 

a ft e r  creep comp l i ance t e st ing . A t yp i c a l  creep and recove ry 

curve is shown i n  F i gure 1 0 . 1 .  

The s um o f  compl i ances found for the i n i t i al creep curve s did 

not vary much as e xpe r iment a l  length changed . In cont rast , the 

sum o f  the comp l i ance values recove red showed a tendency t o  

change a s  durat i on o f  t he experiment changed . 

I n  a l l  cases t he v i s co s i t y  term obt a ined from creep was l a rger 

t han t he visco s it y  t e rm found from the recove ry curve . The 

v i s c o s it y  terms c a l cu l ated for the creep curve s showed l it t l e  

var i at i on with changing e xpe riment a l  l ength . However , the 

v i s co s it y  terms found from the recovery curve showed s ome 

t endency to increase a s  the durat i on o f  t he expe riment 

i n c r e ased . 

The v ar i at i on seen in s ome c reep comp l i ance re s u l t s  a s  

expe r i ment a l  length change s demonst rated the need f o r  creep 

comp l i ance exper i ment s t o  be car r i e d  out over a con s t ant 
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length o f  t ime . Thi s mu st be done t o  enable mean ingfu l 

c ompa r i s on s  o f  dat a obt a ined from d i f ferent e xper iment s .  

The l ength o f  t ime t aken by one stre s s / recove ry c y c l e  i s  

the o re t i c a l l y  unl imited . Howeve r ,  the data l ogge r can o n l y  

record 1 5 . 5  h o u r s  o f  dat a ,  a n d ,  i f  a n y  number o f  e xpe r iment s 

we re t o  be pe r fo rmed the c y c l e s  cou l d  not be t o o  l ong . I n  

pract i ce ,  a c y c l e  o f  1 7  hours creep and 7 hours recovery was 

found to g ive me aning fu l  dat a . A l l  subsequent c reep / re c overy 

exper i ments fo l l owed t h i s  pattern . 

1 0 . 3 . 3 .  Orient at i on o f  S amp l e  

A s ampl e  cut from a pat o f  but t e r  c a n  be shea red in t hree 

direct i ons . I f  the fold face of a pat of butt e r  is de s i gnated 

the t op face , a set of three-dimens i onal axes can t he n  be 

imp o s ed on the butt er such that the t op and bot t om faces l i e  

in t h e  xy p l an e , s i de faces i n  the x z  plane and end faces i n  

the y z  p l ane and shear in t h e  x ,  y o r  z di r e ct i ons i s  

po s s ib l e . 

I n  o rder t o  eva l uate any po s s ib l e  e f fe ct o f  di rect i on o f  

she a r , two patted F r i t z  but t e r s  and two patted Amm i x  butters 

we r e  sheared i n  a l l  three di rect ions . 

The c reep comp l i ance r e s u l t s  for the Ammix but t e r s  indi cated 

the d i re ct i on in whi ch shear occured did not a f fe ct the creep 

comp l i ance re sponse great ly . I n  cont rast , a di f fe rence in the 

magn i tude o f  c reep comp l i ance response was obse rved for patted 

F r i t z  but t e r s , shear in the x di rect i on gave the sma l l e s t  

respon s e , fo l l owed b y  shear i n  t he y d i rect i o n ,  w i t h  shear in 

the z d i rect i on giving the greatest re spon s e . The s um o f  the 

comp l i ance s increased and the v i s cous term s  decreased a s  shear 

d i r e ct i on changed from x to y to z .  

A p o s s ib l e  e xp l anat i on for t he di f ference i n  behav i o u r  

obs e rved for s h e a r  in the t h r e e  di rect i ons , x ,  y ,  a n d  z ,  

e x i st s . Both pumping through p ipes and the p ro ce s s  o f  patt ing 
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e xp o s e s  butter t o  she a r  s t re s se s . It  i s  po s s ible s ome o rde r i s  

imposed o n  fat cryst a l s dur ing pumping and patt ing , thu s  

l e ading t o  a l arger creep comp l i ance response in s ome 

d i rect i ons . Addi t i ona l l y ,  the shear force s invo l ved may cause 

' bonds ' or weak van-de r -Waa l s  forces t o  break whi ch are not 

l at e r  re formed ( ie . a form of reworking ) . 

The di rect i on o f  butt e r  f l ow through pipe s i s  man i fested in 

t he z axi s of the fini s hed pat . Butter is  t hen exp o sed to 

further s t re s se s  duri ng the process o f  pat t ing and wrapping . 

Both the F r i t z and Ammi x s amples  we re packed us ing a pump fed 

S I G FD 1 4 0  patter . The ma j o r  stre s s  during patt ing seems to be 

cau s ed by the removal o f  t he b l o ck of but t e r  from the p i s t on . 

As t h i s  happens the but t e r  i s  she ared in what wi l l  be the y 

di rect i on in the fini shed pat . 

The expl anat i on imp l i e s  increasing shear w i l l  l ead t o  an 

increase in c reep comp l i ance response . I f  i t  i s  as sumed that 

pumping p roduces more she a r  than the patt ing proce s s , the 

t rends in creep comp l i ance resu l t s  may be expl ained . 

I n  the manu facture o f  F r i t z  but t e r  the mi l k fat i s  complet e l y  

cryst a l l i zed be fore churn ing . Any rearrangement o f  t h e  fat 

cryst a l s  whi ch occurs a ft e r  churning and wo rk ing wou l d  be 

permanent . In c ont rast , i n  the manu fact ure o f  butte r  by the 

Ammi x  proce s s , cryst al l i z at i on i s  not comp l et ed unt i l  a ft e r  

proce s s ing . Presumably any rearrangement o r  i mposed o rder 

re s u l t ing from pumping or patt ing wou ld be obs cured by 

sub s e quent cry s t a l l i z at i on . 

The above exp l anat i on i s  suppo rted by the creep respon s e s  o f  

two s amp l e s  o f  F r i t z  butt e r  which were c o l le ct e d  a s  the butter 

l e ft the butter mak ing machine ( ie . be fore be i ng pumped 

through p ipe s ) . Samples  s heared in the direct i on o f  f l ow from 

the but t e rmak ing machine gave s imi l ar resul t s  to samp l e s  

sheared a t  right angles  t o  the f l ow . 
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The s e  o rientat i on re s u l t s  sugge st creep compl i ance t e s t ing i s  

ve ry s e n s i t i ve and capab l e  o f  p i c king up the e ffe ct o f  

s t re s s e s  appl ied t o  but t e r  dur ing pumping and pat t ing 

ope rat i on s . 

F o r  cons i s t ent re sult s  i t  i s  i mport ant that s amp l e s  are a lways 

cut and pl aced in t he para l l e l  p l ate v i s co e l a s t omete r  in t he 

s ame way . Al l patted but t e r s  were prepared by cut t ing s amp l e s  

from t he t op face o f  the pat , with shear occurr ing in the x 

di rect i on . 

1 0 . 4 .  LOAD CYCL ING 

On remova l o f  stre s s  a ft e r  c reep comp l i ance t e st i ng ,  a part ial 

recovery of strain was obs e rved . The app l i cat i on of s t re s s  and 

i t s  r ecovery was re ferred to as a creep / recove r y  cycl e ,  or a 

l oad c y cl e . Aft e r  a l l owing a s ampl e  t o  recove r for some t ime 

s t re s s  cou l d  be app l ied aga i n , fo l l owed by a further re covery . 

Three s amp l e s  o f  F r i t z  but t e r  and three s amp l e s  o f  Ammi x  

but t e r  c o l lected throughout t h e  dai ry i ng season whi ch we re 

cho s e n  to give a r ange of sect i l ity hardnes s e s  and s o l i d  fat 

content s were sub j ected to two 1 7  hour creep / 7  hour recovery 

c y c le s . 

Al l s amp l e s  gave the s ame general response curve i l lustrated 

i n  F i gure 1 0 . 2 ;  On t he f i r s t  app l i cat i on o f  s t r e s s  the usual  

creep comp l i ance response was seen . On t he removal of  s t re s s  

s ome recovery t ake s p l ace . On a s econd appl i cat i on o f  s t re s s  a 

c reep re sponse o f  app r o x i mate l y  the s ame magni tude a s  the 

f i r s t  recovery was observed ( so fter s amp l e s  crept a l i t t l e  

further ) . I f  the s t re s s  w a s  then removed ,  a s e cond recove r y ,  

ver y  s im i l a r  t o  t he f i r s t , w a s  observed . From t h e  general 

shape s of  the obs e rved c u rve s it seemed butt e r  was be behaving 

in a v i s coel ast i c  mann e r  a ft e r  the init i al c reep re spon s e . 
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A compari son o f  the retardat i on spectra found for t he fi rst 

and s e cond creep curve s showed the spectra we re not a l ike . The 

r e t ardat ion spect rum for the second c reep curve was much 

reduced in magn i tude . The f i rst curve had a far great e r  

c o nt r ibution t o  ove r a l l  response from retardat i on mechani sms 

between ln t ime 3 . 5  and 8 . 5 ,  whi l e  ret a rdat ion mechan i sms 

c o n t r ibuted ve ry l it t l e  to the second curve unt i l  l ong t imes . 

The nece s s i t y  o f  f i t t i ng a reduced number of retardat i on 

mechani sms t o  s econd creep curve s became obvi ous ( two , a s  

opp o s ed to three ) , given the much reduced cont r ibut i on o f  such 

ret a rdat ion mechani sms at short and medium t ime s . The t ime 

c o n s t ants fitted t ended to be in t he regi ons o f  approximat e l y  

l n  t ime 6 . 5  a n d  8 . 5 .  The s e  const ant s a l s o  indi cate a l o s s  o f  

ret ardat ion mechan i sms at short t ime s . 

Al l s amples s ub j e cted t o  repeated creep / re cove ry c y c l i ng 

s howed the s ame gen e r a l  response a s  i l lustrat ed in F i gure 1 0 . 2  

( in c luding but t e r  both or iginal and rewo rked , and anhydrous 

fat product s ,  both o riginal  and reworked)  . It  became obvi ous 

t he c reep compl i ance and recovery behav i our o f  the fat 

p ro duct s being i nve s t i gated could not be des c r ibed as 

v i s co e l a st i c . 

I t  was sugge sted t hat on t he app l i cat i on o f  a she a r  s t re s s , 

t he crystal network may be behaving in a fash i on s imi l ar t o  

p o l ymer s  under s t r e s s  ( Mande l kern , 1 9 6 4 ) . The network was 

thought to be de forming a l ong the ax i s  o f  app l i ed s t re s s . As 

t h i s  happen s  e l emen t s  o f  the cryst a l  network woul d  be 

d i s t o rt ed from t he i r  most probab l e  con f i gurat i ons . In polymers 

t h i s  re sult s  i n  a decrease i n  con f i gurat i onal ent r opy and this 

may also be happening here . As de format i on i s  maintained,  

c r y s t a l , o r  st ruct u r a l  uni t s  would become increas i n g l y  

o r i entated a long t h e  a x i s  o f  she a r . Thi s  wou l d  l e a d  t o  

o pp ortunit i e s  fo r t he format i on o f  a range o f  bonds . Weak 

bonds and/ o r  van-der -W a a l s  att ract i ve force s wou l d  break and 

r e f o rm and, as durat i on o f  the e xper i ment increase s ,  
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increas i ngly strong ' bonds ' would break and re form . Addit i onal 

strong ' bonds ' , or crystal -crysta l  l inkages may a l s o  be formed 

dur ing t h i s  proces s .  

The net result o f  f o rming new l inkage s and the cont inuous 

breaking and re f o rm ing of van-der -Waal s  bonds as the network 

become s i ncrea s i n g l y  de formed was thought to gradu a l l y  ' l ock ' 

the network int o a deformed st ate . Not on l y  would t he 

deformat i on o f  t he network be permanent , the defo rmed state 

wi l l  be more orde red and there fore have reduced ent ropy . As a 

result l ittle recovery wi l l  be seen on the remova l o f  s t re s s .  

I f  the s t ructure becomes l o cked int o a more o rde red state 

sub sequ e nt app l i cat i on of s t re s s  may b e  expected to cau s e  

l it t l e  further de fo rmat i on . 

The gen e r a l i zed Ke lvin mode l ( out l ined in S e ct ion 2 )  

s at i s fa c t o r i l y  de s c r ibes t he i n i t i a l  and subsequent creep 

curve s . Howeve r ,  it fa i l s  to des cribe the ove r a l l  respon s e  

obs e rved during creep/ recovery l oad c y c l ing . Con sequent l y ,  an 

a lt ernat i ve rhe o l o g i cal mode l become s nece s s a ry . In the f i r s t  

creep and recove r y  cycle t he mode l s h o u l d  account for the 

i n i t i a l  instant aneous response and the dec l i n ing recovery o f  

t h i s  r e sponse a s  e xperiment al length increase s . S im i l ar l y ,  i t  

must a c count for t he retarded e l ast i c  response and the decl ine 

in ret a r ded e l a s t i c  recove ry . The mode l should a l s o  acc ount 

for the v i s cous f l ow s een . F inal l y ,  it should a l s o  be abl e  t o  

mode l t h e  second creep and recovery c y c l e  

b e  v i s c o e last i c )  . 

( wh i ch doe s seem to 

A po s s ib l e  mode l i s  presented in F i gu re 1 0 . 3a .  The propo sed 

mode l fe atures an i n i t i a l  spring and a dashpot with ver y  l ow 

vi s co s i t y  to rep r e sent the instantaneous respons e . When s t ress 

is  removed only t he spring recove r s . The ret a rded comp l i ances 

are represented b y  Kelvin uni t s  with weak spring s  and a y ie ld 

e lement . As the l ength o f  the exper i ment i ncreases the y i e l d  

e l ement s fa i l . When s t r e s s  i s  removed on l y  those u n i t s  who se 

y i e ld e l ement s have not fa i led are abl e  to recove r . Long t e rm 
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( a )  ( h )  

F i gure 1 0 . 3 :  Propsed rhe o l ogical mode ls t b  repre sent 

t he creep comp l iance be hav iour o f  but t er . 

2 8 8  
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v i s c o u s  f l ow i s  represnted b y  a l a rge final dashpot with high 

v i s co s i t y . Event u a l l y ,  when a l l  the Ke lvin un i t s  with y i e l d  

e l ement s have fa i led the mode l  i s  reduced t o  a Maxwe l l  unit . 

An a l t e rnat ive ( F i g .  1 0 . 3b )  wou l � be to include o rdinary 

Kelvin units ( sp r ing and da shpot in paral l e l ) in s e r i e s  with 

unit s with y i e l d  e l ement s . Thu s ,  when all y i e l d  e lement s have 

f a i l e d  the mode l wi l l  rever t  t o  the general i z ed Ke lvin mode l 

repre sent v i s co e l as t i c  behavi our . 

1 0 . 5 .  P RODUCTS MADE FROM THE SAME FAT 

A p l a s t i c i z ed m i l k fat , a m i l k fat / o i l  blend and a but t e r  were 

prep a red from the s ame mi l k fat s ource in orde r to inve s t i gate 

the e f fe ct of t he presence of wat er and the i n fluence of s o l id 

fat cont ent on c reep comp l i ance behaviour . 

The s ho rten ings and butter were sub j ected t o  t wo 1 7  hour 

creep / 7 hour r e c overy c y c l e s . Al l s amp l e s  exhibited t he same 

behav i ou r  as ment i oned above ( F i g . 1 0 . 2 ) . 

I t  was noted that even though the p l a s t i c i zed mi lk fat and the 

but t e r  had approx imat e l y  t h e  s ame s e ct i l i t y  ha rdne s s  and 

e l ast i c  comp l i an ce s ,  the i r  v i s co s it ie s  di f fered,  with that o f  

the but t e r  being much gre a t e r  than that found for t he 

p l a s t i c i z ed m i l k fat . Thi s d i fference was thought t o  be due to 

the p r e s ence of w ater drop l et s  in t he butter s omehow 

incre a s i ng v i s c o s i t y . 

The a dd i t ion o f  o i l  t o  m i l k fat t o  dec rease s o l id fat cont ent 

had t he e xpect e d  e f fect o f  l ower ing s e ct i l it y  hardnes s ,  and 

i ncrea s i ng e l a st i c  respons e s . The vi s cous f l ow term was not 

a f fe c t e d . Thi s  wa s unexpect ed,  as other resu l t s  indicated 

decrea s i ng amount s of s o l i d  fat had t he e f fe ct o f  decreas ing 

v i s co s it y . 
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1 0 . 6  REWORKED P RODUC T S  

A number o f  s amp l e s  w e r e  r eworked , a F r i t z  butt e r  and a n  Ammix 

butt e r ,  and the anhydrous and butter s amp les p repared from the 

s ame mi l k fat . Rewo rking produced a marked reduct i on in the 

hardne s s  of a l l  s amp l e s  but had virtua l l y  no e f fect on s o l id 

fat content . 

Rewo r k ing resu l t s  i n  a ma j o r  d i s rupt ion o f  any crysta l l ine 

s t ructures pre sent . Crys t a l s ,  or sma l l  clumps of cryst al s ,  

w i l l  be d i sturbed and re l o cated throughout the s ample . When 

the proce s s  o f  rewo rking i s  complet e ,  cryst a l  networks wi l l  

re f o rm . Howeve r , owing t o  the breaking o f  bonds and t he 

d i s rupt ion o f  st ruct u r a l  unit s ,  these un its wi l l  no l onge r be 

i n  t he i r  most probab l e  configurat i on . Thi s  proce s s  i s  a l s o  

t hought t o  break st rong ' bonds ' or linkages between s t ructural 

e l ement s . It is thought that once these bonds are broken a 

l a rge proport i on e i the r do not re form , or only part i a l l y  

re f o rm over a l ong pe r i o d  o f  t ime ( Haighton , 1 9 65 ) . 

On b e i ng sub j ect e d  t o  two cr�ep/ recovery cyc l e s  a l l  s amp l e s  

exhibited the behaviour ment i oned above ( F i g . 1 0 . 2 ) . Howeve r ,  

rewor ked s amp l e s  s howed a much great er creep response than 

c o r r e sponding o r i g i n a l  s amp l e s . 

The i n s t antane ous r e sponse s een for reworked s amples  was 2 . 5 - 3  

t ime s t he inst ant aneous r e sponse seen f o r  ori ginal samp le s .  I n  

gen e r a l  there was an inve r s e  re lat i onship between increase i n  

i n s t ant aneou s r e sponse a n d  reduct ion in hardne s s ,  for example , 

t he r eworked F r i t z  butt e r  had a third o f  the hardne ss o f  the 

o r i g i n a l  butte r ,  and s howed an instantaneous response three 

t ime s greater t han t he unworked butt e r . 

Ret arded comp l i ances  o f  reworked s amp l e s  were four t o  five 

t im e s  l arge r t han t h o s e  s e en for the or i gina l s . These 

i n c r e a s e s  were l a rger t han wou l d  be predicted by sect i l i ty 

h ardne s s  a lone . Th i s  s ugge s t s  reworking a ffect s e l ast i c  

c omp l i ances i n  ways othe r than just bre ak ing st rong ' bonds ' . 
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The l e s s  favourab l e  configu r at i ons o f  e lement s o f  the crystal 

latt i ce may make de format ion eas i e r  a�d e xplain the increases 

seen . 

The decrease in v i s co s it y  seen for re�o rked but t e r  was 

e xpected . With s t rong ' bonds ' being b=oken during reworking 

fewer bonds woul d  need t o  break for part i c l e s  or cryst a l s  t o  

be able t o  f l ow . I nt e r e s t i ng l y ,  the percent age decrease i n  

vi s co s i t y  w a s  c l o s e  t o  the pe rcentage dec rease in sect i l it y  

hardne s s . 

The ret a rdat i on spect r a  o f  reworked s a�p les di ffe red from 

those seen for t he o r iginal s amp l e s  i� several ways . Spect ra 

were larger and smoother than those seen for the o r i ginal 

s amples . I t  appe a r e s  s ome ' bonds ' tha� break at medium t o  l ong 

t ime s are l o s t  on rewo rking . Thi s  may happen as s t ructural 

un i t s  are forced from t he i r  most probable posit i ons . On 

re format i on of c r y s t a l  netwo rks the se ' bonds ' may not re form 

or re form ver y  s l owly . The bu l k  of the spect ra a l s o  move s t o  

shorter t ime s a s  retar dat i on - t imes de �rea s e . I t  seems t hat as 

deformat i on become s e a s i e r ,  it  become s  fa s te r . 

The second c reep r e sponse o f  reworked s amples a l s o  increased,  

c ompared to t he o r i g i n a l  sampl e s . Thi s  increase was 

approximat e l y  the s ame orde r a s  that s een fo r the i n i t i a l  

c reep respon s e . 

1 0 . 7 .  SEASONAL SURVEY 

S amples o f  F r i t z  and Amrnix but t e rs we=e col lected ove r two and 

one hal f dai ry ing sea s ons . T radi t iona� sect i l it y  hardn e s s  and 

s o l id fat content by NMR were det e rmir.ed for a l l  s amp l e s . 

D i f fe rent i a l  s canning calor imetry me lt ing t hermograms , fatty 

acid and t ri g lyce r i de c ompo s i t i ons were det e rmined for s amp l e s  

c o l lected dur ing t he 1 9 8 5 - 1 9 8 6  season . 
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The sect i l it y  hardness re s u l t s  showed a steep r i s e  in ha rdne ss 

in t he spring,  reaching a peak around Novembe r /Decembe r ,  

fo l l owed b y  a dec rease i n  the autumn . Autumn h ardne s s e s  do not 

fa l l  a s  l ow a s  spr ing hardne s s e s . The seasonal var i a t i on in 

the s o l i d  fat content at 1 0°C shows a s imilar t rend t o  that 

seen for h ardne s s , with a rap id increase in so l id fat c ontent 

t hr ough spring to summe r ,  fo l l owed by a decl ine in autumn . The 

c o r r e l a t i on between sect i l i t y  ha rdne s s  at 1 0 °C and s o l id fat 

cont ent at the s ame tempe rature for s amp les of F r i t z  and Ammix 

but t e r s  c o l l ected throughout the season was h i gh (r = 0 . 8 1 for 

a l l  s amp le s ) . 

S o l id fat content was direct l y  l inked t o  fatt y  acid 

c ompo s i t i on ,  espe c i a l l y  to leve l s  of  uns aturat ed fat t y  a c i ds . 

The s e  were observed to be h i gh in spring , fa l l  t o  a minimum in 
summer and r i s e aga in in aut umn . 

But t e r s  manu factured by the Ammi x  method during the s amp l ing 

p e r i od were c on s i stent l y  s o ft e r  t han corresponding but t e r s  

manu factured u s i ng the Frit z . proces s .  Mil k fat ext racted from 

but t e r  made b y  the Amm i x  method had cons i stent l y  l owe r s o l id 

fat leve l s  than that made by the Frit z proces s .  The se 

di f fe rences can a l s o  be re l ated to fat t y  acid c ompos it ion . The 

Ammi x  s ampl e s  c on s i stently had a sma l l e r  propo rt ion o f  C l 6 : 0  
and a great e r  proport i on o f  C l S : l  l e ading to l ower s o l id fat 

content s . D i f fe rences in cream s ource were thought to be the 

p r i n c i p l e  fact o r  behind the di f fe rent fatty a c i d  compo s i t i ons 

o f  F rit z and Ammi x  butt ers . 

C reep comp l i ances  t e st ing was carried out on s e l ected s amples . 

F r i t z and Ammi x  but t e rs from the months o f  October ,  Janua r y  

a n d  Apr i l  wer e  chosen t o  give s amp l e s  w i t h  a wide range o f  

sect i l i t y  h ardne s s  and s o l i d  fat content s .  

I n  gene ra l ,  t he i n i t i a l  sum o f  the comp l i ance values dec re ased 

as s e ct i l it y  hardne s s  and s o l id fat cont ent incre a s d . I n i t i a l 

vi s c o s i t y  val u e s  t ended t o  increase a s  hardne s s  and s o l i d  fat 
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content i ncrea s ed . The sum o f  the comp l i ance values for a l l  

s ampl e s  was found t o  corre l ate we l l  with sect i l it y  hardne s s  ( r  

= - 0 . 7 7 )  and s o l i d  fat content ( r  = - 0 . 8 0 ) . Vi s c o s i t y  

c o r r e l a t e d  we l l  w i t h  s e ct i l it y  hardn e s s  ( r  = 0 . 8 1 ) , and l e s s  

we l l  with s o l i d  f a t  c ontent ( r  = 0 . 5 6 ) . 

When s amp l e s  are s ub j e cted t o  creep / re c ove ry cycl ing the 

comp l i ance s obs e rved for recovery and c reep a fter the i n i t i a l  

creep resp onse tend t o  decrea s e  a s  sect i l i t y  hardne s s  and 

s o l id fat increa s e . No t rends were di s c e rnible for the 

v i s co s i t i e s ,  this may be due t o  the di f f i cu l t i e s  in 

a s ce rt a i n i ng the ve r y  sma l l  e f fect s o f  the ve ry large 

v i s co s i t i e s  found dur ing recovery and subsequent creep . 

As sect i l it y  hardne s s  and s o l i d  fat cont ent have been shown to 

be dependent on mi l k fat c ompos ition and thus t ime o f  s e a s on it 

c an be s a i d  the i n i t i a l  c reep comp l i ance response o f  but t e r  i s  

dependent o n  season . The sum o f  comp l i ances s een during 

recove ry and subsequent c reep a l so showed a dependence on 

s e ct i l it y  h ardne s s . 

1 0 . 8 .  CONCLUS I ON AND FUTURE WORK 

The work undertaken h a s  l e ad t o  the bui lding up o f  a 

sub s t ant i a l  knowledge bas e  about the rhe o l og i c a l  and phy s i ca l  

p r opert i e s  o f  butt e r . 

C reep comp l i ance has  been a use ful method for examining the 

rheo l og i c a l  response o f  fat product s . A heret o fore unreported 

re sponse o f  butter and s im i l a r  fat product s t o  creep / recove ry 

c y c l ing has been obs erved . Aft e r  the i n i t i al c reep response 

s ampl e s  fai l ed t o  recover a l a rge proport i on o f  the e l a s t i c  

comp l i ance . A further app l i cat i on o f  s t re s s  resulted in a 

c reep r espon s e  s im i l a r  t o  the f i rst recovery . The s e cond 

r e c overy a l s o  seemed t o  be of the s ame o rder as the f i r s t  

r e c over y  a n d  the s econd creep . T h i s  i s  shown in F igure 1 0 . 2 .  
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The obs e rved re spons e  was not v i s coelast i c  i n  the c l a s s i cal 

s e n s e . An e xp l anat i on for the obs erved response , based on the 

behavi o r  o f  p o l yme r s , has been put forward . The cry s t a l  

network i s  thought t o  a l i gn in the di rect i on in whi ch stress 

i s  app l ied . The format i on of new ' bonds ' i s  then thought to 

l oc k  t he network i n  it s '  new pos i t i on . A rhe o l og i c a l  mode l has 

been proposed to repre sent this behaviour . 

A p rob l em e x i sted i n  get t ing reproducible re sult s ,  po s s ibly 

because of the very complex nature of butter i t s e l f .  An 

att empt t o  ove rcome thi s problem was made by manu facturing 

anhydrous p roducts and but t e r , cont roll ing both manu facturing 

c ondit i ons and compo s i t i on . The re sults obt a i ned s howed an 

i mp rovement in repe atab i l it y . The creep responses o f  these 

' mode l ' s y s t ems showed the s ame pattern of behaviour a s  the 

re s u l t s  di scus sed above . Thi s work could be t aken further by 

man u factu r i ng a wider range of product s t o  furthe r t e s t  the 

p ropos ed mode l . 

From t h i s  p o int at t empt s could be made t o  modi fy the st ructure 

o f  fat product s . Thi s could be approached in the f o l l owing two 

way s : 

a )  L i mit ing the format i on o f  the network . 

T h i s could po s s ib l y  be a che ived by the adso rpt ion o f  an 

appr op r i at e  hydrophobi c  po l yme r or sur fact ant onto t he surface 

o f  fat c r y s t a l s . 

b )  Mod i fying the ove ra l l  st ructure o f  the network . 

The c r y s t a l  network cou l d  be modi fied by the incorporat ion o f  

f i l le r  part i c l e s , resu l t i ng i n  the format ion o f  a st ructure 

s im i l ar to a compo s it e  ge l . A number of expe r imental  

app r oa che s are pos s ibl e . 

i )  Addi n g  a s o ft ,  i n e rt f i l le r  which cou l d  creat e  weak 

p o i nt s t h roughout the network . 

i i )  Adding a non- inert f i l le r  whi ch cou ld break up the 

c r y s t a l  l a t t i ce ,  for example , a modi fied s t a rch granu l e  with 

att ached f at t y  acid cha ins . 
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i i i )  Us ing extra fat g l obu l e s  a s  a fi l l e r . I n c reas ing the 

number o f  intact fat g l obue s  wou l d  resu l t  i n  mo re s o l i d  fat 

being c ontained in g l obu l e s  and unabl e  to part i cipate in 

format i on of c r y s t a l  netwo rks . The g l obu l e s  wou l d  a l s o  be 

expec t e d  to act as mechan i ca l  bl ocks to the format ion of the 

netwo r k . The g l obu l e s  may a l s o  a ct a s  s o ft f i l le r  part i c l e s . 

The number o f  fat g l obu l e s  may be increased by mak ing an 

art i f i c i a l  or re combined c ream to whi ch a s u r fact ant has been 

added . In this  way g l obu l e s  may be created with s u f fi c ient l y  

strong sur face l ayers t o  survive churning . The recombined 

cream c o u l d  then be b lended with natural cream and churned 

convent i ona l l y  o r  b lended with anhydrou s mi l k fat and put 

through a marga r i ne t ype proce s s . 
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AP PEND IX 1 

COMPUTER PROGRAMS 

1 )  Uart 

2 )  F i l eedit 

3 )  Non l in 

4 )  Mode l 

5 )  Ret ard 

6 )  S andD 



2 9 7  

1 )  Uart 

A program in P ascal whi ch t rans fers dat a from a dat a l ogge r to 

d i s k . 

p rogram uart ; { Ve r 6 . 1  } 

var 
arrayofdata 
f inish 
divisor 
input cha r 
i , datacount 
input s t r ing 
f i lename 
opf 

a rray [ 1  . .  4 0 0 0 ]  of s t r i ng [ 7 ] ; 
boolean ; 
byte ; 
cha .:: ; 
intege r ;  
st ring [ 7 ] ; 
st ring [ 2 0 ] ; 
text ; 

{ ============================================================ } 

p rocedu re setportmode ; 
begin { proc } 

divisor : = $ 3 0 ; 
port [ $ 3FB ] : =port ( $ 3FB ] o r  $ 8 0 ; 
port [ $ 3F 8 ]  : =divi s o r ;  
port ( $ 3F 9 ]  : =0 ;  
port [ $ 3FB ] : =po rt ( $ 3FB ] and $ 8 0 ;  
po rt [ $ 3 fb ]  : = 3 ;  

end; { proc } 

{ 2 4 0 0  baud } 
{ D LAB : = 1 } 
{ DLL : =divi s o r }  
{ D LM : = O }  
{ D LAB : = O } 
{ set mode n , 8 , 1 }  

{ ============================================================ } 

procedure i n i t ia l i s e ;  
begin { proc } 

c l rs c r ; 
gotoxy { 5 , 3 ) ; lowvide o ;  
writeln { ' Th i s  program t rans fers data f rom a remote compute r / l unchbox ' ) ;  
gotoxy { 5 , 4 ) ; writeln { ' t o the Redstone ' ) ;  
gotoxy { 5 , 7 ) ; write { ' F ilename for dat a  s t o rage { <2 1 c h a r s ) . . .  ' ) ;  
no rmvide o ;  write ( ' B : ' ) ;  
buflen : =2 0 ;  
readln { f i lename ) ; 
for i : = 1  t o  length ( f i l ename ) do f i lename [ i ] : =upcase { f i le name [ i ] ) ;  
f ilename : = ' B : '  + f i lename ; 
a s s ign { opf , f il ename ) ; 
rewrite { opf ) ; 
clrsc r ;  gotoxy { 5 , 2 ) ; 
lowvide o ;  write { ' Writ ing t o : ' ) ;  
normvide o ;  writeln ( f i lename ) ; 
writel n ;  write ln ; 
window ( 1 , 5 , 8 0 , 2 5 ) ; 
gotoxy ( 5 , 1 ) ; 
writeln ( ' P lease initiate dat a  t ransfer f rom remote compute r ' ) ; 

end; { proc } 



{ ============================================================ } 

begi n  { program } 
setpo rtmode ; 
init i a l is e ; 
i nput s t ring : =  
f i n is h : =false ; 
dat acount : =  0 ;  
repea t  

, , . ' 

whi le ( po rt [ $ 3 FD ] and 1 )  = 0 do ; 
inputcha r : =chr (port [ $ 3F 8 ] ) ;  
i f  input char= ' : '  then begin 

writeln ( input s t ring) ; 
dat acount : =  dat acount + 1 ;  
a rrayofdata [ datacount ] : =  input s t ring ;  
i f  ( po s ( ' 6 5 5 3 5 '  , input s t r i ng) < > O ) or ( dat acount > 4 0 0 0 )  then 

f i n i s h : =t rue ; 
input s t r ing : = ' ' ;  

end 
e l s e  input st ring : = input s t ring+inputcha r ;  

unt i l  f i n i s h ; 
for i : =  1 t o  datacount do writeln ( opf , a rrayofdata [ i ) ) ;  
f lush ( opf ) ; c lose ( opf ) ; 
writel n ; writeln ; 
l owvide o ;  write ( ' Data saved on f i l e ' ) ;  
no rrnvide o ;  writeln ( f i lename ) ; 

end . { program } 

2 9 8  
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2 )  Fileedit 

A p r ogram written in P a scal  to edit creep comp l i ance dat a . The 

prog ram se lects points  at ln t ime interva l s  o f  0 . 0 55 . 

p rogram Fi leEdi t ;  

( *  This program edits dat a  f i les c reated by s aving c reep compl iance dat a  * )  
( *  f rom the dat a  logge r . * )  

va r 
dst 
dst7  
ga l , a rraylength, bas e l  
i ,  j 
k 
f ilename 
I P F , OPF 
baddy 
b t ime 
goody 
gt ime 
dfacto r , t factor 

: s t r ing [ 1 0 ] ; 
: s t ring [ 7 ] ; 
: intege r ;  
: intege r ;  
: rea l ;  
: s t r ing [ 2 0 ] ; 
: text ; 
: a rray [ 1  . .  4 0 0 0 ]  o f  intege r ;  
: a rray [ 1  . .  4 0 0 0 ]  o f  rea l ;  
: a rray [ 1  . .  2 5 0 ] o f  i ntege r ;  
: a rray [ 1  . .  2 5 0 ] o f  rea l ;  
: intege r ;  

p rocedure start iPF ; 
( * Ass igns a f i lename t o  a n  input f i le . * ) 

begin 
c l rs c r ;  
write ( ' enter drive : f i lename ' ) ;  readln ( f i lename ) ; 
a s s ign ( IP F , fi lename ) ; 
end; 

procedure readdata ; 
( *  Reads dat a  f rom disk into t he input file . * )  

begin 
i : =O ;  
reset ( IPF)  ; 
while not EOF ( IP F )  do 
begin 

i : =  i + 1 ;  
readln ( IPF, baddy ( i ] ) ;  
end ; 

close ( IPF ) ; 
a rraylengt h : =i ;  
writeln ( ar raylength ) ;  

( *  C reat ing a baseline o f  z e ro . * )  

write ( ' Ent e r  number o f  data point s to be de leted ' ) ;  
readln ( dfactor ) ;  
write ( ' Enter t ime t o  be subtracted ' ) ;  
readln ( t factor) ; 
btime [ dfactor]  : =1 ;  
dfact o r : =dfactor + 1 ; 



3 0 0  

( *  Ass igning the approp riate t ime t o  each iata point . F o r  t he first 1 0  * )  
( *  minutes data is reco rded at t he rate o: sec/2 , and t hen at 2 0 s  
interva l s . * )  

f o r  i : =dfact o r  to 1 2 0 0  do 
begin 

k : =i / 2 ; 
bt ime [ i )  : =k - t fact o r ;  
bt ime [ i )  : =ln (btime [ i ) ) ;  
end; 

k : = 6 0 0 ;  
f o r  i : = 1 2 0 1  to a rraylength do 

begin 
k : =k+2 0 ;  

end ; 

bt ime [ i )  : =k-tfact o r ;  
bt ime ( i )  : =ln ( btime ( i ) ) ;  
end; 
writeln ( ' St opping crite ria is ' , :n ( k ) ) ;  

procedure se lectbyln ;  
( *  2 0 0  dat a  points out o f  4 0 0 0  a re chosen : � r  final analysis a t  regul a r  l n  

t ime interva ls o f  0 . 0 5 5 . * )  

va r 
r , g 
stopfactor , l , s  
fina l 

: intege r ;  
: re a l ; 
: boo lean ; 

begin 
write ( ' Enter basel ine va l ue ' ) ;  
readln (base l ) ; 
write ( ' enter c riteria for s t opping ' ) ;  
readl n ( s topfacto r ) ; 
l : =bt ime ( dfacto r ) ; 
i : =dfact o r ;  
g : =dfacto r ;  
r : = l ;  
fina l : =f a l s e ; 
gt ime ( l ]  : =bt ime ( dfacto r ) ; 
goody ( l ]  : = ( baddy [ dfacto r ) -ba s e l ) ; 
repea t  

repeat 
i : = i + l ; 
s : = bt ime ( i ) - 1 ;  
g : =g+ l ;  
unt i l  s >O . O l ;  

r : =r + l ; 
gt ime ( r ] : =btime ( g ) ; 
goody ( r )  : = ( baddy ( g ) -basel ) ; 
1 : =1 + 0 . 0 5 5 ;  
writeln ( goody [ r ] ) ;  
i f  i=a rraylength then f ina l : =t rue ; 
i f  l>=stopfactor then final : =t rue ; 
unt i l  f ina l ;  



ga l : �r ;  
end ; 

procedure ant i logt ime ; 
( *  Log t ime i s  conve rted into seconds . * )  

begin 
for i : = l t o  ga l do 
begin 

gt ime [ i ]  : =exp ( gt ime [ i ] ) ; 
end ; 

end ; 

procedu re dis c save ;  
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( *  Saving t he selected data points a s  a disk file in the c o r rect layout for 
furthe r  analys i s . * ) 
begin 

write ( ' ent e r  drive : filename ' ) ;  
readln ( f i lename ) ; 
a s s ign ( OP F , f i lename ) ; 
rewrite ( OPF ) ; 
f o r  i : = l  t o  gal do begin 
write ( OP F , ' ' ) ;  
s t r ( goody [ i )  : 7 , ds t 7 ) ; 
dst : =ds t 7  + ' . 0 0 ' ; 
write ( OP F , dst ) ;  
s t r (gt ime [ i )  : 1 0 : 2 , dst ) ; 
writeln ( OP F , dst ) ; 
end; 
writeln (OPF, ' 
c lose ( OP F )  ; 
end ; 

begin { main program } 
s t a rt iP F ; 
readda t a ; 
s e lectbyln ; 
ant ilogt ime ;  
discsave ; 
end . 

1 0 0 0 0 0 0 0 ' ) ;  
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3 )  Nonlin 

A n o n- l inear l e a s t  s quares curve fitt ing program based on the 

Mar qu adt method ( Marquadt , 1 9 6 3 ) ( in F o rt ran ) . 

$D0 6 6  
PROGRAM NONLIN 

C NON-LINEAR LEAST SQUARES F I TT ING PROGRAM BASED ON MARQUART METHOD 
C USER INPUT - MEAN ING OF VARIABLES AS IN B 6 7 0 0  VERS ION 
C USER' S OWN SUBROUT INE MUST BE SUPPLIED & LINKED IN 

INTEGER S I ZEX, S I ZEY 
C S I ZEX I S  BIGGER OF NUMBER OF COEFF I C I ENTS 
C OR NUMBER OF INDEPENDENT VARIABLES 
C S I ZEY I S  MAXIMUM NUMBER OF OBSERVAT IONS OF DEPENDENT VARIABLE 

PARAMETER ( S I Z EX=8 , S I ZEY=2 0 0 )  
REAL Y ( S I ZEY) , X ( S I ZEX , S I ZEY) , F ( S I ZEY) , R ( S I ZEY) , DELZ ( S I Z EY , S I ZEX) , 

1 B ( S I ZEX) , D IFZ ( S I ZEX) , E ( S I ZEX) , P ( S I ZEX) , PH I ( S I ZEX) , Q ( S I ZEX) , 
2 TB ( S I ZEX) , S IGNS ( S I ZEX) , A ( S I ZEX, S I ZEX) , D ( S I ZEX , S I ZEX ) ,  
3 U ( S I ZEX, S I ZEX) 

CHARACTER*S F IDENT ( S I ZEY)  
CHARACTER*8 B I ( 1 0 )  
CHARACTER* 1 2  F I LNAM 
CHARACTER* 2 0  FMT , T I TLE 
COMMON /WWWW/ B I  
LOGICAL RDFLAG 
DATA FMT / '  AS , 6X,  6 F 1 0 . 2 ' / 
RDFLAG= . FALSE . 

C RESET WHEN INPUT F I LE NAME SPEC I F I ED LATER 
1 N=O 
C NVARX I S  MAXIMUM NUMBER OF PARAMETERS , NOT MAXIMUM NUMBER OF X ' S .  

NVARX=SI ZEX 
NOBMAX=S I ZEY 
LUN=1 

C DATA INPUT FROM TERMINAL, MEMORY , OR LAST RUN ? 
6 9 9  CONT INUE 

WRI TE ( * , 2 )  
2 FORMAT ( '  DATA FROM D I S K  F I LE ( ENTER - 1 ) , TERMINAL ( JUST RETURN ) ' 

1 / '  OR PREVI OUS S ET ( ENTER + 1 )  ' , / / ' TO QUI T  ENTER 9 ' ) 
READ ( * ,  3 ) I SAME 

3 FORMAT ( I 4 )  
I F ( I SAME . EQ . 1 ) THEN 

GO TO 2 2 0  
ELSE I F  ( I SAME . EQ . O ) THEN 

GO TO 5 
ELSE IF ( I SAME . EQ . - 1 )  THEN 

C SET-UP ROUT INE FOR READ ING DATA FROM D I S K  
I F ( RDFLAG ) THEN 

LUN = 7 
GO TO 5 

END IF 
WRI TE ( * , 7 0 1 )  

7 0 1  FORMAT ( '  ENTER NAME OF D IS K  F ILE TO BE READ ' ) 
READ ( * , 7 0 4 )  F ILNAM 

7 0 4  FORMAT ( A1 2 ) 



CALL OPEN ( 7 , F I LNAM , 2 )  
RDFLAG= . TRUE . 
LUN = 7 

ELSE IF ( I SAME . EQ . 9 ) THEN 
GO TO 9 9 9 9  

ELSE 
GO TO 6 9 9  

END IF 
5 IF ( LUN . EQ . l ) WRITE ( * , 6 )  
6 FORMAT ( '  ENTER T IT LE FOR THIS RUN ' )  

IF ( LUN . EQ . 7 )  THEN 
READ ( 7 ,  8 )  T I TLE 

ELSE 
READ ( * , 8 )  T ITLE 

END IF 
8 FORMAT (A2 0 )  

WRITE ( * , 9 ) T ITLE 
9 FORMAT ( lX , A2 0 )  

1 1  
WRITE ( * , l l )  
FORMAT ( '  NO OF INDEPENDENT VARIABLES ( X )  
READ ( * , NOIND )  
WRITE ( * , l 2 ) FMT 

, ) 

1 2  FORMAT ( '  TO CHANGE INPUT FORMAT FROM ' , A2 0 , ' ENTER 1 , ' / 

3 3  

4 4  

1 ' OTHERWISE RETURN : ' )  
READ ( * , 3 )  I 
IF ( I . EQ . 1 )  THEN 

WRITE ( * , 3 3 )  
FORMAT ( '  ENTER DATA INPUT FORMAT , EG (A4 , 6X, 3 F 1 0 . 2 )  ' )  
READ ( * , 4 4 )  FMT 
FORMAT ( A2 0 )  

END I F  
IF ( LUN . EQ . l ) WRITE ( * , 5 5 )  

5 5  FORMAT ( '  1 2 3 4 5 6 7 8 9 0 '  , 6 ( 9X, ' 0 ' ) / ) 
C READ IN DATA I N  FORMAT SPECIFIED EARLI E R  
1 4  N=N+1 

IF ( LUN . EQ . l )  THEN 
READ ( * , * ) Y ( N ) , ( X ( I , N ) , I = 1 , NOIND )  

ELSE 
READ ( LUN, 8 0 )  F I DENT (N) , Y ( N ) , (X ( I ,  N) , I = 1 ,  NO IND )  

END I F  
8 0  FORMAT ( A5 , 6 X , 6 F l 0 . 2 )  

IF ( X ( 1 , N) . LT . 1 . 0E 0 5 )  GO TO 1 4  
NOB=N-1 
IF ( NOB . GT . NOBMAX ) THEN 

WRITE ( * , 5 5 5 )  NOBMAX, NOB 
5 5 5  FORMAT ( / '  PROGRAM D IMENSIONED FOR ' , I 4 , ' OBSERVAT IONS . ' , I 4 ,  

1 '  READ IN ' / ' TRY AGAIN ' )  
GO TO 1 

ELSE 
GO TO 1 5  

END IF 
2 2 0  WRITE ( * , 22 2 )  
2 2 2  FORMAT ( / '  OBSERVAT I ONS THE SAME A S  P REVIOUS PROBLEM' ) 
C READ IN CONTROL PARAMS ETC 1 AT A T IME , DEFAULTS AVAILABLE 
1 5  WRITE ( * , l 6 )  
1 6  FORMAT ( '  NO OF COEFF ICI ENTS ( PARAMETERS ) = ' )  

3 0 3  



READ ( * , 3 )  NC 
IF ( NC . LE . O ) GO TO 1 5  
WRITE ( * , 1 7 )  

1 7  FORMAT ( '  STARTING VALUE O F  LAMBDA - H I T  RETURN FOR DEFAULT ' )  
READ ( * , 1 8 )  FLAM 

1 8  FORMAT ( F 1 0 . 2 )  
IF ( F LAM . LE . O . O )  FLAM=0 . 1  
WRITE ( * ,  1 9 )  

1 9  FORMAT ( '  START ING VALUE OF NU - H I T  RETURN FOR D EFAULT ' )  
READ ( * ,  1 8  ) FNU 
IF ( FNU . LE . O . O ) FNU= 1 0 . 
WRITE ( * , 2 0 )  

2 0  FORMAT ( '  MAX NO OF ITERAT I ONS - H I T  RETURN FOR DEFAULT ' )  
READ ( * , 3 ) MIT 
IF (MIT . EQ . O )  MIT=2 0 
WRITE ( * , 2 1 )  

2 1  FORMAT ( '  MULT IP LIER "DIFF" - HIT RETURN FOR DEFAULT ' )  
READ ( * , 1 8 )  D IFF 

2 2  

IF ( D I FF . LE . O . O ) D IFF= . 0 1 
WRITE ( * , 22 )  
FORMAT ( '  SUM SQUARES CRITERION FOR STOPP ING ITERAT ION 
READ ( * , 1 8 )  STOP S S  
IF ( STOP SS . LE . O ) STOPSS=0 . 0 0 1  
WRITE ( * , 2 4 )  

, ) 

2 4  FORMAT ( '  RATI O  OF COEFFS CRITERION FOR STOPP ING ITERAT ION 
READ ( * , 1 8 )  STOPCR 
IF ( S TOPCR . LE . O ) STOPCR= 0 . 0 0 1  
DO 3 2  I =1 , NC 
S I GNS ( I ) = 1 . 0  

C S I GNS OF COEFFS ARE +VE 
3 2  D I F Z ( I ) =DIFF 
C ENTER STARTING GUESSES OF COEFF ICIENTS , 1 AT A T IME 

DO 3 8  I = 1 , NC 
WRI TE ( * , 3 9 ) I 

3 9  FORMAT ( '  START ING GUESS FOR COEFF B ( ' , I 1 , ' )  ' )  
3 8  READ ( * ,  1 8 )  B ( I )  

DO 4 0  I=1 , NC 
C ENTER NAMES OF COEFF IC IENTS FOR PRINTOUT IF DES I RED 

WRI TE ( * , 4 1 )  I 

, ) 

4 1  FORMAT ( '  NAME FOR COEFF . B ( '  , I 1 , ' )  UPTO 8 LETTERS ( OR BLANK ) ' )  
READ ( * , 1 0 6 ) B I ( I )  

1 0 6  FORMAT ( A8 ) 
4 0  CONTINUE 

WRITE ( * , 1 0 7 ) NC , FLAM , FNU , MIT 
1 0 7  FORMAT ( '  NUMBER OF COEFF I C I ENTS ' , I S / '  S TART ING LAMBDA' , F 1 2 . 4 / 

1 '  S TART ING NU ' , F1 2 . 4 / '  MAX NO OF I TERAT IONS ' , I 6 / )  
CALL GAUSHS ( FIDENT , Y , F , R, DELZ , B , D IF Z , E , P , PH I , Q, 

1 S I GNS , TB , A, D , U , X, T ITLE , STOP S S , S TOPCR, FLAM, FNU, MIT ,  
2 NC , NO B , NOIND , NVARX, NOBMAX ) 

GO TO 1 
9 9 9 9  CONT INUE 

STOP 
END 

3 0 4  
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4 )  Model 

A u s e r  supp l ied mode l for use with t he l e a st squares curve 

f i t ing program Non l in ( in Fortran)  . This  e xample f i t s  two 

ret a rdat i on mechani sms . The mode l is  e a s i l y  extended b y  adding 

mo r e  exponent ial  t e rms . 

SUBROUT INE MODEL ( T ITLE , B ,  F ,  NOB , NP , X ,  NVARX , NOBMAX) 
REAL B (NVARX) , F (NOBMAX ) , X ( NVARX , * )  
CHARACTER*20  TITLE 
I=l  
DO 1 0 ,  J= l , NOB 

F ( J ) =B ( l )  + B ( 2 ) * ( 1 . 0 - EXP ( -X ( I , J ) / B ( 3 ) ) )  
1 + B ( 4 ) * ( 1 . 0 - EXP ( -X ( I , J ) / B ( S ) ) )  
2 +X ( I , J) / B ( 6 )  

1 0  CONTINUE 
RETURN 
E� 
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5 )  SandD 

A program ( in P a s ca l ) di f fe rent i at ing and ( opt i o na l l y )  

smoothing according t o  the procedures o f  Savi t z ky and Go l a y ,  

1 9 6 .  The number o f  p o i nt s  used i n  di f fe rent iat i on and the 

degree o f  polyn omi a l  a re chosen by the u s e r . 

p rogram Sand.D ; 
( *  A p rogram to ca lculate ret ardat ion spectra f rom creep compl i ance curve s 
i e  . .  dat f i le s  us ing the least s qua res method Golay and S a vi t s ky with 
opt ional smooth ing . * )  

va r 
OPF , IPF 
f i lename 
jvalue 
t ime 
lnt ime 
laplace 
a r raylengt h , i , j 
f i r s td, s econd 
de l t a t  

procedure st art iPF ; 
begin 

: te xt ; 
: st ring [ 12 ] ; 
: a r ray [ l .  . 2 5 0 ]  
: a r ray [ l .  . 2 5 0 ]  
: a r ray [ l .  . 2 5 0 ] 
: a rray [ l . . 2 5 0 ]  
: intege r ;  
: re a l ; 
: re a l ; 

o f  
o f  
o f  
o f  

write ( ' enter drive : f i l ename ' ) ;  
readl n ( f i lename ) ; 
a s s ign ( IP F , f i lename ) ; 
end; 

p rocedure readdat a ;  
begin 

i : =O ;  
reset ( IP F ) ; 
whi l e  not EOF ( IP F )  do 
begin . 

i : =i+1 ; 

rea l ;  
rea l ;  
rea l ;  
rea l ;  

readln ( IP F ,  j va lue [ i ] , t ime [ i ] ) ;  
end; 

a rraylength : =i ;  
f o r  i : = 1 t o  arra ylength do 
l nt ime [ i ]  : =l n ( t ime [ i ] ) ; 
end; 

p rocedure smoot h ;  ( *  17 point convo lut ing smoot h * ) 
var m, j , k , ka : intege r ;  
n s um, c nsum 
np 

begi n  
m : = a r raylength - 8 ;  
for i : =  2 t o  1 7  do 
begin 

: re a l ; 
: a rray [ 1  . .  2 5 ]  o f  rea l ;  



j : = i- 1 ;  
np ( i ]  : =  j va lue ( j ) ; 
end; 

for i : =  9 to m do 
begin 

j : = i + 8 ;  
f o r  k : = 1 t o  1 6  do 
begin 

ka : =k+ 1 ;  
np ( k ]  : =np [ ka ] ; 
end; 

np ( 1 7 ]  : = jvalue ( j ] ; 
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n s um : = ( -2 1 * ( np ( 1 ] +np ( 1 7 ] ) ) + ( -
1 6 * ( np ( 2 ] +np ( l 6 ] ) ) + ( 7 * ( np ( 3 ] +np ( l 5 ] ) ) + ( 1 8 * ( np [ 4 ] +np ( l 4 ] ) ) + ( 2 7 * (np ( 5 ] +np [ l 3 ]  
) ) ; 

cnsum : =nsum+ ( 3 4 * ( np ( 6 ] +np ( 12 ] ) ) + ( 3 9 * ( np ( 7 ] +np ( l 1 ] ) ) + ( 4 2 * ( np ( 8 ] +np ( l 0 ] ) ) + ( 4 3  
*np ( 9 ] ) ; 

j va lue ( i ]  : =cnsum/ 32 3 ;  
writeln ( j va lue ( i ) ) ; )  

end; 
i f  i>=m t hen a r r aylength : =m; 
end;  

procedure dif fe rent iat e ;  
va r 

m, k , ka , p t s  
n sum, c l , c2 

: int ege r ;  
: rea l ;  

np 
mda t a , nda t a  

a r ra y ( l  . .  1 9 ]  o � rea l ;  
: a r r a y ( l  . .  2 5 0 ] o f  rea l ;  

begi n  
write ( ' ente r  t he numbe r o f  points t o  di f f e rent iate ' ) ;  
readln ( pt s ) ; 

m : =a rraylength - 3 ;  
for i : =2 t o  pts do 
begin 

j ; =  i - 1 ; 
np ( i ]  : = j va lue ( j ] ; 
end; 

for i : =  4 t o  m do 
begin 

j : =i + 3 ; 
for k : =1 t o  ( pt s - 1 )  do 
begin 

k a  : =  k+l ; 
np ( k ]  : =np ( ka ] ; 
end; 

np ( pt s ]  : = j value [ j ] ; 
{ ( *  5 point , 1 s t  derivat ive , cubi c ,  qua rtic * )  

nsum : =np ( l ] -np ( S ] - { 8 * ( np [ 2 ) -np [ 4 ] ) ) ;  
mdat a ( i ]  : =nsum/ 1 2 ; ) 

{ ( * 9 point , 1 s t  de r ivat ive , cubic and qua r t i c  * )  
nsum : = ( 8 6 * ( np ( l ] -np ( 9 ] ) ) + ( 1 42 * { -np ( 2 ] +np ( 8 ] ) ) + ( 1 9 3 * ( np ( 3 ] +np ( 7 ] ) )  

+ ( 1 2 9 * ( -np [ 4 ] +np ( 6 ] ) ) ;  
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mdat a  [ i ]  : =nsum/ 1 1 8 8 ; } 

{ *  7 point , 1 s t  de riva t ive , cubic and qua rt i c  * )  
nsum : =  { 2 2 * { np [ 1 ]  -np [ 7 ] ) ) + ( 6 7 * { - np [ 2 ] +np [ 6 ] ) ) + { 5 8 * { -np [ 3 ] +np [ 5 ] ) ) ;  
mdat a [ i ]  : =nsurn/ 2 5 2 . 0 ; 

{ { *  1 3  point cubic , 1 s t  der ivat ive * )  
c 1 : = { 1 1 3 3 * { np [ 1 ] -np [ 1 3 ] ) ) + { 6 6 0 * { -np [ 2 ] +np [ 1 2 ] ) ) + { 1 5 7 8 * { -np [ 3 ] +np [ 1 1 ] 

) ) + { 1 7 9 6 * { - np [ 4 ] +np [ 1 0 ] ) ) ;  
nsurn : =  c 1 + { 1 4 8 9 * { -np [ 5 ] +np [ 9 ] ) ) + { 8 3 2 * { -np [ 6 ] +np [ 8 ] ) ) ;  
mdat a [ i ]  : =nsum/ 2 4 0 2 4 ; } 

{ { *  7 point , 1 s t  de riva t ive ,  quintic , sexic * )  
n s um : = { -np [ 1 ] +np [ 7 ] ) + { 9 * ( np [ 2 ] -np [ 6 ] ) ) + { 4 5 * ( -np [ 3 ] +np [ 5 ] ) ) ; 
mdat a [ i ] : =nsum/ 6 0 ; } 

j : =i+ { pt s - 1 ) ;  
f o r  k : =  1 t o  {pt s - 1 ) do 
begin 

ka : =k+1 ; 
np [ k )  : =np [ ka ) ; 
end; 

{ ( *  5 po int , 2 nd de rivat ive cubic * )  
nsum : = { 2 * { np [ 1 ) -np [ 3 ] -np [ 5 ) ) ) - { np [ 2 ) +np [ 4 ) ) ;  
nda t a [ i ]  : =nsum/ 7 ; } 

{ *  7 point , 2 nd de rivat ive cubic * )  
n s um : = { 5 * ( np [ 1 ) +np [ 7 ) ) ) - { 3 * ( np [ 3 )  +np [ 5 ) ) ) - { 4 *np [ 4 ) ) ;  
ndat a [ i )  : =nsum/ 4 2 ; 

· 

{ { *  9 point , 2nd de rivat ive cubic * )  
n s um : = { 2 8 * { np [ 1 ) +np [ 9 ) ) ) + ( 7 * { np [ 2 ] +np [ 8 ) ) ) - ( 8 * (np [ 3 ) +np [ 7 ) ) ) ­

{ 1 7  * ( np [ 4 )  +np [ 6 ]  ) ) - { 2 0 * np [ 5 ) ) ; 
ndata [ i ] : =nsum/ 4 62 ; } 

{ { *  7 point , 2 nd de rivat ive qua rt i c ,  quintic * )  
n s um : = { - 1 3 * { np [ 1 ] +np [ 7 ] ) ) + { 6 7 * { np [ 2 ) +np [ 6 ) ) ) - { 1 9 * ( np [ 3 ) +np ( 5 ] ) ) ­

{ 7 0 *np [ 4 ] ) ;  
ndat a [ i ]  : =n s urn/ 1 3 2 ; } 

{ { * 1 3  point , 2 nd de rivat ive cubic * )  
c2 : = { 2 2 * { np [ 1 ) +np [ 13 ) ) ) + { 1 1 * { np ( 2 ] +np [ 1 2 ] ) ) + ( 2 * ( np [ 3 ) +np [ 1 1 ] ) ) + ( -

5 * ( np [ 4 ) +np [ 1 0 ] ) ) ;  
n s um : =c 2  + { - 1 0 * { np [ 5 ) +np [ 9 ] ) ) + ( - 1 3 * ( np [ 6 ) +np [ 8 ) ) ) + - 1 4 *np [ 7 ] ; 
nda t a [ i )  : =nsum/ 1 0 0 1 ; } 

end ; 
( *  laplace t rans form * )  

f o r  i : = 4  to m do 
laplace [ i ]  : =  mdat a [ i ] -nda t a [ i ] ; 
end ; 

p rocedure dis c s a ve ;  
begin 

write ( ' enter drive : fi lename ' ) ;  



readln ( f i lename ) ; 
a s s ign ( OP F ,  f i lename ) ; 
rewrite ( OP F ) ; 
f o r  i : = l  t o  a rraylength do 
begin 

writeln ( OP F , laplace [ i ] , '  
end ; 

' ,  j value [ i ] , '  ' ,  lnt ime [ i ] ) ;  

close ( OPF ) ; 
end; 

begin ( *Mai n  program* ) 
s t a rt iPF ; 
readdat a ;  
smooth ;  
di f ferentiate ; 

f o r  i : =  1 t o  a rraylength do 
writeln ( laplace [ i ] , '  ' , jva lue [ i ] , '  
discsave ; 

end . 

' ,  lnt ime [ i ] ) ; )  

3 0 9  
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6 )  Retard 

A program ( in P a s ca l )  to c a l cu l ate retardation spect r a  from 

creep comp l i ance dat a ,  d i f fe rent iat ing u s ing a method reported 

by Fox and Mayne s , 1 9 6 6 ,  with an opt i onal  smoothing procedure . 

p rogram Ret a rdat ionSpectra ; 
( *  A p rogram t o  ca lculate ret a rdat ion spectra f rom creep compl iance 

curve s * )  
( *  us ing . dat files . * )  

va r 
OPF , I P F  
filename 
j va lue 
t ime 
lnt ime 
la place 
arraylengt h , i  
firstd,  second 
de l tat 

procedure s t a rt iPF ; 
begin 

: text ; 
: st ring [ l O ) ; 
: a rray [ l . . 2 5 0 ]  
: a rray [ l .  . 2 5 0 ]  
: a rray [ 1 .  . 2 5 0 ]  
: a rray [ l .  . 2 5 0 ]  
: intege r ;  
: rea l ;  
: rea l ;  

o f  
o f  
o f  
of 

write ( ' ent e r  drive : f i lename ' ) ;  
readln ( f i lename ) ; 
a s s ign ( IPF , f i lename ) ; 
end ;  

p rocedu re readdata ; 
begin 

i : = O ; 
reset ( IP F ) ; 
whi le not EOF ( IP F )  do 
begin 

i : = i+ 1 ;  

rea l ;  
rea l ;  
rea l ;  
rea l ;  

readln ( IP F ,  j va lue ( i ] , t ime [ i ] ) ;  
end; 

a rraylengt h : =i ;  
f o r  i : =1 t o  a rraylength do 
lnt ime [ i ]  : =ln ( t ime [ i ] ) ; 
end; 

{ procedure quadsmoot h ;  ( * 1 7  point convolut ing smooth * )  
va r 
m, j , k, ka 
n s um, cnsum 
np 

begin 

: intege r ;  
: rea l ;  

: array [ 1  . .  2 5 ]  o f  rea l ;  

m : =a rraylength - 8 ; 
f o r  i : =2 t o  1 7  do 
begin 



j : =i- 1 ;  
np [ i ]  : = j va lue [ j ]  
end ; 

f o r  i : = 9 to m do 
begin 

j : =i+8 ; 
for k : =  1 to 1 6  do 
begin 

ka : =k+1 ; 
np [ k ]  : =np [ ka ] ; 
end; 

np [ l 7 ]  : = jvalue [ j ] ; 

3 1 1  

nsum : = ( -2 1 * ( np [ 1 ] +np [ l 7 ] ) ) + ( -
6 * ( np [ 2 ] +np [ 1 6 ] ) ) + ( 7 * ( np [ 3 ] +np [ 1 5 ] ) ) + ( 1 8 * ( np [ 4 ] +np [ l 4 ] ) ) + ( 2 7 * ( np [ 5 ] +np [ 1 3 ] ) 
) ; 

cnsum : =nsum 
+ ( 3 4  * ( np [ 6 ]  +np [ 1 2 ] )  ) + ( 3 9 * ( np [ 7 ]  +np [ 1 1 ]  ) ) + ( 42 * ( np [ 8 ]  +np [ 1 0 ]  ) ) + ( 4 3  *np [ 9 ]  ) ; 

j value [ i ]  : =  cnsurn/ 3 2 3 ;  
writeln ( j va lue [ i ] ) ;  
end ; 

i f  i >=m then a rraylength : =m ;  
end; } 

procedu re fancyderivat ion ; 
begin 

write ( ' enter de lta t va l ue ' ) ; 
readln ( de ltat ) ;  
f o r  i : =3 to a rraylength do 
begin 

f i rstd : = ( 1 / ( 1 2 *de ltat ) ) * (�value [ i-2 ] - ( 8 * j va l ue [ i - 1 ] ) +  
( 8 * j va lue [ i+ 1 ] ) - j va lue [ i+2 ) ) ;  

second : = ( 1 / ( 12 * ( sqr ( deltat ) ) ) ) * ( - jvalue [ i-2 ] + ( 1 6 *  j va lue [ i - 1 ] ) ­
( 3 0 * jvalue [ i ] ) + ( 1 6 * j va lue [ i+ 1 ] ) - j va lue [ i+2 ] ) ;  

laplace [ i ]  : =f i rstd-second; 
end; 

i : =arraylength ; 
end; 

procedure discsave ; 
begin 

w rite ( ' enter drive : f i lename ' ) ;  
readln ( fi lename ) ; 
a s s ign ( OP F ,  f ilename ) ; 
rewrite ( OPF ) ; 
f o r  i : = l  t o  a r raylength do 
begin 

writeln ( OPF , laplace [ i ] , '  
end; 

c lose ( OPF ) ; 
end; 

begin ( *Ma in program* ) 
s t a rt i P F ; 
readdata ; 

quadsmoot h ;  
fancyde rivat ion ; 

' , j va lue [ i ] , '  ' , lnt ime [ i ] ) ;  



f o r  i : =  1 t o  a rraylength do 
writeln ( laplace [ i ] 1 1 1 1 j va 1ue [ i ] 1 1 
discsave ; 
end . 

3 1 2  

' 1 lnt ime [ i ] ) ;  
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APP END IX 2 

NON-L INEAR LEAS T SQUARES FITTING RESULTS 

Conversion of non-linear least square fitting results to SI units. 

a) 10, 11, 12 and J3. 

J = fa 
= answer in datalogger units (dlu)/(10 x 776 x 3 0) 

where 1 0  converts diu to mV, 776rnm/mV is the reported sensitivity of the 

data logger and 30mm is the height of the sample. 

a = 3 136 pa. 

Therefore, to convert results, divide answer in dlu by ( 1 0  x 776 x 30 x 3 1 36), or 

7.3 X 10 8• 

eg. 33.45/7.3x108 = 4.6 x 10-S Pa·1. 

b) 1 1, 12 and 13• 
Multiply by the appropriate J value, ie. Ji x r i· 

eg. 43.54 x 0.47 = 20.5s. 

c) 17N· Viscosity (Pa.s) = diu ( 1 0  x 776 x 30 x 3 136), or multiply answer in dlu by 

7.3 X 108, 
eg. 850 x 7.3 x 1 08 = 6.2 x 1011 Pa.s. 



1 = J0, instantaneous compliance. 
2 = J 1, first retarded compliance. 
3 = T 1, first retardation time. 
4 = 12, second retarded compliance. 
5 = T 2, second retardation time. 
6 = J3, third retarded compliance. 
7 = T 3, third retardation time. 
8 = TJN, Newtonian viscosity. 
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-<;'5"/.CONF I DENCE ·-t_ I M I TS 
I ND . VAR < I >  NAME COEF.  B < I >  S. E. C OEF . T-VALUE LOi.!ER UP P ER 

1 3 . 34 1 5 1 E+ 0 1  9 . 94£- 0 1  33. 6 3. 1 5£ + 0 1  3 .  5 4E+0 1 
2 4 . 3 5 4 50E+ 0 1  2 . 8 1 E+OO 1 5 . 5 3 . 80£+0 1 4 . 90E+0 1 

· - 3 - - - · ---
· - - -4 .  74223E-0 1 - -

· 2. 89E-02 - - 1 6 :-4 --4 .18E-01 ----:5 .--:3 1 E-0 1 
4 1 .  1 3704E+02 3 . 92£+00 29. 0 1 . 06E+02 1 . 2 1 E+02 
5 1 .  5 524 3£+00 9 . 6 5 £-02 1 6 . 1 1 . 36E+OO 1 .  7 4£+00 
6 8 . 3 4 5 5 3£+0 1 4 . 76E+OO 1 7. 5 7. 4 1 E+ 0 1  9 . 28E+0 1 

- - · - --; - - - · -- - - - � :-26092E +0 1 -----t :-"4 7E +00 --··-a.-6 --� . /3E +00 -� -:-5 SE +0 1 
8 8. 49873E+02 1 . 94E+0 1 43. 9 8. 1 2E+02 8 . 88£+02 

NO. OF OB SERVAT I ONS 2 1 1 
NO.  OF C OE FF I C I ENTS 8 

"RE S I DUAL-DEGR EES OF FR EEDOM · - · - -"203 -· · . . ·- ---- - ·  -- --- · · . . . - - -- · - - - - -- - - . -
R ES I DUAL R OO T  MEAN SQUARE 2 . 4 4 5 1 3 4 1 6  
R E S I DUAL MEAN SQUARE 5 . 9 7868 1 56 
R E S I DUAL SUM OF SQUAR E S  1 2 1 3 . 67236328 

X TUI October , 1 9 8 5 , Run 1 .  

I ND .  VAR < I >  NAME 
1 

,.., c:. 3 
4 
5 
6 
7 
8 

N O .  OF O B S E R VA T I ONS 

C O E F . E ( J )  
4 . 0 7 8 1 9E+ O !  
5 .  1 7400E+O i 

- -- 4 . 66 1 0 5 E - 0 1  
1 .  2 5 5 1 7£+02 
1 .  7 4 588E+OO 
8 . 8 8 7 1 2E+0 1 
1 .  76797E+01 
4.  1 0 1 2 5E+02 

2 1 1  
8 

203 

S. E.  C O E F .  
1 .  02E+OO 
2 . 86E+OO 
2. 5 1 E-02 
3 . 49E+OO 
1 .  03£-0 1 
3 . 9 5E+OO 
1 .  77E+OO -
5. 64E+OO 

NO. OF C O E FF I C I ENTS 
R ES I DUAL DEGR EES OF F R EEDOM 
R ES I DUAL ROOT MEAN SQUAR E 
R ES I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUAR E S  

2 .  7 4 5 5 0 5 4 6  
7.  53629 5 7 5  

1 530. 274 1 6992 

Y T U I  Oct ober , 1 9 8 5 , Run 2 .  

: t·�D .  VAR. :. I )  NA!"'iE 
1 
3 4 

... 6 _  
7 
8 

��D DF O B S E R VA T I OI�S -� . . r·F"-....c.DEF.El.C l.EtJ i c  
R E S IDUAL DEGR EES OF FREED::ir-:--· · 
R ES I DUA� R OOT MEAN SGUAR E RES I D0AL MEAN SQUARE 

-- 8 
203 

3 . 26643357 
1 0. 682 6 5'? 1 5  

T-VALL'E 
40. 0 
1 8 . 1 1 8 . 0 
36. 0 
1 6. 9 
22. 5 
1 o . ·o · 

72. 8 

9 5'l.CONF I DENCE L I M I TS 
U P P ER 

4 . 28E+ 0 1  
5 .  73E+0 1  

LOI-tER 
3. 88E+O l 
4 . 6 1 E+ O l  
4 .  1. 7E-0 1 
1 .  1 9E+02 
1 . 5 4E+OO 
8 .  1 1 E+0 1 

··1 : 42E+0 1 --
3. 99E+02 

. 5. l SE-0 1 
1 . 32£+02 
1 .  9 5E+OO 
9 . 66E+0 1 

-� . - 1 2E+0 1  
4 . 2 1 E+02 

· ---- · - - · · --

- RES I DUA� .SIJN _OF_..SGUARE.S _ . 2 i 6 E .  580r::7812 _ _ _ _ _  · - - - - - - - - - ----- - - - - - - ---

X T U I  January , 1 9 B 6 , Run 3 .  

I ND.  VAR < I I  NAME C O E F .  E < I l  
1 3 .  9 5 2 1 i E• 0 1  

9 �%C ONF I DE N C E  L I M I TS 

S E .  C 0EF T-VAL0E LCWEP UP P ER 
7 . 0 1 £- 0 1  5� 5 3 . 82E+ 0 1  4 .  l OE+O l 

- -- -2 - - - --- - - -- - - -·-- -�--2D0�2E.-+.0 !.  
3 4 .  0835 1 E- 0 1  

-- ...2 . .S2E+OO ----;.�':;co.--£,4'---7'-"L· >:>�£o-_:-:.Q1 o '"' ::'£-t.D.l 
l . 04E-02 39 . 4 3 . 88£-0 1 4 . 29E-0 1 

4 1 . 36725E+02 
5 1 .  70428E+OO 
6 . £  . .  7 9 : S9E� O l  
I 1 . 9 2 ; 86E+ 0 1  
8 6 . 2400 1 E + 02 

ND.  OF D B S E R I.'nT I Of4S 2 1 1 

2 . 84£+00 46. 1 l . 3 1 E+02 1 .  4 2E+02 
e .  7 4E-02 1 9 .  � 1 .  53E+OO l . BeE+OO 
2. 07E+OO . .. 28 .. .:' _ _ _ _ __8_..1SE"'::.01 __5'_..29E+0.1 
1 .  53E+00 1 2 . e l . t 3E+0 1 � - 2�E+ 0 1  
1 . 03E+0 1 60. 7 6 . 04E+02 6 .  4 4 E + 0 2  

--l-.!0 .-- --DF-COEFI::.I C..t£!-.!T.S ----------..8 - ·- ·· ·· · ·-·----------------------

RES I DUAL DEGREES OF F R E E D �M 203 
R ES I DUA� R OOT MEAN SQuA R E  2.  1 0� 3 1 943 
R ES I DUAL MEAN SGVARE 4. 4365€ 1 6 1  

_ _  1\.ESI DUAt.... . .SU/-;_DF_.SGUARE.S .. . .  .90(L.i.2�C·"'8c.3 - - -- - - ---· 

Z TUI January , 1 9 8 6 , Run 5 .  



I ND . VAR ( ! l  NAME C O E F . B ( ! }  S . E . C OEF. 
1 1 .  7 1 58 5E+0 1 9 .  5 5E-0 1 
2 3 . 62594E+ 0 1  � - 1 0E+OO 

3 6 . 34448E-0 1 4 .  59E-02 
4 6 . 8 5 4 1 6E+0 1 2 . 08E+OO 
5 3 . 42623E+OO 2 . 8 5E-0 1 

-6 -- - 4 . 1 5 435E+0 1 - - · - · · · 1 . 62E+OO 
7 8 . 26866E+ 0 1  9 .  4 1 E+OO 
8 8 . 6 4 505E+02 3. 1 6E+0 1 

N O .  OF O B SER VAT I ONS 2 1 1 
-NO .  - OF-COEFF I C I ENTS · - - .. . · -- ---- -- · - -- 8 - - - - --

R ES I DUAL DEGR EES OF FR EEDOM 203 
R E S I DUAL ROOT MEAN SQUAR E 2 .  53828335 
R ES I DUAL MEAN SQUARE 6 . 44288349 

-RE S I DUAL ...SUI1 -0F SQUARES 1 30 7 .  905 5 1 -7-58 

X TU I Apr i l , 1 9 8 6 , Run 1 .  

I NI:o . '.'AR ( I )  NAME 
1 
2 
3 
4 
5 
6 
7 
8 

NO.  OF O B S E R V A T I ONS 

C OEF.  B < I >  
2 .  6328'7·E +C 1 2 .  7096 7E+0 1 
9 .  1 433 1 E-0 1 
7. 80680E+ 0 1  
2 . 98240E+OO 
6 . -4 1 1 4 4E+ 0 1  
2. 0605 5E+0 1 
1 .  1 66 1 6E+03 

2 1 1 
8 

203 

S. E .  C OEF . 
9 . 26E-0 1 
2 .  52E+OO 
8. 58E-02 
3 . 08E+OO 
2. 52E-0 1 
3 . 42E+OO 
1 .  94E+OO 
4 . 34E+0 1 

N O .  OF C OEFF I C I ENTS 
R E S I DUAL DEGR EES OF FREEDOM 
R E S I DUAL R O O T  MEAN SQUA R E  
R E S I DUAL MEAN SQUARE 
R ES I DUAL SUI1 OF SQUA R ES 

2 .  5 3 :3 800 1 3  
6 .  4 20 1 43 1 3  

1 3 03 . . 28906250 

X TUI Apr i l , 1 9 8 6 , Run 4 .  

I ND . VAR < I >  NAME C OEF. B < I l  
1 3 .  99828E+0 1 2 7. 8 2 8 0 5E+O i 
3 3 .  7 9969E-0 1 
4 1 .  2 2792E+02 
5 2 .  4 5057E+OO 
6 5. 609 1 7E+ 0 1  
7 9 . 97637E+ 0 1  
8 7. 5 1 954E+02 

NO. OF O B SER VAT I ONS 2 1 1 

S. E. COEF. 
1 . 30E+OO 
3 .  2 5E+OO - -
1 .  79E-02 
3. 1 3E+OO 
1 .  74E-0 1 
2 . ..S7E+00 - -
1 . 23E+0 1 
5 . 28E+0 1 

. -l\10 .  OF C OE F F I C I ENTS 8 -- · · - · ·  
R ES I DUAL DEGR EES OF FREEDOM 203 
R ES I DUAL R O O T  MEAN SQUARE 3 . 9082 1 64 8  
R ES I DUAL M E A N  SQUARE · 1 5 . 2 74 1 56 5 7  

3 1 5 

9 5X C ONF I DENCE L I M I TS 
T-VALUE LOWER U P P ER 

t e. o 1 .  53E+0 1 1 . 90E+0 1 
1 7 . 3 3 . 22E+O l 4 . 0 4E+0 1 
1 3 . 8 5 . 4 5E-0 1 7 . 24E-0 1 
32. 9 6 . 4 5E+0 1 7 . 26E+0 1 
1 2. 0 2 . 8 7E+OO 3 . 98E+OO 

-2 5 .-.0 · - · --3 . .S 4 E+0 1 - - -- -4 .  4 7E+0 1 
8 .  8 6 .  4 2E+0 1 1 .  0 1 E+02 

2 7 . 4 8 . 03E+02 9 . 26E+02 

T- VALUE 
28 . 4 
1 0 . 6 - . 
1 0 .  7 
2 5 . 3 
1 1 .  8 

--24 . 6 
1 0 . 6 
2 6 .  9 

T- VALUE 
30. 6 
24 . 1 .. 
2 1 .  2 
3<;" . 2 
1 4 . 1 
1 9 . 5 

8 .  1 
1 4 . 2 

9 5i':C ONF I DENC E L I I"i i TS 
LOWER 

2 . 4 5E+O i 
.2. ��2E+0 1 
7 . 46E- 0 1  
7 . 20E+0 1 
2 . 49E+OO 
7 .  74E+0 1 
1 .  68E+0 1 
1 . 08E+03 

U P P ER 
2 . 8 1 E+O i. 
3. 20E+0 1 
1 . 08E+OO 
8 . 4 1 E+O l 
3 . 48E+OO 
9 . 0 8 E+0 1 
2 . 44E+O i 
1 .  2 5E+03 

9 5'l.C ONF I OENCE L I M I TS 
LOWER 

3. 74E+0 1 
.7 . 1 9E+0 1 . -
3 . 4 5E - 0 1  
1 .  1 7E+02 
2. 1 1 E+OO 
5 . 0 5E+0 1 
7. 56E+0 1 
6 . 4 8E+02 

U P P ER 
4 . 25E+ 0 1  
8 . 47E+0 1 
4. 1 5E-0 1 
1 .  29E+ 02 
2. 79E+OO 

... 6. 1 7E+0 1 
1 . 24E+02 
8 .  56E+02 

- -R ES I DUAL . SUM OF SQUARES .- . -- --.3 1 00 .....65380859---· 

Y TUI Apr i l , 1 9 8 6 , Run 3 .  

I ND . VAR < I l  NAME 
1 

C OE F .  B <  I l 
3. 1 4670E+ 0 1  4 .  - 1 0602E+0 1 
4 . 7837 1 E - 0 1  

S. E. C OEF . T- VALUE 
1 .  1 8E+OO 26. 7 
2 .  63E+OO - - - 1 5. b 
3 . 69E-02 1 3 . 0 
2 . 62E+OO 42. 3 
9 . 58E-02 1 6 . 1 

95'l.CONF I DENCE L I M I TS 
LOWER UP P ER 

2 . 92E+0 1 3 . 38E+ 0 1  

· 3 .  59E+0 1 .. . -4. 62E+0 1 
4 . 06E-0 1 5 . 5 1 E-0 1 
1 , 06E+02 1 .  1 6E+02 
1 . 3 5E+OO 1 . 73E+O O  

2 
3 
4 
5 
6 
7 
8 

1 .  1 0 754E+02 
1 . 5 4278E+OO 
7 . 3998 5E+0 1 
6. 58426E+ 0 1  
5. 8 4 9 1 1 E+02 

--L--78E+00 -- -4 1  , -b  - - - - 7 .  0 5E+0 1 - ---7 .-7 5E+0 1 . 

N O .  OF O B SERVAT I ONS 
NO. -OF C OE F F I C I ENTS 
R ES I DUAL DEGR EES OF FREEDOM 
R E S I DUAL R OO T  MEAN SQUA R E  
R ES I D UAL M E A N  SGUARE 
R ES I DUAL SUM OF SQUARES 

Y TU I Apr i l , 1 9 8 6 , Run 6 .  

2 1 1 
8 

3. 53E+OO 1 8 . 6 
2 . 0 1 E+ 0 1  29. 0 

203 
2 . 8 5823298 E .  1 694 9844 

1 6 58 . 408203 1 2  

5 . 89E+0 1 7. 28E+0 1 
5. 4 5E+02 6. 24E+02 



I N D .  VAR I I I  NAME C OE F . B I I I  
1 � - 78845£+ 0 1  
2 6. 1 483 1 E+0 1 
3 5 . 2622 5 E-0 1 
4 1 . 26638E+02 
5 2 . 00 1 42E+OO 
6 · --- -- - - - ..S .-28293E+0 1 - --
7 2 . 76903E+0 1 
8 8 .  48880E+02 

S. E .  C OEF. T- VALLIE 
6 . 40£-0 1 74 . 8 
2. 4 1 E+OO -- 2 5 . 5 
1 .  5 5£-02 3 4 . 0 
2. 26£+00 5 6 . 1 
9 . 38E-02 2 1 . 3 
2. 07E+OO -- ---40 . -0 
1 . 7SE+OO 1 5 . 8 
1 . 97E+0 1 43 . 2 

3 1 6 

9 5� C O NF I DENCE L I M I TS 
L O�ER UP P ER 

4 . 66E+0 1 4 . 9 1 E+0 1 
5 . 68E+ 0 1 6 . 62E+0 1 
4 . 96E-0 1 5 .  5 7E-0 1 
1 . 22E+02 1 . 3 1 E+02 
1 . 82E+OO 2. 1 9E+OO 

-7 .--BBE+ 0 1 -- - -- -B . -09E+O 1 --
2 . 43E+0 1 3 .  1 1 E+0 1 
8 .  1 0E+02 8 . 8 7E+02 NO. OF O B S E R VAT I ONS 2 1 1 

-NO .  -OF �OEFF I C I ENTS --· - -- ---- - - --8- - .  - - - -------- - - . .  - - -- - --
R ES I DUAL DEGR EES OF FR EEDOM 203 
R ES I DUAL ROOT MEAN SQUARE 1 . 958 1 5 7 5 4  R ES I DUAL MEAN SQUARE 3 83438 1 58 - RE S I DUAL SUI1 OF -SQUAR E S - - - -7 7 8 : 3 79 5 1 660 --

Z TUI Apr i l , 1 9 8 6 , Run 8 .  

I ND . VAR C I I  NAME 
1 
2 � � 4 
5 
6 
7 
8 

NO. OF O B SE R VAT I ONS 

C OEF. E C I I  
4 .  42832E+0 1 
8 . 5363 1 E+0 1 
3. 6 7078£ -0 1 
1 . 3 1 80 5E+02 
2. 5 1 722E+OO 
8. 89968E+ 0 1  
3 .  62507£+0 1 
3. 9 5263E+02 

2 1 1 
8 

203 

S .  E .  COEF . 9. 38E-0 1 ., 4 3 E+OO c. .  
l .  1 6E-02 
2. 76E+OO 
1 .  26E-0 1 , 67£+00 c. .  ., c. . 97E+OO 
7 . 4 1 E+OO 

NO . OF C OEFF I C I EN T S  
R ES I DUAL DEGR EES OF F R E E D O M  
R ES I DUAL R O O T  MEAN SQUARE 
R E S I DUAL MEAN SGUARE 
R E S I DUAL SUM OF SQUAR ES 

2 . 884 57870 
8. 320796 9 7  

1 6139. 1 220703 1 

Z TU I Apr i l , 1 9 8 6 , Run 9 .  

I ND . VAR C i l  NAME C OE F .  E C I I  
1 � - 70 360£+0 1 
2 8 .  4904 7£+0 1 
3 3. 974 1 1 E-0 1 4 1 .  3 5 788£+02 
5 2. 4 3 929E+OO 
6 1 .  9 5 1 56E+02 
7 1 .  5 1 276E+02 
8 7 .  8 9 777£+03 

NO. OF O B S E R VAT I ONS 2 1 1 
. NO. OF C OEFF I C I ENTS 8 

R ES I DUAL D E G R EES OF FREEDOM 203 

S. E . C OEF . 
1 .  0 1 E+OO 
2. 62E+OO 
1 . 38£-02 
2 .  5 5E+OO 
1 .  23E-0 1 
7. 59E+0 1 
1 .  54E+0 1 
5 .  1 5E+04 

R ES I DUAL R O O T  MEAN SQUA R E  3 .  20339060 
• R ES I DUAL MEAN SQUARE 1 0 . 26 1 7 1 303 

T-'.IALUE 47. 2 
.-, c; � ...! - 1 
3 1 .  6 
4 7 .  7 
20. 0 
33. 3 . 
1 2 . 2 

. 53.  3 

T - VA�UE 
4 6 .  7 
32. 4 
26. 8 
5 3 .  3 
1 9. 9 

. . .  .2. 6 9. 8 
0 . 2 

_RES I DUAL SUt1 OF .. SIJUAH ES ____ 20i3.3_12b:29.69 __ 

X TUI Apr il , 1 9 8 7 , Run 1 .  

9 5/.C Or�F I DEf,ICE 
LOWER 

4. 24E+0 1 
8 . 0 6E+0 1 
3 .  44E-0 1 
1 .  26£+02 
2 .  27E+OO 
8. 38E+ 0 1 
3. 04£+0 1 
3 .  8 1 E+02 

9 SXC OtJF 1 DENCE 
LO�ER 4. 5 1 £+0 1 

7 .  98E+0 1 
3 .  70£-0 1 
1 .  3 1 E+02 
2. 20E+OO 

_ _ _ ___ 4. 6 4E+0 1 
1 .  2 1 £+0 2 

- 9 .  30£+04 

L I M ES 
UPPER 

4 . 6 1 E+0 1 
c:;· _ 0 1 £+0 1 
3 . 90£-0 1 
1 .  3 7E+02 
2. 76E+OO 
9 . 42E+0 1 
4 .  2 1 £+0 1 
4 .  1 0E+02 

L I I'i i T S UP P ER 
4. 90E+0 1 
<;· _ OOE+O 1 
4 . 24£-0 1 
1 .  4 1 £+02 
2. 68E+OO 
3 . 4 4E+02 
1 .  82E+02 
1 .  09£+0 5 

I N D  ':.:.P •. I )  
1 NAt�E - -- - - ·  -- - --- -- - _ ___ _ _ _  S5i�C OI-iF.lD.E!IlC.E....L I M 1 1 S  C OEF. B r i >  S . E . C O�F T- 0ALUE LOWER UPPER 

N O .  
NO . 
R ES 
R Ef 
�- cs 
R E S  

3 4 
6 
.., I 
8 

4 1 820 1 E+O ! 6 20E-O l 67. 4 4 . 06E+O l 4 . 30E + 0 1  9 .  92607£ +0 1 3 . 0 1 E+�J 3 3 . 0 9 .  �4�+ 0 1  l . 0 5E+02 .2 75S74E-0 1 6. 90E-03 .. . = � - 3 .... . 3 .  t-.3::--:--0 :!.  _ _ _  3. 8�E-O i 1 .  5670 1 E+02 2 � 1 E•00 60 . 0 1 .  � 2�+02 l . 62E•J2 1 .  56�34E•00 7 .  l 4E-02 22 . 3 1 .  4 5 E+OO 1 . 73E+00 6 .  09988E+O i 1 .  75£+00 3 = . 0 5 .  76E+O l 6 . 4 4 £ +0 1 4 .  4 1 822E+Q j, ..3 . . 4-!�+00 __ _ _ ___ .. . i � .  CJ .. 2. 74E + O i  .5 . . 09E+O i 6 20 728E·O� ! .  1 ��+0 1 5�.  1 5 .  98E+02 6 .  43E• 02 -� " .. c. • •  8 

X TUI Apr i l , 1 9 8 7 , Run 4 .  



I ND .  VAR < I  J NMfE 
1 
2 
3 
4 

C OEF. e C i l  S . E . COEF . T- V�LUE 
5. 64859£+0 1 8 .  SOE-0 1 6 6 .  5 
1 . 09942E+02 1 . 92E+OO �� 4 
2 . 68698£-0 1 5 . 93E-03 45: 3 
2 0406 1 E+02 1 .  88E+OO 1 08.  7 
1 .  6 1 593E+OO 4 .  1 6E-02 38. 8 5 

__ 6 - - - ---- - --- - _6. 1 3007E+0 1 --· · 2 .  42E+OO _2<; � 
1 .  1 2949E+02 e.  1 9E+OO - ·-· t 3: ·e 7 

8 
NO_ OF OB S E R VA T I ONS 

4 . 9 5636£+02 1 . 8 7£+0 1 26. 5 
2 1 1  

.NO . . .  .OF_ C.OEFFI C I ENTS . . _ 
R E S I DUAL DEGR EES OF F REEDOM 
R ES I DUAL R OO T  MEAN S Q UA R E  
R E S I DUAL MEAN SQUARE 

- - 8 - ·  -
203 

2 .  5 6 5 56 4 1 6  6. 582 1 1 994 

9 5 i:C OI�F I DENCE 
LOl.IER 5. 4 8E+0 1 
_l . 06E+02 
2.  5 7E-0 1 
2. OOE+02 
1 .  53E+OO 

_5 . 66E+0 1 . - -9. 69E+0 1 
4. 5 9E+02 

3 1 7  

L I M I TS 
U P P ER 5 . 82E+0 1 

1 .  1 4E+02 
2 . 8 0E-0 1 
2 . 08£+02 
1 .  70E+OO 

_6 . 60E+0 1 
1 . 29E+02 
5 . 32E+02 

.. RES I DUA!-:_ SUI1 _0F _ SQUA R E S  · - - _ 1 336._ 1 704 1 0 1 6  ___ - -- - -- · -··- - -

Y TU I Apr i l , 1 9 8 7 , Run 2 .  

' .' ;., R  '- : :  

.. ..,. 
::, 
6 .7 
8 

c oEF- .  � ,  r :· : � 7 .-:,C·OE • O :. 
1 .  1 02E2E -+ C. 2  .3. 673c4E-O � 
l .  834 1 6£+0.;; 
::- ' 7·..,P8E+O·-, I :  i 1 bB5E+02 
4. 0307 1 E�o: 
5 269c0E-'-O;;: 

E E .  :: J��-
t t. .:,; f:-- -�· : 2 C 3E - ( ·� .6 .  76E- 0.3 
2 .  0 7t+(.<"; 6 .  3�·::-o� 
1 .  84E•OO . !. .  <;" 7E�·J:J 
1 .  30E+!.:� !. 

:- '.'.-'<-LiE 

:= L; . 3 
E: S .  4 :::' -'- .  0 
6 C> .  t: 

·;: :: .:. ·.:: :JtJF I DE:;.,iC: E 
;.... a.:: .�lt:F 

�- :::E�o : 1 ·:·t; ::  +0� 
54£-0 ;, 

l .  7·:;'E+O.;:: 
!J 5E+00 

;, 08E+02 
c:. 5E .. O !  

L i f4 ! i �  UP F E R  
. c.. l E+C· : 

i 4 i: -;. L•2 
. 8 1 £:--0 : 
. 87E-+ 02 . 3:JE+OG 
. 1 5£+02 
. 42E + O l  . =·2E-+ 0 2  

.;: : 1 .-
- . -. -� 

Y TUI Apr i l , 1 9 8 7 , Run 5 .  

I N D .  VAR C I J  NAME 
1 
2 
3 
4 5 
6 7 
8 

C OEF . E < I J  
7 . 0 4 4 58£+ 0 1  
1 .  0 4 8 7 3E+G2 

3 . 08653E-0 1 
1 .  78 798E+02 
2 . 02 540E+OO 
1 .  6 0 308E+02 
2. 3064 3E+0 1 -
2 . 83 1 6 1 E+02 

S. E. COEF. 
1 .  09E+OO _ . .2. 69E+OO 
9 . 30E-03 
3. 1 2E+OO 
8 . 39E-02 
2 . 97E+OO 1 . 22£+00 
4 .  <;· 1 E+OO 

T- './ALVE 
6 4 .  7 
3'7. 0 
33 . 2 
5 7 . 3 
2 4 .  1 
5 4 .  0 
1 8 . 9 
5 7 .  7 

9 5%CONF I DENCE L I M I TS 
LOWER UPPER 6 8 3E+ 0 1  7 26£+0 1 9 . 96£+0 1 1 .  1 0E+02 

2. 90E-0 1 3 .  2 7E-0 1 
1 .  73E+02 1 . 8 5E+02 1 . 86E+OO 2. 1 9E+OO 
1 . 5 4E+02 1 . 66E+02 2 . 0 7£+0 1 � - 5 5E+0 1 

N O _  OF O B S E R VA T I ONS 
N O .  OF C OEFF I C I ENTS 
R ES I DUAL DEGR EES O F  FREEDOM 
R E S I DUAL R OO T  MEAN SQUA R E  
R E S I DUAL MEAN SQUARE 

2 1 1 
2 . 74E+02 2 . 93E+02 

e 

.R E S  r DUAL SUM OF SQUAR ES 

203 
3 . 40665245 

1 1 . 60528 1 8 3  
2 3 5 5  . . 8 72 5 58 5 9  _ __ _ _ _ _ 

Z T U I  Apr il , 1 9 8 7 , Run 3 .  

I I·JD.  ·. ·AR ( I  ; 
1 
2 

C OEF.  E l  I :0 .: . 04886E+O ! 
-·-

· 

- ------- -'> S ;�CDtJF I DENC E ....L I M I TS 
5 .  E . C OE� . T- V�LUE _CWER UP r ER 

2 . 9 1 E +OO 1 3  9 3 .  4 8E+O i 4 . 62E•0 1 
t: . 4 2E •OO b .  1 � . 2 3E+O l o . 8 5E+O i  J 5 .  5 8984E+O :. 

.2. 60639£-0 i -
1 .  1 6964E+02 
i .  0039oE+OO 

- --3 .53E...,02-- .. ..7. 4 --- - - · : . .:;: 1 £-0 1 ----3. 30E-0 1 4 t: . e 1 E+OO ! 7 . 2 l .  04E+02 1 . 30E+02 5 l . 46E-O l 6 .  9 7 .  1 8E-O i 1 . 29£+00 t � - � 4 3 4 �E+0.2 - 4 ;-,c: .. -·. -, ; . 8 · 
' OE + O ='  1 3·=- E • o �-

. i . OOE+00 ----� 7�-- __ _ _ 5 . 52E+00 --.9 : 4 SE�OO 7 . ... - - - - -- - - .7 . . 483 ! BE +00 
8 

t·�[; CF GB SSR VAT i OtJS 
2.  2 1 828E +O�· 

2 1 1  
3 . 0 5E +00 7 2 . 7 2 .  t 6E+02 2 . 28E +02 

NO o� C OEFF I C ! �N T S  
- R E S I DU,<;L -DEGREES -DF-FR E EDOi1 ---· 

R E S I DUAL � OOT MCAN SGUAR E 
R E S I DUAL M�AN SQ�ARE 
F' ES I ::::'UA�. £ ;_�M OF S :J\..IAF: ES 

Z T U I  Apr i l , 1 9 8 7 , Run 6 .  

6 
-�03 --- -

s. e e 7 5 5 v3 
3 4 . �632537 :·:·� :: .  �<l E •:· ! S 

L 

·� 
I 

I 
• I 



I ND . •.:,:..R ( I i  
1 

� 
3 
4 
5 
6 
7 
8 

,, ... Mt.· 1 .. � • •  -

NO. OF O B S�RVA T I ONS 

•: OEF E i ! ) ·--:> -=' -.8,-· l E� C· ' s : 6l4b9E+C �  
2 886GOE-0 1 
1 .  i 58 1 0E + 0 2  
1 . 073Co4E+OO 

· i . '27326E-+-02 
6. 1 0966E+OrJ 
2. 38 5C·2E+O� 

-�o:·  ·oF -cOE>="F T C  I ENTS - - . ­
RES I DUAL DE(iREES OF F R E EDOM 
R ES I DUAL R OOT KEAN SGUAR E  
RES I DUAL KEAN SQUARE 

2 1 1  
8 

203 
�- 639 1 6 73 : 
6. �6 5�04.2.:Z. 

3 1 8  

9 5\C CNF l DENC E L I M I TS 
LGWER UP P ER 

2 .  t. 9�+(• 1  4 .  1 7E• 0 1  
� - �BE+ C i  � . 2 5 E+ 0 1  � - 56E-O l 3 . 2 1 E-0 1 
1 09E+02 1 . 23E+02 
� - �2E- O i 1 .  22E+OO -· ' 29E +02 · - ---1 :  46E + 02 c 33E+00 6 . 89E+OO 
� . 3 5E+02 2 . 42E+02 

-� ES I DUAL- s:JM wF -sGUARES -- - - 1 4 1 3 .  �36=·2344·-- - --·· �-- - - -- - · 

TU I Apr il , 1 9 8 7 , Run 1 ,  f irst creep . 

I NV . V;..R ( I i  
1 

NAME 
2 
3 
4 
5 
6 

NO. OF 013 SE-R V.A T I o"NS 

C OEF-'. 2 ;  T !  
1 . 6 7 4 � 7ET0 1 
5 . 2 6 7 0 1 E+ OO 
2. 64 1 36E'+OO 
1 .  1 2 82 5E +C· l 
1 .  6627 9E+02 
4 . 27560E+02 

2 1 1 
6 

�05 

S .  E .  C OEF . 
'i 09E-O i 
8. NE-O i 
1 .  i 1 E+OO 6 .  50E- 0 1  
2 . 38E+0 1 4 . 4 7E+OO 

NO. OF C OEF F I C I EN T S  
RES I CUAL DEGR EES O F  FREE DO� 
R E S I DUAL ROOT MEAN SQUAR E RES i VUAL MEAN SGUARE 
R E S I DUAL SUM OF SQUAR E S  

2. 028 4 4 38 1 
� ! 1 �· 58588 

8 4 3 . 4 90 1 1 230 

TUI Apr il , 1 9 8 7 , Run l , s e c ond creep . 

I ND . VAR ( ! I  NAME C OEF. E l l !  
1 4 .  1 4 1 29E+0 1 
2 6 . 3 1 602E+ O l  
3 3 . 87 592E-O i 
4 i .  422 4 1 E+02 

S E .  C oJEF. 
c 7�£-G i 
2 .  44E•GO 8.  92E- L'2 
2 3C•t: .... t·t• 7 : e2E-o2 

T- •/;,LL'E 
1 8 .  4 

t . O 
2 .  4 

1 7 . 3 7 .  0 
· - 95. 6 

T-v"'LiJE 
.-:,. 1 .  3 

5 1 . 827 1 3E+OO - · ·6- - - - - ---- - ---- - -- ""9 .- o s 4 t 7E+e t  
7 2 .  7 1 2 9 2E+ O i  

2 .  06E+OO ----
1 .  o l E+ O•:' 

3 .:1. .  1 
4 � .  4 t;.;;: .  0 2 � . 4 

-4:3 . "9 . 
1 � . 9 
78. 2 8 4. 30592E+02 

NO. O F  O B S ER VA T I ONS 2 1 1 
NO . . OF O:UEFFIC I E�1TS § 

5 .  5 i E+0�1 

R ES I DUAL DEGR EES OF FR EEDOM 20� 

R ES I DUAL ROOT KEAN SQUARE 2. 0?0��0 !� 
R ES I DUAL MEAN SQUARE 4 . 2�7 ; = 7� !  

- �ES ! DUAL-=:t'M OF SQUAR E S  870 . 4 i 5:)3a()�------

TUI Apr i l , 1 9 8 7 , Run 2 ,  f irst creep . 

9 5 i. C O I �F I DEIJ C E  LOI.JER 
l .  SOE+ O l  
3 .  5 4 E+OO 
4 . 68E-0 1 
1 .  OOE+ O l 
1 .  �OE+02 
4. 1 9E+02 -

L I t-; I TS 
UPFEF. 

i .  85E + 0 1  
o . 99E+OO 
4. 8 1 E+OO 
1 .  26E+0 1 
2. 1 3E+02 4 . . 36E+02 

9 5%C QNF 1 DENC E L I K I TS 
LCil�ER U P P ER 

L 0 1 E+O l 4. 27E+0 1 
7 . 84E+ O l  8.  79E•O t � '0�-0 1  4 . 0 5E-0 1 i : is�+02 1 .  47E+ 02 
1 . 6 7E+OO 1 . 98E+OO 
e . 6 5E+O t --9 . 46E+ 0 1  2 40E+ O i  3. 03E+0 1 
� - �OE+ 02 4 . 4 1 E+02 



TUI January 1 9 8 7 , Run 2 ,  f ir s t  creep . 

·.·;,f.:· ' ! :· - r-::.--:r:: 
-.:...: 

·� :::�· �-
·-· :...:. - - - � 

-:.. E. ·�- � :.:· .; : - : :· 
s·o:� � -; -:. -- : ·: o o -: � -= t:_-� -� :  

._ .:l. 7 = ·- r_ � - .: _: 

- -- ·.� ..:... : . �.:€' 

�- .: 

': 

lC .-
i .:c : <:;- -"' 

- TUI · Ja:n t.rary 1 9  8 7 Run 2 ,  second creep� 

6 
8 

;�;� g6�?�-Y�-I £8ig : V�L DEGR EE� OF F R EE: : ­
t·t)�L �OOT -t"':EAN -sG·_l�� E. -·· - - ­

[U�L MEAN SGUARE 
DU�L - SUM OF SG��R E S  

I 
_ i_· _ ���-: � -��� 

� ;.  7 1 . � c .-; � c-.;:�.:.; 

TU I January 1 9 8 7 , Run 4 ,  f ir s t  creep . 

r :-�r· · v·�� Tt·r·-r-J,.�r.-;E -
• 

2 
-.:.· G - -

-· ·  .. ;: -·­
.- .- -:: 

--:· .:.· :. 

.- - ·  - =-

.- . l. . -=­
· : ::: . �-

TU I January 1 9 8 7 , Run 4 ,  second creep . 

:- . � - . 

� = :-� ·: 0'"·� I !:· =:--�:: E 
L..Ci..tEP 

,_ ·-: - ....... �_- :. 
: .  :-e� � o 1 .:;. c- 2;.:- c -:.. · 2 :3t.-f..+ G l  
2 . � l t:+G0 
1 .  � �-E+OC· 

- E· . S:·LE+OO 
.-. · ! SE+O� 

3 1 9 

-= 
= =

- ·':'· --.:. .:.. ':.. -,_· -
- :::· �-E.:-H)-.!: - .:.:....:; =:.,.. c- :-r � ECr-�:-. . � 



3 2 0  

9 �-�:!:0:·JF'" I DE:._;CE · L I M I TS C OE� E � ! !  c: c r .: � c  T- .. .-'�LI_o;: LOt.JER UP t=' ER 2 7 0 4 � 4 E� 0 !  
-��2 ��=6 i  4 � .  3 2 .  58E+O ! 2 . 83E+ O l  

3 
7 .  l 5275E+O l l . 4 1 E+OO 5 0 . 9 6 . E8E+0 1 7 . 43E+0 1 2. :323 1 1 £- 0 !  . .  7 .�9E.-03 -- -· -=t l .  0 ·-- ----:: . -1 7£�0 1 ------:; :-�SE-0 1 4 

5 
6 
7 

1 . 4399 9£+02 1 . 40E+ OO 1 0 3 . 0 1 . 4 1 E+02 1 . 4 7E+02 
1 .  58438E+OO 4 . 06E-02 3 9 . 0 l .  50E+OO 1 . 66E+OO 
3 . 4 5 3 � 3 £+0 1 3 . 62E+OO 9. 5 2 . 7 4E+0 1 4. 1 6E+0 1 

- - - -- -'3 .J. 4 7 7 7E�o� - - ---'2:-GOE + 0 1 ----:J,�· ./ - -� .i6E+O� · ----:; .��-E+ 02 
8 

NO . OF 0 3 S E R Vh T I ONS 
NO. OF COEFF I C I EN TS 

1 . 6 4 9 50E+03 2 . 33E+02 7 . 1 1 .  1 9E+03 2 .  1 1 E+03 
2 1 1  

- R ES I DUAL DEGREES OF ""FREEDO;; ·­
R ES I DUAL ROOT MEAN SQUARE 
RES I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUARES 

e 
2 03 _ __ - - - - . - ------· 

1 .  69289 565 
2 . 86589�22 

5 8 1 . 77697754 . . .  -- --·- . --·· -----· -·- - - -· . . -- -·-- ---· - . 

TUI Oct ober 1 9 8 7 , Run 1 ,  f ir s t  creep . 

3 
4 
5 
6 ! I Q .  Qt:"" OBSERVA T I ONS 

�u O F  COEFF I C I ENTS 

C O E � - B �  I ;: 
1 . 08 1 5 2 E� 0 1  
� . 998GOE+OO 
l . 866�9E+GO 
6. i 3 9 0 5 E -+ C.O 
1 . 9697� E�G2 
i . i 1 66 7E-+ C 3  

� :;:;: : Dur�.L.. !:'EGREES or:- FRE:EI:•Ci"• 
� E 2 ! 0 0AL ROOT �EAN SG��R E 
R EE I DUAL MEAN SGUARE 
R ES I DUAL SUM OF SQUAR ES 

2 : 1 

1 
1 4 . -o· 

:- . c 
52.  

TUI Oct ober 1 9 8 7 , Run 1 ,  second creep . 

3 
4 
:S 
6 7 
8 

NAME 

NO OF OBSERVAT I ONS 

C OEF' . E { ! : 
2. 998 4 4 E+ 0 i  
7 . 0 7 5 6 i E + O l  
3 .  S S Oc. SE-0 1 
l .  1 9 4 53£+02 
2 . 6707 1 E-+ OO 
e . 48220E+Co 1 
7 . 962� 8E+ 0 1  
1 .  6 4 8 C: �·E-+03 

2 1 1  

S .  E .  C O E F .  
e .  �BE- 0 1  l . �Q�+:JQ 
9 . .. .. t.-0..> 
1 . 32E+OO 
8 . 23E-G2 
1 .  79E+OO 

1 4E+OO 
" =·4E-?02 

: : : ,_, ,.. C OEFF ! C  ! Et.JTS 
F E S I DUAL DEGR EES ·oF FREEDOM 
� E S I DU�L ROOT MEAN SGUARE 
F EE � � U�L MEAN SQUARE 
� E : � �UAL SU� OF SGUAR ES 

' "203 .. c· _,.·..,o·-· ·1 C\Q 1, _ , ; ,.__ • ._ .,. � - -
3 . 88�426 1 2  

788 . 53857422 

- -- - - � t:  .:.. -· . 
1 0  

_TU I  Oct ober 1 9 8 7 , Run 3 ,  f ir s t  creep . 

-------· -

I ND .  V�.R < !  l 
2 
2 4 
5 
6 

NA!1E 

t�O . OF O B S ERVA T I ONS 
NO OF C OEFF I C I ENTS 
RES I2-UAL DEGREES OF FR EED:Jr: 
R E S I GUA� ROOT MEAN S G ��R E 
P E 5 ! �U�L MEAN SGUARE 
R E S i DUAL SUM OF S QU�R EE 

TUI Oct ober 1 9 8 7 , Run 3 ,  s econd creep . 

T- '·./:!:.LUE 
� c :2 .  4 

- - 1 .  "1, 
1 1 .  7 

8 , 
2t. 4 

. .. ..... .. --� � :· ; ; I =  
t,:p � ER 

; . 33E+ O l 
5 . 3 7 E + O O  
!:· . 40E+OO 
t:. . 9 5E+OO 
2 . 6 :SE + 0 2  
i .  1 6E + 0 3  

9 5%C QNF I DENCE - L ! � l TS 
LO��ER UP f:' E �  2 . 86E+O !  2 .  1 4 E + 0 1 

6 .  82£+ 0 1  7 . 3 3E+O l 
3 . 36E- 0 1  3. 74E-0 1 
1 .  t 7E+02 i . 22E+02 2. 5 1 E+OO � . 83E+OO 
8. 1 3E+O l 8 . 83E+ 0 1 7 . 3 SE+0 1 · s . ::aE+O t 
1 . 3 SE+03 1 .  9 5E+03 

9 !:-:-:-::0t-!F I DE:Nr:c:· L ! t'ol i"S · · · 
LOWER U? P E �  

7 . 28E+OO l . 46E+ 0 1  E . 7 2E -0 1 7 .  � 9E+OO 
- 7 . 28E- 0 1  2 . e SE+OO 

E . � 4E+OO 1 .  1 8E+ 0 1  
2 . 68E+02 4 . 2 9E+02 
· - 1 8E+03 l . 37E+03 



' I  
1 ------5 ---- ---

TU I March 1 9 8 7 , 5 hours . 

(·. 

- -
-: .-��;· ;. ':' .- ' a:  , ... � -= 

r:. ::: .::. r- :.:=- � . . ;·�� �-t: r· . ..::: ... F ·-. - ; r..,.: r=-. r .· � � .. : .:.;:.- � 

TU I March 1 9 8 7 , 8 hour s . 

l N[.;, _  '. ·,:..i-. 
! 

NO 
iJO . 

- R ES 
f\ E S  
R E S  
R E S  

t::. 7 

T U I  March 1 9 8 7 , 1 9  h·our s . 

- .: .. 

�- -· .: 

- '-

.,; : �--- - . 
- . -. .. 

. . .. . - - . . -

� �.:: -�� >  •• • 
� � ::. -
. .  -

;.. 
·-· -

c.. .:.. !7_ - ._. __ 

.:... _ _  _ - . ... . �--

tO" 
_;. 

3 2 1  

·--=- � ':' . - - ,  ·=- - : ;:: :�=·-·.: : �< - -� . ... �-; L;! ;  CF 

.=: .��-.. �-; ·. 
.. �:. · .... ..... . -· · d-�- -=- �- ;. 

J. :J e,, r_:-. .. ,:, � 
� - ':':· '-·;:. -- �-· : 

3o�- ':' � 
-. �� E"" "'!' �..::u .. 

:.;_· .:··�-

.. 



I f-.1[! .  VAR ( I l rJAME 
1 

COEF B \ I l  
.. 3.  9 5 9.27£+0 1 

8. 56329£+0 1 
3. 29 5 56E-O i 
1 .  0 5 1 9 1 E+02 

2 
3 4 
5 
6 
7 8 

- - --- · - - --- -- - - 3 . ..05 42 5E+OO 
8 .  32•)66E+0 1 
2. 6 5 33 7E+0 1 
4 .  8 1 692E+02 

S. E .  C OEF . 
6 .  97E-0 1 -
1 .  6 7E+OO 
7 .  59E-03 
2. 75E+OO . .  1 . . 3 1 E-0 1 
3 .  04E+OO 2 . 2 5E+OO 
t. .  c-4 £+00 .. NO . .. OF .OBSER VATl ONS . 2 1  i 

NO. OF COEFF I C I EN T S  
RES I DUAL DEGREES OF FR EEDOM 
R E S I DUAL R OOT MEAN SQUARE 

-RE S I DUAL .J1EAN _ _ SGUARE _ 
RES I DUAL SUM OF SQUARES 

8 
203 

2. 0 5 � 7 1 339 
_4 . .2 1 363258 ---

8 5 5 . 36 7 5 5 3 7 1 

TU I Febuary 1 9 8 7 , Run 1 ,  f ir s t  creep . 

I t-.iD.  'v'AR < I l  NAME" 
1 
2 
3 4 
5 
6 N O .  OF OBSER VA T I OHS 

C OEF . £ ( I )  
l .  04 4 0 9 E  +C 1 4 .  53 62 1 E+OO 
7. 5680:.0£+00 
i .  5 0 7 <7• 5£ + 0 1  2 . 2 1 693£+02 
7 _ s-·c;- � 1 2E+C·2 

NO. OF C O EF F I C  I EtHS 
� ES I DUAL DEGR EES OF F R EEDQ� RES I DUAL ROOT MEAN SGJ�R E 

_ R ES I DUAL MEAN E GIJARE 
R ES I DUAL SUI1 OF SGUAR ES 

2 1 1 6 
2 U 5  

S . E.  C OEF.  
3 . C8E-0 1 
2. 40E- 0 1  
1 .  « 7E+OO 
4 .  5 7E-O i 
1 . 3 5£+0 1 
1 .  02E+ 0 1  

1 .  04 1 ! 9229 
1 . 0840E 1 6 5  

2.22. 23o 7 5 5 3 7  

TU I Febuary 1 9 8 7 , Run 1 ,  se cond creep . 

T- VALUE 
5 6 . 8 
5 1 .  1 
43. 4 
3 8 . 3 ':)'? ., 27� '4 
] l _  8 
7 .2 .  6 

T- \1,!.�UE 
33 c; 1 3 .  4 

5 2 
33. 0 
1 6 .  4 
7S. 1 

I N O .  \'IIR ( I ) Nt,ME 
1 
2 
3 

C OEF B < I l  
4 . 56273E +C i. 
1 .  03 1 5 7E +02 
2 . 8 1 073£-0 1 1 .  6 5 4 4 3 £ +02 

S .  E .  C OEF. 
7 . £'9E-0 1 
1 .  66E+OO 
6 .  1 3E -03 
1 . 63E+CO 5 . 68E-o=: 
5 . 08£ +00 
4 . 66£+00 
8 . 34E+OO 

T- VALL'E 
5 7 . 8 
6 2 . 0 
4 5 .  9 

4 
5 
6 
7 

__ . 2. 0 5 0E2E+OO 
s· . 1 B0 � 9E+0 1 

8 
i .  1 7 4 79£+02 
2 . 60080E +02 

_ _  NO. OF OBSERVATI ONS 
N O .  OF C OEFF I C I EN T S  

. R ES I DUAL DEGREES OF FREEDOM 
RES I DUAL R OOT MEAN SQUARE 

---RES I DUAL. MEAN SQUARE 
RES I DUAL SUM OF SQUARES 1 

2 1 1  
8 

203 
2 . 36986 7eo 
5 . .  £. 1 627388 

1 1 40 .  1 03 7 5977 

TUI Feb uary 1 9 8 7 , Run 2 ,  f irst creep . 

1 0 1 . 8 
3 6 .  1 
1 8  1 
2 5 .  2 
3 1 .  2 

3 2 2  

95/.CGiJF I DEN C E  L i t-:  I TS 
LOi.JER 

3 . 82E+O l 
8 . 24£+0 1 
3 . 1 5E-0 1 
9 . 98£+0 1 

UPPER 
4 .  1 0E+0 1 
8 .  89£+0 1 
3 .  4 4E-0 1 
1 . 1 1 E+02 -2. 80E+OO 

7 . 73E+0 1 
2 . 2 1 E+ O l 
4 . 6 9£+02 

- - - -3 . 3 1E+OO 8. 92E+0 1  

c;· 5 i�C Oi.JF I DEN C: E  
LOWER 

9 . 8 4E+ OO 
3 . 8 7E + O O  
4 .  69E+OO 
1 . 42£+0 1 l .  9 5E + 02 
7 .  79E+02 

9 5 /:C ONF I DENCE 
LOWER 

4 . 4 1 E+O i 
'7 . 9 9E+O l 
2. 6 9£-0 1 
1 .  62E+02 

. 1 . 9 4E+OO 
e .  1 8E+0 1 
1 . 08E+02 
2 . 4 4E+ 02 

3. 09E+O i 
4 .  9 5E+02 

L I i"'. J T= 
UP P Ef'· 1 .  1 0E+O i 

5 .  � OE+OO 
1 .  0 4E+0 1 
l .  6 0E+O l 
2 . 48E+02 
E. 1 �E + 0 2  

L I M I TS 
U P P ER 

4 .  72E+C l 
1 .  06E+02 
2 . 93£-0 1 
1 . 69£+02 
2. 1 6E+00 
1 . 02£+02 
1 .  2 7E+02 
2 .  76E+02 



I ND VAP. i I > NAI'iE 
i 
2 
3 
4 
5 
6 
7 
8 

-�0 . - .OF -OBSER VAT I ONS 

C OEF B I I i 
i .  50 l l  5E + G 2  
S . 678 1 8E+C2 
6 .  6823'7-E-02 
6. 4 0 1 93E+02 3 . 69 1 39£-0 1 
2. 6362 8E+02 
8. 28329E+OO 9 .  08844E+0 1 

- .2 1 i 
8 

203 

S .  E . C OE:F . 
2 . S6E+OO 
8. 59E+OO 
1 . 68E-03 
9 . 29E+OO 
1 . -22E-02 -
<>· . 1 ?E+OO 
7 . 39E- 0 1  
1 .  03E+C·O 

T- VAL.UE 
44. 7 
4 2 .  8 
3 9 .  6 
68. c;· 

.. . .27_ .9 -
28.  7 
1 1 .  2 
86. 0 

NO. OF C OEFF I C I ENTS 
R ES I DUAL DEGR EES OF FREEDOM 
R ES I DUAL R OOT MEAN SQUARE 

- R E S I DUAL -�EAN SQUARE 
R E S I DUAL SUM OF SQUAR ES 

9 . 1 7903 5 1 9  . 8•L 2 546997.L_ - ·  . 
1 7 1 03 .  70703 1 2 5  

9 5i:CONF I DENCE 
LO<...iER 

1 .  4 4 E+02 3 .  5 1 £+02 
6. 3 5E-02 
6 . 2 2E+02 
3 .  4 3E-0 1 - .  
2 . 4 6E+02 
t. . 83E+OO 
8 . 8 9E+0 1 

3 2 3  

L ! M I TS 
U P P EF 

1 .  5 7 £ +0.2 
3 . e5E+02 
7 . 0 i E-02 
t.. . 58E+02 

- 3 . 9 5E - 0 1  
2 . 62E+02 9. 73£+00 
9 . 29E+0 1 

Reworked TU! Febuary 1 9 8 7 , Run 1 ,  f irst  creep . 

I ND .  VAR ( I  .1 NAI'iE 
1 
2 
3 4 
5 6 

N O .  OF OB SERVA T I ONS 

COEF . 5 I ! )  
6 .  1 7946£+0 1 
4 .  67 1 28E+0 1 
6 . 82 1 52£+00 
6 . 9397 5E+02 
7 .  4 4 890E+C· 1  
1 . 9 7 0 5 1 E+03 

2 1 1 
c.. r-; .-.. � e.. ..... ... � 

S. E. C OEF . 
l . 04E+OO 
2 . 4 1 E+OO 
8. 1 8E-0 1 
8. 3 5E+02 
3 . 36E+0 1 
2 . 36E+0 4  

N0. OF C OEFF I C i ENTS 
R ES I DUAL DEGR EES OF FREEDOM 
R E S I �UAL R C O T  MEAN SQJA� E 
R E S I DUAL ME�N SGUAR E 
R ES W UAL SUI1 OF SQUARES 

' S'-Sc- ·JC< 5 78 
b .J .  7 762908 -::· 

1 3074 . 1 4062500 

T-'jALUE 
ss·. s 
1 9. 4 

8. 'j · . '"'  
0 .  8 , ""j c. .  c. 
0 .  1 

9 5%C ONF I DE N C E  L I M I TS 
LOi.iER 

5 . 98E+0 1 
4 . 20E+0 1 
5 . 22E+OO 

- 9 . 4 3E+02 
8. 58E+OO 

- 4 .  43£+04 

UP P ER 
- -- 6 .  38E+0 1 

5 .  1 4E+0 1 
8 .  4 3E+OO 
..., "l ·"lE+03 i : 4oE+o2 
4. 82E+04 

Reworked TU! Febuary 1 9 8 7 , Run 1 ,  se cond creep . 

I ND . VAR C ! ) NAME 
1 
2 
3 
4 
5 
6 
7 
8 

NO. OF OB SERVAT I ONS 

COEF.  E <  I )  1 .  263CBE+02 
2. 2 3 8 1 9E +02 
7.  3 8 5 5 5E-02 
5. 1 3066E+02 2. 7 1 530E-0 1 
4 .  59492£+02 
2. 6 1 6 5 3E+OO 
8 03423E+ Co i  

2 1 1 
8 

203 

S. E. C OE:F. 
i .  62E� O !  
3 .  68E+0 1 
1 .  4 1 E-02 
3 . 6 4E+0 1 
5. 1 9E-02 
3 . 94£+0 1 
5 . 28E- 0 1  2 .  54E+OO 

T- VALL'E 
7 .  6 
6 .  1 
5. 2 

1 3 . 3 
5 . 2 

1 1 . 7 
5. (\ 

3 1 .  6 
N O .  OF C OEFF I C I ENTS 
R ES I DUAL DEGR EES OF FREEDOM 
RES I DUAL ROOT MEAN SGU� R E  
R ES I DUAL MEAN SGUAR£ . 
R ES I DUAL SUt1 OF SQUAR ES 

3 5 . 2 5 5 79834 
1 242. 9 7 1 435 55 --- -- -

2 5232:; . 2 1 E 7 5000 

9 5 'l.CONF I DE � C E  
LOi4ER 

9 . 46E+0 1 
1 .  52E+02 
4 . 63E-02 
4 . 38E+02 L 70E- 0 1  
3 . 82E+02 
1 . 58E+OO 
7 .  54E+0 1 

L ! M ! T S 
UP P ER 

1 c.sc- •0 =' 
2 : 96E�o2 
1 .  0 1 E-O 1 
5 . 88E+02 
3 .  73£-0 1 
5 .  37E+02 
3 .  6 5-E+OO 
8 .  53E+0 1 

Rewor ked TU! Febuary 1 9 8 7 , Run 3 ,  f ir s t  creep . 

I ND .  VAR < I > NAME 
1 
2 
3 4 
5 
6 NO. OF OB SER VAT I ONS 

COEF.  B ( I i  
5 . 6 7 0 5 7 E + 0 1  
� 1 7 -' 4 "' �'· _,_ r. 1 3: o6oso(�oo 
9. 0 4 36 2E+0 1 
4 .  1 73 1 2E+0 1 2 3 6 0 06E+02 

2 1 1 
6 

S . E .  COEF. T-VALUE 
4. �9E-0 1 - --- . 1 2 0.  8 --
7 � �£- n <  4 1 . 6 1 : 8?E-o i 1 6 . 3 1 .  1 7E+OO 7 7 . 1 
1 . 22E+OO 34. 1 
2 . 23£+00 1 0 5 . 7 

NO OF C OEFF I C I ENTS 
F. ES I DUAL -DEGREES OF Ft=:EC::DO!'. 
R E S I DUAL ROOT MEAN SQUA R E  
R ES I DUAL MEAN EGUARE 
R ES I DUAL SUM OF SQUAREE 

�05 
2 . 3 78G7369 "' 6 5 "' ·:>-=· s�,o 1 1  s9: 3232421 �-

95XC ONF I DENCE L I M I T S  
LOWER UPP ER 

·- .5 .  58E+ 0 1  · -- - � . -76£ + 0 1 
3 . 02£+0 1 3 . 32[ + 0 1 
2 . 69E+OO 3 . 43E+OO 
8 . 8 1 E+ 0 1  9. 27E+0 1 
3 . 93E+ 0 1 4 . 4 1 E+0 1  
2 . 32E+02 2 . 40£+02 

Rewor ked T U !  Febuary 1 9 8 7 , Run 3 ,  second creep . 



I ND. VAR < I >  NAME 
1 
2 --·- ·-· - . . . . 3 . ·· - ·  - · -- . 

4 
5 
6 ---- -· -7 · -- - - - - · - -

COEF. B ( I  i 
6 .  0 1 3 7 6E+0 1 
1 .  1 0280E + 0 2  
2 . 08442E-0 1 
1 .  72972E+02 
1 .  33503E+OO 
1 .  51 908E +02 .. - · - --1 : 69402E+0 1 

3 2 4  

�Si:CONF I DENCE -L I M I TS 
S . E . C O E F .  T-VALUE LO�ER U P P ER 

2. 59E+OO 2 3 . 2 5 . 5 1 E+0 1 6 .  5 2 E+0 1 
5 . 94E+OO 1 8 . 6 9. 86E+0 1 1 . 22E+02 
1 . 34E-02 - · 1 5 . -s ---·�:c32E-0 1 --"""""2 �5E-01 
6 .  1 8E+OO 28. 0 1 . 6 1 E+02 1 . 8 5E+02 
1 . 25E-0 1 1 0. 7 1 . 09E+OO 1 .  58E+OO 
S . SOE+OO 2 7 . 6 1 . 4 1 E+02 1 . 63E+02 

· - 1 .  69E+OO - - -- --·t o:·o - ---·"1 :-36E+01-� .-o3 E+ 0 1  
8 

NO. OF OBSERVA T I ONS 
NO. OF C OEFF I C I ENTS 

2. 596 1 1 E+02 
2 1 1 

6. 72E+OO 3 8 . 6 2. 46E+02 2 .  73E+02 

� ES I D UAL -·DEGREES OF FR EEDOM -·-­
R ES I DUAL R OOT MEAN SQUARE 
R E S I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUAR E S  

8 
" 203 

6 . 8776 5980 
4 7 . 3022079 5 

9602. 34960937 - ·-- --- -- - -- --- ---- --·- . - ------· -· 

TT Oct ober 1 9 8 5 , Run 3 .  

I ND . VAR < I >  NAME 
1 
2 

---· -- · · 3 
4 
5 
6 . ? · · ·· - .  

8 
NO. OF OBSERVAT I ONS 

COEF. B i f )  
6 .  5 2 5 52E+0 1 
8 . 8 586 1 E+ 0 1  
2 .  0096 1 E-'0 1 · · 
1 .  76 538E+02 
9 . 0 1 78 1 £ - 0 1  
1 .  5 4889E+02 
1 .  1 0 58 4 E + 0 1  
2 . 96 563E+ 02 

2 1 1  
8 

S. E .  C OE F .  
1 .  1 4E+OO 
2 . 50E+OO 
6. 92E-03 · 
2. 52E+OO 
3 . 4 5E-02 
2 . 2 1 E+OO 
4. 1 2E-O i 
2 . 83E+OO 

NO. OF C OE FF I C I EN TS 
R ES I DUAL DEGREES OF FR E E D OM 
R E S I DUAL R OOT MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 

- - --� E S I DUAL _ SUM OF SQUAR ES 

203 
2 . 6 1 723757 
6 . 8 4993362 

1 390. 53662 1 09 

T T  Oct ober 1 9 8 5 , Run 4 .  

T- VALUE 
57. 1 
3 5 .  5 
29 . ""1. -
70. 2 
2 6 . 2 
70 . 1 
2 6 . 9 

1 04 . 6 

9 5·1..::at�F I DENC E L I M I TS 
LO�ER 

6 . 30E+ 0 1  
8 . 37E+ 0 1  
1 . 8 7 E - 0 1  
1 .  72E+02 
8. 34E-0 1 
1 .  5 1 E+02 
1 .  03E+01 
2 .  9 1 E+02 

UP P E R  
6 .  7 5E+0 1 
9 . 3 5E+0 1 
2 . -1 5E-0 1 
1 . 8 1 E+02 
9 . 69E-0 1 
1 .  59E+02 

- · 1 .  1 9E+0 1 
3 . 02E+02 

. --- ..  ---- - - - 9 5i�C\:tNF i Dc.NC E L i f", I TE 
I ND .  '/AR i I )  NAME C OE F . f:: i. I !  S E c .::;E�

· T- vf,U.!E LOi.JER UPF· ER 1 i O ·' i E: <:-£+ ;V.., 2 .  ��E ... GO 4.:. S 9 88E + O l 1 .  08E + O:;: 2 . s� .1 9 :,2 6E � C· l e .  09E:-+ '.:l e� _ _ _ __ _  e,_ -� _ ___ _ _ 3_ t:. l £+0.1 _ _ _ _ _  �- -7. 8£.+0 i 
3 3 . 7 4 7 72E-O i 4 .  1 3E-02 9 1 2 . 94E-0 i 4 .  56E- O l 4 1 .  4 5 536E+02 i .  07E+ O ;  i 3  7 1 .  2 5E+02 1 .  66E+02 5 9 .  46 600E-0 1 1 .  22E-() 1 7 .  8 7. OBE- 0 1  1 .  1 9E+OO 
6 -·-- --- - - . 1 . .31 466E+C2 . .  ___ . L.38E+ O i  ____ _E·3. __ _ L.0.4£±D.2� _58E+_D·::o 7 5 34 1 03E+OO ! . 06E+00 5 1  3. 27E+OO f 4 1 E+05

-
8 3 98989E+02 e . 33�� oo 4 7 .:: 3 . 8 3E+02 4 1 5E+02 NO . OF O B S E R VA T I ONS 2 1 ! _NO __ m::__coEFF I C I ENTS _ _ ____ ------ - ·  . . e _ 

R E S I DUAL D E GR EES OF F R E EDOM 203 
R ES I DUAL R OOT MEAN SQUAR E 5 .  l 76 7 S 4 0 5  
R ES I DUAL M E A N  SQUARE 26. 79�20 � 7 6  

---RES I DUAL _5UM _OF_ .SQUARES __ _ _ _ . ..... 5 4 4 0_ 239257£..._ _______________ _ 

. X T T  J an uary 1 9 8 6 , Run 3 . 

··------ . . ·-·--·- --- - .. • -· -=· · �--·---:9o-:s""'r...,.,; c'""'o""'I·-=JF=-:I:-::D:-::E::-:-�-=-JC£"- L 1 1� I T�-
I ND. VAR C I > NAME C OE F . B < I I  S . E C OEF . T- VALUE LOWER UP PER 

1 4.  1 4027£ � 0 1  4 . 87E� CO e. 5 3.  1 9E+0 1 5 . 0 C E+0 1 
. 2 - -- - - 4 .  7 3 1 74 E + O i  . . 7 . . 26£:"+ 00---.c. "·--��-3.1£+01 6 ...... 1.5£.-t . .CH _ 

3 3 36663E- C l  9 . 2 7 E - C 2  3 . � l . S � E-0 1 5 .  1 8E-0 1 
4 1 . 4 37 5 1 E+02 7 . 3 7 E + OO 1 9 . 5 1 . 29E+02 1 .  58E+02 
5 1 . 2 8 253E+OO 1 . 84E-O l 7 . 0 9. 2 1 E-0 1 1 . 64E+OO 

- -- - _ _  6 ·------- _ _ _ _  _i _ ..9362Z£+..02 .. ----5 - 96E+.OQ_ "2 "'· 1 B2E+O;? ;> OSE±02_ 
7 1 . 9604 4 E + 0 1 1 . 6 7E+OO 1 1  7 1 . 63E+ O l  2 . 29E+O l 
8 5 . 690 1 5E+G2 b . C 5E+O l 9 .  4 4 . 50E+02 6 .  88E+02 

NO . OF OB SER VA T I ONS 2 1 1  --J-.!0 . .. CF......CO£Ff"I.C I ENTS -.  ·- . . .  -··- . ..  _ .. . 8 · - _ 
R E S I DUAL DEGR EES OF F R E E D O� 203 
R ES I DU�L R OOT MEAN SGU�R E 1 0 . 73 l 6E l E2 
R ES l �UAL MEAN SQUARE 1 1 5 .  l 69C0635 

. f E S i �UAL . .  SUM OF S GU�R ES �337S . �O E � � 3 ; �  

X TT J anuary 1 9 8 6 , Run 4 .  

-- -· - -·- · - -----------



3 2 5  

. .. - · - ·-,ic.. ·.: �.; Qi�iF IDE�J-;::-�-- L !  �" 1 '7 s 
I ND VAR ( l l  NAME C O E F  B •  I l  S . E . C OE� T- v�L�E C6��� - ·  - - �PEER 

-� . Bb03 t E�oo ' � ��� 0 · � - � - 1 .  � 7E +u .  2 .  ��-- � ·+00 !_ 1 
_ _ _ _ _ _ _ _ ____ • •. ?0 .' 1 6E + C.2 . . . ....2 : 18E+C i _____ ; ;:::_--_ _ _  S_ED£-±.D: _.. _..._ - .,_ .2 � . i 0456E-02 1 . �8� -03 5 . t 7 .  1 6E-0� 1 .  49E-0� 

� 9 .  205 1 5E +O l 2 04£ + 00 45 .  1 8 .  8 1 E+ 0 1  9 .  6 1 E+0 1 

5 8 . 738 58E- 0 1 2 .  90E-02 30 . 1 8 .  1 7E -O � i· ?.!.�:::.00� 
____i _D7..87:1£+Q2 ___ 2_1 2£:t-DD =.r• 9 .1,��t::.E�+..u0c.:.-�-...._ _ __._..,__.__,._ -

7 ·--- 8 . 1 9 58 i E+OO 4 .  � l E - 0 1  1 '-' 5 I . .o 7 � ± 0Q 9 .  02E+OO 

9 2 .  46359£+02 1 . 89£+00 1 3 1 . 1 2 .  4 5E+O� 2 .  52E+02 

NO.  O F  O B S E R VAT I ONS 2 1 5  
--l:.IO ----DF __c.orr...E.LCl£1\!IS _ - - --E - --

R E� I DUAL DEGREES OF FREEDOM 20Z _ � 

R E S I DUAL R OOT MEAN SGUAR E � . 99 1 U 1 l e� 
R E S I DUAL MEAN SGUARE � . 946 1 5 1 : � 

-----RE.SlDUAL......SUM....DF-..SGUAR£5 - -- -- -- _ _1 85.1 . .8535 �5 c,,;e·:_ ______________ _ 

Y TT J an uary 1 9 8 6 , Run 1 .  

I NP .  '..lf;F ( I >  
1 �. c.: 
3 4 
5 

- 6  
7 
8 

NAME C OE F  F ·. T. .· 4 .  1 7;: 7 3<: + ·�. 1 
7 . .  028�·7·��-..: l 
3 .  09934E-C· l  
8 .  9665 7E+C' l  
2 .  1 8 4 1  S'E-+00 

· - - - - - - - - -...6 . ...6 46c.7E+C' 1 
9 . 9 .:J. 3 ;: e. t=: � tj C  
4 .  68233E+C2 NO.  OF O B S E R VA T I ONS ..... '�0 . - -OF -COEF.FJ C I £1-.lTS 

R E S I DUAL DEGR E E S  OF F R EEDCM 
R E S I DUAL ROOT MEAN SQUARE 
� ES ! DUAL MEAN SGUARE 

� 1 : s 20 ·::· 
·- : l j}. 7 t- ;:· .:- :. 

2C . �-t:2 J �  c. '... � 
-- -RE S  I DUAL -SUM _oF_ .SQUARES . .  41 37_ . .£ l 3 !i- 7 c. 5c. __ _ _ _ _____ __ - -- . - -- ·- - -- - - --- - - ---· - - -

Y TT J anuary 1 9 8 6 , Run 2 .  

I ND. VAR < I l  NAME j 
C OE F .  B 1 I :· 

4 .  6023ET -+ (- i 
-- - - - - - - - - - - .J._.0.<; 903E�C 1 -� 

. c. . 3 4 
1 .  6980 1 E-0 1 
1 .  508 i OE+02 

5 1 . 48944E+CO ----6 ----- -- _ ______ _9�.6333£ ± 0 1  

8 
N O .  OF O B SERVA T I ONS 

5 .  2 53c3E+C· l  3 . 34 572E+02 
--NO. -OF . .COEFF I C I EN T S  

R ES I DUAL D E G R E E S  OF FR EEDOM 
R ES I DUAL R OOT MEAN SQUAR E 
R E S I DUAL MEAN SQUARE 

:=. E. COE'- . 
� . :::. 7 E +00 
5 .  75E-C2 
'7·. 03E+ C".:' 
2 .  4 1  E ·- 0 :  

. _ i .  1 9E+C 1 
1 . ..t.OE+C ! 
4 . 38[:+0 1 

2 1 1 
e 

2fJ�: 
1 7 .  £08o3 1 .:;·o 

3 1 7 . 1 4 7 -i t.o-=·4 

95%C ONF I DE N C E  L I M I TS 
T- �ALVE LO�ER �PPER 

� C 2 7 8E+0 ! � - 42E•O i 7 =. � -:-'.i E±Di --8 . ..8S·E�-O i_ 
3. 0 5 . 7 2E - 02 2 82E-0 1 l e. .  7 1 . 33E+02 i . o9£:+02 
6. 2 1 . 02E+OO i .  96E+O O  

_ _ _ _  ____£_;! ___ 7___.6.3E:t-.O 1 1 2-<E -+:02_ 

2 e 2 .  52E+ 0 1  , _ q��·o t 
� c 2. 49E+02 4 . 20E+02 

- � ES I DUAL .SUM OF . SGUARE S  64-380. <? 4 5 3 !. 250 ----------- --- - --

Z TT January 1 9 8 6 , Run 5 .  

----'--'0-�-=-= � - - - . . 9�XCONF I DtNCE L I M I TS 
I ND . VAR < I l  NAME C O E F . B I I I  S . E . C O�F . T- VALUE LOWER UP F ER 

1 5. 32 1 1 3£+01 <;· _ E:9E-C· l 53 . 8 5. 1 3E+O l 5 .  52E+0 1 
2 - - - -- - - - _ _ ____ 7-<-.u0 7.836Et G 1 --2 . ...e2£:+.C:C: '"'6_5 c;cE+Ol 7 c; 5'£till._ . 
3 3 . 05983E-G l 1 1 1£-Co� 2 6 .  5 2 .  63E-0 1 3 .  29E-0 1 
4 1 .  53233E+C2 � . 30E+OO 24 . 3 1 . 4 1 £+02 1 . b6E+02 
5 1 . 36374 E+OO 5 . 6 6£-02 2 4 . 1 l . 2 5E+OO 1 . 4 7£+00 

-----..6 . 5 14381£±..Ci�- - 4 6E ± G Q  _ _  __i:._5_ __ __.,1�6A;:-+.0·.J.1 __ ..c.f·,__c,61 E+..OL 1 8Q908E+n 1 c; ' 4E + 00 � 7 8 . 9 1 E +00 2 . 9 1 E+O l � I 
8 3 :  l l�H 09E+ 02 2 l7E+OO 1 i 4 : 7 3 .  1 3E+0 2 3 .  24E+02 

NO . OF OB SERVAT I ONS -NO . . OF ..COEFF IC I ENTS - ---- --- ·- --- ­
R ES I DUAL DEGREES OF FREEDO� 
R ES I DUAL R OOT MEAN SGU�R E 
R ES I DUAL MEAN SQUARE 
RES I DUAL SUM OF SQUAR E S  

Z TT January 1 9 8 6 , Run 6 .  

2 1 1 - - _£ 
203 

. - ·  --------



I ND VAR C I I  NAME C OEF.  E C i l  S.  E . C O E F .  
1 5 .  89 1 6 5E+0 1 6 .  1 3E-0 1 

2 7 . 4 7377E+0 1 . �- OOE+OO 
3 4 .  5 76 2 4 E-0 1 l .  4 7E-02 
4 1 . 3342 1 E+02 1 .  9 4E+OO 
5 2. 79 1 73E+OO 1 .  1 4E-0 1 

_ .. _6 ------- ·--· 8 . _1 6 1 80E+O l -·-..2._9.5E+OO 
7 9.  50848E+0 1 5. 4 7E+OO 
8 6 . 8 1 59 1 E+02 4. 1 4E+0 1 

NO. OF OBSERVAT I ONS 2 1 1 

. .  NO . .  _OF_ . .COEFFl C I ENTS .8 
R ES I DUAL DEGREES OF FR E EDOM 203 
R ES I DUAL R O O T  MEAN SQUAR E 2 . 6069 1 738 

:- •.1;,LUE 72.  � 
.3 7 .  4 
3 1 .  2 
68. 7 
2A-. 5 

. .  27_J -· 
i 7. 4 
1 6 .  5 

3 2 6  

9 5/.C 01 4F I DENC E 
LOWER 

L !I''! I TS 
I_IP P ER 

6 . 05E+0 1 
'7. 8 7E+ 0 1 
4 .  86E-0 1 
1 .  37E+02 
3 . 02E+OO 

5. 7 3E+0 1 
. 7. 08E+0 1 

4 . 29E-0 1 
1 .  3 0 E+02 
2.  5 7E+OO 

]. 58E+0 1 _ 
8 . 4 4E+O i 
6 . 00E+02 

_ _  .E . 7'4E+0 1 
1 .  06E+02 7 . 6 3£+02 

R ES I DUAL MEAN SQUARE 6. 7960 1 860 
_ _R E S I DUAL _ SUI�LOF_.SGUAR ES _ __ ·· - - ·  _ 1 3 79. S_'J.1 i:9667 - ·· -- ·- · 

X TT Apr i l  1 9 8 6 , Run 1 .  

I ND .  Vi!-.R ( r i 
1 
2 3 4 
5 
6 
7 
8 

NAt1E 

NO . CIF OBSER'.IAT I Ot�S 

C OEF . E" ! I l 
5 .  504 7oE+Cr 1  
7 .  00044E+O l 
3. 57380E-0 1 1 .  24 1 1 1 E+02 
1 .  87 483E+OO 
9. 3687 1 E+ 0 1  
2 .  54 77'7"[+0 1  
6 .  5 4 5 4 8E+02 

2 1 1 

S. E .  t2 QEF . 
i . C3E+OO 

. Z: .  7 2E .,.· O O  · · - ·  
1 . 44E-02 2. 76E+OO 
1 .  09E - 0 1 
2 .  !:·OE+OO 
1 .  E2E+OO 
1 .  7 ! E+ O l  

NO. O F  C OEFF I C I ENTS 
R ES i DUAL DEGR EES OF F R EEDQ� 
R E S I DUAL RGOT MEAN SG0ARE 
R ES I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUAR ES 

E. 
203 c.. . E2E:. 5C.9E9 

8 00080872 
1 62 4 .  1 6 4 55078 

X TT Apr il 1 9 8 6 , Run 4 .  

I ND VAR < I l  NAME 
1 
2 

4 
5 

.6 
7 
8 

NO. OF OB SERVAT I ONS 

C OE F .  B ( f  l 
5 .  2 1 560E+ 0 1  
5 . .4 1 768E+0 1 
3 . 084 9 6E-0 1 
1 .  36 1 08E +02 
1 .  1 560 1 E+OO 

. . L.2646 5E+02 
1 .  4065-!£+0 1 
4 . 022 70E+02 

2 1 1 

S .  E .  COEF . 
1 .  4 5E+OO 
2 .  63E+OO - ·  
2 . 20E-02 
2 . 92E+OO 
6 . 64E-02 

2. 56E+OO 
7 . S?E-0 1 
6 .  50E+OO 

NO. OF _COEFF. l C I EN TS _ 
R ES I DUAL DEGR EES OF FR EEDOM 
R ES I DUAL ROOT MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 

8 
203 

3 . 22405338 
1 0 . 394 5 1 98 1  

2 1 1 0 _ 08789062 _RES I DUAL __.SUI1 _ _  0F ....SQUARES ··-· · -

Y TT Apr i l 1 9 8 6 , Run 2 .  

I ND .  I.'AR < I >  NAME 
1 

C OEF. B < I i  S. E . C OEF . 
6 . 03 1 04£+0 1 1 .  1 5E+OO 

2 3 
4 

_ __ _9_509.2.6E+..01 __ _ �- SOE+OO 

5 
6 
7 
8 �0 OF O B S E R VA T I ONS 

3. 66869£-0 1 1 . 3 1 E-02 
1 . 420�6E+02 2. 7 1 E+OO 
2. 68408E+OO 1 . 4 4E-0 1 

_6 _49 1 72E+0 1 _ _ _ 6 .  96E+OO 
1 .  5 52 1 1 E+02 1 .  50E+0 1 
8 . 68380E+02 1 . 34E+02 

2 1 1 
NO. O� � OEFF I C I ENTS . 
RES I DUAL DEGR EES OF FREEDOM 
RES I DUAL ROOT MEAN SQUARE 
R ES I DUAL MEAN SQUARE 
R ES I DUAL SUI"'i OF S(�l!ARES 

8 
203 3 .  7 1 e st.- 1 39 

! 3 . e0539703 
2802 . 4 9560 5 4 7  

Y TT Apr il  1 9 8 6 , Run 5 .  

T - · .. :,:.!_L1E 
:: ·: c 
2 �· - 8 . 24 . 8 4 5 . 0 
1 7 . 3 
3 7 .  4 
i 4 .  0 
3.5. 4 

T-VA!._L!E 
1 9 .  1 . 
1 4 . 0 
46 . 6 
1 7. 4 
49. 5 
1 8 . 6 
6 1 .  9 

9 5i:CG�·l!='" I DENCE 
L Q f.JE ;  

5 .  3'JE+O l 
6. 4 7E+O i 
3 . 29£-0 1 
1 .  1 9E+02 
1 .  66E+OO 
6 . 88E+O l 
� .  1 9£1·0 1 
6 . 2 1 E+02 

9 !:·/.C Dr�F I DENCE 
LOWER 

4 . 93£+0 1 
4 . 86£+0 1 
2. 6 5E-0 1 
1 . 30E+02 
1 . 03E+OO 
1 .  2 1 E+02 
i . 26E+0 1 
:3 . 90E+02 

L I M ! l S  u::: FER 
�.  ·;- : E+O ! 7 .  53E + 0 1 
3. 86E-0 1 
1 . 30E+02 
2 . 09E+OO 
9. 86E+0 1 
�: . 9 0E+O l 
b . 88E+02 

L I M I TS 
'.' P F ER 

S .  SOE•O l 
5. <;" 7E+O l 
3. 52E-0 1 
1 . 42E+02 
1 .  29E+OO 1 .  3 ! E+02 
1 .  5 5E +O 1 
4 .  1 5E+02 

.
9 5i:fdt-!F I DENC E L I M I TS 

T-VALUE LOWER U P P ER 
52. 5 5. 8 1 E+ 0 1 6 . 26E+ O l 
33 . _9 . · - ·  .. £. 96E+O l .1 .  O ! E+ 0 2  
28. 0 3. 4 1 E- 0 1 3 . 9 3£-0 1 
52. 4 1 . 37E+02 1 . 4 7E+02 
1 e .  7 2 . 40E+OO 2 . 9 7E+OO 

9-.3 .. . .. . . .. 5 .  1 3E+O l ]. 86E+0 1 
1 0 . 4 i . 26E+02 1 . 8 5E+02 

6. 5 6 . 0 5 £+02 1 .  1 3E+03 



I ND .  v.;R i I )  
1 . 2 
3 
4 
5 

tJAME 

6 --- - - ----7 
8 NO. OF OB SER VAT I ONS 

C OEF. [; < I )  
� 7 1 6 -i OE + O !  
6 .  4 7 2 4 2E+O l 
2. 0 5 898E-0 1 
1 .  342 1 8E+02 
9. 1 50 58E-0 1 7. 22374E+0 1 
1 .  1 3327E+0 1 
5 . 3 0 5 79E+02 

2 1 1 

5 .  £. C OEF . 
l. . 99E+OO 

.3 . . 59£+00 
1 .  6 5E-02 
5 .  1 1 E+OO 
6 . 66E-02 

. 6 .  1 0E+OO 2. 03£+00 
1 .  1 2E+0 1 

_____NO • . .. OF. . .CDEFF I C I ENTS 
R ES I DUAL DEGREES OF FR EEDOM 
R ES I DUAL R OO T  MEAN SQUARE 
R ES I DUAL MEAN SQUARE 

8 -- - -- -
203 3. 8 5669756 

1 <1 .  6 74 1 1 6'7•0 
30 1 9 . 4 4 5 8 0078 _RES IDUAL .. SU11 . OF _ _  SQUAR ES _ 

Z TT Apr i l  1 9 8 6 , Run 3 .  

I N D .  '.'AR ( I  .I NAr1E 
1 . .., .:.. 3 4 5 
6 --- - · ·  7 
8 NO. OF OBSERVA T I ONS 

C OE F .  B •  I )  5 .  8 5 1 2 7E� G 1  
9 .  l 2 5�>;E + 0 1  2 .  3'7"95'?£-0 1 
1 .  3 5 0 4  7£+ 02 
l .  54 773E+OO 
8. 78 426£+0 1 3. 1 1  =·43E+0 1 
8 .  5 7 00 1 £+02 

2 : 1 
E � ..:.13 

S E . COEF.  
1 C'3E+00 
� .  � 7E+OC� 7 .  36E-03 
2. 3 5E+OO 7 .  2 4E-02 
1 .  83E+OO 1 .  E 6E+OO 
2. 8 9E..-O l 

NO. GF C OEFF I C I E�TS 
RES I DUAL DEGREES OF F R EEDOM � EE ! DUAL ROOT MEAN SG��RE F: �•=: r r\t.JA1 � c AN C'Q' iARE. ��§ i Bu�� ��M 0� ��0ARE5 

;:.- . t· 5 = 6 2 7 '7 3  
! c- 5:;: 3 5l3t-3 

1 4 3 1 . 6269062 5 

Z TT Apr i l  1 9 8 6 , Run 6 .  

9 5 i. C O t�F I DENC E ..-- '.-'A:.. i.JE LGi./ER 23.  7 4_ 33E+O l 
l E . O 5. 7 7E+0 1 1 2  5 1 .  7 4 E-0 1 
2t . 3 1 . 2 4E+02 
1 3 . 7 7 . 8 5E-0 1 
1 i .  E _ _ _ _  6. 03E+0 1 . .  5 .  6 7. 36£+00 
4 7 . 5 5 . 09£+02 

3E" . � 32. e.. 5 7 .  6 2 1 .  1 
4E.  G -l t.  
2'7 . 7 

'7 :-: : ,: O ! JF I CoEr-.h: t: �GI.JER 
:: 6 5£+0 1 
E 6 bE..-O l ;. . 26£-0 1 
1 .  30£+02 
1 . 40E+OO 
8. 43£+0 1 
2 7 5!0.- +0 i 
f? . OOE+ 02 

3 2 7  

L I M I TS 
UP PER 

5.  1 1 E+O l 
7. 1 8£+0 1 
2. 38E-0 1 
1 .  4 4E+02 
1 .  0 5E+OO 

_ 8. 42E+0 1 
1 .  53E+ 0 1 
5 .  52E+02 

L I M I TS 
U P P ER 

Cl . 0 5E+G 1 
'7 .  5 9£+0 1 ;; _  5 4 E-O l 
1 .  4 0£+02 
1 .  6 9E+OO 
9. 1 4E+0 1 
3 .  48E+0 1  
<;· _ 1 4 E +02 



I ND. VAR \ I )  N��£ 
1 
2 
3 4 
5 6 
7 
8 

NO. OF OB SERVAT I ONS 

C OEF . E •: I :  S E . C CEF. 
2 42E72E + 0 1 � . 06E- 0 !  
4 .  84 7 1 2E + 0 1 1 .  2 5E � 0G 4 . 895 48E- 0 1  t . 69E-Oi 
8 .  8 t 4 83E+O t 1 . 24E+00 
2 . � 3487E+OO 1 .  1 5E - O l 
2 .  7 5 7 22 E + 0 1  1 .  1 0E+00 
1 . 828 1 8E+02 1 . 83E+ O i  
8 .  80248 E + 0 2  2 . 7 7 E+ 0 1  

2 1 1 .  
8 

208 1 . 64789295 

T- \';..L!_'E 

NO . OF C OEFF I C i ENTS 
R ES I DUAL DEGREES OF F R EEDO� 
R E S I DUAL ROOT MEAN SQUARE 

R E S I �UAL MEAN SGUARE 
R E S I DUAL . SUM. OF SQUAR ES 

.� 7 1 5 c c l ·-:>t:; s5�: 2s69sso t· _ _ _ _ _ _ __ --- -
· 

. . . . . 

TT J anuary 1 9 8 7 , Run 1 ,  f irst creep . 

I ND . VAR ( I i  
1 
2 
3 
4 
5 
6 

S .  E. C OG' 
2 .  88�� (· (· 
t: .  8 7 E -t C'(· 
�· . o2E -:J.;: 6. 6 � E +Qr:: 
t. . 94E-G : 
8 .  83E+ OC· 

1 : .:.:. 

�. . "-
. 0  

7 

C OEF.  E ( r l 
3. 2'7· t e  7E + C· 1 
:: .  2 3 7 :=. c. E  +C: i 
6. Oc 9.;:6E- O :o. 
9 . 6 72C9E+ O i  
3. 58 59SE+00 
7 . 9 4097E + O l  
8 .  96-333E+0 1 
i . 95288E+03 

i .  79E � 1) i  -· - . .  . (> ­.::;. 8 
N O .  O F  OES�RVAT ! ONS 2 1 1 

8 
203 E 

1 .  O SE-+ (\:; 
NO. OF C OEFF I C J E�TE 
RES I CU�L DEGR EES OF FREEDOM 
R ES I DUAL �COT ME�N S G U � R E  
R ES I DUAL MEAN SGUAPE 
R E S I GUAL S�M OF . S Ou�F E S  

8 0 .  �93:: .:.: ; :_ ;  ! ::..3 4 0 .  1 5c� .:: �- (: � :  

TT J anuary 1 9 8 7 , Run 2 ,  f irst creep . 

I ND . IJAR ( l )  NAME 
1 
2 
3 4 5 
6 

N O .  OF OBSER VA T I ONS 

C OE F .  E ( I )  
1 .  86776£+0 1 
1 .  29809£ -+ 0 1  
3 .  74924E+O l  
9 . 9 4 0 <!- BE+OO 
8. 679e.8E-t 02 
1 .  304 78E+03 

NO. OF C OEFF I C I EN TS 
R E S I DUAL DEGREES OF FR EEDOM 

_ R E S l DUAL . ROOT _ MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUAR ES 

2 1 1  
6 

S. E. C OEF. 
2 . 2 1 E-O i 
1 .  08E+00 
3. 70E+OC• 
2 . 52E+00 
3 . 0 1 E+O� 
i . 2 4 E+02 

20=· 
1 . 83546 9 72 3. 368�·4'7· � 1  

690. 6346 435;:. 

TT J anuary 1 9 8 7 , Run 2 ,  second creep . 

T- ',I .C.LUE 
e 4 .  7 
1 .2 . 0 
1 eo. 1 3 . 9 

2. 9 
i O  .. . 6 

9 �i:C CJt.JF I DE�� C E  
UJ�..JER 

1 .  82E+0 1 
1 . 09E+O l 
3 . C>2i::+O i 
5 . 00E+OO 
2. 77E+02 
1 . 06E+03 

3 2 8  

.... r r-i i  �·s 
UF F ER 

2 .  56E+O i 5 .  O�E -+ 0 1  
5 . �3C-0 1 
9 . 06E+ O i  
3 .  1 6E+ OO 
2 . 97E -+ 0 1  
2 .  1 9E+02 
9 . 34E-+ 02 

L I M I ! S 
l!F Ei'Z 

2 . 8!1'::.� 0 1 
,.;. . .  52E ... ·O l  7 .  s· 7E-0 1 
1 . i OE+ 02 
4 . 9 5E+OO 
9 . 67E+ O i  
i .  25E-t 02 
C . O i E • 0 3  

L I M I 'i:.S  . 
UP• EF:- . 

1 .  9 1 E+0 1 
1 .  5 1 E +0 1 
4 . 47E+ O l  
1 .  49£:+0 1 
1 . 46E+03 
1 .  5 5E+03 



!:· . . - ---·-7 

... -:_.; _: L !. �: ·.• -� . 
-!' ;_: :.. .::��-., � j 1 .  C· l S � 4£ • ::- �  9 .  8E:::t:.0E .. C: !  c-. 2 1 8:,JE• O :· 
E A ;;' 7£;8!::-+ 0 : 
o 4 :-: S � t. E. "* C ! eo '-=' tt ..: ·= ·: E - 0 2  

--� 
.�

;-: 
.. . . -· . - - . - -

.:. -· ..:. 
.lo .  c 3 � 5:.., -.. ._· -

- - - . ... 
_

_ 

-_ _ _ _ _ _  .,.. . _ 

TT Apr i l  1 9 8 7 , Run 1 ,  f ir s t  creep . 

:-;o 
j..j Cj _  
R E�. 
i::· E S  
f\ E �: 

·- -R E S 
:. '.),. ... ,._ 
[H_JA :  _ _  

. .. : ... _ :. . r:· - :· . .  
- - · - . 
� :::...- -::.· - -· �- � ·-· � -. :; � .. -:_ .. :· 2 :: - ·�· : 

t- .;-.::.: .::· ::. 2�:- c , 
c S:·� :- 2 E..._ C, _·; :;. n; ;;:: i. !:-E ... :; -:. c-c- : �-1::'�:- : • 

·- G c ·�· ::.·:;·:_- :,:. ;:· 

:.: C.· ·� ..,
. :: · . .: ·_· .·-. :-· :.. -... :::_ .-... · . .:: - .  ·-. :- � -:::._.t"": ;J r -:-.- •.:: ·.-- .... J.·. -=.  .. . - -. .. · .· ·� - -

- - - . . -
--r- � - · .. 

TT Apr il 1 9 8 7 , Run 4 ,  f i r s t  creep . 

I ND.  \· ��: 1 r 
1 

t:· . - - .. . NO OF O S � � P v � T ! C N �  

C OE;- E I ! :· 
- 4 G � :: :c: � ':· .:. 
J. ;:: 5 =-; .::. � t + C· ·� 

: 2 l C· -:- 1 E�:: ·. 
c. '7" 1 CC:8E+C;:. 

NO . OF C O��F ! C � E N T S  
R E S I [ U � L  G�;R ��� a� F � �E D J ­
RES I GUAL -...;( tJOT -f"i:":.:.t� 6C.v.:.R E 
R ES I [ UA� �EAN SGU�RE 
� ES I GUAL � uM OF £ ��.:.P ES 

·=·· ; . -r-... .... 

- -
:. 

- . . 
- . · - -

l �. f: -;· .:_;· .:� : - ..; 
� :::- : c .  '.. -= -

- -
- - -

-

� ;  =-· · � � ..: : ::. :  _ _  

TT Apr i l  1 9 8 7 , Run 4 ,  second creep . 

- - - . . -::. .: 
� 

-

- <:: 
- E - --:... - -

-: -

---.. . . -

· -

.- t. 5£'•0 1 4 .  ·.; l £+ 0 :· -.. - .- .""\ .. ., , c..- v  ... 

._ c. .:;.£. ...... c :  
r: : .:; =:�c . .: 

::. �: ... ��t : .. - ·- - -- c. =- _;  '...J .:. 

3 2 9  

���-� �;:: 
-· · 7 S C: �  C· � �...;.t: .... (; l 
1 .  l C•E+ O O  
j _  O i E  ... 02 
c; 530::+00 - -8 ��t ... G 1  .. . 0 3 :: �· 0 2  ... . C(;£� 03 

,,. ; - .!. 1 • .;. . =-
i_l �  F' t:"� 

.... i r� : i s  
L'F f' i:F 
5���G i � .. 8�� 0 1  6 "2 E + 0 1  

-. 9.:;·[+0 1 
e+ ..:.. =- -+ o ·=-­

, 1 5E+o2 



t;;<\F � : ; ' .:. 

5 
e. 

..:. __ . .: 

:.... - · .  :..� 

TT Oct ober 1 9 8 7 , Run 3 ,  f irst  creep . 

- _;_·· c  · . - � :-. . -
._- : • ·- --

- - -
- - - - . - - - - - -

z. �-�E�� : �=' 

-;: ...: . .: · - = -

TT October -1 9 8 7 , Run 3 , s e cond creep . 

I ND. VAR < I >  NAME 
1 
2 
3 
4 

S. E .  COEF . 
7 .  92E-0 1 
3 .  70E+00 -
2. 48E-02 
3 . 92E+OO 

.... __ ·. · .: · ! -= 
- -- - -� .:.. . ·-

-=-- . __ . : 
---. , · -� - .. :.: 
-.;::;: . ;;: : :..:.- . t. 

t. . c.. - - .... . - --- 1!.. . ; 

T-VALUE 
4 5 .  3 
1 2. 2 
2 1 .  7 

9 S'l.CONF I DENCE 

_ 5 _ _ __ _ __ _ _ 

COEF. B < I >  
3 .  5924 1 E+ 0 1  
4 . 494 59E+0 1 
5. 38 1 9 1 E- 0 1  
8 . 99 1 5 1 E+ 0 1  
1 .  7 6 538E +00 
6. 28332E+ 0 1  
1 . 37383E+ 0 1  
4 .  7 1 94 5E+02 

1 .  63E-0 1 _ _  _ 
22. 9 
1 0. 8 
1 2. 5 

LOWER 
3 . 44E+0 1 
3. 77E+0 1 
4 . 89E-0 1 
8 . 22E+0 1 
1 . 4 5E+OO 
5 . 30E+0 1 
9. 57E+OO 
4 . 62E+02 

6 
7 
8 

__ NO. DF_OB SERVAT I ONS 
NO. OF COEFF I C I ENTS 
R E S I DUAL DEGR EES OF FREEDOM 
R ES I DUAL R OOT MEAN SQUARE 
R E S I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUARES 

5 . 03E+OO 
2. 1 3E+OO 
4. 8SE+OO 

2 1 1 
8 

203 
2 . 066336 1 5  
4 . 26974678 

866. 7 5878906 

TT October i 9 8 7 , --R-un ·4 , 
· 

f ir.st- creep . 

�!0 . · · - ·r-:o r. E:; 
- � -
- ... -. - --r; =:s 

.:.. 
3 "lj --- - -· - - . 5 

- - ..:. 

-= = ·-: 

TT October 1 9 8 7 , Run 4 ,  second creep . 

6. 5 
9 7 . 4 

" · c 
·- - -:·:--� -. - · 

i .  4 

3 3 0  

L I M I TS 
UPPER 

3. 7SE+0 1 
5 . 22E+0 1 
5 . 87E-0 1 
9 .  76E+0 1 
2 . 09E+00 
7 . 27E+ 0 1 
1 .  79E+0 1 
4 . 8 1 E+02 



I ND .  VAR ( I I NAME C O E F . B l i i  S E . C OEF T - v � LUE 
1 3 . 06397E• O l  5 . 4 a E- O i  S �  9 
2 · 4 . 93303E+ 0 1  1 38E+00 3 � . 6 
3 6. 1 7983E-0 1 1 a7E-0� 3 1 . 4 
4 9 . 0 1 96 1 E+0 1 1 : � �E+O� � � � 
5 3 . 5 5295E+OO 1 . 48E- O i  24 : o 
6 · ·- ·--- -· .. - -- 4 :-26827E+0 1 -- · 1. . '29E+00-- - ·--:;: .� 
7 8 . 7 5 0 54E+O i 7 . 62E+OO i i . 5 

8 i . 4 2 7 79E+03 6 . 0 4 E+ C 1  2 3 . 6 
N O .  OF O B SER VAT I ONS 2 1 1  

_ ---.. --- · "rJO . -UF "'COEFFI C I ENTS 8 
R ES I DUAL DEGR EES OF FR EE DOM 203 . . _ 

3 3 1  

9 = �. C Q•.JF I DO:NC E !... I M ! TS 
LOwER UPP ER 

2 � 6£+0 i 3. 1 7E+O i 4 . 6�E+ O l  S . 20E+ 0 1  
5 .  79E-0 1 6 . 5 7E-0 1 
8 . 7 4E+0 1 9 . 30E+ 0 1  
3 . 26E+OO 3 . 84E+OO ·.:: C•2E+01 - - -4 .  '52E + 0 1  
7 . 26£+ 0 1  1 . 02E+02 
l . 3 1 E+03 1 . 5 5E+03 

R E S I DUAL ROOT MEAN SQUARE l . c b c 5 5 4 4 =  
R ES I DUAL MEAN SQUARE 2 .  7774Q38 � 

_ _ _ _ _  _ 
-RES I DUAL�L'M "''F SQUAR ES _______ _  ""563 . '8 1 29t;82c --- - -

TT Febuary 1 9 8 7 , Run 1 ,  f irst creep . 

I ND .  \.:AF '· I �  NAME 
l. 
2 
3 
4 
5 
6 

C OE F . B ( I �  
8 .-"\-"'":·4.r-"7'E - 0_,:.. 
s : 62o97E+OO 2 . 3'7 55 i E- 0 1 
i . 356 50E+O<J 
1 . 9089 1 E+ O i  
1 . 293 5 5E + C 3  

NO . OF OB SERVAT I ONS 
NO. OF C OErF I C I ENTS 
R E S I DUAL DEGR EES OF FR EEDOM 
R ES I DUAL R OOT MEAN SGUAR E R ES I DUAL MEAN S GUARE 
R E S I D U A L  S0M OF S G0ARES 

·:; ; i - - 6 

.::. . � l .  6 C· . 7 
5 7 . 8 

9 �·�·�C CNF l DE:·�CE 
L•::ii�ER 
-2. 87E-02 3 . 9 1 E+OO 

2 .  :S OE-02 
-3. 37E-O t 
- 3 .  76E+0 1 

1 .  2 5 E+03 -

TT Febuary 1 9 8 7 , Run 1 ,  second creep . 

I ND . V'AR t: l i  
1 
2 
3 
4 
5 
6 .., : 
8 

NO. OF O B SERVA T I ONS 

C OE F .  13 ( I �  
3 .  78 8 5 i E+ C< 1  
3 . 2 5 7 1 8E+ O l  
4 5 1 0 4 5E-O i 
l . 03 1 42E+O� 
1 .  3 7 6 S4E+OO . .  8 . "9 9 i 99E+ O t  
i .  i 29 43E+ O i 
3 . 2 i 2 40E+02 

·• l 1 c. 8 
20.3 

9 5:�CCNF I DENCE 
S .  E .  C CEF . T- ·.J . .:.LUE LC�.JER 

l . �4E+00 20 7 3 .  � 5�+0 1 
2 . 2SE+QO ! � . 5 2 82E+0 1 
4 . 5 1 E-02 l C . O 8 . 63E-0 1 
3 .  1 1 E� o0 ? � . 2 9 .  7 i E+ O t  
E . 30E-02 : � . 6 i . 2 i E+OO 
.,.,. 6f'E+ (�r, -- · ·:t� ·-r- · ·- --9 -:'OC"+f'\ -i � : ���:�� l1i · � � ���:�� 

-NO . OF · c oEFF I C  I EI·JTS 
R ES I DUAL DEGREES OF FRE ED OM 
R E S I DUAL R OOT MEAN SQUAR E 
R ES I DUAL MEAN SQUA R E  
R ES I DUAL S � M  OF S QUAR E S  

2 .  5444 3 4 5 5  
6 .  4 74 1 48 7 5  

'T3i��S2 : 9 727 

TT Febuary 1 9 8 7 , Run 2 ,  f ir s t  creep¥- · 

L i t� I TS 
UP F' ER 

2 . 88E-02 
7 . 33E+OO 
4 . 54E- 0 1  
3 . 0 5 E+OO 
7 . 58E+0 1 

"'1·. 34E+03 

L I M I TS 
UP P ER 

L ,  C• :?E+ 0 1 
3. 70E+O i 
5 . <!.0E-O i 
1 .  09C:+ 02 
1 .  54E+OO 
9 .  70E+0 1 
1 . 32E+0 1 
3 . 27E+ 02 

9 5%C ONF I DENCE L I M I TS 
I ND . VAR ( I I  NAME COEF. B t i >  S . E . C OEF. T- V�LUE LOWER UP P ER 

-- - -·- 1 2. 9 .1 706E-0 5 5 .  56E-C i G. 0 - 1 .  09C:+OO 1 .  09E+OO 2 .. · - --- ---- -- -.;- :-99542E+OO - - - 3 .  22E+oo · --�.1 - --3.-c,SE+"'Q -----r:C.3E+ 0 1  
3 1 .  998 �3E-0 1 5 .  24E- 0 1  0. 4 - E .  28E-0 1 1 .  23C:+OO 
4 4 . 99879E+0 1  5 1 7E+00 � . 7 S . 99E+0 1 6 . 0 1 C:+ 0 1  
5 1 . 00037E+0 1 3 . 36E+OO 2 . 0 3 . 4 1 E+OO 1 . 66E+ 0 1  ·6 ·--- ---- ----,_ :·oo0 42E+03---2 .""28E+02 - - - - - <1 :-4- --�:-54 E+02 - · · · "1. : 4 5 E + 03 

N O .  OF OBSER VA T I ONS 2 1 1  
N O .  OF C OEFF I C I ENTS 6 
RES I DUAL DEGREES OF FREEDOM 2 0 5  

--- R ES I DUAC""'R OOT'""MEMl "SQUAR E ------ -- - "'24 .""S726'?97� -- - - - ----------- ·-- -

RES I DUAL MEAN SQUARE 6 1 8 . 6 5 1 36 7 1 9  
R E S I DUAL SUM O F  SGJARES 1 �c823 . 5468 7 5 0 0  

TT Febuary 1 9 8 7 , Run 2 ,  second creep . 



3 3 2  

9 �% C ONF I DENC E L I M I T£ 
I ND 1/AR C i l  NAME 

1 
C OE F .  B l  I )  

7 .  98606E+C 1 
1 .  40374£+02 

E . E . C OE F .  T- VALUE LOWER U P P E R  
c . 92E+OO E . O 6 . 04 E+0 1 9 . 9 3 E+ 0 1  � « 9 . 78E+OO . 1 4 . 4 1 . 2 1 E+02 1 . 60E+02 

3 
4 
5 

5 .  373 37E-02 9 . 2 1 E-03 5 . 8 3. 5 7 E-02 7 .  1 8E-02 
3. 8 6 8 5 5E+02 2. 50E+0 1 1 5 . 5 3 . 3 8 E+02 4 . 36E+02 
3.  32629E-0 1 
3 . 234 8 1 E+02 -
2. 2 1 1 4 1 E+OO 
8. 1 2 7 1 9E+ O l  

1 . 82E-02 1 8 . 3 2. 97E-0 1 3. 68E-0 1 
- ·  - - ---6 . · --- ·- - .. . - -- --2 .  75E+0 1 --- -1 1 .- 8  - - --2 . 70E+02 - - --3 . 77E+02 

7 
8 

3. 78E-0 1 5 . 9 1 . 4 7E+OO 2. 9 5E+OO 
9 . 4 7 E-0 1 8 5 . 8 7 . 94E+0 1 8 . 3 1 E+0 1 

NO. OF OBSERVAT I ONS 2 1 1 
8 

203 
1 4 . 24437 1 4 1  

-t.JO .  - - OF C OEFF I C  I EtHS - - · - - - ­
R ES I DUAL DEGR E ES O F  F R EEDOM 
R ES I DUAL R O O T  MEAN S Q UARE 
R ES I DUAL MEAN SQUA R E  

--RES I DUAL- -SUM - O F  -SQUA R E S -- --
202. 902 1 30 1 3  

- --4 1 1 89 .- 1 328 1 250 -- - - -------- · 

Reworked TT Febuary 1 9 8 7 , Run 1 ,  f ir s t  creep . 

I ND .  VAR < I l  NAME 
1 � « 
3 
4 
5 
6 

NO. OF O B S E R VAT I ONS 

C OE F .  E l. I �  
2 .  2234:7·E--C) 1 
1 .  6 1 2 7 7E+C1 1  
4 .  0 1 689E -O i  
4 .  1 0 i 54E ... C• l 
3 . 3720 5£+0 1 
2 . 22237E+G2 

2 1  i 
6 

2 0 5  

S .  E .  C OEF . 
2 .  78E+OO 
3 . 66E+OO 
2. i 2E-0 1 
1 .  43E+OO 
2 . 99E+OO 
2 . 83E+OO 

NO . OF C OEFF I C I ENTS 
R ES I DUAL DEGR EES OF F R EEDOM 
R ES I DUAL R OOT MEAN S QUAR E 
R ES I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUARES 

5. � 1 3 5 2 5 7 7  
2 7 .  1 808586 1 

5 5 7 2 . 0 76 1 7 1 8 7 

T-\/ALUE 
5 . .,. 

4 . 4 
1 . 9 

28 . 6 
1 1 .  3 
7 8 . 4 

9 5 :1;CONF I D ENCE 
LOWER 

1 .  4 8E+0 1 
8 . 96E+OO 

- 1 .  42E-02 
3 . 82E+0 1 
2. 79E+0 1 
2. i 7E+02 

Reworked TT Febuary 1 9 8 7 , Run 1 ,  second creep . 

I ND .  l,iAR < I >  NAME 
1 
2 
3 
4 
"' " 
6 - - -

7 
8 

NO . OF OBSERVATI ONS 

C OEF . B < I l  
5 .  4 5 1 58E+0 1 2 .  1 26 S:· 5E+Co2 
7. 204 1 4E-02 4 .  5 9 4 43£+02 
3 .  1 3 0 i OE-C· 1 
3 . 08338E+02 
4. 06070£+00 
1 .  786 73E+02 

2 1 0 
8 

202 

S. E. COEF. 
9 . 62E+OO 
i . 66E+0 1 
8 .  4 7E-03 
1 .  9 1 E+ 0 1  3 .  1 6E-02 
2 . 0 1 E+ 0 1  
6 . 27E-O i 
6 . 68E+OO 

NO.  OF -C OEFF I C I ENTS . 

R E S I DUAL DEGREES OF F R E EDOM 
R E S I DUAL R OO T  MEAN SQUARE 
R ES I DUAL MEAN SQUARE 
� E S I DUAL SUM OF SQUAR ES 

1 8 .  �72 1 0 54 1 
3 4 4 . 923 1 5674 

69674 . 48437 500 

T- VALUE c:; .... - ·  I 
1 2 . 8 

8. 5 
2 4 .  1 

9 . 9 
1 5 . 3  

6 . 5 
2 6 .  7 

Reworked TT Febuary 1 9 8 7 , Run 3 ,  f ir s t  creep . 

9 5/.C ONF I DE NC E 
LO:.JER 

3. 5 7 E+ 0 1  
1 .  8 0E+02 
5 .  5 4E-02 
4 . 22£+02 
2 .  5 1 E-0 1 

- - 2. 69E+02 
2. 8 3 E+OO 
1 .  66E+02 

L I M I TS 
U P P ER 

2. '1'7E+O 1 
2 . 33E+0 1 
8 .  i 8E-0 1 
4 . 38E+0 1 
3 . 96E+ 0 1 
2 . 28£+02 

L I M I TS 
U P P E R  

7 . 34E+0 1 
2 . 4 5E+02 
8 . 87E-02 
4 . 97E+02 
3. 75E-0 1 

-3 . 48E+02 
5 . 2 9E+OO 
1 . 92E+02 

9 5/.C ONF I DENCE L I M I TS 
I ND . VAR < I >  NAME 

1 ..... c: 
3 
4 
c " 

C OEF. B t I l S. E. COEF. T-VALUE LOl.SER UPPER 
3 . 89295E ... 01 9 . 67E-0 1 40. 3 3. 70E+0 1 4 . 08E+O l ---- 1 . 78434E+ 0 1  - --- 1 .-04E+00 -----1 7.- 2 - - - - - - 1 . 58E + 0 1  ---- -1 . -99E+0 1 

1 . 77927E+OO 2. 66E-0 1 6 . 7 1 . 26E+OO 2 . 30E+OO 
� - 84 1 66E+01 1 . 69E+OO 34. 7 5 .  5 1 E+ 0 1  6. 1 7E+0 1 7 . 268:8E+O l 3 . 40E+OO 2 1 . 4 6. 60E+0 1 7 . 93E+O l - - -6 · . .. . . .  - -- - · -4 . -25474E+02 -- - - 1. 02E+ 0 1 --4 1 -.-7- - ---4-. .05E+02 .. --4 ,-45£+02 -

NO . OF OB S E R VA T I ONS 2 1 1  
NO . O F  C OEFF I C I ENTS 6 
RES I DUAL DEGREES OF FR E EDOM 2 0 5  

--RES I DUAL---ROOT �EAN 6GUAR E - - 3. --1 77 5 579 5  --- ----- -
RES I DUAL MEAN SQUARE 1 0 . 096876 1 4  
R ES I DUAL SUM OF S GUAR ES 206� . 85986328 

Reworked TT Feb uary 1 9 8 7 , Run 3 ,  second creep . 



3 3 3  

9 5 % C ONF I D ENC E L I M ! T S  

I ND .  VA R l l l  NAME 
1 

C OE F .  E C I !  S E . C OE F . T- VALUE 
23. 8 
3 3 . 2 
23. 8 
6 3 . 0 
22 .  7 

LOwER U P P ER 
4 .  0 7 573E+ O l 1 .  7 1 E+OO 3 .  7 4E+0 1 4 . 4 1 E+0 1 

2 
3 
4 

1 .  1 2 0 1 2E+02 3. 38E+OO 1 . 0 5E+02 1 .  1 9E+02 
1 .  98 48 0E-0 1 8 . 33£-03 l . 82E-0 1 2. 1 5E-O l 
2. 1 2 684E+02 3 . 3 7E+OO 2 . 06E+02 2. 1 9E+02 

c '"' 1 .  1 5638E+OO 5. l OE-0 2  1 .  06E+OO 1 . 26E+OO - -b l .  44 700E+02 - ... . --2 . 82E+OO . · --5 1 .  -3 .. 
1 8 . 8 
1 7. 2 

. . . 1 . ..39E+02 - - -.1 . 50E+ 02 
7 
8 

3. 0 7 3 5 2 E+ 0 1  1 .  64 E+OO 2. 7 5E+O l 3 . 39E+0 1 
6 .  5 4 0 4 6 £ + 0 2  3 . 80E+0 1 5. 80E+02 7. 29E+02 

NO. OF OBSER VAT I ONS 
-NO. --OF-COEFFI C I EIHS 

R E S I DUAL DEGR EES OF F R EEDOM 
R ES I DUAL ROOT MEAN SQUARE 
R ES I DUAL MEAN SQUARE 

. -RES I DUAL -SUI1 ..OF ...S QUAR ES 

2 1 1 
- - - 6 - -- ... 

203 
4. 5 1 4 50920 

20. 38079834 
. . 4 1 37 .  30273 4 3 7  ·- -· 

But t er made from Alnarp t rea t ed cream , Run 1 .  

9 5:,:cot-JF I DENC E L I M I T S I ND .  \-'AR < I l  NAME 
1 

3 
4 
5 
6 
7 
8 

N O . OF O B SE R V A T I ONS 

C OE F .  E ( I l  
-� 2 0 5 8 5E+0 1 
1 .  1 3 1 2 3 E + 0 2  
3 .  0 5863E -0 1  
2. 4 1 3 1 0E + 0 2  
1 .  4 7 540E +OO 1 .  1 77 37 E+02 
2 . 8 6 7 3 1 £+ 0 1 
6 .  28884E+02 

2 1 1  
8 

2 0 3  

S . E .  C QEF 
7.  7�E-O i 
2 .  1 :5E+OO 
6. 1 3E-03 
2 . 4 4E+OO 3. 5 4E-02 
2 . 37E+OO 1 .  59E+OO 
1 .  67E+ O l  

NO . O F  C OEFF I C I EN T S  
R E S I DUAL DEGREES OF F R E E DOM 
R E S I DUAL R O O T  MEAN SQU�RE R E S I DUAL MEAN SQUARE 
R ES I DUAL SUM O F  SGUA R E S  

2 4 73 5 ! 6 <;"4 
c. i 1 6 ;;: 8 /0S:· 

1 2 4 2 . 0 1 2 4 5 1 1 7  

T - VALUE 54. 4 
,:: .-. t: 
-·c. . ...J 4 �· 0 
9t3: 9 
4 i .  7 
4 S:" .  8 
1 8 . 1 
3 7 .  8 

B u t t e r  made from Alnarp treat ed cream , Run 5 .  

Lm!ER 
4 . 0 5E + 0 1  
1 .  09E+02 
2 . 94E-0 1 
2 . 37E+02 1 .  4 1 E+ OO 
1 .  1 3E+02 
2. 56E + 0 1 
5 . 9 6E+ 02 

U P P ER 
4 . 3 6 E + O i 
1 .  1 7E+02 
3 .  1 8E-0 1 
2 . 46E+02 
1 .  54E+OO 

. 1 .  22E+02 
3.  1 8£+0 1  
6 . 62E+02 

9 5 i: C Ot-JF I DENC E L I M I TS 
I r-.! D .  VAR ( I  l NAME 

1 
2 
3 
4 
c ..1 
6 
7 
8 

N O .  OF -o B S E R VA T I ONS 

C OE F .  B (  I l 4 . 43 �8 1 E+ 0 1 
1 .  1 1 304E+02 3 .  1 1 3 1 9E-G 1 
1 . 6 1 08 9E+02 
2 . 46203E +OO 
4 . 9 6 399E+0 1 
1 .  1 2 72 5E+02 
1 .  2 5 2 4 0E + 03 

2 1 1 
8 

203 

S .  E .  C OEF . E'. 1 6E-0 1 
1 . � 6E+OO 
6 .  7 �·E-03 
2. 06E+OO 
8 . 38E-02 
2 . 0 5E+OO 
1 .  27E+0 1 
! . 02E+ 02 

NO. OF C OEFF I C I ENTS 
R E S I DUAL DEGREES OF F R EEDOM 
R ES I DUAL R O O T  MEAN S Q UA R E  

""""R E S  "I DUAt.:-MEAN -sGUARE 
R ES I DUAL SUM OF SQUA R E S  

2 .  63378239 
6 . '7'368 1 0 49 

1 40 8 .  1 7260 742 

T- VALUE 
54. 4 
56 . 8 4 6 .  1 76 . 3 
29 . 6 
2 4 . 2 

e .  s· 1 � .  3 

But ter made from s low cooled cream , Run 1 .  

LOWER 
4 . 28E + 0 1  
1 .  07E+02 2 . 98E-0 1 
1 .  5 7E+02 
2 . 32E+OO 
4 .  5 6 E+0 1 
8. 78E+ 0 1 
1 .  0 5E+03 

UP P ER 
4 . 60E+ 0 1 
1 .  1 5E+02 
3 .  2 5E-0 1 
1 .  6 5E+02 
2 .  6 5E+OO 
5 . 3 7£+0 1 
1 .  38E+02 
1 .  4 5E+03 

I r-.!D . VAR C I l NAME 
1 -

C OE F . B � I l  
4 . 3 6 1 82E-r 0 1  
7 . 6 3 9 '7'8 E + 0 1 
3 . 20033E- 0 1  
1 . 8 0 08 0E +02 
1 .  4 3266E+OO 
1 . 3 0 6 8 0E+02 
3 . 5 9 8 1 5 E + 0 1 
2. 8 5 4 6 1 E+ 03 

9 s ;; c o r"F I DENC E L I M I TS 
UPPER 

2 
3 
4 
5 
6 
7 
8 

"NO. OF LIBSERVA T I ONS 
NO. OF C OEFF I C I ENTS 
R ES I DUAL DEGR EES OF FREE D •JM 
R ES I DUAL R O O T  MEAt-! SQUAR E 

· RE S I DUAL MEAN SQUARE 
R E S  r r•VAL SUI'i OF SQUARE= 

.. 2 1 1 
8 

203 

S. E .  C OEF . T-VALUE LOl.JER 6. 04E-0 1 · - - 5 4 . 2 -- -- · 4 .  20E+01 · 
1 .  75E+OO 4 3 . 6 7 . 30E+ 0 1  
9 . 3 3E-03 3 4  3 3 . 02E-0 1 
1 .  72E+OO 1 0 4 . 6 1 .  7 7E+02 

3 . 8 1 E-02 3 7 .  b 1 . 36E+OO 
1 . 43E+OO 9 1 . 5 1 . 28E+02 
1 . 0 5E+OO 3 4 . 3 3 . 39E+ 0 1 
3 . 7 1 E+ 02 7 .  7 2. 1 3E+03 

2. 2 1 708584 
4. 9 1 � 4 70 ! 2  

9 9 7 .  8 4 04 5 4 1 0  

B u t t er made frDm s l ow cooled cream , Run 2 .  

4 .  52E+ 0 1  
7 . 98E+ 0 1  
3 . 38E-0 1 
1 .  83E+02 - ·· t .  "5 1 E+OO 
1 .  3 3E+02 
3 .  80E+O l 
3. 58E+03 



1 1-.l u .  VAF < I  l NA11E 
1 

C OEF . B ( I  :0 
4 . 02059E ... 0 1  

2 9 . 20 4 5 7 E + 0 1  
3 2 . 288 1 9E-0 1 
4 1 . 7 50 1 0E+02 
5 1 . 00586E+ OO 
6 1 . 4 0 5 1 7 E + 02 
7 1 . 3 5 083E+C l 
8 7 .  53934E+02 

- NO .  O F -OB SERVA T I ONS . .  - - ·-· ·-- - ·-- - 2 1 1 
N O .  OF C OEFF I C I EN T S  8 

S .  E. C OE F .  
1 . 30E+OO 
3 . 4 7E+OO 
8 . 66E-03 
3 _ 3 4E+OO "5 1 9E-02 
2. 76E+OO 
6 . 99E-O l 
� . 3 6E+O l 

R ES I DUAL DEGR EES OF F R EEDOM 
R ES I DUAL R OO T  MEAN SQUARE 

- !R E S I DUAL-MEAN -SQUARE 
R ES I DUAL SUM O F  S QUAR ES 

203 
3 . �4846 1 2 5  

. 
" 1 0 . "5 5 2 5 0 1 68 

2 1 4 2 .  1 56203 1 2  

T- '�'ALUE 
3 0 . 9 
26 . 5 
26. 4 
52_ 4 
1 9 .  4 
�-0 .  9 
1 9 . 3 
3 1 .  9 

B u t t e r  made f r om s l ow c ooled cream , Run 3 .  

I ND .  VAR ( I  l r·JAME 
1 
2 
3 
4 
5 6 
7 
8 NO . OF OBSERVAT I ONS 

C OE F .  8 ( I )  
3 .  5 9 328E+0 1 
6 .  8 5 1 66 E + 0 1 
3 .  1 9 788E-0 1 
1 .  0 5 473E+02 
2 . 2 9 5 52E+OO 
6. 4 6 6 -< SE+O l .-, 

7 4 6 0 8 E+ O l  <!. .  
7 .  1 5 1 1 4 E + 02 

NO . OF C O EFF I C I EN T S  
R ES I DUAL DEGR EES O F  FREEDOM 
R ES I DUAL R OO T  MEAN SQUARE 
R ES I DUAL MEAN SQUARE 
R ES I D UAL SUM O F  SGUARES 

S .  E .  COEF. 
7 .  83E-0 1 
1 .  6 7E+OO 
1 .  OOE -02 
2 .  46E+OO 
9 . 9 7E-02 2 .  73E+OO ., t:-9E+OO c_ .  
1 .  32E+ O l  2 1 1  

8 
203 

2 . 0 3 5 87 580 4. 1 44 7 9 1 60 
84 1 . 392 700�0 

T- '•'ALUE 
4 5 . 9 
4 1 .  1 
3 1 .  9 
4;;:. 8 
2 3 .  0 .2 3  7 
1 0 .  -. c_ 
5� . 1 

But t er made f r om rap id ly coo led cream , Run 1 .  

I N D .  VAR l I l NAr-1E 
1 
2 
3 
4 
5 
6 7 
8 

N O _  "OF OBSER VA T I ONS 

C OE F" . I3 i i ,1 
4 . 0 5 7 5 9 E + 0 1  
7 .  0330=·E+C• 1  
3 . 8 7289E-0 1 
1 .  5 3 9 1 6E+02 1 .  5 5 1 44E+OO 
8 .  1 1  576 E+ 0 1  
2 . 8 0 4 8 9 E+ 0 1  
6 .  4 3 74 0E+02 .

. 2 1 0  
8 2,-,., - e-

S .  E .  C O EF. 
8 . 2 7 E - 0 1  
2 .  4 8E+OO 
1 . 26E-02 
2. 4 7E+OO 
6.  4 5E-02 
2 . 3 0E+OO 
2 . 0 7E+OO 
1 .  4 7E+0 1 

N O .  OF C OEFF I C I EN TS 
R E!:- ! DUAL DEGR EES OF F R EED OI1 
R ES I DUAL R O O T  MEAN SQUARE 
RES I DUAL--�EAN -SQUARE 
R ES I DIJAL SUM OF SQUAR ES 

2 . 36 1 1 5 503 
s . - � 7 5 0 5322 

1 1 26 .  1 60 8 8 8 6 7  

T- Vt..L LJ E  49.  1 28.  4 
30_ 7 
6 2 .  3 
2 4 . 0 
3 5 _  3 
1 3 . 5 
4 3 _  c; 

B ut t er made f r om rapidly cooled cream , Run 2 .  

3 3 4  

9 5% C ONF I DENCE L I M I T S 
LOWER U P P ER 

3 . 7 7E + O l 4 . 28E + 0 1 
8 . 5 2E+O l 9 . 8 9E+ O l 
2. 1 2E-O l 2 4 6 E- 0 1 
1 . 6 8E+02 1 - 82E+02 
9. 0 4 E-O t · - - · · -"1 .  1 1 E+OO 
1 . 3 SE+02 1 . 46E+02 
1 . 2 1 E+ 0 1 1 _ 4 9E+0 1 
7 08E+02 8 . 00E+02 

9 5i:Cor�F I DENC E 
LO�.JER 

3 .  4 4 E + 0 1  
6 .  5 2 E + 0 1 
3 .  OOE-0 1 
1 .  0 1 E+02 
2 l O E + O O  
5 93E+0 1 
2 .  2 2 E + 0 1  
t.• . 8 9 E + 0 2  

9Si':C OI-iF I DEI-.iC E  
LOL.JER 

3 . 9 0E + 0 1 
6. 5 S E+ 0 1  
3 . 6 3 E-0 1 
1 .  49E+02 
1 . 4 2E+OO 
7 . 6 6E + 0 1 
2. 4 C E+ 0 1  
6 .  1 SE+02 

L I t� I TS 
U P P ER 

3 .  7 SE+ 0 1 
7 .  1 8E+0 1 
3 .  39E-0 1 
1 .  1 0E+02 
2 .  49E+OO 
7 .  OOE+ O l  
3 .  2 7E+ 0 1 � 4 1 E+02 I .  

L I 11 I T S 
U P P E R  

4.  22E+ 0 1  
7 _  52E+ 0 1 
4 .  1 2E-0 1 
1 .  59E+02 

- 1 _  68E+OO 
8 .  5 7E+0 1 
3 . 2 1 E+ 0 1 
6 .  72E+ 0 2  



··· - -q 5%C ONF I DENCE L:l M I TS · 
I ND. VAR < I >  NAME 

1 
C OEF. B < I >  S .  E. C OEF. T-VALUE LOI-tER UP P ER 

7. 1 1 1 08E+0 1 1 .  1 0E+OO 6 4 . 7 6 . 90E+0 1 7 . 33E+0 1 
2 1 . 268 1 8E+02 2 . 80E+OO 4 5 . 3 1 . 2 1 E+02 1 . 32E+02 

·-·- - -· - '3 · · -- - - -- - - - -� . 688B4E-0 1 . . .  ---6 .  84E-03 - - ---:39.-:3 2.�5E-=o t - - - ""2 .  "82E-0 1 
4 
5 

1 . 8 7 1 36E+02 2. 74E+OO 68. 4 1 . 82E+02 1 .  92E+02 
1 . 93 1 1 8E+OO 7 . 84E-02 2 4 . 6 1 .  78E+OO 2 . 08E+OO 

6 1 .  1 5930E+02 2 . 92E+OO 3 9 . 7 1 .  1 0E+02 1 . 22E+02 ·--·- ·· -- - - .. 7 -- --s .-:3874 1 E+0 1 - --:3 . l l E+Oo - -- ! 7 . '3  ---4 :-78E+0 1---c:-DOE+0 1 
8 3. 8 5 5 8 7E+02 1 . 4 1 E+0 1 2 7 . 4 3 . 58E+02 4 .  1 3E+02 

NO. OF OBSER VAT I ONS 
N O .  OF C OEFF I C I ENTS 

2 1 1 
8 

--R ESI DUAL- TIEGREES lJF ' FREEDOM 
R ES I DUAL ROOT MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUARES 

_ 
. . __ �03 -- ------- --- - --- · -· 

3 . 5 1 22 1 1 32 
1 2 . 33563042 

2504. 1 3330078 . - · - ·-

MAN Apr il 1 9 8 7 , Run 1 .  

I ND '.-'AR ( !  ;. NAt'iE C OE F  D C:  I >  
1 6 .  1 88 5 7E+0 l 2 i . 380 1 3E+02 3 2 .  29 i 8 1 E- O i  
4 l .  564 1 6E+O� 
5 , .. ''- 1 .  62964E +OC> 6 4 i 36 1 2E+O ! 7 de.,� 5. 54835E+O i 
8 

� 2 .  4068 4E+02 
NO . OF O B SE R V A T I ONS 2 1 1 
N O .  OF C OEFF I C I E NTS 8 
R E S I [UAL DEGREES OF FREEDOM 203 
R E S I DUAL R OOT MEAN SG0�RE 1 0 . � ! �2 � 2 � �  
R ES I DUAL MEAN SQUAR E l i 0 . b 5 5 i 5 1 3 7  
R E S I DUAL SUM O F  S QUARES 224b2. 99b 0 c 3 7 5  

I ND . 'JAR < I >  NAME 
1 
2 

'3 . 
4 
5 
6 
7 -
8 

N O .  OF OBSERVA T I ONS 
NO. OF C OEFF I C I ENTS 

C OE F .  B < I >  
6 . 26974E+0 1 
1 . 32664E+02 
2 .  06982E-0 1 
2 .  5370 1 E+02 
9 . 2 66 4 1 E-0 1 
1 .  76576E+02 
9 . 36932E+OO 
4 . 0 7833E+02 

1 99 
8 

1 9 1  

S . .£ . C OEF. 
8 . 80E-0 1 
2. 89E+OO 

''3. 78E-03 . . 
3. 50E+OO 
2. 6 5E-02 
3 . 80E+OO 
4 . 9 1 E-0 1 
1 .  3 7E+0 1 

-·- ·- �ES I DUAL 'DEGREES OF FR EEDOM 
R E S I DUAL ROOT MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUARES 

2 . 5 1 084709 
6 . 30435371 

1 20 4 .  1 3 1 59 1 80 

MAN May 1 9 8 7 , 8 hours . 

T- ·.1 .=-LUE 
: -:- S" ' - -
.A. "' . L 
1 "-' . i 

9 5��:� C:NF I Df:qC E 
L!J1<o�EF: 

5- 0:- i �·O � l .  l 4f:+(.r.;: l . S·7t: - O i 
i .  ;';:3E-+ 02 C· SAE-O i 
i .  �·4E+O i - l . 88E+ O i  
2 .  2..:l.E:+O� 

. .  - - . .  � 5i':CONF I DENCE -·ti M I TS 
T- VALVE LOWER UP P ER 

7 1 . 2 6 .  1 0E+0 1  6 .  44E+0 1 
46. 0 1 . 27E+02 1 . 38E+02 
54 . '7 . -- --"2:-oOE-0 1 '" - - - -2 . 1 4£-0 1 
72. 5 2 . 47E+02 2 . 6 1 E+02 
3 5 . 0 8 .  7 5E-0 1 9 . 79E-0 1 
4 6 . 5 1 . 69E+02 1 . 84E+02 
1 9 . 1 8 .  4 i E+OO 1 . 03£+ 0 1  
29. 7 3 . 8 1 E+02 4 . 3 5E+02 

. . .  · - - -- - · . .  ·- -�5%CONF I DENCEL."'1 M I TS 
I ND .  VAR < I >  NAME C O E F .  B < I >  S . E .  C OEF. T-VALUE LOWER . UP P ER 

1 5 . 4 4 5 56E+0 1 9 . 33E-0 1 58. 4 5 . 26E+ 0 1  5 . 63E+0 1 
2 9 . 53645E+ 0 1  2 . 20E+OO 43. 3 9 .  1 0E+0 1  9 . 9 7E+0 1 .. --- --:3 - - -----------'J :-72 3 1 8 E ...;.0 1  ----, . 42E-03 - - -- �6-:-7 2 .  58E.:O l�.'137E-0 1 4 1 .  5 0 30 7 E+02 2 . 7 5E+OO 5 4 . 6 1 . 45E+02 1 .  56E+02 
5 1 . 8 6 324E+OO 7 . 46E-02 2 5. 0 1 . 72E+OO 2 . 0 1 E+OO 
6 1 .  5 1 624E+02 2 . 86E+OO 52. 9 1 . 46E+02 1 .  57E+02 7 ---- :"57992E + 0 1  -· --7 . -s8E-ot 20.-8 -� . -43E+o t -----t:-73E+ 0 1  
8 6 . 223 1 2E+02 1 . 46E+0 1 42. 7 5 . 94E+02 6 .  5 1 E+02 

N O .  OF OBSERVAT I ONS 2 1 1 
N O .  OF C OEFF I C I ENTS 8 

-R ESI DUAL -DEGR EES "'F . FREEDOM · 203 - ---
-

- ---- - ----- - ___ _ ., ___ ____ · 
R E S I DUAL ROOT MEAN SQUA R E  2. 63834906 
R ES I DUAL MEAN SQUARE 6 . 96088696 
R ES I DUAL SUM OF SQUARES 1 4 1 3 . 06005859 · · - . . .. 

MAN May 1 9 8 7 , 1 5  hour s . 



I ND . VAR ( I l  NAME 
1 
2 
3 
4 
5 
6 

C O E F .  B ( I l  
2. 84069E+ 0 1  
5 . 6 53 7 2E+0 1 
4 . 2 5 6 5 5E-0 1 
8. 1 934 9E+0 1 
2. 424 1 5E+OO 
3 .  5496 5E+0 1 

3 3 6  

9 5/.C ONF I DENC E L I M I TS 
S . E .  C OEF. T- V�LUE LOWER U P P ER 

5 . 4 0E-0 1 5 2 . 6 2. 73E+0 1 2 . 9 SE+0 1 
1 . 6 0 E+OO 3 5 . 4 5 . 34E+0 1 5 . 9 7E+0 1 

--· - 1 .  l OE-02 - 38 .  6 4. 04E-0 1 4. 4 7E-0 1 
1 .  5 1 E+OO 5 4 . 2 7 . 90E+0 1 8 . 4 9E+01 
1 . 2 1 E- 0 1  20. 0 2 .  1 9E+OO 2 . 6 6 E + O O  
1 . 23E+OO 2 8 . 9 3 . 3 1 E+0 1 3 .  79E+0 1 

- 7- - - --- - -- ... - -
8 

NO.  OF OBSERVA T I ONS 
N O .  OF C OE FF I C I ENTS 

- -5 . 5 8E+OO -- - 1 0 . 8 ---- 4 .  9 5 E+ 0 1  - - - -- - 7 . 1 4E+0 1 - - - 6 . 0 4 633E+0 1 ... 
7.  1 87 5 7E+02 

2 1 1 
1 . 00E+0 1 7 1 . 7 6 . 99E+02 7 . 38E+02 

- R ES I DUAL DEGRE E S  .OF FREEDOM - - ­
R E S I DUAL ROOT MEAN SQUARE 
R ES I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUARES 

8 
- - 203 

1 . 44668388 
2 . 092894 55 

424 . 8 5766602 

PAM F , Run 1 ,  f irst creep . 

I N D .  VAR < I >  NAME 
1 

C O E F .  E ( I �  
9. 46 376E+OO 3. 5 9 8 1 3E+OO 
4. 6 4 0 98E+OO 
6. 1 30 8 9E+OO 
5 .  5 1 60 1 E+02 
1 .  0 1 0 3 5 E +03 

S. E. C O E F .  7. ! BE-0 1 
7 . 09E-0 1 
2 . 28E+OO 
7 . 8 5E-0 1 
1 . 28E+02 
2. 8 1 E+ 0 1  

T- VALUE 

2 3 
4 
5 
6 

- -NO . - OF O B SER V A T I ONS 
NO . OF C OEFF I C I ENTS 
R E S I DUAL DEGREES OF FR EEDOM 
R E S I DUAL R O O T  MEAN SQUAR E 
R E S I DUAL MEAN SQUARE 
R ES I DUAL SUM OF SQUAR ES 

. .2 1 1  
6 

205 
1 .  78406 596 3 .  !. 8289 ! 3 7  

6 5 2 . 4 9 2 79785 

PAMF , Run 1 ,  se cond creep . 

I ND . VAR < I >  NAME 
1 
2 
3 
4 
5 
6 
7 
8 

__ . NO. OF O B SER V A T I ONS 
N O .  OF C OEFF I C I ENTS 
R E S I DUAL DEGR EES OF FREEDOM 
R E S I DUAL ROOT MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 
R E S I DUAL S UM O F  SQUARES 

PAMF , Run 2 ,  f ir s t  creep . 

S .  E .  COEF. 9. 75E-0 1 . 
1 .  66E+OO 
2 : 43E-02 
2 . 07E+OO 

_ 1 .  48E-0 1 _ _  . .  
2 . 24E+OO 
2 . 22E+OO 
3 . 6 5E+OO 

1 3 . 2 
5 .  1 
2 . 0 
7. 8 
4 .  3 

3 6 . 0 

T- VALUE 
2 4 . _7 _ 
2 4 . 0 
1 5. 4 
33. 5 
1 4. 8 -
2 4 . 8 
1 0. 5 

1 08 .  8 

9 5'i.C O!�F ! DENCE 
LO!--!ER 

8. 06E+OO 
2. 2 1 E+OO 
1 .  74E-0 1 4 .  59E+OO 
3 . 0 1 E+02 
9.  5 5E+02 

L I M I TS 
UP P ER 

1 .  09E+0 1 4 .  99E+OO 
9.  1 1 E+ O O  
7. 6 7E+OO 
8. 02E+02 
1 .  0 7E+03 

9 5/.C ONF I DENC E L I M I TS 
LOWER UP P ER 

2. 2 1 E+0 1 2. 59E+0 1 
3 . 66E+0 1 4 .  30E+0 1 
3. 26E-0 1 4 .  22E-0 1 
6. 5 1 E+0 1 7 . 32E+0 1 
1 . 9 1 E+OO _ _  2 .  49E+OO 
5.  1 2E+0 1 6 . 00E+0 1 
1 . 89E+0 1 2 .  76E+0 1 
3 . 90E+02 4. 04E+02 

I ND. VAR < I l  NAME 
1 

- -- - - - --- --�5/.CONF I DENCE-t.: I M I TS - -C OE F . B < I l  S . E . C OEF. T-VALUE LOWER U P P ER 
2 " 3  
4 
5 
6 
7 - -
8 

NO.  OF O B SE R V A T I ONS 
NO. O F  C OE FF I C I ENTS 

5 . 3285 7 E+0 1 3 . 68E+OO 1 4. 5 4. 6 1 E+ 0 1  6 . 0 5E+0 1 8 . 2 0 4 7 2E+0 1 8 . 89E+OO 9 . 2 6 . 46E+0 1 9 9 5E+0 1 "2. 3 5 604E-0 1 - 2. 83E-02 - 8 :""3 ----- �-:-sOE-0 1 � :-� t E-0 1 · 1 . 67277E+02 9. 1 7E+OO 1 8. 2 1 . 49E+02 1 . 8 5E+02 1 . 0 1 54 5E+OO 1 . 43E-0 1 7 . 1 7 . 34E-0 1 1 . 30E+ O O  1 .  5 6843E+02 8 . 90E+OO 1 7. 6 t : 39E+02 1 74E+02 1: 00297E+01 -- - ·1 .  4 1 E+OO - - -- -?:-t- ·-· - -7 . 28E+OO ---(- 2 8E+0 1 -
4 .  7 5208E+02

2 1 1 
2 . 40E+01 1 9. 8 4 . 28E+02 5 . 22E+02 

--� ES I DUAL "DEGREES -oF "FREEDOM 
R ES I DUAL R OOT MEAN SQUARE 
R E S I DUAL MEAN SQUARE � E� I DUA� SUM OF SQUARES 

8 
. . 203 --- · - · -- --- - - - - -·- ------

8 . 80390930 
77. 50883484 

1 5734. 29492 1 87 

MAN May 1 9 8 7 , 2 5  hours ( 1 5  hours analysed ) .  



3 3 7  

9 =-i� O:: O!�F I DENCE i.. l M l TS 
UP P ER 

I ND .  VAR I I J  NAME C OEF B C I !  S . E C O EF . T - V� __ L U E  LOWE� 

1 . 6 � G��+n l 2 . 66695E+ 0 1  b 4 .  263 1 0E + 0 1  
! 46E+OO - �  _ 5: i��+6l  4 .  1 2E+QO __ _ - l C· . .  ..:: - · -

3. 67E-0 1 ·-- - · - ·---·· ·- 4. 5 1 569£- 0 1  3 
4 .  6982 1 E + O l  � 3. 67783E�oo 

4. 3 1 E-02 1 0 .  � 
4 .  99E+OO 9 . � �- 72£+0� 
' O ' E-0 1 � . 2 � . 30£+0-

6 4 .  2 9 723E�O l ____ _ 
• •  - 1"1 � 1 0�='+0 1 6 .  1 3E-+:OO. _ _ _ _ _  J. . J.;4 - · -

·-1 · -� Qt:'+0 1 -- --· - ·- - · -·2 . 0369 1 £+ 0 1  � 9 . 2 4 093E+02 
3. 79E+OO �� · · � � ;�n? 
2 . 73E+0 1 ..::..:: . E  8. · - - · - -0 - 1 , NO. OF OBSERVAT I ONS & - 6  r.rn 0�=" C OEFF I C I ENTS _ .. . . -� - ------· · ·::: · - ·

-
·· - - -- ---

-·- . RES I DUAL DEGR EES OF FR EEDO! i 20� 1 c=o · 5os 
R EC I DUAL ROOT MEAN SQUARE • 0 · 1 0� � �� i ?  
R E� I DUAL MEAN SQUARE ic · �o�u��bS-7. 
R ES I DUAL .. SUM . O�QUAR ES - ____ 20- - - -� · > 7::: -- -

But t e r  ( from AMF ) , Run 1 ,  f ir s t  creep . 

I NO . VAR < I >  NAME 
1 
2 
3 
4 
5 

C OEF . B \ I ) 
1 .  43084E+0 1 
4 . 26 590E+OO 
2 . 5 3650E+OO 
1 . 2774 7E+0 1 
2 . 2027 1 E+02 3 . 93 576E+03 

S .  E . C O EF 
3. 83E-0 1 
3 . 68E-0 1 . ...5 .. .36E-0 1 
2 . 87E-0 1 
9 .  52E+OO 
1 .  6 1 E+02 6 

. .NO. - - OF - OB SERVAT1 0NS . 2 1 1 
NO OF C OEFF I C I ENTS 
R E S I DUAL DEGR EES OF F R EEDOM 
R ES I DUAL R OOT MEAN SQUARE 
R ES I DUAL MEAN S QUAR E 
R E S I DUAL SUM OF SQUARES 

6 
205 0. 74208 1 8 8  

0.  5 5068 5 5 2  
1 1 2 . 8905334 5 

T- VALUE 
37. 3 
1 1 . 6 

- 4 . 7 
44 . 5 
23. 1 
24 . 4 

But ter ( from AMF ) , Run 1 ,  second creep . 

9 5/.C OI�F I DENCE 
LOWER 

1 .  36E+0 1 
3 .  5 4E+OO 1 .  4 9E+ OO 
1 .  22E+ 0 1  
2 . 02E+02 
3 . 62E+03 

-: 1 "·>=" ... 0 1  � - n7:=:+o 1  5 :  36�-0 1 
5. 68E+O l 
� . 0 5E+OO 
5. 50E+0 1 _  

--- ·2 . 76£+0 1 
9. 78£+02 

L I M I TS 
UP P ER 

1 .  5 1 E+0 1 
4 . 99E+OO 
3 . 59E+OO 
1 .  33E+0 1 
2. 39E+02 4. 25E+03 

9 5/.C ONF I DENCE L I M I TS 
UPPER 

3 . 3 5E+0 1 
I ND . VAR C I >  NAME 

- ··- · - . .  1 
2 
3 
4 
5 
6 
7 
8 

NO. OF DB SERVAT I ONS 

C OEF. B C i l  
3 . 2 7509E+0 1 
3 . 825 1 7E+0 1 
7. 4 3 902E-0 1 
6 . 6486 5E+0 1 
3. 1 8 5 1 4E+OO 
4 . 02868E+0 1 
3. 1 03 50E+02 
1 . 03877E+03 

NO . OF C OEFF I C I ENTS 
RES I DUAL DEGREES OF FREEDOM 
RES I DUAL R OO T  MEAN SQUAR E 

2 1 1 
8 

203 

S. E .  C O EF .  
3 . 89E-0 1 
1 .  28E+OO 
2 . 09E-02 
1 .  27E+OO 
1 .  47E-0 1 . 
3 . 23E+OO 
1 .  06E+0 1 
7. 57E+0 1 

1 .  1 282 1 770 

T-VALUE 
8 4 . 3  
29. 9 
3 5 .  7 
5 2 . 3 
2 1 .  7 
1 2. 5 
29. 3 
1 3 .  7 

__ R ES I DUAL �EAN SQUARE 
RES I DUAL SUM OF S Q UARES 

1 .  2 7 28 7 5 5 5  ·--
258. 39373779 

. . I ND . VAR < I >  NAME C OE F . B ( I J  1 2. 5 1 8 1 1 E+OO 
S. E. COEF. 

3. 4 1 E+OO 
3.  39E+OO 

T-VALUE 
2 1 .  6 4 88 1 E+01 3 1 . 0 1 79 4 E - 0 1  
4 7. 32842E+OO 
5 1 . 0 1 863E+03 6 4 .  66425E+03 -NO . .  OF .-O B SERVAT.IONS _ _ _  -- · - . . -2 1 1 

NO. OF C OE FF I C I ENTS 6 

. 7. 8 5E-02 --- -1 .  84E+OO 
1 .  67E+02 
1 .  08E+03 

R E S I DUAL DEGREES OF FREEDOM 205 R ES I DUAL ROOT MEAN SQUARE 1 .  77607608 
-R ES I DUAL -MEAN -SQUARE . 3 .  1 5444 708 R ES I DUAL SUM OF SQUAR ES 646. 66 1 743 1 6  

B u t ter ( fr om AMF ) ,  R u n  4 ,  s e cond creep . 

0. 7 
4 . 9 
1 . 3  
4 .  0 
6. 1 
4. 3 

LOWER 
3 . 20E+0 1 
3 .  5 7E+0 1 
7 . 0 3 E-0 1 
6 . 4 0E+0 1 
2 . 90E+OO 
3 . 39E+0 1 
2 . 90E+02 
8 . 90E+02 

. - 4 .  OBE+ 0 1  
7. 8 5E-0 1 
6 . 90E+0 1 
3. 4 7E+00 
4 . 66E+0 1 
3 . 3 1 E+02 
1 .  1 9E+03 

9 5/. CONF I DENCE L I M I TS 
LOWER UPPER 
-4. 1 6E+OO 9. 20E+OO 

9 .  S SE+OO 2. 3 1 E+0 1 
. .  - 5 .  2 1 E-02 .. --2 . .56E-0 1 

3. 7 1 E+OO 1 .  09E+ 0 1  
6 .  9 1 E+02 1 . 3 5E+03 
2 .  5 6E+03 6. 77E+03 



.. 

. -
I ND .  VAR i I J NAME C OEF. B i I J S. E .  C O E F .  T- VALL'E 

1 4. 66330E+0 1 6 . 09E-0 1 76. 6 
2 1 . 06223E+02 1 . 9 5E+OO 54 . 3 

3 3 8  

95XC ONF I DENC E . L I M I T S  
LOWER UPPER 

4 .  54E+0 1 4 .  78E+0 1 
1 .  02E+02 1 .  1 0E+02 .. 3 . ... --- -- - - - - - --3 .  3 44 1 7E-0 1 - - 5. 6 1 E-03 --59 . .6 - -- .3 . ..23E-0 1 . - - --3. 4 5 E- 0 1  

4 1 . 37007E+02 1 . 82E+OO 7 5 . 5 
5 2 . 2 5 843E+OO 8 . 26E-02 2 7 . 3 
6 1 . 03646E+02 1 . 3 7E+OO 75 . 6 

_____ ...J _ __ _ ___ - - - 4 .  B9273E+0 1 ----- L  .7 5 E+OO -- . . .  2 7 .  9 
8 1 . 3 1 1 54E+03 7 . 4 5E+0 1 1 7. 6 

NO. OF OB SER VAT I ONS 2 1 1  
NO. O F  C OEFF I C I ENTS 8 

---RES I DUAL -DEGREES .OF . ..FREEDOM -- . . . .  --2 03 - - ---· - - - - - --· - . . . 
R ES I DUAL R O O T  MEAN SQUARE 1 .  9 5 8 4 7 583 
R ES I DUAL MEAN SQUARE 3. 8 3 562756 
R ES I DUAL SUM OF SQUAR ES 7 7 8 . 63244629 

AM F / o i l blend , Run 1 ,  f ir s t  creep . 

! ND . VAR ( I J  NAME 1 
2 

COEF. !3 i ! l  
1 .  79786£+0 1 7 .  6 1 92 1 £+00 

-2 . .28929E +0 1 
2 . 6 1 243£+0 1 
7. 7 4 4 59E+02 
L 36428E+03 

S. E. C O E F .  
4 . 23E- 0 1 
7 . 4 1 E- 0 1 

-6 . . 2 8 E  +00 . 
2 .  1 0E+0 1 
1 . 38E+02 
5. 77E+02 

. 3 4 
5 
6 NO. OF O B SE R V A T I ONS 2 1 1  

NO. O F  C OEFF I C I ENTS 
RES I DUAL DEGREES OF F R EE D O M  
RES I D UAL R OO T  MEAN SQUARE 
RES I DUAL MEAN SQUARE 
RES I DUAL SUM OF SQUAR ES 

6 
2 0 5  

2 .  76003 1 70 � I • -,. -,. ...,. ; ,-, -,. I .  0 J. I I ;  00 I 
1 56 1 . 64428 7 1 1 

- --AMF/o i l  b lend , Run 1 ,  second creep . 

. . - -- - --- - - - -
I ND . VAR ( J )  NAME 

1 
2 

- --3 
4 
5 
6 

- - - - . 7 . 
8 

NO. OF O B SE R V A T I ONS 
NO . OF C OEFF I C I ENTS 

C OEF. B < I J  
2 .  1 5 1 88E+0 1 
4 .  1 6 762E+O l 
L 1 48 1 8E-0 1 
1 .  0 2 5 1 4E+02 
4. 5 1 0 1 3E-0 1 
9. 4 1 5 1 2E+0 1 
3 . .28475E+OO . 
4 .  68304E+02 

2 1 1  
8 

S .  E. C OEF. 
2 . 33E+OO 
2 . 67E+OO 
1 . 62E-02 
3 . 08E+OO 
2 . 93E-02 
3 . 83E+OO 
2 . 83E-0 1 
4 .  68E+OO 

- -· RES I DUAL -DEGREES OF F REEDOM 
RES I DUAL R OOT MEAN SQUARE 
RES I DUAL MEAN SGUAP.E 
R ES I DUAL SUM OF SQUAR E S  

. . . 203 
2 . 405 53904 
5. 7866 1 9 1 9  

1 1 74 . 68383789 ' 

AMF / o il b lend , Run 3 ,  f ir s t  creep . 

T - I)ALL'E 
., ,... c: ..,. .:.. . ..... 
1 0 . 3 

3 . 6 
1 . 2 
5 .  6 
2. 4 

T- VALL'E 
9. 2 

1 5 . 6 
7 . . 1 

33. 3 
1 5 . 4 
2 4 . 6 

. . - - 1 1 . .6 
1 00 . 0 

1 . 33E+02 1 . 4 1 E+02 
2.  1 0E+OO 2 . 42E+OO 
1 . 0 1 E+02 1 . 06E+02 
4 .  5 5E+O l -- 5 .  2 4E+0 1 
1 .  1 7E+03 1 . 46E+03 

S' S:�C ONF ! DE:"·JCE 
LOt·! ER 

:!.. 7 1 E+0 1 
6. 1 7E+OO 
1 .  06E+0 1 

- 1 .  50E+0 1 
5 . 0 4E+02 
2 33E+02 

L I M I T S  
UPPER 

1 .  88E+0 1 
9 . 0 7E+00 

. 3 . 52E+0 1 
6 .  73E+0 1 
1 . 04E+03 2. 50E+03 

9 5XC ONF I DENCE . L I M I T S  
LOI.JER UPPER 1 .  70E+0 1 2 . 6 1 E+0 1 

3. 64E+0 1 4 . 69E+0 1 
. 6. 3 1 E-02 - - -- - L  4 7E-0 1 

9. 6 5E+0 1 1 . 09E+02 
3. 9 4E-0 1 S . O SE-0 1 
8. 6 6 E+0 1 1 . 02E+02 
2. 7 3E+OO . . . . 3. 84E+OO 
4. 5 9E+02 4. 77E+02 

---- -- - - -- - -- - -- __ _ _ _  - -- - - . . ---- - - _ . ___ 9 5XCONF I DENC E-.L I M ITS 

I ND. VAR < I J  NAME C OEF. B < I >  S . E. C OEF. T- VALUE LOWER UPPER 

1 2 .  1 29 1 4E+0 1 8 .  3 7E-0 1 2 5 .  4 1 .  9 7E+0 1 2. 29E+0 1 
2 6 . 96228E+OO 1 .  1 8E+OO 5 . 9 4. 6 4 E+OO 9 . 28E+OO 
-3 --3 . . 02922E+OO -· · . 9 .92E-0 1 - - -- - -3 . 1 - - -- . . . 1 .  08E+OO - -- ..4 . 9 7E+OO 
4 4 . 7 9 5 5 5E+OO 1 : 1 7E+OO 4 . 1 2. 5 1 E+OO 7 . 08E+00 
5 6 .  733 1 1 E+0 1 4 46E+0 1 L 5 -2. 0 1 E+0 1 L 5 5E+02 
6 7 . 26005E+02 1 : 02E+0 1 7 1 . 5 7. 06E+02 7 . 46E+02 

- -NO. OF .OBSERVATI ONS . .  --2 1 1 -- - - · -- - - - · -- · - - -

NO. OF C OEFF I C I ENTS 6 
R ES I DUAL DEGR EES OF FREEDOM 2 0 5  
RES I DUAL R O O T  MEAN SQUA R E  2 .  1 9730282 
R ES I DUAL MEAN SQUARE 4 . 628 1 4 1 2 1  
RES I DUAL SUI1 OF S QUAR ES 989. 76904297 

AM F / O il b l e nd , Run 3 ,  second creep . 



I ND .  VAR < I >  NAME 
1 
2 
3 
4 
5 
6 
7 
8 

N O .  OF OBSERVAT I ONS 
NO. OF C OEFF I C I ENTS 

COEF. B <  I >  
8 .  57050E+0 1 
2 .  08056E+02 
8 . 388 1 5E-02 
4 . 30789E+02 
3 . 99054E-0 1 
2 . 88 1 20E+02 .. 5. 70843E+OO 
9. 86007E+0 1 

2 1 1  
8 

203 

S. E . C OE F .  
2 . 64E+OO 
5 .  1 8E+OO 
2. 8 5 E-03 
5 .  77E+OO 
1 .  33E-02 
5. 74E+OO 
2.  86E-0 1 . 
7. 1 4E-0 1 

R E S I DUAL DEGR EES OF FREEDOM 
R E S I DUAL ROOT MEAN SQUARE 
R E S I DUAL MEAN SQUARE 

6 . 0 1 8 74828 
36. 225334 1 7  

T-VALUE 
32. 5 
40. 2 

- -· ·2 9 . 4 -
7 4 . 6 
3 0 . 0 
50. 2 

- - 1 9 . 9 
1 38 . 0 

R ES I DUAL __ SUM__OF _ SQU�RES 73�3. 744 1 4062. ·-- - --
-

Reworked PAMF , Run 2 ,  f ir s t  creep . 

I ND .  1/AR < I >  NAME 
1 
2 
3 
4 
5 
6 

C OEF . B < I )  
3 .  99 1 1 3E+0 1 
1 .  60696E+0 1 
1 .  20564E+OO 
5 . 4 9 1 9 5E+0 1 
2 . 39434E+0 1 
1 .  4 6 56 1 E+02 

S. E.  COEF.  
1 .  8 5E+OO 
1 . 89E+OO 
3 .  54E-0 1 
1 .  4 9E+OO 
1 . 89E+OO 
1 .  1 4E+OO 

NO. OF OBSERVA T I ONS 2 1 1  
6 N O .  OF C OEFF I C I ENTS 

R E S I DUAL DEGR E E S  OF FR EEDOM 
R ES I DUAL ROOT MEAN SQUARE 
R ES I DUAL ME AN SQUARE 
R ES I DUAL SUM OF S QUAR ES 

205 4 . 8629980 1 
2 3 . 6487503 1 

4847 . 994 1 4062 

Reworked PAMF , Run 2 ,  s e cond creep . 

I ND .  VAR < I l NAME C O E F .  B C i l  S .  E. C OEF . 
1 8 . 6 0 9 53 E+ 0 1  4 . 36E+OO 
2 1 . 394 53E+02 6 . 63E+OO 
3 7 . 6 1 573E-02 6 . 0 5E-03 
4 4 . 3 8 4 5 5E+02 9 . 6 1 E+OO 
5 2 . 29804E-0 1 9 . 48E-03 
6 3 . 83363E+02 1 .  1 6E+0 1 
7 1 .  76 1 5 5E+OO 1 .  1 3E-0 1 
8 5 . 80252E+ 0 1  2 . 84E-0 1 

N O .  OF OBSERVA T I ONS 209 
NO. O F  C OEFF I C I EN TS 8 
R E S I D U AL DEGREES OF FR EEDOM 20 1 
R ES I D U AL ROOT MEAN SQUARE 7 . 46074 1 04 
R ES I DUAL MEAN SQUARE 5 5 . 66266632 
R E S I DUAL SUM OF S QUAR ES 1 1 1 88 . 1 9726563 

Reworked PAMF , Run 1 ,  f ir s t  creep . 

T-VALUE 
2 1 .  6 

8. 5 
3 .  4 

3 6 . 7 
1 2 .  7 

1 28.  1 

T - VALUE 
1 9 . 7 
2 1 .  0 
1 2. 6 
4 5 .  6 
2 4 . 2 
33.  1 
1 5 . 6 

204. 3 

9 5/. C ONF I DENCE 
LOI.JER 

8 . 0 5 E+0 1 
1 .  98E+02 

· 7. 83E-02 
4 .  1 9E+02 
3. 73E-0 1 
2. 7 7E+02 
5.  1 5E+OO 
9.  72E+0 1 

9 5/.C ONF I DENC E 
LOWER 

3. 63E+ 0 1 
1 .  24E+0 1 
5. 1 2E-0 1 
5. 20E+ 0 1  
2. 02E+0 1 
1 . 44E+02 

95i�CONF I DENCE 
LOWER 

7 .  7 5E+0 1 
1 .  26E+02 
6 . 4 3E-02 
4 . 20E+02 
2. 1 1 E- 0 1  
3 . 6 1 E+02 
1 .  54E+OO 
5 .  7 5E+0 1  

3 3 9  

L I M I TS 
UP P ER 

9 . 09E+0 1 
2 .  1 8E+02 
8 . 9 5E-02 
4 . 42E+02 
4 . 2 5E-0 1 
2 . 99E+02 

· 6 . 27E+OO 
1 . 00E+02 

L I M I TS 
UPP ER 

4 . 3 5E+0 1 
1 .  98E+0 1 
1 .  90E+OO 
5 .  78E+ 0 1 
2. 76E+0 1 
1 . 4 9E+02 

L I M I TS 
U P P E R  

9 . 46E+ 0 1 
1 .  52E+02 
8 . 80E-02 
4. 5 7E+02 
2 . 48E-0 1 
4 . 06E+02 
1 .  98E+O O  
5 . 86E+0 1 

• 



I ND . VAR ( I l  NAME 
1 
2 
3 
4 
5 
6 

C OE F .  B <  I l 
9 . 3 1 576E+ 0 1  
1 .  6 5 58 5E+02 
1 .  1 98 54E-0 1 
3. 78744E+02 
4. 7 5 573E-0 1 
2 .  50689E+02 

7 -- -- - - - - - 7 _  1 3 1 70E+OO 
8 

NO. O F  OBSERVA T I ONS 
NO. OF C OEFF I C I ENTS 

1 . 23625E+02 
2 1 1 

8 

S . E. C OEF . 
3. 5 4E+OO 
8 . 33E+OO 
6 . 88E-03 
8. 54E+OO 
2 . 80E-02 
7 . 9 7E+OO 
5. 80E-0 1 -
1 .  6 5E+OO 

--RES I DUAL DEGRE E S  O F  FREEDOM 
RES I DUAL ROOT MEAN SQUARE 
RES I DUAL MEAN SQUARE 
� E S I DUAL SUM OF SQUARES 

203 
8 . 6 1 272049 

74. 1 78 97034 
1 50 5 8 . 3320 3 1 2 5  

3 4 0  

95XC ONF I DENC E L I M I TS 
T-VALUE 

26 . 4 
1 9 . 9 
1 7 .  4 -
4 4 . 3 
1 7. 0 
3 1 . 4 - 1 2 . 3 -- --
74. 8 

LO�ER U P P E R  
8 . 62E+0 1 1 . 00E+02 
1 . 4 9E+02 1 . 82E+02 
1 . 06E-0 1 1 . 33E- 0 1 
3. 62E+02 3 .  9 5E+02 
4. 2 1 E-0 1 5 . 3 1 E- 0 1 
2. 3 5E+02 2 . 66E+02 
5 .  99E+00 --8 .  27E+OO . 
1 . 20E+02 1 . 27E+02 

Reworked But ter ( from AM F ) , Run 1 ,  f irst creep . 

I ND .  VAR < I l  NAME 
1 
2 
3 
4 
5 
6 

NO. OF OB SERVAT I ONS 

C OEF.  B < I >  
3 .  1 2367E+0 1 
1 .  598 1 1 E+0 1 
2 .  67664E+OO 
6 .  7 1 268E+0 1 
2 .  97705E+0 1 
2 . 686 1 4 E+02 

2 1 1 
6 

S .  E .  C OEF. 
9 . 3 1 E-0 1 
1 .  1 5E+OO 
4 . 82E-0 1 
1 . 22E+OO 
1 . 4 9E+OO 
3 . 0 5E+OO 

NO.  OF C OEFF I C I ENTS 
R E S I DUAL DEGREES OF FR EEDOM 
RES I DUAL ROOT MEAN S Q UA R E  
RES I DUAL MEAN SQUARE 
R E S I DUAL SUM OF SQUA R E S  

205 
3 . 39729404 

1 1 .  5 4 1 60690 
2366. 02978 5 1 6  

T-VALU E  
3 3 .  5 
1 3 . 9 

5. 6 
54.  9 
1 9 . 9 
88. 0 

95'l.CONF I DENC E 
LOWER 

2 . 94E+0 1 
1 .  3 7E+0 1 
1 .  7 3E+OO 
6 . 4 7E+0 1 
2 . 6 8E+O l 
2 . 63E+02 

Reworked But t e r  ( from AMF ) ,  Run 1 ,  second creep . 

I ND. VAR < I l  NAME 
1 
2 
3 
4 
5 
6 
7 
8 

NO.  OF O B SER VAT I ONS 

C OE F . B < I >  
7 . 86724E+ O l  
1 .  83855E+02 
1 .  07363E-0 1 
3 . 4 734 1 E+02 
6 . 6 2 922E-0 1 
1 .  8 5 5 1 9E+02 
1 .  0 1 78 1 E+0 1 
1 .  39 1 33E+02 

2 1 1  

S .  E .  C OEF. 
2 . 4 9E+OO 
4 . 63E+OO 
3 . 96E-03 
6 .  52E+OO 
2 .  SOE-02 
6 . 99E+OO 
9 . 3 5E-0 1 
1 .  54E+OO 

T-VALUE 
3 1 .  6 
39. 7 
27.  1 
53. 3 
26. 5 
26. 6 
1 0 . 9 
90 . 5 

NO. OF C OEFF I C I ENTS 
R ES I DU A L  DEGREES OF F R EEDOM 
RES I DUAL ROOT MEAN S Q U A R E  
R ES I DUAL MEAN SQUARE 

20
� - . . . -- - - - - -

__ RES ! DUAL SUM OF SQUAR E S  

6 .  1 54 1 2 1 4 0  
37. 8732 1 472 

7688 . 26367 1 87 

95/.CONF I DENCE 
LO�ER 

7 . 38E+ 0 1  
1 . 7 5E+02 
9. 96E-02 
3. 3 5E+02 
6. 1 4E-0 1 
1 . 72E+02 
8. 3 5E+OO 
1 . 36E+02 

Reworked Butter ( from AM F ) , Run 3 ,  f ir s t  creep . 

L I M I TS 
UPPER 

3 . 3 1 E+ 0 1 
1 .  82E+ 0 1 
3. 62E+OO 
6 . 9 5E+0 1 
3. 27E+ 0 1 
2. 75E+02 

L I M I T S  
UPPER 

8 . 36E+ 0 1 
1 .  93E+02 
1 .  1 5E-0 1 
3. 60E+ 0 2  
7. 1 2E-0 1 
1 .  99E+02 
1 .  20E+ 0 1 
1 .  42E+02 



I ND. VAR C I >  NAME 1 
2 
3 
4 
5 
6 
7 -·· ·  
8 

N O .  OF O B SE R VA T I ONS 

C OEF. B C  I >  
1 .  40393E+02 
1 .  99097E+02 
5 .  5 1 787E-02 
5. 1 89 50E+02 
1 .  96826E-0 1 
5. 1 8367E+02 

· 1 : 23893E+OO 
5 . 84923E+0 1 

2 1 1  

S.  E .  C OEF. 
1 .  4 7E+0 1 
2 . 34E+0 1 
1 . 0 3E-02 
3 . 59E+0 1 
2 . 40E-02 
4 . 38E+0 1 
2. 1 6E-0 1 
8. 5 9E-0 1 

3 4 1 

9 5'l.C ONF I DENC E L I M I TS 
T-VALUE LOWER U P P ER 

9 . 6 1 .  1 2E+02 1 . 69E+02 
8 . 5 1 . 5 3E+02 2 . 4 5E+02 
5. 3 

. ··-- 3. 49E-02 .. ·· · 7 .  54E-02 
1 4 . 5 4 . 49E+02 5 . 89E+02 

8 . 2 1 . 50E-0 1 2. 44E-0 1 
1 1 . 8  4. 33E+02 6. 04E+02 - -

5.  7 --- e. 1 6E-0 1 ·--- ·· 1 .  66E+OO . .  

68. 1 5. 6 8E+0 1 6 . 02E+0 1 

N O .  O F  C OEFF I C I ENTS 
R ES I DUAL DEGREES O F  FREEDOM 
R ES I DUAL R O O T  MEAN SQUARE 
R ES I DUAL MEAN SQUARE 

8 
.. 203 

2 5 . 4 9248886 
6 4 9 . 8 6 70 6 5 43 

1 3 1 92 3 . 0 3 1 2 5000 __
_ 
R E S I DUAL SUM OF SQUAR ES 

Rewor ked AMF / o i l  b lend , Run 1 ,  f ir s t  creep . 

I ND .  VAR C I )  NAME 
1 
2 
3 
4 
5 
6 

COEF. B <  I >  
5 . 97385E+0 1 
3 . 62 546E+0 1 2. 5 1 927E+OO 
1 . 0 1 68 5E+02 
3 . 0 1 60 5 E + 0 1  
1 . 69425E+02 

S .  E. C OE F .  
8 . 03E-0 1 
1 . 34E+OO 
2 . 2 7E-0 1 
1 .  76E+OO 
1 . 34E+OO 
1 .  7 1 E+OO 

T-VALUE 
7 4 . 4 
2 7 .  1 
1 1 .  1 
57. 9 
22. 5 
99. 2 

95'l.CONF I DENCE 
LOWER 

5 . 82E+0 1 
3 . 36E+0 1 
2 . 0 7E+OO 
9. 82E+0 1 
2. 7 5E+0 1 
1 .  66E+02 

L I M I TS 
UPPER 

6. 1 3E+0 1 
3. 89E+O l 
2 . 96E+OO 
1 .  0 5E+02 
3. 28E+0 1 
1 .  73E+02 

NO. OF OB SER VAT I ONS 2 1 1 
6 

205 
N O .  OF C OEFF I C I ENTS 
R ES I DUAL DEGREES OF FR EEDOM 
R ES I DUAL ROOT MEAN SQUARE 
R ES I DUAL M E AN SQUARE 
R E S I DUAL SUM OF SQUARES 

3 .  9 5 6 5-!:-824 
1 5 . 6 54 43230 

3209 . 1 58 6 9 1 4 1  

Rewo r ked AMF / o i l  b lend , Run 1 ,  s econd creep . 

I ND . VAR < I >  NAME 
1 2 
3 
4 
5 
6 
7 
8 

N O .  OF O B SERVAT I ONS 

C OE F . B ( I )  
1 . 82490E+02 
3 . 27755E+02 
4 . 96304E-02 
7 . 23666E+02 
2 . 07269E-0 1 
5 . 27495E+02 
1 . 82280E+OO 
5 . 304 1 9E+0 1 

2 1 1  
8 

203 

S .  E. C OE F .  
3 . 28E+OO 
6 .  9 5E+OO 
1 . 32E-03 
1 .  0 1 E+ 0 1 
5 . 3 1 E-03 
1 .  20E+0 1 
8 .  73E-02 
2. 1 4E-0 1 

T- VALUE 
5 5 . 6 
4 7 . 2 
3 7 .  7 
7 1 .  6 
3 9 . 0 
4 3 . 9 
20. 9 

247. 6 

. 9 5/.CONF I DENCE L I M I T S  
LOWER 

1 .  76E+02 
3 .  1 4E+02 
4. 70E-02 
7 . 04E+02 
1 .  97E-0 1 
5 . 04E+02 
1 .  6 5E+OO 
5 . 26E+0 1 

UPPER 
1 . 89E+02 
3 . 4 1 E+02 
5 . 22E-02 
7 . 43E+02 
2 .  1 8E-0 1 
5. 5 1 E+02 

-·--1 . 99E+OO 
5 . 3 5E+O l 

N O .  OF C OEFF I C I ENTS 
R E S I DUAL DEGREES OF FREEDOM 
R ES I DUAL R OO T  MEAN SQUARE 
R ES I DUAL MEAN SQUARE 
R E S I DUAL _ SUM_ OF SQUAR E� 

7. 1 2 1 2 2 2 5 0  
5 0 . 7 1 1 82 2 5 1 

1 0294. 50000000 

Reworked AMF / o il blend , Run 2 ,  f ir s t  creep . 

- - -- - - · · ·- - -- - ---

I ND . VAR < I >  NAME 
1 
2 
3 
4 
5 

-· - 6 
N O .  O F  O B S E R V A T I ONS 

C OEF. B < I >  
5. 8 1 352E+0 1 
2. 4 598 1 E+ O l  
1 .  04960E+OO 
4 . 6 3632E+O l 
1 .  3 1 24 1 E+ 0 1  
8 .  75385E+0 1 

2 1 1 
6 

- ----- - ----- --- --- 9 5/.CONF I DENC E - Li H I TS 
S . E . C OE F .  T-VALUE LOWER UPPER 

2 . 36E+OO 24. 6 5 . 3 5E+0 1 6 . 28E+0 1 
3 .  0 5 E + O O  8.  1 - - - · - ·· 1 .  86E+O l 3. 06E+0 1 
2 .  7 9E -0 1 3 .  8 5 .  04E-0 1 - 1 .  60E+OO 
2 .  77E+OO 1 6 . 8 4 . 09E+O l 5. 1 8E+O l 
2 . 3 5E + O O  5 . 6 8 . 5 1 E+OO 1 . 77E+O l 
5 .  0 6 E- 0 1 . 1 73 . .1 B .  6 5E+O l _ __ 8._85E+0 1 __ 

"' N O .  O F  C OE FF I C I ENTS 
R ES I DUAL DEGR EES OF F R E EDOM 

_ R E S I DUAL _ R O O T  MEAN SQUA R E  
R ES I DUAL MEAN SQUARE 
R E S I DUAL S UM O F  SQUARES 

205 
6 . 9 5048046 

48. 3 09 1 8 1 2 1  
9903. 3 828 1 25 0  

Reworke d  AMF / o i l  b lend , Run 2 ,  s e c ond creep . 



3 4 2  

APPEND IX 3 

D IFFERENT IAL S CANNING CALORIMETRY MELT ING 
THERMOGRAMS 

1 9 8 5  - 1 9 8 6 DAIRYING SEAS ON 
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283. 2 7 1 .  7 i \ i � e. 4G 2ss.  2 ss. 7 ! , ! I , 1 

t 21s. 2 s0. 6 h I 

1- 293. 2 36. 8 l I \ I I I I < 298. 2 23. 8 I 

� l 303. 2 1 2 . 1 
__....,/' L .. J. _ . . --- --' · ·· -' '- --- - - ---- ......... - -- � 

3t218. 2 l _l�---- - -·- ... .  -- ------ -· -- __ . . \ I 

\ I 

\ I 
I \ I I 

! \ I ' 
I \ 

g BB L. --------·-.. -----.. 1 - ... - ·---- .. ---- - - - ----- - - - 1 .. . . - ....... .. .. . . . . .. . .. .... . . . . .. I . .. . ---· .... ... -- ... ·--- . . - ...  ·- 1  - -·- ,_, .. �\..__ --·-·-- __ , _________ , ________ - -----1 
• 22B. BB 2413. BB 2613. m� 28B. BB 390. BB 329. 00 340. 1313 

N. H. FIL& TUCVJ. 01'1 
DATE, 86/09/ 1 9  T I MEr 1 2r l 5  

T E M P E R A T U R E  (K)  DSC 
w .!'> 
w 



B..BS , � - -
NORMAL I ZED NOVEMBER SS�� 

WT. 6. 3(11 mg .. "" ' 
SCAN RATE• 5. (11(11 deg/m i n  """ ' --- - X SOL I D  \ ' 

" t \ a PEAK FROM• 234. 68 0 ' z To. 3 1 (11. 96 \ w 

J/GRAM• 75. 1 
\ 

TEMP X 
273. 2 89. 9 
278. 2 83. 4 
283. 2 75. 1 

(/) u
r 

288. 2 83. 4 t-t- 293. 2 4(11. 5  
< 298. 2 27. (11 � 3(113. 2 1 4. 5 � 

3(118. 2 1 .  8 �� 

B. BB 22B. BB  248.. 00 268. ""  2at ""  

N. H. FILG TIIOVJ. 011 TEMPERATURE 
DATEa 86/(119/ 1 9  T I ME• 1 4· 2(11 

I . \ MAX• 29(11. 58 

\ \ 

\ \ 

\ \ \ \ 

\ \ 

\ 
'· 

B. BS  

<K) 

328. BB 348. BB  

DSC w � 
� 



'· 

8. 00  . - - -
NORMAL I ZED JANU7\RY--F.:B I TZ 8 6  

A 0 Cl z w 

(f) B • .W I-I-< 3: ::E 

.... _ 
WTa 5. �m mg ·· -............._ , 
SCAN RATEa 5. �e dag/m i n  -� , 
-·· ---- t:l .., ... SOL. I D  

PEAK FROMa 225. 98 
ro. 3 1 3. 84 

J/GRAMa 86. 56 

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
3e3. 2 
3�8. 2 

X 
84. 1 . 
77. 3 
69. 7 
59. 9 
38. 3 
26. 1i'J 
1 5. 1 

3. 6 

"'' \ 

\ ' 

\\ 
'� 

I 

\ 

MAXI 291i1. 58 

\ \ \ \ \ \ \ I 

\ \ \ 
s. oo m oo  & oo  � oo  � oo  m oo m oo  m oo  

N. H. FJLEi TUFif'l. OA 
DATEa 86/e9/24 T I MEa 1 5a 28 

TEMPERATURE (K) DSC 
w 
� 
Ul 



A 0 CJ . . z w 

'· 

e. ea -r------ -�� -
NORMAL I ZED FEBUARY 8 6  FRi�� 

WTr 7. 33 mg '"' 
SCAN RATEr 5. �� deg/m i M  '" 
- - - • X SOL I D  

PEAK FROMr 236. 07 
TOr 3 1 2. 34 

J/GRAMr 78. 48 

'\ 
' 

'\ \ 

(J) B. -48  ..... 

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
303. 2 
308. 2 

X 
88. 6 
8 1 . 8 
73. 7 
6 1 . 9 
38. 3 
25. 8 
1 4. 5 

..... < 3r: ::E 
2. 7 

B. sa 
221t oo 248. eo � oo--- 200. oo 

-------· --------, 

I 

\ I 

\ 

j\�� \ \ \ 
\\ '\ '\ 

--f ' -+I 
m oo  m oo  348. 00 

N. H. FJL& TUC!t'J. OA TEMPERATURE (K) DSC 

DATEr 86/09/30 T I MEr 1 1 a 07 

w .;:.. 
0\ 



A 0 0 z w 

.. 
s. 89 �.---

----==:-.:- -.--·-- ---· ·-· · ------- --------- - - - - -· ------------r I NORMAL I ZED MARCH 86��� I 

I 
t I 

wr. 5. 7 1  mg "'-,""" 
I I 

SCAN RATEa 5. 0el deg/m i n  '"" . I --- "' X SOL I D  

PEAK FROMa 23el. 37 
TO. 3 1 1 .  51 

J/GRAM1 77. 87 

'\ 
'"' 

MAXa 29el. 1 9  

\ \ 
\ 

\ 
(f) B. .W  t-

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
303. 2 
3el8. 2 

X 
88. 1 
8 1 .  1 
73. 5 
6 1 .  4 
38. 8 
25. 8 
1 4. 7 

\ 

\ t-< ::r: � 
3. " I j [__l _j__ - \ 

\ \\ \ \ 
' \ 

'\ 
e ea L.--- -----f-- · - - ·- - - -· · t- ---·- - - -· - - - - - + - - - - -- - - - - + - - -�\-·----t--- .. ------ · -j 

· m oo  m oo  5 00  a oo  m oo  � oo  • oo  

N. H. 
DATEa 

F.!L£i TUH/r'Z. 0/1 
86/ 1 el/el 1 T I MEa 

TEMPERATURE <K) DSC 
el l s  40 

w 
""' 
-...] 



" 0 0 z UJ 

(/) 
� 

. .  1-< 
3: 
� 

.. 
e. oo  -- ------- - - - - - - - ··-·· ---- · - ·  

NORMAL I ZED APR I��Z 

.. "'-. 
'"" 

\He 7. 8 4  ms 
SCAN RATEr 5. 00 deg/m i n  

- - - • � SOL I D  '""' 
PEAK FROMr 228. 97 

TOa :3 1 1 .  6 

'\ MAXs 289. 57 

J/GRAMa 82. 88 

TEMP % 
27:3. 2 8:3. 9 
278. 2 76. 8 
28:3. 2 69. 4 u

r 
288. 2 56. 7 
29:3. 2 :36. 2 
298. 2 24. 2 
:31il:3. 2 1 :3. 4 
:308. 2 2. 5 -

____ __ _ _ l .-----

'\ 
'\ 

i \  
_, __ ___ 

j __ �\L----1-·-
·· - - I 

\ 
'\ \ \ ' 

\ 
'\ \ 

8. 00  ... ·+ ---··--------+---------· ·-t--

m oo  m oo  � oo  m oo  
---l----\_�- r-----·--t-< 

)1. H. 
DATEr 

FIL E: TUIJf'l. 0/f 

86/ l e!/3 1 T I MEa 32r e!9 
TEMPERATURE (K) 

m oo  3213. 00  348. 00 

DSC w 
� 
CXl 



0'1 
'<3' 
M 

B. Oil • �CToBER-�-1iMMLll_........_ mg 

'""', 
NORMAL I ZED 

WTa 6. 45 

A 0 0 z w 

.. 
. � ;;; .= 

� �B. 4a 
r- � < a: � 2': 
� � 

"0 c: " ... .. N 
;: .. z 

SCAN RATEa 5. 1!31!3 deg/m i n  

--- - -- • X SOL I D  

PEAK FROMa 226. 56 
TOa 3 H!l. 49 

J/GRAMa 

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
31!33. 2 
31!38. 2 

73. 96 

X 
8 1 .  6 
73. 9 
64. 2 
49. 8 
3�. 7 
1 9. 5 

9. 4 
" 

"'..., 
"'., 

'\, \, 
\, 

\ 
\ 

\ \ 
\\ 

'\ 
'\ 

'\ 
--t 8. 00 .J....__t:---=:----23S. 00 22S. OO  

1---·-i-----+ -+-----+-----+-----llw+-----1 248. oo 25e. oo 200. oo 210. oo 200. oo 200. oo m oo  31B. ea 

'\. 
.. 

...... .- .-



A 0 0 z LlJ 

(J) 1-1-< � :E 

.. 
B. OO  --- .. 

NOVEMBER85---MtM I X 

a �  r 

NORMAL I ZED 
WT. 6. 58 mg 

SCAN RATE• . 5. 00 deg/m i n  

-- - • X SOL I D  

PEAK FROM• 230. 65 
ro. 3 1 0. 66 

J/GRAM• 76. 75 

TEMP X 
273. 2 86. 3 
278. 2 78. 8 

. 283. 2 70. 6 
288. 2 54. 7 
293. 2 34. 1 
298. 2 2 1 .  9 
303. 2 1 0. 5 
308. 2 0. 4 

'"-.. """ 
'\ 

'\ 
'\ 

-

MAXI 289. 0 1  

\ 

_ _ru _ _j_� \ 

\ \ 
\ 
'\ \ 

\ \
\ \ 

B. B9  + --f \ I � oo  m oo  � oo  � oo  m oo  � oo  

N. H. FIL£i TTOVJ. OA T E M P ERATURE (K) 

DATE. 86/09/ 1 9  T I MEa 1 3• 26 

348. 00  

DSC 
w U1 
0 



.-i 
lJ"l M 

" 0 0 z w 

8. 00  ---
NORMAL I ZED DECEMB���I X 85 

"--.. WT 1 1 0. 64 mg 
'""" 

SCAN RATE. 5. 00 deg/m i n  
'"' 

- - - • X SOL I D  

PEAK FROMa 225. 9 
To. 3 1 3. 5 1  

J/GRAMa 82. 75 

(f) 8. 4S  I-

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
303. 2 
308. 2 

X 
83. 7 
76. 5 
68. 7 
56. 4 
36. 2 
24. 3 
1 3. 3 

I-< 3: ::!E 
2. 5 

8. 00 22S. BB 248. 00 26a 00 

''\ '\ 
''\ ' 

-f-
288. 00  

I 

\ I 

\ I 

\ 

\ \ 

\ \ 

\ \ 

\ \ \ \ 
--+-- '-- - -----¥ m m  328.. 611 • 3-48. 98  



N 
1.() 
M 

" 0 D z UJ 

(f) I-I-< 
� � 

9. 00  ------NORMAL I ZED JANUA� X 86 
wr. 9. 33 mg '"' 

e. � r 

SCAN RATE• 5. �� dag/m i n  

-- - .. % SOL I D  

PEAK FROM, 226. 54 
TOa  3 1 4. 2 1  

J/GRAM• 83. 24 

TEMP % 
273. 2 8 1 .  7 
278. 2 7 4. 4 
283. 2 65. 9 
288. 2 53. 6 
293. 2 34. 8 
298. 2 23. 4 
3�3. 2 1 2. 8 
3�8. 

'""' '""" 
'\ '\ '\ ' 

\ I 

\ \ 

\ \ \ \ ' \ ' \ \ 

--1--------B. 00 .L_-+--=:---- 248. 00 22l!. Ba  �00 
\ 

28a W  m oo  

4� , ' ,..- r' ,... .,.. ..,.,_,_, • 

,-
329. 00  3-49. 00  .. 

n c r  



("') 
l{) 
("') 

/1 a a z w 

8. 00  

(f) a .w t-t-< 3: � 

- ---
--=- -- -· ----- ·-FEBUARY B�M I X  NORMAL I ZED 

wT. 1 4. 135 mg 

SCAN RATE. 5. �" deg/m i n  

- - - • X SOL I D  

PEAK FROMa 233. 36 
To. 3 1 1 .  5 1  

J/GRAMa 8 1 . 26 

TEMP 
273. 2 
279. 2 
293. 2 
289. 2 
293. 2 
298. 2 
3133. 2 
3138. 2 

X 
84. 5 
77. 2 
69. 2 
56. 4 
35. 2 
23. 5 
1 2. 9 

2. 1 

""-.. � 
'"' 

'\ ' \ '\ \ 

289. 93 

_L. \ \ \\ 
\\ \ \ '\ 

a sa  228. 00  ---1---· 
24a 00 

--I 
2Gt 00  

' ---�-·-----------i-----�--+------
288. oo m oo a2a sa 

., 
N. 11. FJL& TTC/t'J. OA T I=' M P F" R  A T I I R F"  (1.0 DSC 

3-W. sa 



1. 

NORMAL I ZED -�tt=t--a.e..__t��M I X 
B. ea r:.-··--..::;;; -----

wT. 9. 39 MS � .... 

A 0 a :z: I.JJ 

(I) S. 4S I-I-< ::r: 
� 

I SCAN RA TEa 5. e112l deg/ M 1 n ""'-.... I - - - - X SOL I D  ""'-, ' """ j PEAK FROMr 227. 4 7 '\ TOr 3 1 3. el9 , 
J/GRAMr 83. 1 9  �' MAXI 289. 98 

� \ TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
3el3. 2 
312l8. 

X 
77. 9 
73. 7 
62. 3 
513. 4 
33. 2 
22. 3 
1 2. 4 l I \  _L _ _ _  LL __ .L- , ��- � � -- --l- --\ 

\ \ \ \ \ \ \ . \ l \ 
l \ 

B. OO  l-+·------·---· t ·· -- - - - - - - -- . . .  - · -· · t-- ----·-· -· .. . . .. -· - - - t - ----·-- .. .. --- .. --··- -t ··· · ·-- -��·- · -- .. t --- .. ---------.. ---.. ·- 1· m oo  � oo  � oo  � oo  m oo  � oo  m a  

N. 11. . FJLEr TTH/t'2. OA 
DATEr 86/(!)9/3(!) T I MEs l l r 56 

TEMPERATURE (K) DSC 
w 
Ul .:>. 



.. 

8. 00  -
NORMAL I ZED APfrrt-sfi�M I X  

A a 0 z w 

(f) B. �  ...._ ...._ < � :::E 

I 

WT 1 6. 89 mg ''-...._, 
SCAN RATEs 5. 0� deg/m i n  

- - - • � SOL I D  

PEAK FROMs 224. 48 
ro. 3 1 2. 72 

J/GRAMa 80. 7 1  

X 
80. 3 
73. 1 
65. 2 
52. 8 
34. 6 
23. 4 

""'' ""' 

TEMP 
273. 2 
278. 2 
283. 2 
288. 2 
293. 2 
298. 2 
303. 2 
308. 2 ---------1�. 4  

.--

'"" '\ '\ ' 

\ -\ \ 

\ \ \ 
'\ 

'\ 

B. SS  L 228. 00 

'\ 
'\ ' 

-t-------1·-----·----·-·-�·-·-· --· ·-----·---- t-· m oo  � oo  a oo  � oo  � oo  

N. H. FJL£: TTJif'J. OA 

DATEs 86/ 1 0/0 1 T I MEs 04a 05 

TEMPER ATURE <K) 

34a. 88 

DSC 
w 
lJ1 
lJ1 
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