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Abstract 

 
AN ANALYTICAL DESIGN OF EXPERIMENTS METHOD FOR FATIGUE 

CONSTRAINED DESIGN OPTIMIZATION OF  

3D PRINTED STRUCTURE 

 

Ashish Pokharel, MS 

 

The University of Texas at Arlington, 2018 

 

Supervising Professor: Robert M. Taylor 

A design of experiments approach has been used to analytically determine a low 

cycle fatigue (LCF) constraint for use in design optimization of 3D printed structures. In 

context of metal additive manufacturing, the process of melting, solidification and 

consolidation of metal powder introduces very high temperature gradient field within the 

build which in turn results in high compressive stresses at the core and tensile stresses at 

the outer surface of the part after it has cooled down to room temperature post build. An 

approach of finite element modeling in ANSYS Additive has been used to develop a 

residual stress profile throughout the build in bridge shaped specimens, keeping the build 

boundary temperature considerably less than melting temperature of the metal. The effect 

of these stresses on the fatigue life is predicted using Coffin Manson’s model based on 

plastic strain state produced by high residual stresses superimposed with external loading. 

Furthermore, equations were developed using linear regression to generate a response 

surface as a function of span and thickness of the models which could be used for any 

range of values of these dimensions to represent the fatigue life as well as distortions. With 

consideration of structural response shown by the specimens, the current work 
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demonstrates a method in using the developed equations for shape optimization of the 

printed parts.  
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Chapter 1  

Introduction 

 Additive manufacturing (AM) is one of the revolutionary cutting-edge technology 

which enables freeform fabrication of functional 3D components achieving surpass of 

design restrictions economically, in contrast to the subtractive process (Brackett, et al., 

2011) (Vayre, et al., 2012). Additive manufacturing in its early phases of development was 

primarily used for fabrication of the prototypes of designs and thus, the process was termed 

as “Rapid Prototyping” or “3D printing”. However, it was not until the capability of this 

technology was realized that it could produce end use functional parts after which the term 

“Additive Manufacturing” gained its popularity. With additive, parts featuring any geometric 

complexity could be produced with considerably less lead time as the steps of tooling and 

post-processing is either reduced to a minimal extent or eliminated (Gu et al., 2012). 

Furthermore, the range of materials AM encompasses is from plastics, composites to 

metals and many more. Due to ability to work with wide range of materials and inherent 

design flexibility its scope and capability have been realized from part repairs to direct part 

manufacturing in applications of automotive industry, aerospace industry, medical devices, 

dental implants, furnitures, fabrics, etc. 

 In context of metal additive manufacturing especially selective laser melting (SLM), 

parts with almost 99% density can be achieved with very fine features (Wang, 2012). 

Despite of this, many challenges have been identified with previous researches which 

address sensitivity of process parameters to the quality of build that directly impacts parts’ 

microstructures, anomalies, etc. which may be detrimental to the integrity of structural 

components (Gorelik, 2017). Additionally, repetitive melting and re-solidification process 

involved within millions of powder particles impose very high temperature gradient field 

resulting in residual stresses that have been proven to have deleterious effect in terms of 
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structural strength of the printed parts (Protasov et al., 2016) (Roberts, 2002). One of the 

major effects of these stresses is part distortion post-removal off the base plate and 

supports, thus, compensating geometric accuracy of the part that might be critical in case 

of load bearing structures and assemblies. On the other hand, these stresses are also 

detrimental to fatigue life of the structural components due to the superposition effect with 

externally applied loads. 

 Realizing the potential of additive manufacturing to surpass design complexity, the 

conventional designs are being modified in order to leverage lightweight structures using 

topology optimization in combination with shape and size optimization enabling reduction 

of mass of the component maintaining its structural integrity. This report is primarily 

focused on using an approach of design of experiments to establish a low cycle fatigue 

and distortion constraint which can be used in design optimization of 3D printed structures. 

An approach of finite element modeling in ANSYS Additive has been used to develop 

residual stress profile throughout the build in bridge shaped specimens to predict the 

distortions. The effect of these stresses on the low cycle fatigue regime is predicted using 

Coffin Manson’s model based on plastic strain state produced by high residual stresses 

superimposed with externally applied load. The optimization process involves generating 

response surface equations for the LCF life and deformations and using multi-objective 

genetic algorithm to find the dimensions that best define the structural responses. 

 

 

 
 
 
 
 
 



3 
 

Chapter 2  

Background 

This chapter presents a brief introduction to the general additive manufacturing 

process and the different techniques involved in this process with a specific focus to the 

powder bed fusion (PBF) process. Pros and cons of PBF process being specific to selective 

laser melting fusion mechanism, the distortion effect caused by residual stresses on 

different geometries of parts and also its effect on strength and fatigue life from the 

perspective of previous research works are highlighted.  

2.1 Additive Manufacturing  

Additive manufacturing (AM) also referred to as 3D printing is defined as “process 

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

opposed to subtractive manufacturing methods” (ASTM, 2012). Here, 2D surfaces are 

stacked upon one another until the dimensions of supplied 3D CAD data is achieved for 

end-use application without any need for tooling as opposed to conventional means. 

Elimination of tooling minimizes the knowledge and skillset required by an AM user on the 

contrary to complex traditional manufacturing user (Gibson et al., 2015).  

The process generally starts from creating a solid model of the product using a 

CAD software and converting it into .STL file as small triangular facets. AM also facilitates 

fabrication of reverse engineered data obtained by the means of 3D scanning. The STL 

model is then pre-processed for adjusting its orientation in the build chamber after which 

the regions that may require support structures can be identified. The support structures 

can be pre-modeled according to requirement along with the part or it may be generated 

automatically. After proper orientation is determined and the support structures are defined, 

a slicing software is used to digitally slice the model into thin cross-sections and the G-
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code file is obtained which contains the coordinates for the feeding nozzle (or laser-in case 

of SLM process) to move around inside the build chamber to deposit (or melt) the material. 

 

Figure 2-1 General Additive Manufacturing Process 

Source: http://globaltrends.thedialogue.org/wp-content/uploads/2014/11/Could-3D-

Printing-Change-the-World-Technologies-Potential-and-Implications-of-Additive-

Manufacturing.pdf 

Eliminating tooling, stacking up layers, etc. benefits a user in many different ways 

some of which are summarized as follows (Attaran, 2017) (Gibson, et al., 2015): 

• Parts with any complex shape like lattice structures, internal cavities, and many 

other features can be fabricated. 

• The amount of resources required (in terms of aerospace applications, the bye to 

fly ratio) is significantly reduced with AM as compared to the subtractive process. 

• In some cases, the post-processing of the fabricated parts can be fully eliminated 

i.e. printing the parts for end use applications. 

• AM enables mass customization which enables customers to get personalized 

product within a short period of time. 
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• Cost saving by on-site or on-demand manufacturing i.e. products can now be 

fabricated where it is needed, eliminating transportation cost. 

There are a number of techniques by which the parts can be fabricated by stacking up 

layers for different types of material. Few of these categories are discussed briefly in the 

following section: 

2.1.1 Additive Manufacturing Categories 

VAT Photopolymerization:  

  In this process polymerization of photo-sensitive resin is done for solidification by 

irradiation with the ultraviolet light (Skoog et al., 2014). This is carried out on a base plate 

immersed in the resin which moves down a layer thickness repetitively until the part is built. 

Material Extrusion: 

 This process is famous for printing thermoplastic polymers like Polylactic Acid 

(PLA), Acrylonitrile Butadiene Styrene (ABS), etc. Here, the polymer filaments are heated 

in a chamber with heating coils wrapped around to reduce the viscosity of the material. The 

chamber directly connects to a nozzle/extruder from which the material is extruded onto a 

substrate and the subsequent layers. The quality of the part fabricated from this process 

mainly depends on its orientation during the build, layer thickness, hatch spacing and raster 

pattern (Chennakesava & Narayan, 2014).  

Material Jetting: 

 Here, the material is passed through a heated nozzle fully melting it and similar to 

2D inkjet printing process, the droplets are deposited and solidified layer by layer. The 

accuracy of the build, its strength and stiffness characteristics, and also surface roughness 

are all mostly dependent on the part orientation in the build chamber (Yap, et al., 2017). 

 

 



6 
 

Binder Jetting: 

 Similar to material jetting, in this process, droplets are deposited via. a heated 

nozzle, however, the droplets aren’t made up of the material of the actual product to be 

printed, instead, they are made of binders which is deposited to bind the powder particles 

to form a 3D model. Post processing is required to burn off the binder and sinter the powder 

particles together. With similitude to powder bed fusion, density of the deposited powder 

controls the mechanical properties of the parts fabricated with this process (Inaekyan, et 

al., 2016). 

Powder Bed Fusion Process (PBF): 

 PBF is a metal 3D printing process where powder is deposited onto the substrate 

or previous layer through a blade or roller system and heat energy from laser or electron 

beam is directed onto the deposited layer either to sinter or melt the particles for fusion. 

Based on the type of heat energy source used, PBF process can be further categorized 

into Selective Laser Melting/Sintering (SLM and SLS) and Electron Beam Melting (EBM). 

Although metal additive manufacturing brings about design freedom and additional 

design flexibility to fabricate functional structural parts with complex geometry and effective 

bye to fly ratio (in aerospace industry), they are severely affected in terms of geometric 

accuracy and strength due to built-in residual stresses and porosity. These stresses are 

introduced by repetitive melting and cooling process also known as subsequent thermal 

cycling layer by layer which causes high thermal gradient within the build (Vrancken, 2016). 

Consequently, it is necessary to understand the coupling effect of thermo-mechanical 

behavior of AM processed materials. Hence, further topics in this chapter includes residual 

stresses and distortions and understanding effects of these parameters as well as defects 

on structural response in high cycle and low cycle fatigue regimes. 



7 
 

2.1.2 Selective Laser Melting 

 
Figure 2-2 SLM process (Yap, et al., 2015) 

SLM is one of the binding mechanisms in powder bed fusion process where the 

particles are consolidated by melting a layer and allowing it to solidify during a part build in 

an inert environment. The inert build chamber ensures that reactions causing the formation 

of metal oxides are prevented. During the build, a very thin layer of powder of about 20 to 

100 𝜇𝑚 is spread across the base plate (made of same material), the laser acts as a heat 

source which scans the deposited layer according to the provided coordinates. The 

recommended range of layer thickness provides a reasonable tradeoff between powder 

flowability and the resolution of the part (Yap, et al., 2015). Further, the base plate is 

preheated to considerably high temperature and the powder bed is maintained at a 

temperature just below the melting point in order to minimize thermal gradient within the 

part and also laser power needed to melt the deposited layer (Gibson, et al., 2015). Laser 

power required to melt the metal completely depends on the material being used, whereas, 

number of lasers/heat sources depends on the process requirement. With this technique, 

high density parts with comparatively good surface finish can be obtained and it also has 

the potential to fabricate fine/thin structures up to about 0.1 mm thickness (Wang, 2012) 

(Mullen, et al., 2009). The final shape and quality of the part are driven by influence of the 

process parameters involved in SLM technique such as laser scan speed, hatch spacing, 
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laser power, layer thickness, etc. that has to be addressed before any part is actually 

printed. 

 

Figure 2-3 Process parameters involved in SLM (Yap, et al., 2015) 

SLM Process Parameters 

 The parameters shown in figure 2-3 have following major categories (Gibson, et 

al., 2015): 

• Laser power, spot size, duration and frequency 

• Scan speed, spacing, and pattern 

• Powder particle size, layer thickness, properties and bed density 

• Temperature of the base plate, powder feeder, and the powder bed 

Even though these parameters do not depend on each other, one could be influenced by 

another. For example, the powder bed temperature defines the heat energy required by 

the laser to melt the particles and size of the particles define energy absorptivity. However, 

among the above-mentioned parameters, the ones that are commonly modified in order to 

improve the quality of build are laser power, scan speed, layer thickness, temperatures 
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and hatch spacing (Yap, et al., 2015). Coupling large layer thickness with low laser power 

and high scan speed usually results in balling phenomenon caused by degradation of the 

wetting ability of the melt pool which is considered to be a deleterious effect to the quality 

of the built part (Li, J., et al., 2012). Furthermore, large hatching space causes lack of fusion 

between the adjacent scan which would be later retained in the part as defects, again 

detrimental to the quality and strength of the build. Therefore, an optimum combination of 

these parameters is required to ensure high density, strength and supplied CAD shape of 

the build. For example, Gong, et al., (2014) have studied relation between laser scan speed 

and laser power to achieve the build quality with greater density for Ti-6Al-4V. 

 

Figure 2-4 Relation between two SLM process parameters (Laser Power Vs Scan Speed) 

to achieve high density parts (Gong, et al., 2014) 

Here, zone 𝐼 is the optimum zone where full density parts were achieved whereas, zone 𝐼𝐼 

and 𝐼𝐼𝐼 are accounted for over-melting and under-melting respectively, both resulting in 

copious porosity in the build either in gaseous form or due to lack of fusion. OH is the 

overheated zone which only aids to amplify the defect density by influencing gas porosity.  
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2.2 Residual Stress 

Residual stresses are the stresses retained by a solid body after external or in-

service loads on the part have been removed and equilibrium state is achieved (Mercelis 

& Kruth, 2006). Externally applied load could take forms as thermal gradient, fluid pressure, 

force, moments, etc. which are resisted by a structural component. When a metallic load 

bearing structure is subjected to any of these loads that may cause nonuniform plastic 

deformation, some part of the stresses would remain inside the material as residual 

stresses (Vrancken, 2016). These stresses are not only limited to metals but could also be 

present in all kinds of solid bodies like polymers, composites, wooden ply, etc. The primary 

source of cause of residual stresses in metals could be directly correlated with the process 

parameters used in manufacturing techniques. For example, in welding, when two metallic 

parts are melted locally to form a single welded joint, the heat generated in the melt pool 

would be sufficient enough to cause inhomogeneous plastic deformation at elevated 

temperature due to local softening which in turn results in high localized residual stresses 

(Leggatt, 2008). They have not ever been disadvantageous, for example, compressive 

stresses introduced at the surface of a metal via. Shot Peening (a cold working process) 

would cause plastic deformations, however, it strengthens the part and also increases 

fatigue crack propagation life (Miao, Demers, Larose, Perron, & Lévesque, 2010). Another 

example could be frequent high cooling rates imposed on glass plates which can induce 

compressive stresses at the surface of the plates which increases resistance to load 

preventing crack propagation (Mercelis & Kruth, 2006). 

 In general, residual stresses can also be understood in terms of scale of self-

equilibrating length (Vrancken, 2016). 𝑇𝑦𝑝𝑒 𝐼 residual stress occurs in a macroscale and it 

distributes itself across an entire part causing large amount of deformations. Further, 

𝑇𝑦𝑝𝑒 𝐼𝐼 is one of the microscale residual stresses which occurs over a few number of grains 
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and is ubiquitous in almost all polycrystalline materials. Finally, 𝑇𝑦𝑝𝑒 𝐼𝐼𝐼 residual stresses 

are defined over even smaller scale and may occur within a single grain in a crystalline 

structure in the form of defects like dislocations and vacancies. 

In additive manufacturing, the primary source of cause of these stresses is the 

presence of high thermal gradient throughout the part during its build. According to Mercelis 

& Kruth (2006), in the SLM process, residual stresses induce in the part with two 

mechanisms: 

1) When the laser melts the powder deposited at the top layer of the part, the 

expansion of the melt pool would be resisted by material underneath which causes 

compressive stresses to be induced in the layer. In extreme temperatures, the yield 

stress of the metal decreases, causing the induced stresses to produce plastic 

deformations. 

2) During cooldown phase of the material, shrinkage occurs which also affects 

previously deposited material underneath the layer. This results in tensile residual 

stress at the top layer, whereas, compressive at the bottom.  

 

Figure 2-5 Stresses during heating and cooling in SLM (Mercelis & Kruth, 2006) 

In a temperature gradient environment, the induced stresses can be represented with 

following equation: 

𝜎(𝑇) = 𝐸(𝑇) ∗ 𝛼𝐶𝑇𝐸(𝑇) ∗ (𝑇𝑚 − 𝑇) (Vrancken, 2016) 



12 
 

It is important to notice that 𝐸(𝑇) and 𝛼(𝑇) are temperature dependent and these 

parameters along with 𝑇𝑚 are material specific properties. Hence, the only controllable 

parameter in the above equation is 𝑇 which could either be the preheat temperature of the 

base plate or the powder bed temperature. In SLM process this may not be enough to 

completely define the stress state since there are other parameters which could entirely 

depend on user input like scan speed, layer thickness, etc. proven to have influence on the 

residual stress. However, the residual stress is also bounded by melting temperature of 

the material which cannot be user defined. Higher melting temperature in combination with 

low powder bed and preheat temperature causes larger thermal gradient and hence larger 

stresses and vice versa.  

Stresses accumulate in the part anchored at the base plate until the final layer is 

fused with the underlying material and they are retained in the part even after the system 

cools down to the room temperature. Cutting off the part from the baseplate significantly 

reduces these stresses due to relaxation and the stresses are relaxed even more after 

removal of the support structures (if present). This phenomenon results in a very noticeable 

deformation of the part as shrinkage and bending (Mercelis & Kruth, 2006). Many 

approaches have been experimented and simulated in order to mitigate these stresses. 

Xing, et al. (2018), have shown that in an amorphous alloy, cross scanning of laser between 

the longitudinal and transverse direction along with preheating of the base plate facilitates 

homogeneous shrinkage in all directions throughout the part (Xing, et al., 2018). This often 

results in relatively low residual stresses when compared to conventional scanning method.  

On the other hand, increasing number of layers tend to increase the stresses since the 

gradient field is increased. Mercelis & Kruth (2006), have shown that residual stress is also 

a material dependent property as materials with higher yield stress have more influence on 

the residual stress as illustrated by figure 2-6. 
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Figure 2-6 Effect of material's yield stress on residual stress profile (Mercelis & Kruth, 

2006) 

2.2.1 Measurement of Residual Stresses and Distortion  

Distortion Mapping 

 

 

Figure 2-7 Applying angle between cut planes as a boundary condition in FE model 

(Vrancken, 2016) 

There has been an immense amount of research ongoing to predict the residual 

stresses and the deformations in different geometries which could be features defined 
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within a complex component to be printed. Majority of the works have relied on an indirect 

approach to measure strains or displacements that occur when the stresses redistribute 

themselves after the material is allowed to deform (Masubuchi, 2013) (Ekmekçi, et al., 

2004). Vrancken (2016) used bridge curvature method (BCM) by measuring angle between 

two cut planes of a bridge shaped specimen and applying it as a boundary condition in a 

stress-free Finite Element model as shown in figure 2-7. This predicts the magnitude of 

residual stresses in the model with poor accuracy as the stresses were concentrated only 

around the thin overhang of the specimen. Hence, mapping the end displacements would 

not be very reliable to produce the actual state of the stresses in the model. 

Other geometric features like cantilever overhang, T-shaped cantilever overhang, 

etc. are also extensively used specifically to analyze distortion mechanism under variation 

of process parameters of SLM. Buchbinder, et al. (2014) studied distortion behavior of SLM 

fabricated T-shaped specimen with different thicknesses made of AlSi10Mg alloy, with and 

without preheated condition of the baseplate. It was shown that with preheating, the 

distortions can be reduced significantly along with formation of cracks in the components 

as the thermal gradient is lowered which consequently lowers the thermal stresses 

(Buchbinder, et al., 2014).  

 

 

 



15 
 

 

Figure 2-8 Deflection measured without preheated substrate (top); Effect of preheating 

substrate at different temperatures on 2mm thickness specimen (bottom)   

It has been assumed that yield stress acts as an upper limit to residual stress i.e. 

final stress state retained by the SLM fabricated component, after it has cooled down to 

room temperature is claimed to be always less than yield stress of the material (Vrancken, 

2016) (Mercelis & Kruth, 2006). However, Zaeh, et al. (2010) have reported higher than 

yield Von Mises stress from FEM simulation in small localized regions of their specimen. 

This could be largely attributed to the fact that residual stress in SLM mostly depends on 

the strains (𝛼Δ𝑇) casued by the differential temperature (Δ𝑇), hence, stresses may take 
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magnitude higher than yield depending on this parameter solely if other process 

parameters are assumed to be constant. 

 

Figure 2-9 Stresses showing higher than yield Von Mises stress in Ti-6Al-4V (Zaeh & 

Branner, 2010) 

 X-Ray Diffraction (XRD) 

 This is a non-destructive process of residual stress measurement where a regional 

area of a component is exposed to X-Ray. Depending upon the absorption coefficient of 

the material for X-Ray, the beam penetrates to a certain depth and gets diffracted giving 

an estimation of strains in crystal lattice (Prevey, 1986).  

 Contour Method 

 Here, the component with certain level of residual stress state is cut in two pieces 

which causes the perpendicular stresses to relax, hence, causing deformations. With the 

deformation data from the plane of the cut surface, the original residual stress state can be 

calculated precisely (Prime, 2009). The way this is done is by forcing the deformed 

geometry to match the pre-relaxed geometry i.e. the stress state of the deformed geometry 
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would be superimposed with applied stress in order to get a sense of the magnitude of the 

original residual stress (Pagliaro, et al., 2008). It should be noted that using this method 

would only enable to estimate stresses in the cut plane and not throughout the entire part. 

 

Figure 2-10 Contour method of predicting residual stresses (Pagliaro, et al., 2008) 

Layer Removal Technique 

 This is very much similar to contour method and the only difference lies with the 

fact that in this method, small slices of a number of layers are cut off from the part instead 

of cutting the part in only two pieces. Assumptions made here are similar to contour method 

which follows: 

• The relaxation deformation is elastic. 

• There are no external stresses imposed during slicing process. 

The residual stress state throughout the thickness of the part can be estimated with this 

process. Strain gauges are placed at the very bottom of the part and layers are cut off from 

above (Greving, et al., 1994). Voltage readings are taken from the strain gauge during each 

slice which can be easily be converted to strain and thus stress values with relational 

equations (Levkulich, 2017).  

Protasov, et al. (2016) used this approach to study residual stress profile by cutting 

off SLM fabricated beam with square cross-section made up of stainless steel into thin 

plates and measuring the deformations of the cut-off plates. This deformation data was fed 

into stress-displacement equation for estimation of the induced stresses in the original part. 
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Figure 2-11 Layer removal mechanism (Left) (Greving, et al.,1994); Model used to predict 

the stresses (right) (Protasov, et al., 2016) 

2.2.2 Effect of Residual Stresses in Structural Response 

The effect of residual stress in context of structural components can be 

summarized as following: 

• As it was discussed in the previous sections, large unwanted deformations can be 

seen in the SLM fabricated components due to self-equilibrating nature of the 

induced stresses. 

• These stresses tend to superimpose with the externally applied stress and the net 

stress state will essentially be algebraic sum of the two. This may cause 

unexpected failure of the material in static and cyclic loading. 

• 𝑇𝑦𝑝𝑒 𝐼 and 𝑇𝑦𝑝𝑒 𝐼𝐼 tensile stresses if present in within a component, may cause 

stress-corrosion. As these stresses tend to act in the grain boundaries, it may 

result in intergranular stress-corrosion cracking (Withers, Residual stress and its 

role in failure, 2007) (Dieter & Bacon, 1986). 

2.3 Fatigue in metal additive manufacturing 

The static strength (tensile and compressive strength, hardness, etc.) of the parts 

fabricated with metal AM process are very much comparable to their traditional forms (Bian, 

et al., 2015). However, there has been a major issue reported in the literature regarding 
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the response of the structural AM components to its durability in cyclic loading. Fatigue is 

one of the common and most unpredictable mode of failure that occurs in structural 

components. In metal SLM parts, this phenomenon of failure is mostly affected by porosity 

due to lack of fusion, induced residual stresses due to large thermal gradients, 

microstructural behavior inflicted by high cooling rates during the build and surface 

roughness.  

2.3.1 Fatigue Crack Growth Rate 

 

Figure 2-12 Fatigue crack growth curve (log scale) (Ambriz & Jaramillo, 2014) 

To understand the effect of residual stresses on fatigue crack growth rate, let us 

consider FCGR curve as shown in figure 2-12. The first region is non-linear where ΔK (the 

change in stress intensity factor) is less than its threshold Δ𝐾𝑡ℎ for a crack to propagate. 

Second region in the curve is linear and it follows the equation 
𝑑𝑎

𝑑𝑁
= 𝐶(Δ𝐾)𝑚 where da/dN 

is the crack growth rate, C and m are the material constants. Crack propagation is again 

nonlinear and unstable around Δ𝐾𝑚𝑎𝑥 in the third region. Although this curve addresses 

critical parameters like size of defects, applied stress, etc., it does not convey the 

information of mean stress and stress ratio (𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
) on crack growth (Vrancken, 2016). 
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Since, Δ𝐾 is the difference between its maximum and minimum values, the superimposed 

residual stress has no effect on it and hence, no effect on the linear region of the curve. 

Δ𝐾 = 𝐾𝑚𝑎𝑥 + 𝐾𝑟𝑒𝑠 − (𝐾𝑚𝑖𝑛 + 𝐾𝑟𝑒𝑠) = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 

Despite of this, the mean stress does change by the superposition and hence the 

stress ratio to 𝑅 =
𝐾𝑚𝑖𝑛+𝐾𝑟𝑒𝑠

𝐾𝑚𝑎𝑥+𝐾𝑟𝑒𝑠
 (Webster & Ezeilo, 2001). This change has been reported to 

significantly influence the first and third regions of the curve i.e. the regions with stress 

intensity factor at the threshold and peaks (Withers & Bhadeshia, 2001). 

2.3.2 Low Cycle Fatigue 

 Low cycle fatigue regime is driven by the strains and stresses originating in 

localized plastic regions which are usually highly stressed geometric features susceptible 

to crack initiation (Roberts, 2002). This fatigue regime is sensitive to plastic strain amplitude 

or ductility of the material, as an increase in the amplitude decreases the fatigue life and 

vice versa. It has been reported in the literature that residual stresses have small to no 

influence in the low cycle fatigue regime because after the initial cycles, when the applied 

load causes considerable amount of plastic deformation, previously induced stresses are 

said to be washed out (Vrancken,2016) (Gharizadeh, et al., 2013). Nevertheless, it should 

also be noted that for a given magnitude of load in the absence of residual stresses, a 

structure may perform well within elastic region which might not reflect upon the case when 

the component is pre-stressed or pre-strained. To further elaborate this effect, if the initial 

strains are high enough such that the applied load produces localized plastic strains, the 

fatigue regime may shift from high cycle to low cycle, therefore, substantially degrading the 

total number of cycles a component could withstand before failure. This phenomenon can 

be explained with Basquin and Coffin Manson’s curves which are derived from stable cyclic 

stress-strain curve obtained from strain controlled fatigue test. 
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Figure 2-13 Schematic of cyclic stress-strain curve 

Figure 2-13 shows the cyclic stress strain curve obtained by loading, unloading 

and reverse loading process in a uniaxial fatigue test. The total strain amplitude shown in 

the curve is given by, 

                                                   𝜀𝑎 = 𝜀𝑒 + 𝜀𝑝 =
𝜎𝑎

𝐸
+ (

𝜎𝑎

𝐻′
)

1

𝑛′
  (2.3.1)   

Where 𝐻′and 𝑛′ are curve fitting constant and 𝜀𝑒 and 𝜀𝑝 are elastic and plastic strain 

amplitude respectively. 

 

Figure 2-14 Strain-life curve 
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Figure 2-14 shows Basquin and Coffin Manson’s curve, which signifies total 

number of strain cycles before failure in log scale. The two linear curves represent elastic 

and plastic strains and the point where these intersect is the transition point from low cycle 

to high cycle fatigue. 

The two terms from equation (2.7.1) can be written as, 

                               𝜀𝑒 =
𝜎𝑎

𝐸
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏
                                       (2.3.2) 

                                             𝜀𝑝 = 𝜀𝑓
′(2𝑁𝑓)

𝑐
                                               (2.3.3) 

Equation (2.7.2) is the Basquin relationship for elastic strain amplitude with fatigue 

life. This equation is predominantly driven by strength of the material in elastic region 

pertaining to high cycle fatigue. Equation (2.7.3) is known as the Coffin-Manson’s equation 

driven by plastic strains in low cycle regime. These equations will be used later in the report 

to evaluate the effect of residual strains in fatigue life of the specimens. 

2.3.3 Critical Factors Affecting Fatigue Life 

Different processes and parameters that have sensitivity to fatigue life of a 

component are discussed further from the perspective of previous studies. Fatigue crack 

growth properties and microstructural behavior on SLM processed Maraging Steel (MS) 

300 alloy have been studied by Suryawanshi, et al. (2017). The tests were performed on 

the specimens in as-built as well as aged condition. Even though the SLM processed alloy 

and conventionally manufactured (CM) alloy, both were treated with aging heat treatment, 

they had significant microstructural differences. Nevertheless, the evaluated mechanical 

properties of the 3D printed alloy were found to be very close to the data available for aged 

CM MS 300 which could be attributed to the effect of austenite-martensite transformation 

along with residual stress relaxation during aging heat treatment (Suryawanshi, et al., 

2017). Despite of the fact that post-processing would be counterproductive to what AM 
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offers (i.e. end-use part fabrication), it can be concluded that heat treatment such as 

annealing, aging, etc. maybe beneficial to improve mechanical properties of the SLM 

fabricated part.  

Analyzing the study on Ti-6Al- 4V in as-built condition by Edwards, et al. (2014) 

showed that fatigue life in high cycle regime was 75% lower than the wrought material 

which was reported to be due to poor surface finish, presence of porosity and the tensile 

residual stresses being superimposed with the applied remote loading. This degradation is 

very substantial and thus suggests the necessity of post processing procedures   

In general, the HCF tests are performed dominantly within elastic region of 

deformation and thus stress data with respect to number of cycles to failure provides 

reasonably sufficient information for predicting the behavior. In contrast, fatigue behavior 

in the low cycle regime can be evaluated only if the stress is high enough to cause plastic 

deformation after which the accounting of loading in terms of stress would be less useful 

and the value of strain the material is subjected to offers simpler and more accurate 

analysis on the fatigue behavior. Following this theory, LCF life for as-built specimen 

condition was predicted for SLM manufactured biomedical titanium grade 23 by Benedetti 

et al. (2018), where significant softening was reported for cyclic loading which is very 

unlikely for the chosen alloy. The detrimental effect could be attributed to surface cracks 

that hadn’t been removed prior testing. 

While residual stresses and porosity are crucial factors in determining the fatigue 

life, surface roughness is also decisive. According to the theory of ‘Linear Elastic Fracture 

Mechanics’ (LEFM) which conveys that surface cracks tend to propagate more rapidly than 

the embedded ones because the stress intensity factor ‘K’ of former is 1.12 times greater 

than the latter (Anderson, 2017). Although this factor was attempted to be accounted by 

Edwards and Ramulu (2014) for its effect in fatigue life, presence of residual stresses and 
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embedded porosity created ambiguity in the obtained data. Therefore, their effect must be 

eliminated using post-processing procedures (such as annealing and HIP) in order to 

establish an understanding of influence of surface roughness on fatigue life. 

Additionally, porosity affects void growth increasing strain localization between the 

voids, causing necking between them and their coalescence for fracture to occur which is 

explained by Anderson (2017). This can only be minimized if the part formed is dense 

enough and the properties are near to isotropic in nature. One of the means of forming a 

denser part is through a heat treatment process known as Hot Isostatic Pressing (HIP) 

where the parts are subjected to high temperature along with an external pressure. In fact, 

Wu et.al (2017) investigated the effect of hot isostatic pressing on fatigue property of the 

alloy Ti-6Al-4V produced using selective laser melting where it was found that fatigue 

strength as well as fatigue endurance ratio in high cycle regime markedly improved with 

HIP due to formation of a denser part and tougher 𝛼 + 𝛽 phase microstructure which would 

cause crack blunting, thus reducing the stress concentration around the crack tip and 

ultimately mitigating the propagation rate.  

Characterization of fatigue behavior is also critical to the geometry of the specimen 

to be used. ASTM E606/E606M – prescribes set of specimens which can be used in strain-

controlled fatigue testing. The flat specimens tend to possess more stress concentration in 

the corners and hence may cause unpredicted effect during the experiment, whereas, the 

cylindrical specimen have no corners in the gauge section, thus eliminating the ambiguity 

(ASTM E606/E606M-12, 2012). Subsequently, problem that should also be addressed 

during fully reversed test is the effect of buckling on the specimen used as this would 

impose another mode of failure in the specimen which inflicts an error in the obtained data. 

In the context of this issue, Sandhya et al. (1994) have studied the variations of results 

obtained in different cylindrical specimen one of which was hourglass gauge section and 
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two were with uniform gauge section having length to diameter ratio of gauge section (L/D) 

of 5 and 2.5. The problem addressed is buckling during compression phase of the fully 

reversed test which showed a noticeable effect on the fatigue life of specimen with L/D of 

5. Despite hourglass cross-section specimen had minimum effect of buckling amongst the 

three, it has been reported that data obtained could not be relied upon completely because 

the volume of the material acted upon by maximum stress would be very small, 

consequently limiting the prediction of diametral strain which relates to plastic deformation 

in the gauge section. Nevertheless, specimen with L/D ratio of 2.5 is reported to have 

adequate volume under maximum stress and less prone to buckling.  

 

 

Figure 2-15 Difference between (a) single built and (b) multi-built in terms of (c) porosity 

distribution and (d) stress-strain curve (Yadollahi & Shamsaei, 2017) 

The mechanical testing data collected from all these experiments may be 

unreliable to be considered as actual representation of the part made up of same material 

(Yadollahi & Shamsaei, 2017). This occurs due to difference in thermal history experienced 

by the part and the specimen. Since the size and geometry is different, the dwell time i.e. 

the time interval involved from moving one layer to another will be different for each case 

which causes different cooling rates and hence, different thermal history (Yadollahi, et al., 
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2015). This difference in cooling rate would cause variation in microstructures as high 

cooling rates imposed in each layer have the effect of finer microstructure, nevertheless, it 

increases residual stresses significantly. Not only part geometry but also variation in 

number of parts fabricated in a single build plate and their orientation plays an important 

role in determining the inter-layer time during the build (Yadollahi & Shamsaei, 2017).  

 

Figure 2-16 Difference between tensile yield, ultimate tensile, compressive yield and 

elongation to failure in single-built Vs multi-built (Mahmoudi, et al., 2017) 

 Another important factor that affects the crack propagation rate is the orientation 

of the part inside the build chamber. Its effect on the stress-strain curve and strain life have 

been illustrated in figure 2-17, where the data obtained for horizontally built part is 

compared with vertical build. This also changes the orientation of the induced anomaly and 

thus induces anisotropy in the part which results in different values of static and cyclic 

strength properties of the material in different orientations (Yadollahi, et al., 2017) (Kobryn 

& Semiatin, 2001). It has been observed and reported that parts built horizontally i.e. with 

fewer number of layers tend to possess higher fatigue resistance along with better static 

properties than parts built vertically or with a greater number of layers (Shrestha, et al., 

2016).  
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Figure 2-17 Stress-Strain curve (left) and Strain-life curve (right) for Horizontal build Vs 

Vertical build (Yadollahi, et al., 2017) 

 

2.4 Design of Experiments (DOE) 

Since the research is mostly related to shape optimization of a 3D printed structure 

using design of experiments, it is important that reader should have knowledge of some of 

its basic features. Hence, this section is completely dedicated to introducing the reader to 

DOE, the factorial design used in the current work and also the response surface tool.  

Design of experiments is a method to analyze the effect of input parameters on the 

output/response of a process in a system. It is a tool that gives the user a sense of the 

effect of variation of one single factor holding all the other factors as constants and also 

the effect of combination of two or more factors at several number of steps or levels, thus 

removing the influence of superfluous parameters on the response of the system (Stat 503, 

Design of Experiments, 2018).  
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Figure 2-18 General process model of a system (Montgomery, 2017) 

 As it can be visualized in the figure 2-18, a system maybe composed of controllable 

and uncontrollable factors and other possible inputs which may represent machine, people, 

chemical concentration, temperature, dimensions, etc., the combination of which produces 

the system output with multiple noticeable feedbacks which can be very advantageous in 

the following ways (Montgomery, 2017): 

• The most sensitive factor affecting the outcome can be identified. 

• The range of factors that produces desirable response with minimum tolerance 

can be established. 

• A point of combination of controllable factors which generates a response with 

minimal effect of uncontrollable parameters can be identified.  

2.4.1 Factorial Design 

This design is mostly suitable for the study of experiment involving two or more 

factors. This is done by analyzing all the sets of potential combination of factors in each 

run of the experiment. For example, if there are x factors of A and y factors of B, then in 

factorial design of experiments, each trial is influenced by the combination of xy together.  
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Figure 2-19 Factorial experiment without interaction (left) and with interaction (right) 

(Montgomery, 2017) 

Influence of a factor can be seen as it causes change in response in different levels 

which is generally termed as ‘main effect’ (Montgomery, 2017). In some cases, the level of 

one factor might not be same throughout the levels of other factors which is said to be a 

cause of an ‘interaction’ between them as shown in figure 2-19. If we consider 2 factors 3 

levels design of experiment, the approximation function with all the quadratic terms for the 

regression model could be written as, 

𝐹(𝑥1, 𝑥2) = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥1
2 + 𝑎4𝑥2

2 + 𝑎5𝑥1𝑥2 + 𝜀 

Here, 𝐹(𝑥1, 𝑥2) is the response, 𝑥1 and 𝑥2 are the factors each at three levels and 𝜀 is the 

error of approximation. Here, the term with variable 𝑥1𝑥2 denotes interaction between them 

whereas, other terms are either constant or with independent effect on the response. 
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32 factorial design 

 

Figure 2-20 32 Design schematics 

Derived from: https://www.itl.nist.gov/div898/handbook/pri/section3/pri339.htm 

 In this method there are a total of two factors each assigned with 3 levels and are 

generally considered as low, medium and high levels denoted by 0,1 and 2 respectively. 

The third level in the design helps creating quadratic relationship between the response 

and the factors (independent variables) in the regression model. The quadratic equation 

thus facilitates in creating curvature of the response surface making it more accurate for 

actual representation of the data. 

The regression model that can be fitted for this design is, 
 

𝐹(𝑥1, 𝑥2) = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥1
2 + 𝑎4𝑥2

2 + 𝑎5𝑥1𝑥2 + 𝜀 

Determining the coefficients 𝑎0…𝑎5 will be later shown in the section 3.2. 

2.5 Response Surface Methodology 

Response surface method (RSM) is a tool used for design and analysis of a 

process which operates using statistical data and mathematical equations in order to 
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achieve the goal of optimization or response of the system (Oehlert, 2000).  The response 

surface mostly operates using equations from regression fit of the statistical data obtained 

from the experiment. Subsequently, it has the ability to optimize not only single response 

but multiple responses by analyzing and iterating all the possible outcomes from the given 

factors and finding the compromised optimum (Oehlert, 2000). Furthermore, this method 

facilitates to achieve optimization with the consideration of constraints that govern the 

system. Graphical representation of the response surface can be visualized below: 

 

Figure 2-21 Graphical representation of a response surface consisting of two 

independent variables in x and y with its response in z (Montgomery, 2017) 

 In RSM, first a suitable approximation equation should be selected that can 

represent a true working relationship between the independent variables and the response 

(Montgomery, 2017). The equation is mostly modeled using either first order linear or 

second order quadratic approximations as shown below: 

                                  𝑓(𝑥1, . . 𝑥𝑛) = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 +⋯𝑎𝑛𝑥𝑛 + 𝜖           (2.5.1) 

This is a first order equation and shape of the surface it generates is essentially linear with 

no curvatures. The second order approximation creates curvature and may take the 

following form: 
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                        𝑓(𝑥1, 𝑥2) = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥1
2 + 𝑎4𝑥2

2 + 𝑎5𝑥1𝑥2 + 𝜖                (2.5.2) 

We may employ linear regression to find the coefficients of the above equations. 

Montgomery (2017) has discussed this process in following way: 

Using the assumptions, 

𝑥3 = 𝑥1
2;  𝑥4 = 𝑥2

2;  𝑥5 = 𝑥1𝑥2, we get, 

                       𝑦 = 𝑓(𝑥1, 𝑥2) = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 + 𝑎4𝑥4 + 𝑎5𝑥5 + 𝜖               (2.5.3) 

Writing equation (3.2.3) in its general form as, 

𝑦𝑖 = 𝑎0 + 𝑎1𝑥𝑖1 + 𝑎2𝑥𝑖2 +⋯+ 𝑎𝑛𝑥𝑖𝑘 + 𝜖𝑖 

                                                        = 𝑎0 +∑𝑎𝑗𝑥𝑖𝑗

𝑘

𝑗=1

+ 𝜖𝑖 

Writing this in matrix form 

                                                   𝑦 = 𝑋𝑎 + 𝜖      (2.5.4) 

Using method of least squares which employs sum of square of error to be minimized, 

                                                          𝑆 = ∑𝜖𝑖
2

𝑛

𝑖=1

 

=∑(𝑦𝑖 − 𝑎0 −∑𝑎𝑗𝑥𝑖𝑗

𝑘

𝑗=1

)

2
𝑛

𝑖=1

 

𝑆 can be written as, 

𝑆 = 𝜖′𝜖 = (𝑦 − 𝑋𝑎)′(𝑦 − 𝑋𝑎) 

Where 𝑦 is (𝑛 × 1) vector, 𝑋 is (𝑛 × 𝑝) matrix with 𝑝 = 𝑘 + 1 and 𝑎 is (𝑝 × 1) vector. 

S can also be written as, 

                                       𝑆 = 𝑦′𝑦 − 2𝑎′𝑋′𝑦 + 𝑎′𝑋′𝑋𝑎                                  (2.5.5)  

Now, the equation of S has to be minimized with respect to 𝑎0, 𝑎1, … , 𝑎𝑘. 
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(
𝜕𝑆

𝜕𝑎
)
â
= −2𝑋′𝑦 + 2𝑋′𝑋â = 0 

Simplifying to, 

â = (𝑋′𝑋)−1𝑋′𝑦                                        (2.5.6) 

Hence, the fitted new equation of the response surface can be written as, 

                                                         �̂� = 𝑋â                                                  (2.5.7) 

 

And the residual is given by 𝑒 = 𝑦 − �̂� 

Equation (2.5.7) is used to generate the equation of response surfaces further in this report 

while equation (2.5.6) is used to calculate the unknown coefficients of the approximation. 
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Chapter 3  

Methodology 

3.1 Overall Process of Design Optimization 

 

Figure 3-1 Flowchart summarizing the design optimization process 

Current work provides a framework for structural optimization for components 

fabricated with selective laser melting process with consideration of fatigue life and 

distortion which is affected by process induced residual stresses. This is achieved by 
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generating response surfaces that relates the geometric features to its fatigue life and 

distortion and using the equations of the obtained surfaces as constraints in shape 

optimization of the structure. This chapter is completely dedicated to vivifying the reader 

about following points: 

• Inspiration for the selected shape of the structure  

• Factors selected for the DOE study and their assignment 

• The properties of the material that are to be defined in additive simulation process  

• SLM process parameters 

• Mapping process of stress result among dissimilar meshes with direct interpolation 

• Response surface optimization algorithm 

3.2 Topology Optimization of Jet Engine Bracket 

The shape of the structure selected for the study is mostly a fit-in model to shape 

obtained from topology optimization process of an engine bracket. To elaborate this with 

some detail, the loading bracket of GE jet engine was considered which is shown in figure 

3-2. 

 

 

Figure 3-2 Loading cases of GE engine bracket 
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The loading cases here are as follows (GE jet engine bracket challenge, 2013): 

• Static load of 8000 lbs vertically up, 

• Static load of 8500 lbs horizontally out, 

• Static load of 9500 lbs 42 degrees from the vertical 

• Static torsional load of 5000 lb-in acting on horizontal plane at centerline of clevis 

The optimization was carried out in Altair’s OptiStruct solver with constraints of 20mm 

on minimum and 40mm on maximum member size. Additionally, noisy optimization result 

was smoothened with Polynurbs tool in solidThinking Inspire using elements with densities 

greater than 50%. Consequently, the weight of the structure was reduced to almost 60% 

of the original part. The result of the optimization is shown in figure 3-3. 

 

Figure 3-3 Topology optimization result of the engine bracket; max. member size: 40mm, 

min. member size: 20mm [to be published by Chahal & Taylor (2019)] 

The cross-sectional images of the front view of the above result is illustrated in 

figure 3-4. These images reveal symmetry to an overhang bridge shaped structure due to 

which such structure is considered in the further study. 
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Figure 3-4 Images of the cross-sections through the part from the front view [to be 

published by Chahal and Taylor (2019)] 

 The stress analysis on the model shown above reveals that the design is still 

considerably conservative which makes the current study ideal for further shape 

optimization.  

3.3 Factors of Overhang Bridge for DOE Study 

 
 

 
Figure 3-5 Factors of DOE study 

3.3.1 Length of Overhang 

 It has been reported that length of the overhang portion of 3D printed components 

has a direct effect on the distortion (Buchbinder, et al., 2014) (Vrancken, 2016). Overhangs 

with greater length tend to show higher deformations and hence, this effect is necessary 
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to be comprehended. Three levels of length selected for the study are 35mm, 50mm and 

65mm. 

3.3.2 Thickness of Overhang 

 Increasing thickness of the feature tends to increase the number of layers for the 

part to be printed consequently affecting the thermal gradient field and hence the residual 

stresses mostly in the build direction. Three levels taken for this factor are 5mm, 7.5mm 

and 10mm. 

 

Table 3-1 Test Matrix for 3 Level, 2 Factor full factorial design 

Specimen number Factor A Factor B 

1 0 0 

2 1 0 

3 2 0 

4 0 1 

5 1 1 

6 2 1 

7 0 2 

8 1 2 

9 2 2 

 

3.4 Properties of Al-alloy for Additive Simulation 

Although this study is meant to be for the AlSi10Mg alloy, due to lack of 

temperature specific properties in the literature, most of the properties derived are based 

on known room temperature range of AlSi10Mg with temperature dependent trend of Al-

6061 alloy. Hence, the general terminology Al-alloy is used.  
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Aluminum alloys in general are arduous to be processed with laser due to their 

properties like high thermal conductivity, high coefficient of thermal expansion and mostly 

low energy absorptivity with highly reflective nature towards laser (Uddin, et al., 2016). In 

addition to this, they are also susceptible to hot tearing during solidification which is further 

exacerbated by rapid cooling rates and non-uniform solidification imposed by the laser 

melting process of AM (Fulcher, et al., 2014). However, addition of few percentage of 

silicon to aluminum is reported to significantly improve these properties (Fulcher, et al., 

2014). The shrinkage due to coefficient of thermal expansion is substantially lowered and 

the solidification temperature range (i.e.Δ𝑇 = 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑇𝑠𝑜𝑙𝑖𝑑) is also reduced from around 

70K in Al6061 to 40K in AlSi10Mg which almost eliminantes the effect of hot cracking during 

solidification of the metal. Hence, due to relative ease of processing of AlSi10Mg alloys, 

they are preferred above other aluminum alloys such as Al6061 in laser processed metal 

3D printing. 

The part fabrication process in additive manufacturing involves transient thermal 

process coupled with both linear and non-linear static structural at each interval of 

temperature change. Hence, the properties ought to be defined should include the effects 

of temperature variation from room temperature to near melting point along with material 

specific non-linearity.  

3.4.1 Density 

It is a known fact that density defines the mass in a unit volume and mass directly 

links with specific heat of the material which is a crucial property that determines its 

temperature rise by some specific amount of applied heat. Since temperature specific 

density data for Al-6061 alloy is scarce in the literature, the trend of Al-7041 shown by 

Narender, et al., (2013), was followed from the point of known room temperature density  

of AlSi10Mg up to its melting point (6600𝐶). 
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Figure 3-6 Density of Al-alloy as a function of temperature defined in ANSYS Workbench 

3.4.2 Specific Heat 

 Specific heat of a material can be defined as the amount of heat required in order 

to raise the temperature of one gram of the material by one degree Celsius. 

Mathematically, 𝑐 =
𝑄

𝑚×Δ𝑇
 where ‘c’ is specific heat capacity, ‘Q’ is heat energy added and 

‘Δ𝑇’ is the change in temperature. This property was estimated by Summers, et al., (2015) 

using laser flash diffusivity. 
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Figure 3-7 Temperature dependent specific heat capacity for Al-alloy defined in ANSYS 

Workbench 

3.4.3 Thermal Conductivity 

 Thermal conductivity is the property of material that defines its ability to 

transfer/conduct heat from one point to another. Even though this is anisotropic property, 

it is assumed to be isotropic with respect to all directions. This is generally estimated by 

Fourier’s law of heat conduction: 𝑞 = −𝑘∇𝑇, where ‘q’ is the heat flux, ‘k’ is the thermal 

conductivity and ′∇𝑇′ is the temperature gradient. This property for Al-6061 has been 

estimated by Summers, et al., (2015). 
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Figure 3-8 Temperature dependent thermal conductivity for Al-alloy defined in ANSYS 

Workbench 

3.4.4 Coefficient of Thermal Expansion (CTE) 

 Coefficient of thermal expansion defines change in length, area and volume as a 

response to temperature variation. Mathematically, Δ𝐿 = 𝛼𝐿Δ𝑇, where ′𝐿′ is the original 

length, Δ𝐿 is the change in length, Δ𝑇 is the temperature difference and 𝛼 is the coefficient 

of thermal expansion. CTE for Al-6061 has been estimated by Summers, et al., (2015) and 

is assumed to be isotropic in the current study. 
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Figure 3-9 Temperature dependent CTE for Al-alloy defined in ANSYS Workbench 

3.4.5 Young’s Modulus and Poisson’s Ratio 

 Young’s Modulus or Modulus of Elasticity defines the linear region of the stress-

strain curve of the material governed by the generalized Hooke’s law. Mathematically, 𝐸 =

𝜎

𝜀
 , where 𝐸 is the modulus of elasticity, 𝜎 is normal stress and 𝜀 is the normal strain. When 

metal 3D printing is considered, the laser melts the metal powder in horizontal direction 

and layers are stacked up vertically. This usually results in anisotropy in terms of strength 

of the material, however, for simplifying, such presence of anisotropy is ignored in the 

current study and is derived from work of Summers, et al., (2015). 
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Figure 3-10 Temperature dependent Young’s modulus for Al-alloy defined in ANSYS 

Workbench 

3.4.6 Plastic Model (Bilinear Isotropic Hardening) 

The plastic strains produced by stresses beyond yield is assumed to be defined by 

Bilinear Isotropic Hardening which is basically derived from the young’s modulus, yield 

stress and tangent modulus of Al-6061 alloy obtained at different temperatures (Summers, 

et al., 2015). 
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Figure 3-11 Temperature dependent stress-strain bilinear curve defined in ANSYS 

Workbench 

 The additive solver was actually developed by 3DSIM, LLC which was later 

acquired by ANSYS. The thermo-mechanical physics underneath the simulation process 

has been explained by Pal, et al., (2014) during 3DSIM software development phase. It 

accounts for three phases of the material i.e. powder, molten metal and solid along with 

temperature dependent thermo-physical properties. During the solution process, the 

powder properties are scaled based on packing density which can be defined with the 

powder property factor parameter. The solution works for a particular scan pattern of the 

laser which results in different thermal history with combination of finite element, eigen 

mathematics and periodicity. Since, the laser used would have same laser power and same 

scan speed throughout the build pertaining to a scan pattern, the solver takes heating side 

of the equation to be repeatable, however, for each scan vector, the cooling side is made 

different in order to facilitate the accumulation of varying thermal history of each layer 

throughout the build. The solver mathematically decomposes heating and cooling into 

different modes for solving the build process. As in a traditional finite element process, the 
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solver generalizes heat and strain accumulation then averages and stacks all the 

accumulated data. 

3.5 SLM Process Parameters 

 The process parameters’ values selected for the powder bed fusion process 

simulation are enlisted in the table below: 

Table 3-2 Process parameters for additive simulation 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Machine Setting Values 

Deposition thickness 50𝜇𝑚 

Hatch Spacing 
0.13 mm 

 

Scan Speed 1200 m/s 

Dwell Time 10 s 

Number of heat sources 1 

Build Conditions  

Preheat temperature 500𝐶 

Initial powder temperature 500𝐶 
 

Gas Convection Coefficient 1e-5 
𝑊

𝑚𝑚2 .
0 𝐶 

Powder Convection Coefficient 1e-5 
𝑊

𝑚𝑚2 .
0 𝐶 

Powder Property Factor 1e-2 

Cooldown Conditions  

Room temperature 220𝐶 

Powder temperature 220𝐶 

Gas Convection Coefficient 1e-5 
𝑊

𝑚𝑚2 .
0 𝐶 

Powder Convection Coefficient 1e-5 
𝑊

𝑚𝑚2 .
0 𝐶 
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3.6 Direct Interpolation for Stress Mapping 

 
Figure 3-12 Interpolation function 

Direct interpolation is basically related to fitting a polynomial equation from the sets 

of available discrete point after which data along the curve can be extracted. The process 

starts with assumption of polynomial equation with the order n as:  

𝑦 = 𝑎0 + 𝑎1𝑥 + 𝑎2𝑥
2…𝑎𝑛𝑥

𝑛 

We have (n+1) unknown coefficients i.e. (𝑎𝑜 …𝑎𝑛). From the total number of discrete points 

available, we get (n+1) equations which can be used to estimate the coefficients. 

 In the current study, the averaged stress tensor is mapped as a function of nodal 

coordinate data of brick elements to corner nodes of the tetrahedral mesh. It is important 

to ascertain that both the meshes have same global coordinate system. 

3.7 Multi-Objective Genetic Algorithm (MOGA) for Design Optimization 

The design optimization problem in the current study consists of a multiple number 

of objectives that are to be achieved with definite sets of constraints applied. The objectives 

and constraints of the problem are outlined as follows: 

• Minimizing mass of the structure 

• Maximizing fatigue life for the given loading condition 

• Keeping the distortion of the part to a minimum level by applying constraints 
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• Achieving a reasonable range of margin of safety with the help of constraints 

Firstly, it should be noted that most of the optimization algorithms work for 

minimization, however, the objective function to be maximized can be converted to a 

minimization subroutine simply by considering negative value of the equation (Konak, et 

al., 2006). Konak, et al., (2006) have described the multi-objective design optimization in 

the following simple steps: 

1) Initially, the design variable vector in the solution space is defined. 

2) The problem is to find a vector that minimizes N number of objective functions. 

3) The solution will be restrained and controlled by a set of constraints governing the 

system. 

The above-mentioned steps are coupled with general genetic algorithm in order to 

complete the multi-objective genetic algorithm optimization. The procedure involved in this 

process is clearly explained in ANSYS-help, Multi-objective Genetic Algorithm (MOGA) 

section as follows:  

Step-1: A set of initial population is defined. 

Step-2: New set of population is generated with cross-over and mutation (using genetic 

algorithm) with a predefined value of number of samples to be created in a single iteration. 

Step-3: The design points within the population is defined. 

Step-4: The potential optimal solution obtained with the new set of population is checked 

for convergence which returns a true value when maximum allowable Pareto Percentage 

is reached and stops the optimization else the algorithm proceeds to step-5. 

Step-5: The maximum number of iterations ran is validated as a stopping criterion of the 

process. If this returns a true signal, the optimization process is stopped else it proceeds 

to step-2. The procedure repeats until either the stopping criterion is reached, or the 

solution is converged. 
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 The process to generate the new set of population using genetic algorithm (GA) in 

Step-2 of above optimization algorithm is described in the ANSYS-help, Multi-objective 

Genetic Algorithm (MOGA) section as following: 

3.7.1 Cross-over 

This creates a new data point (offspring) using two parent data points (or chromosomes) 

with an assumption that the offspring inherit good characteristics from the parent data 

points and better aid the optimization process. For continuous design points, the parent 

data points are combined with a linear equation whereas, for discrete points, the cross-

over takes place in binary form (each digit known as a gene) of the data points as illustrated 

in figure 3-12. 

 

Figure 3-13 Different types of discrete crossover  

(source: https://www.sharcnet.ca/Software/Ansys/17.0/en-

us/help/wb_dx/dxBEMtemp11.html) 
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3.7.2 Mutation 

 This process causes alteration in genes within a chromosome resulting in an 

entirely new design point which may bring the optimization process at a relatively better 

boundary to where it was before. This is a crucial part of GA that aids the data points from 

being dormant to a local solution, however, mutation process is a complete probabilistic 

approach. Furthermore, for continuous parameters, mutation occurs with a polynomial 

mutation operator fitted in the linear equation, whereas, 0 and 1 are inverted with a 

probability of 0.5 for discrete parameters. 

 

Figure 3-14 Flowchart for MOGA (derived from: 

https://www.sharcnet.ca/Software/Ansys/17.0/en-us/help/wb_dx/dxBEMtemp11.html 
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3.8 Finite Element Model Setup for AM Simulation 

Generally, a finite element analysis comprises of three steps: pre-processing (defining 

a problem), processing (solving governing equations) and post-processing (visualization of 

the result). The user inputs during pre-processing of the finite element analysis are defined 

and illustrated as follows: 

3.8.1 CAD Model of the Part and Support Structure 

Part:  

 

Figure 3-15 CAD model of the bridge 

Total of 9 bridge shaped specimens are defined for 32 full factorial DOE study. The 

combination of length and thickness for each specimen is shown in the table below: 

Table 3-3 Part Dimensions 

Specimen Length (mm) Thickness (mm) 

1 35 5 

2 50 5 

3 65 5 

4 35 7.5 

5 50 7.5 

6 65 7.5 

7 35 10 

8 50 10 

9 65 10 
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Supports: 

 

Figure 3-16 Block type supports 

The properties of the support structure are homogenized with a desirable 

configuration of the support lattice defined within ANSYS Workbench’s Additive Suite. This 

saves computation power by not including complex geometry of the lattice which cannot 

be captured without an ultra-fine mesh.  

The wall-spacing and thickness used for the support group are: 

Wall spacing (L): 1.9366 mm 

Wall thickness (T): 1.0634 mm 

The supports used have the properties adjusted according to above dimensions. The 

affected properties are elastic modulus, shear modulus, stiffness, density and thermal 

conductivity. 

3.8.2 Mesh 

 Additive simulation requires elements with uniform thickness throughout the build. 

Hence, the mesh type selected for the entire additive process is of the cartesian form i.e. 

with linear brick elements. This causes stair step effect in the curvature of the geometry. 
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Also, the size of each element is limited by powder particle size. It has been suggested in 

ANSYS guidelines to use the element size of least 5 to 10 times the deposition thickness. 

Consequently, 0.5 mm element size was used for the deposition thickness of 50 𝜇m. 

 

Figure 3-17 Mesh for additive simulation 

  The stress data from cartesian mesh is to be transferred to higher order mesh 

using interpolation where the superposition effect is simulated. The quadratic tetrahedral 

mesh with element size 0.5 mm is shown in figure 3-18. 

  
Figure 3-18 Mesh for static structural simulation 

 

3.8.3 Boundary Conditions 

Additive simulation: 

For thermal analysis, the bottom face of the base plate was supplied a pre-heat 

temperature of 500𝐶. The build boundary temperature was also specified as 500𝐶 and the 

cooldown temperature as 220𝐶. 
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 For structural analysis, again the bottom face was selected as a fixed support 

which is valid before removal of the part from the base plate. To simulate the relaxation 

post removal of the base plate and support, the left bottom face of the part was fixed in 

space. The load applied is the variation of temperature in each layer during time dependent 

thermal analysis of the build. 

Service stress simulation: 

 The residual stress tensor data from AM simulation was transferred to an 

undeformed model after which modified sequential boundary and loading conditions were 

applied as following: 

1) Two remote points (right bottom face and a line at the top surface where point load 

acts) were defined and assigned a variable using following snippets: 

a) right_pilot=_npilot 

b) top_pilot=_npilot 

The “_npilot” is the collection of nodes of interest. After the remote points are 

designated, the left bottom surface is kept fixed throughout all the loading steps. 

2) In the first loading step, residual stresses are applied as imported initial loads to 

produce deformations. 

3) In the second step, a boundary condition is applied to fixate “right_pilot” node in all 

degrees of freedom using the following snippet: 

d,right_pilot,ALL,%_FIX%     

4) In the final step, a line force of 3000 N is applied at the “top_pilot” node using: 

F,top_pilot,FZ,3000           
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Chapter 4  

Results and Discussion 

First, the temperature distribution throughout the build process was simulated in a 

transient environment where each layer was assigned with heat applied and cooldown 

step. This temperature data from each step was transferred to AM structural simulation for 

the prediction of residual stresses. Subsequently, the residual stress tensor data before 

removal of supports and base plate was applied to an undeformed model in another 

structural analysis so that the model could be prestressed before any external load is 

applied with new boundary conditions. Figure 4-1 summarizes all these steps. 

 

Figure 4-1 Steps involved in estimating the service stress (in ANSYS Workbench) 
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4.1 Temperature Profile 

 
Figure 4-2 Temperature Profile after melting of first layer (specimen 1) 

 The temperature profile of all the specimens are similar as they are subjected to 

the same boundary temperatures with same melting point during each layer build. Figure 

4-2 shows the temperature profile in the first added layer after the powder particles are 

melted. The base plate acts as a heat sink and thus, heat is dissipated through the base 

plate as illustrated in figure 4-3. 

 

Figure 4-3 Dissipation of heat in the first layer to the base plate (specimen 1) 
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After the final layer is deposited and melted, the build cools down to room 

temperature of 220𝐶. The dissipation of heat after the final layer is melted is shown in figure 

4-4. 

 

Figure 4-4 Heat dissipation as the part cools down after final layer is melted (specimen-1) 

 
Figure 4-5 Room temperature cooldown (specimen-1) 

 All these differential temperatures act as loads in the coupled structural analysis 

which causes stress build up in the part. 
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4.2 Thermo-Structural Analysis Results 

4.2.1 Stresses in x-direction from additive simulation: 

 
Figure 4-6 X-directional stresses post build (Specimen 1) 

 

 

Figure 4-7 Stresses in x-direction after relaxation with sectional view (Specimen-1) 

During the build process, the x-directional stresses (𝜎𝑥) develop along the direction 

of laser scan due to expansion restriction in heating and contraction restriction in cooling 

process along x-direction by the surrounding material. As it can be seen in figure 4-7, the 

tensile stresses act on the surface of the part with a peak value of +374 MPa while the 

compressive stresses are present in the core with peak value of -373 MPa. Some amount 

of these significantly high value of stresses tend to relaxation after the removal of base 
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plate and support structure which is shown in figure 4-7. Consequently, the maximum 

tensile stress reduces from +374 to +344 MPa whereas, the peak value of compressive 

stress shows a larger difference i.e. it reduces from -373 MPa to -143 MPa.  

The results for peak stresses in x-direction for all the specimens are tabulated as: 

Table 4-1 Stresses in x-direction 

 

 

 

 

Specimen 
Tensile post- 
Build (MPa) 

Tensile post-
removal 
(MPa) 

Compressive 
Post-build 

(MPa) 

Compressive 
Post-removal 

(MPa) 

1 +373.88 +343.74 -372.7 -142.88 

2 +378.1 +345.5 -328.82 -142.41 

3 +380.39 +346 -305.18 -143.28 

4 +369.09 +346.17 -349.81 -142.9 

5 +373.83 +347.79 -283.73 -142.12 

6 +377.63 +348.67 -165.47 -142.38 

7 +366.75 +348.9 -289.1 -136.88 

8 +372.08 +350.39 -204.26 -136.63 

9 +376.33 +351.53 -183.09 -136.56 
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Figure 4-8 Stresses in x-direction pre and post removal of base plate and supports 

 Figure 4-8 shows stress state in x-direction when the build is complete and when 

it has been removed from base plate and support for all the 9 specimens. The peak tensile 

and compressive stresses post relaxation is almost equal in all specimens which can be 

attributed to plastic strains produced in the peak stressed regions.  
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4.2.2 Stresses in z-direction from additive simulation: 

 

Figure 4-9 Z-directional Stresses post build (specimen-1) 

 

 

Figure 4-10 Stresses in z-direction after relaxation with sectional view (specimen-1) 

Z-direction is the build direction along which the layers are stacked upon. It can be 

seen in figure 4-9, since the part has been anchored in the base plate, the deformation in 

the vertical direction is restricted and hence the stresses develop. Figure 4-10 shows the 

relaxed stress state after removal of the support and base plate. Post relaxation, the peak 

tensile stress in the surface reduce from +518 MPa to +458 MPa, whereas, compressive 

stresses reduce from -394 MPa to -290 MPa. The peak stresses in z-direction for all the 

specimens are shown in table 4-2. 
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Table 4-2 Stresses in z-direction 

 
 

 

Figure 4-11 Stresses in z-direction pre and post removal of the base plate and supports 
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Specimen 
Tensile post- 
Build (MPa) 

Tensile post-
removal 
(MPa) 

Compressive 
Post-build 

(MPa) 

Compressive 
Post-removal 

(MPa) 

1 +518.76 +458.1 -394.31 -290.52 

2 +523.04 +457.63 -382.27 -289.98 

3 +525.48 +459.57 -383.93 -289.67 

4 +523.38 +458.99 -394.82 -317.94 

5 +528.91 +459.45 -391.75 -317.85 

6 +532.16 +437.27 -374.22 -313.74 

7 +523.68 +457.98 -396.47 -331.85 

8 +530.49 +458.622 -380.19 -333.08 

9 +534.9 +459.21 -368.76 -333.43 
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4.2.3 Von Mises Stress from additive simulation 

 

Figure 4-12 Von Mises Stress post build (specimen-1) 

 

Figure 4-13 Von Mises stress after relaxation (specimen-1) 

 The maximum Von Mises Stress is concentrated at the corners of the part after the 

build is complete which is shown in figure 4-12 as it was shown by Vrancken (2016). It can 

be predicted that these corners might crack out during the removal process from the base 

plate. The stress concentration, however shifts to the fillet of the overhang illustrated in 

figure 4-12 after the removal of baseplate and supports. 

4.2.4 Distortion Results 

 The Z-deformation results after removal of the base plate and the supports are 

shown in figure 4-14. 
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Figure 4-14 Z-directional deformation before removing supports (top) and after removing 

supports (bottom) (specimen -1) 

The distortion is caused by stress relaxation primarily in the form of shrinkage and 

warping. Warping is more prominent which is caused by the stresses in x and z directions. 

It can be visualized in figure 4-14 that as the base plate is removed, specimen-1 starts 

distorting to about 1.39 mm and this deformation further increases to 1.55 mm after 

removal of the supports. The deformation pattern in the entire set of specimens is similar, 

however, the magnitudes vary according to the length and thickness of the parts. 
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Figure 4-15 Deformation in z-direction Vs overall length of the specimens 

 It can be inferred from figure 4-15 that for specimens with same length, lesser the 

thickness more will be the z-deformation and vice versa. While for the specimens with 

same thickness, higher length values tend to show more deformation. 

4.3 Service Stress (and Strain) Simulation 

 Here, the residual stresses are superimposed with the stresses due to applied 

external load (applied at the middle of the overhang). It was observed that the residual 

stresses applied in the initial step (as imported load) caused plastic deformation in all the 

specimens at some vulnerable regions (hotspots) which was amplified by the external force 

(applied in the final step of the analysis). 
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Figure 4-16 Von Mises stress state in specimen-3 before (top) and after (bottom) 

application of the external load [deformations shown are scaled by 5x] 

It is illustrated in figure 4-16 that the peak Von Mises (357 MPa) residual stresses 

in specimen-3 is higher than the yield stress (i.e. 319 MPa) of the material due to which 

plastic strains are induced in some regions. The superposition further causes the peak 

stress to increase to 358 MPa while the average stress in the model is increased from 137 

MPa to 146 MPa. The plastic strains in vulnerable regions are shown in figure 4-17.  
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Figure 4-17 Equivalent plastic strains before (left) and after (right) superposition in 

specimen-3  

A continuous unaveraged stress/strain field among adjacent elements signifies a 

converged solution in terms of stresses and strains. From the zoomed image of 

unaveraged plastic strains in figure 4-17, it can be said that there is some level of 

discontinuity present in the result along the tetrahedral elements which infers that the 

strains have not converged. Hence, all further calculations based on the strain amplitudes 

should only be taken as a process of establishing parametric equation and not be relied 

upon actual data.  
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4.4 Fatigue Life Calculation 

The plastic strains before and after superposition for all the specimens are shown in the 

table below: 

Table 4-3 Plastic Strain Amplitudes 

Specimen 𝜀𝑝1(mm/mm) 𝜀𝑝2(mm/mm) 
Δ𝜀𝑝

2
 

1 5.86E-03 7.08E-03 6.11E-04 

2 5.78E-03 7.38E-03 7.98E-04 

3 6.52E-03 8.39E-03 9.37E-04 

4 6.06E-03 7.29E-03 6.13E-04 

5 6.81E-03 8.19E-03 6.91E-04 

6 6.29E-03 7.79E-03 7.51E-04 

7 5.10E-03 6.12E-03 5.08E-04 

8 5.21E-03 6.33E-03 5.57E-04 

9 5.24E-03 6.56E-03 6.60E-04 

With plastic strains occurring at vulnerable regions, the failure mode is assumed to be 

with plastic deformation in the low cycle regime. 

Using equation 2.2.3 i.e. Coffin Manson’s equation from chapter 2, 

Δ𝜀𝑝

2
= 𝜀𝑓

′(2𝑁)𝑐 

With 𝜀𝑓
′ = 0.11 and 𝑐 = −0.6, the total number of cycles evaluated for each specimen is 

shown in figure 4-18. 
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Figure 4-18 LCF life of specimens 

 It can be seen from figure 4-18 that Specimen-7 (shortest and thickest) can bear 

highest number of cyclic loads with about 3900 cycles while Specimen-3 (longest and 

thinnest) has relatively shortest life with only 1408 cycles. 

4.5 Response Surface Models 

 The assumption for LCF life in terms of length and thickness of the specimens is 

a full quadratic equation: 

𝑁𝑓 = 𝑎0 + 𝐿𝑎1 + 𝑇𝑎2 + 𝑎3𝐿
2 + 𝑎4𝑇

2 + 𝑎5𝐿𝑇 + 𝜖 

Since we have 9 equations and 6 unknowns, we can calculate the coefficients using 

equation 2.5.6 mentioned in chapter 2. This equation takes the form, 

{

𝑎0
𝑎1
⋮
𝑎5

} =
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[
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𝑁𝑓1
⋮
𝑁𝑓6}

 

 
 

So, the response surface equation for LCF life is, 

𝑁𝑓 = 5859.3 − 98.5426𝐿 − 229.8𝑇 + 0.5170𝐿2 + 29.6533𝑇2 + 0.58𝐿𝑇 

The response surface can be visualized in the figure below: 

 

Figure 4-19 Quadratic response surface for LCF life 

Similarly, the assumed equation for Z-deformation in terms of length and thickness of the 

specimens: 

𝑍 = 𝑎0 + 𝐿𝑎1 + 𝑇𝑎2 + 𝑎3𝐿
2 + 𝑎4𝑇

2 + 𝐿𝑇𝑎5𝑎6 + 𝜖 

Again, calculating the coefficients using equation 2.5.6 shown in chapter 2, the response 

surface equation for the Z-deformation is, 
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𝑍 = 1.2565 + 0.0242𝐿 − 0.1587𝑇 + (3.7𝐸 − 05)𝐿2 + 0.0077𝑇2 − (6.67𝐸 − 05)𝐿𝑇 

Figure 4-20 shows the generated response of the deflection. 

 

Figure 4-20 Quadratic response surface for Z-deflection 

 Increasing fatigue life and decreasing the z-deformation with mass is certain to 

over-design the model in terms of its static strength. In order to control this, the equation 

of factor of safety (FOS) was developed for same magnitude of load in absence of the 

residual strains and constrained to a reasonable range (1.5 to 2.7) for the optimization 

process. 

Similar to the case of fatigue life and Z-deformation, the quadratic equation for 

factor of safety developed is: 

𝐹𝑂𝑆 = 0.6519 − 0.0683𝐿 + 0.6907𝑇 + (7.2593𝐸 − 04)𝐿2 − 0.0011𝑇2 − 0.0055𝐿𝑇 

The response surface for FOS is shown in figure 4-21. 



72 
 

 

Figure 4-21 Quadratic response surface for Factor of Safety 

The coefficients of response surfaces are given is table  

Table 4-4 Coefficients of the regression models 

Responses 𝑎0 𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 

LCF life 5859.3 98.5426 229.8 0.5170 29.6533 0.58 

Z distortion 1.2565 0.0242 0.1587 3.7𝐸 − 05 0.0077 6.67𝐸 − 05 

FOS 0.6519 0.0683 0.6907 7.26𝐸 − 4 0.0011 0.0055 
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Quality of fit: 

 

Figure 4-22 Goodness of fit of the response surfaces 

The quality of fit of the generated response is shown in figure 4-22. The coefficient 

of determination which gives a measure of difference between actual response and that 

predicted by the regression model equation can be shown mathematically as, 

COD=1 −
∑ (𝑦𝑖−�̂�𝑖)

2𝑁
𝑖=1

∑ (𝑦𝑖−�̅�)
2𝑁

𝑖=1

 

𝑦𝑖 is the actual value of output parameter, �̂�𝑖 is the response predicted by the regression 

equation and �̅� is the arithmetic mean value of 𝑦𝑖. If COD=1, it means that all the variation 

is perfectly predicted by the response model. The COD evaluated for the response surface 

equations generated in the current study are listed below: 

Low cycle fatigue response: 0.97337 

Z-deflection response: 0.99864 

Factor of Safety response: 1 
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Main effects 

 

Figure 4-23 Factor experiment - main effect in z-deformation 

 The main effects of the 32 factorial experiment is summarized in figure 4-23 and 4-

24. This explains the averaged effect of variation of factor A (length) over 3 levels while the 

factor B (thickness) is held constant and the averaged effect of variation of factor B over 3 

levels while factor A is held constant. It can be inferred from figure 4-23 that variation of 

length over 3 levels has relatively more pronounced effect on the deformation result from 

additive simulation. 
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Figure 4-24 Factor experiment - main effect in fatigue life 

 Figure 4-24 infers that both the factors (A and B) are substantially sensitive to 

fatigue life. An increase in length for constant thickness degrades the total number of cycles 

before failure while increasing thickness for constant length has an opposite effect on the 

fatigue life. 

Interactions 

 Interactions signify whether the performance of factor A in 3 levels is affected by 

the performance of 3 levels of factor B. Figure 4-25 and 4-26 summarizes this effect. It can 

be inferred from figure 4-25 that the difference in Z-deformation from additive simulation 

across different factor A levels is not very significant across the levels of factor B. 
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Figure 4-25 Factor experiment - interaction in z-deformation 

 

Figure 4-26 Factor experiment - interaction in fatigue response 

 Small variation is observed in fatigue life response at different levels of length of 

the overhang across different thickness levels as shown in figure 4-26. It can be said that 
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there is a presence of small interaction among these factors in determining the fatigue life 

of the parts.  

4.6 Design Optimization 

4.6.1 Optimization run using MOGA 

  

Figure 4-27 First Pareto front in 2D (left) and 3D (right) 

Figure 4-27 shows the tradeoffs among various responses of the system when 

unconstrained multiple objectives are defined. The blue points designate feasible solution 

space where the objectives can be best achieved. It can be clearly seen that parts with 

higher fatigue life possess less distortion which is a desirable relation. Hence, in order to 

obtain a desirable specific solution, the objectives and constraints were defined as: 

1) Maximize LCF life 

2) Minimize mass 

3) Minimize Z-deflection (with constraint: 1.3 𝑚𝑚 ≤ 𝑍 ≤ 1.4 𝑚𝑚) 

4) Seek target of FOS as 1.5 (with constraint: 1.5 ≤ 𝐹𝑂𝑆 ≤ 2.7) 

The optimization code for Multi-Objective Genetic Algorithm was run in ANSYS, 

however, the equations and results were also cross verified using the same optimization 

code in MATLAB (given in appendix). With this, the optimum point was obtained after 669 

evaluations with the following dimensions,  
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Length (L) = 35.216 mm 

Thickness (T) = 7.188 mm 

Figure 4-28 shows the response of the heaviest and the lightest specimen in a 

spider chart where the four axes are LCF cycles, Z-deflection, Mass, and FOS. In the first 

chart, mass and distortion are significantly high while LCF cycle is lower than average value 

in both the charts when compared with all the other specimens. 

  

Figure 4-28 Spider graph showing response of the heaviest specimen (left) Vs response 

of the lightest specimen (right) 

 

Figure 4-29 Spider chart for the optimum response 
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Figure 4-29 shows the response of the optimized geometry where z-deformation 

is reduced to 1.39 mm and LCF cycle is increased to 3210 with mass of 0.02724 kg. 

Analysis on the optimized model 

       

   Figure 4-30: Dimensions of the optimized model 

The maximum z-deformation obtained from the additive simulation was 1.37 mm while 

the predicted value was 1.39 mm which is illustrated in figure 4-31. 

              

          Figure 4-31: Z-deformation from additive simulation 
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Figure 4-32: Von Mises stress state before (left) and after (right) the superposition 

[deformations are 5x scaled] 

The equivalent stress and strain state before and after the superposition are shown 

in figure 4-32 and 4-33 respectively. Even though quite large magnitude of load is applied 

at the middle of the overhang, the stresses does not rise significantly. This could be 

accounted due to local plastic deformation in the model. 

  

Figure 4-33: Equivalent plastic strain state before (left) and after (right) the superposition 

[deformations are 10x scaled] 

 With plastic strain amplitude, Δ𝜀𝑝 = 1.11𝐸 − 03 𝑚𝑚/𝑚𝑚, the fatigue life calculated 

from Coffin Manson’s equation is 3349 number of plastic strain cycles while the predicted 

value from the optimization run was 3210 cycles. 

4.6.2 Gradient based method for design optimization 

 The optimization problem for gradient based approach ought to have one single 

objective with other parameters defined as constraints. The objective and constraints were 

defined as following: 

1) Minimize mass function 

2) LCF cycle ≥ 3000 

3) 1.3 ≤ Z-deformation (from additive simulation) ≤ 1.4 

4) 1.5 ≤ FOS ≤ 2.6 
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The optimization problem was run in response surface optimization tab of ANSYS 

Workbench and also with a MATLAB code. The iterative process converged with only 21 

evaluations with optimum point L = 35mm and T = 7.052 mm. The percentage differences 

from the optimum point predicted from MOGA is 0.61% for length and 1.89% for thickness. 
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Chapter 5  

Conclusion 

The work presented gives an insight to using the equations representing few 

detrimental effects of metal additive manufacturing like the residual stresses, deformations, 

and fatigue life into leveraging design optimization of critical load bearing structure. The 

important findings of the current work are summarized with the following points: 

• All the specimens were subjected to higher than yield residual stresses post build 

which is due to the 𝛼Δ𝑇 strains. After removal of the supports and the base plate, 

the peak stresses primarily in x and z directions reduces in all the specimens to 

almost equal stress level producing different magnitudes of deformation. 

• The main effect curve in 3 levels of length with constant thickness had relatively 

more influence on distortion than the curve with 3 levels of thickness and constant 

length. It can thus be inferred that the distortion of the part in z-direction is more 

dependent on length than thickness of the specimen. Also, no interaction of length 

and thickness could be seen when the combined effect was analyzed. 

• The main effect curve for fatigue life in 3 levels of length with constant thickness 

and 3 levels of thickness with constant length elucidates that both length and 

thickness have substantial effects. These influences are however, exactly opposite 

i.e. increasing length with constant thickness decreases fatigue life and vice versa. 

Furthermore, slight interaction among length and thickness is observed for the 

calculated values of fatigue life. 

• The objective equations to be maximized and minimized for LCF life and 

deformations respectively, were successfully predicted in full quadratic form using 

linear regression approach. The advantage of full quadratic equation over linear is 

that the curvatures (if present) in the response surface can be properly identified 
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which in turn also increases accuracy of the predicted parameter. This can be 

analyzed with the predicted coefficient of determination for distortion, fatigue life 

and factor of safety all of which were either approximately equal to 1 or exactly 1. 

• The optimum length and thickness values of the specimens which are factors 

considered in the DOE study are found to be 35.216 mm and 7.188 mm 

respectively from the MOGA algorithm which converged after 669 evaluations. The 

response provided by this set of dimensions is enlisted below: 

a. The overall mass is 60% lower when compared to the heaviest specimen. 

b. The low cycle fatigue life is only 20% lower than the specimen that offered 

the highest life. 

c. The z-deformation that occurs post removal of supports and base plate is 

41% lower than the specimen showing largest deformation. 

• The optimum point was also predicted using nonlinear multivariable gradient based 

algorithm where single objective function of mass was minimized with all other 

parameters defined as constraints. This optimization run converged with only 21 

evaluations and the percentage difference seen from MOGA run was only 0.61% 

and 1.89% for length and thickness respectively which are miniature differences. 

Hence, it can be concluded that gradient based algorithm was computationally 

efficient for this problem when compared with genetic algorithm. 
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Chapter 6  

Future Study and Recommendations 

The bridge specimens have been fabricated and are currently in process to be cut off 

from the base plate after which the deformations and stress state predicted from the current 

study will be compared with the actual experimental results. However, there are some 

limitations of the current work which should be taken into consideration or amended when 

the findings are considered for any further study which are enlisted below: 

• It should be taken into account that one of the ends of the specimen after removal 

from the baseplate was fixed so that other end could deform which is the cause of 

asymmetrical stress distribution. This could be a possible result if the cutting 

process is gradual along the horizontal direction, however, a swift cut may result 

in symmetrical stress pattern unlike the results obtained from the current study. 

• It can be seen in figure 4-17 that there is a presence of discontinuity in unaveraged 

plastic strains along the adjacent elements which infers that the strains have not 

converged. Mesh density analysis and adaptive mesh refinement was not 

performed in this study because of limited computational capacity of the system 

where ANSYS Additive suite was installed. Due to this, it is necessary to ensure 

convergence of stresses and strains before the results are used for any future 

comparisons.  

• The fatigue model assumed in the current study is rather simplified approach 

addressing the effect of residual stresses based on plastic strains with no account 

of size and distribution of the defects.  Subsequently, the model also needs to be 

modified in order to take mean stress and crack closure effects into consideration. 

All these effects if encompassed with a probabilistic approach would result in a 

more realistic life prediction than deterministic approach. 
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• A more powerful tool ‘Additive Science’ has the capability to predict melt pool 

characteristics, defect density and the microstructure at any location and time 

during the build process. Parametric study of all these properties is essential to 

analyze their impact on structural response of the fabricated component. 
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Appendix A 

MATLAB Code
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MOGA 

%%Defining objective functions 
 
function f = objfcn(guess) 

k = zeros(2,1); % Make a matrix of size 2x1 and fill it with zeroes 

X = guess(1); % take the population and specify X and Y from the population 

Y = guess(2); % guess set 

%% Objective functions 

% Mass Objective 

k(1) = 0.0105+(1.8185E-06*X)+(8.3507E-04*Y)-(1.8519E-08*(X^2))+(3.7333E-

07*(Y^2))+(4.2E-05*X*Y); 

% Fatigue Objective multiplied by -1 to be minimized, so essentially a maximization  

k(2) = -1*(5859.3-(98.5426*X)-(229.8*Y)+((X^2)*0.5170)+((Y^2)*29.6533)+(X*Y*0.58)); 

f=k; 

end 

 
%%Defining system constraints 
 
function [g,heq] = constfcn(guess) 

X = guess(1); % take the population and specify X and Y from the population 

Y = guess(2); % guess set 

%% Constraints 

% Factor of Saftey Function 

FOS = 0.6519-(0.0683*X)+(0.6907*Y)+(7.2593E-04*(X^2))-(0.0011*(Y^2))-(0.0055*X*Y); 

% Deflection Function 

def = 1.2565+(0.0242*X)-(0.1587*Y)+(3.70E-05*(X^2))+(0.0077*(Y^2))-(6.67E-05*X*Y); 

%% 1.5 <= FOS <= 2.7 

g1 = 1-(FOS/1.5); 
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g2 = (FOS/2.7)-1; 

%% 1.3<=def<=2.4 

g3 = 1-(def/1.3); 

g4 = (def/1.4)-1; 

%% Specify G & HEQ as constraints 

heq = 0; 

g = [g1;g2;g3;g4]; 

end 

 
%%Optimization Execution 
 
clear; 

clc; 

% Bounds 

UB = [65 10];   % Upper Bound 

LB =[35 5];     % Lower Bound 

NVARS = 2;      % Population Size 

Aeq = []; 

Beq = []; 

A   = []; 

B   = []; 

% Call Objective and Contraints 

OBJ = @objfcn; 

CONS = @constfcn; 

% Optimization options to show iteration 

OP = optimoptions('gamultiobj','Display','iter'); 

% Call Optimizer to run the MOGA 
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XOPT = gamultiobj(OBJ,NVARS,A,B,Aeq,Beq,LB,UB,CONS,OP); 

Fmincon Optimizer 

%%obj function 

function f = objfcn(guess) 

%k = zeros(2,1); % Make a matrix of size 2x1 and fill it with zeroes 

X = guess(1); % take the population and specify X and Y from the population 

Y = guess(2); % guess set 

%% Objective functions 

% Mass Objective 

k = 0.0105+(1.8185E-06*X)+(8.3507E-04*Y)-(1.8519E-08*(X^2))+(3.7333E-

07*(Y^2))+(4.2E-05*X*Y); 

f=k; 

end 

function [g,heq] = constfcn(guess) 

global hist 

X = guess(1); % take the population and specify X and Y from the population 

Y = guess(2); % guess set 

%% Constraints 

% Factor of Saftey Function 

FOS = 0.6519-(0.0683*X)+(0.6907*Y)+(7.2593E-04*(X^2))-(0.0011*(Y^2))-(0.0055*X*Y); 

% Deflection Function 

def = 1.2565+(0.0242*X)-(0.1587*Y)+(3.70E-05*(X^2))+(0.0077*(Y^2))-(6.67E-05*X*Y); 

%Fatigue Life 

fati = (5859.3-(98.5426*X)-(229.8*Y)+((X^2)*0.5170)+((Y^2)*29.6533)+(X*Y*0.58)); 

%% 1.5 <= FOS <= 2.6 
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g1 = 1-(FOS/1.5); 

g2 = (FOS/2.6)-1; 

%% 1.3<=def<=1.4 

g3 = 1-(def/1.3); 

g4 = (def/1.4)-1; 

g5 = 1-(fati/3000); 

%% Specify G & HEQ as constraints 

heq =0; 

g = [g1;g2;g3;g4;g5]; 

c2 = [FOS,def,fati]; 

hist = [hist;c2]; 

end 

%% ==================Main Execuation Code========================== 

clear; 

clc; 

global his; 

his=[]; 

% Bounds 

UB = [65 10];   % Upper Bound 

LB =[35 5];     % Lower Bound 

NVARS = 2;      % Population Size 

Aeq = []; 

Beq = []; 

A   = []; 

B   = []; 
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% Call Objective and Contraints 

OBJ = @objfcn; 

CONS = @constfcn; 

% Optimization options to show iteration 

OP = optimoptions('gamultiobj','Display','iter'); 

OPFMINCON = optimset('disp','iter'); 

% Call Optimizer to run the MOGA 

%XOPT = gamultiobj(OBJ,NVARS,A,B,Aeq,Beq,LB,UB,CONS,OP); 

[XOPTf,fevalx] = fmincon(OBJ,[36 6],A,B,Aeq,Beq,LB,UB,CONS,OPFMINCON); 
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