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ABSTRACT 

Selective laser melting of Inconel 718 powder (a nickel-based superalloy) is regularly used to 

manufacture gas turbine parts for the aerospace industry.  Residual stresses that remain in 

components after manufacturing are known to be detrimental, often resulting in geometric 

distortion and inadequate mechanical properties.  It is therefore essential to be able to measure 

these residual stresses.  Many non-destructive residual stress measuring techniques are used in 

the industry, and the Vickers indentation method has been proposed as a less expensive, rapid 

evaluation technique of residual stresses.  The efficacy of the Vickers indentation method as a 

residual stress measurement technique was evaluated in the study. 

 

It was observed that, for the conditions present in the study, the Vickers micro-indentation method 

provided inaccurate data.  Residual stresses measured using this technique varied considerably 

across the surfaces of the specimens, with only slight tendencies observable.  Compared to X-

ray diffraction measurement on cubes manufactured under the same conditions, the residual 

stress values calculated from the Vickers micro-indentations were very low in magnitude.  

Differences in hatch distance overlap percentage did not show substantial differences in 

calculated surface residual stress values; however, slight increases in compressive stresses were 

observed with increasing hatch distance overlap.  Sand-blasting of specimen surfaces preceded 

dry electrochemical polishing and resulted in increased compressive stresses calculated by the 

Vickers micro-indentation method.  The ability to ensure even and smooth surfaces for Vickers 

micro-indentations would provide more accurate data on surface residual stress values.  

Ultimately, it was concluded that the Vickers micro-indentation method is not suitable for surface 

residual stress measurements of selective laser melted components because of the inability to 

provide adequately smooth surfaces for indentations to provide accurate data without removing 

substantial amounts of component surfaces. 

 

Finally, the inherent strain method was employed to simulate residual surface stresses on the 

selective laser melted components.  It was found that these values did not correlate with the 

values obtained from Vickers micro-indentation tests and X-ray diffraction tests.  These 

discrepancies were attributed to the inability of the simulation software to account for certain 

processes used during the manufacturing and preparation of the specimens. 
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CHAPTER 1  INTRODUCTION 

Metal additive manufacturing (AM) of Inconel 718 (IN718) has shown promise in recent years for 

the production of specialised parts with comparable or higher mechanical properties than those 

of cast and wrought parts [1-4].  IN718 is a work-hardenable superalloy that finds application in 

aircraft, gas turbines and structural components used in highly corrosive environments with 

temperatures as high as 700°C [4-7].  IN718 is frequently manufactured using selective laser 

melting (SLM), an AM process involving melting metal powder particles with a laser [4, 7].  SLM 

is an attractive manufacturing technique for IN718 since it enables the production of complex or 

customised near-net shaped parts on-demand, with little need for expensive tooling typically 

required in conventional manufacturing methods [8, 9]. 

 

Several process parameters used during SLM may influence the mechanical properties of the 

final component [10-12].  These parameters influence the formation and presence of residual 

stresses within SLM parts [13].  Residual stresses remain in SLM parts after manufacturing and 

are usually detrimental, resulting in geometric distortion and reduced mechanical response under 

loading [7, 13].  To combat these shortcomings, heat treatment of AM parts is able to reduce 

residual stresses, with most SLM components requiring this post-processing procedure [4, 14].  

Residual stress states usually need to be evaluated to improve the manufacturing process by 

altering process parameters [10, 15]. 

 

In order to determine the stress state of metallic components, multiple measurement techniques 

are available, being either destructive or non-destructive [13].  Destructive measurements include 

hole-drilling and the contour method, which are based on the premise that residual stresses exist 

in static equilibrium.  Therefore, cutting a plane or drilling a hole through the component results 

in deformation of the part [13].  Non-destructive techniques are predominantly based on diffractive 

measurements and include X-ray diffraction (XRD) and neutron diffraction (ND).  These 

techniques, which are based on Bragg’s law of diffraction, measure the lattice spacing of the 

crystalline material to derive the stress state  [13].  In 2001, Carlsson et al. [16, 17] developed a 

technique to estimate residual stress using indentation measurements, i.e., Vickers hardness 

tests.  Experimental correlations between residual stress and the indentation characteristic were 

used as the foundation for the formulation of this technique.  It was observed that using this 

technique may be suitable for rapid evaluation of the residual stresses in IN718 parts [16]. 

 

Residual stresses have been shown to have significant effects on the quality of SLM IN718 parts, 

and therefore a deeper understanding of the causes of these stresses and the distribution of these 

stresses across the surfaces of manufactured parts is essential.  Furthermore, since residual 
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stress measurement techniques may have disadvantages such as availability and costs, it is vital 

to investigate the efficacy of simpler and more accessible measurement techniques. 

 

1.1 Problem Statement 

SLM manufacturing of IN718 components plays a critical role in the continuing development of 

modern components because of the advantageous characteristics of the manufacturing process 

and the scope of application.  In this regard, residual stresses in SLM IN718 components may 

hinder the widespread use of the manufacturing method, requiring techniques to measure 

residual stresses.  Currently, these measuring techniques are complicated, expensive, and 

frequently inaccessible to manufacturers.  Accordingly, the validity and efficacy of a more 

accessible measuring technique requires investigation. 

 

Research questions that will be answered during this study include the following: 

• Can surface indentations be used to accurately predict surface residual stress in the as-

built condition and stress-relieved condition of SLM specimens? 

• Does surface hardness vary across the vertical and horizontal surfaces of cuboid 

specimens? 

• To what extent does stress-relieving remove surface residual stresses of SLM IN718 

specimens? 

 

1.2 Aim and Objectives 

1.2.1 Aim  

This study aims to investigate the efficacy of using the Vickers indentation technique for 

evaluating residual stresses in IN718 specimens manufactured using a COHERENT Creator™ 

SLM machine across a range of different hatch distances. 

 

1.2.2 Objectives 

To achieve the study’s aim, the following objectives were completed: 

1. Manufacturing of IN718 SLM cuboid specimens (using different hatch distances), with 

both as-built and stress relieved conditions.  For this, a post-processing dry 

electrochemical polishing surface finish was applied to all specimens. 

2. Vickers indentation tests were done on various surfaces of the specimens in the as-built 

and stress-relieved condition for each hatch distance used. 

3. Vickers indentation tests were done on the X-Z and Y-Z planes of specimens in the as-

built and stress-relieved condition for each hatch distance used. 
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4. Measured indentation geometries were used to calculate residual stress values 

numerically. 

5. A simulation program was used to simulate the surface residual stresses in cuboid 

specimens. 

6. Residual stress data calculated from Vickers indentation tests were compared to residual 

stress values obtained from XRD analysis. 

 

1.3 Method/Approach 

The methods used consisted of two main parts: experimental methods and simulation methods.  

During the experimental methods, cuboid specimens were manufactured and post-processing 

techniques were applied to these specimens.  Surface residual stress datasets were obtained 

across the surfaces of the specimens using Vickers indentation techniques and XRD 

measurements.  Similarly, the simulation methods required the manufacturing of cantilever 

specimens used for calibration of the simulation software.  After the software was calibrated, 

simulations were run to observe the resulting surface residual stresses at the points of interest.  

The high-level steps to these methods are outlined in Figure 1-1. 

 

  

Figure 1-1: Method to be used in the study 

Experimental

Manufacture cuboid specimens

Perform stress-relieving & dry electrochemical polishing

Vickers indentation tests

Obtain indentation 
geometrical data

Use data to calculate 
surface residual stress 

values

X-ray diffraction

Obtain surface residual 
stress data

Compare Vickers residual 
stress data to XRD residual 

stress data

Simulation

Manufacture cantilever 
specimens

Calibrate software with 0°
and 90° cantilever 

deformation

Calibrate software with 45°
cantilever with scan 

rotation

Simulate surface residual 
stresses

Compare simulated surface 
residual stress values with 
XRD residual stress values
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CHAPTER 2  LITERATURE REVIEW 

The contents of the following literature review provide the background and reasoning behind the 

study.  In addition, significant findings are discussed, and ultimately the importance of this study 

is clarified. 

2.1 Additive Manufacturing 

Additive manufacturing (AM) is described as the “process of joining materials to make parts from 

3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative 

manufacturing methodologies” [18].  The International Organization for Standardization (ISO), in 

conjunction with ASTM International (formerly known as the American Society for Testing and 

Materials), have constructed a standard document (ISO/ASTM 52900:2015) providing definitions 

for nomenclature used in AM technology and the definition above [18].  Vat photo-polymerisation, 

material jetting, powder bed fusion (PBF), material extrusion, binder jetting, sheet lamination and 

directed energy deposition are the seven AM process categories that all AM processes fall under 

[19-22]. 

 

Additive manufacturing was initially called “rapid prototyping” when the technology first appeared 

on the market [12, 19, 23-25].  As the name suggests, rapid prototyping refers mainly to processes 

that could produce an object from digital Computer-Aided Design (CAD) model data in a short 

amount of time, primarily for design purposes [8, 10, 19].  With the progression of AM 

technologies, it was realised that functional components could be manufactured directly using 

these processes, leading to the adoption of the term “additive manufacturing” by ASTM 

International [19, 26, 27] 

 

The final part produced using AM techniques will approximate the original CAD file, with its 

dimensional accuracy dependent on the layer heights used [19].  AM machines predominantly 

use this method, with differences in the feedstock materials (metal or polymers etc.), the approach 

used in forming or positioning the layers (layer powder distribution, using a nozzle, curing entire 

layers of liquid photopolymer etc.), and the binding process used to join the layers together 

(sintering, liquid binder material, melted polymer filament etc.) [19].  This study will focus on the 

SLM process, a PBF technique used to form near net shape metallic components [19, 21, 24]. 

 

2.2 Selective Laser Melting 

The SLM process incorporates a laser that is scanned across a powder bed, melting powder 

particles together per layer [21, 24, 28].  SLM is widely used to manufacture near-net-shape parts 

directly from metal powders [8, 29, 30].  SLM effectively supplements or replaces traditional 

manufacturing methods, especially for once-off components, small production lines and where a 
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reduction of part count is beneficial [8, 9, 31].  Cost- and time-saving manufacturing methods like 

SLM are valuable for industry leaders, especially in the aerospace industry [12, 31].  Parts 

fabricated by SLM potentially have static mechanical properties equal to those of conventionally 

fabricated parts, given that the process parameters are correctly programmed [1-4, 29, 32].  The 

process is depicted in Figure 2-1 [33]. 

 

 

It should be noted that the beam deflection process depicted in Figure 2-1 shows a post-objective 

scanning system where the laser beam is first focused through lenses before it is redirected to 

the processing region [34].  Other systems may implement pre-objective scanning processes, 

during which F-Theta lenses focus the laser beam after it has been redirected by deflection 

mirrors towards the build region [34]. 

 

2.2.1 SLM Process 

Since SLM is a PBF process, the final component is manufactured from metallic powder feedstock 

material with particular powder morphology, sphericity and particle size distribution (usually 

Figure 2-1: Selective laser melting process (from CustomPartNet Inc. [33])  
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ranging from 5μm to 50μm) [12, 21, 24, 26, 28, 35].  Properties of SLM feedstock powders include 

good flowability and packing characteristics, which will ensure sufficiently high packing density for 

enhanced final densities of components [24, 26].  Conversely, using powder with a lower quality 

than the process requires may lead to lowered relative density, which causes weak mechanical 

properties, undesirable dimensional tolerances, and ultimately unusable components [3, 26]. 

During the SLM process, an oxygen content of less than 0.1 % is maintained in the enclosed 

chamber using inert gases (usually argon or nitrogen) to prevent powder degradation and powder 

combustion, since certain feedstock material may become more reactive when exposed to 

oxygen [19, 26, 36-38].  An inert atmosphere is also maintained to prevent oxygen from 

contaminating the melt pool preventing oxidation of the melting material [8, 37, 39].  While the 

inert atmosphere is maintained, the metallic powder is distributed in thin layers (typically between 

20μm and 100μm) onto a build plate for the first layer and subsequently on previously deposited 

layers [31, 40].  Next, another powder layer is distributed across the previously melted layer, 

usually by a roller or coater arm [19, 40, 41].  The process continues until the final layer is 

completed and the object is fabricated [12].  A laser beam (which is guided by galvanometric 

mirrors) is used to fully melt specific areas of the powder, effectively creating a “slice” or layer of 

cross-section specified by the original CAD model that was uploaded to the machine [19, 24, 28, 

42-44].  These laser beams are usually single-mode fibre lasers used in continuous wave mode 

with wavelengths of 1060nm to 1080nm; however, neodymium-doped yttrium aluminium garnet 

(Nd: YAG) lasers may also be used [19, 26, 32, 44, 45].  The nature of the laser beam causes an 

intensity distribution across the diameter of the beam, which is often assumed to follow a 

Gaussian profile, meaning that the intensity of the laser beam is at its maximum at the centre and 

drops radially outwards [28, 41, 46, 47].  The process of the laser melting the powder particles 

together basically amounts to rows of overlapping weld beads being formed [24, 48].  In addition, 

the heat generated by the laser allows the current layer to adhere to previously melted layers, 

effectively adding another layer to the part [3, 28]. 

 

The parts are connected to the build surface by support structures during the process, which are 

necessary for heat dissipation and for supporting horizontal overhang surfaces to prevent 

distortion [3, 19, 26].  These support structures are cut off after manufacturing the part, usually 

employing abrasive saws or wire electron discharge machining (EDM) [3, 24, 30].  Components 

taken directly out of the SLM machine are referred to as “as-built” [3, 8, 24, 28]. 

 

2.2.2 Process Parameters 

The mechanical properties of parts manufactured with SLM depend on several process 

parameters, with even slightly incorrectly applied combinations causing parts to have undesired 

properties [10-12].  These parameters include laser power, scan speed, layer thickness, scan 
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pattern and hatching distance [7, 10-12, 49].  Laser power may be defined as the incident energy 

of the laser per unit time [50].  The rate at which the laser moves is referred to as the scan speed 

[12, 50].  The layer thickness or layer height refers to the physical height of the layers of powder 

after the layer is melted [12, 50, 51].  Scan pattern refers to the specific path followed by the heat 

source during SLM [3].  Finally, hatch distance describes the distance between parallel scan 

tracks created by two passes of the laser over the powder bed [11, 12]. 

 

Evaluation of the effects of different parameters revealed that most parameters are 

interdependent [11, 25, 50, 52, 53].  This interdependency means that when specific parameters 

are kept constant, variations in another parameter will yield different results, e.g., variations in 

scan speed (while keeping laser power at a specific value) will yield different results for the same 

variations in scan speed while keeping laser power at another constant.  This interdependency 

requires process parameters to be adjusted simultaneously when significant variations are used 

[9].  The volumetric energy density (VED) (energy density delivered to the build surface during 

SLM fabrication) is often used as a means to quantify the combined effects of layer thickness, 

hatch distance, scan speed and laser power on the mechanical properties of SLM components, 

and is given by Equation (2.1) [11, 14, 50, 52, 54]. 

 𝐸 =  
𝑃

𝑣 × ℎ × 𝑡
 (2.1) 

In Equation (2.1), 𝑃 is the laser power, 𝑣 is the scan speed, ℎ is the hatch distance, and 𝑡 is the 

layer thickness.  Although the VED is often used in literature, it is not sufficient to explain 

differences in observed outcomes of porosity, residual stresses, and distortions of specimens [14, 

55].  When comparing results between different SLM studies, the VED might be beneficial; 

however, it would need to be altered significantly to account for the effects of gas flow direction, 

laser spot size and the properties of the materials being used [54]. 

 

2.3 Residual Stress 

Generally, large and anisotropic stresses arise inside the component during SLM manufacturing 

and remain after manufacturing is completed; this phenomenon has obstructed widespread use 

of the SLM process [7-10, 13, 14, 19, 24, 56-58].  These undesirable stresses are referred to as 

residual stresses, and they generally exist in static equilibrium [8, 13].  Residual stresses may be 

plastic when the thermal stress is higher than the material’s yield strength, which would result in 

a deformed part [9, 57].  Support structures anchor the component to the build plate to counteract 

distortion during the manufacturing process [28]. 
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2.3.1 Residual Stress Formation 

It is helpful to consider a simplified case of the SLM process (where entire layers are melted 

instantaneously) to understand the formation of residual stresses [13].  Tensile stress is induced 

in the upper layers of the component and compressive stress in the lower part during SLM 

manufacturing [56].  After removing the component from the build plate, the residual stresses may 

be relaxed due to elastic deformation, resulting in lower residual stress [7, 56].  A simple 

explanation of the formation of residual stresses resulting from large temperature gradients during 

the SLM process is shown in Figure 2-2 [56]. 

 

 

During the heating stage, the topmost layer is heated rapidly.  With slow conduction to the 

underlying layers, a steep temperature gradient develops.  Elastic compressive stresses are 

induced due to the underlying layers restricting the expansion of the top layer [56].  Subsequently, 

the topmost layers cool down rapidly and shrink.  Again, this deformation is restricted by the 

underlying layers, and tensile stresses are formed in the newly added top layer, with compressive 

stresses induced in the underlying layers [56, 59].  In short, residual stresses are predominantly 

caused by changes in volume during manufacturing when the powder melts and expands from 

the heat applied and, after that, solidifies and shrinks when the heat is removed [9, 28]. 

 

2.3.2 Types of Residual Stress 

Residual stresses arise due to thermal strain and phase transformations that occur during the 

SLM process, caused by the non-uniform distribution of temperature at the powder bed surface 

[7, 9].  In addition, the fluctuating rates of expansion and subsequent shrinkage of already 

solidified material surrounding the melt pool due to the heating and cooling cycles result in thermal 

stresses that cause the formation of residual stresses [7, 9]. 

 

Three different types of residual stresses can form during the SLM process; Type I, Type II and 

Type III residual stress [13, 56, 60].  Type I residual stresses act on the macroscale (component 

scale) that may distort the component itself [13, 56, 60].  These are the stresses that are most 

frequently discussed in the literature concerning AM [13].  Type II and Type III residual stresses 

refer to intergranular and inter-atomic stresses, respectively [13, 60, 61].  Type II stresses are 

Figure 2-2: Formation of residual stress (with permission from [56]) 



 

9 

caused by the misalignment of preferred slip-planes and Type III residual stresses by interstitial 

atoms in the matrix or the vacancies of atoms, and both of these types of stresses only affect the 

strength of the material to a small extent [13, 56].  Therefore, only Type I residual stress will be 

discussed further, as these stresses play the most important role in distortion of specifically SLM 

parts and will only be referred to as “residual stress”. 

 

2.3.3 Process Parameter Effects on Residual Stresses 

Process parameters have been shown to affect the magnitude and distribution of residual 

stresses in SLM components [9, 13, 43, 45, 49, 62-66].  For example, it was observed by Song 

et al. [67] from simulated results that the maximum residual stress values decreased linearly with 

increasing VED.  However, parametric effects reported in the literature are often contradictory 

since a complex relationship exists between process parameters and residual stress, and residual 

stress behaviour varies between different ranges of process parameter values [68]. 

 

For thin-walled IN718 specimens, increased residual stresses have been observed with increases 

in laser power [63].  In other cases, residual stresses were observed to decrease with increases 

in laser power [9, 67].  It should be noted that, in the latter scenarios, the laser power was varied 

simultaneously with other parameters.  Higher scan velocities led to average decreases in 

residual stresses in some cases [43, 63].  The opposite trend was observed in other studies using 

the same scan velocities, signifying scan speed's complex effect on residual stresses [9, 62].  

Increasing layer thicknesses resulted in decreasing residual stresses within thin-walled IN718 

components and Maraging Steel 300 manufactured with SLM [14, 63].  Similarly, fewer residual 

stress-related distortions were present when increasing the layer thickness of tool steel powder 

during SLM; however, this was because of higher porosity in the specimens [62].  Altering the 

scan pattern used during SLM also significantly affects residual stresses [3, 45, 67, 69, 70].  Scan 

strategies include the chess/island scan pattern, spot melt scanning, different types of raster 

scanning (bi-directional or “criss-cross” pattern) and space-filling curves (all strategies with and 

without rotation between subsequent layers) [3, 4, 10, 45, 66, 70-72].  In particular, the island 

scan pattern has been used widely in literature to minimise residual stresses by spreading heat 

distribution more evenly, at the cost of higher localised stresses [3, 45, 69, 70].  Residual stresses 

themselves should first be understood to understand how these process parameters affect the 

residual stresses in SLM components.  In addition, understanding the mechanisms behind the 

formation of these stresses and methods to measure or estimate residual stresses in 

manufactured components is important to prevent or mitigate the effects of residual stresses on 

SLM components. 
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2.3.4 Effects of Hatch Distance on Residual Stresses 

Another parameter that affects residual stress formation is the hatch distance [53, 64, 73].  This 

parameter describes the distance between parallel melt pools created by two laser passes over 

the powder bed, as shown in Figure 2-3 [11, 12, 46]. 

 

 

This parameter dramatically affects SLM components; e.g. small hatch distances may have 

detrimental effects on the printing process and ultimately on the mechanical properties of the 

finalised components, whereas larger distances may increase build rates but may also cause 

increased porosity [11, 46, 50].  When using smaller hatch distances, the heat flux formed by the 

vaporisation results in a recoil pressure, forcing the molten material away from the centre and 

onto the previously fabricated tracks [46].  The surface tension of molten material also influences 

this driving force [46].  This phenomenon was observed in a study by Wang et al. [29], where it 

Figure 2-3: Effect of hatch distance on solidification profile (adapted from [46]) 



 

11 

was confirmed that steep thermal gradients would result in molten fluid flow from a region of low 

surface tension to regions of higher surface tension, referred to as Marangoni flow [8, 29, 71, 74, 

75].  The extra force will be employed on the molten material, causing the fluid to separate into 

smaller volumes to minimise surface free energy [29]. 

 

Physically, when regarding hatch distance and the SLM process as a whole, it is clear that small 

hatch distances will increase hatch overlap, with molten material build-up between laser paths 

[53].  On the other hand, hatch distances much larger than the laser spot size (the diameter of 

the laser focal point) will result in gaps between molten tracks, where powder particles may 

become trapped [46, 50].  Hatch distance will therefore need to be appropriately configured to 

create molten tracks that form a flat surface. 

 

Liu et al. [15] observed that the measured thermal residual stresses were higher in the overlapping 

regions between two laser passes (hatch overlap) than in the centres of laser passes.  Overlap 

regions have been shown to undergo complex heat treatments during surrounding laser passes 

when an overlap ratio of 20 % is used [15, 76].  Process parameter maps were created by Balbaa 

et al. [9], during which it was observed that a hatch distance overlap of -20 % (the negative value 

indicates distances between laser passes) gave the lowest surface residual stresses across a 

range of laser power and scan speed values, compared to larger hatch distance overlaps of 0 % 

and 20 % [9].  However, lower hatch distance overlaps led to higher residual stresses in SLM 

manufacturing of Ti-22Al-25Nb [64].  Deformation caused by residual stress increased with 

increasing hatch distance overlaps when manufacturing pure iron powder components with direct 

metal laser sintering (DMLS) [53].  At lower laser powers (240 W), the smallest residual stress 

value was found to be at 0 % hatch distance overlap, compared to 20 % and -20 % of SLM 

Ti6Al4V specimens by Xiao et al. [68].  Residual stress values showed decreasing tendencies 

with decreasing hatch distance overlaps for higher laser powers (300 W and 360 W) [68].  In 

contrast, in another study, increasing hatch distance overlaps decreased subsurface residual 

stresses (when using short layer scan times) [73].  This contradiction between the two 

abovementioned studies is most likely the result of different laser powers used; Mishurova et al. 

[73] used a laser power of 175 W, whereas Xiao et al. [68] used higher laser powers.  These 

findings are summarised in Table 2-1. 
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Table 2-1: Hatch distance effects on residual stresses in literature 

Hatch distance overlap Residual stress Material Process Source 

↓ ↓ IN718 SLM [9] 

↓ ↑ Ti-22Al-25Nb SLM [64] 

↓ ↑ Ti6Al4V SLM [73] 

↓ ↑↓↑ Ti6Al4V SLM [68] 

 

Results obtained by Xiao et al. [68] are shown for a laser power of 240 W.  At higher laser powers 

(300 W and 360 W), the trend is similar to those found by Balbaa et al. [9], where residual stresses 

decrease with decreasing hatch distance overlap. 

 

2.3.5 Residual Stress Measuring Techniques 

Residual stress measurement techniques are generally categorised as being either destructive 

or non-destructive [13, 77].  Components that underwent destructive measuring cannot be used 

after testing is completed, whereas non-destructive techniques are non-intrusive, and the 

components are not damaged to such an extent that they become unusable for subsequent 

testing [78, 79]. 

 

2.3.5.1 Destructive Residual Stress Measurement 

The basis for destructive measuring techniques is that residual stresses exist at static equilibrium 

within a component [13].  This phenomenon enables residual stresses to be indirectly measured 

by cutting across any given plane of the component resulting in a redefined state of static 

equilibrium through deformation of the plane [13].  This deformation can then be measured using 

coordinate measurement machines with the deformation values introduced into a finite element 

model (FEM), and the residual stresses normal to the cut plane can be determined by calculating 

the stresses required to deform the measured plane back to a flat surface in the FEM model [13, 

77]. 

 

Two destructive techniques, namely the hole-drilling and contour methods, are based on this 

premise [13, 77].  Therefore, the accuracy of the data obtained using these methods is naturally 

dependent on the accuracy of the deformation measurements [13]. 

 

2.3.5.2 Non-Destructive Residual Stress Measurement 

ND and XRD are two commonly used non-destructive residual stress measurement techniques 

[13].  These techniques are based on Bragg’s law for diffraction, with which the crystal lattice 

spacing inside the metallic component can be measured and compared to the unstrained lattice 

spacing measurements [9, 13].  A stress-free sample is generally needed to determine the 
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residual stress in a stressed component [77].  Macroscopic stresses can be determined with these 

measurements using crystallographic information; however, XRD measurements can only detect 

elastic residual stresses [9, 13]. 

 

Another non-destructive technique is the three-dimensional digital image correlation (3D-DIC) 

system, which has also been used to evaluate in-situ residual stress formation by measuring 

surface distortions of SLM manufactured components [80].  Two high-resolution cameras are 

mounted so that the surface of the component can be captured [80].  This method proved to be 

accurate in a study by Bartlett et al. [80] since the difference between measured values did not 

exceed 6 % from obtained XRD residual stress values. 

 

An alternative non-destructive residual stress measurement technique may be found in the form 

of Vickers micro-indentation tests.  These tests are usually classified as non-destructive due to 

the relatively small indentations (~50μm) required for measurements, and the geometry 

generated may be used to evaluate residual stresses [15, 16, 45, 81-85].  Carlsson and Larsson 

[16] showed that an experimental correlation between residual stress and the indentation 

characteristic (i.e. surface area) could be used to calculate residual stress values.  The study 

showed that the residual plastic strain fields influence the hardness value itself, and the ratio 

between the actual area of the indentation to the nominal area is affected by the residual stresses 

present in the material [16].  Figure 2-4 shows the difference between actual and nominal Vickers 

micro-indentation areas, with the red line indicating the actual area and the white rhombus 

denoting the nominal area (based on the corners of the indentation). 
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The difference between these two areas is caused by residual stresses at the component's 

surface and can therefore be used to calculate the stress magnitudes present in the component 

(as discussed in 3.1.2) [16]. 

 

2.4 Post-Processing Heat Treatment 

Heat treatments can be used to decrease the residual stresses in SLM components [3, 4, 12, 14, 

35, 58].  Establishing which heat treatment(s) to use for specific parts depends on the 

microstructure of the as-built part, its application, and the properties needed [7].  Stress-relieving 

heat treatment is proposed in the standard specification F3055 specifically for AM IN718, as 

shown in Table 2-2 [7, 27]. 

 

Table 2-2: Stress-relieving heat treatment for IN718 [7, 27] 

Stress relief 

1065±15°C for 85-105min, performed while the components are attached to the build platform 

 

No additional information is provided by the standard, and should therefore only be used as a 

guideline [7, 27].  Improved heat treatments have been recommended which include double aging 

techniques used with intermittent water-quenching steps, however, heat treatments for specific 

outcomes do not form part of this study, and will therefore not be investigated further [4, 8, 12]. 

 

Figure 2-4: Actual and nominal Vickers micro-indentation area 
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2.5 Conclusion 

Considering the research done on the effects of the various parameters on the mechanical 

properties of IN718 fabricated with SLM, some conclusions can be drawn concerning the 

parameters and their ideal settings.  Suitable parameter sets can be tailored for specific desirable 

properties; however, it is challenging to find parameter sets where all properties are desirable.  

Balbaa et al. [9] evaluated scan speed, laser power, and hatch distance to a certain extent whilst 

evaluating the effects on surface residual stresses, surface roughness, and relative density.  It 

was proposed that values of 320 W laser power, 600 mm/s scan speed and 0.12 mm hatch 

distance are used to minimise surface roughness.  Samples fabricated with these values had 99.2 

% relative density.  If the density is the main priority, a laser power of 270 W coupled with a scan 

speed of 700 mm/s and hatch distance of 0.1 mm was proposed, which provided a relative density 

of 99.56 % [9].  Bartlett et al. [13] insisted that no clear correlation could be found between material 

density and residual stress magnitude; however, Lu et al. [45] found that low density (around 

98.67 %) may have led to lower residual stresses as a result of cracking.  In contrast, Kruth et al. 

[86], demonstrated that distortion (and therefore residual stresses) of SLM parts were practically 

unaffected by density itself, but more by processing parameters used. 

 

Clearly, from the literature study, residual stresses are critical during SLM manufacturing; 

however, it is not always possible to predict these stresses before a component is manufactured, 

although literature provides insight into this issue.  From the literature review in Chapter 2, it was 

realised that the presence and formation of residual stresses in the SLM process are causes of 

concern in the AM community.  Several methods and techniques are available to measure 

residual stresses near the surfaces of SLM components, most of which are expensive or not 

accessible.  Therefore, it is hypothesised that using the Vickers micro-indentation technique will 

be a quicker and less expensive way to measure surface residual stresses of SLM specimens, 

specifically for IN718.  Furthermore, validation of the Vickers indentation tests for residual stress 

determination would require validation; accordingly, the XRD approach for surface residual stress 

would be beneficial in understanding the stress state of the components. 
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CHAPTER 3  THEORY 

The necessary theory is discussed in this chapter.  First, some background is given on the theory 

used, and the essential Equations are derived. 

3.1 Vickers Indentation Test 

Hardness is defined as the resistance of a body to be penetrated by another body [87, 88].  

Different hardness tests are available, including Brinell, Vickers and Rockwell [19, 89].  Vickers 

was chosen for this formulation since the specific geometry is needed for the relation towards 

surface residual stresses [16]. 

 

3.1.1 Vickers Hardness 

In the case of the Vickers hardness test, a square diamond pyramidal indenter is used, with 

opposite faces making an angle of 136° [88, 89].  The hardness value is obtained from the ratio 

of the applied load to the area formed by the indentation (after the load has been removed) and 

has pressure as dimension [88, 89].  The applied load (or “test force”) is calculated from the mean 

value of the two diagonal lines across the test surface indentation, assuming that the indentation 

is geometrically true to the indenter [88].  Thus, the Vickers hardness is given by the following 

Equation (3.1) [88]. 

 𝐻𝑉 =  
0.102 × 𝐹

𝐴
 (3.1) 

In Equation (3.1), 𝐻𝑉 is the Vickers hardness number, 𝐹 is the applied load in [N], and 𝐴 is the 

area of the indentation [88].  The constant 0.102 originates from the kilopond (kp) unit used to 

measure test forces before 1969 [88].  To avoid high restructuring and conversion costs, the 

conversion relation 1 𝑁 = 0.102 𝑘𝑝 is used to keep the original round kp values [88].  To calculate 

the area left by the indenter, the mean length (𝐿) of the two diagonal lines of the indentation (𝐿1 

and 𝐿2) is used.  From the geometry of the Vickers indentation, it follows that 

 𝐴 =  
𝐿2

2 × 𝑠𝑖𝑛68°
 =

𝐿2

1.854
 (3.2) 

and therefore: 

 𝐻𝑉 = 0.102 × 𝐹 ×
1.854

𝐿2
=
0.1891 × 𝐹

𝐿2
 (3.3) 

 

3.1.2 Residual Stress from Vickers Indentation Tests 

Based on theoretical and numerical analyses and experimental investigations, Carlsson et al. [16, 

17] found that residual strain fields can be accurately correlated with the hardness value of sharp 

(Vickers) indentation tests.  At the same time, the size of the contact area can be related to the 
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residual stresses in the component [16, 17].  When an assumption is made that the residual 

stresses are in an equibiaxial state and that the uniaxial stress-strain curve can be approximated 

with a power-law function, accurate results can be obtained [15, 17].  Using the Vickers hardness 

test, the hardness of the measured surface is accurately given by Equation (3.4): 

 𝐻 = 𝐶 × 𝜎𝑌 (3.4) 

In this Equation, 𝐻 is the Vickers hardness value, 𝐶 is a constant related to the geometry of the 

indenter itself, and 𝜎𝑌 is the yield strength of the tested material.  The 𝜎𝑌 value is replaced with 

𝜎𝑟𝑒𝑝𝑟 for a strain-hardening material (such as IN718), which is the flow stress at a representative 

value of plastic strain, 𝜀𝑟𝑒𝑝𝑟, leading to Equation (3.5) [6, 7, 16, 82]. 

 𝐻 = 𝐶 × 𝜎(𝜀𝑟𝑒𝑝𝑟) (3.5) 

Furthermore, an assumption is made that the change in hardness resulting from a residual plastic 

strain is present and must be considered if a more accurate representation is desired [16, 82].  

The representative strain in Equation (3.5) is therefore used in summation with the residual plastic 

strain.  Hence Equation (3.5) is rewritten as Equation (3.6) [15, 16]: 

 𝐻 = 𝐶 × 𝜎(𝜀𝑟𝑒𝑝𝑟 + 𝜀𝑟𝑒𝑠) (3.6) 

In conjunction with this, Equation (3.7) gives: 

 H =
𝑃

𝐴
  (3.7) 

where 𝐻 is the micro-hardness of the point tested, 𝑃 is the applied load during testing [N], and 𝐴 

is the actual projected area [mm2].  This formula differs from the definition of the micro-Vickers 

test, where 𝐻𝑉 = 𝑃/𝐴𝑠𝑢𝑟𝑓 [kgf/mm2] and 𝐴𝑠𝑢𝑟𝑓 is the surface of the sharp indenter [82].  A new 

indentation parameter was introduced into the model by Carlsson et al. [16] to establish a 

correlation between the actual projected area and the nominal projected area (referred to as the 

area ratio), as demonstrated in Equation (3.8): 

 𝑐2 =
𝐴𝑟𝑒𝑎𝑙
𝐴𝑛𝑜𝑚

 (3.8) 

This indentation parameter includes the effect of elastic deformation, which is represented by the 

change between the actual area (𝐴𝑟𝑒𝑎𝑙) and the nominal area, as shown in Figure 3-1 [82]. 

 



 

18 

 

The red line around the perimeter of the indentation in Figure 3-1 is the actual area, and the white 

dashed rhombus is the nominal area of the indentation.  Diagonal lines are marked L1 and L2, 

respectively.  The value of 𝐴𝑛𝑜𝑚 can be calculated using the two measured diagonals of the 

indentation, as shown in Equation (3.9) [15, 83]: 

 𝐴𝑛𝑜𝑚 =
1

2
(
𝐿1 + 𝐿2
2

)
2

 (3.9) 

Carlsson et al. [16] found that the residual stresses and strains also obey the following relation: 

 𝑐2 = 𝑐0
2 − 0.32 ln (1 +

𝜎𝑟𝑒𝑠
𝜎(𝜀𝑟𝑒𝑠)

) (3.10) 

In Equation (3.10), 𝜀𝑟𝑒𝑠 is the residual Von Mises plastic strain and 𝜎(𝜀𝑟𝑒𝑠) is the flow stress 

present at the point where 𝜀𝑟𝑒𝑠 is true [82, 84, 90].  The value of 𝑐2 is the area ratio in the case of 

both residual stresses and strains present, and 𝑐0
2 is the area ratio in the case of no residual stress 

[17]. 

 

Uniaxial stress-strain curves from Gao et al. [91] were used (shown in Figure 3-2) since the heat 

treatment used for these curves were the same as the heat treatments used in the current study, 

therefore providing comparable data. 

 

Figure 3-1: Nominal and actual area of a Vickers indentation 
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Power-law functions were approximately fitted to the “SLM-ed” and “SHT1080” curves in Figure 

3-2, providing (3.11) and (3.12), respectively: 

 𝜎𝑎𝑏(𝜀𝑎𝑏) =  𝜎0𝜀𝑝
𝑛 = 349.44 𝜀𝑝

0.1391 (3.11) 

 

 𝜎𝑠𝑟(𝜀𝑠𝑟) =  𝜎0𝜀𝑝
𝑛 = 539.19 𝜀𝑝

0.1125 (3.12) 

In both these Equations [(3.11) and (3.12)], 𝜀𝑝 is the plastic strain [84].  Therefore, considering 

the following formulae [15, 83, 90], 

 𝜀𝑟𝑒𝑠 = (
𝑃

𝐶𝜎0 × 𝐴𝑛𝑜𝑚
)

1
𝑛
− 𝜀𝑟𝑒𝑝𝑟 (3.13) 

 

 𝜎𝑟𝑒𝑠 =  𝜎(𝜀𝑟𝑒𝑠)
𝑛 × [𝑒

(
𝑐0
2− 𝑐2

0.32
)
− 1] (3.14) 

the residual stresses can be calculated with 

 𝜎𝑟𝑒𝑠  =  𝜎0 ([
8 × 𝑃

𝐶𝜎0 × (𝐿1 + 𝐿2)
2
]

1
𝑛
− 𝜀𝑟𝑒𝑝𝑟)

𝑛

×

{
 
 

 
 

𝑒

[
𝑐0
2 − 

8×𝐴𝑟𝑒𝑎𝑙
(𝐿1+𝐿2)

2 

0.32
]

− 1

}
 
 

 
 

 (3.15) 

The use of a Vickers indentation suggests that 𝐶 = 3 [89], 𝜀𝑟𝑒𝑝𝑟 = 0.08 [89] and 𝑐0
2 = 1, within a 

certain accuracy standard [15, 17].  Finally, the following Equation can then be used to determine 

the residual stress: 

Figure 3-2: Room temperature tensile properties of SLM-fabricated Inconel 718 (with 

permission of [91]) 
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 𝜎𝑟𝑒𝑠 = 𝜎0 × ([
8 × 𝑃

3 × 𝜎0 × (𝐿1 + 𝐿2)
2
]

1
𝑛
−  0.08)

𝑛

×

{
 
 

 
 

𝑒

[
1 − 

8×𝐴𝑟𝑒𝑎𝑙
(𝐿1+𝐿2)

2

0.32
]

− 1

}
 
 

 
 

 (3.16) 

Some studies propose using Equation (3.16), with a minor difference, to calculate the Von Mises 

stresses [15, 83, 84].  However, this Equation differs only at the term where the two area 

coefficients are subtracted from each other, and the absolute value of the calculated stress is 

used. 

 𝜎𝑟𝑒𝑠 =

[
 
 
 
 

 𝜎0 × ([
8 × 𝑃

3 × 𝜎0 × (𝐿1 + 𝐿2)
2
]

1
𝑛
−  0.08)

𝑛

×

{
 
 

 
 

𝑒

[

8×𝐴𝑟𝑒𝑎𝑙
(𝐿1+𝐿2)

2 − 1

0.32
]

− 1

}
 
 

 
 

]
 
 
 
 

 (3.17) 

Equation (3.17) is then used to calculate the Von Mises stresses at the Vickers micro-indentation 

locations. 

 

3.2 Residual Stress from X-Ray Diffraction 

It was mentioned earlier (Measurement techniques) that XRD is a commonly used non-

destructive method for measuring residual stresses and that the technique is based on Bragg’s 

law for diffraction [13, 92].  The technique relies on the internal lattice spacing of polycrystalline 

materials, which changes due to internal stresses inside the material.  The change in lattice 

spacing corresponds to the magnitude of the internal stress; therefore, the lattice structure acts 

as a micro-scale strain gauge [92].  When a component surface is irradiated with X-rays, the 

lattice planes of the material diffract some of the rays, and a detector identifies the angles and 

intensity of the diffracted rays, creating a discernible pattern [92].  The detector is rotated through 

a range of angles, and peak locations in these patterns indicate the stresses within the component 

[92, 93].  The diffraction intensity is obtained as a function of the incident angle 𝜃, and the 

measurements of these angles are recorded as 2𝜃, since the incident and diffracted angles are 

the same size [93].  To understand residual stresses and the way in which they act on the surfaces 

of specimens, an introduction to the principal stresses is necessary, as well as a statement of 

what convention will be used in the current study. 

 

3.2.1 Principal Stresses 

A coordinate system can be defined on which only normal stresses (perpendicular to plane 

surfaces) act, and no shear stresses are present.  This is done by defining the coordinate system 

such that the axes are perpendicular to the planes of an elemental cube, which are then referred 

to as the principal planes [92].  Normal stresses are denoted as σ, with a subscript assigning it to 

the plane on which it acts, e.g., σx is the normal stress that acts in the x-direction of the coordinate 
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system [92].  The current study will adhere to the convention of positive tensile stress values and 

negative compressive stress values. 

 

3.2.2 Bragg’s Law 

Crystalline materials, which consist of atoms periodically spaced in specific patterns, may result 

in interference (either constructive or destructive) when placed in the path of an X-ray beam [92].  

The two main factors that influence the interference pattern are the wavelength of the incident 

radiation (λ) and the inter-planar spacing (d) [92]. 

 

When considering a row of atoms and two parallel rays striking two of these atoms respectively 

at a certain angle (as in Figure 3-3), it is expected that, since the rays are reflected over a range 

of angles, that at a specific angle, the reflected rays will be in phase with each other [92].  

Furthermore, constructive interference between the reflected rays will be observed since their 

path lengths are equal between the incoming and reflected wavefronts [92]. 

 

 

Numerically, this will mean that: 

 𝑄𝐾 − 𝑃𝑅 = 𝑃𝐾𝑐𝑜𝑠𝜃 − 𝑃𝐾𝑐𝑜𝑠𝜃 = 0 (3.18) 

Figure 3-3: Diffraction of X-rays by a crystal lattice (with permission of [92]) 
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If it is further observed that constructive interference is present as a result of reflections off one 

atom in the previously mentioned row and another atom in a lower plane, then, referring to these 

atoms as K and L, respectively, the path difference for the incoming-reflected rays reflected off K 

and L will be equal to: 

 𝑀𝐿 + 𝐿𝑁 = 𝑑′𝑠𝑖𝑛𝜃 + 𝑑′𝑠𝑖𝑛𝜃 (3.19) 

Other rays reflected off different atoms than those mentioned above will only be in phase with the 

rays reflected off K and L when the path difference equals a whole number of wavelengths [92, 

93].  Thus: 

 𝑛𝜆 = 2𝑑′𝑠𝑖𝑛𝜃 (3.20) 

Equation (3.20) is known as Bragg’s Law, on which XRD is based [92, 93]. 

 

3.2.3 Strain Measurement 

It has been shown that the inter-planar spacing of atoms within the specimen has strong 

relationships with the diffraction pattern that is observed when X-rays are diffracted by the crystal 

lattices inside the specimen [92].  Variables affecting the resultant diffraction pattern include the 

inter-planar spacing and the wavelength of the X-ray beam [92].  Therefore, a specific diffraction 

pattern will be obtained whenever an unstrained specimen of a specific material is observed 

through XRD.  Furthermore, since residual strains affect the crystal lattice by inducing expansions 

and contractions, the dimensional difference between the strained and unstrained specimens will 

result in a shifted diffraction pattern, which can then be measured [92].  From the measured shift 

in the pattern, the actual dimensional difference between the specimens can be calculated, and 

the inherent strain and the residual stresses can be calculated from this [92].  Therefore, an 

orthogonal coordinate system is necessary for establishing mathematical relationships between 

the strain and the inter-planar spacing, such as in Figure 3-4 [92]. 
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The main characteristics of this coordinate system are that the angle between the Z-axis and the 

XY plane is referred to as ψ, and the angle between the XZ plane and the Y-axis is referred to as 

ϕ.  These angles are always perpendicular to each other [92].  Keeping this in mind and referring 

to the XRD method, it can be safely assumed that σ3 = 0 since the measurements are made within 

the surface [92].  The strain εz will not be zero in this case but can be measured through 

experiments, where the peak position is used (2θ) and 𝑑𝑛 in Bragg’s Law.  This becomes 

 𝜀𝑧 =
𝑑𝑛 − 𝑑0
𝑑0

  (3.21) 

if the unstrained inter-planar spacing (𝑑0) is known [92]. 

 

Therefore, the strain within the component surface can be calculated by comparing the strained 

to the unstrained lattice spacing [92].  Equation (3.21) is suitable for measurements normal to the 

surface; however, as seen in Figure 3-5, the formula needs to be altered for specimens that are 

tilted inside the diffractometer [92]. 

Figure 3-4: Coordinate system used for calculating surface strain and stresses. Note that 

εz and σ3 are normal to the specimen surface (adapted from [92]) 
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For planes measured at an angle ψ, Equation (3.22) is used [92]. 

 𝜀ψ =
𝑑ϕψ − 𝑑0

𝑑0
  (3.22) 

 

3.2.4 Stress Determination 

Determining the stresses present in the component is the primary goal of this study and will be 

discussed here.  Hooke’s law states that: 

 𝜎𝑦 = 𝐸𝜀𝑦 (3.23) 

An assumption is further made that 𝜎𝑧 = 0 (a state of plane stress exists) and the stresses are 

biaxial [92].  In this condition, Poisson’s ratio (𝑣) describes the ratio of the transverse to 

longitudinal strains, as in Equation (3.24). 

 𝜀𝑥 = 𝜀𝑦 = −𝑣𝜀𝑧 = −
𝑣𝜎𝑦

𝐸
 (3.24) 

Since the XRD is measured at the surface of the component, where 𝜎𝑧 = 0, it follows that: 

Figure 3-5: Schematic showing diffraction planes parallel to the surface and at an angle 

φψ.  Note σ1 and σ2 both lie in the plane of the specimen surface (adapted from [92]) 
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 𝜀𝑧 = −𝑣(𝜀𝑥 + 𝜀𝑦)  =  −
𝑣

𝐸
(𝜎𝑥 + 𝜎𝑦) (3.25) 

Combining Equations (3.21) and (3.25): 

 𝜀𝑧 = 
𝑑𝑛 − 𝑑0
𝑑0

 =  −
𝑣

𝐸
(𝜎𝑥 + 𝜎𝑦) (3.26) 

Equation (3.26) is only applicable to a general case, specifically where the principal stresses can 

only be acquired as a sum and the 𝑑0 value is yet to be determined [92].  To measure single 

stresses in a specific direction in the surface 𝜎𝜙, elasticity theory is used to show that the strain 

along a tilted path is given by Equation (3.27) [92]. 

 𝜀𝜙𝜓 =
1 + 𝑣

𝐸
(𝜎1 cos

2 𝜙 + 𝜎2 sin
2 𝜙) sin2𝜓 −

𝑣

𝐸
 (𝜎1 + 𝜎2) (3.27) 

It can further be shown that, if the strains are used to calculate the stresses in any chosen direction 

from the inter-planar spacing, the stress is given by the following [92]: 

 𝜎𝜙  =
𝐸

(1 + 𝑣) sin2𝜓
 (
𝑑𝜓 − 𝑑𝑛

𝑑𝑛
) (3.28) 

Using the most common XRD method of sin2𝜓, where a linear graph of lattice spacing (𝑑) 

depending on sin2𝜓 is obtained by multiple measurements through different angles, the gradient 

(𝑚) of the 𝑑 vs sin2𝜓 curve is used in the stress calculation [92].  Assuming zero stress at 𝑑 =  𝑑𝑛 

where 𝑑 is the y-axis intersection when sin2𝜓 = 0, the stress is given by Equation (3.29) [92]: 

 𝜎𝜙  =  (
𝐸

1 + 𝑣
) × 𝑚 (3.29) 

The above Equations form the basis of the XRD measurement technique [92]. 

 

3.3 Residual Stresses from the Inherent Strain Method 

The inherent strain method was initially developed for simulating welding processes but has been 

adapted for PBF simulations [94].  This technique uses residual plastic strain tensors (or inherent 

strain tensors) to simulate the thermal stress build-up at a component scale by activating the 

tensors in each hatching region of a macro-scale mechanical model in a layer-by-layer fashion 

[94].  The material along the weld path will experience rapid heating, melting, solidification and 

cooling cycles during a welding process, resulting in large temperature gradients and complex 

deformation paths [95].  As a result, thermal strain and mechanical strain will form during the 

process [95].  It is helpful to consider two discrete points in the material, points A and B, to 

visualise the formation of the inherent strain under these circumstances, as in Figure 3-6. 
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Defining the (infinitesimally small) distance between the points in the undeformed state, stressed 

state, and stress-relieved state as 𝑑𝑠0, 𝑑𝑠, and 𝑑𝑠∗, respectively, the inherent strain can be given 

by Equation (3.30) [95]. 

 𝜀∗  =
𝑑𝑠∗ − 𝑑𝑠0
𝑑𝑠0

 (3.30) 

Equation (3.30) presents the residual strain in the stress-relieved state compared to the 

undeformed state, which is the definition of inherent strain.  The component is cooled down to 

room temperature after the welding process, allowing the thermal strains to be disregarded [95].  

Equation (3.30) is rearranged and produces Equation (3.31) [95]. 

 𝜀∗  =
𝑑𝑠 − 𝑑𝑠0
𝑑𝑠0

−
𝑑𝑠 − 𝑑𝑠∗

𝑑𝑠0
 (3.31) 

Since infinitesimal distances are considered, an assumption can be made that 𝑑𝑠 is essentially 

equal to 𝑑𝑠0 allowing the further rewriting of Equation (3.31) to form Equation (3.32) [95]. 

 𝜀∗  =
𝑑𝑠 − 𝑑𝑠0
𝑑𝑠0

−
𝑑𝑠 − 𝑑𝑠∗

𝑑𝑠
 (3.32) 

In this Equation, the first term on the right-hand side is the total mechanical strain 𝜀 present after 

the welding process completes, and the second term is the mechanical elastic strain 𝜀𝑒𝑙 [95].  In 

this case, the mechanical elastic strain is directly proportional to the stress released from the 

material [95]. Equation (3.32) can therefore be rewritten as: 

 𝜀∗  =  𝜀𝑡𝑜𝑡𝑎𝑙 − 𝜀𝑒𝑙 (3.33) 

Other strains may also be present in the welding process, such as strains induced by phase 

transformation and creep (denoted as 𝜀𝑝𝑡 and 𝜀𝑐𝑟, respectively) [96, 97].  After welding, the total 

strain in a component will be the sum of all these strains, as shown in Equation (3.34) [96-98]. 

Figure 3-6: Original definition of inherent strain for welding mechanics (with permission 

of [95]) 
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 𝜀𝑡𝑜𝑡𝑎𝑙  =  𝜀𝑒𝑙 + 𝜀𝑝𝑙 + 𝜀𝑡ℎ + 𝜀𝑝𝑡 + 𝜀𝑐𝑟 (3.34) 

The inherent strain 𝜀∗ refers to the strain remaining in the weld at equilibrium (after cooling to 

ambient temperature), which means that the elastic strain may be left out since only plastic strains 

contribute to the total inherent strain [96-98].  Therefore, the inherent strain is given by Equation 

(3.35), which is the same as Equation (3.33). 

 𝜀∗ = 𝜀𝑡𝑜𝑡𝑎𝑙 − 𝜀𝑒𝑙  =   𝜀𝑝𝑙 + 𝜀𝑡ℎ + 𝜀𝑝𝑡 + 𝜀𝑐𝑟 (3.35) 

The strains caused by phase transformation and creep are neglected for simplification, and the 

thermal strains are assumed to equal zero after cooling, which leads to the inherent strain being 

equal to the plastic strain, as seen in Equation (3.33) [96-98]. 

 𝜀∗ = 𝜀𝑝𝑙 (3.36) 

Equation (3.36) is valid for the welding process but not for an AM process [95].  Since the SLM 

process is more complicated than a simple welding process, this original inherent strain theory is 

not accurate when applied to SLM components, mainly because of the effects new layers have 

on those underneath [97-99].  Shrinkage of upper layers affects the elastic deformation in lower 

layers, invalidating the assumption that only the plastic strain will contribute to the inherent strain 

[97].  Considering the time-dependant shrinking and expanding of layers, the inherent strain will 

also be a time-dependent or rather a processing-history-dependent quantity, unlike the original 

theory’s assumption that the inherent strain is only dependent on the final cooled state [97].  

Regardless, it is assumed that each layer (or small group of consecutive layers) will experience 

the same thermal history and comparable mechanical restraints to those applied to the already 

solidified layers [97].  These similarities provide grounds for justifying the assumption that only a 

small volume (representative of the entire build) needs to be fully simulated, saving large amounts 

of time [97].  These assumptions lead to a modified inherent strain theory proposed by Liang et 

al. [97], which incorporates the contribution of plastic deformation and thermal shrinking coupled 

with the inter-layer effect.  According to this theory, the plastic strain that SLM components 

experience after a laser pass (during rapid solidification) is considered to be directly influenced 

by the thermal strain [97].  For discussion purposes, the term “intermediate state” will be used to 

refer to the point in time of manufacturing when the compressive plastic strain (caused by the 

rapid solidification phenomenon) reaches its maximum value [97].  The contribution of the plastic 

deformation to the inherent strain may then be given as Equation (3.37) [97]. 

 𝜀𝑝𝑙
∗ = 𝜀𝑝𝑙

𝑙  (3.37) 
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In Equation (3.37), 𝜀𝑝𝑙
𝑙  is the maximum value of the compressive plastic strain at the intermediate 

state as described above [97].  During the intermediate state, elastic deformation starts to 

accumulate [97].  Considering the SLM process where residual stresses and deformation 

manifest due to the lower layers restricting the shrinkage of the upper layers, the contribution of 

this phenomenon should also be accounted for in the inherent strain method [97].  After the 

process completes, the component cools down, during which the elastic strain changes [97].  This 

state is referred to as the “steady-state” for discussion purposes [97].  Elastic strains forming 

before this stage represents the conversion of thermal strain to mechanical strain [97].  These 

elastic strains are added to the plastic strains, which completes the rest of the modified inherent 

strain model for AM (and, in effect, SLM) [97].  The addition of the elastic strains is defined in 

Equation (3.38). 

 𝜀𝑡ℎ
∗ = 𝜀𝑒𝑙

𝐼 − 𝜀𝑒𝑙
𝑆  (3.38) 

In the above Equation, 𝜀𝑒𝑙
𝐼  is the elastic strain formed during the intermediate state and 𝜀𝑒𝑙

𝑆  is the 

elastic strain at the steady-state [97].  Finally, the inherent strain model amounts to Equation 

(3.39) [97]. 

 𝜀∗  =  𝜀𝑝𝑙
∗ + 𝜀𝑡ℎ

∗  (3.39) 
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CHAPTER 4  METHODOLOGY 

4.1 Introduction 

During this study, surface residual stresses in specimens of the same dimensions were evaluated 

using three different techniques: XRD, the inherent strain method and the Vickers-micro-

indentation method.  The XRD measurements were used as the trusted values of the surface 

residual stresses in the specimens.  In addition, the values obtained from the Vickers micro-

indentation method were compared to the XRD values for investigating the efficacy and accuracy 

of the Vickers micro-indentation method.  Finally, to validate the XRD results, the inherent strain 

method was used by conducting simulations of the SLM process.  The diagram in Figure 4-1 

depicts the methods used. 

 

Manufacturing

•SLM manufacturing of specimens

•Removal of as-built specimens from build 
plate

•Stress-relieving of remaining specimens

•Dry electrochemical polishing of specimens

•SLM manufacturing of calibration specimens

Vickers micro-indentations

•Vickers micro-indentations done on surfaces 
of dry electrochemically polished specimens 

for as-built and stress-relieved conditions

•Microscopic photos taken of indentations

•Photos evaluated for calculation of surface 
residual stresses

X-ray Diffraction

•XRD applied to dry electrochemically 
polished surfaces of manufactured 
specimens to measure actual surface 
residual stresses

•Applied to as-built and stress-relieved 
condition, for every parameter iteration

Simulation

•Simulation of SLM process for specific 
specimens (done for as-built and stress-

relieved condition)

•Inherent strain method to predict surface 
residual stresses for as-built and stress-

relieved condition

Comparison

•Surface residual stress calculations from 
Vickers micro-indentations tests compared 
to inherent strain method values

•Surface residual stress calculations from 
Vickers micro-indentations tests compared 
to XRD values

Figure 4-1: Diagram of methods used in current study 
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4.2 Manufacturing and Preparation of Specimens 

4.2.1 SLM Machine and Powder 

A COHERENT Creator™ SLM machine was used to manufacture all specimens.  This SLM 

machine utilises a Yb: Fiber laser of max 250 W and laser wavelength of 1070nm.  Cylindrical 

build volume dimensions are 100 mm (diameter) by 110 mm (height).  A scraper does the material 

deposition, and Nitrogen gas is used to create an inert atmosphere with flow direction from the 

back of the build chamber towards the front.  The powder used was gas atomised IN718 powder 

(with designation TruForm™ 718-35) acquired from Praxair.  The chemical composition of the 

powder is shown in Table 4-1 [27]. 

 

Table 4-1: Actual vs nominal (max) chemical composition for IN718 powder (in wt.%) 

Element 
Nominal 

composition 
[wt.%] [27] 

Praxair 
Truform™ 

typical 
composition 

[wt.%] 

Element 
Nominal 

composition 
[wt.%] [27] 

Praxair 
Truform™ 

typical 
composition 

[wt.%] 

Carbon 0.08 (max) 0.04 (total) Niobium + tantalum 4.75: 5.50 5.16 

Manganese 0.35 (max) 0.02 Titanium 0.65: 1.15 0.93 

Silicon 0.35 (max) 0.04 Aluminium 0.2: 0.8 0.50 

Phosphorous 0.015 (max) 0.006 Iron remainder 18.22 

Sulfur 0.015 (max) 0.001 Copper 0.3 (max) 0.02 

Chromium 17.0: 21.0 18.99 Nickel 50.00: 55.00 52.93 

Cobalt 2 (max) 0.10 Boron 0.006 (max) 0.001 

Molybdenum 2.80: 3.30 3.00  

 

Powder morphology was evaluated using SEM imaging and can be seen in Figure 4-2. 
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From Figure 4-2, it was observed that the powder particles were spherical, with only a few 

irregular particles present.  Some satellites are present that are attached to the larger particles.  

According to the Certificate of Analysis and Certificate of Conformity (obtained from Praxair), this 

powder batch had a Hausner ratio of 1.18, an apparent density of 4.26g/cm3, and a tap density of 

5.01g/cm3.  Particles ranged in size from about 14-54µm. 

 

4.2.2 Specimens for XRD and Vickers Indentation Testing 

Since the study focuses on comparing data between different methods, specimens were 

manufactured for each method to be applied; specifically, for utilising the XRD method and the 

Vickers micro-indentation method.  Therefore, cuboid specimens were manufactured according 

to the quantities and conditions in Table 4-2 to ensure enough comparable data. 

 

Table 4-2: Breakdown of specimens manufactured 

Parameter varied Post-process condition 

Total per hatch distance Hatch distance 
[mm] 

As-built Stress-relieved 

0.120 3 3 6 
0.114 3 3 6 
0.108 3 3 6 

Total per condition 9 9 18 

 

It was decided that the efficacy of the Vickers micro-indentation method is to be evaluated under 

six unique circumstances, including three different values of a specific processing parameter and 

Figure 4-2: Powder morphology and size distribution 
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two post-processing conditions.  The process parameter chosen was hatch distance.  A total of 

18 specimens were evaluated using two different techniques.  The specimens were in the shape 

of cubes with 10x10x10 mm3 dimensions with 4 mm high support structures.  Specimens were 

divided into condition-parameter sets (as-built and stress-relieved for each hatch distance), 

resulting in six condition-parameter sets.  Cuboid specimens with dimensions 10x10x10 mm3 

were manufactured according to the process parameters in Table 4-3. 

 

Table 4-3: Process parameters used for cuboid specimens 

Hatch 
overlap 

[%] 

Power 
[W] 

Scan 
speed 
[mm/s] 

Hatch 
distance 

[mm] 

Layer 
thickness 

[mm] 

Laser 
Spot 
size 

[mm] 

Scan 
pattern 

VED 
[J/mm3] 

0 107.3 630 0.120 0.025 0.120 Bi-
directional 

raster 

56.77 

5 107.3 630 0.114 0.025 0.120 59.76 

10 107.3 630 0.108 0.025 0.120 63.08 

 

All cuboid specimens were manufactured with 45° rotation between layers.  It should be noted 

that, since the SLM machine manufactured the specimens with a contour and infill hatch, the 

parameters given are for the infill hatch only.  The contour parameters differ in the laser power, 

spot size and scan speed values, which were 120.02 W, 0.04 mm and 250 mm/s, respectively.  

Moreover, the software of the SLM machine used could only alter hatch distances by specifying 

the percentage overlap of the spot size.  Hatch overlap was converted to actual hatch distance 

with the formula in Equation (4.1) from the theoretical diagram in Figure 4-3. 

 

 

Figure 4-3: Diagram of hatch distance calculation 
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The laser spot size is the diameter of the focal point of the laser on the powder bed [50].  Hatch 

distance is the distance between two parallel laser passes; therefore, it is the distance between 

the centres of the laser focal points (the circles as seen in Figure 4-3. 

 𝐻𝐷 [𝑚𝑚] = 𝐿𝑆𝑆 [𝑚𝑚] − (𝐿𝑆𝑆 [𝑚𝑚] ∗ 𝑂𝐿 [%]) (4.1) 

In Equation (4.1), 𝐻𝐷 is the hatch distance, 𝐿𝑆𝑆 is the laser spot size and 𝑂𝐿 is the overlap 

percentage.  The part of the Equation in brackets is the overlap distance, as shown in Figure 4-3.  

All six cubes were manufactured on the same build plate for each hatch distance used.  After 

manufacturing, three cubes were removed from the build plate by grinding off the support 

structure at 3 mm from the build plate surface, leaving 1 mm of support structure on the bottom 

of the cubes.  The remaining 1 mm support structure was removed using wire EDM cutting.  The 

remaining cubes were then heat-treated for stress-relieving purposes while remaining attached 

to the build plate.  These stress-relieved specimens were removed from the build plate utilising 

wire EDM cutting within 1 mm from the bottom of the cubes.  The cubes were manufactured with 

the sides marked with “X” at the back of the machine.  One of the three sets of cubes (with their 

orientation) is shown in Figure 4-4. 

 

 

Figure 4-5 shows some stress-relieved cubes on the left and the eight 0 % hatch overlap cubes 

on the right-hand side.  The darker cubes on the right-hand side are the stress-relieved cubes. 

Figure 4-4: Cuboid specimens on build plate 

+Z 

+Y 

+X 
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The 45° scan lines are visible on the top faces of the cubes in Figure 4-5.  The contour with which 

the specimens were manufactured is also visible at the outer perimeter of each cube. 

 

4.2.3 Stress-Relieving of Specimens 

Half of the cuboid specimens were stress-relieved using post-processing heat treatment (as per 

Table 4-2).  Stress-relieving heat treatments were done to increase the number of different 

circumstances under which the Vickers indentation method could be tested.  A programmable 

Nabertherm LH 120/12 GmbH (Lilienthal/Bremen, Germany) oven was used to complete the heat 

treatment process.  The “as-built” cuboid specimens in Table 4-2 were manufactured according 

to Table 4-3, ground off from the build plate, and the supports removed with wire EDM cutting.  In 

contrast, the “stress-relieved” specimens were manufactured in the same way, after which they 

were inserted into the oven (whilst still attached to the build plate).  The oven was set to ramp-up 

from 25-1065°C for 240min, held at 1065°C for 90min and cool down from 1065°C to 25°C for 

1200min (20h).  Finally, these specimens were removed from the build plate utilising wire EDM 

cutting. 

 

4.2.4 Dry Electrochemical Polishing of Specimens 

After the samples were manufactured (and stress-relieved in some cases), the surfaces to be 

tested were dry electrochemically polished with a DLyte 1D polishing machine (GPAINNOVA, 

Spain), using CoCr Group: DLyte 01 for S1 Electrolyte.  Since we did not have access to 

electrolytes specifically for IN718, some settings needed to be changed on the machine for the 

Figure 4-5: Cubes after stress-relief (A) and all 0% hatch overlap cubes on the build plate 

(as-built cubes ground off) (B) 
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CoCr electrolyte to sufficiently polish the cubes.  The voltage was increased from 28V to 31V, and 

the humidity was also increased to amplify the current through the cubes.  The positive and 

negative charge times were 200s and 280s, respectively.  All cubes were sand-blasted after the 

first polishing cycle, with 25-70μm sand particles at a pressure of 4 bar for 4s to 8s per face.  The 

voltage was increased to 35V, and the humidity was increased once again using the input 

parameters on the DLyte machine. 

 

Cube surfaces were measured with an Amittari Dobamoni Surface Roughness Tester (DR-432B).  

According to the recommended operating parameters, the machine has a diamond probe pin with 

a 5μm radius and an accuracy of no more than ±10 %.  Even though the accuracy is not sufficient 

for roughness testing, it provided insight into the smoothness of the cube surfaces for Vickers 

indentation testing.  A Gaussian profile was used with a cut-off length of 2.5 mm to determine the 

Ra values across each surface.  After sand-blasting, average surface Ra values were around 

3.7μm for the X face and 3.0μm for the Y face.  Polishing for 1 hour, washing the specimen and 

polishing for another hour reduced the average surface Ra values to around 1.1μm for the X faces 

and 0.8μm for the Y faces.  The values differed slightly amongst all the polished cubes; therefore, 

polishing was deemed successful if the average surface roughness Ra value was evaluated to 

be lower than 1.5μm.  The six cube specimens to be measured using XRD were sent for analysis 

after the polishing was done. 

 

Two more polishing cycles were done on the cubes to be Vickers indented.  Again, these surfaces 

were evaluated under a microscope to visually determine the number of irregularities still present 

on the surfaces.  Polishing done during these cycles resulted in removing more of the surfaces of 

the cubes; however, it was necessary for obtaining sufficiently smooth surfaces for Vickers 

indentations to succeed. 

 

4.3 Vickers Micro-Indentations 

Two cuboids for each condition-parameter set were micro-indented using an M-400 Vickers 

hardness tester (manufactured by LECO) with a force of 0.5kgf for a period of 10s.  Vickers micro-

indentations were performed on two faces (the X-Z and Y-Z faces) of two cuboids in each 

condition, at locations depicted in Figure 4-6. 
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These indentations were then photographed using scanning electron microscopy (SEM) on a 

Phenom Pro Desktop SEM machine (Phenom-World BV., Eindhoven, Netherlands).  

Photographs were taken using the ‘Topo A’ feature, which meant that only one of the two available 

detectors were used, providing topographical data and more precise perimeters for measuring 

purposes.  The actual area and diagonal lines of each centre indentation were measured using 

FIJI (ImageJ) software.  Nominal areas were calculated using the two diagonal line lengths, and 

all measurements were used to calculate the surface residual stresses according to Equation 

(3.16) derived in Chapter 3.  Finally, von Mises stresses were calculated for comparative reasons 

using Equation (3.17). 

 

In addition to the centre indentations, four more were done for each location; at the top, bottom, 

left and right positions of the centre indentations, as illustrated in Figure 4-6.  The actual distances 

between the surrounding indentations and the centre indentations were within 300μm.  These 

extra indentations were taken to visually compare the geometries between indentations within 

small distances from another since they are expected to be nearly identical.  One cuboid in each 

condition-parameter set was indented in this way (six cuboids in total), whereas one cuboid in 

each condition-parameter set was indented at the centre locations with an additional indentation 

at the top and bottom, as shown in Figure 4-7. 

 

Figure 4-6: Vickers indentation locations for 1st cuboid group (Please note that the “+” 

marks are not to scale and are only indications of the actual micro-indentation locations) 



 

37 

 

Therefore, 90 micro-indentations were done per cuboid (for the 1st cuboid group) and 54 micro-

indentations for the 2nd cuboid group, which amounts to a grand total of 864 micro-indentations 

taken across all the cuboid specimens. 

 

4.4 Experimental X-Ray Diffraction 

XRD was done on the centre locations of one cube's X and Y faces in each condition-parameter 

set using the parameters presented in Table 4-4. 

 

Table 4-4: Parameters used for XRD evaluation 

Parameter Value 

Structure FCC 

Indices (hkl) 311 

Diffraction angle 2θ [°] 152 

Target Mn 

Target voltage [kV] 25 

Target current [mA] 5 

Exposure diameter [mm] 2 

X-ray incident angle [°] 0; ±8.23; ±14.06; ±27.0 

 

Phi angles were chosen according to the coordinate system shown in Figure 4-8. 

Figure 4-7: Vickers indentation locations for 2nd cuboid group (Please note that the “+” 

marks are not to scale and are only indications of the actual micro-indentation locations) 
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Residual stress measurements were taken on the three phi angles shown in Figure 4-8, and the 

maximum and minimum residual stress values were calculated from these measurements.  In 

addition, maximum shear stresses were also calculated from the measured values.  Obtained 

values were then compared to the data obtained from the Vickers micro-indentation method. 

  

Phi = 90° 

Phi = 45° 

Phi = 0° 

Support +Y 

+Z 

Figure 4-8: XRD coordinate system 
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CHAPTER 5  SIMULATIONS (INHERENT STRAIN METHOD) 

5.1 Manufacturing of Specimens for Simulation Calibration 

Cantilever specimens were manufactured for calibration of the simulation software (using the 

inherent strain method).  The cantilevers’ CAD files were obtained directly from the software to 

ensure exact dimensions and accurate results.  Four cantilever specimens were manufactured 

with the same process parameters as the cubes but with varying scan patterns.  Cantilevers were 

manufactured with a bi-directional raster scan pattern, with no rotation between layers, for three 

cases: one with scan direction in the longitudinal direction, one with scan direction in the 

transverse direction and one at 45° with respect to the previous two.  Images of these cantilevers 

are visible in Figure 5-1 (the black arrows indicate scan direction). 

 

 

Cantilever A and B were used for orthotropic calibration of the simulation software.  In addition, 

another cantilever was manufactured with a bi-directional scan pattern and 45° rotation between 

layers, which was used for isotropic calibration purposes.  After manufacturing, the cantilevers 

were wire-EDM cut, and the displacements of the top halves of the cantilever specimens were 

measured and input into the simulation software for calibration purposes, which will be described 

further. 

 

Figure 5-1: Cantilever specimens for calibration (A) longitudinal, (B) transverse and 

(C) 45° 
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5.2 Simulation Calibration 

Simufact Additive has the ability to calibrate for two distinct types of simulations, namely 

orthotropic and isotropic, where the orthotropic case calibrates for different inherent strain values 

in the X and Y directions, and the isotropic case calibrates a single value for both directions.  The 

orthotropic simulation is useful for simulating SLM components with no rotation between layers, 

and the isotropic simulation is adequate for the case of rotation between layers.  During all 

calibration and simulation processes, identical parameters were used, which are presented in 

APPENDIX A. 

 

5.2.1 Mechanical Orthotropic Calibration 

Calibrating the simulation software requires cantilevers to be wire-EDM cut and their 

displacements measured.  Displaced cantilevers can be seen in Figure 5-2. 

 

 

Displacement values of the three cantilevers are shown in Table 5-1.  The difference between the 

displacements of the longitudinal and transverse cantilevers is a clear indication of the anisotropic 

nature arising from the manufacturing technique, specifically the scan pattern (0° rotation between 

layers).  The anisotropic nature of SLM IN718 is frequently mentioned in literature [2, 7, 9, 13, 44, 

100]. 

 

 

Figure 5-2: Cut, displaced cantilevers (A) longitudinal, (B) transverse and (C) 45° 
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Table 5-1: Cantilever displacements 

Cantilever Measured Displacement [mm] 

A. Longitudinal 3.087 

B. Transverse 1.497 

C. 45° 2.725 1.68 

 

Displacements were measured at the centres of the top lip, at the highest points, as shown in 

Figure 5-3. 

 

 

For the 45° cantilever, the corners on both sides of the cantilever’s top lip were measured.  As 

can be expected, the amounts of deformation correlated with those of the longitudinal and 

transverse cantilevers, since the 45° cantilever deformed more on the side closest to where the 

longitudinal cantilever would have been.  Calibration of the inherent strain method relied on the 

software's capabilities to incorporate the actual longitudinal and transverse cantilever 

displacements in its simulation of the building and cutting processes of the 45° cantilever.  These 

displacements were measured using micrometers and vernier callipers, and the values of the 

longitudinal and transverse scan direction cantilevers were input into the simulation software.  The 

displacement of the 45° scan direction cantilever was used later for comparison.  The software 

was calibrated to produce the same displacement values (to within 1 %) of the manufactured 

cantilevers.  These values are shown in Table 5-2. 

 

Figure 5-3: Measuring points for longitudinal (“Part-1”) and transverse (“Part”) 

cantilevers 
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Table 5-2: Calibration values of longitudinal and transverse cantilevers 

Part zmax target [mm] zmax sim [mm] Δzmax [mm] Δzmax [%] 

Part-1 3.087 3.06 -0.027 0.134 

Part 1.497 1.499 0.002 0.875 

 

The build and cutting processes of the 45° cantilever were then simulated and compared to the 

deformation values of the manufactured version.  Figure 5-4 shows the manufactured cantilever 

on the left and the simulated cantilever on the right, showing the efficacy of the inherent strain 

method. 

 

 

The simulation results (incorporating the calibrated values from the longitudinal and transverse 

cantilevers) of the 45° cantilever are shown in Table 5-3.  Points 1 and 2 are shown in Figure 5-4. 

 

Table 5-3: Simulation values of 45° cantilever 

Simulation [mm] Measured [mm] Difference [%] 

Point 1 Point 2 Point 1 Point 2 Point 1 Point 2 

2.711 1.626 2.725 1.680 0.531 3.228 

 

It is worth noting that, during manufacturing, the SLM machine created a contour at the outer 

surfaces of the cantilevers (as shown in Figure 5-5, depicted with white arrows), which influenced 

Figure 5-4: Comparison between manufactured and simulated 45° 

cantilevers 
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the values of the displacement values measured.  The scan direction is also visible in Figure 5-5, 

indicated by the black arrow. 

 

 

These contours extended an average of 0.12 mm above the top of the cantilever surfaces 

(measured with a vernier calliper) and were present because of the default settings used in the 

slicing software, which were set to manufacture the specimens with a contour pattern followed by 

the applicable layer’s infill hatch.  Default process parameters used by the SLM machine for the 

contours are given in Table 5-4. 

 

Table 5-4: Contour process parameters 

Hatch 

overlap 
[%] 

Power 
[W] 

Scan 

speed 
[mm/s] 

Hatch 

distance 
[mm] 

Layer 

thickness 
[mm] 

Spot 

size 
[mm] 

Inert 

gas 

0 120.02 250 0.04 0.025 0.04 Nitrogen 

 

After the effects of these contours on the measured values were considered, the simulated results 

were within 5 % compared to the actual displacement values, and this way, the software was 

correctly calibrated and validated.  This calibration meant that the software could be used to 

simulate the cuboid specimens, and accurate results could be expected. 

 

5.2.2 Mechanical Isotropic Calibration 

Another cantilever was manufactured with 45° rotation between layers to calibrate the simulation 

software for the isotropic (mechanical) case.  This cantilever was cut in the same manner as the 

cantilevers for the orthotropic case, and the displacements were measured after deformation.  

Calibration occurred identically to the orthotropic case, with the only difference being the 

Figure 5-5: Longitudinal cantilever contour 
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assumption that, for the case where rotation between manufacture layers are present, inherent 

strains (and, ultimately, stresses) are equal in both the X and Y directions. 

 

5.2.3 Thermo-Mechanical Isotropic Calibration 

In addition to the orthotropic and isotropic calibrations, a thermal calibration was done using the 

calibrated values from the isotropic calibration.  During the thermo-mechanical calibration, a 

single point on the centre of the top surface of the cantilever was specified and calibrated to reach 

a temperature of 2000°C, according to the literature [66].  An exposure energy fraction of 33.5 % 

was estimated by the thermo-mechanical calibration and used throughout the subsequent 

simulations.  Calibrating in this way incorporates the mechanical values obtained from the 

isotropic calibration.  The calibration accounts for the temperature gradients in the build plate; 

therefore, the mechanical properties of the build plate needed to be specified.  For this purpose, 

the default C45_baseplate was used as provided by Simufact Material™. 

 

5.3 Simulation Method 

After the calibration process, the simulation software used the inherent strain method to simulate 

the SLM process of manufacturing the specimens and, ultimately, the residual stresses across 

the surfaces of the specimens.  First, cantilevers A and B were used to calibrate the simulation 

software for the orthotropic solution of cuboid simulations.  Next, Cantilever C was used to verify 

that the calibration was successful by comparing the measured displacement values of this 

cantilever to the simulated cantilever (at 45° between the transverse and longitudinal cantilever).  

After this was done, the fourth cantilever (with 45° rotation between layers) was used to calibrate 

the simulation software for the isotropic solution of cuboid simulations.  Since the anisotropic 

effects of SLM components are mainly dependent on the scanning direction (when no rotation 

between layers is present), it is assumed that any cantilever with rotation between layers could 

be used, and the resulting displacements would be the same in the longitudinal as well as the 

transverse directions. 

 

Various simulations were run, including mechanical (orthotropic and isotropic) and thermo-

mechanical (isotropic) simulation types, to acquire a complete idea of the distribution of residual 

stresses across the surfaces of the specimens.  Stress relief simulations were enabled by using 

temperature and time tables that the simulation software could use.  Data obtained from the 

simulations could then be exported for use by external programs.  MatLab was used to evaluate 

and extract specific simulation values at the locations used for the Vickers indentation methods.  

Nine data points surrounding the location of interest were extracted and averaged for this 

purpose. 
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CHAPTER 6  RESULTS 

This chapter discusses some aspects of the manufacturing and sample preparation process, after 

which the results are given.  A comparison of data is then made in Chapter 6. 

6.1 Vickers Micro-Indentation Tests 

6.1.1 Microscopic Evaluation 

SEM images were taken of each indentation across all indented specimens as described in 

Vickers Micro-Indentation.  An SEM photograph of one group of these indentations (taken on the 

X face of a cube in the stress-relieved condition, at the bottom centre location) is shown in Figure 

6-1. 

 

 

As shown in Figure 6-1, all surrounding indentations were within 300μm of the centre indentation.  

Indentations were not made within 2.5 times the diagonal length of each other since this may 

have influenced the obtained data [82, 101].  However, some surface defects were still present, 

and individual indentations were made as close as possible to the chosen location while avoiding 

the defects.  The individual indentations of this specific location are shown in Figure 6-2. 

Figure 6-1: SEM photograph of all indentations on a stress-relieved cube on the X 

face, at the bottom centre location 



 

46 

 

Indentations depicted in Figure 6-2 clearly show differences between indentation geometries, 

which, however slight, may ultimately lead to varying residual stress values, which should not 

vary too much in such proximity.  In cases where centre locations could not be measured, whether 

due to microscopic inclusions or failed indentations, the indentations in the top and bottom 

positions were used, and their average was taken as the value for that location.  The centre 

indentations at each location were evaluated in FIJI (ImageJ) software.  Scale bars on the SEM 

photos were used to set the scale in the software for measuring purposes.  The multi-point tool in 

FIJI (ImageJ) was used to select the indentation perimeter, after which a polygon was created 

from the selected points.  The actual area could then be measured using the newly created 

polygon.  Measuring the two diagonals followed, and the data was then used to calculate the 

surface residual stresses using Equation (6.1).  The measuring process is depicted in Figure 6-3. 

Figure 6-2: Indentation designations: top (1); left (2); centre (3); right (4); 

bottom (5) 
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Figure 6-3 A depicts the selection of the indentation perimeter, and Figure 6-3 B shows the 

perimeter of the indentation that was measured.  The measured data for the indentation shown 

in Figure 6-3 is presented in Table 6-1. 

 

Table 6-1: Measured values of the stress-relieved cube with 0 % hatch distance overlap, 

X face, bottom centre location, centre indentation 

Parameter Value 

L1 (vertical) 48.75μm 

L2 (horizontal) 49.15μm 

Actual area 1206.96μm2 

Nominal area 1198.05μm2 

 

The hardness values, actual and nominal areas and diagonal lengths of the indentations were 

evaluated using these photographs, and the data was input into Equations (6.1) and (6.2), which 

were derived in Chapter 3. 

 𝜎𝑟𝑒𝑠 = 𝜎0 × ([
8 × 𝑃

3 × 𝜎0 × (𝐿1 + 𝐿2)
2
]

1
𝑛
−  0.08)

𝑛

×

{
 
 

 
 

𝑒

[
1 − 

8×𝐴𝑟𝑒𝑎𝑙
(𝐿1+𝐿2)

2

0.32
]

− 1

}
 
 

 
 

 (6.1) 

 

 

Figure 6-3: Stress-relieved cube with 0% hatch distance overlap, X face, bottom centre 

location, centre indentation measurement.  Perimeter selection (A), polygon to be 

measured (B). 
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 𝐻𝑉 =
0.1891 × 𝐹

𝐿2
 (6.2) 

Using these formulae, the residual stress value obtained from the indentation in Figure 6-3 was -

31.33 MPa, indicating compressive stress.  The Vickers hardness value was calculated as 387 

HV.  Finally, using Equation (2.1), presented in Chapter 3, the Von Mises stress at this location 

was calculated. 

 𝜎𝑟𝑒𝑠 = 

[
 
 
 
 

𝜎0 × ([
8 × 𝑃

3 × 𝜎0 × (𝐿1 + 𝐿2)
2
]

1
𝑛
−  0.08)

𝑛

×

{
 
 

 
 

𝑒

[

8×𝐴𝑟𝑒𝑎𝑙
(𝐿1+𝐿2)

2 − 1

0.32
]

− 1

}
 
 

 
 

]
 
 
 
 

 (6.3) 

Residual Von Mises stress calculated from the indentation in Figure 6-3 was 32.07 MPa.  The 

magnitude of this value is close to the residual stress value since both are relatively small, and 

the difference between the Equations is not substantial.  The only difference is that the sign has 

changed between the area ratios, and the absolute value is calculated. 

 

6.1.2 Residual Stress Data Obtained from Vickers Micro-Indentations 

Surface residual stresses calculated using the Vickers indentation method were predominantly 

compressive, as seen in literature [82].  Residual stress values were compared in 3x3 grids across 

each X and Y surface.  Conditional formatting was used to highlight the differences in values and 

for visual comparison of trends noticed.  Surface graphs of all cubes are included in APPENDIX 

B.  Table 6-2 presents the surface residual stresses measured on the surfaces of the as-built 

specimens. 
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Table 6-2: Residual stresses calculated from Vickers indentations (as-built) 

As-built cube surfaces 

Calculated surface residual stresses [MPa] 

Cube and face Values Cube and face Values 

0A: X face 

115 -60 154 

0A: Y face 

-37 -27 -60 

-149 -178 -19 83 -144 -13 

-228 -79 -99 -18 -70 40 

0B: X face 

-210 52 0 

0B: Y face 

-105 44 89 

112 -63 -144 -108 -23 -51 

-84 -17 -87 -107 -85 -116 

5A: X face 

-81 -16 -38 

5A: Y face 

-112 -258 -32 

-210 -75 -186 -155 5 -225 

-271 87 -284 -311 42 -97 

5B: X face 

9 -20 -247 

5B: Y face 

57 -109 -50 

-235 143 -169 -90 -34 -238 

-72 71 -1 24 -97 -317 

10A: X face 

63 -42 -35 

10A: Y face 

-1 -118 -123 

7 -189 -255 -108 9 -209 

-42 -102 68 -100 12 -130 

10B: X face 

-120 43 -142 

10B: Y face 

40 -250 -48 

-134 -133 -102 -145 11 -88 

-69 -38 18 -77 -13 -268 

 

-400 -300 -200 -100 0 100 200 

Colour Scale [MPa] 

 

Conditional formatting was set so that compressive stresses (negative values) were increasingly 

blue with an increase in magnitude, zero values were set to white, and tensile stresses (positive 

values) were increasingly red with an increase in magnitude.  Calculated values are seen to be 

predominantly compressive, with some tensile stresses present.  There is, however, no 

discernible trends present.  Cubes manufactured with the same hatch distance (0 %, 5 % and 10 

% overlap) show very little correlation with each other.  The X and Y faces of the same cubes also 

show minimal similarity with each other.  For further evaluation, the average residual stress values 

across each surface were calculated and are shown in Table 6-3. 
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Table 6-3: Average residual stress calculated from Vickers indentations (as-built) 

Average surface residual stresses [MPa] 

Cube and face Values Cube and face Values 

0A: X face -60.4 0A: Y face -27.2 

0B: X face -48.8 0B: Y face -51.4 

5A: X face -119.2 5A: Y face -126.9 

5B: X face -57.8 5B: Y face -95.0 

10A: X face -58.5 10A: Y face -85.5 

10B: X face -75.3 10B: Y face -93.2 

 

-200 -150 -100 -50 0 

Colour Scale [MPa] 

 

Considering the average surface residual stress values in Table 6-3, it is observed that the X and 

Y faces of individual cubes differ considerably, from 5 % to 64 %.  Average stress values of cubes 

with identical hatch distances do not correlate well, and no trend can be discerned with increasing 

hatch distance overlap.  Cube 5A shows the highest compressive values, which seems like an 

outlier. 
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Stress-relieved cubes were evaluated in the same way as the as-built cubes.  It was expected 

that these stresses would be much lower than those of the as-built cubes.  Residual stress values 

calculated on the surfaces of the stress-relieved cubes are shown in Table 6-4. 

 

Table 6-4: Residual stresses calculated from Vickers indentations (stress-relieved) 

Stress-relieved cube surfaces 

Calculated surface residual stresses [MPa] 

Cube and face Values Cube and face Values 

0C: X face 

-211 -135 -330 

0C: Y face 

-43 -341 -230 

-165 -71 -176 -224 93 -200 

-41 -31 -127 -41 -241 -118 

0D: X face 

-234 -169 8 

0D: Y face 

-296 -322 -227 

-269 -173 -60 -208 -323 -253 

-293 -41 -97 -323 -310 -242 

5C: X face 

-23 -206 -248 

5C: Y face 

-296 -54 -393 

22 -297 -274 -242 -224 -215 

-35 -274 -332 -163 -148 -297 

5D: X face 

-499 -366 -344 

5D: Y face 

-258 -573 -265 

-243 -479 -349 -288 -321 -230 

-81 -79 -286 -171 -491 -386 

10C: X face 

-441 -349 -360 

10C: Y face 

-381 -588 -290 

-194 -341 -310 -264 -365 -298 

-302 -204 -360 -377 -322 -380 

10D: X face 

-171 -633 -276 

10D: Y face 

-255 -358 -438 

-359 -342 -323 -350 -416 -403 

-375 -395 -434 -332 -412 -310 

 

-750 -600 -450 -300 -150 0 150 

Colour Scale [MPa] 

 

The stress-relieved cubes contain very high compressive surface residual stresses across all 

surfaces.  The maximum and minimum residual stress values of the stress-relieved cubes were 

93 MPa and -633 MPa, respectively.  Stress distribution patterns do not provide clear trends and 

are not comparable, even across the X and Y faces of individual cubes.  Average residual stress 

values in the stress-relieved condition are presented in Table 6-5. 
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Table 6-5: Average residual stress calculated from Vickers indentations (stress-relieved) 

Average surface residual stresses [MPa] 

Cube and face Values Cube and face Values 

0C: X face -143.1 0C: Y face -149.4 

0D: X face -147.5 0D: Y face -278.4 

5C: X face -185.1 5C: Y face -225.9 

5D: X face -302.9 5D: Y face -331.4 

10C: X face -317.8 10C: Y face -362.7 

10D: X face -367.3 10D: Y face -363.9 

 

-400 -300 -200 -100 

Colour Scale [MPa] 

 

A vague trend of increasing compressive residual stresses can be seen when comparing the 

average surface values.  Apart from cube 0B, the average values of individual cube X and Y faces 

differ in a range from 1 % to 22 %, which is much less than those of the as-built cubes.  Average 

residual stresses across the Y faces are frequently higher than those across the X faces of the 

same specimen.  Residual stress magnitudes are much higher than expected on all cube 

surfaces. 
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Average stresses per cube were evaluated (taking the average stresses across the X and Y 

faces), and the stress reduction between the as-built and stress-relieved cubes were calculated.  

These stress reductions are shown in Table 6-6. 

 

Table 6-6: Average stress reduction per cube 

Average stress per cube 

Cube 
As-built 
[MPa] 

Stress-relieved 
[MPa] 

Reduction 
[%] 

0A: 0C -43.8 -146.2 238 

0B: 0D -50.1 -212.9 324 

5A: 5C -123.1 -205.5 67 

5B: 5D -76.4 -317.1 315 

10A: 10C -72.0 -340.3 369 

10B: 10D -84.2 -365.6 334 

 

0 -100 -200 -300 

Colour Scale [MPa] 

 

Stress reduction values from the as-built condition to the stress-relieved condition are primarily 

above 200 %, with cube 5A being an outlier.  Average reductions in stress values per hatch 

distance were calculated using the X and Y surface average stresses of both cubes per hatch 

distance, except for the 5 % hatch distance overlap cubes, where cube 5A was regarded as an 

outlier and not used.  These values are displayed in Table 6-7. 

 

Table 6-7: Average stress reduction per hatch distance 

Average stress per hatch distance 

Cube 
As-built 
[MPa] 

Stress-relieved 
[MPa] 

Reduction 
[%] 

0 % -47.0 -179.6 282 

5 % -76.4 -261.3 242 

10 % -78.1 -352.9 352 

 

0 -100 -200 -300 -400 

Colour Scale [MPa] 

 

Average stress reduction was very high (above 280 %) for all hatch distances.  The highest 

reduction in stress was with the 10 % hatch distance overlap cubes.  From these calculated 

values, stress relief was successful. 

 



 

54 

6.1.3 Von Mises Stress Data Obtained from Vickers Micro-Indentations 

The Von Mises stresses were calculated at matching locations as the residual stresses using 

Equation (2.1).  Von Mises stresses calculated on the as-built cubes are shown in Table 6-8. 

 

Table 6-8: Von Mises stresses calculated from Vickers indentations (as-built) 

As-built cube surfaces 

Calculated surface Von Mises stresses [MPa] 

Cube and face Values Cube and face Values 

0A: X face 

103 64 133 

0A: Y face 

38 27 63 

172 209 20 77 164 13 

282 85 109 18 75 39 

0B: X face 

257 50 0 

0B: Y face 

116 42 82 

102 67 164 119 23 54 

90 17 94 118 91 128 

5A: X face 

88 16 39 

5A: Y face 

125 326 33 

253 80 219 178 5 277 

350 81 371 418 41 105 

5B: X face 

9 20 316 

5B: Y face 

54 121 53 

295 126 199 98 35 299 

77 66 1 24 106 432 

10A: X face 

60 44 36 

10A: Y face 

1 132 138 

6 226 326 119 8 255 

44 111 64 109 12 146 

10B: X face 

133 42 162 

10B: Y face 

39 311 50 

150 151 112 165 11 95 

73 40 17 83 13 347 

 

0 100 200 300 400 500 

Colour Scale [MPa] 

 

Similar to the calculated residual stress results, the Von Mises stresses do not show clear trends 

across the surfaces of the as-built cubes.  Values differ considerably between the X and Y faces 

of individual cubes, and no trend or pattern can be discerned from these results.  Average values 

were also calculated per face for further evaluation, and these values are shown in Table 6-9. 
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Table 6-9: Average Von Mises stresses calculated from Vickers indentations (as-built) 

Average surface Von Mises stresses [MPa] 

Cube and face Values Cube and face Values 

0A: X face 130.8 0A: Y face 57.3 

0B: X face 93.5 0B: Y face 86.0 

5A: X face 166.3 5A: Y face 167.5 

5B: X face 123.1 5B: Y face 135.7 

10A: X face 101.8 10A: Y face 102.4 

10B: X face 97.7 10B: Y face 123.6 

 

0 50 100 150 200 

Colour Scale [MPa] 

 

No clear trend is visible from the average values presented in Table 6-9.  Average surface Von 

Mises stresses tend to be higher on the Y faces than on the corresponding X faces; however, this 

trend is not visible for cubes 0A and 0B.  Von Mises stresses calculated on the stress-relieved 

cubes are included in Table 6-10. 
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Table 6-10: Von Mises stresses calculated from Vickers indentations (stress-relieved) 

Stress-relieved cube surfaces 

Calculated surface Von Mises stresses [MPa] 

Cube and face Values Cube and face Values 

0C: X face 

250 149 427 

0C: Y face 

45 447 274 

187 89 201 268 87 233 

42 32 140 52 289 129 

0D: X face 

281 191 7 

0D: Y face 

374 417 273 

333 198 63 244 436 308 

369 42 105 419 400 293 

5C: X face 

23 242 302 

5C: Y face 

377 57 536 

22 378 349 293 266 253 

36 345 437 186 165 376 

5D: X face 

785 502 458 

5D: Y face 

317 967 328 

296 747 465 365 422 274 

86 85 362 197 746 533 

10C: X face 

671 467 494 

10C: Y face 

552 1037 379 

225 452 405 339 510 394 

396 240 497 545 435 547 

10D: X face 

202 1107 347 

10D: Y face 

314 483 649 

506 454 418 464 601 584 

526 558 645 435 606 399 

 

0 200 400 600 800 1000 1200 
Colour Scale [MPa] 

 

Surface Von Mises stresses do not correlate across the X and Y faces of individual cubes.  Stress 

values are much higher than those of the as-built cubes, which is unexpected.  Further evaluation 

required the calculation of the average surface Von Mises stresses across each surface.  These 

average values are shown in Table 6-11. 
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Table 6-11: Average Von Mises stresses calculated from Vickers indentations (stress-

relieved) 

Average surface Von Mises stresses [MPa] 

Cube and face Values Cube and face Values 

0C: X face 168.5 0C: Y face 202.6 

0D: X face 176.6 0D: Y face 351.5 

5C: X face 237.3 5C: Y face 278.6 

5D: X face 420.5 5D: Y face 461.1 

10C: X face 427.5 10C: Y face 526.5 

10D: X face 529.2 10D: Y face 503.8 

 

150 250 350 450 550 

Colour Scale [MPa] 

 

Average Von Mises stresses seem to increase with increasing hatch distance.  Values are also 

generally higher on the Y faces than on the corresponding X faces of each cube, except for cube 

10B.  The very high Von Mises stress on the Y face of cube 0B seems to be an outlier. 

 

6.1.4 Hardness Data Obtained from Vickers Micro-Indentations 

As a measure of validation, hardness values were also measured from the SEM photographs, 

using the lengths of the diagonals.  Vickers hardness values for the as-built cubes are shown in 

Table 6-12. 
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Table 6-12: Vickers hardness values of as-built cubes 

As-built cube surfaces 

Vickers hardness [HV] 

Cube and face Values Cube and face Values 

0A: X face 

293 314 286 

0A: Y face 

317 301 297 

320 340 306 304 333 321 

334 312 302 317 324 307 

0B: X face 

329 310 306 

0B: Y face 

310 295 289 

312 315 322 327 326 320 

338 312 320 331 346 351 

5A: X face 

317 342 337 

5A: Y face 

323 349 321 

351 341 345 343 342 340 

342 324 343 343 356 337 

5B: X face 

309 293 325 

5B: Y face 

304 320 313 

327 291 316 310 309 332 

313 295 315 325 330 339 

10A: X face 

304 308 303 

10A: Y face 

308 318 331 

308 333 334 328 311 326 

309 328 317 331 325 334 

10B: X face 

346 339 333 

10B: Y face 

310 363 317 

354 321 338 345 327 326 

341 340 333 329 325 335 

Average hardness per cube surface [HV] 

0A: X face 311.9 0A: Y face 313.4 

0B: X face 318.1 0B: Y face 321.7 

5A: X face 338.2 5A: Y face 339.4 

5B: X face 309.4 5B: Y face 320.1 

10A: X face 316.1 10A: Y face 323.5 

10B: X face 338.3 10B: Y face 330.8 

 

250 275 300 325 350 375 400 425 

Colour Scale [HV] 

 

Hardness values measured on the as-built cubes vary from 286 HV to 363 HV.  Most of these 

cubes are, on average, harder on the Y face than on their X faces, except for cube 10B.  No clear 

trends can be discerned with varying hatch distances.  Vickers hardness values of the stress-

relieved cubes are presented in Table 6-13. 
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Table 6-13: Vickers hardness values of stress-relieved cubes 

Stress-relieved cube surfaces 

Vickers hardness [HV] 

Cube and face Values Cube and face Values 

0C: X face 

389 406 409 

0C: Y face 

389 406 405 

397 405 409 389 387 404 

396 387 394 395 407 398 

0D: X face 

399 399 387 

0D: Y face 

403 402 385 

394 388 391 403 377 399 

402 385 387 402 394 398 

5C: X face 

380 392 388 

5C: Y face 

390 387 419 

376 394 363 399 400 410 

388 374 390 385 392 405 

5D: X face 

389 384 392 

5D: Y face 

392 399 387 

383 378 396 386 381 399 

373 369 389 369 409 396 

10C: X face 

366 390 377 

10C: Y face 

349 385 351 

389 393 374 338 365 345 

364 385 373 346 350 352 

10D: X face 

313 419 382 

10D: Y face 

390 393 382 

356 393 401 402 385 369 

370 383 375 398 366 398 

Average surface residual stresses [MPa] 

0C: X face 399.2 0C: Y face 397.9 

0D: X face 392.4 0D: Y face 395.9 

5C: X face 382.9 5C: Y face 398.6 

5D: X face 383.8 5D: Y face 390.9 

10C: X face 378.9 10C: Y face 353.5 

10D: X face 376.9 10D: Y face 386.9 

 

250 275 300 325 350 375 400 425 

Colour Scale [HV] 

 

Vickers hardness values range from 313 HV to 419 HV.  Hardness generally remains constant 

across cube surfaces, with no clear trends showing in any direction.  However, average values 

show a general trend of decreasing hardness with increasing hatch distance overlap. 

 

6.2 X-Ray Diffraction Data 

XRD measurements were taken on the centre locations on each face for a single cuboid specimen 

per condition-parameter set.  The maximum and minimum values of each of these measurements 

are shown in Table 6-14 
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Table 6-14: Centre location XRD values 

As-built cubes XRD 

Hatch 
overlap 

[%] 

Max Stress [MPa] Min stress [MPa] Average [MPa] 

X Y X Y X Y 

0 1080.00 1045.00 346.99 363.29 713.50 704.15 

5 -771.80 -785.74 -866.60 -877.88 -819.20 -831.81 

10 -691.48 -632.45 -839.71 -793.98 -765.60 -713.22 

Stress-relieved cubes XRD 

Hatch 
overlap 

[%] 

Max Stress [MPa] Min stress [MPa] Average [MPa] 

X Y X Y X Y 

0 -549.64 -30.83 -665.21 -52.22 -607.425 -41.525 

5 -40.81 -0.93 -92.19 -94.38 -66.5 -47.655 

10 -787.22 -833.23 -845.36 -956.52 -816.29 -894.875 

 

-900 -600 -300 0 300 600 900 1200 

Colour Scale [MPa] 

 

The as-built cube specimen with 0 % hatch distance overlap showed very high surface residual 

stresses in the centres of both faces, close to the material's ultimate tensile strength.  X and Y 

faces corresponded well with each other.  As-built cubes with 5 % and 10 % hatch distance 

overlaps showed very high compressive stresses on both their faces. 

 

Stress-relieved cubes were expected to have very low stresses, which is displayed by both faces 

of the 5 % hatch distance overlap cube and the Y face of the 0 % hatch distance overlap cube.  

Comparison of the stresses in the as-built and stress-relieved conditions required two faces that 

were observed to be free of the compression effect.  The Y faces of the 0 % overlap cubes 

satisfied this condition, and multiple points on each of these faces were evaluated using XRD.  

Nine locations on the Y face were chosen for this purpose, as shown in Figure 6-4. 
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Locations were the same as chosen for the Vickers indentation tests.  The XRD results obtained 

from these tests are shown in Table 6-15. 

 

Table 6-15: XRD results of 0 % overlap cubes in the as-built and stress-relieved condition 

Hatch overlap [%] As-built Y face [MPa] Stress-relieved Y face [MPa] 

0 

1030.44 1013.66 963.37 -35.18 8.71 -28.04 

950.52 992.95 916.32 -37.54 -27.55 -37.02 

551.09 705.57 569.00 -19.93 -55.37 -48.41 

Average 854.77 -31.15 

 

-100 100 300 500 700 900 1100 

Colour Scale [MPa] 

 

Average residual stress values across the Y faces of the 0 % hatch distance overlap cubes show 

that the stress-relieving was successful.  Residual stress values on the Y face of the as-built cube 

are highly tensile, and the values are close to the material's ultimate tensile strength.  Values 

seem to decrease from the top locations of the face to the bottom.  Values on the bottom locations 

of this face are much lower than the rest of the values.  The values on the face of the stress-

relieved cube are mostly compressive, and the highest stress magnitude is 55 MPa, which is 

virtually negligible. Slight differences are visible across the cube face, and a single tensile value 

is present at the centre top location, although this value is relatively small.  The same trend is 

visible as with the as-built cube; stresses seem to decrease and become increasingly tensile from 

top to bottom.  The low compressive stress at the bottom left location of the stress-relieved cube 

is the only exception to this trend. 

 

Figure 6-4: Locations for XRD evaluation 
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6.3 Simulation Data 

Since the data obtained from the Vickers indentation tests did not correlate well, simulations were 

done using the inherent strain method (with Simufact Additive) to evaluate the expected surface 

residual stresses in the cuboid specimens.  Tangential stresses were simulated since these 

stresses act in the surfaces of the specimens; therefore, the tangential stresses are comparable 

to the stresses calculated from the Vickers indentation tests.  In addition, the Von Mises residual 

stress data that was obtained using a similar equation were also simulated.  Simulation data was 

firstly extracted from the simulation software as “.arc” files, extracted using the included Arc Tool 

software, and finally, input into MatLab for evaluation.  Scatter plots were created using this data, 

and plots like those shown in Figure 6-5 are helpful for visual understanding of the distribution of 

the residual stresses on the surfaces of the cubes. 

 

6.3.1 Orthotropic Calibration: As-Built Cube Data 

Orthotropic as-built cubes were calibrated with two cantilevers as explained under 5.2.1.  The 

tangential and Von Mises stresses are shown in Figure 6-5. 

 

 

Stress distribution patterns of both the tangential and Von Mises stresses correlate across both 

faces, with slight differences between the Von Mises stresses on the X and Y faces.  Tangential 

stresses do not vary much across the surfaces, whereas the Von Mises stresses increase from 

the bottom upwards, with the highest stresses present in the upper centre regions.  Average 

surface tangential stress values for the orthotropic as-built cubes are 130 MPa for the X face and 

Figure 6-5: Tangential and Von Mises stresses on the orthotropic simulation, as-built 

cube surfaces 
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152 MPa for the Y face.  Average surface Von Mises stresses are 718 MPa for the X face and 

733 MPa for the Y face. 

 

6.3.2 Orthotropic Calibration: Stress-Relieved Cube Data 

Orthotropic stress-relieved cubes were calibrated in the same manner as the as-built orthotropic 

cubes.  In addition, stress-relief heat treatments were input into the simulation software, and the 

resulting stresses were then obtained.  As expected, these stresses are much lower than those 

obtained from the as-built simulations.  The tangential and Von Mises stresses on the X and Y 

faces are presented in Figure 6-6. 

 

Tangential and Von Mises stresses on the surfaces of the stress-relieved orthotropic cubes are 

very low and follow the same stress distribution patterns as those of the as-built cubes.  

Furthermore, minuscule deviations in the stress distribution patterns across the bottoms of the 

Von Mises stresses are present, where the stresses increase relative to the rest of the cube 

surfaces.  Average surface tangential stress values for the orthotropic as-built cubes are 3 MPa 

for the X face and 4 MPa for the Y face, and average surface Von Mises stresses are 10 MPa for 

both faces.  These amount to stress reductions of ~98 % for the Von Mises stresses and ~97 %, 

indicating that the stress-relief simulations were successful. 

 

6.3.3 Mechanical Calibration: As-Built Cube Data 

Mechanical cubes were calibrated using a single cantilever with 45° rotation between its layers, 

as described in 5.2.2.  Tangential and Von Mises stress distributions on the X and Y faces are 

presented in Figure 6-7. 

Figure 6-6: Tangential and Von Mises stresses on the orthotropic simulation, stress-

relieved cube surfaces 
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Tangential stress distributions differ somewhat from those on the orthotropic as-built cube 

surfaces.  Slight increases in stress values are present on the left side of the X face, and on the 

right side of the Y face.  Von Mises stress distributions of the mechanical as-built cubes are 

practically identical to those of the orthotropic as-built cubes.  Average surface tangential stresses 

are 239 MPa for the X face and 232 MPa for the Y face, and average surface Von Mises stresses 

for the mechanical as-built cubes are 726 MPa for the X face and 720 MPa for the Y face.  Average 

tangential stresses differ from the orthotropic cubes by about 46 % and 35 % for X and Y faces, 

respectively, whereas average Von Mises stresses are within 2 %. 

 

6.3.4 Mechanical Calibration: Stress-Relieved Cube Data 

Stress-relieving simulations were done in the same way as the orthotropic stress-relieved cube.  

Tangential and Von Mises stresses of the stress-relieved mechanical cubes are shown in Figure 

6-8. 

 

Figure 6-7: Tangential and Von Mises stresses on the mechanical simulation, as-built 

cube surfaces 
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Surface tangential stresses and Von Mises stresses follow the same distribution patterns as those 

of the as-built mechanical cubes, with lower stress values.  The same phenomenon is seen with 

the orthotropic cubes, where the Von Mises stress distributions of the stress-relieved cubes differ 

at the bottom of the cubes.  Since the tangential stresses of the mechanical as-built cubes were 

much higher than those of the orthotropic cubes, the high tangential stress values present in the 

stress-relieved mechanical cubes are expected.  Average surface tangential stresses are 6 MPa, 

and average surface Von Mises stresses are 10 MPa and 6 MPa, respectively, for the X and Y 

faces.  Stresses correlate well between the X and Y faces, and the stress values are minor, 

indicating successful stress-relief simulation. 

 

6.3.5 Thermo-Mechanical Calibration: As-Built Cube Data 

Thermo-mechanical cubes were simulated using mechanical calibration methods, together with 

thermal calibration, as explained in 5.2.3.  Tangential and Von Mises stress distributions across 

the surfaces of the thermo-mechanical cubes are shown in Figure 6-9. 

 

Figure 6-8: Tangential and Von Mises stresses on the mechanical simulation, stress-

relieved cube surfaces 
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Stress distributions for the tangential and Von Mises stresses are practically the same as those 

of the mechanical as-built cubes.  Higher surface tangential stresses are visible at the centres of 

both the X and Y surfaces and Von Mises stresses are significant across both surfaces.  Average 

surface tangential stresses are 239 MPa and 233 MPa, respectively, for the X and Y faces, and 

average surface Von Mises stresses are 705 MPa and 719 MPa, respectively, for the X and Y 

faces.  These values are within 0.2 % of those of the mechanical as-built cubes. 

 

6.3.6 Thermo-Mechanical Calibration: Stress-Relieved Cube Data 

Thermo-mechanical cubes in the stress-relieved condition were calibrated and simulated in the 

same way as the thermo-mechanical as-built cubes, with the stress-relief stage simulated using a 

table inserted into the simulation program.  Tangential and Von Mises stresses of the stress-

relieved thermo-mechanical cubes are presented in Figure 6-10. 

 

Figure 6-9: Tangential and Von Mises stresses on the thermo-mechanical simulation, as-

built cube surfaces 
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Surface tangential and Von Mises stresses correlate well with orthotropic and mechanical stress-

relieved cubes in distribution and magnitude.  Surface tangential stress distributions display 

similar distributions and magnitudes as those of the mechanical stress-relieved cubes, and the 

distributions are similar to the as-built cases, with decreased values.  Average surface tangential 

stresses are 7 MPa for both the X and Y faces and average surface Von Mises stresses are 11 

MPa for both the X and Y faces.  These values are within 5 MPa of those of the mechanical as-

built cubes. 

 

6.4 Simulation Data: Specific Surface Values 

Multiple simulations were run to better understand the expected residual stress values across the 

surfaces of the as-built and the stress-relieved cube specimens.  These stresses will be compared 

between the different simulation types and between the simulated values and the calculated 

residual stress values obtained from the Vickers indentation method.  Residual tangential 

stresses across the surfaces of the simulated specimens are included in Table 6-16. 

 

Figure 6-10: Tangential and Von Mises stresses on the thermo-mechanical simulation, 

stress-relieved cube surfaces 
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Table 6-16: Simulated residual tangential stresses in the as-built condition 

As-built cube surfaces 

Simulated tangential surface stresses [MPa] 

Cube and face Values Cube and face Values 

Orthotropic X 
Tangential 

117 135 95 
Orthotropic Y 

Tangential 

109 148 125 

168 142 120 152 169 184 

139 166 118 143 204 150 

Mechanical X 
Tangential 

210 236 149 
Mechanical Y 

Tangential 

136 225 210 

302 275 230 203 269 310 

257 319 194 165 322 263 

Thermo-Mechanical X 
Tangential 

210 231 145 
Thermo-Mechanical Y 

Tangential 

136 221 211 

301 275 207 203 269 309 

256 322 175 165 326 263 

Average simulated tangential surface stresses 

Orthotropic X 
Tangential 

133 
Orthotropic Y 

Tangential 
154 

Mechanical X 
Tangential 

241 
Mechanical Y 

Tangential 
234 

Thermo-Mechanical X 
Tangential 

236 
Thermo-Mechanical Y 

Tangential 
234 
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Colour Scale [MPa] 

 

Considering the respective X and Y faces, it is observed that the stress distributions are mirrors 

of each other.  Average values differ between X and Y faces of the same simulation type.  

Differences are 16 % for the orthotropic simulation, 3 % for the mechanical simulation and 41 % 

for the thermo-mechanical simulation.  Tangential stresses of the stress-relieved simulated cubes 

are shown in Table 6-17. 

 



 

69 

Table 6-17: Simulated residual tangential stresses in the stress-relieved condition 

Stress-relieved cube surfaces 

Simulated tangential surface stresses [MPa] 

Cube and face Values Cube and face Values 

Orthotropic X 
Tangential 

5 4 4 
Orthotropic Y 

Tangential 

5 5 5 

4 4 3 4 5 4 

3 4 2 3 4 3 

Mechanical X 
Tangential 

9 8 7 
Mechanical Y 

Tangential 

6 8 10 

7 8 5 5 8 8 

4 8 3 3 7 5 

Thermo-Mechanical X 
Tangential 

10 9 7 
Thermo-Mechanical Y 

Tangential 

7 8 11 

9 9 6 6 9 9 

4 8 3 3 8 5 

Average simulated tangential surface stresses 

Orthotropic X 
Tangential 

4 
Orthotropic Y 

Tangential 
4 

Mechanical X 
Tangential 

7 
Mechanical Y 

Tangential 
6 

Thermo-Mechanical X 
Tangential 

7 
Thermo-Mechanical Y 

Tangential 
7 
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Colour Scale [MPa] 

 

The tangential stresses in the stress-relieved condition show an apparent reduction in magnitude, 

and the thermo-mechanical simulated cubes in this condition are predominantly compressive, in 

stark contrast to the entirely tensile nature of the other simulation types.  The stresses on the 

individual X and Y faces are comparable in distribution and magnitude.  The Von Mises stresses 

across the surfaces of the simulated cubes are shown in Table 6-18. 

 



 

70 

Table 6-18: Simulated Von Mises stresses in the as-built condition 

As-built cube surfaces 

Simulated Von Mises surface stresses [MPa] 

Cube and face Values Cube and face Values 

Orthotropic X 
Von Mises 

899 973 905 
Orthotropic Y 

Von Mises 

900 974 898 

899 958 894 896 1020 898 

449 541 444 443 618 445 

Mechanical X 
Von Mises 

878 954 882 
Mechanical Y 

Von Mises 

881 959 881 

890 946 887 886 1005 886 

444 530 443 437 604 437 

Thermo-Mechanical X 
Von Mises 

876 953 873 
Thermo-Mechanical Y 

Von Mises 

879 958 879 

889 947 856 884 1006 885 

441 530 405 434 603 434 

Average simulated Von Mises surface stresses 

Orthotropic X 
Von Mises 

774 
Orthotropic Y 

Von Mises 
788 

Mechanical X 
Von Mises 

761 
Mechanical Y 

Von Mises 
775 

Thermo-Mechanical X 
Von Mises 

752 
Thermo-Mechanical Y 

Von Mises 
774 
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Colour Scale [MPa] 

 

Simulated Von Mises stresses correlate well between the different simulation types and between 

the X and Y faces of the individual simulation types.  Average Von Mises stresses are generally 

higher on the Y faces than on the X faces; however, the differences are relatively small.  From 

the Von Mises stress Equation, all stress values are positive.  The highest values are very close 

to the ultimate tensile strength of as-built IN718 SLM specimens (from 1040 MPa to about 1300 

MPa), indicating that the as-built cubes are indeed highly stressed.  Simulated Von Mises stresses 

on the surfaces of the stress-relieved cubes are presented in Table 6-19. 
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Table 6-19: Simulated Von Mises stresses in the stress-relieved condition 

Stress-relieved cube surfaces 

Simulated Von Mises surface stresses [MPa] 

Cube and face Values Cube and face Values 

Orthotropic X 
Von Mises 

15 15 15 
Orthotropic Y 

Von Mises 

15 15 15 

11 13 11 11 13 11 

5 8 5 5 8 5 

Mechanical X 
Von Mises 

15 15 15 
Mechanical Y 

Von Mises 

15 15 15 

11 13 11 11 13 11 

5 8 5 5 8 5 

Thermo-Mechanical X 
Von Mises 

16 17 16 
Thermo-Mechanical Y 

Von Mises 

16 17 16 

13 14 12 13 14 13 

5 9 4 5 9 5 

Average simulated Von Mises surface stresses 

Orthotropic X 
Von Mises 

11 
Orthotropic Y 

Von Mises 
11 

Mechanical X 
Von Mises 

11 
Mechanical Y 

Von Mises 
11 

Thermo-Mechanical X 
Von Mises 

12 
Thermo-Mechanical Y 

Von Mises 
12 

 

0 4 8 12 16 

Colour Scale [MPa] 

 

Von Mises stresses on the surfaces of the mechanical and orthotropic cubes are the same, 

whereas the thermo-mechanical surface Von Mises stresses differ somewhat.  All stresses 

correlate well with each other and across X and Y faces of each simulation type.  Maximum Von 

Mises stresses have been reduced by more than 98 % for all simulation types. 
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CHAPTER 7  DISCUSSION 

This chapter will compare results obtained from the Vickers indentation method to the results 

obtained from XRD techniques.  Simulation data will also be compared to see if the inherent strain 

method could be used to obtain usable data. 

7.1 Vickers Data vs X-Ray Diffraction Data 

7.1.1 As-Built Cubes 

According to the Vickers micro-indentation data obtained, the as-built cube surfaces contained, 

on average, compressive stresses across all surfaces.  Average residual stresses ranged from -

27 MPa to -127 MPa, which is unexpected.  In a similar study by Balbaa et al. [9], surface residual 

stresses in the as-built condition were measured using XRD and found to be between 327 MPa 

and 497 MPa (tensile) for mainly the same process parameters as those used in the current study 

[9].  Residual stresses have been said to increase with build height; however, only some cube 

faces in the as-built condition obey this trend [9, 43, 56].  Other studies have found values ranging 

from 50 MPa to 800 MPa at specimen surfaces [44, 59, 102]. 

 

XRD values on the surfaces of the as-built cubes presented high tensile stresses on the 0 % 

hatch distance overlap specimen and highly compressive stresses on each of the faces of the 5 

% and 10 % hatch distance overlap cubes.  The highly tensile values on the 0 % hatch distance 

overlap cube are present across both the X and Y faces and correlate more with literature than in 

other cases [44, 59, 102].  Residual stress values calculated using the Vickers micro-indentation 

method and XRD at the centres of the as-built are included in Table 7-1. 

 

Table 7-1: Comparison of centre location residual stresses of cubes in the as-built 

condition 

Measuring 
technique 

0 % hatch 5 % hatch 10 % hatch 

X Y X Y X Y 

XRD 713.50 704.15 -819.20 -831.81 -765.60 -713.22 

Vickers A -177.93 -143.89 -74.60 4.83 -189.29 8.50 

Vickers B -63.39 -22.94 143.00 -33.76 -133.18 10.63 

 

-900 -600 -300 0 300 600 900 

Colour Scale [MPa] 

 

Comparing the residual stresses calculated on the centres of the faces, significant variations are 

apparent between all data points.  In addition, stresses measured utilising Vickers micro-

indentations are low in magnitude compared to the XRD values. 
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7.1.2 Stress-Relieved Cubes 

Specimens in the stress-relieved condition show higher magnitudes of compressive stresses than 

those in the as-built condition.  XRD results indicate incredibly high compressive stresses; 

however, the differences in results between the two methods used are substantial.  Residual 

stress values calculated using the Vickers micro-indentation method and XRD at the centres of 

the stress-relieved cubes are included in Table 7-2. 

 

Table 7-2: Comparison of centre location residual stresses of cubes in the stress-relieved 

condition 

Measuring 
technique 

0 % hatch 5 % hatch 10 % hatch 

X Y X Y X Y 

XRD -607.43 -41.53 -66.50 -47.66 -816.29 -894.88 

Vickers C -75.90 92.88 -297.21 -223.92 -340.77 -365.25 

Vickers D -173.00 -316.24 -478.70 -320.85 -341.68 -416.50 

 

-1000 -800 -600 -400 -200 0 200 

Colour Scale [MPa] 

 

XRD results for the cube with 0 % hatch distance overlap showed highly compressive stresses 

on the X face and very low compressive stresses on the Y face, which is unexpected since the X 

and Y faces are generally supposed to exhibit approximately equal stress values [29, 103]. 

 

Cubes evaluated with the Vickers micro-indentation technique were polished longer, as well as 

sand-blasted, as discussed earlier (under 4.2.4), which meant that more material was removed 

from these specimens (at most 0.24 mm).  According to literature, IN718 specimens exhibit higher 

tensile stresses from the outer perimeter inwards up to about 1 mm deep [59].  In the study by 

Ahmad et al. [59], the samples were manufactured with three perimeter passes.  This 

phenomenon of increasing tensile stresses was not seen in the current study since the Vickers-

evaluated cubes displayed lower residual stresses than those measured with XRD.  XRD data on 

the surfaces of the as-built cubes either showed highly tensile stress values or highly compressive 

stresses.  Alternatively, XRD values on the surfaces of the stress-relieved cubes showed 

minuscule stress values (under 100 MPa tensile or compressive) or highly compressive stresses.  

It was decided that the two cubes with 0 % hatch distance overlap would be tested across their Y 

faces since these faces exhibited what was believed to be stresses with no external stress-

causing factors.  These two faces were XRD evaluated at identical locations used for the Vickers 

micro-indentations tests, and the results are shown in Table 7-3. 
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Table 7-3: XRD values across the Y face of a single as-built and stress-relieved cube 

Hatch overlap [%] As-built Y face [MPa] Stress-relieved Y face [MPa] 

0 

1030.44 1013.66 963.37 -35.18 8.71 -28.04 

950.52 992.95 916.32 -37.54 -27.55 -37.02 

551.09 705.57 569.00 -19.93 -55.37 -48.41 

Average 854.77 -31.15 

 

-100 100 300 500 700 900 1100 

Colour Scale [MPa] 

 

When evaluating the values across these two faces, the first observation was that the residual 

stresses increased with build height, as seen in literature [9, 43, 56].  Average values indicated a 

reduction in residual stress of about 104 %, and the stress-relieved cube exhibited stresses close 

to zero (with the highest magnitude being 55.37 MPa).  This reduction in values proved the 

success of the stress-relieving procedure.  Low stresses at the bottoms of both cubes are 

probably caused by the grinding-off of the supports and removal from the build plate [7]. 

 

Since the residual stress data obtained from the Vickers indentation tests did not correlate well 

(with each other and with XRD values), a single indentation was used and measured twice to 

evaluate the effect of minor deviations on the resulting residual stress values.  The measured 

indentation is shown in Figure 7-1. 
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The first set of values in Figure 7-1 (values 1 to 3) was measured from the inner perimeter, and 

the second set of values (4 to 6) was measured from the outer perimeter.  A 𝑐2 value of 0.978 

was obtained from the inner perimeter and a 𝑐2 value of 0.956 from the outer perimeter.  The 

difference was a decrease of 2 %, and the resulting residual stress values were 99 MPa and 196 

MPa for the inner and outer perimeters, respectively.  This difference resulted in a 49 % increase, 

which is quite large, seeing as the 𝑐2 value only differed by 2 %.  This analysis shows the 

sensitivity of Equation (6.1) to changes in the area ratio. 

 

7.2 Suspected Causes of Data Discrepancies 

Removal of the specimens from the base plate may have caused some stress-relaxation and 

deformation of the specimens, causing misleading results [7, 30].  The sand-blasting process may 

have been severe enough to cause plastic deformation, and the measured stresses are not 

representational of the actual stresses built-up during the SLM process [104, 105].  Upon 

inspection, contours around the perimeter of the cubes were still intact after sand-blasting and 

polishing.  It has been observed that specimens fabricated with a contour contain higher tensile 

Figure 7-1: Human error in the measurement technique 
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residual stresses (at and near the surface) than specimens fabricated without a contour, by 

around 250 MPa [103].  Since the dry electrochemical polishing delivered different results under 

the same conditions, some cubes were polished more than others.  This difference in polishing 

times probably has little effect on the stresses present in the sample; however, the amount of 

material removed differed between each specimen and each face since some specimens needed 

to be polished for longer to obtain the required surface roughness for Vickers indentations.  

Specimen dimensions were measured before and after polishing, and the maximum amount of 

material removed was 0.24 mm.  Considering the shallow penetration depth of XRD 

measurements (at most 0.01 mm), this may have caused the drastic discrepancies in the obtained 

values compared to the Vickers indented specimens.  The macroscale unevenness (or waviness) 

as seen in Figure 7-2 may have led to untrustworthy Vickers indentations since the Vickers 

indenter needs to be as close to perpendicular as possible to the sample surface [101, 103]. 

 

 

7.3 Hardness Results 

The hardness values of the as-built specimens (ranging from 286 HV to 363 HV) correlated well 

with those found in the literature (~320 HV to about 400 HV), albeit somewhat lower [5, 35, 82, 

106, 107].  Hardness values across the stress-relieved cube faces (ranging from 313 HV to 419 

HV) are slightly lower than those found in the literature (~457 HV to about 500 HV) [5, 6, 35, 82].  

These lower values are probably the result of using different heat treatment methods, such as 

solution annealing, which was not the case in the current study.  Additionally, the contour with 

which the specimens were manufactured may have also affected the hardness values measured 

on the surfaces [6, 108, 109]. 

 

7.4 Simulated Data vs Vickers Micro-Indentation Data 

Since surface results obtained from the Vickers micro-indentation method did not exhibit clear 

trends across the faces, average values of each face were compared to simulated surface 

Figure 7-2: Surface unevenness/waviness of cuboid specimens 
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tangential stresses and Von Mises stresses.  Average surface tangential stresses were graphed 

in comparison with the calculated residual stresses.  The graph is shown in Figure 7-3. 

 

 

Average simulated surface tangential stresses in the as-built condition are tensile, and the 

different simulation types correlate well.  Orthotropic simulated values in the as-built condition are 

slightly lower than those of the mechanical and thermo-mechanical values.  Stress-relieved cube 

surfaces show very low tensile tangential stresses.  Calculated surface residual stresses show 

no correlation with these stresses.  Discrepancies between the measured and simulated data 

may arise from the failure of the simulation program to simulate the physical post-processes used 

in the experimental procedure, specifically, the sand-blasting process and the dry electrochemical 

polishing process.  With the simulation program being unable to simulate the contours used to 

manufacture the specimens, the simulated values could not account for the stress differences 
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caused by these contours [99].  It has also been shown that residual stresses near the surfaces 

of specimens change considerably within 1 mm from the surface [59, 110].  Additionally, the 

inherent strain method has been shown to differ from experimental data by up to 17 % [111].  

Values calculated using Equation (3.17) were compared to the simulated Von Mises stresses and 

are shown in Figure 7-4. 

 

 

Average simulated Von Mises stresses in the as-built condition are highly tensile.  After simulated 

stress-relief, Von Mises stresses reduce to low tensile values, nearing zero.  Von Mises stresses 

calculated using Equation (3.17) do not exhibit these trends; on the contrary, these stresses 

appear to become increasingly tensile after stress relief.  This dissimilarity between the calculated 

and simulated values confirm that this specific Equation cannot be used to calculate Von Mises 

stresses from Vickers indentation methods.  Discrepancies in the above data may be due to the 
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same causes mentioned for the tangential stresses.  In addition, the Equation used for calculating 

this data may introduce some errors not seen in previous studies [15, 83, 84]. 
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CHAPTER 8  CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The main objective of the current study was to evaluate the efficacy of the Vickers micro-

indentation method to evaluate surface residual stresses of IN718 specimens manufactured with 

SLM.  Several cuboid specimens were manufactured from IN718 powder, utilising the SLM 

process, and their surfaces were evaluated for surface residual stresses.  Some of the specimens 

were kept in the as-built condition, and half were stress-relieved, after which all specimens were 

sand-blasted for short periods and dry electrochemically polished.  Lateral surfaces of each 

cuboid specimen were indented with a Vickers micro indenter, and the residual stresses were 

calculated from the geometries of the indentations by applying Equation (3.16) (derived from [16]) 

and Equation (3.17) (from [15, 83, 84]).  Specimens that were not evaluated using the Vickers 

micro-indentation method were evaluated using XRD methods.  After it was seen that the values 

calculated from the Vickers indentations did not correlate between the lateral faces of individual 

cubes, lateral faces of cubes manufactured with the same processing parameters and measured 

XRD values, the inherent strain method was used (through simulation) to evaluate the surface 

residual stresses of cuboid specimens. 

 

The study showed that the Vickers indentation method could not be used with certainty to 

calculate the residual stresses at the surfaces of SLM specimens.  The main concern with this 

method is that the specimen surfaces need to be completely smooth and even to obtain 

trustworthy Vickers indentations, and with the observed irregularity across the surfaces of the 

specimens, this cannot be done without a substantial amount of post-processing.  Post-process 

polishing may not influence the stresses present; however, the amount of material that needs to 

be removed from the specimen surfaces will cause measurements to provide data on the sub-

surface regions of the specimens, thereby invalidating the data, specifically when the surface 

stresses need to be measured.  Some human error in the measuring process of the Vickers 

indentations will, of course, also be present, and it was seen that minor deviations in the 

measuring technique led to significant variations in calculated residual stress values.  It was also 

seen that the sand-blasting effect resulted in high compressive values on the surfaces of cuboid 

specimens since this method mimics the mechanisms of a shot-peening process, albeit less 

intense.  Lower Vickers hardness values were observed and can be ascribed to the manufacturing 

of contours in the specimens, which were still present after dry electrochemical polishing.  It was 

observed and substantiated by the literature that the presence of the contour during the 

manufacturing process may have led to discrepancies in the results [6, 108, 109]. 
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Additionally, the inherent strain method (using Simufact Additive) could not account for the post-

processes used in the study and could therefore not be used confidently to evaluate the surface 

residual stresses across the specimen faces.  Simulated values could not account for the stress 

differences caused by contour scans during manufacturing [99].  It has also been shown that 

residual stresses near the surfaces of specimens change considerably within 1 mm from the 

surface [59, 110].  Additionally, the inherent strain method has been shown to differ from 

experimental data by up to 17 % [111]. 

 

8.2 Recommendations 

Some recommendations are provided for future studies based on the work done in the current 

study.  Recommendations include the following: 

• Specimens of exact dimensions used in the study may be manufactured without the 

contour scans used during manufacturing.  Evaluating these specimens may provide 

insight into the effects of the contour on the stresses measured. 

• The effect of not including the sand-blasting post-process may be evaluated. 

• Electrochemical polishing using liquid electrolytes may be used instead of dry 

electrochemical polishing to smooth the specimen surfaces. 

• Mechanical polishing may be used to achieve adequate surface uniformity, and these 

surfaces should then be evaluated using the Vickers indentation method with XRD. 

• The correlation between density and residual stresses may also be evaluated in future 

studies. 

• The effect of inert gas flow direction may be studied to determine whether this could cause 

differences in measured surface residual stresses between perpendicular specimen 

faces. 
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APPENDIX A CALIBRATION PARAMETERS 

 

Mechanical properties used during the calibration and simulation processes are shown in Table 

A-1. 

 

Table A-1: Mechanical properties of IN718 

Yield strength [MPa] Ultimate tensile strength [MPa] Elastic modulus [GPa] 

758 1040 190 

 

Build parameters used for calibration purposes are shown in Table A-2. 

 

Table A-2: Build parameters used during calibration 

Parameters of single laser 

Parameter Value Unit 

Beam width 0.12 [mm] 

Power 107 [W] 

Scan speed 630 [mm/s] 

Efficiency 50 [%] 

Material IN-718_powder - 

 

In addition to these parameters, voxel sizes of 0.25 mm were used for all calibration and 

simulation types.  Material properties were taken as default from Simufact Material™.  Thermal 

properties were used considering the differences with temperature increase, as shown in Table 

A-3 [112]. 
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Table A-3: Thermal parameters for solid IN718 

Temperature 
[K] 

Thermal conductivity 
[W/mK] 

Emissivity 

298 8.9 0.54 

373 10.8 0.53 

473 12.9 0.53 

573 15.2 0.53 

673 17.4 0.53 

773 18.7 0.54 

873 20.8 0.54 

973 21.9 0.54 

1073 26.9 0.54 

1173 25.8 0.54 

1273 26.7 0.54 

1373 28.3 0.54 

1443 29.3 0.54 

1609 444 0.33 

1673 444 0.33 

1773 444 0.34 

1873 444 0.34 
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APPENDIX B SURFACE RESIDUAL STRESS RESULTS 

FROM VICKERS MICRO-INDENTATION TESTS: AS-BUILT 

CUBES 
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Figure B-1: Surface residual stresses of cube 0A [MPa] 
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Figure B-2: Surface residual stresses of cube 0B [MPa] 
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APPENDIX C SURFACE RESIDUAL STRESS RESULTS 

FROM VICKERS MICRO-INDENTATION TESTS: STRESS-

RELIEVED CUBES 

 

 

1.67

5

8.33

1.67 5 8.33

0D X Face

-300--200 -200--100 -100-0 0-100

1.67

5

8.33

1.67 5 8.33

0D Y Face

-400--300 -300--200 -200--100 -100-0

1.67

5

8.33

1.67 5 8.33

0C X Face

-400--300 -300--200 -200--100 -100-0

1.67

5

8.33

1.67 5 8.33

0C Y Face

-400--300 -300--200 -200--100 -100-0 0-100
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Figure C-2: Surface residual stresses of cube 0D [MPa] 
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