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Preface 
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performed the experimental work, data collection, and analysis and wrote the first 
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Inconel 718: Densification, surface roughness, and residual stresses. Materials & 

Design, 193, 108818.” Mohamed Balbaa performed the experimental work, data 

collection, and analysis and wrote the first draft. Dr. Sameh Mekheil helped 

perform the experimental work and data collection, revised and edited the 

manuscript Dr. Mohamed A. Elbestawi revised and edited the manuscript. Jeffery 

McIsaac provided the manufacturing facility. 

Chapter 4: A version of this chapter is published as a research article ‘Balbaa, 

Mohamed, and Mohamed Elbestawi. "Multi-Scale Modeling of Residual Stresses 
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Evolution in Laser Powder Bed Fusion of Inconel 625." Journal of Manufacturing 

and Materials Processing 6.1 (2022): 2.” Mohamed Balbaa performed the 

experimental work, numerical modeling, data collection, analysis, and wrote the 

manuscript. Dr. Mohamed A. Elbestawi revised and edited the manuscript. 

Chapter 5: A version of this chapter is submitted to the journal of materials 

processing technology “Influence of Shot Peening on the Fatigue Performance of 

Laser Powder Bed Fusion Fabricated IN625 and IN718 Superalloys”. Mohamed 

Balbaa performed the experimental work, data collection, analysis, and writing the 

manuscript, Ali Ghasemi performed the experimental work, data collection, 

analysis, and co-wrote the manuscript, Dr. Eskandar Fereiduni performed the 

experimental work, data collection, analysis, and co-wrote the manuscript, Dr. 

Kassim Al-Rubaie performed data analysis, and co-wrote the manuscript, Dr. 

Mohamed A. Elbestawi revised and edited the manuscript.  

Chapter 6: A version of this chapter is published as a research article in the 

international journal of advanced manufacturing technology, “Balbaa, Mohamed, 

et al. "A novel post-processing approach towards improving hole accuracy and 

surface integrity in laser powder bed fusion of IN625." The International Journal 

of Advanced Manufacturing Technology (2022): 1-10.”. Mohamed Balbaa 

performed the experimental work, data collection and analysis, and writing the first 

draft Dr. Ramy Hussein performed the experimental work, data collection, and 

analysis, and wrote the first draft, Dr. Lloyd Hackel performed the experimental 
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work, and revised the manuscript Dr. Mohamed A. Elbestawi revised and edited 

the manuscript.  

Mohamed Balbaa 
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Abstract 

This thesis aims to investigate the manufacturability of nickel-based superalloys, 

IN625 and IN718, using the laser powder bed fusion (LPBF) process. The study 

provides a better understanding of the process-structure-property of nickel-based 

superalloys, their fatigue life, and subsequent post-processing. 

First, the process-structure-property was investigated by selecting a wide range of 

process parameters to print coupons for IN625 and IN718. Next, a subset of process 

parameters was defined that would produce high relative density (>99%), low 

surface roughness (~2 μm), and a low tensile RS. 

Second, a multi-scale finite element model was constructed to predict the 

temperature gradients, cooling rates, and their effect on RS. At constant energy 

density, RS is affected by scan speed, laser power, and hatch spacing, respectively. 

Third, the optimum set of parameters was used to manufacture and test as-built and 

shot-peened samples to investigate the fatigue life without costly heat treatment 

processes. It was found that shot peening resulted in a fatigue life comparable to 

wrought heat-treated unnotched specimen. Additionally, IN625 had a better fatigue 

life compared to IN718 due to higher dislocations density as well as the absence of 

γ´ and γ´´ in IN718 due to the rapid cooling in LPBF.  

Finally, the effect of post-processing on dimensional accuracy and surface integrity 

was investigated. A new approach using low-frequency vibration-assisted drilling 

(VAD) proved feasible by enhancing the as-built hole accuracy while inducing 

compressive in-depth RS compared to laser peening, which only affects the RS. 
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These favorable findings contributed to the scientific knowledge of LPBF of nickel-

based superalloys by determining the process parameters optimum window and 

reducing the post-processes to obtain a high fatigue life, a better dimensional 

accuracy, and improved surface integrity. 
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Chapter 1 

 Introduction  

1.1. Background 

Additive manufacturing (AM) started as a rapid prototyping technique with 

stereolithography (SLA) invention during the 1980s. Continuous research and 

development of AM of polymers led to new technologies leading to selective laser 

sintering. However, AM of metals was quite elusive until the early 2000’s with the 

advancement in high power laser that laser powder deposition (LPD) and laser 

powder bed fusion (LPBF) processes were invented [1]. 

The American society for testing and materials (ASTM) defined AM as “a process 

of joining materials to make objects from 3D model data, usually layer upon layer, 

as opposed to subtractive manufacturing methodologies” [2]. This is the crucial 

difference between AM and subtractive manufacturing, where the latter process 

starts with a bulk material then removes over 90% of it to reach the final part. 

Therefore, AM becomes highly advantageous because it produces near-zero 

material waste. In addition, AM can create custom complex designs that are 

otherwise impossible to manufacture using subtractive manufacturing with faster 
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lead times. However, for AM to outweigh subtractive manufacturing cost-wise, it 

must be utilized to produce a low number of highly complex parts such as lattice 

structures, dies, and molds with conformal cooling channels, topology optimized 

heat exchangers, and turbine blades with conformal cooling channels to name a 

few. Therefore, these new designs make AM suitable for different industries such 

as the biomedical, tooling, automotive, and aerospace sectors [3, 4].  

LPBF has been extensively researched and used over the past decade due to its 

capability to produce parts with high complexity, fine features, and relatively high 

accuracy [5]. The LPBF process is schematically shown in Figure 1-1, where a thin 

layer of metal powder is uniformly spread over a bed using a recoater, either a blade 

or a roller. The laser beam selectively melts the powder based on the CAD file to 

form the first layer. Once the layer is exposed, the bed drops by one layer thickness, 

and the recoater spreads another layer, and the process is repeated until the whole 

part is printed. In order to prevent oxidation of the molten material during printing, 

the entire process is carried out in an enclosed chamber filled with inert gas, either 

nitrogen or argon. 
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Figure 1-1 Schematic of the LPBF process [6] 

LPBF can successfully process several alloys, including stainless steel [7, 8], tools 

steels [9], aluminum alloys [10, 11], titanium alloys [12, 13], and nickel-based 

superalloys [6, 14-18], to name a few. Nickel-based superalloys are of particular 

interest due to their superior mechanical properties such as high tensile strength and 

high fatigue life even at high-temperature applications and their corrosion 

resistance [14, 19], making them ideal candidates for the aerospace, marine, and 

nuclear industries. IN718 has a γ face-centered cubic (γ-FCC) matrix which 

acquires its strength from the formation of γ”-body-centered tetragonal (γ”-BCT) 

precipitates, due to the addition of niobium and aluminum, that resists the motion 

of dislocations [20]. The precipitates are stable up to a temperature of 600 ̊ C, above 

which the alloy starts to lose its strength. This high temperature makes IN718 a 

suitable candidate for use in high-temperature applications. IN625 obtains its 

strength through the solid-solution strengthening of the γ matrix with elements such 

as Mo and Cr. Moreover, for both alloys, the addition of chromium, molybdenum, 
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and aluminum improves corrosion resistance to withstand the harsh environment in 

the intended applications, as well as a solid-solution strengthener [21].  

Despite the favorable mechanical properties and characteristics of nickel-based 

superalloys, they are characterized as hard-to-cut materials, which is due to their 

tendency to work harden, low thermal conductivity, which causes a high-

temperature gradient at the tool-workpiece interface, and the formation of carbides, 

all of which lead to a higher tool wear rate. Therefore, nickel-based superalloys are 

considered ideal candidates for LPBF as it facilitates their manufacturability with 

minimal machining required while expanding the design envelope to produce 

highly complex geometries that were not possible using subtractive manufacturing 

[22, 23].  

1.2. Motivation  

The AM market is estimated at 12.7 billion US dollars as of 2020, with the metal 

AM market roughly estimated to account for 20% of the market. LPBF is currently 

the dominant metal printing process because it can produce complex parts with high 

accuracy and fine features. Additionally, it was reported that post-processing such 

as machining, stress relief, hot isostatic pressing (HIP)…etc. account for 27.9% of 

an AM part production cost [24]. On the other hand, the suitability and superiority 

of nickel-based superalloys in highly demanding applications have been 

established, with IN625 and IN718 accounting for 20% and 55% of the nickel-

based superalloys used currently in a different application. Therefore, all three 
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aspects mentioned above, market growth of AM, need for cost reduction, and broad 

demand for IN625 and IN718, drive the need to investigate the whole 

manufacturing workflow end-to-end. Therefore, the investigation would start with 

LPBF of IN625 and IN718 to produce dense parts with good surface integrity to 

explore the possibility of reducing the number of post-processes to obtain parts with 

better mechanical properties. 

Research Objectives 

The main objective of the current thesis is to identify the best LPBF process 

parameters to produce parts with good mechanical properties and the effect of post-

processing on the possible enhancement of the mechanical properties. This 

objective can be divided into the following sub-objectives: 

1. Exploring the process-structure-property (PSP) for LPBF of IN625 and 

IN718 

2. Develop process maps for relative density, surface roughness, and surface 

residual stresses (RS) for both alloys 

3. Development of a multi-scale numerical model to predict the temperature 

gradients, thermal history, and cooling rate, and their subsequent effect on 

RS generation  

4. Selection of an optimum process parameters window followed by tensile 

testing and fatigue testing of as-built and shot-peened samples 
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5. Investigating the effect of post-printing conventional machining processes 

such as drilling and unconventional machining such as low-frequency 

vibration-assisted drilling (VAD) on dimensional accuracy and surface 

integrity. 

6. Exploring the feasibility of reducing the number of post-processes needed 

to obtain AM parts with desirable mechanical properties and surface 

integrity using drilling, VAD, and peening. 

Thesis Outline 

Overall, the main results of this thesis have been written in five journal articles, 

three of which are already published, one is accepted, and the other article is 

submitted to a peer-review journal. The thesis is divided into the following 

chapters: 

Chapter 1 introduces the background of AM, the motivation behind the 

research topic, and the objectives of the current thesis. 

Chapter 2 is the first published journal article addressing the first two 

objectives by investigating the effects of a wide range of process parameters on the 

density, surface roughness, and surface RS in the LPBF of IN625. 

Chapter 3 presents the second published journal article, which covers the 

PSP of LPBF IN718. The study investigates the meltpool dimensions of single tracks 

to help narrow the window of process parameters to be used for printing coupons. 

Process maps were developed for the relative density, surface roughness, and surface 

RS. 
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Chapter 4 is the third published journal article that presents the multi-scale 

finite element (FE) model to address the third objective. Single tracks, multi-tracks, 

and multi-layers models were set up to predict meltpool dimensions, temperature 

history, temperature gradients, and the induced RS. In addition, the effect of the 

individual process parameters on RS was investigated, and the impact of applying 

the same energy density on the generated RS. 

Chapter 5 is a submitted journal article that investigates the fatigue life of 

IN625 and IN718 to fulfill objectives four and six. The optimum process parameters 

were selected to produce high density, low surface roughness, and low tensile RS. 

In addition, the fatigue life of as-built and shot-peened samples was investigated to 

explore the feasibility of obtaining a fatigue life similar to or superior to wrought 

alloy without the need for heat treatments. 

Chapter 6 is an accepted journal article investigating the feasibility of using 

conventional drilling or VAD as a post-process to improve as-built part dimensions 

while improving the surface integrity, specifically by inducing in-depth compressive 

RS. The proposed methods are compared to laser peening, which only enhances the RS 

without improving the dimensional accuracy; thus, using drilling would reduce the 

number of post processing steps and costs required and address the fifth and sixth 

objectives. 

Chapter 7 summarizes the thesis's main conclusions, contributions, and 

suggestions for future work.  
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Abstract:  

Inconel 625 is a Ni-based superalloy widely used in nuclear and aerospace 

applications because of its high strength and corrosion resistance. The current paper 

investigates selective laser melting of Inconel 625 using a wide range of process 

parameters; four laser powers, five scan speeds and three hatch spacings. Cube 

coupons are produced and their end properties are measured, specifically, relative 

density, surface roughness, microhardness and surface residual stresses. Process 

maps are constructed to correlate processing parameters to the part surface 

integrity, and the possible underlying causes are highlighted. Experimental results 

show that highly dense parts can be produced using selective laser melting and low 

average surface roughness can be obtained in both the scan and hatch directions. 

Hatch spacing is the most prominent factor to attain relative densities above 99% 

while high laser powers are key to lower the average surface roughness. 

Microhardness and microstructure examination are done for a subset of the process 

parameters and found to not significantly change with laser power. Surface residual 

stresses are measured on the top surface in the scan and hatch directions and process 

maps are developed. There is no particular parameter that solely affects surface 

residual stresses, despite several cases where the increase in laser power reduced 

the surface residual stresses. 90% of measurements showed surface tensile residual 

stresses except for a few cases that resulted in surface compressive residual stress. 
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τs             Molten droplet solidification time [s] 
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2.1. Introduction 

Additive manufacturing (AM) is a relatively new technology that fabricates a part 

by sequentially fusing material layer by layer. In contrast to subtractive 

manufacturing, AM adds material incrementally, either in powder or wire form, to 

areas where it is needed; leading to high-cost savings [1, 2]. Metal AM gained 

momentum in the industry including; aerospace, automotive and biomedical 

sectors, over the past two decades due to its ability to produce new complex designs 

and a high level of customization. Although currently, metal AM can only process 

reliably about two dozen alloys, it has been successfully used in processing 

aerospace alloys such as; Ti-6Al-4V, Ni-based superalloys and stainless steels [2, 

3].  

The SLM process can be simplified as a block diagram, Figure 2-1, where it has 

two main inputs; namely metallic powder and process parameters. The output is a 

built part with certain mechanical properties that require characterization, such as; 

density, surface roughness, RS, microhardness, to determine the quality of that part. 

 

Figure 2-1Block diagram of the SLM process 

There is a wide range of process parameters to be considered (see Figure 2-2), but 

the most widely used ones are; laser power, scan speed, hatch spacing, and layer 
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thickness. Building a part starts with the exposure of the pre-spread layer of powder 

using a certain laser power value and translating along a straight line at a constant 

speed. However, a series of adjacent scan lines is needed for full exposure of the 

built part. The distance between two adjacent scan lines is termed hatch spacing. In 

addition, there are other factors which include; scan strategy, stripe width, part 

orientation, laser diameter, contouring, and layer rotation [4, 5].  

2.1.1. SLM of Inconel 625 

Inconel 625 is a solid-solution hardened Ni-based superalloy well known for its 

high-temperature strength, corrosion and fatigue resistance. These high mechanical 

properties make it favorable for use in aerospace, marine and nuclear applications 

[6, 7]. However, they are considered as hard-to-cut alloys in subtractive 

manufacturing due to their high-temperature strength, work hardening causing high 

tool wear and welding to cutting tool [8].  

SLM represented an alternate solution to processing these superalloys, thus making 

it the focus of a number of recent studies to understand the behavior during 

manufacturing and the expected outcome. Criales et al. [9-11] studied the effects of 

process parameters on density, melt pool dimensions, grain size, and orientation. A 

statistical correlation was established to correlate process parameters to the 

aforementioned part properties. It was found that maximum density was obtained 

at high laser power (195 W) and medium scan speed (>800 mm/s).  High energy 

density resulted in larger grain size while grain alignment in the build direction was 

achieved at medium to high scan speed. In addition, a sensitivity analysis of process 
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parameters and material properties was performed using a finite element (FE) 

model of SLM [12]. It was evident that laser power, scan speed, and laser 

reflectivity had a dominant effect on the melt pool size and peak temperature. The 

effect of layer thickness on density was examined [13, 14], and it was observed that 

a 20 µm layer resulted in higher density compared to a 40 µm layer thickness. Carter 

et al. [15] expanded the study of density to include five Ni-based superalloys to find 

a minimum threshold for the energy density of 85 J/mm3 above which parts were 

considered fully dense.  

Process maps are a method to represent output properties in term of input 

variables [16]. Such maps were developed based on simulations for melt pool 

dimensions at varying laser powers and scan speeds[17]. The microstructure of 

SLM parts was the second most studied property, and there is a general finding that 

SLM results in a mix of cellular structures, and columnar grains oriented mainly in 

build the direction [6, 11, 18]. 

These columns are primarily fcc-NiCr and shown to be coincident with bct-Ni3Nb 

precipitates using X-ray diffraction (XRD) for phase analysis [18]. Carbides were 

absent in as-built specimen, however; heat treatment resulted in the formation of 

MC type carbides containing Mo and Nb which were confirmed by XRD [19, 20].  

Surface roughness is another property that was measured in a few studies. It was 

found that lowering the surface roughness of the top surface required a low scan 

speed and a higher melt pool overlap while the opposite is true for side surface 

roughness[21]. The use of contour and hatch process parameters was studied along 
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with the inclination angle of the part to the build plate [5]. It was observed that 

surface roughness decreased with increasing scan speed or increasing laser power. 

Increasing the part inclination angle changed the trend by lowering surface 

roughness until a laser power of 140 W then it increases again. However, for both 

inclination angles, the surface roughness on the down skin surface was higher than 

that on the upper skin.  

Tensile properties of as printed and heat treated samples were evaluated by 

Srinivasan et al. [22] at a fixed set of process parameters. As printed coupons 

showed higher yield and ultimate tensile strength but lower ductility compared to 

heat treated and wrought material. These findings match the results found in other 

studies [23, 24]. As built and post-processed tensile coupons were tested at room 

temperature and high temperature [25, 26]. The use of hot isostatic pressing (HIP) 

resulted in the highest ductility at high temperature while as-built coupons showed 

a brittle behavior. Build orientation is also an important factor to consider, where 

tensile coupons grown with the load axis parallel to build direction (Z) showed a 

slightly lower tensile strength and higher ductility compared to those built 

horizontally [24-26]. An opposite trend was found for fatigue life under completely 

reversed loading. As-built coupons had a lower fatigue life compared to HIPed, and 

wrought material outperformed both of them [23, 27]. Shot peening helped improve 

fatigue life for as-built coupons, while HIPed and shot peened samples had the 

longest fatigue life compared to as-built and wrought materials. Fatigue life of as-

built and polished specimens was examined, and it was found that polished samples 
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have a slightly better fatigue life due to the removal of any embedded powder 

particles in the part surface which may act as a crack initiator[5]. Fracture surfaces 

showed that the dominant mechanism for crack initiation was the local plasticity in 

the material matrix hence explaining the relatively close fatigue life of as-built and 

polished specimens. Residual stresses (RS) in SLM of Inconel 625 were narrowly 

investigated in the literature. RS in the hoop and axial direction were measured for 

cylinders built with different diameters and heights [28]. It was found that both 

hoop and axial stresses start as tension at the outer surface and became compressive 

at the inner surface of the hollow cylinders. 

Prior investigations of SLM of Inconel 625 focused mainly on a limited process window 

with a maximum power of 195 W and corresponding outcomes including; density, melt 

pool geometry, microstructure and tensile strength. There are very limited studies on 

surface roughness, fatigue, and residual stresses. In general, several research issues need 

to be addressed to fully define the process-structure-property relationships for Inconel 625. 

These include: 

 Process maps with a wide range of laser powers, scan speeds, and hatch 

spacing 

 Development of these process maps for density and surface roughness 

 Effect of process parameters on microhardness 

 Surface residual stresses  

 Evolution of in-depth residual stresses  
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In this paper, the results of a comprehensive experimental investigation focused on 

surface integrity for Inconel 625 are presented. 

2.2. Experimental Work 

2.2.1. Metallic Powder 

SLM requires a fine, ideally spherical, powder to ensure good quality for built parts. 

A gas atomized Inconel 625 powder was supplied by Sandvik Osprey with a 

chemical composition listed in Table 2-1. The powder had a size distribution of 15 

µm – 45 µm.  

Table 2-1  Chemical Composition of Inconel 625 powder (wt%) 

Ni Cr Mo Nb Fe Si 

Bal. 20-23 8-10 3.15-4.15 <5 <0.5 

Mn Al C Co S Ti P 

<0.5 <0.4 <0.1 <1 <0.015 <0.4 <0.015 

It should be noted that the parts built for the current study used a one-time recycled 

powder. Characterization of the powder was done to ensure that there were no 

differences between the fresh and recycled powders. Three characterization tests 

were performed, first was powder size distribution using Laser diffraction [29]. 

Second, powder morphology was analyzed using a scanning electron microscope 

(SEM). Finally, a qualitative analysis of chemical composition was performed 

using energy dispersive X-ray spectroscopy (EDS) [29, 30]. 
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2.2.2. Machine and Process Parameters 

The samples used in the current study were built using an EOS M280 machine 

equipped with a 400 W Ytterbium fiber laser having a laser spot size of 100 µm set 

in focused mode.  The build chamber was flooded with nitrogen to keep the oxygen 

level to a minimum while the build plate was preheated to 80 ⁰C. The samples were 

designed as cube coupons of side length 10 mm and were built directly to the build 

plate without any supports. The coupons were built fully with core parameters 

without any contouring. In order to reduce the chance of recoater blade jamming, 

the coupons were oriented at 45 degrees.  

A wide range of process parameters was studied (Table 2-2), which included; 4 

laser powers, 5 scanning speeds and 3 hatch spacing to give a total of 60 different 

combinations for process parameters. Energy density is a combination of laser 

power, scan speed, hatch spacing, and layer thickness, Eqn.1, which covered the 

range from 41.67 J/mm3 up to 168.75 J/mm3, under the applied process window. 

The layer thickness was kept constant at 40 microns and the laser scan rotated 90⁰ 

each consecutive layer as shown in Figure 2-2. A stripe scan strategy was applied 

with a stripe width of 10 mm and each layer was exposed once. 

𝐸𝑑 =
𝑃

𝑣 ×ℎ ×𝑡
     (𝐽 𝑚𝑚3)⁄                                                 (1) 

 

 

 



 

 

 

Ph.D. Thesis – Mohamed Balbaa  McMaster University - Mechanical Engineering 

52 

 

Table 2-2 Process parameters for Inconel 625 

Power, P (W) 
Scan speed, v 

(mm/s) 

Hatch spacing, h 

(mm) 

Layer thickness, 

t (mm) 

140,170,220,270 500,550,600,650,700 0.08,0.1,0.12 0.04 

 

 

Figure 2-2 Schematic diagram of SLM process parameters 

2.2.3. Part Properties 

Density measurement 

The densities of built coupons were measured using the Archimedes method which 

is considered an inexpensive, accurate, non-destructive method of measurement 

compared to optical microscopy or X-ray CT [31]. Each coupon is weighed in air 

(𝑚𝑎) then immersed in a liquid and weighed again (𝑚𝑓𝑙) using a scale with a 

resolution of ± 0.01 g. The density is calculated using, Eqn. 2, where 𝜌𝑝 is the part 

density and 𝜌𝑓𝑙is the fluid density. The fluid used was acetone as it results in a 

better accuracy and repeatability compared to water [31]. The density of acetone, 
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adjusted for temperature, is 784 𝑘𝑔 𝑚3⁄  and the density equation was corrected to 

include the buoyancy effect of air having a temperature corrected density (𝜌𝑎𝑖𝑟) of 

1.19 𝑘𝑔 𝑚3⁄ . In the current study, density measurements are represented in the form 

of relative density (%), where the measured density is divided by the bulk density 

of Inconel 625 of 8440 𝑘𝑔 𝑚3⁄ . 

𝜌𝑝 = (𝜌𝑓𝑙 − 𝜌𝑎𝑖𝑟).
𝑚𝑎

𝑚𝑎−𝑚𝑓𝑙
+ 𝜌𝑎𝑖𝑟   (𝑘𝑔 𝑚3)⁄                                   (2) 

Surface Roughness 

Surface roughness was measured for the top surface of the cube coupons (XY 

plane). The arithmetic mean deviation Ra is measured and two values are reported. 

The first is the average of 5 measurements taken parallel to the scan lines (scan 

direction) and the other is the average of another 5 measurements perpendicular to 

the scan lines (hatch direction). A Mitutoyo SJ-410 stylus profilometer was used, 

and measurement was done over a set distance of 4.8 mm divided into 5 equal 

sections [32] 

Microhardness  

Microhardness was measured using a Vickers hardness test, where a diamond 

indenter with a vertex angle of 136⁰ was used. A load of 100 gf was applied for 10 

s and the two diagonals of the indentation, Figure 2-3, were measured using an 

optical microscope, and Vickers hardness is calculated using Eqn.3. Microhardness 

was measured at 3 different heights; 2.5 mm, 4.5 mm and 6.5 mm from the bottom 
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surface of the cube and the hardness at each height is the average of 5 

measurements. 

 

Figure 2-3 Vickers indentation with main diagonals 

𝐻𝑉 = 1.854
𝐹

𝑑2                                                          (3) 

Where: 

F: Applied load (kgf) 

𝑑 =
𝑑1+𝑑2

2
 (mm) 

Residual stresses 

XRD is a non-destructive reliable method to measure RS [33]. A CoKα radiation 

source was used having a wavelength of 1.79206 Å with a 1 mm collimator and the 

2Theta angle was 111.4⁰ corresponding to a lattice plane of index 3 1 1. A total of 

20 frames were taken comprising of 5 Phi angles (0⁰, 72⁰, 144⁰, 216⁰ & 288⁰) and 4 

Psi angles (10⁰, 25⁰, 40⁰ & 55⁰). In order to capture more data from differently 

oriented diffraction planes, an oscillation angle of 2 degrees was applied to the Psi 

angles. Measurements were taken on the top surface, and the instrument was set so 

that its X-axis is in the scan direction and its Y-axis is in the hatch direction 
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2.3. Results 

2.3.1. Powder Characterization 

Powders were sieved before every build using an 80 µm sieve then the PSD for 

both sieved powders, was measured. It was found that the PSDs were almost 

identical, Figure 2-4, and follow a Gaussian distribution.  

 

Figure 2-4 PSD of fresh vs recycled powder 

The slight difference in mean particle size, Table 2-3, could be traced back to the 

sieving and consequent removal of any agglomerates that might have formed after 

the use of the powder for the first time. In addition, examination of powder 

morphology using SEM, Figure 2-5, showed mostly spherical powder particles with 

some fine satellite particles.  
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Table 2-3 Powder particles size (µm) 

Percent D(10) D(50) D(90) 

Fresh 18.805 32.251 53.472 

Recycled 18.087 28.558 44.746 

The chemical composition of both powders was compared using EDS [29, 30]. EDS 

was used as a qualitative method, and showed that both fresh and recycled powders 

match closely in chemical compositions (Table 2-4). 

 

Figure 2-5 SEM images at 500X of (a) Fresh powder (b) Recycled once powder 

Table 2-4 Chemical composition using EDS (wt%) 

Element Al Si Ti Cr Mn Fe Co Ni Nb Mo 

Fresh 0.37 0.27 0.1 21.56 0.18 1.89 0 61.29 3.85 10.5 

Recycled 0.4 0.29 0.08 21.71 0.23 1.94 0.05 61.52 3.48 10.29 
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2.3.2. Density 

The relative density was measured for the all 60 parameters combinations where 

each coupon was measured 3 times and the average relative density was calculated. 

Measurement error was calculated and found to be 0.33% on average. First the 

effect of hatch spacing on relative density, Figure 2-6, was examined at different 

scan speeds and constant laser power. It was found that hatch spacing had a 

relatively more prominent effect on density compared to scan speed. Increasing 

hatch spacing to 0.1 mm lead to an increase in relative density, however; further 

increase in hatch spacing caused a reduction in relative density for all laser power 

except 140 W. The variation in relative density is small especially after factoring 

in the uncertainty of measurements. The increase in relative density with the 

increase in hatch spacing can be attributed to the larger overlap between melt tracks. 

Since part of the previously solidified track melts and due to surface tension, it 

attaches itself to the new melt pool, thus possibly leaving behind pores [34]. In 

addition, the higher energy density at constant laser power and scan speed can result 

in evaporation of the molten powder and entrapment of gas or vapor pockets which 

show up as small spherical pores. Therefore, increasing hatch spacing reduced the 

effects of these two factors and improved the resulting relative density. On the other 

hand, a further increase in hatch spacing can lead to a lack of overlap between 

adjacent melt tracks and thus the formation of voids [34, 35]. Future work is 

considered to investigate the formation of voids and keyhole defects at the part core. 
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Three process maps, Figure 2-7, are constructed corresponding to different hatch 

spacing. Each process map shows the relative density at different power-scan speed 

(P-V) combinations. The maps are divided into 3 main zones; Zone I represents 

relative densities above 99% which can be considered fully dense, Zone II is for 

the relative density range of 98% to 99% and Zone III includes relative densities 

below 98%. 

It can be seen that Zone I is only achieved at a hatch spacing of 0.1 mm with all 

laser power values above 140 W. Using a hatch spacing of 0.08 mm results in Zone 

II (>98%). It also leads to the lowest relative density at high laser powers which 

can be attributed to evaporation of powder and pore formation at high energies. 

Finally, the variation of laser power or speed does not appear to have a significant 

effect on relative density when operating at a hatch spacing of 0.12 mm; however, 

the reported relative densities are quite high being above 98%. 
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Figure 2-6 Relative density variation with hatch spacing at a) 140 W b) 170 W 

c) 220 W d) 270 W 
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Figure 2-7 Relative density P-V process maps at hatch spacing a) 0.08 mm 

b) 0.1 mm c) 0.12 mm 
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2.3.3. Surface Roughness 

The average roughness (Ra) was measured on the top plane in a direction parallel 

to the scan lines, Figure 2-8, and in hatch direction, Figure 2-9. It was found that 

increasing laser power from 140 W to 270 W reduced the average roughness 

consequently across all hatch spacing and scan speeds which is in agreement with 

the literature [36, 37]. However, the increase in scan speed and hatch spacing did 

not have a consistent prominent effect on the average roughness of the top surface. 

The decrease of average roughness was due to the increase in input heat which in 

return yielded a wider melt pool [36] causing a better overlap between adjacent 

scan tracks as shown in Figure 2-10. This result can be explained more in terms of 

solidification, whereas a simplification of the time required for a molten droplet of 

metal to solidify [36, 38] can be calculated using Eqn.4 

𝜏𝑠 =
𝑠2𝑘

3𝑎𝑘𝑠𝑢𝑏
[ln (

𝑇𝑜−𝑇𝑠𝑢𝑏

𝑇𝑙−𝑇𝑠𝑢𝑏
) + (1 +

𝑘𝑠𝑢𝑏

2𝑘
)

𝐿

𝐶(𝑇𝑙−𝑇𝑠𝑢𝑏)
]                                (4)                                                    

Where s is the initial size of the droplet, a is the diffusivity, 𝑘𝑠𝑢𝑏 is the thermal 

conductivity of the substrate or underlying solidified material, 𝑇𝑜 is the initial 

temperature of the droplet, 𝑇𝑙 is the liquidus temperature of the material, L is the 

latent heat of fusion and C is the material specific heat capacity. 

Based on Eqn. 4, as the laser power increases, more powder is melted hence the 

melt pool is wider i.e. the molten droplet size (s) increases. Also, the initial 

temperature increase adds to the time required for cooling and solidification of the 

melt pool. The increased solidification time allows the molten metal to spread and 
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cover the surrounding powder and previous melt pool track. However, for this 

spreading to occur, from a fluid mechanics perspective, the wettability of the 

molten metal must increase, which happens in the case of the reduction of surface 

tension. 

  

 

Figure 2-8 Average roughness along scan direction at hatch a) 0.08 mm 

b) 0.1 mm c) 0.12 mm 



 

 

 

Ph.D. Thesis – Mohamed Balbaa  McMaster University - Mechanical Engineering 

63 

 

There are no measurements of the surface tension for Inconel 625 in the literature. 

However, measurements were done for a Nickel based alloy (Fe-Ni-Cr-S) [39, 40]. 

The measurements showed that the temperature coefficient of surface tension is 

inversely proportional to temperature, which means that as the temperature of the 

melt pool increases the surface tension drops thus relieving the cohesive forces in 

the melt pool and favoring the adhesive forces or wettability of the melt pool. For 

this reason, fewer satellite powder particles are found on the surface as shown in 

Figure 2-10 and the possibility of balling occurring is lower, which is in agreement 

with the results found in the literature [36, 41, 42] 
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Figure 2-9 Average roughness in hatch direction at hatch a) 0.08 mm b) 0.1 mm 

c) 0.12 mm 
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Figure 2-10 SEM of surface morphology at 600 mm/s, 0.1 mm and laser power 

a) 140 W b) 170 W c) 220 W d) 270 W 

Process maps were constructed for average roughness in both scan and hatch 

directions, Figure 2-11. Average roughness values were based on roughness grade 

numbers [43] where N7 ranges from 1.6 µm to 3.2 µm, N8 ranges from 3.2 µm to 

6.3 µm and N9 ranges from 6.3 µm to 12.5 µm. Generally, it can be seen that SLM 

of Inconel 625 results in a fairly smooth surface with roughness grades N7 or N8 

for the laser power range of 170 W to 270 W with all scan speeds and hatch spacing. 

Ideally, a hatch spacing of 0.1 mm gives the widest window of operation to obtain 

an N7 roughness in both scan and hatch directions. 
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Figure 2-11 Average roughness P-V process maps in scan direction a) 0.08 mm 

b) 0.1 mm c) 0.12 mm and in hatch direction at d) 0.08 mm e) 0.1 mm f) 0.12 

mm 
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2.3.4. Microhardness 

Comparison of average microhardness measured in the Z direction at a constant 

laser power of 170 W, Figure 2-12, shows that increasing hatch spacing to 0.1 

mm led to the highest hardness for all 3 scan speeds. Further increase of hatch 

spacing lowers the hardness of the parts. 

Examining the effect of laser power at 2 different scan speeds and hatch spacing, 

shown in Figure 2-13, it is observed that at a speed of 600 mm/s, increasing power 

from 170 W to 270 W reduces microhardness regardless of hatch spacing. An 

opposite trend is found at a scan speed of 700 mm/s. However, by factoring in the 

standard deviation, no difference in microhardness would be noted which was also 

confirmed by examining the microstructure under an optical microscope. For 

example, at a scan speed of 600 mm/s and hatch spacing of 0.12 mm, a higher 

microhardness at 170 W could indicate a finer microstructure, however; there was 

no noticeable difference in the microstructure fine grain size as shown in Figure 

2-14 with the only visible difference being the growth directions of the grains. 
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Figure 2-12 Average microhardness in the Z direction at 170 W with different 

scan speeds and hatch spacings 

 

Figure 2-13 Effect of laser power on microhardness at different speeds and hatch 

spacing 
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Figure 2-14 Microstructure of Inconel 625 for scan speed 600 mm/s and hatch 

spacing of  0.12 mm at a) 170 W b) 270W 

The variation of Microhardness along the build direction shown in Figure 2-15 was 

also measured and it is shown that in most cases the hardness is highest near the 

top surface. However, there are cases at hatch spacing of 0.1 mm that contradict the 

aforementioned trend but the difference in microhardness is not significant. 
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Figure 2-15 Variation of microhardness along the height at 170 W, different speeds 

and hatches 

2.3.5. Surface Residual Stresses 

Location of RS Measurement 

XRD measurement of RS on the top surface started by pointing the collimator at a 

fixed point. For a chosen set of parameters, this approach yielded surface RS, in the 

scan direction, of -110 ± 65 MPa but analysis showed that only a few data were 

collected due to the relatively large grains of the specimen. 

The common solution was to oscillate the specimen ±2 mm in both X and Y 

directions. The new solution gave surface RS of 220.8 ± 17.3 MPa. However, there 

was the uncertainty that RS varies across the surface due to the difference in scan 

lines lengths as you move from the center of the coupons to the outer edges. 
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Therefore, an alternative approach was proposed to measure at a fixed point while 

oscillating the Psi angle by 2 degrees which gave an RS measurement of 465.7 ± 

27.7 MPa. In addition, a sensitivity analysis was done to examine the variation of 

RS across the top surface. Five measuring points were taken, starting at the center 

and followed by two points 1 mm apart in the X direction and another two points 2 

mm apart in the Y direction as shown in Figure 2-16. For consistency, the 

measurement point was chosen on the diagonal of the cube coupons, roughly 6 mm 

from the right corner. 

 

Figure 2-16 Variation of RS (MPa) across the top surface 

Residual Stress Measurements 

RS were measured in both scan and hatch directions at the center of the top surface 

of the coupons. Results show that RS is mostly tensile, in both scan and hatch 

directions, except for a few cases which exhibited compressive surface RS, as 

shown in Figure 2-17. SLM is prone to the generation of tensile RS due to the high-

temperature gradient between the top layers and the underlying material and 
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substrate in what is termed as temperature gradient mechanism (TGM) [44, 45]. 

The high temperature is generated due to laser irradiation, causing the top pre-

melting layer to expand against the constriction of the underlying material. In 

reaction, the top layers are compressed and with the drop of yield strength at high 

temperatures; a compressive plastic strain is developed. Once the temperature 

exceeds the liquidus temperature, the material in the top layer fully melts and the 

melt pool expands to ensure sufficient overlap with adjacent tracks and the layer 

below to achieve good consolidation. As the laser source moves away, the 

temperature starts to decrease and the melt pool solidifies, thus shrinking in volume. 

The shrinking melt pool starts to pull inwards on the surrounding solid material 

[44]. The shrinkage of the solidified melt pool coupled with the previously 

compressed layers during TGM induces tensile RS in the top layers [46]. 

Results in Figure 2-17 show that there is no specific monotonic trend relating 

surface RS to individual process parameters, however; many cases exhibit a drop 

in surface RS with an increase in laser power. This decrease can be attributed to the 

formation of a deep melt, thus reducing the temperature gradient between the top 

and bottom of the part and consequently reduce surface RS[27]. However, there are 

other factors that could also determine the final surface RS, such as the generation 

of a large enough melt pool area that would generate a high shrinkage pull on the 

surrounding solid material, hence increasing the surface tensile RS. This means that 

there is a threshold for the melt pool size above which the reduction of surface RS, 

with increasing the input energy, is inverted as observed in the literature [27]. 
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Figure 2-17 Surface residual stress variation with laser power in scan 

direction at a)  0.08 mm b) 0.1 mm c) 0.12 mm and hatch direction at 

d)0.08 mm e) 0.1 mm f) 0.12 mm 
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In addition, increasing laser power generates a higher temperature which in return 

causes the thermal conductivity and the coefficient of thermal expansion to 

increase [47]. These two properties have opposite effects on RS that can be 

explained by using Eqn.5 as a simple method to calculate RS analytically, where 

RS depends on the coefficient of thermal expansion (α) and the temperature 

gradient (ΔT).  

As the thermal conductivity increases heat is conducted further down the part thus 

reducing the high-temperature gradient (ΔT) between the part and the substrate and 

finally reducing the RS. Conversely, increasing the coefficient of thermal 

expansion directly increases the surface RS.  

𝜎𝑡ℎ = 𝛼 𝐸 ∆𝑇                                                           (5) 

Also, for the cases that contradict the aforementioned trend, their resulting behavior 

can be potentially attributed to the difference in scan track length. It was shown in 

the literature [46, 48] that a shorter scan track will result in lower surface RS 

compared to longer scan tracks. Therefore, the length of the scan track has an 

opposing effect, on surface RS, to the increase in laser power. To illustrate, 

observation of RS at a scan speed of 550 mm/s and hatch spacing of 0.1mm, shows 

a decrease in RS as laser power increases, but then it increases at the highest power. 

Due to the distribution of the built coupons all over the build plate, their top surface 

was sectioned with different sizes. Examination of the top surface under an optical 

microscope as seen in Figure 2-18 shows that the scan track length decreases until 
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a power of 220 W but increases at the highest power thus contributing to the 

increase in surface RS. 

 

Figure 2-18 Variation of scan track length on the top surface for a scan speed of 

550 mm/s and hatch spacing of 0.1 mm at a laser power of a) 140 W b)170 W c) 

220 W d) 270 W 

Additionally, a number of coupons exhibited surface RS exceeding the yield 

strength of 400 MPa for Inconel 625; therefore, the top surface deformed and 

bulged at some areas, particularly near the edges, relieving some of the RS as 

indicated by the arrows in Figure 2-19. It is also observed that surface RS in scan 
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direction are higher in tension compared to the hatch direction, which is in 

agreement with the results found in the literature [39, 46, 47].  

 

Figure 2-19 Deformation of the top surface due to high residual stresses 

Process maps for surface RS, measured in the scan direction and hatch direction, 

are plotted in Figure 2-20. The maps are divided into three main areas relative to 

the material yield strength of 400 MPa. Firstly, surface tensile RS higher than the 

yield strength. Secondly, there are areas corresponding to surface tensile RS below 

the yield strength. Finally, process parameters that induced surface compressive 

RS. Compressive surface RS were reported in literature [44] with varying the part 

height, however, since this is not the case in the current study. Surface compressive 

RS could be attributed to the strain hardening of the part surface due to plastic 

deformation, shown in Figure 2-19, which would induce compressive RS [49]. It is 

observed that most process parameters combinations resulted in surface tensile RS 

below yield strength while RS higher than yield strength are prominently exhibited 

at the lowest hatch spacing. However, a hatch spacing of 0.1 mm and 0.12 mm 
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resulted in a wider window of process parameters that induce surface RS below 

yield strength. In addition, the average surface RS in scan direction calculated from 

all process parameters, at each hatch spacing, shows that the average surface RS is 

around 220 MPa for 0.1 mm and 0.12 mm while the average is much higher for 

0.08 mm at 370 MPa. Also, as the ratio between the surface RS in scan and hatch 

directions was calculated as a measure of the built part anisotropy. It was found that 

a hatch of 0.12 mm resulted in the highest anisotropy followed by a hatch of 0.08 

mm and finally 0.1 mm. 
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Figure 2-20 Surface residual stress P-V process maps in scan direction 

a) 0.08 mm b) 0.1 mm c) 0.12 mm and in hatch direction at d) 0.08 mm 

e) 0.1 mm f) 0.12 mm 
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Therefore, a hatch of 0.1 mm offers the best option in the selection of parameters 

to process Inconel 625. Based on the results and above- mentioned factors affecting 

RS, it is clear that further studies are needed to determine the dominant factors, 

especially the thermal history of the part, and any interaction between them that 

would affect the surface RS. Furthermore, surface RS is not indicative of in-depth 

RS which raises the need for an investigation of in-depth RS. 

Energy density is often used as a lump sum quantity to correlate the effect of 

process parameters to the measured part property [9, 15, 34, 50]. However, 

skepticism was raised regarding its viability as an input parameter to predict end 

part properties [51]. Based on that finding, four groups of coupons each having a 

different energy density values were built. The energy densities were 58.33 J/mm3, 

70.83 J/mm3, 91.67 J/mm3, 112.5 J/mm3 corresponding to laser powers of 140 W, 

170 W, 220 W, and 270 W, respectively.  

Each energy density group had two coupons built with the first set of coupons 

having a scan speed of 600 mm/s and hatch spacing of 0.1 mm. The second set of 

coupons had a scan speed of 500 mm/s and hatch spacing of 0.12 mm. By 

measuring and comparing the surface RS, for each group, in the scan and hatch 

directions, it was found that using the same energy density would result in different 

surface RS for both measurement directions as shown in Figure 2-21. The 

difference is more prominent at energy densities; 70.83 J/mm3 and 112.5 J/mm3. 

Despite these results, a further investigation is needed to examine a wide range of 
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individual process parameters within the same energy density group and their 

correlation to the end part properties. 

 

Figure 2-21 Surface RS at constant energy densities in 

a) scan direction b) hatch direction 
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2.4. Conclusion and future work 

The current work aimed at investigating the effect of a wide range of process 

parameters on surface integrity of Inconel 625 parts produced using selective laser 

melting. Relative density, surface roughness and surface residual stresses on the top 

plane were measured, and process maps were developed.  

The developed process maps provide an encompassing overview of the process-

structure-property relations, thus serving as a general guide to prediction of the 

surface integrity in selective laser melting of Inconel 625. 

Based on the results, the following conclusions were drawn: 

 Selective laser melting produced parts with a relative density above 97% 

for all process parameters.  

 A hatch spacing of 0.1 mm produced the highest relative density (>99%) 

for all laser powers tested except a power of 140 W. 

 Surface roughness measured in both scan and hatch directions decreased 

with increasing laser power. However, surface roughness was higher in the 

hatch direction compared to the scan direction 

 At the highest laser power, the lowest surface roughness produced ranged 

between 1.5 µm to 3 µm. 

 Measurement of top surface residual stress is location dependent. 

 There is no specific trend for the effect of process parameters on surface 

residual stresses. However, selective laser melting produced mostly surface 
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tensile residual stresses with the exception of a few surface compressive 

residual stresses.   

 A hatch spacing of 0.1 mm resulted in mostly surface tensile residual 

stresses below the material yield strength, and the least anisotropy for the 

parts produced.  

 Despite the use of the same energy density, surface residual stress 

magnitude will differ depending on the individual process parameters. 

 Although microhardness measured in build (z) direction varied with 

increasing laser power, the variation was insignificant taking into 

consideration the standard deviation and microstructure. 

Selective laser melting is a multiphysics complex process which requires further 

investigations through multi-physics multi-scale modeling and online monitoring 

of melt pool to gain an insight into the thermal history and gradient that would 

affect melt pool dynamics and end part properties, particularly residual stresses. 
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Abstract:  

The current study investigates the effects of a wide range of process parameters on 

three part properties; density, surface roughness, and surface residual stresses 

simultaneously for selective laser melting of Inconel 718. In addition to the lack of 

investigations on surface roughness and residual stresses in selective laser melting 

of Inconel 718, process maps were developed for the selection of the best process 

parameters to achieve the desired values for the three parameters combined. Five 

laser powers, six scan speeds and three hatch spacings were chosen from the stable 

single tracks tests. Based on each property, a 99.5% density or a 2 μm surface 

roughness or the least surface tensile residual stress of 248 MPa were possible. 

However, no single process parameter combination was able to achieve good values 

for all three parameters. Prioritizing density and surface roughness, being crack 

initiators, over residual stresses for their effect on fatigue failure, it was found that 

99.2% density and relatively low roughness of 3.5 μm are feasible at 320 W, 600 

mm/s and 0.12 mm hatch spacing. Finally, opposite to the commonly observed 

columnar grain in Inconel 718, mixed grain structure was obtained at 600 mm/s and 

1000 mm/s, indicating reduced anisotropy. 

Keywords:  

Inconel 718, Selective Laser Melting, Single Tracks, Density, Surface Roughness, 

Residual Stresses 
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3.1. Introduction 

Aerospace parts are regularly subjected to high mechanical and thermal loads 

during their service life. Accordingly, certified parts are required to have high 

density, high surface integrity, i.e., low surface roughness and compressive residual 

stresses (RS), and high tensile and fatigue strengths. In addition, complex design 

geometries and lightweighting are required to achieve the desired aerodynamic 

flows and low fuel consumption [1]. The gas turbine blade is an excellent example 

of complex geometry with internal cooling channels manufactured to extract the 

highest possible energy while offering adequate cooling during service. However, 

these geometries and cooling channels are limited by conventional manufacturing 

constraints, which does not allow the freedom to explore a broader range of designs 

with possible superior functionality. Additionally, a turbine blade goes through 

several manufacturing processes such as investment casting, hot isostatic pressing 

(HIP), turning, milling, wire electric discharge machining (EDM)…etc [2].   

Nickel-based superalloys emerged as an ideal candidate to meet these challenging 

demands. A frequently used Ni-based superalloy in gas turbines is Inconel 718 

(IN718), which is well known for its high strength, high temperature, and corrosion 

resistance [3]. However, IN718 is considered difficult to machine due to its ability 

to work harden, and maintain their strength at high temperatures. Also, the presence 

of abrasive carbides increases the tool wear rate. IN718 has low thermal 

conductivity, causing a steep temperature gradient at the tool/chip interface leading 

to tool life deterioration [4, 5]. All these difficulties add to the number of constraints 
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facing conventional manufacturing of turbine blades, hence motivating the 

exploration of a more suitable technology to manufacture IN718 gas turbine blades.  

Additive manufacturing (AM) and, in particular, laser powder bed fusion (L-PBF), 

which is also known as selective laser melting (SLM), offers a flexible solution to 

the difficulties mentioned above [6, 7]. SLM provides the design freedom needed 

to manufacture complex geometries without the need for special tooling, thus 

saving costs and time. Design for AM can help reduce the number of parts and 

assemblies required by integrating several parts into one, while having very little 

material waste, with powder recycling, thus making it possible to achieve a buy to 

fly ratio of almost 1:1[8]. The main goal in SLM is to produce high-quality parts 

with predictable mechanical properties such as; density, surface roughness, residual 

stresses (RS), tensile strength… etc. The main controllers in SLM are the process 

parameters, which include, for example, laser power, scan speed, hatch spacing, 

and scan strategy, which will consequently produce specific microstructure and part 

properties. The main research thrust is to identify and tune the effect of process 

parameters on the end part structure and resulting properties. 

 

 

 

 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

92 

 

Table 3-1 Process parameters reported in the literature on SLM of IN718 

Part property 

measured 

Process Parameters  

Laser power 

(W) 

Scan 

speed 

(mm/s) 

Hatch 

spacing 

(μm) 

Misc. Ref. 

Density 

75 - 300 
800 - 

2200 
N/A 

Layer thickness: 

40 μm 
[9] 

90 100-1600 80  
Layer thickness: 

25 μm 
[10] 

150 - 450 
1000-

1800 
50-90 

As-built vs. Heat 

Treated 
[11] 

180 600 150 
Island scan 

strategy 
[12] 

Surface 

roughness 

150 - 450 
1000-

1800 
50-90 

As-built vs. Heat 

Treated 
[11] 

115-465 620-1770 100 
Different 

Orientations 
[13] 

Tensile 

strength 

180 600 150 
Island scan 

strategy 
[12] 

285  960 110 
As-built vs. Heat 

Treated 
[14] 

180  600 105 
As-built vs. Heat 

Treated 
[15] 

Fatigue 

115-465 620-1770 100 
Different 

Orientations 
[13] 

285  960 110 
As-built vs. Heat 

Treated 
[14] 

200 200 180 
Layer thickness: 

50 μm 
[16] 

Melt pool 

dimensions 

75 - 300 
800 - 

2200 
N/A 

Layer thickness: 

40 μm 
[9] 

100-370 200-1400 N/A Single tracks [17] 

40-300 200-2500 N/A Single tracks [18] 

Microstructure 90 100-1600 80 μm 
Layer thickness: 

25 μm 
[10] 
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150 - 450 
1000-

1800 
50-90 

As-built vs. Heat 

Treated 
[11] 

180 600 150 
Island scan 

strategy 
[12] 

170 416 
30% 

overlap 

Layer thickness: 

20 μm 
[19] 

100 85.7 160 
As-built vs Heat 

treated 
[20] 

Residual 

Stresses 
180 600 150 

Island scan 

strategy 
[12] 

Micro-

hardness 

90 100-1600 80 μm 
Layer thickness: 

25 μm 
[10] 

170 416 
30% 

overlap 

Layer thickness: 

20 μm 
[19] 

Although the literature covers different parts properties, it lacks a comprehensive 

systematic study on the effect of a wide range of process parameters on part density 

and especially surface integrity combined, including surface roughness and surface 

residual stresses. These three properties are highly crucial for the aerospace sector 

as they will affect the fatigue life of the manufactured parts. Therefore, the current 

study starts by examining the possibility of producing stable single tracks under 

different power and speed combinations to serve as the basis for manufacturing 

multi-track multi-layer coupons. The selected parameters, along with varying hatch 

spacings will be tested to investigate their effect on relative density, surface 

roughness, surface RS and microstructure, to develop process maps for the selection 

of the best process parameters. 
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3.2. Experiments and Part Characterization 

3.2.1. Experimental Procedures 

A gas atomized IN718 powder, characterized with a fine spherical morphology and 

a powder size distribution in the range of 15 µm to 45 µm, was used. The IN718 

powder has the chemical composition, provided by the supplier, shown in Table 

3-2 

Table 3-2 Chemical composition of as-received Inconel 718 (weight %) 

Ni Cr Fe Nb + Ta Mo Ti Al Si C Co O Misc. 

51.88 19.4 18.9 5.14 3.1 1.02 0.46 0.04 0.03 0.02 0.01 Bal. 

The printing process using SLM, done on an EOS M280, is divided into two steps. 

The first step is the exposure of single tracks under different combinations of laser 

power and scan speed to observe their effect on the melt pools morphologies and 

dimensions. Six levels of laser powers and six scan speeds were chosen for a total 

of 48 different process parameters combinations, as shown in Table 3-3. All single 

tracks were built on top of a 4 mm high IN718 coupon, which will act as the 

substrate to avoid any diffusion of alloying elements such as the case with printing 

the tracks directly on the steel build plate. All substrate coupons were built with the 

same process parameters of 140 W, 650 mm/s, and 0.1 mm hatch spacing. The build 

was performed in a surrounding atmosphere of Nitrogen to keep the oxygen percent 

below 0.13% to minimize the possibility of oxidation. The laser beam nominal 

diameter was 100 μm. 
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Table 3-3 Process parameters for single tracks exposure 

Parameter Levels 

Power (W) 120,170, 220, 270, 320, 370 

Scan speed (mm/s) 400, 600, 800, 1000,1200 

Layer thickness (μm) 40 

The second step consisted of printing full coupons of side length 10 mm and a 

height of 12 mm, with an inter-coupons spacing of 5 mm shown in Figure 3-1, using 

process parameters selected based on the stable tracks determined from the first 

half of the study. The lowest laser power and two scan speeds were excluded from 

the test matrix based on the single line results, as will be presented later on in the 

results section. Consequently, the full coupons are manufactured using five laser 

powers, six scan speeds, and three hatch spacings, as detailed in Table 3-4. The 

scan speed levels of 500 mm/s, and 700 mm/s were added as intermediate steps to 

observe any change in the trends of the results.  

Table 3-4 Process parameters for SLM of Inconel 718 full coupons 

Parameter Levels 

Power (W) 170, 220, 270, 320, 370 

Scan speed (mm/s) 500, 600, 700, 800, 1000,1200 

Hatch spacing (mm) 0.08, 0.1, 0.12 

Layer thickness (μm) 40 
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The coupons were built directly on to the build plate with no supports under the 

same environmental conditions as those applied for the single tracks coupons. The 

coupons were built with a bi-directional sweeping scan strategy with a rotation of 

90⁰ between each layer [21]. The coupons were arranged across the build plate in a 

manner such that the average energy density of any row or column would be almost 

constant to avoid the presence of areas with high energy concentration. Following 

the build, the coupons were separated from the base plate using wire EDM to induce 

minimum heat effect on the resulting residual stresses.  

 

Figure 3-1 Inconel 718 cube coupons before separation from the build plate 
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3.2.2. Property Characterization 

Single Track Measurement 

The printed single tracks were first examined from the top view under a TESCAN 

VP scanning electron microscope (SEM) to determine the morphology of the scan 

tracks being either continuous or discontinuous. Consequently, the tracks are 

sectioned perpendicular to the scan direction and polished according to the 

metallographic steps shown in Table 3-5. The samples were etched using Kalling’s 

reagent No. 2 to reveal the melt pool boundaries.  The etched tracks were examined 

under a Nikon LV100 optical microscope to measure the melt pool dimensions and 

determine the melt pool type. Keyhole-type melt pools are characterized by severe 

depth, which could develop even more defects in the case of material vaporization 

during consolidation and formation of keyhole porosity. Melt pools were 

considered of keyhole type if the ratio of the melt pool depth to half its width is 

higher than 2.5 [22]. 

On the other hand, melt pools having a depth less than the layer thickness would 

lead to a lack of penetration into the solidified layer beneath and termed as under 

melted. Furthermore, the free surface of the under melted pools could start to curl 

up due to surface tension leading to balling. The width and depth of the melt pool 

were measured by setting the surface of the 4 mm substrate as the datum for 

measurements. 
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Table 3-5 Metallographic steps for IN718 

Step/Surface Time (min) Load (N) Speed (rpm) 

SiC #500 1.5 25 300 

SiC#1200 1.5 20 300 

MD-Plan 9µm 4 20 150 

MD-Dac 3 µm 3 20 150 

MD-Nap 1 µm 3 20 150 

MD-Chem OPS 2 10 150 

Density Measurement 

  The non-destructive Archimedes method was used to measure the densities of the 

coupons to a high degree of accuracy [3, 23]. A Mettler analytical balance with a 

resolution of ± 0.1 mg was used to measure the mass of the coupons once in the air 

(𝑚𝑎) and then while submerged in de-ionized water (𝑚𝑓𝑙), as shown in Figure 3-2. 

Both readings were measured up to 5 times, and the density was calculated 

according to Eqn.1 [24], where the effect air buoyancy is corrected for by including 

the air density (𝜌𝑎𝑖𝑟 =  1.19 𝑘𝑔 𝑚3⁄ ). The de-ionized water had a density of 997.76 

𝑘𝑔 𝑚3⁄  and the part density is reported relative (%) to the bulk density of Inconel 

718 (𝜌𝑏𝑢𝑙𝑘 = 8220 𝑘𝑔 𝑚3⁄ ). 

𝜌𝑝 = (𝜌𝑓𝑙 − 𝜌𝑎𝑖𝑟).
𝑚𝑎

𝑚𝑎−𝑚𝑓𝑙
+ 𝜌𝑎𝑖𝑟   (𝑘𝑔 𝑚3)⁄                            (1) 
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Figure 3-2 Archimedes density measurement setup with the mass in air (left) 

and fluid (right) 

Surface Roughness 

A Mitutoyo SJ-410 stylus profilometer was used to measure the surface roughness 

of the top surface of the coupons in terms of the arithmetic mean deviation Ra. The 

surface roughness measurements were implemented over five segments totaling a 

cut-off length of 4.8 mm [25]. The roughness profiles were measured five times in 

directions across the laser scan tracks on the top surface. 

Residual Stress Measurement 

X-ray diffraction (XRD) is an excellent candidate for non-destructive 

measurements of RS [4]. It depends on x-rays capability of measuring the inter-

atomic lattice spacing, which deforms under any stresses, whether applied or 

residual stresses. These deformations are linear in the elastic zone, which in return 

make residual stresses elastic stresses by nature. Due to attenuation, the penetration 
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depth of x-ray in the diffraction method is minimal, about 5 µm for Inconel 718; 

therefore, it can be used only to measure surface RS, which are considered plane 

stresses [4].  

A Bruker D8 instrument with a Co-Kα radiation source was used to measure the 

surface RS, installed with a 1 mm collimator. At first, several Bragg’s angles (θ) 

were scanned, and a 2theta angle of 111.4⁰ was selected as it gave the most definite 

diffraction peaks. The x-rays emitter was targeted at the center of the coupon top 

surface, as shown in Figure 3-3, with the x-direction of measurement aligned with 

the scan tracks on the top surface (in scan direction). The y-direction of 

measurement was oriented perpendicular to the scan tracks (in hatch direction). 

During measurement, the coupon is rotated through 5 Phi angles (φ = 0⁰, 72⁰, 144⁰, 

216⁰, 288⁰) around its axis, to capture more diffraction frames from one location. 

Besides, the coupon is tilted sideways to 4 Psi angles (ψ = 10⁰, 25⁰, 40⁰, 55⁰). 

Additionally, the coupon was oscillated within 2⁰ at each Psi angle to increase the 

amount of captured diffraction planes. Moreover, to account for anisotropy in the 

crystal, the anisotropy factor ARX was set to 1.52 for Ni-based alloys [26]. 
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Figure 3-3 X-ray diffraction setup 

Melt Pools Microstructure 

A subset of the coupons was selected, partitioned, and prepared for metallographic 

examination. The melt pools were first examined under an optical microscope to 

observe the morphology of the melt pools in multi-track and multi-layer formation. 

Next, SEM microscopy was used to explore the formed microstructure within the 

melt pools. In addition, phase analysis was done on the powder and the coupon to 

investigate the available phases post rapid solidification. Moreover, the chemical 

composition of a sample set was accurately measured using inductively coupled 

plasma (ICP) to investigate the change in chemical composition from powder form 

due to the possible evaporation of alloying elements. 
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3.3. Results  

3.3.1. Single Tracks 

The deposited single tracks for different process parameters were first examined, 

as shown in Figure 3-4, under SEM. It is observed that a low linear energy density 

or a low power to speed ratio would yield a discontinuous melt pool and the 

formation of balling, such as the case for the lowest laser power (120 W). Balling 

was also observed at high scan speeds as evident by the images of the tracks at 1400 

mm/s and some cases at 1200 mm/s up to a point where the increasing laser power 

would counterbalance the effect of the high speed and raise the linear energy 

density. Therefore, the lowest laser power (120 W) can be excluded along with the 

top scan speed (1400 mm/s). In addition, there are cases where the solidified track 

becomes irregular by having varying width along its length, as indicated by the 

yellow arrows in Figure 3-4. Although melt pool irregularities and balling occur at 

high scan speeds, they could not be the only basis for the elimination of process 

parameters set, due to the absence of the added effect of hatch spacing on the 

consolidation and densification of built coupons.  

Further assessment of the quality of single tracks is required by examining their 

cross-sections under an optical microscope to rule out the possibility of severe 

keyhole formation or lack of fusion with the underlying substrate. Figure 3-5 shows 

the changes in melt pool sizes with the variation of process parameters. The melt 

pool boundaries are outlined with red dotted lines, which reveal the shrinkage in 

melt pool depth with the increase in scan speed regardless of the power applied. It 
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is also evident that at high speeds, the penetration depth of the melt pool is small 

compared to the effective layer thickness, Figure 3-7 (a), which might lead to weak 

bonding between subsequent layers and the formation of interlayer voids. 

Examination of the melt pool at the lowest scan speed shows their formation by the 

keyhole mode up to a power of 220 W, as shown in Figure 3-5. 

Increasing the laser power above 220 W at low scan speeds caused severe keyhole, 

characteristic of its elongated melt pool depths. The severe keyhole melt pool, 

shown in Figure 3-6, reveals that the penetration of the melt pool is significantly 

deep that it increased from 8.4 times the theoretical layer thickness to nearly 13 

times the layer thickness, thus leading to possible future defects. The melt pools 

depths and widths were measured and plotted for different process parameters in 

Figure 3-7.  It is seen that the width and depth decrease with increasing the scan 

speed or decreasing the laser power. It is noted that at 270 W and 1400 mm/s, the 

melt pool width increases sharply, which could be due to the irregular melt track 

having different widths along its length where the cross-section could correspond 

to a thick track location, as in Figure 3-4. Moreover, laser power has a more 

significant effect on melt pool stability and depth compared to the scan speed.  
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Figure 3-4 Top view of single tracks morphologies 
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Figure 3-5 Cross-sectional view of etched single tracks melt pools 
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Figure 3-6 Keyhole effect at high laser powers 

 

Figure 3-7 Melt pool dimensions a) Depth b) Width 

Finally, the types of melt tracks can be summarized in the form of a process map 

relating the expected track morphology with the different laser power/ scan speed 

combinations, as illustrated in Figure 3-8. Based on this map, the 120 W power and 

1400 mm/s speed was excluded when building the full coupons, as mentioned 
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earlier. Although balling appeared at different speeds for the remaining laser 

powers, they were used in the full coupons build to assess the possibility of hatch 

spacing counterbalancing these defects by remelting in the melt pools overlap 

zones.  

 

Figure 3-8 Process map for melt tracks types 

3.3.2. Relative Density 

Density of the coupons was measured using the Archimedes method, and 

subsequently, the relative density was calculated and plotted for different process 

parameters, as shown in Figure 3-9. It is shown that the relative density for most 

process parameters combinations is in the 98% to 99% range. Within this range, it 

is seen that as the speed increases, the relative density increases to its maximum 

value at 600 mm/s to 700 mm/s depending on the laser power used. The most 
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noticeable outliers are the lowest energy parameters combinations at 170 W and 

1000 mm/s – 1200 mm/s for hatch spacing 0.1 mm and 0.12 mm. At these low input 

energies, the relative density dropped to 96% and 93%, respectively.  

These observations are clearer by plotting the power-scan speed (PV) maps, Figure 

3-10, for different hatch spacing. The map is color-based, where the green areas 

represent the desired parameter combinations that yield a relative density above 

99%. Red zones represent the undesired parameters having relative densities below 

98%. The highest relative density achieved is 99.56% at 270 W laser power, 700 

mm/s scan speed, and 0.1 mm hatch spacing. It is also evident that the largest zone 

of the desired high densities occurs at a hatch spacing of 0.1 mm. Although the 

change in relative density is small across different process parameters, the relative 

density can be seen to increase with laser power up to a certain threshold then 

decreases. The threshold power is 220 W at 0.08 mm and increases to 270 W and 

320 W for hatch spacing 0.1 mm and 0.12 mm, respectively. 
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Figure 3-9 Relative density variation with process parameters 
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Figure 3-10 Relative density PV map for hatch spacing a) 0.08 mm b) 0.1 mm 

c) 0.12 mm 

3.3.3. Surface Roughness 

The average surface roughness measured across the top surface is plotted in Figure 

3-11 for different process parameters. It is seen that for all hatch spacing, the lowest 

power (170 W) produced the highest surface roughness, but it decreased as the laser 

power increased up to 370 W, which agrees with the literature [21]. However, it is 

noted that above a laser power of 220 W, the produced surface roughness is almost 

the same regardless of laser power, as seen in Figure 3-11. Contrarily, scan speed 

has a more prominent effect on surface roughness, where in general, increasing the 

scan speed leads to an increase in surface roughness. One exception is at a hatch 

spacing of 0.08 mm, as increasing the scan speed from 500 mm/s to 800 mm/s 

caused the average roughness to drop. Further increase in scan speed, increased the 

average roughness again, as shown in Figure 3-11, for powers 170 W and 220 W. 

The scan speed effect is highlighted more at speeds higher than 800 mm/s where 

the value of the surface roughness starts to increase steeply.  Increasing the hatch 

spacing has a prevailing effect on surface roughness as the region for local minima 

for all power combined shifts towards a lower speed. It is observed in Figure 3-11 

that at a 0.08 mm hatch spacing, the minimum roughness is at 800 mm/s, while at 

0.1 mm, the minimum roughness is in the range of 600-700 mm/s and finally, 500 

mm/s at 0.12 mm.  
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Surface roughness PV process maps, Figure 3-12, are constructed for different 

hatch spacing, which is color-coded based on the roughness grade numbers used in 

conventional machining [11]. The green color represents the desired region of 

process parameters selection, which has a roughness grade N7 that represents a 

roughness value between 1.6 µm to 3.2 µm. The largest desirable area is found at a 

hatch spacing of 0.08 mm with laser powers starting at 270 W and low to medium 

scan speed range, as shown in Figure 3-12. It is also observed that in general 

increasing laser power reduces the average roughness while increasing the scan 

speed increases the average roughness. 
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Figure 3-11 Average surface roughness variation with process parameters 
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Figure 3-12 Surface roughness PV map for hatch spacing a) 0.08 mm b) 0.1 mm 

c) 0.12 mm 

3.3.4. Residual Stresses 

Surface RS was measured at the center of the top surface in the scan line directions 

for a subset of the process parameters, as seen in Figure 3-13. There is no monotonic 

trend for the relation between the surface RS and the increase in process parameters. 

For a hatch spacing of 0.08 mm, the surface RS mostly increases with a scan speed 

up to 800 mm/s and then decreases with a further increase in scan speed. However, 

for a hatch spacing of 0.1 mm at the lowest power (170 W), surface RS decreases 

with increasing the scan speed. Beyond 170 W, the surface RS exhibits the same 

trend as the 0.08 mm hatch; however, the trend is flipped for the highest two 

powers. A similar variety of surface RS trends is observed for a hatch spacing of 

0.12 mm. Examining the relation between surface RS and laser power shows that 

in most cases, increasing the laser power leads to a decrease in surface RS.  

In addition, PV maps for surface RS are plotted in Figure 3-14 for both scan and 

hatch direction at different hatch spacing. All surface RS are tensile, which is 

typical of the SLM process due to high-temperature change and rapid cooling rates. 

Red zones represent the highest surface RS, while the green zones are the relatively 

lowest surface RS. The non-monotonic trends are seen for both directions, which 

are in agreement with the literature [21]. It was observed that surface RS in the scan 

direction is higher than that in the hatch direction; moreover, principal stresses were 

in line with the scan and hatch directions except for a limited number of cases.  
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Figure 3-13 Surface RS in scan direction at different process parameters 
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Figure 3-14  Surface RS PV maps for scan and hatch directions (a,d) 0.08 mm 

(b,e) 0.1 mm (c,f) 0.12 mm 
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3.3.5. Melt Pool Morphology and Microstructure  

A subset of the printed coupons selected to examine the melt pool morphology and 

microstructure in a multi-track and multi-layer scenario. The etched samples were 

first examined under an OM to investigate the increase in melt pool size. Therefore 

the top layer was selected to see the full melt pool dimensions, which would 

otherwise be overlapped by the layer above, as shown in Figure 3-15. The single 

track melt pool dimensions, highlighted with the dotted red line, at 220 W and 1000 

mm/s, for example, is compared to the melt pools at the same power and speed 

combination at 0.08 mm and 0.12 mm hatch spacing, respectively, Figure 3-15 (b) 

& (c). The single track showed a high tendency to ball due to the instability of the 

melt track and insufficient melt pool depth. The single melt pool had a depth of 15 

µm and a width of 86 µm. In comparison, at a hatch spacing of 0.08 mm the average 

of seven melt pools was measured and showed an average depth of 153 µm ± 13 

µm and an average width of 233.3 µm ± 11 µm. At a hatch of 0.12 mm, the average 

melt pool depth was 126 µm ± 17 µm and the average width was 195 µm ± 17 µm.  

 

Figure 3-15 Melt pool dimensions at 220 W and 1000 mm/s a) single track b) 

hatch 0.08 mm c) hatch 0.12 mm 
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Further examination of the microstructure of several layers in the build direction, 

shown in Figure 3-16, reveals the formation of columnar grains, highlighted by red 

arrows, at a scan speed of 800 mm/s, which is in agreement with the literature [10]. 

These columns extend across several layers at the low hatch spacing of 0.08 mm 

and are aligned along the build direction (Z), Figure 3-16 (a) and (b); however, 

increasing the hatch spacing to 0.12 mm develops a mixed grain structure. For the 

latter grain structure, columnar areas are observed to have shorter columnar grains 

that are often limited to two layers and deviate away from the build direction. 

Comparison of the grain microstructure under different scan speeds, as shown in 

Figure 3-17, revealed the formation of equiaxed grains at the lowest speed of 600 

mm/s. Increasing the scan speed to 800 mm/s, the grains become columnar at 0.08 

mm hatch and mixed grains at 0.12 mm hatch, Figure 3-17 (b) & (e). At 1000 mm/s 

formation of mixed grains structure occurred at the lowest and highest hatch 

spacings, as shown in Figure 3-17 (c) & (f).   

Detailed examination of the in-grain microstructure under SEM, revealed the 

formation of fine columnar dendritic grains inside the melt pool, as shown in Figure 

3-18. These fine dendrites are aligned in the build direction for a hatch spacing of 

0.08 mm, Figure 3-18 (a) and (b), but for a hatch spacing of 0.12 mm, they have 

grown towards the centerline of the meltpool, Figure 3-18 (c) and (d).  
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Figure 3-16 Grain structure with columnar grains under OM at 800 mm/s and a) 

220 W, 0.08 mm b) 320 W, 0.08 mm c) 220 W, 0.12 mm d) 320 W, 0.12 mm 

 

Figure 3-17 Grain structure at 220 W, (a-c) hatch spacing 0.08 mm (d-f) 0.12 mm 

for scan speeds 600 mm/s, 800 mm/s and 1000 mm/s 
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Figure 3-18 In-grain microstructure under SEM at 800 mm/s and a) 220 W, 0.08 

mm b) 320 W, 0.08 mm c) 220 W, 0.12 mm d) 320 W, 0.12 mm 

Phase analysis using XRD was done on a sample built with 220 W, 800 mm/s, and 

0.12 mm detected five peaks, as shown in Figure 3-19, where only the γ phase was 

identified. The literature reported [27, 28] the detection of γ and γ" which was not 

able with the characterization used in the current study. Moreover, texture analysis 

was done on the same sample and plotting the pole figures, Figure 3-20, showed 
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strong texture in (200), which is along the laser scan line, as indicated by a black 

arrow. This texture is in agreement with the observed in-grain microstructure 

observed in Figure 3-18.  

 

Figure 3-19 XRD phase analysis of IN718 sample at 220 W, 800 mm/s, and 0.12 

mm 
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Figure 3-20 Pole figure of IN718 at 220 W, 800 mm/s and 0.12 mm 

The change in chemical composition from powder form to cube coupons built at 

different laser power and scan speed at a hatch spacing of 0.12 mm was measured. 

The chemical composition measured using ICP was not capable of detecting the 

light elements such as oxygen and carbon. The results in Table 3-6 show varying 

changes in chemical compositions from powder form. Different powers and speed 

exhibited vaporization of nickel with different percentages. Vaporization also 

occurred in niobium and tantalum as well as titanium, thus raising the weight 

percentage of the remaining major elements such as iron and chromium. 
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Table 3-6 Chemical composition of different samples (weight %) 

Power/ 

speed 
Al Co Cr Cu Fe Mn Mo 

Nb+

Ta 
Si Ti Ni 

Powder 0.46 0.02 19.4 0.03 18.89 0.02 3.1 5.14 0.04 1.02 51.88 

220/600 0.46 0.04 21.15 0.04 20.02 0.03 3.19 5.09 0.02 0.97 48.99 

220/800 0.46 0.05 20.84 0.04 19.87 0.03 3.16 5.05 0.02 0.97 49.51 

220/1000 0.52 0.06 20.03 0.08 19.07 0.05 3.05 4.82 0.04 0.95 51.34 

320/600 0.53 0.06 19.96 0.08 19.02 0.05 3.05 4.71 0.03 0.97 51.53 

320/800 0.52 0.06 20.36 0.08 19.56 0.05 3.11 4.91 0.04 0.95 50.36 

320/1000 0.52 0.06 20.29 0.08 19.41 0.05 3.12 4.82 0.04 0.98 50.64 

3.4. Discussion 

3.4.1. Formation of single tracks 

The first step in determining the melt tracks integrity is the formation of regular, 

continuous tracks. However, specific process parameters combinations lead to the 

breakage of such tracks. In other instances, these broken-up segments curl up into 

balls as an indication of a phenomenon called balling [29, 30]. This behavior is 

assumed to be controlled by surface tension during solidification, particularly the 

Plateau-Rayleigh instability [30, 31]. To establish this assumption, the 

dimensionless Bond and Laplace numbers [32] can be calculated using Eqn. 2 and 

3. The Bond number (Bo) is the ratio of gravity to surface tension, while the Laplace 

number (La) is the ratio of surface tension to viscosity.  

𝐵𝑜 =
𝜌𝑔𝐿2

𝜎
                                                                (2) 

𝐿𝑎 =
𝜎𝑔𝐿

𝜂2                                                                   (3) 
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Where ρ, g, σ, L, η represent density, gravitational acceleration, surface tension, 

melt pool length, and viscosity, respectively. Assuming an arbitrary melt pool 

length of 100 µm and thermo-physical properties obtained from [33], yields a Bond 

number of 3.8 x 10-4 and a Laplace number of 2.96 x 104 which proves that surface 

forces dominate the melt pool behavior. The continuous molten bead is similar to a 

cylinder bounded at the bottom to the substrate, as shown in Figure 3-21 (a). The 

introduction of any axisymmetric periodically harmonic perturbation can drive the 

melt pool into instability [30, 31], as shown in Figure 3-21 (b). The perturbed melt 

pool is signified by area of high and low pressures, which develop pinched zones. 

The pinched zones could reach an extent were the melt pool breaks into smaller 

segments, and due to surface tension, the molten material curls into spheres. The 

stability criterion of the melt pool can be determined using Eqn. 4, where D is the 

melt pool diameter, and L is the perturbation wavelength (approximately the melt 

pool length).   

𝜋𝐷

𝐿
= √2√

𝜙(1+cos 2𝜙)−sin 2𝜙

2𝜙(2+cos 2𝜙)−3 sin 2𝜙
                                                  (4) 
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Figure 3-21 Morphology of single bead a) stable track b) Plateau-Rayleigh 

instability 

During SLM, the laser beam having a diameter (d) irradiates the powder surface, 

and heat is conducted to down through the powder layer, raising its temperature 

above the melting temperature to form a melt pool. At the surface, the intensity of 

the laser beam has a Gaussian distribution, as shown in Figure 3-22, which is 

calculated based on Eqn.6. For a moving laser beam, the peak temperature can also 

be calculated using Eqn. 5, which will have the same Gaussian distribution as the 

laser intensity. Hence, assuming laser absorption is the same across the whole laser 

area, the depth of the powder layer reaching a peak temperature above the melting 

temperature will be a near reflection of the Gaussian profile, and thus the formation 

of a parabola shaped melt pool. The aspect ratio of the melt pool can be calculated 

as the ratio of the melt pool depth to half its width, as mentioned earlier. If the 

aspect ratio is less than 1, then the melt pool formation mode is called conduction 

mode [22, 34, 35], as shown in Figure 3-22 (a). Conduction mode melt pools were 

observed in only two cases, 170 W at 600 mm/s and 220 W at 800 mm/s, as seen 
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in Figure 3-5, despite having a shallow depth (under melt). Moving beyond an 

aspect ratio of 1 the melt pools switch to a keyhole mode, where the intensity of the 

laser beam at the center is high enough, causing deep penetration of the melt pool, 

as illustrated in Figure 3-22 (b). A large percentage of the melt pools measured in 

Figure 3-5 falls under the keyhole criterion [22, 32, 35, 36]. Further increase in the 

laser intensity with a combination of low scan speed and high laser power, the 

aspect ratio could exceed 2.5, which shifts the melt pool into severe keyhole [22], 

which could set the stage up for the formation of pores.  

Keyhole porosity is dependent on the equilibrium between the two opposing 

pressure acting on the keyhole. Ablation pressure, which occurs due to the 

evaporation of the molten metal and its ejection in the form of a vapor, thus 

inducing a pressure to keep the keyhole open. Conversely, the capillary pressure 

due to surface tension, resulting from the temperature gradient across the melt pool 

surface, acts to close the keyhole [37]. For high laser powers, higher evaporation 

rate occurs as more heat is absorbed due to the Inverse Bremsstrahlung effect, 

which increases the diameter and depth of the formed vapor column.  As the vapor 

column diameters increase the ablation pressure becomes greater than the capillary 

pressure, causing a stable open keyhole. However, as the vapor column increases 

beyond the laser beam diameter, the ablation pressure decreases and is overcome 

by the surface tension leading to the closure of the keyhole. In such case, the 

keyhole might not form porosities, as is the case of the results shown in Figure 3-6. 

However, such large depths could increase the chance of Rayleigh instabilities if 
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the length to diameter ratio of the vapor column is high. This will lead to closures 

along the keyhole axis due to surface tension and entrapment of escaping vapor 

causing a keyhole porosity [38], as shown in Figure 3-22 (c).  

𝑇 =
√2𝐴𝐼𝑟𝑜

𝑘√𝜋
tan−1 √

2𝛼

𝑣𝑟𝑜
                                                         (5) 

𝐼 =
𝑃

2𝜋𝑟𝑜
2 𝑒(−𝑟2/2 𝑟𝑜

2)                                                            (6) 

Where: 

T: Temperature inside the melt pool (K) 

A: Laser absorptivity 

I  : Laser intensity (W/m2) 

ro: Beam radius (m) 

k : Material thermal conductivity (W/m.K) 

α  : Thermal diffusivity (m2/s) 

v  : Scan speed (m/s) 

P : Laser power (W) 

r  : radial position (m) 

It was observed from Figure 3-7, and mentioned earlier that the laser power has a 

more significant impact on the change in melt pool dimensions compared to the 

scan speed. This observation can be explained in light of Eqn. 5, as it shows that 

the increase in the melt pool temperature occurs due to the rise in power or decrease 

in speed. However, the change in temperature is proportional to only the square 

root of the scan speed.  
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Figure 3-22 Melt pool formation mechanisms a) conduction mode b) keyhole 

mode c) keyhole with porosity 

3.4.2. Relative Density and Pore Formation 

Porosity in SLM can be due to three main reasons; firstly is the lack of fusion, 

where the formed melt pool is not large enough to ensure good overlap with the 

layer below or adjacent melt pools [9]. This type of pores is characterized by its 

relatively large non-circular shape with some sharp edges, as shown in Figure 3-23.  
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Figure 3-23 Lack of fusion at 800 mm/s for a) 220 W, 0.08 mm 

b) 320 W, 0.12 mm 

The lack of fusion pores appeared at 220 W and 320 W at 800 mm/s; however, the 

measurements of the single line, Figure 3-7, showed a melt pool depth of 

approximately 22 µm and 160 µm, respectively, which in the latter case should be 

larger than the layer thickness.  Although lack of fusion is usually limited to low 

energy cases, for example, 170 W, 1200 mm/s, and 0.12 mm, where a shallow melt 

pool is formed, it occasionally forms at higher input energies. This case could be 

attributed to the fact that the actual layer thickness is larger than the theoretical 

layer thickness due to the powder bed density [23]. It was found that due to powder 

bed porosity, the solidified layer will shrink in height, thus increasing the gap 

between the new surface and the recoater blade. For an EOS machine, the expected 

powder bed density is 40%-60% of the full density. Therefore the actual layer 

thickness can be calculated using Eqn 7. Based on the assumption of a powder bed 

density of 50%, the actual layer thickness will be 80 µm instead of 40 µm, which 

will affect the absorption of the laser power and the energy need to ensure good 

bonding with underlying layers. Therefore, increasing the incident energy could 

eliminate such pores. 

𝑡𝑎𝑐𝑡𝑢𝑎𝑙 =
𝜌𝑓𝑢𝑙𝑙

𝜌𝑏𝑒𝑑
𝑡𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙                                                    (7) 
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Where: 

𝑡𝑎𝑐𝑡𝑢𝑎𝑙: Actual layer thickness (μm) 

𝜌𝑏𝑒𝑑  : Powder bed density (kg/ m3) 

𝑡𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙   : theoretical layer thickness (μm) 

𝜌𝑓𝑢𝑙𝑙  : Bulk density of material (kg/ m3) 

Lack of fusion can also occur across melt pool tracks within the same layer due to 

powder denudation. The use of high laser power or low scan speed results in high 

input energy, which upon striking the surface of the powder, pushes the surrounding 

powder away from the melt track. Lack of powder causes a problem in multi-track 

scanning, as there will be not enough powder to melt and fill the gap between 

adjacent melt pools, thus creating a lack of fusion pore [39].  

The second type of pores to form in SLM is gas entrapped pores, which are signified 

by their spherical shape [40], as shown in Figure 3-24. The pores could either be 

due to trapped nitrogen gas, used for protection from oxidation, or microscopic 

entrapped vapors previously present in the powder itself during production.  

 

Figure 3-24 Entrapped gas pores at 320 W, 600 mm/s and 0.08 mm 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

132 

 

The third type of defect that occurs in SLM is the keyhole porosity, which occurs 

at very high energies (high power, low scan speed). Keyhole melt pools are 

infamous for their elongated melt pool depths that could cause material 

vaporization at the bottom of the melt pool. Due to the recoil pressure, the melt pool 

collapses on itself and entrapping the metal vapor before escaping to the free 

surface, as discussed in section 4.1. Keyhole pores are near-circular and can be 

found near the bottom end of keyhole melt pools. However, keyhole pores were not 

observed in the studied process window for full coupons, which could be reverted 

to the observation that the formation and subsequent collapse of vapor pockets do 

not frequently occur [41].  

The second type of pores is the most common for the tested process window. Still, 

its elimination could be harder than the other two types as it requires a balance 

between the three process parameters to produce suitable energy. This balance can 

be observed through the results in Figure 3-10, where the relative density increases 

with laser power to a peak value, then decreases again, and the same trend is 

observed for scan speed [42, 43]. At low power or high scan speed (low energy), 

lack of fusion is the dominant defect formation mechanism. Increasing the laser 

power or decreasing the scan speed improves the relative density, but the pore 

formation mechanism switches to the gas/vapor entrapment until reaching a point 

where enough molten material is produced with enough time to ensure good 

wettability, i.e., the molten metal fills in the pores left behind. Further increase in 

laser power or decrease in scan speed (higher energy) will disrupt this balance 
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causing the formation of gas pores again either due to entrapped gas or keyhole 

along with powder denudation. Although the use of input energy as a lump sum is 

convenient for an explanation, the produced relative densities did not correlate well 

with the energy density, proving that the desired balance point differs based on the 

individual process parameters, which is in agreement with the literature [44].  

3.4.3. Surface Roughness Evolution 

Surface roughness can develop due to several reasons, the most important of which 

is the periodic humps that represent the adjacent scan tracks on the top surface. The 

formation of these humps is controlled by the amount of input heat and 

solidification time available. High energy would melt the powder and form a large 

enough melt pool that would ensure melt flow and wetting of adjacent tracks, thus 

good overlap with previously formed tracks. Therefore, to have a high enough input 

heat, either low scan speed or high laser power or a combination of both is needed, 

as seen in Figure 3-25, and Figure 3-26. It can be observed in Figure 3-25 (a) that 

the solidified melt pool tracks are smoothed out to the degree that they do not have 

a clear definition. As the speed increases, i.e., input heat input decreases, the lines 

become more defined (higher roughness) as highlighted within the yellow 

perimeter. Finally, at the highest scan speed, the scan lines are quite evident and 

protruding higher from the surface, thus resulting in the highest surface roughness. 

The same result can be observed for increasing laser power, as in Figure 3-26. That 

is why, as shown in Figure 3-11, the lowest surface roughness is found in the low 

scan speed range. Moreover, for good wetting to happen, then the solidification 
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time needs to be long enough to ensure such wetting takes place, and good 

smoothing out of these humps occurs. Eqn 8 represents a prediction of the 

solidification time of a molten droplet of metal [20, 45]. 

 

Figure 3-25 Top surface morphology at 320 W a) 600 mm/s b) 800 mm/s c) 1200 

mm/s 

 

Figure 3-26 Top surface morphology at 800 mm/s a) 170 W b) 320 W 
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𝜏𝑠 =
𝑠2𝑘

3𝑎𝑘𝑠𝑢𝑏
[ln (

𝑇𝑜−𝑇𝑠𝑢𝑏

𝑇𝑙−𝑇𝑠𝑢𝑏
) + (1 +

𝑘𝑠𝑢𝑏

2𝑘
)

𝐿

𝐶(𝑇𝑙−𝑇𝑠𝑢𝑏)
]                               (8) 

Where: 

s: initial droplet size (m) 

k : thermal conductivity (W/m.K) 

To: initial temperature of a droplet (K) 

ksub : Substrate thermal conductivity (W/m.K) 

a  : Thermal diffusivity (m2/s) 

C  : specific heat capacity (J/kg.K) 

Tl : Liquidus temperature (K) 

Tsub : Substrate temperature (K) 

Since the molten material starts to solidify at the same initial temperature (Liquidus 

temperature) to the solidus temperature and assuming the same thermal 

conductivity for coupons manufactured with different process parameters, it can be 

found that the solidification time depends mainly on the droplet size. Therefore, a 

low scan speed will produce a larger melt pool having a relatively long time to wet 

a large surrounding area.     

Other factors that affect surface roughness include balling and melt tracks 

irregularities, which are characterized by the non-periodic bulging and humping 

along the top surface, as shown by yellow arrows in Figure 3-27. Balling was not 

observed in the full coupons compared to the single tracks as the introduction of 

the hatch spacing caused melt tracks to overlap, thus remelting the balled-up 

material into scattered bulges. There is also the added effect of satellite powders 

sintering to the top surface, as highlighted within the red circles in Figure 3-27, 

which adds to the surface roughness. These two factors are the reasons why at 170 
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W, the roughness was the highest at the lowest speed and highest speed, as seen in 

Figure 3-27.  

 

Figure 3-27 SEM of top surface defects at 170 W and a) 600 mm/s b) 800 mm/s 

c) 1200 mm/s 

By comparing the surface roughness across hatch spacing, it is found that increasing 

the hatch spacing decreases the surface roughness, as shown in Figure 3-11. This 

observation is contradictory to the discussion mentioned earlier because as the 

hatch spacing increases, the input energy decreases, and the molten material will 

need to flow further to the sides to wet the adjacent tracks. The reason for the 

decrease in surface roughness, which is particularly significant at the lowest scan 

speed, is due to the morphology of the single tracks and the subsequent heat 

accumulation due to multi-tracks. For a single track, the amount of laser energy 

hitting the powder is relatively high at the lowest speed. The impact of laser with 

the powder surface will cause a powder denudation zone surrounding the scan track, 

i.e., a zone with no powder. Therefore, the use of a small hatch spacing will result 

in a large overlap area; however, there is a lack of material to fill the denudated 
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area in the overlap zone [39]. Added to that, the effect of heat accumulation from 

the previous track, which will increase the temperature higher in the overlap zone, 

causing material vaporization. Conversely, increasing the hatch spacing lowers the 

overlap area and its adverse effects.  

3.4.4. Residual Stress Formation 

Residual stresses are elastic stresses that remain within a part after the load is 

removed. RS risers are confined to three factors; plastic strain, thermal strain, and 

phase transformation. Since SLM is a pure heat transfer process with the absence 

of any mechanical loading that would cause plastic deformation, RS arises due to 

thermal strain and phase transformations. For IN718, no phase transformation was 

observed, as shown in section 3.5. Although there are three types of RS, the current 

study is interested in type I, macroscopic stresses, which can be measured using 

XRD [46, 47]. Since RS are elastic in nature, any stresses that exceed the yield 

strength will cause plastic deformation, and only the elastic portion will remain and 

detected by XRD. For the tested coupons, the top surface did not exhibit any plastic 

deformation or bulging except at the edges where stresses are the highest [48], as 

indicated by the red arrows in Figure 3-28.  
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Figure 3-28 Deformation of top surface edges at 320 W, 800 mm/s for a) 0.08 mm 

b) 0.12 mm 

RS formation due to thermal strain occurs due to the varying rates of expansion of 

the solidified material around the melt pool during heating and the subsequent 

shrinkage during cooling, which is governed by Eqn. 9 & 10. The thermal stresses 

generated are affected by the material thermal expansion coefficient CTE (α, 1 ℃⁄ ) 

and the temperature gradient (∆𝑇, ℃). Consequently, the mechanism for RS 

formation is termed the temperature gradient mechanism (TGM) [49, 50].  

𝜀𝑡ℎ = 𝛼∆𝑇                                                                (9) 

𝜎𝑡ℎ = 𝛼𝐸∆𝑇                                                           (10) 

If the exposed tracks are heated so that it expands within the elastic zone, then upon 

cooling, the part would exhibit zero-stress state. Hence, plastic strain occurs at some 

point during heating or cooling, causing the strains to be “locked-in” which would 

induce RS. To explain RS formation and the TGM, an example coupon, shown in 
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Figure 3-29a, is examined, where the middle of the top surface is being heated and 

subsequently cooled in a multi-track layer. Since XRD measures in-plane stress, 

the top surface only of the cube can be examined, Figure 3-29b. As the material is 

heated and cooled, it is constrained only by the solidified material and not the loose 

powder. Therefore, to simplify the part, it can be represented as two bars, as shown 

in Figure 3-29c, connected in parallel to a rigid wall at one end and movable support 

on the other end, representing the ductility of the connected solidified tracks [51]. 

The solidified tracks have a total cross-sectional area of 𝐴𝑆, while the exposed track 

has a cross sectional area of 𝐴𝑇. The temperature at yield point will be adequetly 

termed the yield temperature (𝑇𝑦), therefore, since SLM increases the temperature 

of the material to the melting point, consequently plastic deformation will occur at 

some point in the solidified material.  
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Figure 3-29 The residual stress formation mechanism a) 3D geometry b) Plane 

Stress approximation c) Bar model analogy d) Stress evolution with temperature 

The analysis of the bar model is based on the plot in Figure 3-29d, which traces the 

evolution of stress with temperature. It can be visualized that during heating, the 

“track” bar (T) expand, pushing the movable support, similar to the stress exerted 

by the track on the adjacent solidified tracks. The “solidified” bar (S) resists the 

motion of the support by inducing compressive stress. During heating, the 

compressive stress increases with temperature until reaching the yield point, shown 

as point A on the red line in Figure 3-29d, where the material plastically deforms. 

Since the bar yields, there will be no further increase in stress, represented as point 
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B in Figure 3-29d, and the thermal strain is locked in as plastic strain. The 

incremental change in strain is given in Eqn.11 & 12, where the plastic strain is 

offset by the thermal strain resulting in a zero change in strain.  

    ∆𝜀 = ∆𝜀𝑝 + ∆𝜀𝑡ℎ = 0                                                               (11) 

∆𝜀𝑝1 = −∆𝜀𝑡ℎ = −𝛼(𝑇𝑚𝑎𝑥 − 𝑇𝑦)                                            (12) 

As the bar “T” cools down with its temperature dropping by 𝑇𝑦, during 

solidification of the track, the shrinkage strain is reduced by (−𝛼𝑇𝑦) reaching a 

point of zero stress, represented as point C in Figure 3-29d. The bar “T” cools down 

further, pulling on the moving support and bar “S” with a displacement ∆𝑢, where 

the bars deform elastically from point C onwards to point D in Figure 3-29d. The 

final total strains and stresses, presented in Eqn. 13 & 14, for bar “T” consist of 

elastic and thermal strain as it cools down to initial temperature.  

𝜀 =
𝐴𝑆

𝐴𝑇+𝐴𝑆
𝛼(𝑇𝑚𝑎𝑥 − 𝑇𝑦)                                                      (13) 

𝜎𝑅𝑆 =
𝐴𝑆

𝐴𝑇+𝐴𝑆
𝛼𝐸(𝑇𝑚𝑎𝑥 − 𝑇𝑦)                                                  (14) 

Although the thermal strain is the mechanism behind the development of stresses 

in the material, it is the plastic strain that locks in the residual stresses because as 

the part cools down back to the initial temperature, there will be no thermal strain 

due to zero temperature gradient. The bar model is a simple one-dimensional 

explanation of the formation of RS; however, in reality, the material expands and 

contracts in all three directions, hence inducing plastic strain in all three directions, 
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which add up to form the final RS profile. Applying Eqn. 14 in the vertical direction 

would indicate that the higher the building height  (𝐴𝑆), the higher the tensile RS, 

which agrees with the findings in the literature [50, 52]. 

By examining the surface RS in section 3.4, it is found that all process parameters 

induced tensile residual stresses with varying magnitudes. Generally, the surface 

RS increased with increasing the scan speed from 600 mm/s to 800 mm/s and then 

decreased as the speed reached 1000 mm/s; however, in other instances, this trend 

was flipped. The formation of RS, as discussed earlier and shown in Eqn.14, is 

mainly controlled by three factors, the coefficient of thermal expansion, the 

modulus of elasticity, and the temperature difference. The effect of temperature 

difference is manifested in the size of the melt pool and the surrounding heat 

affected zone (HAZ). Bigger melt pools cause a higher shrinkage, and the bigger 

HAZ means a large volume of solidifying material resisting the shrinkage and 

inducing higher RS.  It is worth noting that there is a fourth factor that could affect 

the generation of RS, which is the cooling rate, being highly important due to the 

typically rapid solidification nature of SLM resulting in cooling rates in the range 

of 105 − 106 𝐾/𝑠 [53, 54]. Although there is no literature on the effect of cooling 

rate on the magnitude of RS, it was reported that in casting and quenching, despite 

the huge difference in cooling rates, increasing the cooling lead to an increase in 

RS [55]. Using the Rosenthal point source model [56] to calculate the temperature 

distribution for three different speeds, analytically, can help visualize the opposing 

effects of scan speed, as shown in Figure 3-30. As the speed increases, the melt 
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pool becomes thinner and smaller in volume, which, therefore, could decrease the 

magnitude of RS. Conversely, it is opposed by the increase in the cooling rate, 

which increases the magnitude of RS [45]. Although the Rosenthal model is widely 

used in the literature, it does not take into consideration the change of thermo-

physical properties of materials with temperature, and it assumes a point heat source 

instead of an actual Gaussian distribution of laser intensity. Moreover, there is the 

effect of hatch spacing, which will affect the temperature, profiles and cooling rate 

due to the cyclic heating and cooling in multi-track exposure. The prediction of 

thermal history and cooling rates in the multi-track multi-layer problem is quite 

difficult to predict. Hence, it will require numerical modeling to provide an insight 

into the temperature profile and includes the thermo-fluid effects that occur within 

the meltpool, thus affecting the final temperature profile. 

 

Figure 3-30 Temperature contours predicted using Rosenthal model for a) 600 

mm/s b) 800 mm/s c)1000 mm/s 
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 The modulus of elasticity and CTE can also affect RS. The modulus of elasticity 

could vary due to the anisotropic behavior due to the different grain structures. 

Additionally, the CTE changes with the change in chemical composition [57, 58] 

due to the possible vaporization or the concentration increase of some alloying 

elements, as shown in Table 3-6. Increasing the percentage of Fe, Mn, and Cr leads 

to an increase in CTE while increasing Al, Ti, and Mo percentage causes a decrease 

in CTE [57]. Based on the results in Table 3-6, it is shown that at a power of 220 

W and hatch of 0.12 mm, increasing the scan speed from 600 mm/s to 800 mm/s 

resulted in a reduction in Fe and Cr percentages, possible leading to a decrease in 

CTE. Moreover, increasing the speed even further resulted in a drop in Fe and Cr 

concentrations and an increase in Al and Mn concentrations, which will decrease 

the CTE. The combination of lower CTE and smaller melt pool/ HAZ was more 

dominant than the increase in cooling rate, causing a decrease in RS with increasing 

scan speed. Consequently, further investigations are required to measure the CTE 

and modulus of elasticity for different process parameters to determine the effect 

of their variation on RS; however, this is out of the scope of the current study. 

3.4.5. Melt pool Microstructure Formation 

A comparison of the melt pool morphology between single tracks and multi-

tracks/multi-layers showed a significant increase in melt pool width and depth. The 

increase is due to the cyclic temperature history of the solidified tracks due to the 

laser multi-pass. The added heat causes the melt pool to increase in volume, which 

is in agreement with the literature [59, 60]. The added heat reduces the possibility 
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of balling formation by increasing the melt volume and wettability, and the 

possibility of remelting any formed balls during the previous solidified tracks [6, 

61].  

The grain structure, shown in Figure 3-16, and Figure 3-17 is mainly a mixed 

structure except for a scan speed of 800 mm/s, which resulted in columnar grains. 

The grain structure is controlled by two factors the solidification front velocity (R) 

and the thermal gradient (G). Coupled with a solidification map shown in Figure 

3-31, the solidified structure can be predicted. For example, at a scan speed of 1000 

mm/s and at the centerline of the melt pool, which corresponds to the maximum 

solidification rate equaling the scan speed [6], the grain structure is mixed. By using 

the solidification map at R=1 m/s, the temperature gradient is found to be between 

105 and 3x105. At a scan speed of 800 mm/s, the input energy was higher, and 

consequently, the temperature gradient was steeper compared to 1000 mm/s, which 

resulted in a columnar grain structure. However, at the lower speed of 600 mm/s, 

the grain structure formed is mixed with columnar and equiaxed structure despite 

the possibly higher temperature gradient. This structure could be attributed to the 

formation of a higher percentage of γ″, as reported in the literature [27], which 

inhibits the epitaxial grain growth to form columnar structures. Moreover, the 

higher input energy at the lower scan speed could be sufficient to overcome the 

activation energy barrier required for nucleation of a new phase, thus prompting the 

equiaxed grain structure. The formation of a mixed grain structure reduces the 

anisotropy associated with the columnar grains, thus possibly improving the 
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mechanical properties of the as-built parts.Finally, a numerical model is required to 

better predict the temperature gradients, solidification rate and melt pool 

morphology which affects the direction of solid-liquid solidification front 

compared to the scan speed.  

 

Figure 3-31 Solidification map for grain structure in IN718 [6] 

The microstructure within the melt pool exhibited a fine columnar dendritic 

microstructure for different process parameters, as shown in Figure 3-18. During 

solidification, a competitive growth occurs between dendrites with different 

crystallographic orientations. The dendrites that are aligned with the highest 

temperature gradient direction (favorable heat flow) will outgrow the other 

directions. In SLM, it was found that dendrites growth favors crystallographic 
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orientation <001>, which corresponds to the build direction, as shown in Figure 

3-20. However, the favorable heat flow direction changed from being parallel to 

the build direction to an inclined direction (perpendicular to melt pool boundary) 

as the hatch spacing increased due to the reduction in the input heat, as shown in 

Figure 3-18. The formation of columnar dendrites in IN718 is also governed by the 

temperature gradient (G) and the solidification rate (R). The G/R determines the 

type of in-grain microstructure, either equiaxed, columnar dendritic, or cellular. On 

the other hand, G*R, which is termed the cooling rate, determines the size of the 

microstructure, either coarse or fine [62]. Since SLM is a rapid solidification 

process with high cooling rates of 106 K/s [45, 53], the resulting microstructure is 

fine. 

3.5. Conclusion 

This study adds to the understanding of the process-structure-property in selective 

laser melting of Inconel 718. First, the effect of the two main process parameters, 

laser power and scan speed, was examined to produce stable continuous single 

tracks. Second, the study further showed the shortcomings of the use of single 

tracks as the sole predictor of the quality of parts.  

The study further examined the gap on the effect of a wide range of process 

parameters on relative density, surface roughness and surface residual stresses 

simultaneously. The measured properties were used to plot process maps that are 

crucial to select the best process parameters combinations to achieve the optimum 
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part properties. It was found that there is no single process parameter combination 

that will result in optimized values for all three properties together. However, since 

surface residual stresses values were all found to be tensile, and since density and 

surface roughness are the main stress concentrators/crack initiators in fatigue 

failure, they outweighed surface residual stresses in priority. For this scenario, a 

laser power of 320 W, a scan speed of 600 mm/s, and a hatch spacing of 0.12 mm 

resulted in a relative density of 99.2%, a relatively low surface roughness of 3.5 

μm. On the other hand, if the selection is made based on one property, density, as 

it is the cause for nucleation and growth in tensile testing, then a 270 W, 700 mm/s 

and 0.1 mm hatch spacing are the most suitable parameters. Finally, it was shown 

that the formation of columnar grains, which is widely reported in the literature, 

was only attained at a scan speed of 800 mm/s. For all other scan speeds, a mixed 

grain structure is formed, which can help lower the expected anisotropy in 

mechanical properties. 
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Abstract:  

Laser powder bed fusion exhibits many advantages for manufacturing complex 

geometries from hard to machine alloys such as IN625. However, a major drawback 

is the formation of high tensile residual stresses, and the complex relationship 

between the process parameters and the residual stresses is not fully investigated. 

The current study presents multi-scale models to examine the variation of process 

parameters on melt pool dimensions, cyclic temperature evolutions, cooling rate, 

and cyclic stress generation and how they affect the stress end state. In addition, the 

effect of the same energy density, which is often overlooked, on the generated 

residual stresses is investigated. Multi-level validation is performed based on melt 

pool dimensions, temperature measurements with a 2-color pyrometer, and, finally, 

in-depth residual stress measurement. The results show that scan speed has the 

strongest effect on residual stresses, followed by laser power and hatch spacing. 

The results are explained in light of the non-linear temperature evolution, 

temperature gradient, and cooling rate during the laser exposure, the cooling time, 

and the rate during the recoating time. 

Keywords:  

Inconel 625, Laser powder bed fusion, Multi-scale modeling, Temperature 

measurement, Residual stresses  
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4.1. Introduction 

Laser powder bed fusion (LPBF) [1] is an additive manufacturing technology that 

has gained momentum in recent years due to design freedom to manufacture highly 

complex and customizable geometries along with its capability of processing 

metals and ceramics [2]. These advantages make LPBF desirable for many 

industries where it can be used, for example, to manufacture a conformally cooled 

mold for the tooling industry [3] or light-weighting or to reduce the number of 

assembled parts which makes it desirable for the automotive and aerospace 

industries [4-6]. Despite the many advantages of LPBF, it still has a few drawbacks 

that need to be overcome, such as porosity, dimensional accuracy, high surface 

roughness, and tensile residual stresses (RS) [7, 8]. The first three drawbacks have 

been extensively studied experimentally and controlled by optimizing the process 

parameters [9-12]. In addition, dimensional accuracy and surface roughness were 

also rectified by post-machining [2, 13, 14]. However, the surface and near-surface 

RS was mostly tensile regardless of the process parameters employed [15-18], 

which require post-processing such as stress relieving or peening to negate these 

undesirable stresses. Tensile RS is formed in LPBF due to the high-temperature 

gradient generated due to the large heat input under the laser beam, between the 

solidifying material and surrounding cool powder and substrate [19]. Therefore, to 

reduce the undesirable tensile RS, the effects of process parameters on the thermal 

history and temperature gradients on its formation mechanism need to be 

understood. 
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Modeling offers insight into the thermal cycles, temperature gradients, and cooling 

rates (CR) during LPBF, affecting stress formation and microstructure. In addition, 

predicting melt pool dimensions can determine if sufficient overlap between laser 

tracks will happen as it affects the resulting density. A vast array of work is done 

on the modeling of LPBF targeting different scales or modeling approaches, 

ranging from melt pool scale to part scale models. The first approach is modeling 

single tracks in LPBF, which can be modeled using Finite Element (FE) or 

computational fluid dynamics (CFD). For FE models, the studies aimed at 

predicting melt pool dimensions and temperature gradients along the melt pool 

width and length [20-24]. CFD models also simulate single tracks but with the 

added benefit of including the fluid dynamics effects such as the Marangoni effect, 

which drives the convection inside the melt pool, affecting the melt pool shape and 

CR that controls the final microstructure [25-28]. Both models were extended to 

simulate the effect of adjacent tracks on melt pool dimensions and temperature 

gradients; however, beyond that, there is little focus on the impact of process 

parameters [29-31]. 

Moreover, these models overlooked the effect of the temperature gradients, CR, 

and process parameters on stress formation during solidification. The only studies 

that have addressed this particular area were focused more on the effect of scan 

strategies on RS [32, 33]. The second approach used was part scale simulation of 

part deformation and showed an agreement between the predicted and the 

experimentally measured deformations or RS [34-36].  
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Despite the varying degrees of success of each of the previously mentioned 

modeling approaches, there are a few shortcomings or challenges regarding FE 

modeling of the LPBF process [37, 38] that need to be addressed. The first issue is 

the proper representation of the powder layer and its apparent thermal conductivity. 

Several studies assume the powder thermal conductivity as a fraction of the bulk 

material properties using the porosity ratio of the powder layer [20, 24, 39, 40]. 

However, by examining a unit volume of the powder layer, it is found that it 

comprises solid powder particles and the voids between particles filled with inert 

gas. Hence the heat transfer coefficient consists of the solid thermal conductivity, 

the inert stagnant gas thermal conductivity, and the radiation between the powder 

particles. The second issue is applying a Gaussian surface heat flux to represent the 

laser beam heat input, adopted from welding modeling [32, 41-43]. The problem 

with the surface heat flux is that it neglects the optical penetration of the incident 

laser through the voids between the powder particles and its consequent decay. 

Conversely, a volume heat source that considers the powder layer's laser 

penetration relative to the powder size is essential to represent the heat input 

accurately. The third issue is the incapability of the FE models to include the 

Marangoni effects [43], which is important as convection is the dominant heat 

transfer mode inside the meltpool and will, in return, affect the melt pool 

dimensions and temperature. The fourth issue is the lack of experimentally 

measured laser absorptivity, which is important as the powder bed absorbs a portion 

of the incident laser beam energy. Several studies either assume the value for the 
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laser absorptivity or use some analytical models to calculate a more accurate value 

[44, 45]. In addition, there is a lack of experimental temperature measurements for 

validation of the numerically predicted temperature [43, 45].  

The current work addresses the gaps in the literature regarding the modeling of 

LPBF of Inconel 625 using the following: 

 Multi-scale modeling, including single track, multi-track layer, and part 

scale models 

 Comparing different volumetric heat sources with optical penetration 

 A proper powder material model is used to calculate the temperature-

dependent thermal conductivity incorporating the solid conductivity, the 

nitrogen gas conductivity, and the inter-particle radiation 

 The Marangoni effects inside the melt pool by calculating the Marangoni 

number and its equivalent thermal conductivity  

 Validation of the melt pool dimensions for single tracks with the literature 

 Experimental temperature measurement using a 2-color pyrometer to 

validate the temperature from the multi-track layer model. 

 In-depth RS profile measurement using XRD to validate the part scale 

model RS predictions 

 Study the effect of process parameters on thermal history, temperature 

gradients, CR, and their subsequent impact on the formation of RS. 
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4.2. Model setup 

4.2.1. Transient thermal model 

Heat transfer in powder bed fusion is governed by heat conduction defined by the 

transient heat transfer energy balance equation, Equation (1) 

𝑘 (
𝜕2𝑇

𝜕𝑥2) + 𝑘 (
𝜕2𝑇

𝜕𝑦2) + 𝑘 (
𝜕2𝑇

𝜕𝑧2) + 𝑞̇ = 𝜌𝐶
𝜕𝑇

𝜕𝑡
                           (1) 

 

Where: 

k : Thermal conductivity of the powder bed (W/m.K) 

T: Temperature (K) 

𝑞̇: Energy generated per unit volume (W/m3) 

𝜌: Density of the powder bed (kg/m3) 

C: Specific heat capacity (J/kg.K) 

t: time (s) 

The initial condition for Equation (1) is set as the powder bed preheat temperature 

of 80 ˚C and represented by Equation (2) 

𝑇(𝑥, 𝑦, 𝑧, 𝑡0) = 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡                                              (2) 
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4.2.2. Boundary conditions 

Heat flux boundary condition 

As the laser beam irradiates the surface of the powder bed, heat is added into the 

powder, which can be represented as a specified heat flux boundary condition (BC) 

and defined using the Fourier heat flux equation given in Equation (3) 

𝑄𝑙𝑎𝑠𝑒𝑟 = 𝑄𝑖𝑛 = 𝑘∇𝑇(𝑥, 𝑦, 𝑧)                                      (3) 

Convection boundary condition 

A constant nitrogen gas flow is pumped into the build chamber to reduce the oxygen 

percentage and carry away any spatter and ejected particles from the melt pool. The 

gas flow over the powder bed surface draws away heat due to forced convection, 

which is calculated using Equation (4) 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = ℎ𝑜(𝑇𝑝𝑏 − 𝑇∞)                                         (4) 

Where: 

ℎ𝑜: overall heat transfer coefficient due to forced convection (W/m2K) 

𝑇𝑝𝑏: Powder bed surface temperature 

𝑇∞: Ambient temperature (assumed 300 K) 

The heat transfer coefficient due to forced convection is calculated similarly to the 

flow over a flat plate. Therefore, h will depend on the speed of the inert gas, 

Equation (6) & Equation (7), and all fluid flow properties are to be calculated at 

film temperature [32, 46]. The film temperature is the average temperature between 
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the powder bed surface temperature and the gas flow temperature, Equation (5). 

The EOS M280 machine used to perform the experiments has an inert gas velocity 

of 3 m/s. 

𝑇𝑓 =
𝑇𝑝𝑏+𝑇∞

2
                                                          (5) 

ℎ =
𝑘𝑔

𝑊

0.6776 𝑅𝑒1/2𝑃𝑟1/3

[1+
𝑃𝑟

0.0207
]

                                                  (6) 

𝑅𝑒 =
𝑈∞𝑊

𝛾𝑔
                                                         (7) 

Where: 

𝑇𝑓: The film temperature (K) 

𝑘𝑔: Gas thermal conductivity (W/m.K) 

W: Width of the powder bed (250 mm for EOS M280) 

Re: Reynolds number calculated at the film temperature 

Pr: Prandtl number 

𝑈∞: Inert gas velocity (m/s) 

𝛾𝑔: Kinematic viscosity (m2/s) 
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Radiation boundary condition 

Another source of heat loss is radiation heat transfer to the surroundings, which is 

defined using Equation (8) 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑒𝜎𝑠(𝑇𝑝𝑏
4 − 𝑇∞

4)                                                (8) 

Where:  

𝜎𝑠: Stefan-Boltzmann constant (W/m2.K4) 

𝑒: Emissivity of the powder bed 

Since the powder bed is porous, the bulk material properties cannot be used. 

Therefore an analytical model is used to calculate the emissivity of the powder bed 

[47, 48], represented by Equations (9-11). 

𝑒 = 𝐴𝐻𝜀𝐻 + (1 − 𝐴𝐻)𝑒𝑠                                                   (9) 

𝐴𝐻 =
0.908𝜑2

1.908𝜑2−2𝜑+1
                                                             (10) 

𝑒𝐻 =
𝜀𝑠[2+3.082(

1−𝜑

𝜑
)

2
]

𝜀𝑠[1+3.082(
1−𝜑

𝜑
)

2
]−1

                                                      (11) 

Where:  

𝐴𝐻: Porous area fraction of powder surface  

𝜑: Powder bed porosity ratio 

𝑒𝑠: Emissivity of bulk material 
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The powder bed porosity depends on the recoating system and powder flowability 

[9]. However, it difficult to precisely measure the powder bed porosity and is 

usually assumed between 40% to 60%.  

4.2.3. Material model 

In PBF, the powder is heated consistently up to melting. Therefore, the material 

model is governed mainly by the temperature-dependent thermophysical properties 

of the powder. An analytical model developed by Sih and Barlow [47] is used to 

calculate the thermal conductivity of the powder bed based on the bulk material 

thermal conductivity and powder bed porosity ratio. The model, Equation (12), 

considers the radiation between particles, Equation (13), and the presence of 

stagnant inert gas in the voids between the powder particles.  

𝑘𝑝𝑏 = 𝑘𝑔[(1 − √1 − 𝜑) (1 + 𝜑
𝑘𝑟

𝑘𝑔
) + √1 − 𝜑 (

2

1−
𝑘𝑔

𝑘𝑠
⁄

(
1

1−
𝑘𝑔

𝑘𝑠
⁄

𝑙𝑛
𝑘𝑠

𝑘𝑔
− 1) +

𝑘𝑟

𝑘𝑔
)]   (12) 

Where: 

𝑘𝑝𝑏: Powder bed thermal conductivity (W/m.K) 

𝑘𝑔: Inert gas thermal conductivity (temperature-dependent) (W/m.K) 

𝜑 : Powder bed porosity ratio 

𝑘𝑠: Thermal conductivity of the bulk material (temperature dependent) 

𝑘𝑟: Equivalent conductivity due to thermal radiation between powder particles 
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𝑘𝑟 =
4𝜀𝜎𝑇3𝐷𝑝

1−0.132𝜀
                                                            (13) 

𝑒: Emissivity of the powder (calculated previously) 

T: Temperature (K) 

𝐷𝑝: Average diameter of the powder particles (m) 

The next two properties to model powder bed thermal behavior are the specific heat 

capacity and density. A simplistic linear is used based on the porosity of the powder 

bed 

𝐶𝑝 = (1 − 𝜑)𝐶𝑠                                                        (14) 

𝜌𝑝 = (1 − 𝜑)𝜌𝑠                                                         (15) 

The temperature-dependent thermos-physical properties of bulk IN625 were 

obtained from [49] and the full material properties used are shown in Error! R

eference source not found. 

Table 4-1Thermo-physical properties of IN625 

Property Units Ref. 

Thermal conductivity (𝑘𝑠) 10.1 - 31.6 W/m.K [49] 

Density (𝜌𝑠) 8453 - 7925 Kg/m3 [49] 

Specific heat capacity (𝐶𝑝𝑠) 419 - 657 J/kg.K [49] 

Quescient liquid thermal conductivity (𝑘𝑙) 30.078 W/m.K [42] 

Liquid specific heat capacity (𝐶𝑝𝑙) 709.25 J/kg.K [42] 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

167 

 

The selection of a suitable material mode is essential to predict temperature history 

better. Since the primary mode of heat transfer in L-PBF is conduction, as 

mentioned above, a low thermal conductivity will lead to a high concentration of 

heat at the center of the melt pool and raise the predicted peak temperature. 

Employing the powder model shows that the solid thermal conductivity is 20 folds 

the powder thermal conductivity, as shown in Figure 4-1 

Solidus temperature (𝑇𝑠) 1563 K [42] 

Liquidus temperature (𝑇𝐿) 1623 K [42] 

Boiling temperature (𝑇𝑏) 3000 K [42] 

Latent heat of fusion (𝐿𝑓) 290 kJ/kg.K [42] 

Latent heat of vaporization (𝐿𝑉) 640 kJ/kg.K [28] 

Dynamics viscosity (μ) 7 ×  10−3 Pa.s [42] 

Temperature gradient of surface tension 

(𝑑𝜎 𝑑𝑇⁄ ) 

−1.1 × 10−4 N.m/K [28] 

Average powder size diameter (𝐷𝑝) 27 μm [50] 

Powder bed porosity (φ) 0.4 - - 

Emissivity (e) 0.4 - [42] 

Nitrogen thermal conductivity (𝑘𝑔) 0.02604 - 0.0947 W/m.K [51] 

Ambient temperature (𝑇∞) 313 K - 
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Figure 4-1. Thermal conductivity of solid vs. powder IN625 

4.2.4. Heat source modeling 

A volumetric heat source model is employed to consider the laser beam penetration 

into the porous powder bed. Three models are chosen for comparison, the Goldak 

double ellipsoidal model, shown in Equation (16), which was developed for 

welding [52]. 

𝑄𝑣 =
6√3𝐴𝑐𝑃

𝑎𝑏𝑐𝜋√𝜋
𝑒

−[
3(𝑥−𝑣𝑡)2

𝑎2 +
3(𝑦−ℎ)2

𝑏2 +
3𝑧2

𝑐2 ]
                               (16)  

Where P is the laser power (W), 𝐴𝑐 is the absorption coefficient, x, y, and z are the 

local, a, b, and c are the longitudinal, transverse, and depth dimensions of the heat 

source, v is the laser scan speed (mm/s), t is the time (s), and h is the hatch spacing 

(mm). The dimensions a and b were assumed as the radius of the laser spot, while 

the depth dimension c is set as the melt pool depth determined experimentally.  
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The second and third heat source models examined are categorized as attenuated 

volumetric heat sources, based on the assumption that as the laser penetrates the 

inter-particles voids, it gets scattered and loses its energy at a certain depth. This 

attenuation depth is called the optical penetration depth (OPD), and its value was 

measured for pure nickel [53] at different powder particle size distributions (PSD), 

as shown in Table 4-2. However, there are no measured values for OPD in IN625 

powders, but since IN625 comprises 58% Ni, the values for pure nickel were used 

to calculate the OPD using interpolation. The experiments were done using an 

IN625 powder with a PSD of −45 𝜇𝑚 [50], which gives an OPD of 100 𝜇𝑚. 

Table 4-2 Optical penetration depth of pure Ni [53] 

Particle size distribution OPD 

−20 𝜇𝑚 20 𝜇𝑚 

−75 𝜇𝑚 200 𝜇𝑚 

The difference between the two attenuated volumetric heat sources is the 

attenuation profile being either a linear decay model, represented by Equation (17), 

or an exponential decay model, calculated using Equation (18). 

𝑄𝑣 =
2𝐴𝑐𝑃

𝜋𝑟2 𝑒
[
−2((𝑥−𝑣𝑡)2+(𝑦−ℎ)2)

𝑟2 ]
×  

2

𝑑
(1 −

𝑧

𝑑
)                               (17) 

𝑄𝑣 =
2𝐴𝑐𝑃

𝜋𝑟2𝑑
𝑒

[
−2((𝑥−𝑣𝑡)2+(𝑦−ℎ)2)

𝑟2 ]
× 𝑒(−

|𝑧|

𝑑
)
                                      (18) 
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Where P is the laser power (W), 𝐴𝑐 is the absorption coefficient, x, y, and z are the 

local, d is the OPD (mm), r is the laser spot radius (mm), v is the laser scan speed 

(mm/s), t is the time (s), and h is the hatch spacing (mm). 

4.2.5. Melt pool modeling 

The formation of a melt pool occurs in two steps; the first step occurs between the 

solidus and liquidus temperatures; hence it is governed by the latent heat of fusion, 

given in Table 4-1. The second step is the fully melted phase, where fluid 

mechanics such as the Marangoni effect and natural convection dominate heat 

transfer in the melt pool. Marangoni effects are important as they drive fluid flow 

inside the meltpool, hence altering its dimensions [54]. Additionally, Marangoni 

effect will influence the solidification process and the resulting grain formation [55, 

56]. Simulation of the Marangoni effect requires the use of CFD; however, the 

current study employs an FE model to predict the RS. In order to overcome the 

absence of fluid flow modeling in FE, an effective thermal conductivity model [57] 

is used to account for heat transfer due to the Marangoni effect artificially, as shown 

in Equation (19).  

𝑘𝑒𝑓𝑓 = 𝑘𝑙 + ℎ𝐿                                                       (19) 

Where 𝑘𝑒𝑓𝑓 is the effective thermal conductivity (W/m.K), 𝑘𝑙 is the quiescent liquid 

thermal conductivity (W/m.K), h is the convective heat transfer coefficient 

(W/m2.K), and L is the characteristic length (m) which is assumed as half the melt 

pool width [57, 58]. The value of the convective heat transfer coefficient inside the 
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melt pool can be calculated from the Nusselt number using Equation (20), which is 

the ratio of convective to conduction heat transfer. Since convection in the melt 

pool is driven by the Marangoni effect, then the Nusselt number can be calculated 

as a function of the Marangoni number shown in Equation (21) and Equation (22). 

𝑁𝑢 =
ℎ𝐿

𝑘𝑙
                                                                (20) 

𝑁𝑢 = 1.6129 𝑙𝑛(𝑀𝑎) − 10.183                                           (21) 

𝑀𝑎 = −
𝑑𝜎

𝑑𝑇

𝐿∆𝑇𝜌𝐶𝑝𝑙

𝜇𝑘𝑙
                                                      (22) 

Where Nu is the Nusselt number, Ma is the dimensionless Marangoni number, 
𝑑𝜎

𝑑𝑇
 

is the temperature gradient of surface tension (N.m/K), L is the characteristic length, 

ρ is the liquid density (kg/m3), 𝐶𝑝𝑙 is the liquid specific heat capacity, 𝑘𝑙 is the 

quiescent liquid thermal conductivity (W/m.K). μ is the dynamic viscosity (kg/m.s), 

and  ∆𝑇 is the maximum temperature gradient in the melt pool, which is taken as 

the temperature difference between the center of the melt pool (peak temperature) 

to the boundary of the melt pool (solidus temperature) and is calculated using 

Equation (23) 

∆𝑇 =
−𝐶𝑝𝑙+ √𝐶𝑝𝑙

2+2(
𝑑𝜎

𝑑𝑇

1

𝜇
)2𝑑𝑡

𝑄𝑣
𝜌

(
𝑑𝜎

𝑑𝑇

1

𝜇
)2

                                              (23) 

𝑑𝑡 =
𝐿

𝑣
                                                                 (24) 
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4.2.6. Modeling approach 

The modeling approach is based on three models, each focusing on predicting a 

certain set of results to characterize the thermo-mechanical response occurring in 

L-PBF under different process parameters. The first model is a single-track model, 

with a very fine mesh, to test the validity of the proposed material, melt pool, and 

heat source models by predicting melt pool dimensions, temperature gradients, CR 

and comparing them to experimental results. The second model is a layer scale 

model with a coarser mesh to simulate the effects of multi-tracks on the temperature 

history, CR, melt pool dimensions, and the subsequent RS evolution in a single 

layer. The third model is a low fidelity part scale model, which examines the far-

field temperature histories and how it drives the final in-depth RS and part 

distortion.  

Single-track model 

A 3D Lagrangian Finite Element (FE) model is built using ABAQUS to model 

single-track exposure of IN625. The model dimensions are 1 mm x 240 μm x 300 

μm with the top 40 μm assigned as the powder layer, as shown in Figure 4-2. The 

model is meshed with heat transfer DC3D8 elements with a minimum size of 10 

μm employed in the powder layer. The volumetric heat flux is applied as a body on 

the powder layer using the user subroutine DFLUX to simulate the spatial 

movement of the laser beam with time.  Symmetry BC is assigned to reduce the 

model's size with the XZ plane taken as the plane of symmetry. 
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Figure 4-2 Single-track model setup 

The user subroutine USDFLD changes the material model from powder to liquid 

and then to solid as the material solidifies. The criteria for changing the material 

state depends on the condition of reaching the melting temperature as shown below: 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑡𝑎𝑡𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 (𝑆𝑉) = {
0 →  𝑃𝑜𝑤𝑑𝑒𝑟                    𝑇 < 𝑇𝑚𝑒𝑙𝑡

1 →   𝑙𝑖𝑞𝑢𝑖𝑑                       𝑇 > 𝑇𝑚𝑒𝑙𝑡

          2 →    𝑆𝑜𝑙𝑖𝑑     𝑇 < 𝑇𝑚𝑒𝑙𝑡  , 𝑇𝑚𝑎𝑥 >  𝑇𝑚𝑒𝑙𝑡

 

The melt pool dimensions, temperature gradient, and CR are extracted from the 

model when the melt pool reaches a steady-state, determined when the peak 

temperature reaches a constant value. The process parameters studied include two 

laser powers, 140 W and 220 W, and two scan speeds, 500 mm/s, and 650 mm/s. 

Multi-track model 

The multi-track model aims to observe the effect of hatch spacing, laser power, and 

scan speed on the temperature profile, temperature gradient, CR, and consequent 

effect on RS evolution during the solidification layer. In order to do so, a 
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sequentially coupled thermal-stress model is used since, in LPBF, the temperature 

change will drive a change in the stress, but the generation of stress will not cause 

an increase in temperature. Therefore, two separate models, 3D FE models, were 

built, firstly a pure heat transfer model to calculate the temperature fields generated 

due to laser exposure. Secondly, the temperature fields from the heat transfer model 

were imported into a static stress model to calculate the thermal stresses developed 

due to the cooling down of the material during solidification. 

The heat transfer model has a powder layer with dimensions of 4 mm x 4 mm x 

0.04 mm and is tie-constrained to the substrate having a thickness ten times the 

powder layer. The model was meshed with DC3D8 hexahedral elements having a 

uniform size of 40 μm. In contrast, the substrate had a coarser mesh with the 

element size biased towards the top surface, where the element size starts at 40 μm 

and increases to 140 μm, as shown in Figure 4-3. The user subroutine USDFLD 

changed the powder layer’s material properties from powder to liquid and solid 

material due to material heating, melting, and cooling. 
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Figure 4-3 Multi-track model 

The scan strategy employed was a stripe scan with serpentine laser motion [50]. 

The laser heat load was defined as a body flux acting on the powder layer, and the 

spatial motion of the laser beam was implemented using the DFLUX subroutine. 

The step time was set as the total time required to expose a layer with a cross-

section of 10 mm x 10 mm, the same size as the experiments [50]. The laser process 

parameters are stated in Table 4-3. A preheat temperature of 80 ˚C was assigned to 

the whole model and set as a BC for the bottom surface of the substrate. Convection 

and radiation are defined for the top surface of the powder layer with an ambient 

temperature of 40 ˚C. The temperature profiles, temperature gradients, and CRs are 

extracted at the center point of the powder layer to examine the effect of multi-track 

laser exposures and hatch spacing on temperature evolution. 
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Table 4-3 Process parameters for LPBF of IN625 

Parameter Levels 

Power (W) 140, 220, 270 

Scan speed (mm/s) 500, 650, 800 

Hatch spacing (mm) 0.08, 0.1, 0.12 

 

The static stress model had the same dimensions and mesh size as the heat transfer 

model. Thermal stresses are the main driver of RS and deformation in LPBF; hence, 

the temperature field from the heat transfer model was assigned as an initial 

condition in the stress model. Since LPBF is characterized by rapid cooling, the 

molten material solidifies once the laser beam passes. This means that solidification 

and stress formation progressively follow the laser beam during the multi-track 

exposure. Therefore to model this behavior, "quiet" or "inactive" elements 

represented the powder material that did not develop any stresses yet. Once the 

laser beam passes over these elements, they are activated to calculate stress 

evolution during cooling. The user subroutine UEPACTIVATIONVOL was used 

for progressive activation of the powder layer elements in tangent with the laser 

scan strategy. The coordinates of the laser position are calculated at every 

increment, and the elements within a circle, with a diameter equal to the melt pool 

width calculated from the heat transfer model, are activated [59]. Due to a limitation 

in Abaqus, a set of elements with an area equal to the laser spot diameter needed to 

be activated priory to avoid convergence issues with UEPACTIVATIONVOL. In 

order to reduce computational time and improve the convergence of the non-linear 
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model, the unsymmetric stiffness matrix storage option is selected to use Newton's 

method to solve the non-linear problem. In addition, the strain state extrapolation 

feature is turned off to improve convergence[60, 61].  

Multi-layer model 

A large-scale FE model is required to predict stresses and deformations on a part 

scale. However, utilizing a fine mesh from the high fidelity model would be 

computationally infeasible. Therefore, a low fidelity model that predicts the far-

field temperatures without focusing on the melt pool area during printing and 

recoating was proven to provide good predictions of part scale stresses and 

deformations [17, 61]. The ABAQUS AM module [62] was used to build the 

sequentially coupled temperature-stress part scale model, consisting of a heat 

transfer step followed by a stress analysis step and finally removing the part from 

the build plate.  

 

Figure 4-4 Multi-layer model 
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The heat transfer model consists of a 10 mm x 10 mm x 10 mm cube coupon meshed 

with DC3D8 200 μm elements, while the substrate has a coarser mesh of 2 mm in 

size, as shown in Figure 4-4. The 200 μm element used is a lump sum of 5 layers 

of 40 μm thickness to save on computational cost since the interest is the far-field 

temperature history [17, 61]. The part and the substrate are connected using a "tie-

constraint." Simulation of the PBF process requires successive addition of material 

using UEPACTIVATIONVOL subroutine based on an event series that specifies 

the time instances where the recoating starts and ends. A Matlab code was written 

to generate the recoater event series file with the recoating time set at 5 seconds.  

The laser heat source is modeled as a point source, which is acceptable when the 

laser spot size is relatively smaller than the element size. A stripe scan with 

serpentine laser motion was used for in-layer exposure, while a 0˚-90˚, alternating 

scan was employed for subsequent layers exposures, as illustrated in Figure 4-5. 

An event series data set is created using Matlab to determine the time, spatial 

coordinates, laser power, and laser spot diameter corresponding to the employed 

scan strategy. The tool path – mesh intersection built-in module determines the 

intersection of the laser event series with the elements integration points, then calls 

the user subroutine UMDFLUX to apply heat flux at the corresponding time [61, 

62]. The newly formed external surfaces are automatically determined, and the 

radiation and convection heat transfer is applied. Finally, after the whole part is 

exposed, it is left to cool down for 600 seconds.  
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Figure 4-5 Alternating 0˚- 90˚ scan strategy 

The same geometry and mesh size were used for the stress analysis model, where 

the temperature fields from the heat transfer model are imported into the stress 

model. The thermal strains and stresses were calculated by imposing an initial 

temperature of 1000 ˚C, above which thermal stress is negligible. The difference 

between this temperature and the imported part temperature will determine the 

thermal stress field [17, 61]. Temperature-dependent material properties were used 

[49, 63], while the Johnson-Cook (J-C) plasticity [64] was used to model the 

temperature-dependent plasticity according to Equation (25) 

𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 + 𝐶 𝑙𝑛(
𝜀̇

𝜀𝑜̇
))(1 − (

𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟
)

𝑚

)                               (25) 

Where 𝜎 is the von mises flow stress, 𝜀 is the equivalent plastic strain, 𝜀̇ is the 

equivalent plastic strain rate, and 𝜀𝑜̇ is the reference plastic strain rate. T is the 

current temperature, 𝑇𝑚 is the melting temperature, and 𝑇𝑟 is the reference 

temperature at which the J-C parameters were determined. A is the initial yield 

strength, B is the strain hardening coefficient, n is the strain hardening exponent, C 
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is the strain rate coefficient, and m is the thermal softening exponent. The values 

for the J-C parameters used in the current study are listed in Table 4-4 

Table 4-4 Johnson-Cook plasticity parameters [65] 

Parameter Value 

A (MPa) 558 

B (MPa) 2201.3 

n 0.8 

C 0.000209 

m 1.146 

Tm (˚C) 1290 

Tr (˚C) 20 

𝜀𝑜̇  (𝑠−1) 1670 

 

The J-C parameters listed above were determined for a conventionally 

manufactured IN625; in an attempt to partially modify these parameters to match 

that of the additively manufactured IN625, a tensile test was performed at room 

temperature. A sub-size flat specimen was printed with dimensions according to 

the ASTM E8 standard [66] with a gauge length of 25 mm, a width of 6 mm, and a 

thickness of 5 mm. The true stress-strain curve was plotted, and the Ramberg-

Osgood model [67] was used to fit the data according to Equation (26)  and 

calculate the yield strength, the strength coefficient (K), and the strain hardening 

exponent (n), which are analogous to the A, B and n parameters in the J-C equation. 

𝜀𝑡𝑜𝑡𝑎𝑙 =
𝜎𝑦

𝐸
+ (

𝜎

𝐾
)

1
𝑛⁄                                                   (26) 
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A total fixation BC is applied to the bottom surface of the substrate. After the part 

was built and cooled down, the substrate was removed using the model change 

feature to simulate the part's separation from the substrate. The substrate removal 

will release some stresses, and the RS inside the part will remain. For validation, 

the stresses are extracted and averaged across an area 2 mm in diameter to resemble 

the spot size of the experimentally measured RS using XRD measurement. 

4.3. Experimental validation 

4.3.1. Laser absorptivity measurement 

Diffuse reflectance spectroscopy (DRS) was used to measure the optical 

absorptivity of the IN625 in a wavelength range of 400-1400 nm. The test measures 

the powder's reflectance, which is used to calculate the Kubelka-Munk absorption 

coefficient, as shown in [9]. For example, for an EOSM280, the Yb-fiber laser used 

has a wavelength of 1070 nm that corresponds to an absorptivity coefficient of 0.62. 

4.3.2. Single track validation 

The melt pool width and depth predicted by the single-track model are validated by 

comparing them to the experimental melt pool dimensions measured in literature 

[68, 69]. The single exposed by NIST[68] and Dilip et al. [69] were built with a 

layer thickness of 20 μm, and the model geometry was modified to accommodate 

the smaller layer thickness. The meltpool dimensions were measured by extracting 

the distance from the center of the melt pool to the outer temperature contour having 

a temperature corresponding the solidus temperature of 1290 ˚C. 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

182 

 

4.3.3. Multi-track temperature measurement 

A Fluke Endurance-series 2-color pyrometer was used to measure melt pool 

measurements during exposure of a single layer. The 2-colour pyrometer operation 

is based on the ratio of two separate infrared bands with a slight difference in 

wavelength to determine the object's temperature. Hence, temperature 

measurement would be independent of the emissivity, thus reducing measurement 

uncertainty. The pyrometer used has a Si/Si detector with a nominal wavelength of 

1 μm, and the ratio between the two wavelengths, also called the slope, was 

calibrated as 0.96 [70]. The pyrometer has a temperature range of 1000 ˚C- 3000 

˚C, and it was installed inside the build chamber of an Omnitek L-PBF machine, as 

shown in Figure 4-6 (a), at a distance of 85 mm, which results in a measurement 

spot size of 2 mm in diameter.  

 
Figure 4-6 Pyrometer setup a) Experimental b) Numerical 

For validation, the elements temperatures above 1000˚C,i.e., the lower limit of the 

pyrometer, within a 2 mm diameter circle were averaged and compared to the 

pyrometer measurements [71], as shown in Figure 4-6 (b). The tested parameters 
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were 220 W, 650 mm/s, 0.12 mm hatch spacing, and a layer thickness of 0.04 mm. 

Since the pyrometer had a response time of 10 ms, the temperatures calculated from 

the model are extracted and averaged at an increment of 10 ms.  

4.3.4. Residual stresses measurements 

In-depth RS were measured in IN625 cube coupons [50] using X-ray diffraction 

(XRD). Since X-ray penetration depth is about 5 μm in Inconel, electro-polishing 

was used to minimally affect the existing stress field [72]. The material was 

removed in 0.1 mm increments down to a depth of 1 mm from the top surface. RS 

were measured in two directions; parallel to the laser motion (scan direction) and 

perpendicular to it (hatch direction). The in-depth RS measurements were done on 

two samples corresponding to two laser powers, 140 W and 220 W, at a hatch 

spacing of 0.12 mm, and a constant scan speed of 650 mm/s. In addition, predicted 

RS is compared to surface RS measured by the current authors in a previous study 

[50] at different process parameters. 

4.4. Results 

4.4.1. Single tracks 

The temperature contours of the predicted melt pool are shown in Figure 4-7 for 

the  20 μm layer thickness validation model with an exponential heat source. The 

grey-colored area represents temperatures above the solidus temperature of 1290 

˚C. The temperature profiles are plotted in the width direction, Figure 4-8, and in-

depth, to calculate the melt pool dimensions, as shown in Figure 4-9. The 
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intersection point of the temperature profiles with the solidus temperature locus 

determines the width and depth of the melt pool.  

Comparison of the experimentally measured melt pool width [68, 69] with the 

predicted melt pool width for the three heat source models is shown in Figure 4-8. 

The exponential heat source model predicted a melt pool width of 131 μm, which 

best agrees with the experimental measurements. However, the melt pool depth was 

underestimated for all three heat source models, as shown in Figure 4-9. The melt 

pool depth measured by NIST [68] was much deeper than the predicted value due 

to printing on the bare substrate without a powder layer. Therefore, the exponential 

heat source was chosen for subsequent simulations. The length of the melt pool was 

measured in the study by NIST [68] using a high-speed infrared camera. By 

comparing the result with the numerical prediction, Figure 4-10 shows that the 

model greatly underestimates the melt pool length. The underestimation could be 

attributed to approximating the Marangoni effect inside the melt pool and 

calculating its value based only on the outward flow in the melt pool width 

direction.  
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Figure 4-7 Predicted temperature contours a) top view b) front view 

 

Figure 4-8 Validation of predicted melt pool width 
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Figure 4-9 Validation of predicted melt pool depth 

 

Figure 4-10 Melt pool length prediction for different heat source models 

Calculating the melt pool width and depth for the parameters examined in the 

current study, Figure 4-11, shows that the melt pool dimensions decrease with 

increased scan speed, which agrees with the literature [68, 69, 73]. Furthermore, it 

is observed that the melt pool width is inversely proportional to the square of the 

scan speed, while the melt pool depth is inversely proportional to the scan speed. 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

187 

 

 

Figure 4-11 Single tracks melt pool dimensions at different process parameters 

The temperature history is extracted at the midpoint along the laser scan path and 

plotted, as an example, for the case of 220 W and 650 mm/s, as shown in Figure 

4-12. A rapid temperature rise is seen as the laser approaches the midpoint, 

followed by rapid cooling down to 1290 ˚C. Finally, the CR is calculated as the 

slope of the temperature history profile once the temperature drops below the 

solidification temperature, which will drive RS.  

 

Figure 4-12 Temperature history evolution for a single track 
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The CR for all three scan speeds is plotted in Figure 4-13 and is on the order of 105 

characteristic of rapid cooling. The cooling increases linearly with increasing scan 

speed regardless of the laser power. The temperature gradient is also plotted in 

Figure 4-13 as it affects the magnitude of thermal stresses formed during cooling 

according to Equation (27), where E is the modulus of elasticity (MPa), 𝛼 is the 

thermal expansion coefficient, and ∆𝑇 is the temperature gradient (˚C). 

𝜎 = 𝐸𝛼∆𝑇                                                               (27) 

The temperature gradient exhibits a downward trend with increased scan speed, 

resulting in RS with the same trend. However, previous experimental RS 

measurements show non-monotonic trends for RS values [50]. These trends could 

mean that RS is governed by a temperature gradient, and the opposite effect of CR 

could play a role in determining the final stress state [42]. 

 

Figure 4-13 Single tracks CR and temperature gradients 
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4.4.2. Multi-track Model 

Temperature validation and evolution 

Temperature predictions from the multi-track model are compared to pyrometer 

measurements, as shown in Figure 4-14. The numerical temperature predictions are 

in good agreement with the experimental data. However, the discrepancy at the 

highest temperature predictions could be due to underestimating the melt pool 

length; since the calculated temperature is averaged over the melt pool, a difference 

in the melt pool area will affect temperature prediction.  

 

Figure 4-14 Experimental vs. numerical temperature measurement 

The temperature history is plotted at three points, 1 mm apart, at 220 W laser power, 

650 mm/s scan speed, and 0.12 mm hatch spacing, as shown in Figure 4-15. The 

three points exhibit the same thermal cycles where the temperature rises to a point 

shy of the melting temperature as the laser scans the precedent track. Afterward, 
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the temperature at the point of interest cools down to about 500 ˚C as the laser beam 

passes directly over it, resulting in a peak temperature higher than the boiling 

temperature. Due to rapid cooling, the temperature drops from 2900 ˚C down to 

570 ˚C, where the heat from the subsequent track scan causes the temperature to 

rise again to 950 ˚C. Beyond that point, the temperature drops to a plateau of about 

650 ˚C until the whole layer is scanned. The CR and temperature gradients are 

plotted in Figure 4-16 for the points mentioned above. The presented CR is 

calculated as the temperature cools down below 1000˚C. Although a larger 

surrounding solid area could indicate that the cooling will increase because the solid 

material has higher thermal conductivity and specific heat capacity compared to the 

powder state, it is shown that the CR decreases as the area of the solidified layer 

increases. The reason is that the larger solidified volume retains more heat; 

therefore, the area surrounding the melt pool has a relatively high temperature 

resulting in a lower temperature gradient, as shown in Figure 4-16, and lower heat 

transfer due to conduction. 
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Figure 4-15 Temperature history at 220 W, 650 mm/s, and 0.12 mm 

 

Figure 4-16 CR and temperature gradients at 220 W, 650 mm/s, and 0.12 mm 

In addition, Figure 4-17 compares the temperature and Von Mises stress evolutions 

during the layer exposure at different time instances until the end of exposure at 

1.25 s. The peak temperatures are mainly focused inside and around the boundary 
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of the melt pool and drastically decay beyond that. Conversely, the Mises stresses 

are minimum around the melt pool boundaries and increase farther away from the 

melt pool due to the rapid cooling and stress generation until it reaches its maximum 

value at the part edges, as seen in Figure 4-17 (f). 

 

Figure 4-17 Temperature contours evolution (a-c) and Mises stress evolution (d-f) 

at different time stamps 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

193 

 

The temperature evolution at the midpoint of the modeled area is plotted in Figure 

4-18 for the total layer time of 6.25 seconds, corresponding to 1.25 seconds of laser 

exposure plus 5 seconds for powder recoating. The temperature profile can be 

divided into a rapid non-linear phase, which occurs during the first 1.25 seconds, 

followed by the linear phase. The thermal stresses are also plotted for the principal 

directions, the laser scan direction (S11), and the perpendicular direction, hatch 

direction (S22), where S11 is observed to be always greater than S22. To 

understand why S11 is greater than S22, the RS formation mechanism needs to be 

explained. 

 

Figure 4-18 Layer stress and temperature evolution at 220 W, 650 mm/s, 

and 0.12 mm 
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RS in LPBF is formed due to the difference in thermal strains during subsequent 

heating and cooling during subsequent scans called the temperature gradient 

mechanism (TGM) [15, 73, 74], governed by Equation (26). To better understand 

the formation mechanism of RS, Figure 4-19 shows a layer during laser exposure 

where the yellow area,𝐴𝑇, represents a track along the laser path surrounded by the 

previously solidified area, 𝐴𝑆, and the subsequent powder area. This layer can be 

represented by the bar model analogy for simplification, whereas bar T and S are 

constrained at one end and free to move on the other end. As bar T is heated, it 

expands and pulls on bar S, resisting the motion by inducing compressive stress. 

The stress cycle undergone by the material is represented by the stress-temperature 

plot in Figure 4-19, where the compressive stress increases with temperature till 

reaching the yield temperature (𝑇𝑦) at point A, upon which plastic deformation 

occurs. As bar T cools down during solidification, the compressive strains and 

stresses decrease to zero at point C. As the temperature drops further, bar T shrinks 

and pulls on bar S, which resists this motion; therefore, bar T experiences tensile 

strains while bar S exhibits compressive strains. Finally, the tensile stress in bar T 

increases up to the yield point, where the material undergoes another plastic 

deformation until reaching equilibrium temperature. These plastic strains lock in 

the thermal stresses and prevent them from returning to zero, thus creating RS. The 

RS can be represented by Equation (28) or Equation (29), depending on the 

maximum temperature experienced by the material. 
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If 𝑇𝑦 ≤ 𝑇𝑚𝑎𝑥 < 2𝑇𝑦 then 

𝜎𝑅𝑆 = |𝐸∆𝜀𝑝1| = 𝛼𝐸(𝑇𝑚𝑎𝑥 − 𝑇𝑦)                                          (28) 

If 2𝑇𝑦 ≤ 𝑇𝑚𝑎𝑥 then 

𝜎𝑅𝑆 = |𝐸∆𝜀𝑝1 + 𝐸∆𝜀𝑝2| = 𝛼𝐸𝑇𝑦                                            (29) 

 

Figure 4-19 RS formation mechanism with the bar model analogy 

The same bar model analogy can be used to explain why S11 is greater than S22 

by examining Figure 4-20, where the bar model is superimposed on an arbitrary 

melt pool temperature contours [75]. The thermal stress in the X direction (S11) is 

generated due to the temperature difference with the adjacent area in the Y 

direction(∆𝑇𝑌), while the thermal stress in Y direction (S22) arises due to the 
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temperature difference in the X direction (∆𝑇𝑋). As shown in Figure 4-16, (∆𝑇𝑌) is 

always greater than(∆𝑇𝑋), hence S11 is always greater than S22. 

 

Figure 4-20 RS formation a) scan direction b) hatch direction 

Figure 4-21 provides a closer examination of the non-linear stress formation phase, 

where the material undergoes a few heating and cooling cycles. Commonly stresses 

are generated due to a moving heat source were considered to be affected by the 

temperature gradient only and its thermal softening effect on the material. However, 

in LPBF, the material deforms at high strain rates due to the high CR, which causes 

strain rate hardening, thus opposing the thermal softening effect.  Following the 

temperature and stress evolution in Figure 4-21, it is seen that the stress is zero as 

long as the temperature has not reached the melting temperature; hence, it remains 

in its powder state. As the laser passes over the point of interest during track n, the 

material melts, and as it solidifies, stresses are generated. By examining Figure 4-21 
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and Figure 4-22 simultaneously, to observe the stress and plastic strain formation 

during cooling, it is seen that as the temperature decreases, the compressive plastic 

strain decreases, analogous to line BD in Figure 4-19, while tensile stresses 

increase. As the laser beam exposes track n+1, the conducted heat causes a 

temperature rise of track n, as mentioned previously, thus causing an increase in 

compressive stress and a corresponding decrease in tensile stresses. Finally, the 

temperature due to the conducted heat reaches a maximum of 940 ˚C, the material 

cools down again, generating more tensile stresses. As the distance between track 

n and laser spot increases, the quantity of heat reaching track n decreases. 

Therefore, the material undergoes low peak heating and cooling cycles, which 

generates comparatively lower tensile stresses.  

 

Figure 4-21 Non-linear temperature and stress evolution at 220 W, 650 mm/s, 

and 0.12 mm 
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Figure 4-22 Plastic strain and temperature evolution at 220 W, 650 mm/s, and 

0.12 mm 

Effect of scan speed on RS 

Examining the effect of the scan speed on the temperature history at the center point 

of the layer can be seen in Figure 4-23, where three scan speed levels of 500 mm/s, 

650 mm/s, and 800 mm/s are shown. As expected, the temperature peaks decreased 

with increasing the scan speed. Yet, the temperature at the layer midpoint did not 

reach the melting temperature during the exposure of track n-1, as the hatch spacing 

was greater than the half-width of the melt pool. However, at a scan speed of 500 

mm/s, the melt pool half-width was 120 μm, equal to the hatch spacing, but the 

peak temperature from track n-1 was just shy of the melting temperature. 
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Figure 4-23 Temperature history for different scan speeds at 220 W and 0.12 mm 

Surface RS are measured after laser exposure plus a relaxation time equal to the 

recoating time of 5 seconds. It is shown in Figure 4-24 that tensile RS is formed, 

and its magnitude increases linearly with the increase in scan speed. The RS 

increase is due to the corresponding increase in the temperature gradient and CR, 

Figure 4-25, which would induce higher thermal stresses. The increase in the 

temperature gradient occurs even though increasing the scan speed will cause a 

reduction in the energy density added to the powder layer. The increasing trend can 

be attributed to the increase in CR, which causes the surrounding material to cool 

faster, thus creating a more significant temperature difference. In addition, as the 

speed increases, the melt pool width decreases, resulting in less heating of the 

adjacent tracks and lower temperature peak, as seen in Figure 4-23, where the 

amplitude of the third peak is lower at the higher scan speeds. Therefore, the lower 

temperatures of the adjacent tracks will lead to a larger temperature gradient. 
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Figure 4-24 Effect of scan speed on the surface RS 

 

Figure 4-25 Effect of scan speed on a) Temperature gradient b) CR at 220 W and 

0.12 mm 

Effect of laser power on RS 

Three different laser power levels were modeled at a constant scan speed of 650 

mm/s and 0.12 mm hatch spacing to examine the effect of laser power on the 

temperature profiles and RS. The temperature history in Figure 4-26 shows similar 

temperature evolutions for all three laser powers at the midpoint of track n. At any 

time, the minimum temperature is recorded with the 140 W power and increases 

with increasing the laser power. At 270 W, the meltpool width was 300 μm, which 
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means that the half-width is larger than the hatch spacing. The larger inter-track 

overlap is reflected in the temperature history profile where the point on track n 

reached the melting point while the laser was still scanning track n-1, seen as the 

first peak on the red curve in Figure 4-26. 

 

Figure 4-26 Temperature history for different laser powers at 650 mm/s 

and 0.12 mm 

Prediction of RS at the midpoint of track n shows that a laser power of 140 W 

resulted in the highest surface RS, as shown in Figure 4-27, and RS decreases with 

the increase of laser power, which agrees with the literature [50]. The declining 

trend in RS is analogous to the temperature gradient and CR trend, shown in Figure 

4-28, where the highest temperature gradient is recorded at 140 W. The decreasing 

trend can be traced back to the melt pool size, where the widths are measured to be 

138 μm, 176 μm, and 298 μm, corresponding to 140 W, 220 W, and 270 W, 

respectively. Therefore, the wider melt pool will have a larger heat-affected zone 
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(HAZ), as shown in Figure 4-29, and the surrounding material will have a higher 

temperature. The higher temperature of the HAZ is evident by the amplitude of the 

third peak in Figure 4-26, which increases with the increase in laser power. The 

higher the amplitude, the lower the temperature difference between the second, 

below solidus temperature, and third peak, corresponding to a lower temperature 

gradient. 

 

Figure 4-27 Effect of laser power on surface RS 

 

Figure 4-28 Effect of laser power on a) Temperature gradient b) CR at 650 mm/s 

and 0.12 mm 
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Figure 4-29 Melt pool size at a) 140 W b) 220 W c) 270 W 

Effect of hatch spacing on RS 

The increase of hatch spacing from 0.08 mm to 0.12 mm resulted in a temperature 

history profile, Figure 4-30, different from that under varying scan speed or laser 

power. At 0.08 mm, the distance between subsequent tracks is small so that the 

temperature of track n has peaked above the melting temperature three times 
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distinct by the first three peaks on the blue curve in Figure 4-30. As the hatch 

spacing increases to 0.1, there are only two peaks above the melting point. At the 

largest hatch spacing, there is not enough heat conducted between tracks to raise 

the temperature of track n, thus leading to only one peak above the melting point.   

 

Figure 4-30 Temperature history for different hatch spacing at 220 W and 650 

mm/s 

The increase in hatch spacing, i.e., the decrease in energy density, caused the 

surface RS to drop from 389 MPa to 307 MPa, as shown in Figure 4-31. 

Conversely, the decrease in energy density by increasing the scan speed or 

decreasing the laser power led to an increase in surface RS, as shown in Figure 4-24 

and Figure 4-27. 
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Figure 4-31 Effect of hatch spacing on surface RS 

It is found that the surface RS trend is governed by the temperature gradient, which 

had a more dominant effect on the surface RS than the CR, as shown in Figure 4-32. 

As the hatch spacing increases from 0.08 mm to 0.1 mm, the temperature gradient 

decreases, hence the surface RS decrease. However, increasing the hatch spacing 

from 0.1 mm to 0.12 caused a reduction in the temperature gradient and an opposite 

increase in the CR, leading to a slightly lower surface RS.  

 

Figure 4-32 Effect of hatch spacing on a) Temperature gradient b) CR at 650 

mm/s and 0.12 mm 
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Effect of same energy density 

Studying the effects of laser power, scan speed, and hatch spacing on surface RS 

shows opposing effects, and consequently, non-monotonic trends for the effect of 

the energy density on the surface RS. Therefore, the effect of the individual process 

parameters needs to be investigated at constant energy density. The first set of 

simulations are performed at an energy density of 3.67𝐽/𝑚𝑚2 with a constant laser 

power of 220 W. Three levels for the scan speed, 500 mm/s, 600 mm/s, and 750 

mm/s, are selected and three hatch spacing; 0.12 mm, 0.1 mm, and 0.08 mm, 

respectively.  

The temperature history, presented in Figure 4-33, shows that all three parameter 

combinations resulted in multiple temperatures peaks above the melting point. 

However, it is noticed that the maximum peak temperature was achieved at the 

lowest scan speed of 500 mm/s and largest hatch spacing, which means that the 

scan speed has a more dominant effect on the maximum temperature versus the 

hatch spacing.  Conversely, the hatch spacing has a more dominant effect when it 

comes to raising the temperature of the adjacent tracks, where the least hatch 

spacing resulted in two subsequent peaks with peak temperature highly above the 

melting point, as seen by the red curve in Figure 4-33.  
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Figure 4-33 Temperature history at constant energy density 3.67 𝐽/𝑚𝑚2 with 

different scan speeds and hatch spacing 

Examining the effect of the distinct temperature histories on the surface RS, 

presented in Figure 4-34, shows that the surface RS are lowest at 500 mm/s and 

0.12 mm with a magnitude of 211 MPa and increases non-linearly to reach a 

maximum value of 454 MPa at 750 mm/s and 0.08 mm.  

 

Figure 4-34 Surface RS at a constant energy density of 3.67 𝐽/𝑚𝑚2 
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The non-linear trend in the temperature gradient, shown in Figure 4-35, is the driver 

of the surface RS as the temperature gradient increases with the increase of scan 

speed and decrease of the hatch spacing. However, the CR decreases when the scan 

speed increases from 500 mm/s to 600 mm/s then increases beyond that point, 

which means that the temperature gradient mainly affects the surface RS. It can also 

be deducted that the scan speed has a more dominant effect than the hatch spacing 

on the surface RS since increasing the hatch spacing from 0.1 mm to 0.12 resulted 

in a negligible change in the surface RS, as shown in Figure 4-31. However, the 

variation of the scan speed caused the surface RS to increase prominently. 

 

Figure 4-35 Effect of the same energy density of 3.67 𝐽/𝑚𝑚2 on a) Temperature 

gradient b) CR 

To further investigate the effect of process parameters on surface RS with the same 

energy density, the laser power, and scan speed are varied while the hatch spacing 

is kept constant at 0.12 mm. Three power levels, 170 W, 220 W, and 270 W, and 

three scan speeds, 500 mm/s, 650 mm/s, and 800 mm/s to give an energy density 

of 2.82 67𝐽/𝑚𝑚2. All three parameter combinations resulted in almost identical 
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temperature profiles with a slight difference in the magnitude of the peaks, as 

shown in Figure 4-36. 

 

Figure 4-36 Temperature history at a constant energy density of 2.82 𝐽/𝑚𝑚2 with 

different laser powers and scan speeds 

The results presented in sections 4.2.2 and 4.2.3 show that the increase in scan 

speed caused an increase in surface RS; conversely, the increase in laser power 

caused a decrease in surface RS. However, the combined effect of increasing the 

laser power and scan speed increased surface RS, as shown in Figure 4-37. 

Therefore, the scan speed has a more dominant effect on the surface RS than the 

laser power. To investigate the underlying causes that drive this trend in the surface 

RS, the temperature gradients and CRs are plotted in Figure 4-38. 
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Figure 4-37 Surface RS at a constant energy density of 2.82 𝐽/𝑚𝑚2 

The highest temperature gradient and CR were recorded at the lowest laser power 

and scan speed. Increasing the laser power and scan speed causes the temperature 

gradient and CR to decrease slightly and increase as the laser power and scan speed 

increase. Based on the previous observations, the surface RS followed the same 

trend as the temperature gradient. Therefore, if applied here, the surface RS should 

have been the highest at the 170 W/ 500 mm/s combination, decreasing at the 220 

W/650 mm/s and then increasing again at 270 W/800 mm/s. However, this is not 

the case, as shown in Figure 4-37. Therefore, an in-depth investigation of the 

temperature and stress history is required.  
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Figure 4-38 Effect of the same energy density of 2.82 𝐽/𝑚𝑚2 on a) Temperature 

gradient b) CR 

The temperature and stress evolutions, plotted in Figure 4-39, show that after the 

laser melts track n, the material starts to solidify and generates high thermal 

stresses. The stress reaches a magnitude of 460 MPa, 440 MPa, and 445 MPa, 

corresponding to 170 W/500 mm/s, 220 W/650 mm/s, and 270 W/800 mm/s, 

respectively. The trend of these stresses is similar to the temperature gradients 

shown in Figure 4-38. However, the final stress state is not reached yet, and further 

stress changes occur with the subsequent laser passes. As heat is conducted from 

the subsequent tracks, the temperature of track n rises, thus relieving the previously 

generated stresses causing the cyclic change in stresses shown in the left column in 

Figure 4-39. As the laser travels far enough from track n, the magnitude of the 

cyclic stress decreases. The conducted heat will keep reaching track n until the laser 

has finished scanning the whole layer; hence the more time it takes for the laser to 

scan the layer, the more heat is conducted and consequently more reduction in the 

stress magnitude. The laser scanning time from track n to the end of the layer is 
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calculated at 0.84 s, 0.6 s, and 0.52 s, corresponding the 500 mm/s, 650 mm/s, and 

800 mm/s, respectively as shown in the right column of Figure 4-39. The difference 

in time durations allows the conducted heat to reduce the stresses to -80 MPa, -21 

MPa, and 70 MPa, respectively. Once the laser finishes scanning temperature of the 

whole layer cools down for the same period, thus raising the stresses to their final 

state, where the lowest stress is recorded at 170 W and 500 mm/s. 
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Figure 4-39 Temperature and stress evolution at energy density 2.82 𝐽/𝑚𝑚2                         

a) 170 W, 500 mm/s b) 220 W, 650 mm/s c) 270 W, 800 mm/s 
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4.4.3. Part Scale Model 

Tensile test 

Tensile testing of as-built condition showcased the sample undergoing ductile 

failure as presented by the true stress-strain curve shown in Figure 4-40. The yield 

strength at 0.2% elongation was 650 MPa, Young's modulus of 171 GPa, and the 

ultimate strength was 1191 MPa. By fitting the data to the Ramberg-Osgood 

equation, the strength coefficient was found to be 1618 MPa, and the strain 

hardening exponent was 0.243.  

 

Figure 4-40 True stress-strain curve 

The J-C model's A, B, and n parameters were changed to the new value to compare 

the predicted RS in-depth profile with the experimental data. Due to the absence of 

tensile testing data for different process parameters, the same values of A, B, and n 

were used for all simulated process parameters. Additionally, since the measured 
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Young's modulus is lower than its values reported in the literature, the newly 

measured value was used in the current study. Finally, Young's modulus was 

measured at room temperature. Still, Young's modulus data from the literature were 

offset by the difference between measured to get its values at high temperature. 

Their reported values at room temperature, as shown in Figure 4-41. 

 

Figure 4-41 Elastic modulus variation with temperature 

Numerical results 

The part scale model is used to predict the RS distribution across the whole part 

and the deflection of the part, which will affect its dimensional accuracy. The 

evolution of the Mises stress can be seen in Figure 4-42 at different time instances. 

At a time of 667 s, i.e., after a 4 mm height, Figure 4-42 (a), the maximum stresses 

are predicted at the bottom of the part, at the interface between the part and the 

substrate. As the number of layers increases to reach 10 mm, more heat is added to 
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the top surface of the part and conducts downwards, causing the stress magnitude 

to decrease, as shown in Figure 4-42 (b). Once the laser exposure is done, the part 

begins to cool down for 600 s, at which point the stresses in the part increase again, 

Figure 4-42 (c), to reach its maximum value. Once the part is separated from the 

substrate, the stresses magnitudes decrease to reach their final value, as shown in 

Figure 4-42 (d) 

 

Figure 4-42 Evolution of the part scale Mises stress at a) 667 s b) 1714 s c) 2310 s               

d) after separation from the build plate at 220 W, 650 mm/s, and 0.12 mm 

The RS were calculated at the end of the building process after a cooling time of 

600 s, and separation from the build plate. The RS were calculated by averaging 
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the stresses across an area with a diameter of 2 mm. The predicted in-depth RS 

profile is validated by comparing to experimentally measured RS profile at two 

laser powers, 220 W and 140 W, scan speed of 650 mm/s and hatch spacing of 0.12 

mm, as shown in Figure 4-43 and Figure 4-44, respectively.  

 

Figure 4-43 In-depth RS prediction at 220 W, 650 mm/s and 0.12 mm 

Two RS profiles are compared to the experimental results; the first RS profile is 

calculated using the J-C parameters found in the literature [65]. The second RS 

profile is predicted with J-C parameters partially adjusted using data from tensile 

testing of IN625 manufactured using LPBF. It is found that the first profile under 

predicts the in-depth RS, while the second profile over predicts the RS profile. 

However, both profiles follow the same trend as the experimental results. These 

results highlight the need for J-C plasticity parameters for LPBF manufactured 

IN625 to predict the generated stresses better. 
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Figure 4-44 In-depth RS at 140 W, 650 mm/s and 0.12 mm 

Prediction of the in-depth RS with increasing the hatch spacing shows that the hatch 

spacing does not affect the RS profile, as shown in Figure 4-45, regardless of the 

laser power used. The hatch effect absence could be attributed to using a point 

source heat model, which does not generate the teardrop shape of a melt pool, so 

the effect of melt pool overlap is negated and would not affect the predicted RS. 

 

Figure 4-45 Effect of hatch spacing on in-depth RS at 650 mm/s and 

a) 220 W b) 140 W 
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Examining the effect of laser power on the in-depth RS and deflection show that 

increasing the laser power from 140 W to 270 W decreases the in-depth RS, as seen 

in Figure 4-46. However, the generated RS for all three laser powers are highly 

tensile down to a depth of 1 mm from the surface. This trend is similar to that 

predicted from the layer model for the surface RS, as presented in section 4.2.3. 

Increasing the scan speed also showed a similar trend to the results reported in 

section 4.2.2. The in-depth RS increased with increasing the scan speed, as shown 

in Figure 4-47 (a).  

 

Figure 4-46 Effect of laser power on a) In-depth RS b) Deflection in 

the Z direction 

The deflection of the top surface in the Z direction is of particular interest as it 

increases the chances of the recoater impacting the part and damaging or breaking 

the part off. Therefore, the deflection was extracted along the diagonal of the part, 

as shown in Figure 4-48 (a). It is observed that after cutting the part from the build 

plate, the edges of the part deflect upwards. At the same time, the center sinks in, 

resulting in a parabola-shaped surface. 
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Examining the effect of process parameters on the deflection shows that the laser 

power has the same effect on the deflection as on RS, as seen in Figure 4-46 (b), 

where the lowest power resulted in the largest deflection. Conversely, the scan 

speed increased top surface deflection, as shown in Figure 4-47 (b). This is because 

the deflection of the part edges means that part of the generated stresses is released; 

hence, the magnitude of the stresses is always lower at the outer edges. 

 

Figure 4-47 Effect of scan speed on a) In-depth RS b) Deflection in the 

Z direction 
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Figure 4-48 Deflection in Z direction at 650 mm/s and 0.12 mm a) Diagonal 

direction b) 140 W c) 220 W d) 270 W 

4.5. Conclusion 

The current work presented a systematic approach to different modeling scales of 

laser powder bed fusion of IN625, including single tracks, multi-tracks, and multi-

layer models. The shortcomings found in the literature were addressed by 

employing a Gaussian volumetric heat source model, a material model to accurately 

represent the thermos-physical properties of the powder layer, artificial inclusion 

of the Marangoni effect, and the use of the Johnson-Cook plasticity model to 

include the strain hardening, strain rate effect, and thermal softening of the material. 

The results from all models were validated with multiple experimental results, 
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including melt pool dimensions, temperature measurements using a 2-color 

pyrometer, and in-depth residual stress profiles. The main findings can be 

summarized as follows: 

 The exponential decay volumetric heat source, with an artificial increase in 

thermal conductivity to account for the Marangoni effects, resulted in the 

best prediction of melt pool dimensions. 

 The maximum residual stress is generated along the laser scan direction, 

governed by the temperature gradient and cooling rate in the hatch direction. 

 Increasing the scan speed resulted in an increase in the surface tensile 

residual stress due to the increase in the temperature gradient  

 The surface tensile residual stress decreases with the increase in hatch 

spacing.  

 At the same energy density, the thermal stresses are mostly affected by the 

scan speed, laser power, and hatch spacing.      

 Although the high cooling rate will increase the strain rate experienced by 

the material, the evolution of the stresses is mainly dominated by the 

temperature gradient 

 The cyclic temperature governs the final state of the stress during the non-

linear phase and the cooling rate during the linear phase.  

 In-depth residual stresses on a part scale and the top surface deflection 

exhibit the same trend, where increasing the laser power lowers the residual 

stresses. 
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 Increasing the scan speed increases the in-depth residual stresses as well as 

the top surface deflection. 
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Abstract:  

This study aims at investigating the possibility of fabricating IN625 and IN718 Ni-

based superalloys with acceptable room temperature fatigue lives using the laser 

powder bed fusion (LPBF) process. For this purpose, several test coupons were 

printed and compared in terms of (i) density, (ii) tensile strength, (iii) surface 

roughness, and (iv) residual stress to find the optimum sets of process parameters 

for both IN625 and IN718 superalloys. The optimum process parameters were 

utilized to print the fatigue test specimens, tested in as-built, and shot-peened 

conditions at multiple stress levels. The S-N curves were generated for both IN625 

and IN718 in as-built and shot-peened states and compared to their wrought 

counterparts. The fatigue results obtained for each case were scrutinized by 

discussing the factors contributing to the fatigue performance, such as (i) surface 

roughness, (ii) residual stress state and magnitude, (iii) grain and sub-grain 

structure, and (iv) non-equilibrium phases in the microstructure. The fatigue life of 

both superalloys in as-built condition was inferior to their unnotched wrought 

counterparts, though exceeding the notched ones with a stress concentration factor 

of three. After shot peening, it was found out that the maximum stress level at 

infinite fatigue life for IN625 is the same as its unnotched annealed wrought 

counterpart. However, for shot-peened IN718, the fatigue life was still lower than 

that of the solution-annealed and aged wrought specimen in unnotched condition 

due to the absence of γʹ and γʹʹ strengthening agents. The findings of this study 

suggest that the LPBF fabricated IN625 in the shot-peened state can be reliably 
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used as a substitute for annealed and wrought IN625 counterparts without the need 

for surface smoothening or performing heat treatments. Regarding the shot-peened 

IN718, its lower fatigue life than the solution-annealed and aged wrought 

counterpart has to be taken into account in the design stage upon skipping the heat 

treatment. 

Keywords:  

Fatigue performance; IN625 and IN718 superalloys; Shot peening; Residual stress, 

surface roughness; Laser powder bed fusion process.   
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5.1. Introduction 

Nickel-based superalloys are an exceptional class of engineering materials with 

extraordinary properties, including but not limited to high strength at elevated 

temperatures, good corrosion resistance, high fatigue endurance, and creep 

durability, as reported by [1, 2]. According to a report by Pulidindi [3] on market 

size of Ni-based superalloys, IN718 and IN625 are the most versatile products that 

have dominated the market in 2019 with a share of over 55% and 20%, respectively. 

In a review study by Patel et al [4], it has been noted that the very first application 

of these superalloys was in the steam lines of supercritical steam power plants, but 

they soon found their way in a wide variety of applications from high to low 

temperatures owing to the unrivaled opportunities offered by these materials to the 

surging demands from emerging applications in aviation, turbine, nuclear, 

aerospace, and oil & gas industries. The initial goal behind the invention and 

development of both superalloys by Eiselstein [5] was obtaining solid-solution 

strengthened superalloys with high creep resistance by adding different amounts of 

heavy elements such as Nb and Mo to a Ni-Cr matrix. However, Eiselstein and 

Tillack [6], later showed that higher content of Nb in IN718 (4-6 wt.%) could lead 

to the formation of metastable ordered body-centered tetragonal (BCT) γʹʹ-Ni3Nb 

phase in addition to the ordered face-centered cubic (FCC) γʹ-Ni3(Al, Ti) 

precipitates (due to the presence of Ti+Al in this superalloy) in the γ-Ni matrix 

through a controlled aging process at a narrow temperature range. As stated by 

Chang [7],  solid solution is also a part of the strengthening mechanism in IN718 
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alloy, but precipitation hardening is the dominant strengthening mechanism. On 

this account, although conventionally manufactured IN625 end products (i.e., 

pipes, tubes, and plates) are in the annealed state, IN718 counterparts are preferred 

to be in annealed+aged condition, especially for high-temperature applications. 

Debroy, and Fereiduni [8, 9] pointed out in their review studies that over the past 

two decades, additive manufacturing (AM) processes such as laser powder bed 

fusion (LPBF) have revolutionized almost all industries by making it possible to 

produce complex geometries, intricate features, and custom-designed components 

with very few constraints. Consequently, as reported by Kim et al [10], many of the 

existing components were redesigned and manufactured for AM with the aim of 

reducing the weight and enhancing efficiency. Such manufacturing transformation 

has also been happening to Ni-based superalloys, especially the widely used IN718 

and IN625, as Sanchez et al [11] demonstrated that the LPBF processing of these 

two superalloys has been the target of most research studies found in the literature. 

Marchese et al [12] showed in their research study that the microstructure of the 

LPBF fabricated IN625 mainly consists of supersaturation solid solution γ-Ni with 

very low volume fraction of nanosize carbides (NbC and/or (Mo,Nb)-rich carbide). 

This is while for IN718, Zhao et al [13], found that the Laves phase was perceptible 

in the interdendritic regions instead of carbides. They also reported that the high 

cooling rates associated with the LPBF process hinder the formation of γʹ and γʹʹ 

phases in the AB condition in the LPBF fabricated IN718 superalloy. These are 

similar to the microstructures of IN625 and IN718 after solution treatment followed 
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by subsequent quenching. Therefore, while IN625 can be regarded as the end 

product without further heat treatments, aging is still required for IN718 to generate 

the desired precipitates. 

Fatigue resistance of the additively manufactured IN625 and IN718 parts, which is 

the of this research study, is one of the most critical factors that must be considered 

prior to certification of AM processes in the abovementioned industries. This is 

especially important for applications in which these superalloys are in contact with 

a highly dynamic aqueous media or experience cyclic thermal and mechanical 

loadings. Highlights of the fatigue studies in the literature on the LPBF fabricated 

IN718 and IN625 superalloys are summarized in Table 5-1. As it is evident, they 

all share the same concept of applying solution annealing (for IN718 and IN625) 

and/or dual-temperature precipitation aging treatments (for IN718 as per AMS 

5663, SAE AMS2774E, AMS 5597A, AMS 5596C, and AMS 5662N) prior to the 

fatigue test, the only distinguishing point being the time and temperature of the 

selected thermal cycles. The solution annealing heat treatment was conducted with 

the purpose of stress-relieving of the residual stresses (RS) generated during the 

LPBF process [14], alleviating the micro-segregation of Nb to make the final 

microstructure more uniform [12] and eliminating the carbide/laves phase from the 

as-printed IN718 and IN625 superalloys [15, 16]. According to the a research study 

by Zhou et al [14], the foremost aim for the double aging treatment was facilitating 

the formation of γʹ and γʹʹ precipitates in IN718. Patel et al [4] implied that although 

IN718 segments require double aging cycles to operate at high temperatures, such 
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heat treatments might not be mandatory for room temperature (i.e., in aqueous 

environments) as well as cryogenic temperature (i.e., in liquid fuel rocket engines) 

applications. Therefore, IN718 can also be used in such applications without time-

consuming post-process heat treatments. Both IN625 and IN718 superalloys have 

no ductile-to-brittle transition temperature and have acceptable corrosion resistance 

and phase stability in many aqueous and chemical media, making them suitable 

candidates for such applications, as stated by Lippold et al [1]. From this 

perspective, it is interesting to investigate the fatigue performance of IN718 in the 

AB condition where the strengthening precipitates are absent to understand whether 

the supersaturated solid solution matrix from the high content of Nb and minor 

amounts of Ti and Al can lead to a fatigue resistance comparable to that of the 

IN625 solid-solution strengthened superalloy with higher Mo and Cr contents.   

Table 5-1 A literature review on the condition of LPBF fabricated IN718 and 

IN625 specimens prior to the fatigue test. 

Material Post-printing heat treatment Ref. 

IN718 

HIP-treated for 3 h at 1163 °C/100 MPa +  solution annealing 

at 954 °C/1 h + dual-temperature precipitation aging at 718 

°C/8 h followed by furnace cooling to 621 °C and holding for 

18 h as per AMS 5663 

[17] 

Solution annealing at 980 °C/1 h + dual aging cycle at 720 

°C/8 h followed by furnace cooling to 620 °C and holding for 

8 h 

[18] 

Solution annealing at 954 °C/10 min + dual aging cycle at 

718°C/8 h and 621 °C/10 h as per SAE AMS2774E 

[19] 
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Cycle 1: stress relief at 1065 °C/1 h + solution annealing at 

980 °C/1 h + dual aging cycle at 720 °C/8 h followed by 

furnace cooling to 620 °C and holding for 8 h 

Cycle 2: stress relief at 1065 °C/1 h + HIP-treated for 3.5 h 

at 1160 °C/1500 bar + solution annealing at 980 °C/1 h + dual 

aging cycle at 720 °C/8 h followed by furnace cooling to 620 

°C and holding for 8 h 

[20] 

Cycle 1: Solution annealing at 1038 °C/2 + double aging at 

760 °C/10 h followed by furnace cooling to 649 °C and 

holding for a total duplex aging time of 20 h as per AMS 

5597A 

Cycle 2: Solution annealing at 940 °C/2 h + double aging at 

718 °C/8 h followed by cooling to 621 °C and holding for a 

total duplex aging time of 18 h as per AMS 5596C 

[21] 

Cycle 1: Solution annealing at 980 °C/1 h + double aging 

cycle at 720 °C/8 h followed by furnace cooling to 620 °C in 

2 h and hold at 620 °C for 8 h 

Cycle 2: Cycle 1 + HIP-treated at 980 °C/4 h at 100 MPa 

followed by rapid cooling with the cooling rate of 42 °C/min 

[22] 

Cycle 2: Solution annealing at 980 °C/1 h + double step aging 

at 720 °C/8 h followed by slow cooling with the rate of 50 

°C/h to 620 °C and holding for 8 h as per AMS 5662 

Cycle 2: HIP-treated for 4 h at 1160 °C/150 MPa + double 

aging treatment under pressure at 710 °C/100 MPa for 8 h 

followed by 610 °C/90 MPa for another 8 h   

Cycle 3: HIP-treated for 4 h at 1160 °C/150 MPa + the same 

double aging treatment as that of cycle 2 without applying 

external pressure 

[23] 
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Stress relief at 970 °C/1h + double aging at 710 °C/8 h 

followed by furnace cooling to 610 °C and holding for 8 h 

[24] 

Solution treatment at 954 °C/10 min + double aging at 

718°C/8 h followed by furnace cooling to 621 °C with the 

total double aging time of 18 h as per AMS 5562N 

[25] 

Cycle 1: double aging at 718 °C/8 h followed by furnace 

cooling to 621 °C and holding for 8 h 

Cycle 2: HIP-treated for 4 h at 1160 °C/100 MPa + solution 

annealing at 1065 °C/1 h + cycle 1 

[26] 

Solution annealing at 980 °C/1 h and double aging cycle at 

720 °C/8 h and then at 620 °C/8 h as per AMS 5663 

[27] 

IN625 

Solution annealing at 1100 °C/1 h  [28-

30] 

Stress relief annealing at 870 °C/1 h  [31-

33] 

Stress relieving heat treatment at 800 °C/1 h + HIP treatment 

for 3 h at 1170 °C/150 MPa 

[34] 

Stress relieving heat treatment at 870 °C/1 h + HIP treatment 

for 4 h at 1120 °C/100 MPa 

[35] 

Cycle 1: Stress relieving heat treatment at 1032 °C/1 h 

followed by rapid air cooling 

Cycle 2: Cycle 1 + solution treatment at 1178 °C/1 h followed 

by rapid air cooling 

[36] 

Referring to Table 5-1, in addition to the solution annealing and/or double aging 

treatments, the LPBF fabricated IN625 and IN718 superalloys have also been 

subjected to other thermal cycles, namely, (i) stress-relieving and (ii) hot isostatic 

pressing (HIP). The purpose of stress-relieving heat treatment, mostly applied to 
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the LPBF fabricated IN625 parts, is to mitigate the tensile RS that develops during 

this layerwise manufacturing process. Narvan et al [37] thoroughly explained that 

such thermally induced RS is generated in the LPBF fabricated parts as a result of 

the lower contraction propensity of the previous layers due to the existence of a 

temperature gradient that restrains the free contraction of hot regions in the newly 

consolidated tracks/layers. The time and temperature of the stress-relieving cycle 

for the LPBF fabricated parts are usually selected based on the ASM 

recommendations for their conventionally manufactured counterparts which might 

not necessarily lead to desirable results. For instance, according to a research study 

conducted by Lass et al [38] on the microstructural evolutions of the LPBF 

processed IN625 during the stress-relieving treatment, it has been shown that the 

industry-recommended stress relieving cycle of 870 °C/1 h for wrought IN625 

results in the formation of significant amounts of orthorhombic Ni3Nb-δ phase in 

the LPBF fabricated IN625 which is detrimental to its fracture toughness, fatigue 

resistance and creep durability. Lass et al [38] also discussed that the formation of 

the δ phase in the LPBF fabricated IN625 was due to the high content of Nb and 

Mo elements in supersaturation solid solution γ-Ni matrix in the inter-dendritic 

regions of the AB solidification microstructure. Although alternatives such as 

performing the stress-relieving at lower temperatures (i.e., 800 °C) or 

homogenization heat treatment prior to the stress-relieving have been proposed in 

the same study to address these concerns, none of them can be confidently applied 

to the LPBF fabricated components because they are not standard procedures. 



 

 

 

Ph.D. Thesis – Mohamed Balbaa  McMaster University - Mechanical Engineering 

241 

 

Moreover, stress-relieving heat treatment might only alleviate the tensile RS but 

cannot generate compressive stresses, which are highly beneficial for enhancing the 

fatigue life of the LPBF fabricated parts, as reported by Bartlett and Li [39]. When 

it comes to the HIP treatment, elimination of the defects of the LPBF fabricated 

parts is the main reason that arouses interest toward its implementation, as 

mentioned by Yu et al [20]. Although the literature suggests that the HIP-treated 

specimens possess a better fatigue life, such a post-processing treatment suffers 

from three major drawbacks, (i) formation of detrimental Laves clusters and 

acicular δ phase, which cannot be seen in wrought IN625 and IN718 superalloys 

unless after thousands of hours of operation (such phases might cause premature 

failure of the end products) [22], (ii) inability to generate compressive RS since the 

applied compressive stress is not high enough even to offset the high magnitude of 

tensile RS developed during the LPBF process [22], and (iii) in cases where 

subsequent heat treatment cycles (i.e., for IN718 based on Error! Reference s

ource not found.) are applied to the HIP-treated parts, the closed pores can find 

another chance to regrow [23], which defeats the purpose of utilizing such treatment 

in the first place. Therefore, alternative post-processing must be taken into account 

when enhancement in fatigue resistance of AB parts is required. 

This study strives to shed some light on the influence of shot peening on the fatigue 

life of the LPBF fabricated IN625 and IN718 superalloys. Kalentics et al [40] 

demonstrated that shot peening is an effective technique in generating surface 

compressive RS and improving fatigue life of the LPBF fabricated parts. However, 
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it has received scant attention in the literature (Table 5-1). The following sequence 

of steps were taken in this study to find the optimum samples in terms of fatigue 

resistance and to understand the role that shot peening plays in improving the 

fatigue life: (i) highly dense cubic coupons were printed, (ii) the number of samples 

was narrowed down by excluding samples having relative densities less than 99%, 

(iii) the remaining samples were tested in terms of tensile strength, surface quality, 

and RS to end up with one sample having the best combination of high relative 

density, high strength, and low surface roughness and tensile RS, (iv) the optimum 

IN625 and IN718 samples were shot-peened and subjected to fatigue testing along 

with the AB specimens as the reference, and (v) microstructure of each material 

was investigated before and after shot peening and the microstructural features in 

addition to the surface roughness and RS were correlated to the obtained fatigue 

results. The findings of this study suggest that shot peening can be a promising 

time-and-cost effective post-process treatment to remarkably improve the fatigue 

life of the LPBF fabricated IN625 and IN718 components.                    

5.2. Experimental procedures 

5.2.1. Materials and process parameters 

The starting powders used in this research were gas atomized IN625 and IN718 

powders with the nominal chemical compositions reported in [41] and [42], 

respectively. Both powders had a nominal particle size distribution ranging 

between 15 and 45 μm. An EOS M280 machine (EOS, Krailling, Germany) 

equipped with a Yb-fiber laser system delivering power levels of up to 400 W was 
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used in this study. Based on the previous work conducted by the authors on IN625 

[41] and IN718 [42], different sets of process parameters yielding relative densities 

above 99% were employed. Nevertheless, the optimum parameters among these 

sets were selected based on the best possible combinations of a high relative 

density, low surface roughness, high tensile strength, and low tensile RS. The 

process parameters employed in this study are presented in Table 5-2Table 5-2. The 

printing process was performed under a Nitrogen atmosphere to reduce the oxygen 

percentage below 1%. Tensile and fatigue samples were printed for each alloy with 

a layer thickness of 40 μm and a serpentine scan strategy with 90˚ rotation between 

layers, and a build plate preheat temperature of 80 °C.  

Table 5-2 Process parameters employed for printing IN625 and IN718. 

IN625 IN718 

Sample 
Laser 

power (W) 

Scanning 

speed 

(mm/s) 

Hatch 

spacing 

(mm) 

Sample 

Laser 

power 

(W) 

Scanning 

speed 

(mm/s) 

Hatch 

spacing 

(mm) 

1 170 500 

0.1 

1 220 600 0.08 

2 220 500 2 320 600 0.08 

3 220 550 3 270 600 0.1 

4 220 600 4 270 700 0.1 

5 270 600 5 320 700 0.1 

 
6 270 600 0.12 

7 320 600 0.12 
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Density, surface roughness, and residual stress 

The relative density of samples was measured for both AB and SP conditions to 

examine the possible effect of SP in closing surface and near-surface pores and 

consequently increasing the relative density. Density was measured using the 

Archimedes method, where the mass of the sample was measured in air and water 

using a scale with a resolution of ± 0.1 mg. 

The surface roughness of all samples was characterized in terms of the arithmetic 

mean roughness (Ra) measured along five different directions on each of the four 

sides of the fatigue samples using a Mitutoyo SJ-410 stylus profilometer. 

In-depth RS was measured on the top and bottom surfaces for both alloys in AB 

and SP conditions using X-ray diffraction. An Mn- Kα radiation source was used, 

and the samples were oscillated about the mean Psi angles of 10 and 50° by ±1.5° 

to integrate the diffracted intensity over more grains to minimize the influence of 

the grain size. The irradiated area was 5 mm ×5 mm at the middle of the gauge 

length. The RS was measured in the longitudinal direction along the uniaxial fatigue 

loading direction. Electrolytic material removal was employed to minimize altering 

the subsurface RS. The material was removed, and RS was measured at different 

increments down to a depth of 0.38 mm.  

5.2.2. Microstructural Characterization 

Printed cubic samples were sectioned through the front plane and then ground and 

polished according to the standard metallography procedure. The final stage of 
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sample polishing was performed using colloidal silica with an average particle 

diameter of 0.06 µm. A Keyence (Osaka, Japan) VHX digital microscope was used 

to observe the non-etched sections and compare the densification level of parts 

qualitatively. The polished sections were chemically etched for microstructural 

studies using Kalling’s 2 reagent for IN718 and a reagent containing 10 ml HCl, 10 

ml HNO3, and 15 ml CH3COOH for IN625. High magnification imaging was 

conducted using a Tescan Vega scanning electron microscope (SEM) at an 

accelerating voltage of 20 keV. The microscope was equipped with an energy-

dispersive X-ray spectroscopy (EDS) detector to identify the elemental chemical 

composition of micro-constituents. The electron backscatter diffraction (EBSD) 

analysis was utilized to characterize the texture, grain size/morphology, and 

dislocation density of AB and SP specimens. This analysis was performed using an 

FEI, Versa 3D field-emission scanning electron microscope (FE-SEM), operating 

at an accelerating voltage of 20 keV, and a tilt angle of 70° with a step size in the 

range of 0.3-0.7 µm. The EBSD data were collected using the TSL OIM 7 software 

and were analyzed using the HKL Channel 5 software package. 

5.2.3. Tensile testing 

Flat dogbone samples were printed for uniaxial tensile testing in accordance with 

the ASTM E8/E8M standard using the process parameters listed in Table 5-2. The 

tensile test specimens were subsize with a width of 6 mm and a gauge length of 32 

mm, as shown in Figure 5-1. Uniaxial tensile testing was performed on an 810 MTS 

servo-hydraulic test frame with a maximum loading capacity of 50 kN, coupled 
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with a digital image correlation (DIC). Testing was conducted at room temperature 

with a strain rate of 8×10-3 s-1, as per ASTM E8/E8M standard. 

 

Figure 5-1. Schematic illustration of the tensile test specimen 

5.2.4. Fatigue testing 

Rectangular cross-section fatigue specimens were manufactured in accordance with 

the ASTM E466 standard. Fatigue specimens with tangentially blended fillets 

between the uniform test section and the ends were designed with a gauge width of 

6.5 mm and thickness of 3.2 mm in line with the ASTM E466 standard, as shown 

in Figure 5-2. Twenty specimens were manufactured for each alloy using one set 

of process parameters leading to the best possible combination of a high relative 

density, low surface roughness, low surface tensile RS, and high tensile strength. 

The selection of these optimum sets of parameters will be discussed later in section 

5.3. For both alloys, half of the fatigue specimens were shot-peened (SP) in a Trinco 

Dry-Blast 36x30/PC-BP cabinet with the ASR110 cast steel shot type. All 

specimens were peened at an Almen intensity of 8A to a coverage of 200%. 

Uniaxial fatigue testing was performed at room temperature with a cyclic frequency 

of 30 Hz, a stress ratio of R= 0.1, and the runout was set at 5 million cycles. Ten 
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samples of each alloy were tested in the AB and SP conditions. The fracture 

surfaces were examined via SEM following the fatigue test to identify the crack 

initiation sites. 

 

Figure 5-2. Schematic illustration of the fatigue test specimen. 

5.3. Results and Discussion  

5.3.1. Optimization of process parameters 

As mentioned earlier, the selection of optimum process parameters for 

manufacturing the fatigue specimens was based on four criteria, namely, 

densification level, tensile strength, surface roughness, and RS. The densification 

level indicates the amount of pores in the specimen, which might serve as crack 

nucleation sites during the cyclic loading. High tensile strength is favored as Ni-

based superalloys are most frequently utilized in applications demanding high 

strength. The surface roughness represents the possible micro-sized notches 

distributed along the outer surfaces of the sample that can act as stress concentrators 

and facilitate crack initiation. The tensile RS shortens the fatigue life of the part, as 

it serves to open up existing cracks and accelerate the crack propagation rate. 

Except for tensile strength, other factors were determined from previous studies by 
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the authors [41, 42], as provided in Table 5-3. In terms of the densification level, 

the relative density of 99% was considered the minimum value required for a 

reliable fatigue performance. Except for sample 2 of IN718, all other samples 

possessed relative densities above 99%, meeting the densification level 

requirement. To qualitatively investigate the size, morphology, and distribution of 

the porosities within samples, the cross-sections of the non-etched coupons were 

examined. According to the optical micrographs shown in  Figure 5-3 for IN625 

and Figure 5-4 for IN718, it is observed that the selected process parameters 

resulted in highly dense parts with only a few dispersed porosities (excluding 

sample 2 of IN718, where a large number of porosities is concentrated at the sides 

surfaces). These porosities are spherical with diameters less than 50 μm, uniformly 

distributed within the parts. All these features give evidence of the negligible 

adverse effect of such porosities on the fatigue life of the components fabricated by 

the selected process parameters. Since there is almost no difference between the 

size, morphology, and distribution of porosities in samples having relative densities 

higher than 99%, none of the sets of process parameters is preferred over the others 

from the densification level perspective. 
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Table 5-3. The relative density, surface roughness, and surface RS values for 

different samples of IN625 and IN718 superalloys [41, 42]. 

IN625 IN718 

Sample 

Relative 

Density 

(%) 

Surface 

Roughness 

Ra (μm) 

Surface 

RS 

(MPa) 

Sample 

Relative 

Density 

(%) 

Surface 

Roughness 

Ra (μm) 

Surface 

RS 

(MPa) 

1 99.4 3 -59 1 99.06 4.57 413 

2 99.3 2.94 -163 2 98.72 2.73 302 

3 99.2 2.53 86 3 99.13 3.48 508 

4 99.7 3.13 19 4 99.56 4.37 594 

5 99.3 3.12 -68 5 99.05 3.31 453 

 

6 99.01 3.53 429 

7 99.17 3.53 459 

 

Figure 5-3. Non-etched optical micrographs of IN625 coupons. 
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Figure 5-4. Non-etched optical micrographs of IN718 coupons. 

Tensile specimens were fabricated using the sets of process parameters meeting the 

densification level requirement to investigate the effect of process parameters on 

the tensile strength criterion.  Referring to the stress-strain curves provided in 

Figure 5-5, no significant difference was observed in the strength and elongation to 

fracture values of both IN718 and IN625 superalloys with varying process 

parameters. For IN625, yield strength of ~644 MPa and ultimate tensile strength of 

~901 MPa were achieved. These strength values were643 and 935 MPa for IN718, 

respectively. Therefore, since tensile strength was almost the same for different 

specimens, all coupons that already passed the densification level requirement also 

meet the high tensile strength criterion, with none of the specimens being preferred 

over the others. Accordingly, samples were compared from the surface roughness 
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and the surface RS viewpoints to pinpoint the optimum set of process parameters 

for fabricating fatigue test specimens. 

 

Figure 5-5. Engineering stress-strain curves (a) IN625 (b) IN718. 

Surface roughness and RS results for IN625 and IN718 are listed in Table 5-3. For 

IN625, the Ra values were found to be in the range of 2.53-3.13 µm, revealing a 

minor change in surface roughness with varying process parameters. On the other 

hand, the top surface RS values were noticeably different in both magnitude and 

nature, ranging from -163 (compressive) to 86 (tensile) MPa. Although sample 3 

featured the lowest Ra of 2.53 µm, it possessed the largest top surface tensile RS of 

86 MPa. Sample 2 showed the second-lowest Ra value of 2.94 µm (16% higher than 

sample 3) and the highest top surface compressive RS (-163 MPa) among all 

samples. The rest of the samples (1, 4, and 5) were inferior to sample 2 in terms of 

surface roughness and RS. On this account, the process parameters of sample 2 

were selected as the optimum parameters to fabricate the IN625 fatigue specimens. 

The same logic was used to find the optimum set of process parameters for IN718. 

Samples 1 and 4 were excluded since having relatively higher Ra values and/or 
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larger tensile RS than others. The remaining samples had almost the same surface 

roughness. Except for sample 3, they also showed almost equal RS. Therefore, 

samples 5, 6, and 7 could be considered optimum samples. Nevertheless, owing to 

the fact that the relative densities of samples 5 and 6 were marginally above 99%, 

the process parameters of sample 7 were selected as the optimum ones for IN718. 

It is worth noting that this sample also benefits from the highest building rate, 

making it suitable from the manufacturing cost and time perspectives.  

5.3.2. Fatigue test results 

After finding the optimum sets of process parameters based on the procedure 

explained in section 5.3.1, fatigue test specimens were fabricated and subsequently 

subjected to tensile cyclic loading at room temperature to investigate their fatigue 

life at different stress levels. For each superalloy, ten samples were tested in each 

AB and SP condition. The S-N results were fitted to the Basquin model given by 

Eq. (1), where N is the number of cycles to failure, S is the maximum stress applied, 

and A1 and A2 are the model parameters predicted from data.  

 

Table 5-4 presents the A1 and A2 parameters, calculated using statistical analysis 

of the fatigue test data for IN625 and IN718 in AB and SP conditions.  

log 𝑁 = 𝐴1 − 𝐴2 log 𝑆                                             (1) 
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Table 5-4 Estimated parameters of fatigue life model used for IN625 and IN718 

in the AB and after shot peening (SP), ordinary least squares (OLS). 

Material Parameter Estimate Std. 
error 

t-value p-value 95% 
LCL 

95% 
UCL 

IN 625 A1 17.3589 1.2139 14.2999 < 0.0001 14.5597 20.1583 

A2 4.5316 0.4618 9.8126 < 0.0001 3.4666 5.5952 

IN 625 

+ SP 

A1 42.4206 2.7592 15.3741 < 0.0001 35.8961 48.9451 

A2 13.1774 0.9927 13.2742 < 0.0001 10.8301 15.5248 

IN 718 A1 17.6467 1.6528 10.6766 < 0.0001 13.7383 21.5550 

A2 4.7171 0.6279 7.5123 < 0.0001 3.2322 6.2019 

IN 718 

+ SP 

A1 34.9351 3.5726 9.7803 < 0.0001 25.0155 44.8524 

A2 10.6533 1.2921 8.2430 < 0.0001 7.0632 14.2403 

Since the fatigue tests were carried out with a small number of specimens, the 

bootstrap simulation technique was used to estimate the probability distribution of 

each parameter [43]. In this approach, the ordinary least squares (OLS) fit was 

computed from the original S–N data. The residuals were then resampled and added 

to the predicted values of the original fit to obtain simulated log N data. These data 

were then fitted versus the actual maximum stress values (S) using the Basquin 

model, and the estimated parameters (A1 and A2) were recorded in an approach 

called residual resampling. This method was repeated hypothetically 10000 times 

to obtain the probability distribution of each parameter. The statistical parameters 

such as the mean, standard error, confidence interval, etc., can be found from the 

distribution. The simulation results after 10000 resamplings are shown in Table 5-5. 
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Table 5-5 Estimated parameters of fatigue life model used for IN 625 and IN 

718 in the AB and after shot peening (SP), bootstrap simulation technique, 

10000 resamplings 

Material Parameter Estimate Std. 
error 

t-value p-value 95% 
LCL 

95% 
UCL 

IN 625 A1 17.363 1.0583 17.44 < 0.0001 14.923 19.804 

A2 4.534 0.4026 11.97 < 0.0001 3.605 5.462 

IN 625 

+ SP 

A1 42.39 2.3693 19.48 < 0.0001 36.79 47.99 

A2 13.17 0.8524 16.81 < 0.0001 11.15 15.18 

IN 718 A1 17.643 1.435 12.776 < 0.0001 14.251 21.035 

A2 4.716 0.545 8.989 < 0.0001 3.427 6.004 

IN 718 

+ SP 

A1 34.937 2.807 14.335 < 0.0001 27.144 42.729 

A2 10.652 1.0152 12.081 < 0.0001 7.834 13.471 

From Table 5-5, it is evident that at the 0.05 level of significance, the estimated 

model parameters (A1 and A2) using the OLS fitting are statistically significant 

since the p-values are smaller than the level of significance. The same is valid for 

the mean values of A1 and A2 obtained by bootstrap simulation in Table 5-5. 

Besides, the A1 and A2 obtained by both OLS and bootstrap methods are very 

similar. However, the 95% confidence bands of A1 and A2 obtained by bootstrap 

simulation are narrower than those obtained by the OLS method. The histograms 

and density probability functions of the best-fit values of A1 and A2 for both IN 

625 and IN 718 in AB and SP conditions are shown in Figure 5-6. It is seen that the 

best-fit values for both A1 and A2 are normally distributed, validating the 

parameters of the fatigue model used.  
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Figure 5-6. Density probability functions obtained by bootstrap simulation of the 

fatigue model parameters (A1 and A2). (a) AB IN625, (b) SP IN625, (c) AB 

IN718, and (d) SP IN718. 
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Fatigue test results are presented as S-N curves in Figure 5-7 for IN625 and IN718. 

The data points are plotted along with the best-fit curve for the AB and the SP 

conditions. In addition, the S-N curves for the wrought unnotched and notched 

(stress concentration factor-𝐾𝑡 = 3) samples obtained from MMPDS [44] are also 

plotted using the equations highlighted in Appendix A. 

The AB IN625 reached an infinite life at a maximum stress level of 260 MPa, which 

was much lower than that of the unnotched annealed wrought specimen. However, 

the AB sample had a better fatigue life compared to the notched annealed wrought 

sample with 𝐾𝑡 = 3. Conversely, shot peening significantly improved the fatigue 

life of IN625, resulting in a fatigue life slightly lower than that of the unnotched 

annealed wrought specimen and an infinite life at a maximum stress level of 550 

MPa.  
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Figure 5-7. S-N plots for (a) AB and SP IN625 vs. wrought unnotched and 

notched IN625, (b) AB and SP IN718 vs. wrought unnotched and notched IN718, 

and (c) IN625 vs. IN718 in AB and SP conditions. 

For IN718, the AB samples had a fatigue life far lower than the unnotched solution-

annealed and aged wrought IN718. The AB IN718 featured an infinite fatigue life 

at maximum stress of 220 MPa, and the fatigue life was similar to that of notched 

solution-annealed and aged wrought IN718 with a 𝐾𝑡 = 3. Shot peening improved 

the fatigue life of IN718, where an infinite life was reached at maximum stress of 
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450 MPa, doubling that of AB samples. However, the fatigue life of SP IN718 was 

still inferior to that of the unnotched solution-annealed and aged wrought IN718, 

especially in the high stress-low cycle zone of the S-N curve.  

Finally, the fatigue lives of IN625 and IN718 were compared in AB and SP 

conditions. Figure 5-7(c) presents the S-N curves for both superalloys, where the 

fatigue life of AB IN625 was slightly better than that of IN718. For the SP 

condition, the difference between the fatigue lives of IN625 and IN718 became 

even higher.  

5.3.3. Characterization of the fatigue specimens 

As discussed in section 5.3.2, the SP IN625 and IN718 showed superior fatigue 

performance than the AB ones. Since the fatigue specimens differ in geometry and 

size from the coupons investigated in section 5.3.1, the relative density, surface 

roughness, and RS were also measured for the fatigue specimens in AB and SP 

conditions. 

Relative density: The relative density was measured to investigate the possible 

effect of shot peening in closing the near-surface pores and increasing the overall 

density of the fatigue specimens. As it is evident in Figure 5-8, shot peening did not 

affect the relative density for both IN625 and IN718. Given that the density of the 

specimens was already above 99%, with the pores being dispersed throughout the 

sample and not concentrated near the surface (Figure 5-3 and Figure 5-4), such an 

observation is justifiable. 
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Figure 5-8. Relative density of samples in AB and SP conditions. 

Surface roughness: the surface roughness was measured across all four sides for 

fatigue specimens of IN625 and IN718 in AB and SP conditions. According to the 

3D surface topography maps shown in Figure 5-9 (IN625) and Figure 5-10 (IN718), 

the top surface roughness of the AB specimens was higher than that of the bottom 

surface subjected to the wire EDM  due to the existence of the laser tracks on the 

former. The side surfaces exhibited higher surface roughness caused by the 

adherence of many powder particles to these surfaces during the LPBF process. 

Shot peening of the fatigue specimens led to a significant decrease in the surface 

roughness of all surfaces. To quantitatively assess the surface quality for the AB 

and SP specimens, Ra was measured for all four sides (Figure 5-11). For IN625, the 

Ra value for the top surface was higher than that of the bottom surface, which is in 

line with the surface topography maps shown in Figure 5-9. The quality of the side 
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surfaces was even lower than the top surface with 70% higher Ra, as shown in 

Figure 5-11. The side surface facing the inert gas flow showed an inferior surface 

quality to the other. This is attributable to the gas pushing powder particles towards 

the hot side surface and causing them to be sintered. Shot peening reduced the 

roughness of all surfaces with a maximum improvement of 40% for the side 

surfaces. Similarly, shot peening could decrease the surface roughness of IN718 

(Figure 5-11) by 28% to 65%, with the maximum improvement recorded for the 

side surface facing the inert gas flow. 
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Figure 5-9. 3D surface topography of the lateral surface of IN625 fatigue samples 

for (a) AB, and (b) SP conditions. 
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Figure 5-10. 3D surface topography of the lateral surface of IN718 fatigue 

samples for (a) AB, and (b) SP conditions. 
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Figure 5-11. Average surface roughness of top, bottom, and side surfaces in AB 

and SP conditions for (a,b) IN625 and (c,d) IN718. 

Residual stress: the in-depth RS profiles were measured from the top and bottom 

surfaces to compare their level of RS. Figure 5-12(a) shows the measured RS for 

IN625, where the wire EDMed surface (bottom) had a higher tensile RS than the 

top surface. In fact, the magnitude of surface RS on the wire EDM side was eight 

folds the RS on the top surface; however, the high tensile RS dropped to near zero 

after a depth of 75 μm. On the other hand, for the top surface,  a relatively high RS 

existed down to a depth of 300 μm. Almost the same trend as IN625  was observed 

for IN718, as shown in Figure 5-12(b); however, the top surface featured a 

compressive RS down to a depth of 75 μm, while wire EDM induced a high tensile 
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RS profile along the measured depth. It is worth noting that a relatively moderate 

tensile RS existed below the top surface, starting from a depth of 100 µm. Shot 

peening induced a high compressive RS that penetrated deeply into each surface to 

a depth of 250 μm for both IN625 and IN718. The maximum compressive RS value 

corresponds to the depth of 50 µm for top and bottom surfaces.   

 

Figure 5-12. In-depth RS measured from top and bottom surfaces of fatigue 

specimens for (a) IN625 (b) IN718. 

Microstructural evolutions: To understand the influence of shot peening on the 

microstructural features, EBSD analysis was performed on fatigue specimens after 

the failure. The inverse pole figure (IPF-Z) EBSD maps for IN625 and IN718 in 

both AB and SP conditions are provided in Figure 5-13. As can be seen in Figure 

5-13(a) and (c), the microstructure of both AB IN625 and IN718 consists of large 

columnar grains that are elongated along the building direction, with some grains 

spanning across several hundred µm. However, the IPF-Z maps suggest that the 



 

 

 

Ph.D. Thesis – Mohamed Balbaa  McMaster University - Mechanical Engineering 

265 

 

grains in AB IN718 are noticeably finer than those of the AB IN625 counterpart. 

Figure 5-13(b) and (d) show the IPF-Z maps of SP IN625 and IN718 at the 

immediate vicinity of the side surface. The reason behind performing EBSD 

analysis near the side surface is discussed in section 5.3.4. By comparing the IPF-

Z maps of each material in AB and SP conditions, it can be inferred that some sub-

grains have been formed within the large columnar grains as a result of the plastic 

deformation introduced by the shot peening. Such sub-grains were much more 

prevalent in the SP IN625 specimen than the SP IN718.  
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Figure 5-13. The IPF-Z EBSD maps of (a) AB IN625, (b) SP IN625, (c) AB 

IN718, and (d) SP IN718. 
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Band contrast micrographs and the Kernel averaged misorientation (KAM) maps 

of the fatigue specimens are shown in Figure 5-14. According to Figure 5-14(b), 

the bulk of AB IN625 specimen contains a significant amount of dislocations, 

confirming the presence of plastic strains generated from high thermal stresses 

originating from the layerwise nature of the LPBF process. Referring to Figure 

5-14(a) and (b), dislocations are mainly concentrated between the wide columnar 

grains. By comparing Figure 5-14(b) and (d), it can be inferred that after shot 

peening, the dislocation density is increased within the prior columnar grains of 

IN625. These dislocations are mainly located at the sub-grain boundaries that are 

perceptible in Figure 5-13(b) and Figure 5-14(c). Compared to AB IN625, the AB 

IN718 showed a remarkably lower dislocation density (Figure 5-14(e) and (f)). In 

addition, the dislocations can be found not only between wide grains but also within 

them. This is attributable to a higher frequency of grain boundaries owing to the 

smaller grain size in this specimen, as shown in Figure 5-13(c) and Figure 5-14(e). 

As opposed to SP IN625, shot peening did not have a major influence on the 

dislocation density in SP IN718 (Figure 5-14(g) and (h)).     
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Figure 5-14. The band contrast and KAM maps for (a,b) AB IN625, (c,d) SP 

IN625, (e,f) AB IN718 and (g,h) SP IN718. 

5.3.4. Fractography of fatigue specimens  

The overview of the fractured surfaces of fatigue specimens for AB IN625 and AB 

IN718 tested at the stress level of 620 MPa are shown in Figure 5-15(a) and (d), 

respectively. The characteristic beach marks in both specimens indicate that the 

cracks have initiated from the left side surface and then propagated toward the right 
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side. Since the beach marks are not concentric in AB specimens, it can be concluded 

that there is not a single crack initiation site but rather a locus of sites located along 

the side surface. Further examination of the fracture surfaces at higher 

magnification showed that the initiation sites were located right at the surface 

(Figure 5-15(b) and (e)); hence, the fatigue crack initiation did not originate at the 

sub-surface. In addition, due to the absence of gas pores, lack of fusion porosities, 

or inclusions, the crack initiation could be attributed to the high side surface 

roughness, as presented earlier in Figure 5-9, Figure 5-10, and Figure 5-11 for 

IN625 and IN718 in the AB condition. Referring to Figure 5-15(c) and (f), adhered 

powder particles and the overlap curvature of the laser scan tracks are the main 

sources of the side surface roughness, acting as the stress concentrating sites during 

fatigue loading and favoring the crack initiation.   
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Figure 5-15. Fatigue failure surface for AB (a-c) IN625 and (d-f) IN718 at stress 

level 620 MPa. 
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The SEM micrographs of the fractured IN625 and IN718 in SP condition at the 

stress level of 620 MPa are provided in Figure 5-16. Shot peening did not change 

the location of the crack initiation sites but instead reduced the number of them (as 

shown in Figure 5-16(b), (c), and (f)). Moreover, these initiation sites were all 

located at the corner of the specimens, as shown in Figure 5-16(a) and (d). 

Therefore, shot peening has caused a deviation of the crack initiation locus towards 

the corner; however, no pore/inclusion that might have altered the cause of the 

crack initiation was observed. The detailed examinations revealed that the sub-

surface initiation sites are absent, indicating that the surface roughness is still the 

leading cause behind the formation of these cracks. 
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Figure 5-16. Fatigue failure surface for SP (a-c) IN625 and (d-f) IN718 at stress 

level 620 MPa. 
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5.3.5. Influence of shot peening on the fatigue life 

According to the S-N curves provided in Figure 5-7 for IN625 and IN718, 

respectively, the shot peening significantly improved fatigue performance. In 

addition, the maximum stress level for having infinite fatigue life was found to 

increase by 110 and 105% for IN625 and IN718 specimens, respectively. To 

understand the reasons behind such an improvement, the fatigue test specimens 

were thoroughly investigated (section 5.3.3) in terms of (i) surface roughness, (ii) 

RS regime, and (iii) microstructure in both AB and SP conditions. The influence of 

each of these factors on enhancing the fatigue life of SP specimens can be discussed 

as follows: 

I. Surface roughness reduction: Referring to surface topography maps shown 

in Figure 5-9 and Figure 5-10, the surface quality of the specimens was 

noticeably improved through shot peening. The Ra values shown in Figure 

5-11 gave quantitative evidence of surface roughness reduction for all four 

SP surfaces. While the top and bottom surfaces also experienced a 

relatively high roughness reduction, the maximum Ra reduction of 40% and 

65% corresponded to the side surfaces of IN625 and IN718, respectively. 

Such a roughness reduction finds its roots in the removal/crushing of 

adhered powder particles and/or the flattening of inter-track overlap 

curvatures (due to the plastic deformation) existing on the surface, as is 

evident in Figure 5-17. The surface roughness reduction caused by the shot 

peening leads to improved fatigue life by decreasing the frequency of 

potential crack initiation sites and lessening the stress concentration factor 

of a few sites still remaining on the surface. According to Figure 5-17(b) 

and (d), a few adhered powder particles and inter-track discontinuities are 

occasionally visible on the side surface, meaning that the employed shot 
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peening could not fully eliminate the preferential crack initiation sites. That 

is why the side surfaces were still the locations at which crack initiation 

occurred after shot peening, as can be seen in Figure 5-15 and Figure 5-16.  

 

Figure 5-17. SEM micrographs from the side surface of (a) AB IN625, (b) SP 

IN625, (c) AB IN718, and (d) SP IN718 fatigue specimens. 

II. Generation of compressive RS: Referring to the in-depth RS measurements 

shown in Figure 5-12, the top and bottom RS profiles in the AB IN625 

were tensile, and in AB IN718 were slightly compressive or tensile along 

the measurement depth. However, the RS regime changed to compressive 

as a result of the shot peening. For the top surface profile, the maximum 
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compressive RS measured for the SP IN625 and SP IN718 was -1200 and 

-1400 MPa, respectively, both at a depth of 50 µm from the top surface. On 

the other hand, the bottom surface with higher tensile RS (500 MPa) than 

the top one in the AB condition featured a lower RS of ~-1000 MPa in SP 

IN625, while it was almost identical to that of the top surface in SP IN718. 

The RS was compressive to the depth of 250 µm from both sides in SP 

specimens. Although the RS measurements were conducted on the top and 

bottom surfaces, the same RS trend is expected for the side surfaces. Given 

that the fractography analysis results shown in Figure 5-15 and Figure 5-16 

confirmed the crack initiation and propagation from the side and/or corner 

of the fatigue specimens, the EBSD analysis was performed adjacent to the 

side surfaces in the SP specimens. The KAM maps in Figure 5-14(b) and 

(d) for IN625 showed that the dislocation density increased (across the 

investigated depth) significantly after shot peening, which is in line with 

the in-depth RS measurements provided in Figure 5-12(a). Although the 

increase in dislocation density was also observed for the SP IN718 

(compared to the AB condition), this was only limited to a shallow depth 

of 20 µm from the side surface. This observation for the side surface is not 

in agreement with the in-depth RS profiles of top and bottom surfaces 

shown in Figure 5-12(b). Considering either the in-depth RS profiles of top 

and bottom surfaces or the KAM maps of the side surfaces, it can be 

concluded that the shot peening has indeed generated compressive RS on 

all surfaces down to a specific depth. Compressive RS can improve the 

fatigue life by acting to resist the applied tensile stress during the fatigue 

loading. The maximum stress at infinite life also increases through the 

development of compressive RS, as suggested by [45]:  

∆𝜎 = −𝑚𝜎𝑟             (2) 

where ∆𝜎 is the change of fatigue limit caused by shot peening, 𝑚 is the 

mean stress sensitivity coefficient which depends on the material, and 𝜎𝑟 is 
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the RS. Finally, it should be mentioned that the plastic deformation induced 

by the shot peening can also close the existing sub-surface porosities, which 

improves fatigue life.             

III. Changes in the grain/sub-grain structure: Figure 5-18 shows the grain size 

distribution for IN625 and IN718 in AB and SP conditions. In these 

measurements, boundaries with misorientation angles higher than 15° were 

considered as grain boundaries. As it is evident, the average weighted mean 

(AWM) grain size did not change noticeably after shot peening for both 

superalloys. However, based on the IPF-Z maps shown in Figure 5-13, the 

plastic deformation caused by the shot peening process led to the formation 

of sub-grains with misorientation angles below 15° (mostly below 5°) 

which were not considered as grains in the results provided in Figure 5-18. 

Nevertheless, such sub-grains can impede the movement of dislocations 

during the cyclic loading and, consequently, increase the fatigue life.      
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Figure 5-18. The grain size distribution of (a) AB IN625, (b) SP IN625, (c) AB 

IN718, and (d) SP IN718. The term "AWM" refers to average weighted mean 

grain size. 

5.3.6. Mechanical properties-LPBF fabricated vs. wrought 

When comparing the tensile strength of the LPBF fabricated IN625 (AB) with 

wrought IN625 [44], it was found that both yield (Sy) and ultimate tensile (Su) 

strengths were ~25% higher for the LBPF fabricated ones. From the elongation to 

failure perspective, the LPBF fabricated IN625 showed an elongation of 35%, 

which is higher than that of the wrought IN625 (30%). Conversely, in the AB 

condition, LPBF resulted in lower Sy and Su compared to the wrought+heat treated 

IN718, as per AMS5596 [44]; however, the elongation to failure of the LPBF 

fabricated part was 29%, which is remarkably higher than 12% for the 

wrought+heat treated counterpart [44].  
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Figure 5-19. Comparison of mechanical strength for LPBF vs. wrought (a) IN625 

and (b) IN718. 

Referring to the S-N curves shown in Figure 5-7 for IN625, the infinite life at a 

maximum stress level of 260 MPa was obtained for AB condition, which is better 

than that of the notched (Kt=3) annealed wrought specimen but far below that of 

the unnotched one. In other words, the stress concentration caused by the micro-

sized notches distributed along the outer surfaces (originating from high surface 

roughness) combined with the tensile RS in the AB IN625 seems to be equivalent 

to a notched wrought IN625 specimen with a Kt of 3. The maximum stress level of 

550 MPa was achieved for the SP IN625, almost the same as that of the unnotched 

wrought specimen. This clearly reveals the significant role that the surface 

roughness reduction and generation of compressive RS have played in improving 
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the fatigue performance of LPBF fabricated IN625. Although the Ra of SP IN625 

is yet higher than that of the wrought counterpart with a polished surface, the 

compressive RS could compensate for the adverse influence of this factor on the 

fatigue performance. Therefore, the LPBF fabricated IN625 can be considered as 

the end-use product in AB and SP conditions in applications demanding the same 

or even improved room temperature tensile strength and fatigue performance 

compared to the wrought state, respectively. It is worth noting that the 

microstructure of the LPBF fabricated IN625 consisted of a cellular structure with 

both cells and cell walls being Ni-based supersaturated solid solution, as shown in 

Figure 5-20(a) and (b). The line scan EDS analysis results in Figure 5-20(c) suggest 

a higher concentration of C, Nb, and Mo in the inter-cellular regions due to their 

high tendency to segregate during solidification , as reported by [1]. The 

microstructure of the wrought annealed IN625 is composed of a Ni-based solid 

solution, with the only difference being that the microstructure is fully 

homogeneous with some relatively large size carbides dispersed in the matrix. The 

noticeably higher tensile strength of the LPBF fabricated IN625 (Figure 5-19(a)) is 

attributed to the combination of three microstructural features, including (i) fine 

cellular structure, (ii) chemical composition heterogeneity in sub-micron scale, and 

(iii) formation of a supersaturated solid solution (with very low volume fraction of 

nano-sized carbides). All these features originate from the rapid cooling associated 

with the LPBF process and act to increase the strength by impeding the dislocation 

movement during loading.   
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For AB IN718, the fatigue life was significantly shorter than the unnotched 

solution-annealed and aged wrought case. Nevertheless, it showed an infinite 

fatigue life at a maximum stress level of 220 MPa, which is identical to that of the 

notched solution-annealed and aged wrought IN718 with a 𝐾𝑡 = 3. Even after shot 

peening, an infinite life at a maximum stress level of 450 MPa was achieved, 10% 

below the unnotched solution-annealed and aged wrought IN718. The inferiority of 

the SP IN718 specimen was even more pronounced in the low cycle fatigue zone. 

Since the surface roughness and compressive RS of SP IN718 are in the same order 

as those of SP IN625, its shorter fatigue life should have been caused by the 

microstructural characteristics. Figure 5-20(d) shows the microstructure overview 

of the LPBF fabricated IN718. The higher magnification micrograph in Figure 

5-20(e) as well as the line scan EDS analysis results in Figure 5-20(f) revealed the 

presence of phases other than Ni-based supersaturation solid solution in the 

microstructure, which have been reported to be Laves phase [13]. However, there 

was no evidence that the main strengthening agents of γʹ and γʹʹ exist in the 

microstructure, as opposed to the solution-annealed and aged wrought IN718. This 

is consistent with the TEM investigations of the AB IN718 reported by [13]. The 

absence of γʹ and γʹʹ is believed to be the primary reason behind the lower Sy, Su 

and fatigue life of the LPBF fabricated IN718 than its solution-annealed and aged 

wrought counterpart.     
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Figure 5-20. SEM micrographs and line scan EDS analysis results for (a-c) IN625 

and (d-f) IN718. 
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5.3.7. Fatigue performance-IN625 vs. IN718 

As shown in Figure 5-7(c), the fatigue performance of IN625 was superior to IN718 

both in the AB and SP conditions. The maximum stress at the infinite life was 18 

and 22% higher in IN625 compared to IN718 for AB and SP conditions, 

respectively. This is while the grain size of IN718 was 27-36% lower than IN625 

in both AB and SP cases. Given that the crack initiated from the side surface of the 

AB specimens (Figure 5-15), the Ra values for the side surfaces (Figure 5-11(b) and 

(d)) should be used to justify the role of this factor. The Ra of side surfaces in the 

AB IN625 was lower than that of the AB IN718; however, Ra fails to explain the 

better fatigue performance of IN625 in SP condition since its higher surface 

roughness did not lead to shorter fatigue life. From the RS perspective, the AB 

IN718 featured lower RS, especially for the top surface (Figure 5-12). Nevertheless, 

its fatigue life was shorter. The shot peening process caused a compressive RS with 

a higher magnitude and farther depth on the side surface of the SP IN625 specimen, 

which can be one of the reasons behind its superior fatigue performance. Moreover, 

as confirmed by the IPF-Z map in Figure 5-13, a high amount of sub-grains in the 

SP IN625 specimen may also have acted to enhance the fatigue life by impeding 

the dislocation movement. However, none of the already mentioned factors can 

explain the large difference observed between the fatigue lives of IN625 and IN718. 

Given that both annealed IN625 and annealed+aged IN718 have almost the same 

fatigue performance in the wrought condition, the difference observed between 

their LPBF fabricated counterparts has to be attributed to their different 
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microstructural characteristics. The annealed+aged wrought IN718 contains γʹ and 

γʹʹ phases, as opposed to the AB IN718 in which such phases are absent (as 

confirmed by microstructural observations in Figure 5-20). Since precipitation 

hardening by these two phases is the main strengthening mechanism of the IN718 

superalloy, the LPBF fabricated part cannot reach its maximum fatigue endurance 

capacity. On the other hand, the LPBF fabricated IN625 shares almost the same 

microstructural features as its wrought counterpart. That is why the LPBF 

fabricated IN718 showed inferior fatigue performance than IN625. 

5.4. Conclusions 

This research study aimed at investigating the effect of shot peening on the fatigue 

performance of the LPBF fabricated IN625 and IN718 superalloys. For this 

purpose, the optimum set of process parameters was found for each superalloy from 

the densification level, tensile strength, surface roughness, and residual stress 

perspectives. These optimum parameters were used to fabricate fatigue test 

samples. The LPBF fabricated fatigue test samples were tested in the as-built and 

shot-peened conditions. Results revealed the significant role of shot peening in 

improving the fatigue performance of both superalloys. The maximum stress level 

at infinite life increased by 110 and 105% for the shot-peened IN625 and IN718 

compared to their as-built counterparts, respectively, mainly due to the surface 

roughness reduction and generation of compressive residual stresses on the 

surfaces. In the as-built condition, the IN625 and IN718 specimens performed 

better than their wrought counterparts with a stress concentration factor of 3. The 
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fatigue performance of the shot-peened IN625 was almost identical to that of the 

unnotched wrought specimen. However, compared to the unnotched solution-

annealed and aged wrought IN718, the fatigue life of the shot-peened IN718 was 

still inferior mainly owing to the absence of γʹ and γʹʹ phases in the microstructure 

of the LPBF fabricated IN718. As confirmed in this study, shot peening can be 

considered as a promising time-and-cost effective post-processing technique to 

improve the fatigue performance of L-PBF fabricated IN625 and IN718 parts used 

in room temperature applications. 
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Abstract:  

Laser powder bed fusion (LPBF) has been widely used to manufacture intricate 

geometries that would otherwise be costly to conventionally manufacture due to the 

complexity of design and the hard-to-machine nature of Ni-based superalloys such 

as IN625. However, the advantage of LPBF is opposed by the formation of high 

tensile residual stresses (RS), poor surface quality, and dimensional accuracy, 

which would require several post processes to correct these drawbacks. This work 

evaluates the possibility of reducing the number of post-processing steps by using 

drilling to improve both the RS and geometrical accuracy of printed holes compared 

to the widely used post-process Laser peening (LP). First, both conventional 

drilling and Low-frequency vibration-assisted drilling (LF-VAD) were carried out 

on a printed plate with differently sized pilot holes, using a range of cutting 

parameters to determine the optimum cutting parameters. Next, the geometrical 

accuracy, surface roughness, microhardness, and in-depth RS were measured 

compared to as-built and LP holes. Drilling had the combined advantage of 

improving the hole accuracy compared to the undersized as-built holes, increasing 

the microhardness and inducing in-depth compressive RS. However, although LP 

induced high compressive RS, it had no beneficial effect on the geometric accuracy 

or surface roughness except the deeper depth of the compressive RS layer compared 

to the drilling process. 
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Acronyms  

AB As-built 

AM Additive Manufacturing 

LF-VAD Low-Frequency Vibration-assisted 

Drilling 

LPBF Laser Powder Bed Fusion 

LP Laser peened 

RS Residual Stress 

VAD Vibration-assisted Drilling 

 

Notations 

Am Vibration amplitude (mm) 

f Feed rate (mm/rev) 

ℎ Hatch spacing (mm) 

𝑁 Cutting speed (rpm)  

P Power (W) 

t Layer thickness (mm) 

v Scan speed (mm/s) 

Φ pilot Pilot hole diameter (mm) 
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6.1. Introduction 

The superior thermo-mechanical properties of the Ni-based alloy IN625, such as 

high-temperature strength, corrosion resistance, oxidation, and fatigue resistance, 

entices their broad application in the aerospace, marine, and nuclear industries [1, 

2]. However, these properties classify IN 625 as a hard-to-cut material. 

Furthermore, the high-temperature strength combined with a high work-hardening 

tendency results in premature tool failure due to the high tool wear or material-tool 

adhesion [3, 4]. These adverse properties make IN625 suitable for additive 

manufacturing (AM), specifically Laser powder bed fusion (LPBF). LPBF's 

advantage is its ability to produce complex shapes with fine features and a high 

level of customization. Consequently, these advantages accelerated the 

employment of LPBF across a wide range of industrial sectors such as aerospace 

[5, 6], automotive [7, 8], rapid tooling [9], and biomedical [10, 11] sectors.   

LPBF of Ni-based superalloys is commonly associated with sub-optimal 

geometrical accuracy and high tensile residual stresses (RS) [12, 13]. The poor 

geometrical accuracy can be linked to the sintering of satellite powder particles that 

alter the part dimensions [14]. The high tensile RS is attributed to the melt pool's 

localized high temperature [15, 16], the cyclic heating and cooling, and the thermal 

gradient between the melt pool and the previously consolidated layer [13, 17]. 

Therefore, these adverse part properties necessitate the post-processing steps to 

reduce the surface roughness, improve dimensional accuracy, and reverse the 

tensile RS to enhance fatigue life and part performance. Although LPBF 
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manufactured parts may require post-machining to remove the support structures 

[18], the focus currently is on the possible post-processes to improve the part 

properties. 

Different post-processing routes have been investigated to enhance the properties 

of LPBF IN625 [13]. Heat treatments were the most widely investigated post-

processing techniques. Studies employed various methodologies such as stress 

relief (SR) annealing, recrystallization annealing (RA), solution treatment (ST), and 

hot isostatic pressing (HIP), and can be summarized as follows: 

 Stress relief annealing is a heat treatment process typically applied in the 

temperature range of 650°C to 870°C, before separating the parts from the 

build plate. This process targets residual stress reduction while maintaining 

geometrical dimensions [13, 19].   

 Recrystallization annealing reduces the material anisotropy through 

recrystallization of the material grain structure, generally applied in the 

930°C to 1040°C temperature range [13, 20]. 

 Solution treatment is used to dissolve the material carbides and δ-phase 

precipitates at  1040°C to 1200°C before age-hardening [13, 19].   

 Hot Isostatic pressing (HIP) is a technique where the part is heat-treated at 

1100°C to 1240°C under pressurized Argon atmosphere (100-165 MPa) for 

1-3 h to enhance the mechanical properties and density (from 98.5% to 

99.5%) by decreasing the anisotropy and the structure micro-porosity, 

respectively [21].   
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Despite the beneficial impact of heat treatment on grain structure enhancement, RS 

relief, and reducing the mechanical properties anisotropy, the heat-treatment post-

process does not improve the surface topography and geometrical accuracy or even 

generate compressive RS at a specific location to increase the part fatigue life, 

which is critical for the aerospace sector.  

Conversely, mechanical post-processing, such as shot peening (SP) or Laser 

peening (LP), for example, provides a solution to the drawbacks of heat treatment 

post-processing, as it can induce compressive RS in critical areas [22]. Both SP and 

LP aim at cold working the material to generate plastic strain and compressive RS. 

However, the application media differs from steel balls for the former and a laser 

beam for the latter [22, 23].  Although there are no investigations on SP or LP's 

effect on LPBF IN625, there are a few studies on LPBF IN718. It was shown that 

SP improved the surface roughness, generated compressive RS, and improved the 

fatigue life of IN718 [24, 25]. Furthermore, the effects of LP were compared to SP 

for LPBF IN718, and it was found that both methods induced equal compressive 

RS magnitudes near the surface and nearly the same fatigue life. However, LP had 

a higher penetration depth of compressive RS compared to SP [26].  

On another note, mechanical fastening is commonly used for parts assemblies, 

which otherwise cannot be manufactured as a single part. Fastening ensures good 

reliability, convenient inspection, and easy detachability; hence, hole drilling is 

necessary during the manufacturing life cycle. The machined surface is subjected 

to high thermal and mechanical loads during the drilling process, which could 
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enhance the surface topography, geometrical accuracy, hardness, surface, and 

subsurface RS. Conventional drilling of IN718 fabricated by LPBF has been 

investigated using different cutting speeds and feed rates [12]. The results showed 

improvements in surface roughness and micro-hardness. The surface roughness 

decreased from 8 µm for the as-built to 1.5-3 µm, while the micro-hardness 

increased by 100 HV, and this effect was evident to a depth of 100 µm. Despite the 

advantages of conventional drilling in terms of surface roughness, geometrical 

accuracy, and micro-hardness, the drilling process suffers from catastrophic tool 

filer due to high tool wear or material-tool welding, which increases the production 

cost and lead time [3, 4], thus raising the need for unconventional drilling 

techniques. 

Vibration-assisted drilling (VAD) is an advanced machining process, where an 

axial oscillation is superimposed to the tool's feed motion to enhance the chip 

removal mechanism, lower the thermal load, and alter the machining induced RS 

profile [27]. For a wide range of difficult-to-cut materials [27-29], VAD showed a 

significant enhancement in terms of geometrical accuracy and machining induced 

RS. VAD of Titanium alloy resulted in a lower hole tolerance grade (from IT10 

grade for conventional drilling to IT9 grade for VAD according to the ISO 286), up 

to 25% reduction in the machined surface roughness (Ra), and generation of a 242 

MPa surface compressive RS, as presented in [30]. VAD of aluminum alloy 7075 

succeeded in overcoming the high burr formation issue (49.5% to 52.6% burr height 

reduction), as investigated in [31].  Regarding Ni-based superalloys, a limited 
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number of studies investigate the effect of VAD on part quality. Ultrasonic 

vibration-assisted drilling of wrought IN718 improved the generated surface 

roughness and enhanced tool life, as presented in [32, 33].  

Based on the reviewed studies, it is evident that there is a lack of investigations of 

the effects of mechanical post-processing/ hybrid manufacturing of LPBF IN625. 

These gaps can be summarized as follows: 

 Assessment of the dimensional accuracy and surface conditions of as-built 

LPBF IN625 

 Investigating the feasibility of post-LPBF drilling of IN625 LPBF 

manufactured parts 

 Examining the effects of conventional drilling and low-frequency VAD on 

the quality and surface integrity of LPBF IN625. 

 Comparison between the effects of LP vs. drilling on inducing compressive 

in-depth RS in LPBF IN625 

 Study the feasibility of using conventional drilling or VAD as a fast, cost-

effective post-processing route compared to LP. 

6.2. Experimental procedures 

6.2.1. Feedstock and LPBF process parameters 

An EOS M280 LPBF equipped with a 400 W Ytterbium fiber laser and a 100 µm 

laser spot size was used to manufacture parts using a feedstock of gas atomized 

IN625 powder. The powder had a powder size distribution of 15 – 45 µm and a 
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chemical composition listed in Table 6-1. Based on a previous investigation [4], the 

process parameters were selected, as shown in Table 6-2, to result in a high density 

while having a relatively high surface roughness and surface tensile RS. 

Table 6-1: Chemical Composition of Inconel 625 powder (wt%). 

Element Wt% 

Ni Balance 

Cr 20-23 

Mo 8-10 

Nb 3.15-4.15 

Fe <5 

Si <0.5 

Mn <0.5 

Al <0.4 

C <0.1 

Co <1 

S <0.015 

Ti <0.04 

P <0.015 

Table 6-2: the Inconel 625 process parameters 

Parameter Value 

Power (P) 140 W 

Scan speed (v) 500 mm/s 

Hatch spacing (h) 0.1 mm 

Layer thickness (t) 40 μm 
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6.2.2. Part geometry 

An IN625 plate was designed and manufactured with dimensions of 130 mm x 130 

mm and 5 mm thickness. In order to save energy and cost during drilling, the plate 

was designed with an array of pilot holes with diameters less than the final intended 

6 mm holes. Additionally, the built plate had 17 columns of 4 different pilot hole 

sizes (3, 3.5, 4, and 4.5 mm), as shown in Figure 6-1, to investigate the effect of 

different drilling techniques and pilot hole diameter. In addition, the plate had nine 

6 mm holes used for the as-built comparison and the application of laser peening. 

 

Figure 6-1Geometry of the proposed plate with pilot holes 

6.2.3. Drilling parameters 

The additively manufactured plate was mounted on a 5-axis Makino A88ɛ machine 

center to perform the drilling process, as shown in Figure 6-2. VAD was performed 
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using a 2.5 oscillation/rev commercially available MITIS tool holder 

PG8045B3_HSK-A100_ER40 [34]. This module can generate a vibrational 

amplitude of 0.01-0.48 mm with a 3500 rpm speed limitation. The drilling process 

was performed using a 6 mm uncoated tungsten carbide (WC) twist drill with118 

[35], with a wide range of cutting parameters, shown in Table 6-3.  

 

Figure 6-2 Experimental setup for the drilling process of IN 625 plate 

manufactured by LPBF technique 

Table 6-3: experiment study process parameters 

Parameter Levels 

Cutting speed (rpm) 500, 1000 

Feed rate (mm/rev) 0.025, 0.075 

Vibration amplitude (mm)  0, 0.1, 0.16, 0.25 

Pilot hole diameter (mm) 3, 3.5, 4, 4.5 
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6.2.4. Laser peening 

Laser peening was performed on the plate using a 1000 MW peak-power laser with 

a wavelength of 1053 μm. The 6 mm as-built holes were peened with an energy 

intensity of 10 GW/cm2 and an 18 ns pulse duration. Three layers of peening were 

applied without using a separate ablative layer of aluminum tape. Each laser spot 

was a 3 mm square with the placement of one spot to the next by 3% spot-to-spot 

overlap.  The first layer of peening was applied as a rectangular array of equally 

spaced square spots. The second layer array of peening was offset from the first 

layer by 1.5 mm in both planar directions. Finally, the third layer of peening was 

placed in the same array position as the first layer.   

6.2.5. Holes quality characterization 

A Mitutoyo Coordinate Measuring Machine (CMM) was used to calculate the 

holes' geometrical accuracy by measuring an average of ten points. The diameters 

of the pilot holes were measured in addition to the final 6 mm diameters under 

different post-processing conditions. Additionally, the surface roughness of the 

inner walls of the 6 mm holes was measured using an SJ-410 stylus profilometer 

with a 0.0001 µm resolution and represented in terms of the arithmetic average 

surface roughness (Ra). In-depth RS was measured from the top surface of the plate 

at a location 1 mm away from the hole edge in a direction parallel to the solidified 

laser tracks. XRD method was used with a Mn radiation source, a Bragg's angle of 

152o. The Beta angle had 11 tilts, and a 3o oscillation was superimposed on the 

collimator with a 2 mm aperture and the modulus of elasticity was set to 200 GPa.  
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The plates were cut using waterjet abrasive cutting, mounted, and polished using 

the typical metallography steps. Microhardness was measured using a Vickers 

hardness test with a load of 100 gf applied for 10 s. Measurements were done in 

two directions; the first is in a radial direction away from the hole's inner surface, 

i.e., the machined surface. The second direction is the axial direction starting at the 

top surface of the plate adjacent to the hole edge. 

6.3. Results and discussion 

6.3.1. Hole size accuracy and surface roughness 

The diameters of the pilot holes in the as-built state are presented in Figure 6-3, 

where the measured diameters are compared to the nominal diameters. All as-built 

pilot holes had an undersized diameter, which agrees with the literature [36, 37]. 

However, it is observed that the 4.5 mm diameter pilot hole had the least deviation 

from the nominal diameter with a mean diameter of 4.477 mm. The reason that the 

as-built hole diameters are undersized could be attributed to part shrinkage and 

distortion as it cools down, which is observed post-printing where the plate 

separated from the supports underneath at the corners, as shown in Figure 6-4. In 

addition, the sintering of satellite powders to the sidewalls, in this case, the inner 

surface of the holes, causes a deviation of the dimensional accuracy [14]. On the 

other hand, the least deviation at the 4.5 mm diameter could be attributed to the 

larger lateral area of the hole thus more heat is transferred, and reducing the heat 

accumulation that would increase the expansion and the amount of sintered satellite 

powder. 
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Figure 6-3 Hole accuracy measurement of pilot holes in as-built condition 

 

Figure 6-4 Distortion and separation of the printed plate from its supports 

The pilot holes were drilled using conventional drilling and LF-VAD with different 

vibration amplitudes. The highest amplitude of 0.25 mm resulted in tool failure; 

hence, it was discarded from the current study. The measured hole diameters post-

drilling and the as-built holes are presented in Figure 6-5 for a cutting speed of 1000 

rpm and a feed rate of 0.025 mm/rev. Compared to the nominal diameter of 6 mm, 

the additively manufactured hole geometry resulted in an undersized diameter with 

an IT grade of 14 according to the ISO 286 standard. Conversely, the post-process 

machining resulted in an oversized hole diameter with conventional drilling 

resulting in the least deviation of the hole diameter. The geometrical deviation was 

found to be in the range of +31 µm to +50 µm relative to the mean value, which 

corresponds to an IT grade of 10 according to the ISO 286 standard. 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

307 

 

Additionally, increasing the pilot hole diameter had a negligible impact on the 

geometrical accuracy. However, the vibration amplitude had a prominent effect on 

the hole dimensional accuracy post-LF-VAD. For Am= 0.1 mm, increasing the pilot 

hole diameter enhanced the geometrical accuracy. The geometrical deviation was 

reduced from +131 µm at a 3 mm pilot hole diameter to +76 µm at a 4.5mm pilot 

hole diameter, corresponding to an IT grade of 11. The geometrical accuracy 

enhancement could be attributed to the lower machined material volume, which 

resulted in less heat generation and reduced thermal distortion of the tool and the 

workpiece [38, 39]. 

On the other hand, increasing the vibration amplitude to 0.16 mm resulted in poor 

geometrical accuracy, where the deviation increased to reach 283 µm at a 4.5 mm 

pilot hole diameter. This significant increase could be attributed to the higher 

repetitive tool-workpiece impacts that resulted in a relative hardening of workpiece 

material and a higher heat generation. Moreover, increasing the pilot hole diameter 

concentrated the cutting action near the tool margin. Hence, the cutting edge tends 

to wear and fracture, resulting in a non-homogenous cutting process and poor 

machining performance. The reduction in geometrical deviation with increasing the 

pilot hole was observed for other cutting parameters, as shown in Figure 6-6, for 

conventional drilling and LF-VAD. Additionally, the hole lateral surface roughness 

was measured and plotted in Figure 6-7. It was found that the as-built holes had the 

highest surface roughness, which contributes to the below nominal diameters. 
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However, drilling processes, both conventional and LF-VAD, improved the surface 

roughness equally. 

 

Figure 6-5: The effect of the drilling vibration amplitude on the hole accuracy at 

1000 rpm and 0.025 mm/rev compared to the as-built hole diameter 
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Figure 6-6 Hole accuracy post-drilling for different cutting parameters a) 

conventional drilling b) VAD Am=0.1 mm 

 

Figure 6-7 Arithmetic average roughness Ra (μm) for as-built, conventionally 

drilled, and VAD with amplitude of 0.1 mm 
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Therefore, based on the results mentioned above, the 4.5 mm pilot hole was chosen 

for further surface integrity investigation based on the abovementioned results. In 

addition, the larger pilot hole will also translate into less material removal, hence 

less energy cost. The cutting parameters of 1000 rpm and 0.025 mm/rev were 

selected along with the 4.5 mm pilot hole, resulting in the least diameter size 

deviation. 

6.3.2. Micro-hardness 

The effect of the selected post-process parameters, for conventional drilling and 

LF-VAD, on the surface integrity was investigated. Since LP is a commonly used 

post-process, it was applied to the as-built hole to compare and evaluate the possible 

benefits of drilling vs. LP for surface integrity. Figure 6-8 presents the surface and 

subsurface microhardness profile of the IN625 after different processes. The 

microhardness profile was measured in the radial direction at a distance of 25 μm 

from the hole lateral surface. It was observed that the surface microhardness 

exhibited a higher value for all investigated processing techniques compared to the 

bulk material, i.e., away from the hole's surface. This phenomenon could be 

attributed to: i) Thermal load and ii) Work hardening due to plastic deformation 

[12, 40], as follows: 

 Thermal load: For both LPBF and drilling processes, the material was 

exposed to repetitive heating and cooling cycles, which have the maximum 

values at the hole sidewalls. This process resulted in a relatively higher 
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cooling rate at the surface compared to the bulk material; hence, resulting 

in higher hardness. 

 Work hardening due to plastic deformation: The combined effect of the 

cutting mechanical load and the generated pressure under the cutting edge 

increased the material hardening due to the plastic strains induced in the 

uncut workpiece. Work hardening propagated the dislocations through the 

Inconel lattice structure, which added a critical limitation during the 

machining process of Inconel material [41, 42]. The same effects were 

exhibited under LP, which induced plastic strains due to the rapid expansion 

of the confined plasma layer, thus causing a plastic strain of the surrounding 

material [22, 43].  

The machining process resulted in a slight increase in the surface and subsurface 

microhardness. The microhardness increased by 7 Hv for conventional drilling and 

10 Hv for the LF-VAD process. On the other hand, the LP significantly increased 

the surface and subsurface values, where the microhardness increased by an 

average of 30 Hv compared to the as-built microhardness. The same trends were 

found for the in-depth microhardness profiles, i.e., parallel to the build direction, as 

shown in Figure 6-9, measured from the top surface and at 25 μm from the hole 

edge. The drilling process effect diminished at about 100 μm from the surface, 

while LP had a much deeper effect in radial and axial directions. 
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Figure 6-8: The microhardness profile in the radial direction for the as-built 

IN625 and post-processed with conventional drilling, vibration-assisted drilling, 

and laser peening 

 

Figure 6-9: The microhardness profile in the axial direction for the as-built IN625 

and post-processed with conventional drilling, vibration-assisted drilling, and 

laser peening 
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6.3.3. Residual stresses 

Figure 6-10 presents the surface RS measured at the plate's top surface and 1 mm 

from the hole edge for the as-built, post-processed conventionally drilled LF-VAD 

and the LP conditions. The as-built measurement showed a surface tensile RS of 51 

MPa, typical for LPBF due to the high thermal gradients and the cyclic heating and 

cooling between the melt pool and the previously consolidated layer [13, 17, 44]. 

However, post-printing conventional drilling increased the surface tensile RS to 93 

MPa, as shown in Figure 6-10. This increase could be attributed to the generated 

heat during the drilling process. Since IN625 has a low thermal conductivity, the 

heat cannot be dissipated effectively, and the high temperature is localized near the 

cutting surface, which causes tensile RS[42]. 

On the other hand, the vibration-assisted drilling with Am=0.1 mm resulted in 

surface compressive RS. This inversion in RS could be attributed to a better chip 

evacuation mechanism, which takes away heat from the cutting zone, and the 

intermittent cutting action. Therefore, less heat is generated and retained below the 

machined surface, reducing the chance of tensile RS generation. In addition, the 

presence of a repetitive tool-workpiece impact mechanism and lower temperature 

concentration would mean that the mechanical deformation is more dominant hence 

generating compressive RS, as reported in [30, 45]. LP significantly affected the 

material surface RS, inducing a 166 MPa surface compressive RS. The desired 

compressive RS was induced due to the high plastic deformation with minimal heat 
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generation; hence, the plastic strain is highly dominant and induced compressive RS 

[22, 46]. 

 

 

Figure 6-10: The effect of post-processing machining technique on the surface RS 

measured along the laser scan direction 

The in-depth RS for all four conditions was measured and presented in Figure 6-11. 

For the as-built condition, the tensile RS increased from 51 MPa at the surface to 

reach 108 MPa at a depth of 76 µm measured from the top surface, followed by a 

gradual decline to 210 µm, where compressive stress has been observed. This 

increase could be attributed to the subsurface's poor cooling performance compared 

to the surface. These high tensile stresses will have a direct negative impact on the 

part fatigue life. Despite observing relatively higher tensile surface stresses, the 

subsurface investigation for the post-conventional drilling process did not show any 

subsurface tensile stress peaks but rather a rapid decline into compressive RS at a 

40 µm depth. The RS trend improvement could be attributed to the added plastic 
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strain during the drilling process. LF-VAD showed a 10 MPa surface compressive 

RS which increased along the depth to reach a maximum of 270 MPa at 178 µm depth, 

with the whole stress profile being compressive until a depth of 450 µm, which 

agrees with the results reported in [39]. The favored compressive RS will have a 

positive impact on the part fatigue life. LP induced a high surface compressive stress 

of 166 MPa, which increased to a maximum of 670 MPa at a depth of 178 µm, beyond 

which the RS trend continued to be compressive down to 450 µm, thus indicating 

a deep penetration depth of compressive RS. 

 

Figure 6-11: The effect of post-processing machining technique on the subsurface 

RS measured along the laser scan direction 
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6.4. Conclusions 

LPBF suffers from drawbacks such as high tensile residual stresses, inferior surface 

quality, and geometrical dimensions inaccuracy despite LPBF's unique advantages, 

such as manufacturing intricate, custom, and complex designs at a low cost. 

Correction of these drawbacks requires several post-processing steps, which pose 

an additional cost to the manufacturing process. This study aims first to assess the 

manufacturing quality of Laser powder bed fusion of IN625 parts in terms of hole 

accuracy and surface integrity. Secondly, investigate the feasibility of reducing the 

number of post-processes by employing either conventional drilling or low-

frequency vibration-assisted drilling to obtain the desired hole accuracy and surface 

integrity compared to the typically used post-process of Laser peening. It was found 

that LPBF produced undersized holes with high internal surface roughness. 

Conventional drilling and vibration-assisted drilling of LPBF parts reduced the hole 

diameter deviation by 80% and 40%, respectively, when starting with a printed pilot 

hole diameter of 4.5 mm. In addition, both drilling techniques induced in-depth 

compressive residual stress, thus correcting the as-printed in-depth tensile residual 

stresses. However, conventional drilling-induced increased the surface tensile 

residual stress by two folds compared to as-built conditions. Despite surface tensile 

residual stress, the benefit of conventional drilling was its ability to invert the 

tensile residual stress to compressive at a depth of 40 μm compared to 500 μm for 

the as-built state. In comparison, Laser peening was superior to drilling in its ability 

to generate a deeper penetration of the compressive residual stresses with a 



 

 

 

Ph.D. Thesis - Mohamed Balbaa  McMaster University - Mechanical Engineering 

 

317 

 

magnitude three folds that generated under drilling. However, laser peening will 

require an additional process such as reaming to improve the dimensional accuracy, 

thus making the proposed drilling approach a more cost-effective route. 
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Chapter 7 

 Summary and Conclusions 

7.1. Summary and conclusive remarks 

Laser powder bed fusion (LPBF) of nickel-based superalloys has been studied over 

the past decade. Most studies focus on the effect of LPBF on the microstructure or 

the impact of different heat treatments on the microstructure. There is limited 

research on the process-structure-property (PSP) of LPBF of nickel-based 

superalloys. Most studies employ either the default or a limited range of process 

parameters.  This thesis concentrates on the whole production cycle of reliable end-

use parts by investigating the surface integrity, fatigue life, and post-processing of 

nickel-based superalloys IN625 and IN718. 

A wide range of process parameters, namely, Laser power, scan speed, and hatch 

spacing, was investigated to assess the PSP in LPBF of both alloys. The part 

properties investigated were the relative density, the surface roughness, and the 

surface residual stress (RS), as these three properties will affect the part mechanical 

properties. Process maps were developed to serve as a guide to select the proper 

process parameters to predict the part properties.  
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A multi-scale finite element (FE) model was developed to predict the RS and 

understand the effect of process parameters on the temperature gradients and 

cooling rates and their subsequent effect on inducing RS. The numerical results 

were validated experimentally with temperature measurements carried out using a 

two-color pyrometer and in-depth RS profiles.  

The process maps developed earlier were used to select a subset of parameters that 

would result in a high relative density (>99%), low surface roughness, and the least 

tensile surface RS. Moreover, tensile testing was done to determine the optimum 

process parameters that would possess good surface integrity and high mechanical 

properties. In addition, fatigue testing was performed for both alloys in as-built and 

shot-peened conditions to investigate the effect of post-processing. It was found 

that shot peening can lead to fatigue life similar to that of wrought alloy, requiring 

post-printing heat treatment.  

Additionally, other post-process were investigated to determine the feasibility of 

reducing the number of post processes and cost to enhance the part properties. 

Conventional drilling, vibration-assisted drilling (VAD), and laser peening were 

investigated, and their effect on dimensional accuracy, surface roughness, and RS 

was explored. It was found that VAD could improve the dimensional accuracy of 

as-built parts and the surface roughness and induce compressive RS, which are 

beneficial for improving fatigue life.  
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In summary, IN625 and IN718 can be successfully processed using LPBF by 

employing the following process parameters: 220 W, 500 mm/s at a hatch spacing 

of 0.1 mm for IN625 and 320 W, 600 mm/s at a hatch spacing of 0.12 mm to 

produce parts with high density and low surface roughness. In order to overcome 

the adverse effect of the tensile residual stresses and improve fatigue life, post-

processing is recommended by either applying shot peening or laser peening. 

Additionally, low-frequency vibration-assisted drilling is a low cost effective 

solution to improve the surface integrity.  

7.2.Future work 

The current study investigated the PSP of IN625 and IN718 during LPBF, modeling 

the LPBF process, tensile, and fatigue testing of IN625 and IN718 manufactured 

using an optimum set of process parameters, and the effect of subsequent post-

process to improve part properties while reducing the cost and time. However, 

additional future steps are suggested to increase the manufacturing capabilities and 

quality of LPBF parts as follows: 

Investigate the effect of different scan strategies, such as contouring, pre-exposure, 

and re-melting, on the parts density, surface roughness, residual stresses, and 

dimensional accuracy. This will help determine the feasibility of obtaining higher 

quality as-built parts, which would require fewer post-processing steps. 

The FE model captured the melt dynamics artificially by changing the thermal 

properties of the material model. However, a hybrid computational fluid dynamics 
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(CFD) and FE would be a better fit for a multi-scale model where CFD can be 

applied to a high fidelity model to get a better prediction of the temperature gradient 

and cooling rate, as well as predict the surface topography, and keyhole formation. 

In addition, using an adaptive meshing for the FE model of the part scale will reduce 

the computational time while converting the part scale model into a high fidelity 

model to gain an insight into the temperature gradient and cooling across the added 

layers.  

Finally, the mechanical properties of both alloys can be tested at high temperatures 

to assess the efficacy of post-processing to impose favorable surface integrity and 

maintain good mechanical properties, which will extend the alloys used for high-

temperature applications such as the aerospace industry.  

7.3.Contribution 

This thesis gives a deep understanding of the manufacturability, PSP, and the entire 

production cycle of IN625 and IN718 LPBF parts. Furthermore, the findings of this 

study provide a better process parameters selection map to obtain end-use parts with 

good mechanical properties suitable for highly demanding applications. 
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Appendix A: Fatigue S-N Curves Equations for 

Wrought IN625 and IN718 

The equations for the best-fit curves for S-N plots of wrought alloys tested at room 

temperature are as follows: 

 Wrought IN625 unnotched sheet  

log 𝑁𝑓 = 26.91 − 10.77 log 𝑆𝑒𝑞  

𝑆𝑒𝑞 = 𝑆𝑚𝑎𝑥(1 − 𝑅)0.43 

 Wrought IN625 notched sheet (𝐾𝑡 = 3) 

 

log 𝑁𝑓 = 10.35 − 3.56 log(𝑆𝑒𝑞 − 22.89) 

𝑆𝑒𝑞 = 𝑆𝑚𝑎𝑥(1 − 𝑅)0.64 

 Wrought IN718 unnotched sheet  

log 𝑁𝑓 = 8.63 − 2.07 log(𝑆𝑒𝑞 − 58.48) 

𝑆𝑒𝑞 = 𝑆𝑚𝑎𝑥(1 − 𝑅)0.58 

 Wrought IN718 notched sheet (𝐾𝑡 = 3) 

 

log 𝑁𝑓 = 8.17 − 2.23 log(𝑆𝑒𝑞 − 30.58) 

𝑆𝑒𝑞 = 𝑆𝑚𝑎𝑥(1 − 𝑅)0.68 


