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Abstract

The structural integrity of additive manufacturing structures is a pronounced challenge considering the voids and weak
layer-to-layer adhesion. One of the potential ways is hybrid deposition manufacturing (HDM) that includes fused filament
fabrication (FFF) with the conventional filling process, also known as “HDM composites". HDM is a potential technique for
improving structural stability by replacing the thermoplastic void structure with a voidless epoxy. However, the literature lacks
investigation of FFF/epoxy HDM-based composites regarding optimal volume distribution, effects of brittle and ductile FFF
materials, and fractographic analysis. This research presents the effects of range of volume distributions (10-90%) between
FFF and epoxy system for tensile, flexure, and compressive characterization. Volume distribution in tensile and flexure
samples is achieved using printable wall thickness, slot width, and maximum width. For compression, the printable wall
thickness, slot diameter, and external diameter are considered. Polylactic acid and acrylonitrile butadiene styrene are used
to analyze the brittle and ductile FFF structures. The research reports novel application of image analysis during mechanical
characterization using high-quality camera and fractographic analysis using scanning electron microscopy (SEM). The results
present surprising high tensile strain (0.038 mm/mm) and compressive strength (64.5 MPa) for lower FDM-percentages
(10%, 20%) that are explained using in situ image analysis, SEM, stress—strain simulations, and dynamic mechanical analy-
sis (DMA). In this regard, the proposed work holds novelty to apply DMA for HDM. The optimal volume distributions of
70% and 80% alongside fractographic mechanisms for lower percentages (10%, 20%) can potentially contribute to structural
applications and future material-based innovations for HDM.
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1 Introduction

Fused filament fabrication (FFF), also known as fused
deposition modeling (FDM) has become the trademark
technology in additive manufacturing (AM) [1-3]. Ease
of access, low cost of materials and 3d printers are the
highlights that make FFF a common choice for domestic
and commercial users [4]. The research for FFF is reported
in various domains: materials [5, 6], process optimiza-
tion [7], feeding mechanism (filament [4], pellets [8]), and
large-scale additive manufacturing [9-14]. Large-scale
additive manufacturing using FFF is one of the challeng-
ing processes nowadays. In this regard, researchers add
carbon fibers to achieve the desired mechanical properties
and printability [12]. However, the overall cost ends too
high due to expensive carbon fibers alongside insufficient
mechanical properties [15].

The pronounced reasons for insufficient mechanical
properties are weak layer-to-layer adhesion [16, 17], and
an inherent void-based structure of FFF [18, 19]. Vari-
ous researchers present different processing parametric
combinations for improving the layer-to-layer adhesion
and reducing the voids. Sharma et al. [20] investigated
the effects of infill density, layer thickness, and printing
speed on the mechanical properties of FDM samples. The
reported results reveal highest effect of 92% in elongation
and 80% in tensile stress followed by layer thickness and
printing [20]. Alafaghani et al. [21] presented a detailed
work on effects of processing parameters on mechanical
properties, building time, and dimensional accuracy. The
processing parameters of building direction, infill density,
infill pattern, layer thickness, printing speed, and printing
temperature are investigated [21]. The research concludes
infill percentage as one of the decisive factor [21]. Vaezi
et al. [22] present the extrusion-based AM for Polyether
ether ketone (PEEK) at different processing parameters.
A significant effect of infill density is reported in form
of 14% and 31% porosity for samples printed with 100%
and 80% infill densities [22]. Therefore, the literature
shows the infill density as one of the significant process-
ing parameters along with others [20-22]. Furthermore,
the literature reveals the inherited weakness in form of
voids even with 100% infill density that resulted notable
changes in mechanical properties [20-22].

Considering the importance of infill percentage, major-
ity researchers adopted 100% infill to maintain the uni-
formity with literature and to carter the variable porosity
(in percent) associated with different infill percentages
[23-25]. This results in non-optimized use of extra mate-
rial that results waste in terms of material, cost, time and
efforts [26, 27]. In this regard, an aspect of design opti-
mization is reported by various researchers [26-29]. The
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proposed work in design optimization is mostly related
with allocation of material in maximum stress vicinities
within overall design using CAD and simulation-based
software [26, 29]. The allocation of material in particu-
lar areas instead of printing complete part helps to avoid
redundant 3d printing and hence results in less material
utilization, time, and cost [26]. Apart from optimization of
material utilization in specific areas, the literature reports
20-100% infill to 3d print the remaining optimized design
[30]. This reaches the same problem of having porosi-
ties, even at 100% infill density, in the printed part despite
being optimized in design.

Considering the complexity associated with void forma-
tion, it is important to understand the mechanism of void
formation that depends upon the shape of extruded bead
[31]. There are numerous reasons behind managing shape of
extruded bead which can be categorized in two categories,
i.e., processing parametric variations, and material proper-
ties [31]. The latter is quite rare as the material properties
(viscosity) are optimized before 3d printing to achieve opti-
mal extrusion. However, the material is vulnerable to show
high expansion along with randomly oriented beads due to
low viscosity that may lead to variable void density [32].
On the other hand, the processing parameters are majorly
encountered by users as the main reason for void forma-
tion. The effective processing parameters causing variation
in voids formation and density are speed, feed, layer height
(thickness), infill density, infill pattern, number of outer
perimeters, nozzle temperature, ambient temperature etc. [7,
20, 26, 32-35]. For example, the higher the speed, thinner
will be the bead; the lower the feed, lower will be the bead
size; the larger (coarse) the layer height, the larger will be
the bead; the lower the infill density, the smaller and farther
will be the bead; the lower the nozzle temperature, the more
round will be the bead; the lower the ambient temperature,
the more round will be the bead. All before mentioned cases
results in high void formation and thus produces high void
density [7, 20, 26, 32-36]. The large void density results in
high losses in mechanical properties (tensile, compression,
and flexure) [32]. Recent research also reveals the quality
of 3d printer, particularly open source 3d printer, to be one
of the valid reasons for variable void density [30, 37]. The
lack of accuracy between X, Y, and Z axis movements due
to substandard stepper motors, lead screws, and stop sen-
sors results in variable accuracy in different prints [8, 37].
Therefore, it highlights a need to explore different ways to
overcome high void density.

A logical solution to these problems is the replacement of
void-based structure/part with a dense structure. Fortunately,
one of the unique additions in additive manufacturing is the
combination of FFF with different additive [38] and subtrac-
tive processes [39], also known as hybrid additive manufac-
turing. The simplest of hybrid additive manufacturing is the
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fill compositing [40], also known as hybrid deposition man-
ufacturing (HDM) composite [41], which includes the FFF
printing followed by deposition or filling with polyurethane
or epoxy binary system [41]. The filled material potentially
serves the purpose of a non-void or dense structure that can
help to achieve better structural integrity, particularly con-
sidering the scope of large scale-structures in this research.

To the best of our knowledge, literature reports rare
articles on filled FFF structures [40, 41]. Raymond et al.
[41] deposits the polyurethane in 3d-printed robotic actua-
tors with different design strategies (hooks, locking voids)
lacking flexure characterization. Furthermore, the research
lacks the analysis of standardized samples (ASTM or ISO)
[41] to evaluate the real strength of proposed HDM parts.
Joseph et al. [40] performs the flexure characterization of
epoxy filled FFF samples lacking tensile characterization.
Therefore, the facts depict that HDM composites are not
yet extensively researched. Furthermore, the literature lacks
the information regarding following key aspects: (1) optimal
volume distribution between FFF and filled polymer res-
ins, (2) stability to tensile, compressive, flexure, and fatigue
loadings, (3) in situ analysis of fracture propagation dur-
ing mechanical testing, (4) post-mechanical testing fracture
analysis, and (5) comparison of the effects of brittle and
ductile FFF materials on structural stability during the appli-
cation of external load.

This research presents, a detailed novel analysis for a
range of volume distributions between FFF material (poly-
lactic acid-PLA and acrylonitrile butadiene styrene-ABS)
and two-part epoxy in light of mechanical characterization
(tensile, compressive, flexure, and fatigue). The in situ moni-
toring of mechanical characterization is performed for ana-
lyzing the true nature of fracture using high-quality image
recording. Furthermore, post-destructive fractographic
analysis at the microscopic level using scanning electron
microscopy (SEM) is performed to analyze the nature of
the fracture. The research provides optimal volume distribu-
tions for the standardized samples of tensile, compressive,
flexure, and fatigue based on obtained numerical results and
the nature of the fracture. The research work also presents a
logical reasoning for the in-depth interpretation of unusual
mechanical results, that are not being found and presented
yet. Overall, the research provides a logical means to evalu-
ate the feasibility of HDM composites to be used for struc-
tural applications.

2 Materials and methods
2.1 Materials

PLA and ABS filaments of 1.75 mm diameter are pro-
cured from Prusa and Stratasys, respectively. White color

is selected based on optimal properties attained in litera-
ture [42]. The specific gravity of PLA and ABS are 1.24 g/
cm?® and 1.05 g/cm?, respectively. The glass transition tem-
perature (7,) of PLA and ABS are 55-60 °C and 105 °C,
respectively. The recommended printing temperatures by
corresponding suppliers are 210 °C for PLA and 272 °C for
ABS. The supplier provided strength at break for PLA and
ABS is 50 MPa and 25 Mpa, respectively.

Two-part west epoxy 105 and hardener 206 is purchased
from industrial fiberglass solutions, New Zealand. The pot
life of 105/206 epoxy system is 20-25 min. The epoxy sys-
tem takes 10—15 h to cure into solid.1-4 days to gain work-
ing strength. Minimum recommended temperature for curing
is 16 °C. The reported supplier maximum viscosity is 725
cps as per ASTM D2393 at 22.2 °C.

A new PRUSA i3 MK3S 3d printer is procured from
PRUSA RESEARCH, UK for this research to avoid any
component-based inaccuracies in build quality.

2.2 Methods
2.2.1 Fabrication of HDM samples

The HDM samples are fabricated in three stages: (1) 3d
printing of slotted FFF parts, and (2) pouring epoxy/hard-
ener system into FFF-printed slots, (3) curing and deaeration
of hybrid samples in vacuum. Figure 1 shows the stages.

The first stage includes the preparation of CAD draw-
ings for slotted FFF parts on Solidworks for tensile, com-
pression, and flexure samples. The drawings are installed
in “st]” format followed by slicing on “Prusa Slicer version
2.2.0” software. Prusa Slicer converts the “stl” drawings into
G-codes that are printed using a PRUSA i3mk3S 3D printer.
The FFF printing is performed using polylactic acid and
acrylonitrile butadiene styrene. The 3d printer is monitored
within a tolerance of +0.05 mm during experimentation. It
is further explained in Sect. 2.2.2.

The second stage includes the preparation of Epoxy/hard-
ener. The epoxy to hardener ratio by 5:1 by parts. Both resin
and hardener are properly mixed manually with each other
with a stirrer in a simple bowl and poured into FFF-printed
samples. The pouring process is performed manually with
proper care using a pipette. Special care is taken for avoid-
ing formation of air bubbles during pouring. The pouring is
performed in PC2 Lab of Massey University, where the lab
temperature is maintained in range of 20-25 °C.

The third stage includes the deaeration of incomplete
HDM samples for removal of entrapped air bubbles. The
deaeration is performed in a vacuum desiccator using a suc-
tion pump. The removal of air bubbles is performed at room
temperature maintained in range of 20-25 °C. The vacuum
suction of air bubbles is carried for 3—5 h. The desiccating
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Stage 1
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Fig. 1 Stages of manufacturing a HDM composite in this research
Table 1 Volume distribution in tensile specimens
Volume Width of Gauge Thick-  Distance Wall thickness ~ Volume of 100% Volume of slot ~ Comments
percentage of gauge length  length ness between grips  of one side FFF between between grips
FFF (mm) (mm) (mm)  (mm) (<2.9) (mm) grips (mm?) (mm?®)
10 6 33 4 65 0.32 2241.86 228.37 Not possible. Too
thin to print
20 6 33 4 65 0.67 2241.86 447.06 Possible
30 6 33 4 65 1.00 2241.86 661.86 Possible
40 6 33 4 65 1.35 2241.86 885.75 Possible
50 6 33 4 65 1.73 2241.86 1119.36 Possible
60 6 33 4 65 2.10 2241.86 1343.25 Possible
70 6 33 4 65 2.47 2241.86 1566.03 Possible
80 6 33 4 65 2.87 2241.86 1800.61 Possible
90 6 33 4 65 3.20 2241.86 2017.2 Not possi-
ble.>6 mm
width
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process is followed by drying in open environment at room
temperature (20-25 °C) for 5 days.

2.2.2 3d printing and volume distribution

Fused filament fabrication is performed for three types of
characterizations (tensile, compressive, flexure) using fol-
lowing parameters: layer thickness 0.2 mm, width 0.4 mm,
infill density 100%, fill angle 90°, perimeter speed 45 mm/
sec, infill speed 80 mm/sec, infill perimeter overlaps 100%,
extruder temperature 210 °C, bed temperature 60 °C, extru-
sion multiplier 1, and build orientation flat (XY). The print-
ing is performed on polyether imide (PEI) plate on PRUSA
i3MK3S 3d printer without using any tape. Minimum of 3
samples are printed for each combination given in Tables 1,
2 and 3. One sample is printed at a time for each of tensile,
compression, and flexure.

The method for volume distribution is calculated using
simple mathematical relation shown in Fig. 2d. The slicing
software is used to calculate the total volume of 100% FFF
samples (tensile, compression, flexure). The wall thickness
is then adjusted using slicing software, for example, Fig. 2d

Table 2 Volume distribution in flexure specimens

shows that the 50% of 100% FFF is 1601.71 mm? that is
49.77% of the volume of 100% FFF (3217.59 mm?).

The tensile specimens are made as per the ASTM D638
type IV [43, 44] standard based on the optimal mechani-
cal properties. The volume distribution is performed with
respect to the volume between the grips (Fig. 2 and Table 1).
The volume inside the grips is not included in the volume
distribution calculations (Table 1).

Furthermore, these samples do not have any inter-lock-
ing mechanism to grip epoxy and to impart uniform forces
as reported for non-standardized samples [41]. Therefore,
the slot containing epoxy is extended into the area of grips
on both sides for 10 mm. The extension will impart equal
gripping forces between epoxy and 3d-printed sections to
maintain the uniform loading during tensile testing. “Prusa
slicer” is used to slice the printing parts using 100% infill
density with a rectilinear infill pattern and raster orien-
tation in the direction of tensile load (90°). Prusa slicer
does not have option to achieve same layer pattern in all
successive layer. For example, using 90° will lead to 3d
printing of 90/0 orientation throughout the height of the
part. To achieve the linear (rectilinear) printing of beads in

Volume Outside Width  Thick-  Length Wall thickness ~ Width of ~ Volume of 100% Volume of slot in Comments
percentage of in of FFF (mm) ness between grips of one side the slot FFF between grips  FFF between grips
FFF (mm)  (mm) (mm) (mm) (mm?) (mm?®)
10 10 4 65 0.55 8.9 3200 325 Possible
20 10 4 65 1 8 3200 640 Possible
30 10 4 65 1.5 7 3200 960 Possible
40 10 4 65 2 6 3200 1280 Possible
50 10 4 65 2.5 5 3200 1600 Possible
60 10 4 65 3 4 3200 1920 Possible
70 10 4 65 3.5 3 3200 2240 Possible
80 10 4 65 4 2 3200 2560 Possible
90 10 4 65 4.5 1 3200 2880 Possible
Table 3 Yolume Qistribution in Volume External Wall thick- Internal diameter  Volume of Volume of Comments
COmPpressive specimens percentage of Diameter ness (mm) of the hole (mm)  100% FFF the FFF wall
FFF (mm?®)
10 12.5 0.44 12.06 3217.59 316.12 Possible
20 12.5 1.17 11.33 3217.59 656.75 Possible
30 12.5 1.90 10.6 3217.59 976.11 Possible
40 12.5 2.6 9.9 3217.59 1282.08 Possible
50 12.5 3.5 9.0 3217.59 1601.71 Possible
60 12.5 4.45 8.05 3217.59 1924.84 Possible
70 12.5 55 7.0 3217.59 2240.09 Possible
80 12.5 6.8 5.7 3217.59 2569.45 Possible
90 12.5 8.5 4.0 3217.59 2898.41 Possible
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Fig.2 Schematic and real
images for Sample dimen-
sions, infill pattern, and volume
distribution in a Tensile (ASTM

D638), b flexure (ISO 178), and - EEBRBESUSSSRSEEES) ||| B

Wall
thickness - g ym

¢ compression (ISO604)

Shape, dimensions. and 3D
printing settings
Totallength= 115 Thickness= 4 mm
................ ) .‘
Width Gauge length :

Method for volume
distribution

=33m

Volume of solid cylinder
(100% FFF) =3217.59 mm3

Outer
diameter

Inside
diameter

()

the direction of applied force, the number of outer perim-
eters is increased to large number (25). The large number
of perimeters helps to complete the part with perimeters
only as shown in Fig. 2.

The flexure samples are designed as per ISO 178 [45].
The volume distribution is performed with respect to the
“slot width” as shown in Fig. 2 and Table 2. Flexure sam-
ples are printed with 100% infill and linear raster orienta-
tion (90°).

The compressive samples are made according to the
ISO 604 [46]. The volume distribution is performed with
respect to the volume between outside and inside diameter
as shown in Fig. 2 and Table 3. The linear infill pattern is
used with 100% infill density for each sample.

@ Springer

___________ Length = 100mm

Adjust the wall thickness in CAD
software to achieve 50% volume of
100% FFF

By hit and trial, at wall thickness of
3.5 mm

Volume of hollow cylinder is
1601.71 mm3

Using following relation,

=Volume of hollow CAD/ volume
0f 100% FFF cylinder

1601.71/3217.59=49.77= 50%

(d)

2.2.3 Mechanical testing

The tensile testing is performed on Instron 5967 machine.
The tensile characterization is performed at an extension
rate of 5 mm/minutes. The machine is operated with a
30 kN load cell and a clip-on-gauge extensometer. The
clip-on-gauge extensometer is used to measure the tensile
extension and strain.

Flexure testing is performed on Instron 5967 using
3-point bending accessories. The 3-point bending testing
is performed at an extension rate of 5 mm/min. The dis-
tance between the grips is 65 mm as shown in Fig. 2.
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Compression testing is also performed on Instron 5967
machine using compression testing attachments. The test
is conducted at an extension rate of 5 mm/min.

2.2.4 Insitu image analysis

The High-speed monochromatic camera of 5 MPa is
used for recording the images during mechanical test-
ing. The camera is from Point Grey Machine Vision with
28 mm Sigma Aspherical Lens (KIPON, 1:1.8D EX DGQG).
The software used to capture and process the pictures is
Flycaputre version 2 (2.11.3.121) from FLIR integrated
Imaging solutions, Inc. The diffused lights are used to
preserve the details in shadows normally formed between
beads at the surfaces of printed parts. The in situ image
recording was performed at 1 frame per second (fps). The
image analysis is used to obtain real-time information
regarding mechanical transformations between different
percentages of the polymer—polymer interface in HDM
composite. Furthermore, it is used to investigate the flow
of cracks and the nature of fracture in the samples.

2.2.5 Scanning electron microscopy (SEM)

SEM is used for the fractographic analysis of tensile and
flexure samples performed on Hitachi TM3030 Plus.
As the images are of good quality, so the samples are
not coated with any material. The analysis is performed
at various resolutions ranging from 1 mm to 300 pm
(10x-300x). The main objectives of using SEM are to
analyze the following: (1) nature of the fracture, and (2)
effect of epoxy system on printed beads in from of cracks,
bulging or sagging.

2.2.6 Dynamic mechanical analysis (DMA)

The DMA testing was performed on a TA Instruments’
DMA Q800 (TA Instruments, New Castle DE, USA) using
a single cantilever clamp in Multi-Frequency- Strain mode at
1 Hz and 20 um from 25 to 130 °C. The available frequency
mode on machine is multi frequency. Therefore, to achieve
the purpose of single frequency testing, the frequency is set
to a constant of 1 Hz.

The heating rate for all DMA scans was 5 °C/
min. Rectangular specimens had the dimensions of
17.53 mm X 12.34 mm X 6.27 mm (length X width X thick-
ness). DMA device is controlled by “Thermal Advantage
software version 5.5.24”. Storage modulus, tan delta, stress,
and strain curves are obtained with respect to testing temper-
ature range. These curves are analyzed in Universal Analysis
software 2000 Version 4.5A.

3 Results
3.1 Tensile testing

The average ultimate tensile strength of PLA HDM in
Fig. 3a shows a gradual increase with the increase in FFF
volume. The results show the highest strength of 61.5 MPa
for 80% samples, which is 6% higher than the reference sam-
ple (57.9 MPa). The average ultimate tensile strength (UTS)
of 52 MPa and 54 MPa for 60% and 70%, respectively are
also quite near to the reference samples making them feasi-
ble for consideration. The epoxy (0% sample) has the least
average UTS, which presents the comparative effectiveness
of incorporating epoxy into HDM composite. The strength
of 61.8 MPa at 80% is equal to strength claimed for 100%
infill samples in literature [47—49]. It is also notable that the

. . Ductile

. Ductile Brittle + 6

$ 804 | . - 0.05

g i Brittle T s

= 70 4 E Q5
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Fig. 3 Tensile properties: a average tensile strength (stress) vs average tensile strain, and b average tensile modulus
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attained tensile strength for HDM PLA/epoxy composite is
also comparable to injection mold sample [34].

The average tensile strain in Fig. 3a is too high at the
beginning for 20% (0.038 mm/mm) and 30% (0.041 mm/
mm) samples that keeps on decreasing steeply till 60%
(0.019 mm/mm). It is noted that the average strain of
60% samples is even a bit less than the PLA reference
(0.02356 mm/mm). However, the strain shows an increase
thereafter for 70% (0.0258 mm/mm) and 80% (0.0261 mm/
mm), that goes higher than the PLA reference (0.02356 mm/
mm). The strain for the PLA/epoxy samples are more as
compared to literature [34].

Based on the observed results, the compositions (20%
and 30%) with high strain values are categorized as ductile
compositions. With the steep decrease in strain for 40-60%,
the compositions are categorized as brittle compositions.
The last two compositions (70% and 80%) show recovery
of strain, therefore, categorized as both ductile and brittle
composites.

The volume distributions of 20-50% in Fig. 3b have
less modulus than PLA reference that shows insufficient
mechanical stability. Though the abovementioned strain is
lowest for 60% with pronounced brittle effects of PLA, the
increase in modulus from 60 to 80% shows better mechanical
stability making these distributions feasible as an alternative
to 100% PLA, especially 70% and 80% with comparatively
high strength and strain.

ABS shows high incompatibility with the epoxy system
as noted with low average UTS and strain at all distribu-
tions. The tensile modulus of ABS/epoxy HDM composite
shows high peaks at all distributions as compared to the
ABS reference because of extreme low strain. All samples
are fractured early and thus failed to report good tensile
strength. The early failure is described in “discussions”.
This depicts the poor mechanical stability of ABS/epoxy
HDM composites.

© Proportional point Stress=6p ’é‘
% 80 Proportional point Strain=Ep -0.18 €
< -0.16 £
£ 70 4 | £
2 60 Lo.14 £
g L0.12 -5
s2]¢ AN 010 43
2 494 ) /l\/ - [0
7 VAN A 0.08 ©
20 [ YT L0.06 D
g 20 ’ ¥s I atat g
=3 SNLes -0.04 £
§ 101 0,02 £
© 0 0.003

U N U
0O 10 20 30 40 50 60 70 80 90 100
Sample in percentage (%)

= PLA strength ®* PLA strain ABS strength ABS strain

Fig.4 Compressive properties of PLA and ABS-based HDM com-
posites
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3.2 Compressive testing

The compressive testing results similar proportional strength
at 10% (64.52 MPa) and 20% (64.55 MPa) as like 100% PLA
(65.9 MPa) (Fig. 4). Thereafter, the strength decreases till
40%, from where it climbs to a reasonable number around
50 MPa for 70% and 80%. The increase in strength after 40%
depicts the overwhelming effects of PLA. However, the high
strength at 10% and 20% is unexpected due to a thin layer
of FFF structure and less individual strength of the epoxy
system (Fig. 4). This requires special attention as it deviates
from normal composite behavior. Therefore, it is comple-
mented with detailed analysis in “discussions”.

The strain in Fig. 4 is higher for 10%, 20%, and 30% as
compared to the 100% PLA. However, the strain from 50
to 90% maintains itself at less than PLA reference, which
shows high stability to compressive loads in the elastic
region.

The proportional strength achieved at 70% and 80%
(~50 MPa) in this work is comparatively high than reported
in literature (20-50 MPa) [50, 51].

3.3 Flexure testing

The flexure strength and strain are shown in Fig. 5. For PLA,
it is noted that the stress increases with the increase of vol-
ume distribution from 10 to 90%. Particularly, the samples
with 40%, 50%, 60%, 70% 80% and 90% are far higher than
the 100% PLA samples (reference). The strength of 40%,
50%, 60%, 70% 80% and 90% are 102.3 MPa, 112.6 MPa,
104 MPa, 109.2 MPa, 112.9 MPa, and 114.1 Mpa, respec-
tively. The numbers achieved for 70%, 80% and 90% are
higher than reported in literature (108 MPa) [52].

The strain of PLA/epoxy HDM composite is decreased as
the volume distribution increase from 10 to 90%. The less
strain with high stress at combinations above 40% shows
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Fig.5 Flexure properties of PLA and ABS-based HDM composites
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high stiffness that proves the structural stability against flex-
ure loading.

For ABS/epoxy HDM composite, there is an increasing
trend of stress with increasing volume distributions. How-
ever, the PLA/epoxy HDM shows a significant increase in
strength at most of the volume distributions as compared to
the 100% ABS specimens.

Apart from 10 and 20%, the strain of ABS/epoxy HDM
composite of all remaining distributions is close to the refer-
ence ABS. This may be due to the reason that pure epoxy
and ABS have an almost similar strain that remains almost
unchanged due to the understandable physical separation
between two different materials. However, the combina-
tion of ABS with epoxy, even being dissimilar materials,
in the form of a composite has helped to achieve significant
strength.
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Fig.6 In situ camera images for PLA/epoxy HDM tensile testing at
different volume distributions

Further investigation of the relation between volume dis-
tributions is presented in the discussion.

4 Discussion
4.1 Analysis of tensile testing

The in situ images for PLA tensile testing of 20% and 30%
show visible necking which is not found in PLA reference
(Fig. 6). The specimens with 40% show minor necking, with
one side (left) being more pulled than the other (right). The
comparative more extension on one side leads to the chip-
ping of a big piece of PLA off the epoxy after a fracture.

Another visible morphological change in Fig. 6 is the
appearance of horizontal cracks in 20% and 30%. These
horizontal cracks are observed to form due to the increase
in tensile extension near the center of a dog bone. At a
close look, the extension is actually noted for both PLA and
epoxy system, that leads to cracks in the epoxy at stress
concentrated volume. Besides the inward tilt as shown by red
arrows in Fig. 6 for 20%, 30%, and 40%, the morphology of
FFF is not expressive of the true facts for PLA-based HDM
samples. Therefore, the fractographic analysis on scanning
electron microscope (SEM) is performed in Fig. 7 separately.

The SEM analysis reveals the apparent reasons for: (1)
tilt on one side (20%, 30%, and 40%), (2) necking, and (3)
increasing strength with increase in volume distribution.
Based on the observations, there are two factors that explain
the overall tensile behavior of PLA/epoxy system: (1) adhe-
sion of epoxy and (2) thickness of FFF structure.

Though the epoxy is a dissimilar material, it still appears
to show sufficient adhesion to the immediate in-contact PLA
perimeters/beads (Fig. 8). The sufficient physical adherence
drags the internal PLA perimeters simultaneously with the
increase in tensile force (Fig. 8). On application of tensile
load, the epoxy in 20%, 30%, and 40%, as being in bulk vol-
ume, contracts from the upper half and expands in the lower
half (Figs. 7 and 8). Thus, the upper half of FFF appears to
contract along with the epoxy and expands at the lower half.
During this contraction and expansion, it is observed that
the elongation in each successive layer decreases with an
increase in the number of printed vertical arrays (perimeters)
away from the epoxy as shown in the schematic (Fig. 8).
In the case of 20%, 30%, and 40%, there are fewer vertical
arrays of beads (perimeters), therefore, the whole FFF wall
is distorted with a visible tilt. This is prominent as wavy
(distorted) surface beads at the outer surface of FFF as
shown in column 3 and 4 of Fig. 7 for 20% and 30%. This is
also a visible justification for the higher strains and necking
at 20% and 30% observed in Fig. 3. As the perimeter thick-
ness increase from 40 to 80% while decreasing the epoxy
system volume, the strong intermolecular diffusion of PLA
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Fig.7 Scanning electron
microscopy (SEM) analysis

of PLA/epoxy HDM tensile
specimens at the fractured cross
section and outer side-ways
beads
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Fig.8 Transfer of tensile forces from epoxy to outer-printed (FFF)
layers in 20%, 30%, and 40% volume distributions based on observa-
tions

Reference

Fig.9 In situ images for ABS/epoxy HDM composite samples at
fracture

beads overcomes all structural distortions like contraction,
expansion, and necking (Fig. 7). That is why there is no
necking in samples from 50 to 80% along with less strain
and high stress (Fig. 3a).

Furthermore, the vertical cracks at the surface of 20% and
30% also show the flow of tensile forces to the outermost
layer, which are not found in the higher volume distribu-
tions (Fig. 7). This presents the reason for the high strength
of higher volume distributions with less strain (higher
modulus).

On the contrary, ABS composites with epoxy shows a
separation of printed perimeters from epoxy system. This
shows that the ABS and epoxy system are not compatible to
make a composite HDM structure. This inability of ABS is
an apparent reason for the less strength at all volume distri-
butions of ABS/epoxy HDM (Fig. 9).

As shown in Fig. 9, the immediate separation of ABS
from epoxy/hardener system reveals few important scien-
tific facts. Though ABS registers weak chemical resistance
to chlorinated solvents conditional to sufficient exposure
time, i.e., atleast 3—4 months and suitable temperature [53].
However, the probable reason for non-adhesiveness is the
non-reactiveness of ABS to epoxy/hardener system. The
reactiveness is normally caused either after melting followed
by degradation (scission) of intermolecular chains or gradual
reaction of liquid-based solvents being in contact with ABS
for sufficient long time periods (atleast 100 days) [54]. In this
study, the non-reactivity is caused by couple of reasons, i.e.,
high melting point of ABS (170-200 °C), and less (insuf-
ficient) time of reaction between epoxy and hardener. The
high melting point of ABS does not allow any initiation of
chemical reaction of chlorinated epoxide groups. Similarly,
the abrupt reaction of epoxy and hardener is the only source
of producing high temperatures for initiating the reaction
of ABS with epoxy resin. Unfortunately, the reaction time
of epoxy and hardener is insufficient to initiate the reaction
of chlorinated epoxy groups on ABS. The abovementioned
reasons also highlights a new research proposition for mak-
ing ABS reactive to epoxy/hardener system.

4.2 Analysis of compression testing

The compressive results for PLA in Fig. 4 show one of the
highest compressive strengths for 10% and 20%. The highest
strength probably designates 10% and 20% compositions as
the strongest HDM compositions, even strongest than 90%.
The thin FFF wall thickness of 0.5 mm in case of 10% and
0.69 mm in case of 20% raises serious questions regard-
ing compressive endurance in elastic limit. Therefore, the
analysis is extended beyond the proportional limit to the
plastic region as shown in Fig. 10. Based on in situ images
in Fig. 11, the second zone is named as bulk or sagging zone
and the third zone is named as maximum load or crack zone.

The zone 2 is described with the lowest drop of compres-
sive strength as marked in a Fig. 10 with the tangent. It is
noted that the fast recovery with the least strain and less
drop in strength helps to avoid sagging or bulking in the
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middle zone. Figure 10c shows the difference of proportional
point strength and lowest drop strength with corresponding
compressive strain at the lowest drop point. It depicts that
the stress difference is high for 10-40%, which decreases
drastically from 50 to 80%. This shows that the highest pro-
portional compressive strength of 10% and 20% is not the
right presentation of the structure stability.

Zone three (3) is named after cracks observed in in situ
images and at the highest load (30 kN). A similar kind of
drop is noted in zone 3 as in Zone 2. However, as the volume
distribution increases from 40% onwards till 100%, the graph
reveals a low drop in strength with less strain. This also
shows that the distributions below 40% are not mechanically
feasible in terms of overall strength and strain.

Compressive samples are also analyzed using in situ
images to investigate the unexpected results in Fig. 4. It is
noted in Fig. 11 that the meager (thin) layer of FFF, at 10%
and 20%, able to contain the epoxy in a close cylindrical
volume that in turn shows high resistance to the compressive

@ Springer

forces. However, to achieve this unusual rise in stress, the
upper part of the cylindrical structure is badly affected with
the excessive bulge and highest compressive contraction
length as shown in the 1st peak column of Fig. 11. This is
also verified in FEA simulations (Fig. 12) in the form of the
highest stress generated in the top plane of epoxy followed
by FFF walls in 20%. Moving on, the structural stability is
further compromised with severe non-uniform bulging at 1st
drop within more compressive contraction. This structure
instability is the reason for the highest 1st drop in the stress
with high strain as found in results (Fig. 10c). Furthermore,
the samples are noted with raptured 3d-printed PLA struc-
ture. The reason for the rapture is the high stresses in FFF
walls of 20% as found in simulations (Fig. 12). Therefore,
the image analysis and simulations at 1st stress peak, 1st
drop, 2nd stress drop, and fracture highlights the instability
of 10%, 20% and 30%.

On the contrary for 70%, 80%, and 90%, Fig. 11 shows
a consistent decrease in the bulging of the upper part at
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Fig. 11 In situ images for compressive testing of PLA/epoxy and ABS/epoxy HDM composites. All dimensions are in millimeters (mm)
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1st peak images with an increase in volume distribution.
There are two reasons for this mechanical stability: (1)
less epoxy volume causes less stress concentration in the
top section, which avoids bulging that was significant in
10%, 20%, and 30% (Figs. 11 and 12), (2) sufficient the
thickness of FFF structure to support the compressive
load that bears the high stresses at the top section pro-
ficiently as shown in simulations (Figs. 11 and 12). The
comparative less bulge at 1st peak stress is transformed
into a uniform and controlled bulge profile at 1st drop that
continues to provide consistent resistance to compressive
load without any visible rapture at the fracture point. The
high FFF percentage samples (70%, 80%, and 90%) are
also observed less contraction at peak load of 30 kN as
shown with more fracture height (Fig. 11). Therefore, this
confirms the low strain at fracture in obtained compres-
sive results (Fig. 10d) for 70-90%.

In compression, the ABS samples have high strength
apparently than PLA/epoxy system HDM at most of the
distributions (40-80%) as shown in Fig. 10b. However,
the true picture is opposite to what the curves present in
the results based on key findings in the in situ images.
The distributions from 10 to 60% are observed with early
fracture of ABS in the elastic zone (Fig. 11). The remain-
ing higher distributions (70%, 80% and 90%) show some
resistance to cracks in the elastic zone, but they are not
able to keep their stability like similar distributions in
PLA as noted in Fig. 11. This not only proves the insta-
bility of ABS as well as the effectiveness of using in situ
images for analyzing the true characteristics of the HDM
composites based on FFF material.
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Fig. 13 In situ images for flexure testing of PLA/epoxy HDM com-
posite specimens at the end of the test
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4.3 Analysis of flexure testing

In case of flexure, the results are not ambiguous like com-
pressive. However, there are few important observations
that help to validate the achieved results. For example, the
majority of distributions of PLA/epoxy HDM have under-
gone excessive bending without having damage in the form
of a break except for 40% and 50% (Fig. 13). Both distribu-
tions show the least bending to reach fracture (Fig. 13) that
depicts an overwhelming brittle behavior of the HDM filling
composite. Therefore, the high strengths of 102.3 MPa and
112.6 MPa for 40% and 50% respectively are not as reliable
as of other higher distributions for PLA/epoxy HDM.
Another factor is noted for the effect of flexure forces on
the thickness of the PLA FFF structure. As shown in the
in situ images (Fig. 13), the cracks do not appear for lower
distributions from 10 to 60%, and only appear for higher
distributions (70%, 80%, and 90%). SEM is used to analyze
the reason behind it. It is observed in Fig. 14 that the upper
beads are displaced due to the perpendicular flexural forces.
This is also because there are fewer adjacent layers to create
sufficient adhesion between perimeters to resist the deform-
ity in the upper structure. Therefore, the lack of perim-
eters in low volume distributions are not able to transfer

complete flexure load uniformly to the lower part of FFF,
thus displaced and avoid any cracks. However, in the case
of higher distributions, the high number of adjacent layers
(perimeters) perpendicular to the load keeps the beads intact,
and hence no deformity is produced in the upper section as
presented in the schematic (Fig. 14b). This strong adhesion
increases the stretching of each successive bead to create a
crack in the outermost layer as shown in Fig. 14b schematic
and SEM analysis for 80% samples.

On the contrary, the ABS/HDM flexure samples show
overall less strain at the outermost layers as all distributions
are found with the crack (Fig. 15). This shows that ABS-
based HDM composites are not ideal for practical applica-
tions. This again shows the impact of FFF material to be
used as HDM composite material, that has not yet been
reported.

4.4 Dynamic mechanical analysis

Dynamic mechanical analysis is used to investigate the low
stress and high strain in low percentage samples (10%, 20%,
and 30%). It is also used to justify the optimal percentage
of the 3d-printed structure at an intermolecular level. The
DMA analysis is only performed for PLA samples as the
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Fig. 15 ABS/epoxy HDM composite samples after flexure testing.
Note all are broken with minimum

ABS/epoxy HDM composites do not even show near-to-
sufficient adhesion of FFF-printed ABS and filled epoxy
resin in all mechanical characterizations. The poor adhesion
results in abrupt disconnection or fracture of one or both
FFF-printed ABS and filled epoxy resin. The disconnection
or fracture results the purpose of combining both (ABS and
epoxy) into one composite material and thus DMA will be
able to provide true characteristic behavior. Following is the
DMA analysis for PLA-based HDM composite.

DMA analysis for Tan delta versus temperature is
shown in Fig. 16. The glass transition temperature of 10%,
20% and 30% are 71.32 °C, 70.41 °C, and 72.57 °C, all
of which are higher far than neat PLA (64 °C) and even
higher than neat epoxy (69.32 °C). The higher T}, than neat
PLA presents significant chain mobilities, probably asso-
ciated with the amorphous regions of PLA. However, the
higher 7, than epoxy shows some significant intermolecu-
lar changes (reorientation or crystallization) that further
point toward the formation of a proper composite. A simi-
lar nature of high strain is found for tensile samples. The
noted intermolecular changes may be caused due to the
high reaction temperature of epoxy and hardener with thin
PLA walls in 10%, 20%, and 30%. The high temperature
causes the adsorption of epoxy into the thin areas (area of
fusion between PLA beads) [55]. The effect of adsorption
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is also visible in form of distorted surface beads in Fig. 14.
The adsorption at high temperature (> glass transition of
PLA) further results in the reorientation of amorphous
chains of PLA [56]. The two simultaneous phenomena, the
adsorption (physical surface adhesion) and the intermolec-
ular reorientation (chemical), result in the formation of a
proper composite. The effects of the above-described chain
reorientation are noted in form of highest strain as found in
a flexural sample of 10% (Fig. 5). The high strain in flexure
testing for 10% is also confirmed by strain vs temperature
graphs of DMA (Fig. 16), in which 10% appears with one
of the highest strain percentages.

Despite of the high glass transition temperature, the
corresponding samples 10%, 20% and 30% show the least
flexure strength (Fig. 5). In this regard, two types of DMA
analysis are performed: 1) storage modulus vs tempera-
ture, and 2) stress vs temperature. As storage modulus pre-
sent the overall stiffness of the material, the low storage
modulus in Fig. 1 of each corresponding sample (10%,
20% and 30%) as compared to higher percentages (40% to
90%) justify the lowest flexure and tensile strength of the.
Similarly in stress vs temperature graphs (Fig. 16), each
corresponding sample (10%, 20%, and 30%) is observed
with low stress as compared to the high percentages FFF
samples (60% and 70). Therefore, based on the stor-
age modulus and stress vs temperature analysis, the low
strength of 10% to 30% is justified.

On the contrary, the samples of 50% to 90% have simi-
lar glass transition temperature as like 10% to 30% in Tan
0 graphs (Fig. 15) but with high flexural strength (Fig. 5).
This confusion is resolved with the high storage modulus
of 50% to 90%. The high storage modulus justifies the
high flexural strength of corresponding samples (50% to
90%). The storage modulus results are further supported
by DMA graphs of stress vs temperature graphs (Fig. 16)
that show high stress for 60% and 70% as compared to
10%, 20%, and 30%. Another reason for stability is found
for 60% and 70% in strain vs temperature graphs. The 60%
and 70% samples have pronounced cold crystallization
peaks as compared to low percentage samples (10%, 20%,
and 30%). The large area in the cold crystallization peak
presents the increase in crystalline reorientation[57] that
results in high stresses.

It is also noted that the glass transition temperature
and storage modulus of 80% and 90% are lower than the
50%, 60%, and 70%. In this regard, the wall thickness of
80% and 90% are too thick to cause optimal adsorption of
epoxy to form a proper composite. The low 7, and storage
modulus present the comparative disadvantage of printing
with the highest FFF percentages (80% and 90%). Hence,
it justifies the value of this research work for achieving the
optimal 3d-printed structure to save time and cost.
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Fig. 16 DMA analysis of PLA/epoxy HDM composite for: a Tan delta versus temperature, b strain percentage versus temperature, ¢ storage

modulus versus temperature, and d) stress versus temperature

4.5 Future prospects

It is important to highlight the potential of manufacturing
HDM composites as compared to pure FFF parts. The key
benefits are associated with cost, and time. It is reported
that time and cost are two key weaknesses of FFF that
restrain its applications in various domains. HDM com-
posite provides a best solution considering cost and time
of 3D printing. As shown in Table 4 for tensile specimens,
there is a significant decrease in cost of 3D-printed mate-
rial (PLA) ranging from as high as ~65% to ~34%. Simi-
larly, the 3D printing time is also decreased prominently
ranging from 50 to 20%. The future prospect of utilizing
HDM composite technique instead of 100% FFF is further
strengthen with superior mechanical properties depending
on 3D printing material.

However, as evident form ABS-based HDM composites,
this research work related to HDM composite technique is in
its early stages and limited to types of 3D printing materials
(PLA). Therefore, it requires a thorough research in future to
explore ways to utilize full potential of HDM compositing.

5 Conclusion

The research presents a complete range of volume distribu-
tions between FFF structures filled with a two-part epoxy
system for tensile, compressive, and flexure characteriza-
tions. It includes in situ image analysis, SEM, and DMA for
analyzing the overall stability and fracture mechanics of the
HDM composites. Following results are concluded,

e 70% and 80% are the most optimal for tensile analysis of
PLA/epoxy HDM composite with good tensile stress of
about 62 MPa.

e 70%, 80%, and 90% are the most optimal for compres-
sive analysis of PLA/epoxy HDM composite with good
strength (=50 MPa) and minimum strain.

o 60%, 70%, 80% and 90% are the most optimal for flex-
ure analysis of PLA/epoxy HDM composite with higher
stress (> 109 MPa) than neat PLA.

e The 70% and 80% PLA compositions as optimal FFF
percentages achieves better properties due to replace-
ment of 30% and 20% void-based structure with void-
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Table 4 Comparison of cost and time for 3D printing performed in HDM with 100% FFF
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Time for 3D printing only

Cost of filament
1000 g (USD)

Length of fila-
ment (m)

Weight (g)

Part (%)

Percentage dif-

Time for FFF Difference in

(min)

Percentage differ-
ence in cost (%)

Cost of used fila- Difference in

ment (USD)

1 g (USD)

ference in time

(%)

time (min)

cost (USD)

—50.000
—43.333
—40.000
—26.667
—23.333
—33.333
—20.000

0.000

—15.000
—13.000
—12.000
—8.000
—17.000
—10.000
—6.000

0.000

15
17
18
22
23

—64.884
—63.102
—52.228
-51.515
—40.463
—39.572
—34.046

0.000

—0.109
—0.106
—0.088
—0.086
—0.068
—0.066
—0.057
0.000

0.059

0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299
0.0299

29.9

0.66
0.69
0.90
0.91
1.12
1.14
1.24
1.88

1.97
2.07
2.68
2.72
3.34
3.39
3.7

5.61

20
30
40
50
60
70

0.062

29.9

0.080

29.9

0.081

29.9

0.100
0.101

29.9

20
24
30

29.9

0.111

29.9

80

0.168

29.9

100

less-filled epoxy, respectively. This results in less FFF
material, low cost, less printing time.

e ABS does not show proper adhesion with filled epoxy
and thus fracture early in all characterization testing.

e DMA reveals the two simultaneous phenomenon to be
the reason of superior properties in PLA/epoxy HDM
composites. i.e., adsorption at high reaction tempera-
ture of epoxy and high intermolecular re-orientation
that increases the crystallinity of PLA.

e Future prospect of HDM compositing, subject to limi-
tation of material (PLA), is justified with the ~65%
to ~34% decrease in cost and 50% to 20% decrease in
time as compared to 100% FFF.
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