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Post-processing - Any process applied to the manufactured AM part 

after removal from the AM machine 

In-situ - Within the chamber of the AM machine.  

Outline profile - The outline edge of each layer.  
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assurance strategies. The first being the rough surface finish of metal AM parts, and secondly, 

non-destructively investigating and characterizing internal flaws within each layer of the part.  

1.1.1 SUMMARY OF RESEARCH FOCUS ON QUALITY STRATEGIES TO 

IMPROVE THE SURFACE FINISH OF METAL AM PARTS  

 

The surface finish of metal AM parts (as built) is a key issue, where more time and money 

are spent in post-processing rather than manufacturing the printed part. To date, manufacturers 

have concentrated on using AM technologies to reduce material by topology optimization, but 

this is a limited research area and well-studied. The heightening cost of AM machines require 

new and novel applications to satisfy economic and creative demand. To exploit AM technologies 

to its fullest potential, it is necessary for AM industries to manufacture products designed with 

complex geometries, which can be polished to a desirable surface finish and texture. However, 

existing finishing methods using subtractive tooling and polishing methods are not entirely 

reliable to access hidden channels in curved geometric parts. A technique to target this issue 

would be highly desirable in all applications of AM, more so in fluid/soft texture channels seen 

in the petroleum, food, automotive and many other manufacturing industries.  

This research explored various methods to solve this issue, including existing surface 

improvement strategies such as subtractive machinery, electro-polishing, media-polishing, laser-

polishing and more noted in Chapter 2. Subtractive-tooling and media-polishing have been the 

most popular post-processing techniques to improve the surface finish and polish metal AM parts. 

While these two techniques are notably the fastest and most accurate methods for polishing, there 

are drawbacks that prevent industries from manufacturing complex geometries. The biggest 

drawback is the inability to adapt the standard techniques to access internal chambers within a 

part (e.g., multi-channel manifolds). Two methods were of immediate interest, for their ability to 

access hard to reach areas (curved/hidden geometries); electro-polishing and laser-polishing. 

Electro-polishing was considered briefly but eliminated due to the work published already by the 

University of Louisville demonstrating this method as a surface roughness improvement 

technique, with other studies noting a worsening effect of the surface finish. This directed the 

focus to laser-polishing (LP) and the discovery of a technique to improve the surface profile and 

texture of metal AM parts.  

This research examines the effect of LP on Laser-Power Bed Fusion (L-PBF) parts. L-

PBF is one of the most popular metal AM processes, seen as advantageous for the small layer size 

and accuracy that can be achieved. Typically, laser-polishing is performed as a post-processing 

technique with a high-powered laser that re-melts the surface to smoothen the abrasive texture. 

However, it was determined the best time (most access to internal areas) and most novel approach, 
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The introduction of non-destructive testing (NDT) in AM, has seen research and 

development focused on applying established testing strategies, such as X-Ray, Computed 

Tomography, Eddy Current Testing, Digital and Thermal cameras etc. This is still a very 

underdeveloped area of research with companies and AM consumers eagerly awaiting testing 

standards for NDT characterization. The vast difference in each AM process and its material 

properties, has opened major research gaps; to characterize the nature of defects in each process, 

monitor them, assess their impact, and provide some feedback control. Since the start of this 

research study, several companies have now integrated NDT monitoring systems within AM 

machine to in-situ capture digital and thermal data primarily. However, the commercially 

available systems are expensive, can require a supercomputer for data processing and an extreme 

amount of storage capacity for the data collected. At present the data captured can only be 

interpreted by a trained professional, and with the vast amount of data captured per print, it is a 

time consuming and expensive process to analyse manually. A few companies and academic 

research groups are currently creating deep learning models and trained artificial intelligence 

systems to sort through the data. Each system is adapted to work with a singular AM process and 

brand. The scope of this study was narrowed to the development of quality strategies for the L-

PBF process, particularly using the DMP ProX 100 printer.   

The second case study, focused on the NDT research gap, sought to develop an in-situ 

digital and thermal capture system to perform layer-wise capture. The purpose of this 

experimental study was to develop an adaptable system that could be retrofit into various fully 

enclosed AM machines. The aim of this experiment was to capture and isolate the melted part 

from the unfused powder to re-build the images as slices in a 3D model that would provide a 

comparative CAD model for FEA analysis. Secondly, to determine if micro-defects could be 

identified using a machine learning approach to identify key layers of concern. This quality 

strategy was developed to discard unnecessary data and eliminate the need for a trained technician 

to review every layer. The third quality strategy used by this approach sought to provide file 

verification (the model file sent to the printer is same as the model being printed) by matching the 

sliced layers captured to the generated software layer-slices.   

A thermal camera was implemented to capture the thermal profile of each layer, to 

classify specific thermal signatures that can be related to micro-defects. Thermal sensors have 

been widely used to study the melt-pool, heat zones, and heat dissipation of a sintered/melted 

layer. Most solutions used thermal cameras mounted externally, or single-signal based 

thermocouples. Scarce literature exists that documents thermal profiles of defects in metal AM 

parts. Previous studies have used expensive thermal capture systems for NDT monitoring of AM, 

this study focuses on the minimum sized defect you can detect with a low-resolution development 

thermal imager. The quality approach created can be implemented into other forms of Additive 
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Chapter 4 presents the results and discussion from the first AM quality assurance study to 

improve the surface finish of Stainless-Steel 17-4PH parts created in a Direct-Metal-Printer. The 

results exemplify the evolved properties of the test specimens re-melted with the hope of 

improving the surface texture and topography. The properties of the altered parts are studied using 

several testing techniques as detailed in the methodology including surface profiling, optical 

imaging, and mechanical testing.  

Chapter 5 reports resolutions developed to address defect identification, file security, 3D model 

reconstruction for a simulated finite element analysis.  

Chapter 6 discusses the future and expanding work that has resulted from this research to 

progress the laser polishing method presented for surface finish improvement and further explore 

NDT quality technologies and strategies for metal AM.   

Chapter 7 concludes the research study with a final overview of the work performed within the 

thesis, highlighting the novel contributions this research study has made. In addition, this chapter 

provides a summary of work done to answer the research questions presented within this first 

chapter and verify the hypothesis presented in chapter 3 against the results presented in chapters 

4 and 5.  
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study concluded for a production volume smaller 

than 10,000, AM had a reduced unit cost 

compared to injection molding [20]. While SM 

dominates the Mass Manufacturing region 

financially, AM is better suited to fabricate 

tooling and fixtures required for conventional 

Mass Manufacturing molds. AM offers a reduced 

lead time and cost to capitalize on high value, low 

production of parts such as those used in ships, 

automation, aviation, satellites etc.  This concept 

is known as Rapid Tooling, referring to tools able 

to form several thousand or even millions of parts 

before wearing out. Levy et al [21] provides a 

summary of direct and indirect AM technologies 

used for rapid tooling.  

1.4.2 ECONOMIC STRATEGIES  

 

The economic impact a manufacturing strategy has financially and societally, can 

determine the areas of success or advancement for businesses to pursue. This is particularly true 

for those countries seeking to further their manufacturing specialty and accomplish the major 

success low-impact countries have had with mass manufacturing. Studies conclude that AM 

would best dominate the low production manufacturing sector for its customizability, short lead 

time and complex geometric capability. Petrick et al [22] studies the disruption in manufacturing 

caused by the new manufacturing and design opportunities offered by AM. The paper examines 

the economic status quo surrounding AM, including the established and reformed 

finance/economic models that support different AM technologies currently. Figure 1-5 provides 

a collaborative summary of economic models concluded by previous works, tied in with the 

manufacturing regions (Section 1-1-1). The model surmises the higher the customizability and 

complexity, AM process would be better suited than TM. Furthermore, it highlights a major field 

for new innovative designs that were previously impossible to produce by TM methods. The 

curved line represents the increase in price to produce parts with the relative volume, complexity, 

and customizability for AM only, it is the opposite for TM.  

Previously, companies have monopolized on the successful method of reducing 

variability in design, to maximize on the repetitive production of interchangeable parts, following 

the Design for Manufacturing (DFM) advantage offered by traditional manufacturing methods 

dating back to the 1990s [23, 24]. DFM set designers and manufacturers to follow a set of rules, 

Figure 1-5 AM vs TM manufacturing feasibility with 
reference to Volume, Complexity and Customization 
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machine price to adjust for inflation, where between 2001 and 2011 the average price decreased 

51%. The National Institute of Standards and Technology (NIST), U.S. Department of 

Commerce, present a comprehensive summary of cost analysis and cost effectiveness in AM 

technologies [32].  

To summarize, the review states AM is cost effective for low volume/small batch 

manufacturing with continued centralized manufacturing rather than distributed manufacturing. 

Currently, research models conclude that while there is an expensive initial investment for 

machine and personal costs, distributed production (proximity to the site of use), is not a viable 

option for AM. However, should AM develop into a widely adopted process with increased 

automation and reduced machine costs, distributed production may become more feasible.  

1.4.3 QUALITY ASSURANCE AND QUALITY CONTROL FOR AM  

 

Precision manufacturing and standardization of products are dependent on Quality 

Assurance (QA) and Quality Control (QC) standards and procedures [33]. The complex geometry, 

internal lattice structure, surface finish, layer orientation and topology optimization, all contribute 

to the mechanical aptitude of an AM part. In cases where powdered material is inserted into parts, 

careful design optimization is required to determine how it can be extracted. Loose powder within 

the part could not only be considered a health and safety concern but also impact the mechanical 

and structural integrity [34].  

The vast capability of AM, referring to material variety and manufacturing process 

differentiation, has resulted in multifaceted quality requirements and standards. For this reason, 

SM continues to dominate AM in quality, precision, and reliability [35]. In turn, the inconsistency 

and complexity of each AM system has made it a challenge to develop a standard set of rules, 

causing a slow development of Quality Assurance (QA) strategies. Quality is quantified and 

qualified differently depending on the part produced. The degree of quality required is often 

dependent on the risk related to health-and-safety assurances required. For instance, a model toy 

plane would have an extremely low risk in comparison to a hinge printed for a commercial 

aircraft. Furthermore, each AM printer requires calibration and customization of the printer 

parameters, sometimes specific to certain types of builds. 

 The size, orientation, sharpness, and location (within joints, exterior surfaces, or critical 

sections of the structure) of defects within an AM part can impact the mechanical properties 

negatively [36]. This is no different for SM manufacturing, in fact the type of defects is almost 

similar; porosity, cracks, inclusions, voids, balling, rough surface finish [37-40]. However, in 

AM, aside from geometric imperfections, volume mismatch, layer removal and undesirable 

internal surface finish are issues that cannot be detected through typical mechanical tests. In SM, 
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batch testing is the most used QA/QC technique, where one test piece within a batch can be 

mechanically tested (i.e., tensile, compression and fatigue tested), as a reflection of the 

mechanical strength reference for the remaining parts within that batch.   

While some AM manufacturers attempt to use a similar method for each print (can have 

multiple parts in one print in a big enough bed size), there have been concerns surrounding the 

impact of layer orientation, heat affected zones and inconsistent defect introduction that indicate 

batch testing cannot be applied to AM. Certification is usually achieved through repeatability and 

reliability of a manufacturing technology. An AM system has more dependent variables than SM. 

However, despite the lack of AM standards, traditional standards commonly used in other 

manufacturing processes or materials have been applied to select AM printers/products by 

conforming to set parameters for individual machines (i.e., laser power, scan speed, powder 

spread etc.).  

Ensuring the use of quality-tested powder/wire feedstock is important, inconsistencies in 

the particle size, wire/filament diameter and sheet thickness can impact the structural integrity, 

with the wrong machine parameters. Lloyds Register and TWI Ltd have developed a document 

detailing the process for AM certification [40]. The guidelines were developed following 

traditional certification process standards, with the allowance of independent testing to be done 

by the industry/company specific to certain test cases. This approach is not always suitable, nor 

efficient, for AM technologies [41]. The reason for this, is the intricate system that makes up an 

AM machine; unlike traditional calibrated machinery, AM does not always ensure the 

repeatability or reliability required for precision manufacturing.  

The four main contributing factors of concern in AM quality are the feedstock 

characteristics, the build environment, melt pool monitoring and build characteristics [37]. The 

need for new standards has been acknowledged by industry, research centres and academia, dating 

back several years with numerous surveys having been carried out. Gausemeier et al [1]  states 

certification processes customized to suit AM are a key success factor for the future of the AM 

industry. In 2009, the ASTM Committee F42 was formed for Additive Manufacturing 

Technologies, consisting of approximately one hundred members (experts predominantly from 

USA and Europe). Following this, in 2011, the ISO Committee TC 261 for Additive 

Manufacturing was established. The AM board has developed strategies [42] for quality 

inspecting individual aspects of an AM process using the following test methods; Chemical 

analysis, Mechanical Testing, Performance Evaluation, Metallurgical Analysis, Powders 

Evaluation and Non-Destructive Testing (NDT) [43]. NDT testing is currently a major R&D area, 

with companies such as EOS and ARCAM developing in-situ monitoring system for NDT quality 

assurance [44]. While several companies are now incorporating cameras and sensors into their 
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heated chamber and laser systems have an inert chamber.  Laser-Powder-Bed-Fusion (L-PBF) is 

the main system of interest in this study due to its popularity in NZ and international companies. 

Laser systems are currently dominating the commercial space with sintering and melting 

techniques.  

Directed Energy Deposition (DED) 

DED (Figure 2-2) involves the deposition of either a wire or powder feedstock, by a 

guide, bonded using a laser or electron beam. NASA has developed a range of these machines 

and continues to work on improved revisions of their EBF machines [4]. These machines are 

particularly useful for repairing complex parts, depending on the systems degrees of freedom 

(some have up to 6).  

 

  

Figure 2-1 Powder Bed Fusion process 

 
 

Figure 2-2 Directed Energy Deposition process 

 

Figure 2-3 Sheet Lamination Process 

 

  

 
 
 

Figure 2-4 Binder Jetting Process 
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Sheet Lamination 

Sheet Lamination (Figure 2-3) combines Additive and Subtractive technologies to bond 

metal sheets (foils) together [50]. Utilizing a thermal bonding or ultrasonic technique to bond the 

sheets together, the finished block is then CNC machined to achieve the desire geometry. Though 

an interesting concept this method ranks low in popularity for commercial metal AM application 

or utilization. 

 

Binder Jetting (BJ) 

BJ (Figure 2-4) shares a similar application to the PBF method in material deposition 

[28]. However, a liquid binder is used to bond the material and post processing is required to 

achieve the desired shape. While the AM processes for BJ is uncomplicated, it is the least popular 

method in the commercial space due to the complexity and time-consuming nature of the post-

processing required. 

2.2 LASER POWDER BED FUSION 
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Figure 2-5 CAD model of a Laser-Powder-Bed-Fusion Additive 
Manufacturing system (modelled after the DMP ProX100 printer used in this 

study) 
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The absorptivity of metal represents the energy balance of the process and affects the 

critical (minimum) energy density. Tolochlko et al [63] and the CRC Handbook [64] note the 

absorptivity (powder and dense form) of common materials used in additive manufacturing 

corresponding to the Nd:YAG and CO2 lasers, excluding Stainless Steel. The surface tension 

(Equation (2-2) varies according to the spatial variation of temperature within the melt pool and 

drives the melt pool to move from lower to higher surface tension regions (Marangoni convention) 

[65]. The viscosity (wettability) (Equations (2-3 & (2-4)  of the liquid metal enables the melt pool 

to span across the previously deposited layer [66]. The thermal conductivity (Equation (2-5) and 

corresponding thermal characteristics of the material, substrate and environmental processing 

conditions affect the cooling and solidification rates; influencing the resulting part microstructure 

[66].  

The physical powder measurements can impact the in-process and final part 

characteristics including its minimum layer thickness, laser settings, spread ability, minimum 

inclusion size, shield gas reactivity (chemical reaction) and more [67]. These properties are 

impacted by the powder particle size, shape, elemental composition, and particle size distribution.  

Substrate and support structures 

LPBF parts are often manufactured upon a base plate or substrate, to which the part is 

melted/sintered onto. Therefore, it is important the substrate exhibits necessary thermal 

characteristics to provide adequate cooling and support during the layering process. Often the 

substrate is removed and recycled for reuse using some form of machining or cutting tool, and in 

rare cases incorporated into the final part design. L-PBF parts require support material between 

the substrate and the part (often the thickness of the tool used in the part removal), and to support 

certain extending/hollow areas of the part. The support material often penetrates the part layers 

and leaves an area of the roughest surface texture on the face of the part. For this reason, careful 

consideration is given to the build orientation of the part to reduce the required area of support 

structure [61, 68, 69].  

2.2.2 SURFACE FINISH IN AM  

 

There are several post-processing techniques required to extract the part from the build 

platform, ensure the surface finish is of a commercially accepted standard and heat treat the part 

to reduce stresses build up in the part during the build. For the LPBF methods, the part is 

fabricated on a build platform with support layers. The surface finish on metal parts as removed 

from the machine is often rough and inconsistent (exhibits a staircase like effect) due to the 

layering nature of the process. Current techniques used to improve surface finish include; milling, 

sanding, grinding, bead blasting, abrasive or polishing [70, 71]. L-PBF parts often have built up 
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Laser Polishing parameters 

Key parameters documented in literature, for established LP strategies, primarily focus 

on laser power, laser scan speed, laser overlap, laser scan pattern, laser spot size and the laser 

energy density [80]. Table 2-4 defines each relevant parameter.  

Table 2-4 Laser Polishing Parameters and definition 

Laser Polishing 

Parameter 

Definition 

Laser Power (W) Laser Power is a measure of energy supplied at a set wavelength, controlled by 

machine settings.  

Laser Scan Speed (mm/s) Laser Scan Speed refers to the passing velocity of the laser, with respect to the laser 

path during polishing. This parameter is also controlled by machine settings.  

Laser Overlap (µm)  Laser Overlap is the distance from the centre of the parallel laser line to the next.  

Laser Spot size (µm) The size of the laser focus after it has travelled through the directional mirroring 

system and focusing lens onto the build area.  

Laser energy density  The laser energy density is a combinative measure of the relationship between laser 

power, feed rate and the spot diameter.  

Assist Gas The gas used to inert the process chamber to help prevent oxidation 

 

Laser Power and laser speed are the most varied parameters in determining the best 

methodology to improve surface roughness using LP. Most other studies review the effect of 

different assist gases (Argon and Nitrogen), laser overlap (hatch spacing), laser spot sizing and 

number of passes [61, 71, 76, 78]. These studies measure the improvement of surface texture 

through a study of surface and material characterization techniques; surface profilometry, SEM, 

X-Ray diffraction, electron back-scatter diffractometry, white light interferometry, hardness 

testing through micro/nano indentation, glow discharge emission spectroscopy and several other 

methods. Techniques used in this study are listed with further definition, for the readers 

understanding, in the methodology (Chapter 3). 
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2.3 NON-DESTRUCTIVE TESTING IN AM  
 

2.3.1 DEFECTS IN LPBF PARTS AND DEFECT FORMATION MECHANISM  

  

Defects exist in all metals. The size of the artifact can range from faults on an atomic 

scale that are inherent to crystallographic structures, or larger flaws that are introduced during 

fabrication and processing. Not all defects cause failure, but it is important to observe the flaws, 

rectify them where possible, or discard faulty components. Defect is a generalized term to 

describe microstructural anomalies for any of these cases and not always related to mechanical or 

cyclic failure [81]. Defects can be characterized by several factors including their origin and 

shape.  

 The microstructural features in AM components (i.e., powder particle size, surface and 

layer texture, solute distribution etc.) are influenced by variations in process parameters and 

material characteristics. The variation of these parameters may induce defects within the layers 

of the printed part. Table 2-5 presents the defects found in LBPF AM parts, taken from a summary 

provided by Everton et al [36]. The following sub-sections provide further detail on the defect 

description and defect formation mechanism. Numerous studies [82-84] (e.g., Rombouts et al and 

Slotwinski and Garboczi) document the effect of laser power, scanning parameters, layer 

thickness, hatch spacing, powder feed rate, powder size distribution and surface chemistry on the 

final microstructural characteristics and quality of the deposited material. To date, the combined 

influence and correlation between all related parameters, is yet to be understood, requiring more 

robust process models and critical experimentation.  

Microstructural Anomalies  

Defects within Metal AM parts resemble those commonly found in the casting process 

[38, 85]. Structural and mechanical flaws can form during the fabrication process and in the post-

processing treatments. Anomalies in casting, exhibited in AM parts as well, include segregation, 

holes, and porosity, trapped gas pores, shrinkage and piping, inclusions, shrinkage, and piping 

[38, 39, 86, 87]. Misapplication of post-process manufacturing can lead to cracking, surface 

defects, release of shield gas pores within the part, residual stresses, and embrittlement effects 

within the AM part.  
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difficulty in isolating signature signals indicative of defects (particularly crack initiation). One 

study found by Strantza et al [109], documents the use of AE for crack detection post print using 

elastic waves that are emitted in a medium due to crack nucleation or propagation. It was surmised 

research into acoustic ultrasound and resonance testing should be explored to see the effect of 

trapped powder within the part on the reading of transmitted and received signals on an 

oscilloscope. However, this research, though prominent for novel contribution, was only briefly 

explored (Chapter 5 discussion) due to the time restriction and focus on other quality strategies 

tied to feedback control.  

The defective mechanisms that occur in metal AM parts as described above, can primarily 

be related to un-fused powder or trapped gases. Research documents various NDT technologies 

and sensors that examine the melt pool, each layer individually or multiple layers together, the 

feedstock feed rate, heat-affected zone, thermal profiles, signature acoustic sound waves etc. Most 

techniques singularly focus on one issue, which has resulted in commercial entities releasing 

machines with many sensors. The vast amount of data, collected by these sensors and NDT health 

monitoring systems, require supercomputers to store and process the data. In the last 2 years focus 

on NDT research for AM process certification has evolved from adapting existing NDT 

technologies to fit into AM production lines, to using image processing and object identification 

methods to move toward a machine learning and deep learning solution. However, these systems 

are expensive and singularly focused on AM machines made by the same manufacturer. Limited 

information is publicly available for commercial NDT AM systems, i.e., for other researchers and 

companies to improve on the solution. This research exposed an opportunity to create an open 

source, adaptable solution that could work in multiple research environments. Consequently, this 

study explored in-situ thermography and digital layer-wise capture with a low-cost solution, and 

subsequently developed a quality strategy linked to feedback control, defect identification and 

minimization. The following sections detail the background literature and explore solutions to 

discover an appropriate low-cost NDT quality management strategy and build set-up.  
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Table 2-11 Thermography Classifications 

Technique/Classification Definition  

Passive Thermography Monitoring a heat signature on a specimen using a thermal camera 

Active Thermography Inducing a heat flow by an energetic excitation of a test object through 

Electrical, Ultrasound, Induction, Optical or thermal means, and 

observing the test specimen using a thermal camera 

Internal Excitation  Internal Excitation (Electrical, Ultrasound, Optical and Induction), has a 

set energy source that excites the test specimen constantly and the IR 

radiation emitted from the part is then measured by a thermal camera.  

External Excitation External Excitation (thermal/optical/water/air) is a triggered energy 

source that is pulsed or locked in for a period, the effect is observed by 

the thermal camera.  

Pulsed Phase 

Thermography 

A pulse of energy is supplied to the test specimen, which launches a 

thermal front that propagates under the surface of the part by diffusion. 

The duration of the pulse is variable depending on the thickness of the 

material.   

Lock-in/Modulated 

Thermography 

The lock-in thermography principle applies a periodic input energy 

(Excitation) to the surface of an object being examined and analysing the 

resulting local temperatures on the surface of the object.  

 

Active Thermography 

A heat flow is induced by an energetic excitation of the test object, which can be done in 

a transmissive or reflective setup. The resulting heat flow is influenced by interior material layers 

and defects. A transmissive (source under the part) set-up is ideal for penetrating larger samples, 

whereas a reflective set-up (source pointing toward the surface of the part) can penetrate a small 

depth of the sample. Many researchers prefer the reflective set-up in applications because very 

seldom they have access to both sides.  

In metal AM, only the top surface of the part is accessible, therefore a reflective set-up 

using lock-in thermography was considered to reduce the required excitation power and the data 

acquisition requires one lamp like the spectral reflectometry set-up.  

Lock-in Thermography (LT)  

LT was derived from a technique in which a miniscule surface area is periodically 

illuminated by a modulated laser beam to inject thermal waves into the specimen [122]. The 

thermal response is recorded simultaneously through an infrared detector and decomposed by a 

lock-in amplifier to extract the amplitude and phase of the modulation. This phenomenon is also 

known as photothermal radiometry. LT can consist of a simplified set-up using a halogen heat 
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source for example. Halogen lamps are a low-cost solution compared to flash lamps and other 

heating sources. The second requirement is the infrared detector (with the camera as previously 

described, 320 x 256 or 640 x 512) and the third hardware with LT software to mathematically 

extract the amplitude and phase of the response. The relevant theory is further discussed in 

Chapter 3 with relation to the application. Ibarra-Castanedo et al documents a comparison of 

different active thermography techniques to detect defects in honeycomb structures. The review 

concluded LT and pulsed phase thermography to output clearer raw thermal images (more visible 

defects), however the defects were quite large (< 1 inch). The leading research for thermography 

in AM, Krauss [120, 124] documents several thermal, digital and pyrometric device set-ups to 

monitor the build external to the printer through the germanium viewing glass to detect defects 

within the 40µm to 500 µm range. The observed flaws were induced artificially into the print and 

exhibited a decelerated cooling characteristic due to the lower heat conductibility. The use of a 

bolometer in the study eliminated the need for an active excitation source. The methodology 

detailed in the subsequent chapter takes inspiration from both experimental designs.  
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Table 3-1 Calibration experimental set-up for DMP ProX 100 scan parameters 

Cube (as labelled in 
Figure 3-5) 

Laser Power (%) Laser Power (W) Laser Defocus 
(mm) 

1 98 49 -4 
2 98 49 -3 
3 98 49 -2 
4 98 49 -1 
5 98 49 0 
6 98 49 1 
7 98 49 2 
8 98 49 3 
9 90 45 0 
10 85 42.5 0 

 

3.1.2 RESULTS OF CALIBRATION TESTS FOR BEST SCAN SETTINGS  

 

During the calibration test key checks to assess which setting work best includes the 

sparks flying as the laser melts the powder, and voids (Figure 3-4) or inclusions (roller will not 

move over the part), discoloration (burning the powder), and finally any areas of shrinkage when 

the part is completed. The test specimens printed at - 2mm and + 2mm laser defocus showed good 

sparking (lots of sparks), and coloration on the surface throughout till the final print layer. The 

next test examined the effect of two different laser powers (90% and 98%) with these two 

defocuses with test cubes printed across the build platform. Figure 3-6 illustrates four of the build 

plates from the test. The + 2mm defocus and 98% laser power was chosen as the scan parameters 

based on even performance across the build plate (no shrinkage, no burnt layers, micro-voids etc). 

These settings were then applied to tensile specimens to determine if the tensile strength of the 

printed part matched the datasheet specifications of 1100 MPa ± 50. Confirming this, 98% laser 

power and + 2mm defocus was used for all experiments across the case studies presented in this 

thesis.  

Figure 3-5 Capture of calibration plates with Table 1-1 laser parameters 
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3.2.1 CHEMICAL COMPOSITION  

 

   
Figure 3-7 Selected images from spectrum analysis of recycled SS 17-4 PH powder 

The images in Figure 3-7 illustrate the state of SS 17-4 PH after being recycled and reused 

following several prints. The images were taken in a Zeiss EVO MA25 scanning electron 

microscope (SEM) equipped with an energy dispersive X-ray spectrum analyser (EDX, Oxford 

Instruments). Several images were taken with eight measurements of detected elements and their 

ratio. The average is presented in Table 3-2. 

Table 3-2 Chemical composition of SS 17-4 PH powder comparing the data sheet specification vs the recycled state of 
the powder 

Data sheet specification (%) 

Si Cr Mn Fe Ni Cu Nb 

<1.0 15.0-17.0 <1.0 Balance 3.0-5.0 3.0-5.0 0.15-0.45 

EDX analysis of recycled powder (%) 

Si Cr Mn Fe Ni Cu Nb 

0.83 17.38 0.85 71.76 4.7 4.22 0.27 

 

3.2.2 MECHANICAL PROPERTIES FOR PARTS BUILT IN A DMP PRO  X 100 

 

The table below provides a summary of reference mechanical properties taken from the 

DMP ProX 100 datasheet.  

Table 3-3 Summary of Mechanical Properties from the DMP ProX 100 datasheet 

Mechanical Property As built  After post heat treatment  

Ultimate Tensile Strength (ASTM 

E8)  

1100 MPa ± 50 1300 MPa ± 50 

Yield Strength (ASTM E8) 620 MPa ± 50 110 MPa ± 50 

Elongation at Break (ASTM E8) 16% ± 2.0 10 % ± 2.0 

Hardness  300 ± 20 HV5 400 ± 20 HV5 
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DMP ProX Manufacturing Software 

 
Figure 3-10 DMP ProX Manufacturing Software Interface 

   
Figure 3-11 Laser Speed 100 mm/s 

with appropriate compensations 
Figure 3-12 Laser Speed 500 mm/s 

with appropriate compensations 
Figure 3-13 Laser Speed 1000 mm/s 

with appropriate compensations 

   
Figure 3-14 Creating zone layers to 

polish 1x 
Figure 3-15 Creating zone layers to 

polish 3x 
Figure 3-16 Creating zone layers to 

polish 5x 

 

Set style to 

Hexagons or 

Outline 

Set Laser Power, 

Speed, Spacing, 

Defocusing 

Set Laser Speed 

Compensations  

Set different laser 

parameter profiles  

Set different laser 

pattern profiles  
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30 50 1 - - - 
30 100 2 - - - 
40 50 1 - - - 
40 100 2 - - - 
50 50 2 - - - 
50 100 1 - - - 
60 50 2 - - - 
60 100 1 - - - 
70 50 2 - - - 
70 100 1 - - - 
80 50 2 - - - 
80 100 1 - - - 

 

 Once the results for the top surface DOE was analysed (results in Chapter 4), the 

subsequent studies focused on the interaction between laser power, laser speed and laser polishing 

runs The RPD L9 DOE in Table 3-7 was created for each outline surface mentioned in Table 3-5. 

Each DOE (total of 6) was run for 4 trials.  

Table 3-7 DOE for outline surfaces including the vertical, angled and inner channel surfaces for in-situ laser polishing 
of DMP ProX 100 printed SS 17-4 PH samples.  

Input Parameters Output Parameters 

Laser 

Power (%) 

Laser Speed 

(mm/s) 

Laser 

Polishing 

Runs 

Surface Profiling 

(Ra,Rz,RSm) 

Mechanical 

Hardness 

Layer 

thickness 

60 100 1 - - - 

60 500 3 - - - 

60 1000 5 - - - 

70 100 3 - - - 

70 500 5 - - - 

70 1000 1 - - - 

80 100 5 - - - 

80 500 1 - - - 

80 1000 3 - - - 

 

Testing Analysis to Characterize the Polished Specimens  

Topographical characterization of surfaces can be performed using quantitative testing 

such as surface profilometry or mechanical hardness testing. Alternatively, high resolution 

imaging solutions such as an optical microscope or scanning electron microscopy (SEM) can be 

used to observe and measure flaws or surface abrasions in the micro or nano scale. A combination 

of these techniques and their relevant testing standards have been used to analyse the test 

specimens from the above DOE experiments (Table 3-8).  
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The methodology for CS2 highlights the practical work done to develop the in-situ 

imaging system, capture the 2D layers with varying light intensity and use image processing 

algorithms (python with OpenCV) and Solidworks modelling and simulation. Chapter 5 goes on 

to examine the output of the work done and present a discussion surrounding the experimental 

study chosen and other solutions considered with the brief experimentation performed with 

thermal and acoustic NDT methods. 

This case study is categorized into 2 key quality assurance goals that were the driving need 

for this study: defect analysis and feedback control.   

Aim  

To use Machine Vision (MV) to extract the surface profile characteristics from 2D images 

of each layer of a DMP ProX 100 part. Then compare image processing techniques to replicate 

the surface characteristics as a 3D model to be used in a FEA analysis. This is to create an NDT 

instrumentation that can be adapted into other L-PBF printers as a low-cost research tool. The 

aim of this study was to provide the groundwork required to progress NDT research past layer 

capture and defect identification by focusing on the following research goals:  

1. Characterizing surface defects with 2D layer wise DMP ProX SS 17-4PH part 

capture and using feature detection algorithms to differentiate between the 

correctly melted areas and the defective areas. 

2. Compare 3D extrusion methods to recreate the 2D images as a 3D layer (depth 

matching the layer thickness of the AM machine) and then model the stacked 

layers as a 3D replication of the printed part and perform FEA analysis on it.  

Hypothesis 

 

How can porosity in a metal AM part be characterized using an NDT quality 

strategy? How can an NDT strategy be developed to detect the impact of crack size in a 

metal AM part on its the fatigue strength and failure? How can you guarantee file security 

in AM parts ? 

Chapter 2 highlights the key defects found in L-PBF parts, including pores (gaseous, 

unfused powder, and elongated micro-cracks), residual stresses and surface defects. The highest 

percentage of defects residing within a Metal AM part can be linked some form of porosity within 

the part. Porosity in this study is an over-arching reference to surface texture (profile/defects) in 

AM parts. The laser melting nature of the L-PBF process induces a level of porosity (defined in 

Chapter 2), and Metal AM designers and fabricators will often adjust the printing parameters to 

mitigate or manipulate the porosity. Typically, theoretical porosity prediction algorithms are used 
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brightness and darkness. Studying the degree of illumination (represented by a number between 

0 to 255 on the grayscale spectrum) through image processing aids the creation of a 3D surface 

map. There were 3 methods considered to achieve a 3D replication of the print file; 3D texture in 

Solidworks, DXF file creation from the 2D image with Inkscape, and a basic surface plot in 

MATLA B generated into an STL file (these methods are described in further detail later). It is 

hypothesized that each method will be advantageous in either more accurately representing 

the curvature of the surface profile for modelling and simulation or be a more efficient 

method for creating the 2D scanning patterns required for feedback to the AM machine to 

test the impact of laser polishing to improve defective areas within the part and improve the 

overall surface finish.  Because the aim of this study is twofold, the end-result will be to measure 

each solution against its ability to satisfy this hypothesis.  

3.4.1 METHODOLOGY  

 

Retro-fitment of image capture system within the DMP ProX 100 for NDT quality 

strategy development studies  

This section details the testing rig developed for the NDT quality strategy in tandem to the 

surface profile characterization study. To implement a digital and thermal camera system within 

the DMP ProX 100, several modifications and considerations were required. These modifications 

included electronic wiring access to run power cables to the image capture system and the 

replacing the removable back plate with a custom made one designed to mount the actuation 

system described further ahead. The aim of the design was to focus on a low cost, versatile design 

that could be used in other applications/printers. The system catered to layer-wise capture, rather 

than videoing the melting process (focusing on the melt-pool or laser energy-density). The 

restrictions and design specifications are as follows. 

Design Specifications 

Working within the fully enclosed and inerted DMP ProX 100 printer, required many 

considerations to accommodate the design restrictions. The only restrictions on the cameras used 

in the subsequent studies, was to be compact and remain out of range of the laser (when melting) 

and the roller (when spreading the powder). The main consideration whilst retrofitting the 

imaging system was to ensure, if the system were removed the printer could be restored back to 

its original state. Determining an access point for any cables running into the printer and ensuring 

any foreign objects introduced into the printing chamber were enclosed in stainless steel was 

challenging. Considering these restrictions, the key design specifications are listed below.  
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Size of the Printer Chamber 

 Figure 3-22 illustrates the shape and size 

of the DMP ProX 100 printing chamber. To 

retrofit the imaging system described ahead and 

ensure the printer could be returned to its original 

state, the back plate was replicated and modified 

for mounting the components to. As every 

component was enclosed in Stainless Steel, there 

was considerable weight to support and the back 

plate screwed in with the many holes shown in 

Figure 3-23, held the plate securely to the printer. 

Additionally, it provided a stable, removable, 

and adaptable surface to mount the components 

against with nuts and bolts.  

Electronic Equipment Power Source 

and Access 

 No cables run into the printing chamber 

which is completed sealed with Stainless steel. 

The only access in was to drill a hole into an 

entry point on the printer (steel back plate or 

exhaust tubing taking the air out of the printer). For the most non-evasive solution the exhaust 

tubing was select. The tubing was cut, and an extended hollow steel cylinder was inserted and 

clamped to ensure no air could escape. A hole was drilled into the steel sleeve and the power 

cables for the electronic equipment was inserted, then closed and made airtight with a setting gel 

sealant.  

Stainless Steel Chamber 

 All components (actuators, nuts, bolts, electronics, mounting brackets etc..) were either 

made or enclosed in Stainless Steel to stop the loose powder circulating in the chamber from being 

contaminated or reacting with a foreign material. While the enclosure was not heated, there was 

a heating element on the right side of the laser that could get as warm as 40ºC (measured with a 

thermal camera), creating an area to avoid for any plastic cables running along the steel back 

plate.

 
Figure 3-22 DMP ProX 100 printing chamber 

dimensions 

 
Figure 3-23 DMP ProX 100 printing chamber back 

plate dimensions 
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 Digital and Thermal Camera Imaging System Retrofitted into the DMP Pro X 100 

Metal AM machine 

The original chamber without any 

modification is displayed in Figure 3-24. Figure 

3-25 and Figure 3-26 illustrate the retrofitted back 

plate, actuation system, electronic control box, 

digital and thermal cameras. The back plate was 

waterjet cut to match the original plate with the 

addition of mounting holes and a measurement 

grid to align the cameras directly above the center 

of the build plate with a set focal distance. A 

Raspberry Pi 4B+ was chosen as the control board 

within the printer, due to its hardware capabilities, 

desktop environment and WIFI module that 

enabled VNC viewing and remote control of the 

system. The actuator was chosen to travel 

specifically 100 mm (the distance from the center 

of the build plate to minimum distance out of laser 

range). Additionally, it had to hold the weight of 

the two cameras, lens, and the mounting bracket 

of considerable weight. The product 

specifications for every component chosen in this 

system is detailed in Appendix A. Relays were 

used to control the halogen lamp (extra light and 

heat for thermal tests) and actuator. Initial designs 

attempted to power the electronics using a battery, 

but the battery was too large for the chamber and 

needed appropriate shielding and recharging. 

Without the battery, the printer was not opened for 

maintenance until the usual cleaning time for the 

entire printer and system, reducing the wastage of 

nitrogen gas. A custom PCB was created to 

transfer power from a single source to each 

component.  

 
Figure 3-24 Original DMP ProX 100 build 

chamber 

 
Figure 3-25 DMP ProX 100 printing chamber with 

retrofitted imaging system 

 
Figure 3-26 Front View of the DMP ProX 100 

printing chamber with retrofitted imaging system 

Electronics 

Enclosure 

Digital and Thermal Camera 

Actuator 
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Python GUI to control thermal and digital camera imaging system   

To operate the imaging system for capture, save images, adjust the camera settings and 

perform post processing of the thermal imaging video files, a unique Graphics User Interface 

(GUI) was created for the Digital Camera (Figure 3-27) and Thermal Camera (Figure 3-29). 

Additionally, the GUI enabled remote control (using TeamViewer to control the Raspberry Pi 

module) of the actuator and halogen lamp to move the cameras out of laser range. To 

geometrically correct the distortion of the digital images, a checkerboard camera calibration 

(Figure 3-28) with OpenCV image processing techniques, was used. The thermal imaging GUI 

script was designed using a modified version of pre-existing lepton developers code for the 

prethermal breakout. The post-processing GUI for the thermal camera (Figure 3-30), processed 

the thermal videos for frame-by-frame analysis of the thermal gradients and its change over time.  

 

 

Figure 3-27 Digital Camera GUI Figure 3-28 Digital Camera Checkerboard 
Calibration 

 
 

Figure 3-29 Thermal Camera GUI video capture Figure 3-30 Thermal camera video post processing for image 
capture 
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These processes were performed on a Windows10 operating system, with an Intel(R) Core (TM) 

i7-7700HQ 2.80GHz CPU, a NVIDIA GeForce GTX 1050 GPU and 16GB RAM. A combination 

of Visual Studio 2019 (with python and OpenCV) and MATLAB 2021b (C++ and the Image 

Processing toolbox) was used. The code for pre-processing images up to edge-detection is readily 

available online. Because the aim of this experimentation was to focus on generating the 3D 

analysis model, aside from comparing the different edge detection techniques for each image, 

most of the development was focused on sizing the parts, defects and determining how to create 

the 3D representation of the layers, to be used for feedback to the DMP ProX 100 manufacturing 

software, the machine and to import the layers as a CAD file into Solidworks for analysis.  

Raw Data and Grayscale Images 

 Figure 3-33 and Figure 3-34 illustrate the raw image captured with the digital camera for 

the standard layer and the defective layer. Below them Figure 3-35 and Figure 3-36 exemplify the 

digitally converted grayscale image (RGB to grayscale), used in the subsequent methods.  

 
Figure 3-33 Original standard layer image with no 

processing 

 
Figure 3-34 Original defective layer image with no 

processing 

 
Figure 3-35 Grayscale standard layer image 

(MATLAB)  

 
Figure 3-36 Grayscale defective layer image 

(MATLAB)  
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Edge-Detected Images 

For the readers understanding and exemplification of the effect of various edge detection 

algorithms that can be used, illustrated below are in Table 3-10 are examples of five most common 

edge detection algorithms applied to the grayscale layer images shown previously. The different 

edge detection methods use various pixel comparison and line matching methods to detect 

illuminated outlines in an image. The gray powder existing in the background and in the 

synthesized defect areas are eliminated from the part. The scatter of detected edges around the 

part is partially due to the powder splatter created when the laser beam hits the powdered stainless 

steel. 

The most common edge detector is the Canny operator, which was selected in some of 

the applications described ahead. Thresholding with erosion and dilation was applied to eliminate 

edges not part of the melted part area in both images.  

 
Table 3-10 Edge detection algorithms applied to the grayscale images for the standard and defective part layer 

Edge 
Detection 
algorithm 

Standard Layer Defective Layer 

Canny 

  

Sobel 

  

Roberts 
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Log 

  
 

 

Method to digitally size the part and defects  

A known and popular methodology is applied to this study to digitally size the 

manufactured part and defects within the captured image. This method surrounds the 

findContour s function, a popular OpenCV tool used to detect changes in color and mark it as a 

contour.   To add a metrical measurement to the images, the first step was to determine the number 

of pixels on one part edge. Because the size of the part edge is known (15mm), a digital image 

processing software called ImageJ was used to quantify the image. The measurement function 

within the software enables you to digital draw a line along the edge of the part and outputs a 

summary of the length of the line in px (pixels). The images captured in this study for each part 

were taken with the camera focused on the same dimensional area of the build platform. 

Regardless, to assure accuracy in this manual measurement process, several measurements were 

taken from different images and averaged to determine the average number of pixels in the 15mm 

edge was 405 px. Therefore, following this determination, basic arithmetic was used to calculate 

the px per mm for each image, i.e., 405 px was divided by 15 mm, resulting in the conversion 

factor for marking each edge, accordingly, knowing 1mm equates to 27 px. Similarly, for other 

sample sets of images where more than one part was printed, the same methodology to determine 

the px per mm was used.  

The findContour s function is dependent on the elimination of undesired pixels. Before 

the findContours function is applied, the process leading up to the edge detection shown 

beforehand is followed first. Thresholding (cv2.threshold()), eroding, (cv2.erode()) and dilating 

(cv2.dilate()) the edge detected image will affect the pixel density depending on the type of 

thresholding, and level of pixel erosion or dilation. The OpenCV library functions are called using 

cv2 (imported library). After the findContours function is applied, a for  loop is used to check the 

size of contour found and used as an undesired pixel elimination strategy to clean up the image 

and detect only the contours surrounding the manufactured part. Then in combination with the 

calculation for px per mm, lines are drawn to enclose the part in a rectangular box and the height 

and width of the box is displayed in mm on the original image of the manufactured part (result 

displayed in Chapter 5). Once the size and pixels belonging to the manufactured part in the image 
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is known, it can be extracted cropping the image using the top left and bottom right points of the 

detected part profile. The programming code for each of these steps is detailed in the Appendix 

C. To assure the difference between the melted part area the SS powder, using a NumPy array 

and PIL functions, the pixels were set to either 0 or 255, white representing the melted areas and 

black for the powdered or defective areas. The cropped image is then gray scaled, with 

morphological operators applied, then edge detected. Before running the findContours function 

the image in inverted by subtracting each pixel from 255. to inverse the same contour detection 

process to now highlight and measure defective areas (synthesized and real) in the image. Altering 

the size of the dilation kernel and iterations impact the bounding box around the detected contour 

profile for the defects.    

3D model extrusion methods 

The end goal of the machine vision defect defection study was to develop a solution that 

could enable feedback to the DMP machine laser settings to remelt defective areas. To determine 

the method required to investigate a solution that could meet this end goal it was important to first 

consider what an output file required to enable the feedback to the DMP machine would look like. 

The DMP machine laser characteristics are controlled by a software dedicated to the 3D System 

DMP machines called DMP Manufacturing. The input file required for the manufacturing 

software is a STL file. The STL file is imported into the software and the model of the required 

part print is placed onto a replica of the 100mm x100mm build plate on which parts are additively 

manufactured. The part is then sliced into layers according to the layer thickness set on the 

machine which is by default 30 µm. Each of these sliced layers are imbedded with the laser 

scanning pattern (hexagonal) and laser melting settings.  

Understanding this process, to create a laser scanning pattern file, created a point to work 

backward from. The end goal of this strategy could be more specifically defined to acquire an 

STL file that contains a 3D model reconstructed with the areas of the printed part that need more 

laser melting (unfused particles, voids, pores etc.). The steps detailed below reflect the thought 

process followed to reach the 3D model stage.   

1) Capture the printed layer 

2) Analyze the layer for variations in the surface profile and feature match areas of 

unfused powder where it should be fused.  

3) Use this analysis to create a method to replicate the profile an exemplify the variation 

in a 2D grayscale spectrum. 

4) Determine a method to take the 2D spectrum and extrude it the 30 µm height to match 

the layer thickness setting of the machine.  
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processing tools, and CAD software. But attempting to extrude just the contours of the defective 

edges was a difficult process. The defects were present on a micrometre level, this meant there 

were a lot of potential data points aside from the synthesized defects. Typically, you can import 

an image into Solidworks as a sketch and use the auto trace function on the black and white pixels 

to trace around the edges of the coloured pixels you select with the eye dropper tool. Several 

attempts to do this resulted in partial detection on the defect contours. Alternatively, you could 

use the in-built sketch tools to manually trace around the desired pattern. However, due to the 

sheer number of contours to trace, instead of continuing with manually tracing each layer for 

hours, which is not a viable method to recommend to other researchers or industry professionals, 

other methods were explored.  

 

Figure 3-37 3D texture extrusion method 

The second method (Figure 3-37 3D texture extrusion method) was the discovery of a 

new tool added in 2019 to Solidworks, called 3D texture. 3D texture works to create a texture 

profile of an imported image pattern onto a part face. The tool extracts the pixel definition, edges 

of the pattern profile and gradient of white or black for each pixel. The tool then extrudes out the 

whiter pixels and cuts into the part face where the black pixels are. You can specify the depth of 

the profile and the number of artifacts it detects down to the size of the defect. Using this tool, a 

3D model of 15-part layers of the standard model was created and joined together in an assembly. 

The final rendering of the part resembled rough peak-like edges caused by the layering effect. 

This is not considered the most accurate method for reconstructing the printed part, and aside 

from providing a visual model, the FEA analysis on the assembly of layers was unsuccessful. The 

issues related to FEA analysis of the part, are discussed in depth in Chapter 5.  

 

Figure 3-38 Bitmap Trace and DXF contour extrusion 

Reaching another obstacle in creating the 3D model and layer files, importing a sketch 

was reconsidered. Only this time it was not a sketch, but a DXF file that had the contours and 

edges detected and drawn. Using a software called InkTrace, the grayscale layer images were 

imported into the workspace. InkTrace is a great software tool to quickly extract shape contours 

in an image and save the extracted features as a DXF file (importable into Solidworks). The steps 

to achieve the DXF, include using the trace bitmap function, setting your speckle amount, 

Black and white 2d 
image

Create 15mmx 
15mmx30 um layer 

in solidworks

Place 2D image on 
top face as a 

pattern

Apply 3D texture to 
the face

Black and white 2d 
image
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3.5 SUMMARY  
 

This chapter has explored different methodologies in response to the research aim of each 

case study within this thesis.  The chapter is sectioned to focus singularly on the two key cases 

studies that target surface finish improvement and surface finish monitoring. The surface finish 

improvement methodology details a strategy to in-situ laser polish the outline of DMP ProX 100 

parts and determine if there is a significant improvement in surface RA, RZ, RSM, and layer 

thickness. Using Taguchi DOE, an experimental study was performed to test different laser 

parameters, part surface angles, and measure the change in surface profile parameters, mechanical 

hardness, and elemental analysis. This study is detailed in Chapter 4, with results, statistical 

analysis, and a discussion surrounding the impact the results have on surface finish improvement 

for metal AM parts.   

Surface finish monitoring refers to an assessment of the layer topography through 

different NDT techniques. The progression of digital imaging technologies, image processing 

strategies and software has helped to quickly push this research from the image acquisition stage, 

to discovering the best method to represent the 2D layer image in terms of pixel intensity, defect 

detection and part detection with metrical sizing. This chapter details the work done with digital 

imaging, but thermal imaging and acoustic techniques were also briefly explored in this doctoral 

study. This is touched upon in the subsequent chapters, as the solutions explored were constructed 

with inexpensive hardware, but were not within the time scope of this doctoral research to 

significantly explore. Chapter 5 presents the results of image processing and segmentation 

described here in Chapter 3 and discusses the optimization of these strategies to create an in-situ 

NDT monitoring system, with digital image processing to access the surface profile of each layer 

and replicate areas that could potentially be improved by another laser scan.  
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such, it was interesting to observe the performance (in the outline tests) of these 3 laser power 

settings, combined with higher scan speeds. A change in weld-line thickness on the surface of the 

samples was observed, but no statistical correlation can be made between the improvement and 

the influence of the corresponding input variables. The change in hatch spacing likely had the 

greatest effect on the weld-line thickness, however without at least one more independent 

variable, this statement cannot be made with some statistical confidence.  

 

The SEM visual inspection revealed voids on the surface of the printed parts that had a 

higher measured surface roughness value. There was some discoloration and burning on some of 

the samples corresponding with the repetition of lasering the surface twice. This experiment gave 

some insight into the inconsistency of the process for building in different sections off the build 

plate. In some test specimen corners there were defects present on the surface of the samples prior 

to the repolishing test. For this reason, in carrying out the outline experimentation, samples were 

placed in a randomized order and any samples which built with voids visible during the building 

phase were discarded and re-printed to ensure a fair test was carried out.  

 

The surface of the test specimens was lightly sanded (smoothen the surface), to achieve 

a measurable indent required to test the mechanical hardness of the sample. The mechanical 

hardness of the samples (Table 4-2) did not show any significant drop or increase over the the 

standardized margin for mechanical hardness of SS 17-4PH parts. There could be some variation 

in mechanical hardness if all surfaces off the test specimen were to be repolished and this could 

change in respect to the specimen thickness. It was not within the scope of this study to examine 

the variation in tensile strength or fatigue strength, which would have provided further 

understanding of the effect of these repolishing tests on the mechanical properties of the altered 

test specimen. Further optimization of the following outline tests and a study of the consequence 

on layer-line thickness as an independent control variable (future work recommendation) could 

be a better point at which to perform and analyze these properties. Documented research 

  
Figure 4-4 - T samples Mean of Means for Ra (Surface 

Roughness) 
Figure 4-5 - T samples Mean of SN ratios for Ra 

(Surface Roughness) 
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inferences a better surface roughness should result in higher mechanical strength and endurance 

with the reduction of surface defects.   

 
Table 4-2 RPD L16(8^1 2^2) experimental design for horizontally printed samples (- T),  

Ref. Laser 

Power 

(%)  

Spacing 

(um) 

Repetition Surface 

Roughness 

Ra (um)  

Surface 

Roughness 

Rz (um) 

Surface 

Roughness 

RSm (um) 

Hardness 

(HV) 

Weld-line 

Thickness 

(µm) 

ORIGINAL  14.11 71.87 0.409 335.05 84 
T1 10 50 1 13.64 71.19 0.409 335.3 81 
T2  10 100 2 13.98 65.43 0.413 307.6 117 
T3 20 50 1 13.69 74.58 0.436 357.9 86 
T4 20 100 2 14.58 73.35 0.378 359.6 90 
T5 30 50 1 14.03 75.61 0.426 349.2 90 
T6 30 100 2 14.76 74.89 0.427 321.5 93 
T7 40 50 1 14.26 75.37 0.406 328.4 137 
T8 40 100 2 14.92 78.31 0.393 335.6 83 
T9 50 50 2 13.69 77.21 0.404 340.3 56 
T10 50 100 1 13.94 75.99 0.436 328.4 81 
T11 60 50 2 13.68 78.91 0.451 348.4 61 
T12 60 100 1 12.78 71.24 0.474 324.6 91 
T13  70 50 2 12.69 68.89 0.438 335.8 68 
T14 70 100 1 13.37 67.78 0.488 355.7 96 
T15 80 50 2 12.79 69.37 0.576 348.5 69 
T16 80 100 1 13.52 69.77 0.465 363.0 108 
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LP within an AM machine offers a unique solution to selectively melt/sinter affected 

areas. The isotropic profile in SS AM parts creates visible peaks and valleys that influence the 

surface profile (especially the Rz parameter). Combining LP with a machine vision technique 

which identifies the peak areas and creating layer slices that target these peaks selectively could 

result in the best LP method where the softened molten steel is relocated into the valleys 

smoothening the surface in the process. However, with the LPBF process this could incur some 

limitations due to the powder surrounding the part. To summarize, this case study confirmed the 

ability of LP to improve Ra for SS 17-4 PH parts during the DMP ProX 100 manufacturing 

process. The study has revealed the potential for further research that will progress the work done 

here, to possibly realize a selective laser melting solution aimed at sections with a higher surface 

roughness. This could be accomplished with an integrated laser optics or detector system and 

feedback control. This approach was considered in case study 2, which is related to the digital 

layer capture and surface reconstruction.  


























































































































































