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ABSTRACT 

 

Two of the biggest problems faced by additive manufacturing (AM) are high residual 

stresses and part distortion. Due to the high temperature gradients generated during the 

process, large residual stresses are generated. These stresses can cause a part to distort out 

of spec or worsen fatigue properties, creating points of failure in service. To determine 

the impact of process inputs on residual stresses, modeling can offer an alternative to 

expensive and time-consuming trial and error and measurement techniques. This thesis 

explores the two most common finite element analysis (FEA) approaches to modeling 

AM: the weakly-coupled thermo-mechanical method and the inherent strain method. 

There is a lack of literature on thermo-mechanical AM models at a large part scale (> .5 

m build height), with most large-scale works only considering steady state, symmetrical, 

long geometries. As the scale of parts modeled increases, the typical resolution 

assumptions become computationally infeasible. This thesis aims to address the overall 

need to verify the impact of resolution on FEA results (temperature, residual stress, 

distortion) by comparing the outputs of the same analysis as mesh and increment size are 

varied. The other main component of the thesis is to investigate the ability to utilize 

digital image correlation (DIC) data to inform the computationally inexpensive inherent 

strain method of FEA, which could open up the possibility of rapid in-situ modeling 

techniques for distortion correction in the future. Final part displacement measured using 

DIC is compared to inherent strain method results and further recommendations for 

building the approach are made. 
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CHAPTER ONE  

INTRODUCTION AND BACKGROUND 

The State of Manufacturing 

Casting has been the standard approach to fabricating geometrically complex metal parts 

with complex geometries. While most commonly used in the automotive sector, castings 

are prevalent across most industries, with 90% of durable goods containing a metal casted 

component [1]. Movement of manufacturing overseas, a decline in available skilled 

workers, and material shortages due to the recent pandemic have impeded domestic 

ability to make parts. In 2022, the Department of Defense identified casting and forgings 

as one of four areas “in which critical vulnerabilities pose the most pressing threat to 

national security” [2].  As seen in Figure 1.1, the number of casting facilities has declined 

from 6,150 in 1955 to 1,770 in 2022, with the majority of plants being small-scale 

operations consisting of less than 100 employees, which are ill-suited to taking on 

government contracts [1]. The decline in manufacturing power domestically has resulted 

in drastically increased lead times. Additionally, the cost of raw material continues to 

rise, and traditional approaches such as casting have an average yield rate of 53.3%, 

which means that only around half of the melted material ends up in the final part [3]. 

Therefore, there is a pressing need for novel fabrication approaches in order to 

supplement the existing manufacturing pipeline of metal components. Additive 

manufacturing (AM) offers one potential solution to the problem, while offering several 

advantages such as ability to produce increasingly complex geometries, less material 

waste, and lower lead times for low-volume parts [4, 5]. 

Potential of Additive Manufacturing 

Broadly speaking, additive manufacturing is an approach to building parts through layer-

by-layer deposition or sintering of material. As a result, parts with high degrees of 

complexity are able to be manufactured with fewer constraints than subtractive methods. 

Typically for any AM process, a model of the desired geometry is “sliced”, or divided 

into layers, and a tool path is generated to provide a machine with the path required to 

create each layer.  

 



2 

 

 

Figure 1.1 Number of U.S metalcasting facilities since 1995 [1] 
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While AM techniques have been developed for non-metals such as polymers and 

ceramics, the focus of this thesis will be on metal additive techniques. Per ASTM, single-

step AM processes fall under two main categorizations: solid-state and melted-state 

(highlighted in Figure 1.2) [6]. Solid-state AM processes operate by joining together 

layers of material without inputting enough energy to melt the metal. Examples of solid-

state AM include sheet lamination, where layers are cut out of sheets then fused 

ultrasonically and additive friction stir deposition, which directly deposits metal 

feedstock through a spinning tool that plasticizes it, enabling a bead to form.  

Melted-state techniques use focused thermal energy to melt metal feedstock, fusing layers 

together. They fall under two main categories: powder bed fusion (PBF) and direct 

energy deposition (DED). PBF processes are the most widely adopted metal additive 

process [7], and consist of spreading a layer of metal powder across a substrate and 

selectively melting regions according the layer slice geometry. After a layer is completed, 

another layer of powder is spread across the surface and melted accordingly. The source 

of fusion to melt the metal powder can be a laser or electron beam. Due to the size of 

metal powder, the layer height in these processes are on the scale of microns. As a result, 

PBF is able to achieve a feature resolution of  >1 mm and to produce parts that need little 

to no post-processing, however scale and deposition rate are limited [7]. PBF build 

heights are less than a meter, with the maximum height ranging from 200-350 mm across 

different machines [8]. 

DED techniques deposit material directly by melting wire or powder feedstock using a 

focused energy source. A larger melt pool is formed, resulting in higher deposition rates 

but lower detail resolution than PBF. As a result of the larger bead size, parts 

manufactured using DED are more limited in part complexity and generally need post-

processing to achieved the desired part geometry. One such DED process is wire arc 

direct energy deposition, also known as wire arc additive manufacturing (WAAM). This 

approach builds on existing welding processes by using wire feedstock and an arc to 

create layers using beads of metal. A typical WAAM system consists of a welding torch 

affixed to a 5-axis robot. When compared to other AM processes, WAAM offers larger, 

more flexible build volumes, higher deposition rates, and lower feedstock costs. For 

example, Oak Ridge National Lab’s MedUSA system can achieve builds up to 2 meters 

tall and can deposit material at a rate of 52 kg/hr across three robots [9]. The experiments 

modeled in this thesis are both examples of DED additive manufacturing, however other 

approaches will be referenced.  
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Figure 1.2 Single-step metal AM processes based on inputs [6] 
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Limitations of AM 

Rather than superseding the traditional manufacturing pipeline entirely, additive 

manufacturing is better positioned supplemental solution to the manufacturing problem. 

This is because while AM does offer a novel manufacturing approach, it is not well suited 

for mass manufacturing of a single part geometry. There are several problems inhibiting 

the adoption of AM at a large scale, including defects, distortion, residual stress 

management, and consistent part performance. In AM, the deposition of molten material 

generates sharp thermal gradients, which lead to uneven thermal expansion, and as a 

result, residual stresses can form. Residual stresses remain in the part when it reaches an 

equilibrium state, and can often approach the material’s yield stress. In order to 

accommodate for this residual stress state, parts will distort out of shape. Distortion can 

result in parts being out of spec or, in extreme cases, can result in manufacturing failure 

entirely. Additionally, the residual stresses present in a part will impact a part’s 

performance and fatigue strength when in service [10]. Post-processing measures such as 

machining and heat treatment will relieve and redistribute residual stresses, further 

influencing distortion in the part. Therefore, there is a need to produce parts that are as 

close to the desired geometry as possible, or near net shape, in order to minimize the 

amount of post processing necessary to complete the part. The nature of residual stresses 

in AM will be further expanded on in Chapter 2. 

Influence of Process Parameters in AM 

Residual stress in AM is a function of thermal condition and mechanical constraints; 

therefore, it is influenced by the majority of process inputs, such as: scan speed, input 

power, tool path, material preheat, inter-layer dwell time, as well as manufacturing 

conditions, i.e. part geometry, support structure, and substrate geometry. The relationship 

between input parameters and resulting residual stresses and distortion have been 

explored throughout the literature.  

In [11], the authors aimed to minimize the residual stresses induced during direct energy 

deposition (DED) of Ti-6Al-4V  by modifying the substrate geometry. In doing this, an 

inverse relationship between thermal deformation and residual stresses with respect to 

substrate thickness is established; a large substrate has a higher stiffness, reducing 

thermal deformation. However, since the substrate doesn't comply with the stress state, 

higher residual stresses form. Ultimately, by reducing substrate width to eliminate stress 

concentrations formed at the corner between part/substrate and by implementing a 

"hollow" substrate strategy, the authors were able to achieve a reduction of 62% in 

maximum tensile residual stresses. 
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Denlinger et al. [12] measured in-situ distortion during laser DED of Ti–6Al–4V and 

Inconel 625 three bead wide, single-wall geometries to understand impact of inter-layer 

dwell time (the time between the end of a layer and beginning of the next layer). The 

dwell time was varied from 0s to 40s while all other parameters were held constant. In-

situ deflection of the substrate measured with a laser displacement sensor, and in-situ 

temperature was measured with thermocouples on the substrate. Post manufacturing, the 

substrate profiles were obtained using coordinate-measurement machine, and residual 

stress at a point in each substrate was obtained using the hole-drilling method. In this 

experiment, the materials showed opposite responses; the Ti-6Al-4V samples had higher 

distortion and residual stress as the dwell time increased, while the magnitude of the 

same measurements in the Inconel 625 samples decreased with respect to dwell time. 

Additionally, the Inconel 625 samples had higher final distortion and residual stress than 

the Ti-6Al-4V samples. This work shows the impact of both material choice and inter-

layer dwell time on the distortion and residual stress in AM parts.  

The relationship between process inputs in AM and the resulting part quality is nonlinear, 

making it difficult to generate a one-size fits all solution to minimizing distortion and 

controlling residual stresses. For a given part geometry, machine, desired properties and 

material, there is a need to establish what parameters should be used. These can be 

selected using a “trial and error” experimental approach, or models can be established to 

aid in parameter selection.   

Approaches to Finding Residual Stress 

A purely experimental “trial and error” approach to optimizing manufacturing of an AM 

part can be both expensive and time-consuming, and generates wasted material if the part 

in question is deemed unusable. In addition to the costs and time that are required to 

manufacture and post-process a part, further time is required to measure the residual 

stress state. Residual stress measurement falls under two main categories, destructive and 

non-destructive evaluation. Destructive approaches, such as the hole drilling and contour 

methods, use the relaxation resulting from material removal to back-solve for the residual 

stress state but compromise the part in the process. 

Alternatively, non-destructive techniques such as x-ray or neutron diffraction enable 

residual stress measurement while preserving the measured part. Diffraction approaches 

work by measuring the lattice spacing, d, in a region, which can then be compared to the 

lattice spacing in an unstressed portion of the same material, d0 [10]. X-ray diffraction is 

only able to penetrate on the order of microns, limiting stress measurements to the 

surface of a part. While neutron diffraction is able to get volumetric data deeper within a 
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part, there are only five neutron sources in North America, resulting in highly limited 

access and measurement time [13]. 

Many experiments deploy modeling approaches to narrow down the process parameters 

that will yield preferable residual stresses and distortion. The primary downside of this 

approach is that modeling the AM process can have an extreme computational cost, with 

more detailed models taking far longer to solve than the manufacturing time itself [14].   

However, models are able to generate data that is both transient and full-field, giving 

insight to the material response during manufacturing at more locations than possible 

with measurement. Another benefit is once a model has been calibrated and validated 

against experimental data, it is much easier to iterate the model using varied input 

parameters than to repeat the manufacturing and measurement process. 

Modeling the AM process 

Due to the highly transient nature of additive manufacturing processes, there are a large 

variety of modeling approaches taken to understand specific components, such as 

computational fluid dynamics to model the movement of material in the melt pool, or 

analytical approaches to model simplified heat transfer or stress distributions. The nature 

of models that this thesis will focus on look at the macro-scale residual stress and 

distortion response during additive manufacturing, neglecting micro-scale factors such as 

phase transformation and melt pool dynamics. Finite element analysis (FEA) is the most 

prevalent approach to modeling AM at the part scale. FEA divides the part domain into 

discrete nodes and elements with designated properties and solves governing partial 

differential equations based the applied loads and boundary conditions. Depending on the 

type of analysis considered (heat transfer, static, dynamic, etc.) the specific loads, 

boundary conditions and governing equations will be different. The most common FEA 

approaches to modeling the AM process are weakly coupled thermo-mechanical FEA and 

inherent strain FEA. 

Thermo-Mechanical Method 

The most prevalent modeling approach taken when modeling the AM process is coupled 

thermo-mechanical analysis, or the thermo-mechanical method (TMM). The approach 

consists of a transient heat transfer analysis followed by a quasi-static analysis 

considering the generated thermal strains [15]. To mimic the deposition of material in 

AM, a technique called element activation is implemented. At the beginning of the 

analysis time frame, all elements within the part are in a deactivated state. As the heat 

source passes through a deactivated element, the element is activated, which updates the 

solution domain. In the thermal component of the TMM, a heat source representative of 
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the actual applied heat in an AM process is applied along a path according to the speed 

and movement of the real tool. In AM, the primary mode of heat transfer from molten 

material comes from convection at the melt pool boundary, but this heat transfer is 

represented as a surface or volumetric heat flux in thermal FEA. Based on the load, 

convection through deposited material, and the designated thermal boundary conditions 

such as convective and radiative heat loss to the surroundings, a thermal history of every 

node at each point in time is obtained. This data is then used as an input in the quasi-

static mechanical step, where the changes in temperature across the manufacturing 

process are used to apply thermal strains to the geometry. As a result, the evolution of 

residual stresses and displacement across manufacturing time can be extracted. 

Inherent Strain Method 

In the inherent strain method (ISM), the thermal analysis step is forgone and only a 

mechanical analysis is conducted. A specified distribution of inelastic or “inherent” 

strains are applied directly as a load to newly activated layer of material, which will 

deform in order to accommodate them. As a result, elastic strains are generated as 

residual stress can be found. Compared to the TSM, this method is much more 

approximative, and is generally used to observe the impact of weld sequence in large 

welded structures. However, since the ISM consists of a single mechanical analysis step 

with fewer increments, inherent strain models can often solve in an order of minutes 

rather than hours, enabling rapid model iteration. To use the ISM, the inherent strains for 

a system must be predicted or calculated separately, which adds to the computational 

time. 
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CHAPTER TWO  

RESIDUAL STRESS  

Background  

Residual stresses are the stresses that remain in a body at an equilibrium state due to 

locked-in elastic strains that cannot be unloaded due to some distribution of incompatible 

plastic strains. To visualize this phenomenon, a common example is the one shown in 

Figure 2.1, where a cubic unit volume is removed from a body. Once the cube undergoes 

some sort of physical deformation, the entire section will have a plastic strain with 

reference to the initial state. In order to fit the section back into the hole in the body, 

some elastic strain will need to applied in order to force the section into its original shape. 

After the unit volume has been added back into its original location within the body, it 

will apply reaction forces along its boundary to try to return to its deformed state. These 

are the source of residual stresses. As the scale of the unit volume increases, these 

residual stresses can result in deformation of the entire body in order to reach a static 

equilibrium. The primary mode of straining during additive manufacturing is thermal 

strain. Figure 2.2 (a) demonstrates that in a minimally constrained body, the material will 

freely expand as it is heated, according to Equation (1): 

 ∆𝐿 =  𝛼𝐿0∆𝑇 (1) 

Where ∆𝐿  is the change in length, 𝐿0 is the initial length, α is the coefficient of thermal 

expansion, and ∆𝑇 is the change in temperature. As a result, there are no forces acting on 

the body, and therefore no thermal strain is present, and the body will return to its 

original shape upon cooling.  However, when a body is constrained from expanding, as 

shown in Figure 2.2(b), a resultant force F is generated by the boundary, thus generating 

strains. If these strains exceed the material’s yield limit, plastic strains accumulate, 

resulting in permanent deformation and preventing the body from returning to its original 

shape. In this case, strains will remain present after the body returns to room temperature 

and thermal strain is gone. Therefore, there will be a resulting residual stress state. 

In the real-world case of welding, the thermally cycled material along the weld path is 

constrained by a relatively large volume of cooler material on either side, resulting in 

strains that exceed the material’s yield strain. Additionally, the high variance in 

temperature is coupled with a moving heat source, resulting in a transient problem. Rapid 

heating of material as a heat source moves over it will result in local thermal expansion as 

the temperature increases and contraction as it decreases. As a result of these extreme 

processing conditions, residual stresses will always be generated, and in the case of a 

typical butt weld, the residual stresses will often reach the material’s yield stress [16, 17].  
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Figure 2.1 Residual stress visualization cartoon. 

 

 

Figure 2.2 Effect of heating an (a) minimally constrained and (b) constrained body. 
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As mentioned previously, in addition to causing deformation, residual stresses in a 

welded part can result in points of failure in service, such as brittle fracture due to tensile 

residual stress or reduced buckling strength due to compressive residual stresses [17]. 

Additive manufacturing processes are subject to similar thermal conditions as welding, 

however more complex heating paths and repeated thermal cycling due to subsequent 

layer deposition make it more difficult to empirically predict the stress and deformation 

distributions a-priori. 

Three-Bar Model of Residual Stress 

One classic idealized model to demonstrate and model the development of residual 

stresses in a butt weld is the three-bar model, which consists of three bars constrained to 

two perpendicular rigid bars as seen at the top of Figure 2.3. In the general form of the 

three-bar model, one rigid cross-bar is fixed, while the other is able to move. In this 

sense, the three-bar model is also sometimes represented as a bar-and-spring model, 

where the relative stiffness of the side bars is incorporated into the stiffness coefficient of 

the spring [18]. The center bar represents the high-temperature region including and 

surrounding the deposited metal, while the side bars represent the high volume, low 

temperature surrounding regions. This assumes that the temperature is uniform along the 

length of the weld region. The assumption is made since a moving heat source generates 

sharp thermal gradients in all directions except behind it, where the gradient would be 

relatively gentle. 

Figure 2.3 Plots the stress in the direction of thermal loading with respect to temperature 

for a classical three-bar model of carbon steel. In this example, the thermal history of the 

bar is indicated by ABCDE, where the middle bar begins at 0⁰F, is heated to 1100⁰F, and 

cools back down to 0⁰F. At point A, the bar begins in a stress-free state. From A to B, 

elastic compressive stress develops, as the thermal expansion of the middle bar is 

restrained by the side bars. From point B to C, the bar is stressed passed its yield stress, 

and permanent deformation occurs, limiting the additional stress accumulated, since yield 

stress decreases as temperature increases. At the onset of cooling, the middle bar unloads 

elastically until it reaches its tensile yield limit (C to D). Finally, from point D to E, the 

bar continues to accumulate tensile stress at a reduced rate as the material yields until the 

system returns to 0⁰F. Point B’ indicates the minimum temperature needed in order to 

develop the tensile residual stress at point E. In other words, as long as the model is 

heated beyond 600⁰F, the same final residual stress state will be achieved [19].  

Additionally, to maintain equilibrium, the side bars will have a compressive residual 

stress state with half the magnitude of point E. 
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Figure 2.3 Stress-temperature in the middle bar of the three-bar model [19]. 
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FEA of the Three-Bar Model 

Model Setup 

In order to supplement the classical three-bar model of residual stress, a FEA model of 

the problem was generated using Abaqus 2023 software. The geometry consists of three 

15x80x15 mm vertical bars and two 75x10x15 mm horizontal bars; the assembly and 

dimensions can be seen in Figure 2.4(a). The horizontal bars act as hollow, rigid shell 

geometries in this model. As in the classic general-case model, the bottom horizontal bar 

is fully constrained and fixed to the bottom surfaces of the vertical bars, while the top 

horizontal bar is constrained to the top surfaces of the vertical bars only. The vertical bars 

are assigned the temperature-dependent material properties of stainless steel 316 (SS316). 

The properties defined were temperature dependent elastic/plastic properties and thermal 

expansion coefficients, as listed in Table A.1. 

Thermal expansion was specified as one-dimensional in the y direction only. The vertical 

bars were meshed using 3.75x4x3.75 mm C3D8R elements. To load the model, a uniform 

thermal history field was assigned to the middle bar. The temperature was raised to 

500⁰C over 10 seconds in the “heating” and decreased back to 0⁰C over 10 seconds in the 

“cooling” step, as plotted in Figure 2.4(b). While the steps will be referred to as “heating” 

and “cooling”, it is important to note that no actual heat transfer is considered in this 

model. According to the formula derived in [16], the yield temperature, 𝑇𝑌, in a given 

weld can be derived as: 

 
𝑇𝑌 = (

𝐴 + 𝐴0

𝐴0
)

𝜎𝑌

𝐸𝛼
 

(2) 

Where 𝐴 is the cross sectional-area of the middle bar, 𝐴0 is the combined cross-sectional 

area of the side bars, and 𝜎𝑌 is the material yield stress. (𝐴 + 𝐴0)/𝐴0 indicates the degree 

of restraint on the middle bar due to the side bars. As this value approaches one, the 

three-bar problem can be described by fixing both horizontal rigid bars. Provided the 

room-temperature values in the material properties used in this model, the yield 

temperature solves to be around 125⁰C, which indicates the applied value of 500⁰C will 

be sufficient to demonstrate the accumulation of residual stresses in the model. 

Additionally, since this model considers the effects of temperature on material response, 

the actual yield temperature will be lower than calculated. 
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Figure 2.4 (a) Three-bar FEA geometry. (b) Applied temperature field. 
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Results 

Figure 2.5 shows the stress and strains in the y direction throughout the three bars at the 

end of both steps in heating during the model. At t=0 sec, the geometry begins in stress-

free state. At t=10 sec, the temperature in the middle bar is at the maximum value of 

500⁰C. As a result, the bar is in its most expanded state, inducing compressive stress in 

itself and a reactive tensive stress in the side bars. Since the middle bar has plastically 

deformed at this point, returning to the original state will induce a tensile stress state, 

which can be seen at t=20 sec in the figure. To balance the state of tension in the middle 

bar, the side bars are forced into compression, with the compressive stress in each being 

equal to ½ the magnitude of the tensile stress in the middle. These results mimic the 

behavior of the original mathematical model.  

Figure 2.6 illustrates the stress/strain response in the y direction in the element at the 

center of the middle bar. During the first ~2 seconds of the heating phase, compressive 

elastic strain is induced in the middle bar until the material begins to yield, indicated by 

the onset of compressive plastic strains, which accumulate up to the end of the heating 

step. Then, as the temperature in the middle bar is decreased, the material unloads 

elastically until the tensile yield strain is reached, at around 13 seconds. At this point, the 

compressive plastic strain starts to become more tensile until the cooling is completed, 

while remaining net compressive. Note that if Tmax were to be increased sufficiently, then 

the final value of Ɛp can become tensile, which is referred to as “reverse tensile yielding” 

[18]. Looking at the stress response, note that the sign of residual stress corresponds to 

the sign of the elastic strain, as residual stress is caused by unrelieved elastic strains. 

Figure 2.7 plots the stress/strain response as a function of temperature, which is more 

directly comparable to the example from Figure 2.3.  

Extension to Additive Manufacturing 

In [20], the formula of yield temperature ( 𝑇𝑌) established in Equation (2) is used to 

develop an approach to mitigating substrate residual stresses in direct energy deposition 

of Ti-6Al-4V. By treating the deposited material as the middle bar and the surrounding 

substrate as the side bar constraint (shown in Figure 2.8), the substrate was modified in 

order to increase the degree of restraint. These modifications were done with the intent of 

raising 𝑇𝑌 in order to prevent the initiation of residual stresses. The resulting modified 

substrate designs resulted in a demonstrable reduction of residual stress at the 

part/substrate interface. 
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Figure 2.5 Elastic strain, plastic strain, and stress in the y direction at the fully heated (t1) 

and cooled (t2) states. 

 
Figure 2.6 Stress and elastic and plastic strain in the Z direction across model time. 
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Figure 2.7 Stress and elastic and plastic strain components as a function of temperature 
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Another extension of the three-bar model to additive processes was explored by [21], 

which considered stress relaxation due to the high-temperature thermal cycling typical of 

AM. In this case, DED of Ti-6Al-4V was investigated. Relaxation behavior was 

described by the authors using a Norton-bailey model: 

 𝜀𝑟̇𝑒 = 𝐴𝜎𝑛 (3) 

Where 𝜀𝑟̇𝑒 is the relaxation strain rate, σ is the deviatoric stress, and both A and n are 

material constants gathered via stress relaxation tests at elevated temperatures. The intent 

behind incorporating relaxation behavior was to account for the recovery of inelastic 

strain that occurs as a layer is repeatedly cycled thermally. In this study, measurements 

were taken at 600⁰C, 700⁰C, 800⁰C on additively manufactured samples. By 

implementing relaxation into the material response, the authors were able to greatly 

reduce the error in the prediction of transient substrate displacement. In addition to full-

scale models of the subject geometry, the three-bar model was used to illustrate the effect 

of considering stress relaxation in thermal cycling. Shown in Figure 2.9a & b, the thermal 

history for a single layer was applied to the middle bar, and the side bars were considered 

as rigid constraints. The resulting stress and strain temperature relationships are shown in 

Figure 2.6c & d. During the majority of the thermal cycle, it can be seen that the 

relaxation model doesn’t have a noticeable impact on the stress/strain development in the 

middle bar due to the rapid change in thermal history. Upon cooling into the ~600⁰C 

range, as indicated by the black boxes, the magnitude of the tensile residual stress and 

compressive inelastic strain are reduced as they are recovered. While the impact on the 

three-bar model is relatively small, in an actual region of additively manufacturing 

material, as thermal cycling continues the relaxation effect illustrated in this model would 

accumulate, resulting in a reduction in stress and strain, as well as substrate curvature. 

While the three-bar model is a simplification of the actual thermo-mechanical process of 

residual stress development in the welding process, it still serves to provide valuable 

insight into the development and modeling of residual stress in additive manufacturing. 
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Figure 2.8 Adaptation of three-bar model to AM deposition [20]. 

 

 

Figure 2.9 (a) Three-bar model. (b) Temperature history of single layer applied to model. 

(c) Stress and (d) strain with respect to temperature [21]. 
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CHAPTER THREE  

THERMO-MECHANICAL ANALYSIS OF CURVED WALL 

GEOMETRY 

This experiment is a continuation of the findings and modeling from Lee et al. in [22] 

which investigated the mode of deformation for a large scale, curved wall geometry with 

consideration of variable time stops due to manufacturing conditions using sequentially 

coupled TMM FEA in conjunction with laser scanning measurements and DIC analysis. 

The results will help to provide pragmatic guidelines for simplifications that can be made 

to decrease computational cost while still successfully predicting the geometry’s 

deformation with reasonable accuracy relevant for industrial adaptation. A series of finite 

element analyses on the same geometry was conducted while varying element size and 

time increment length. ABAQUS Standard 2022 software was used to conduct the study. 

From the analyses, nodal displacement, residual stress, and thermal history were 

extracted and compared between each run. Additionally, the deformed analysis output 

geometries were compared to a point cloud of the physical geometry manufactured by 

WAAM using visual data. 

Literature Review 

It is common practice in FEA of WAAM to use an element size less than or equal to the 

width and height of the deposition cross section for accurately representing the physical 

response to metal deposition [23-26]. A frequent approach to selecting element size in a 

FEA model is to conduct a mesh-convergence analysis, where a representative domain is 

used to find an acceptable balance of percent error and computational time. In the case of 

WAAM, the representative geometry consists of several beads or layers. For example, 

when modeling WAAM deposition of Aluminum Ally 5183, Zhao et al. conducted a 

mesh convergence study using mesh sizes of one, two, and three elements across the 

height and width of the deposition cross section by analyzing ~2.25 beads from the full 

part. Based on the study, the 2×2 element approach was justified by its 0.49% relative 

error while arriving at a solution 61.4 hours faster [23]. Because of the challenges 

associated with computational costs, it is not common to report the impact of mesh size 

on the results of a full WAAM geometry at a larger scale in open publications. One 

example is seen in the work of Yang, et al. wherein a computationally efficient semi-

analytical thermal model analysis was coupled with a mechanical analysis to model the 

deposition of a 4-layer thin wall structure [27]. When investigating the thermal results, it 

was found that a finer mesh (5 mm × 0.3125 mm × 2 mm) yielded nearly identical 

temperature history as coarser mesh (5 mm × 1.25 mm × 2 mm), which was then used in 
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the mechanical analysis [27]. Further investigations of resolution can be seen in modeling 

of other AM processes. 

Cattenone et al. investigated the effects of temporal and spatial resolution on the results 

of a complete part geometry in TM analysis of fused deposition modelling of 

thermoplastics, implementing elements ranging from ½ the bead width and height to ×4 

the bead width while maintaining a z height consistent with deposited layer height [28]. 

The authors report that time step has large influence on local temperature development, 

while having a minimal impact on mechanical results, and that a coarser meshing strategy 

can fail to capture local stress concentrations, demonstrating a need to further explore the 

impact of resolution on complete parts [28].   

In order to investigate an approach to speed up TM FEA, Lu et al. implemented a 4-layer 

activation scheme in modeling powder-based direct energy deposition (DED) of Ti-6Al-

4V [29]. By adjusting the time step such that 4 layers are activated at a time. From the 

experiment, it was observed that a larger time step generates excessive oscillations in the 

temperature history, while the average temperature values are in line with measured data. 

Additionally, due to inability to fully capture thermal gradients across the substrate in the 

first 4-layer group, > 1mm mismatch of displacements were found. However, as the 

process approached a steady state, the numerical analysis showed good agreement with 

measured displacement. Overall, this approach was able to reduce computation time by 

77% [29].  

In [30], Nycz et al. explored the relationship between time increment size and residual 

stress predictions for a single-bead, mild steel wall geometry produced using WAAM. A 

20 sec time increment was able to capture substrate distortion and showed consistent 

residual stresses with a 10 sec time increment. However, neutron diffraction (ND) 

measurements revealed tensile longitudinal residual stresses near the surface of the 

substrate that weren’t captured by the larger increment sizes. To remedy this, an 

increment size of 1s was used for the first 3 layers, followed by 20 sec for the remaining 

layers to better capture the stress accumulation caused by interaction between the initial 

layers and the substrate while maintaining computational efficiency. 

Deering investigated the impact of various user inputs on the results using the TMM in 

powder bed fusion of stainless steel 316, including increment and mesh resolution [31]. 

The findings indicated that average temperature increases with higher resolution in both 

increment size and mesh, however in the study a range of only 2.33℃ was reported. 

Additionally, it was observed that larger elements predicted higher residual stresses, and 

both larger element and increment size resulted in less displacement. The work concluded 

that the impact of mesh density and increment size are independent, and an increment 
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size encapsulating 2-4 physical layers was recommended to balance accuracy and 

runtime when modeling the powder bed fusion process [31].Lee et al. implemented and 

modeled wire-based hybrid manufacturing to build a 3-bead thick wall, and measured 

residual strains from the final part using ND [32]. The process was modeled by 

combining the traditional sequentially-coupled TM FEA to model WAAM deposition 

with element removal to capture the machining process. In the initial analysis, element 

size in the part was 1.5 mm and solution time was 335 min (~5.5 hr). In order to better 

match the resolution of ND, a model using 5 mm elements was created, which was able 

to generate a residual strain distribution with a strong correlation (quantified using the 

Pearson and Spearman coefficient) in the build and longitudinal direction and moderate 

in the transversal direction, while solving in 15 minutes. This approach could be used to 

validate the model against measured data prior to higher resolution FEA.  

Although, the critical need to understand the sensitivity of modeling parameters on 

residual stress and distortion prediction was stressed by the AWS and ANSI guide for 

verification and validation in computation weld mechanics had been published [33], 

computational modeling literature (Table 3.1) with reference to large-scale WAAM 

appears to be ignoring this aspect.  

Background: Thermo-Mechanical FEA of Additive Manufacturing 

Thermal Analysis 

The governing heat transfer equation is defined in Equation (4): 

 
𝜌𝑐

𝜕𝑇

𝜕𝑡
= −𝛻 ∙ 𝑞 + 𝑄  

(4) 

Where ρ is mass density, c is specific heat, T is temperature, t is time, ∇ is the nabla 

operator, q is the heat flux, and Q is the body heat source. Heat conduction through the 

part can be calculated using Fourier’s equation (Equation (5)). 

 𝑞 =  −𝑘𝛻𝑇 (5) 

Where k is thermal conductivity of the material. Heat flux out was defined by convection 

and radiation, 𝑞𝑐 and 𝑞𝑟, which are defined in Equation (6) and Equation (7), 

respectively. 

 𝑞𝑐 = ℎ(𝑇 − 𝑇0) (6) 

 𝑞𝑟 = 𝜀𝜎(𝑇4 − 𝑇0
4) (7) 
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Table 3.1 Summary of Published Research Related to Finite Element Analysis of 

Additive Manufacturing 

Topic Research Directions and Findings Reference

s 

Heat Source 

Model 

Approaches to representing welding heat source as input 

flux; use of faster, simplified heat source 

[11, 29, 

34-37] 

Extension to 

Large Scale 

Investigation of more efficient, multi-scale approaches 

such as inherent strain, dynamic remeshing, and steady-

state models 

[29, 38-

41]  

Activation 

Strategy 

Impact of element activation approach on computational 

cost and model accuracy 

[42, 43] 

Constitutive 

Models  

Inclusion of additional modes of material behavior, i.e. 

hardening, viscous response 

[25, 26, 

44] 

Model 

Validation  

Approaches to validating results of thermal and static 

components of model 

[22, 23, 

35, 36, 38, 

39] 

Impact of 

Weld 

Sequence 

Works investigating the relationship between weld order 

and residual stresses/distortion using FEA 

[23-25, 

36] 

Impact of 

Substrate 

Design 

Models investigating impact of substrate geometry on 

final residual stress state and distortion 

[11, 36] 

Spatial/Temp

oral 

Resolution 

Selection of element size and time step based on relative 

error and CPU time 

[23, 27-

32, 37] 
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Where h is the heat transfer coefficient, 𝑇0 is the surface temperature, and ε is the 

emissivity of the material. Heat loss was considered at all free surfaces other than the 

substrate bottom, and the free surface boundary was continuously updated as elements 

were activated. A Goldak double ellipsoid heat source was used to model the heat 

distribution generated by the welder in the WAAM process [34]. The energy distribution 

for a double ellipsoid can be represented using Equation (8). 

 𝑞 =  𝑞𝑓 𝑤ℎ𝑒𝑛 𝑥 ≥ 0 

     =  𝑞𝑟 𝑤ℎ𝑒𝑛 𝑥 < 0  

𝑞𝑓/𝑟 =  
6√3𝑓𝑓/𝑟𝑄

𝑎𝑏𝑐𝑓/𝑟𝜋√𝜋
𝑒

(
−3𝑥2

𝑐2
𝑓/𝑟

)
𝑒

(
−3𝑦2

𝑎2 )
𝑒

(
−3𝑧2

𝑏2 )
 

(8) 

The subscript f denotes the front quadrant of the volume, while r denotes the rear, and 𝑓 

is the fraction of the heat deposited, where 𝑓𝑓 + 𝑓𝑟 = 2. The variables a, b, and c are 

geometric parameters, illustrated in Figure 3.1. 

The initial temperature as material was deposited was assumed to be 325°C, and the 

bottom of the substrate was held at 25°C. To observe the effects of changing increment 

size, the 8mm mesh case was repeated while only changing the increment size.  

Mechanical Analysis 

Following the thermal analysis, a temperature history at each node for each time 

increment is used to solve for static equilibrium in a mechanical analysis, which consists 

of a series of static solutions at each increment.  

 𝛻 ∙ 𝜎 = 0 (9) 

Equation 4 define equilibrium, where σ is stress. Stress is defined by Hook’s Law, where: 

 𝜎 = 𝐶𝜀𝑒 (10) 

C is the fourth order stiffness matrix, defined by the Young’s Modulus of a given 

material. Total strain, 𝜀𝑇, is defined as: 

 𝜀𝑇 =  𝜀𝑒 + 𝜀𝑝 + 𝜀𝑡ℎ + 𝜀𝑝ℎ (11) 

Where 𝜀𝑒 is elastic strain, 𝜀𝑝 is plastic strain, 𝜀𝑡ℎ is thermal strain, and 𝜀𝑝ℎ is strain due to 

phase change. In low alloy steels, the effects of creep strain and phase change on the 

stress can be neglected [45, 46], resulting in a simplified strain definition of: 

 𝜀𝑇 =  𝜀𝑒 + 𝜀𝑝 +  𝜀𝑡ℎ (12) 
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Figure 3.1. Double ellipsoid heat source parameters [34, 47]. 

 

 

Table 3.2.  Double ellipsoid parameters used in analysis. 

a b  𝒄𝒇/𝒓 𝒇𝒇 𝒇𝒓 

4.6 mm 2.0 mm 4.6 mm 1.6 0.4 
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Thermal strain is defined as: 

 𝜀𝑡ℎ =  (𝑇 − 𝑇𝑟𝑒𝑓) 𝛼𝒋 (13) 

 𝒋 = [1  1  1  0  0  0]𝑇 (14) 

where α is the coefficient of thermal expansion and 𝑇𝑟𝑒𝑓 is the reference temperature. 

Elastic-plastic behavior was modeled using Von Mises yield criterion, where Mises stress 

is defined as: 

 

𝜎𝑚 =  √
(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2

2
 (15) 

𝜎1, 𝜎2, and 𝜎3 are the principal stresses, and material is considered to be yielding when 

 𝜎𝑚  ≥ 𝜎𝑦 (16) 

Where 𝜎𝑦 is the yield stress at the given material temperature. 

Manufacturing/Model Parameters 

Computational Details 

The temperature dependent thermal- and mechanical- properties from the literature were 

assigned for each material. This data is summarized in Table A.2 and Table A.3 [48, 49]. 

All models used in the experiment were generated using ABAQUS 2022 software, 

running on 12 cores of an Intel Xeon CPU E5-26300 Processor. 

The machine tool path was converted from machine G-code into the ABAQUS event 

series format, which includes x, y, z coordinates and time-stamps over the history of the 

manufacturing process in a .csv file. An excerpt from the event series is shown in Table 

3.1 to provide insight to the format. To fully capture the manufacturing process, this 

series included pauses for machine maintenance and adjustments, which were not 

predicted prior to deposition. The event series was used to prescribe the time-dependent 

input for the input heat flux and element activation. The widely accepted double ellipsoid 

heat source was used in this work, however it generally does not need to be considered at 

this scale, where cuboid or concentrated heat sources have shown to produce sufficient 

thermal results [23, 30]. 

Progressive element activation was implemented for the analysis, which updated the 

domain for each increment by activating elements along the toolpath to simulate material 

deposition. Prior to activation, elements do not participate in the analysis solution.  
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Table 3.3 Event series excerpt for first ~58 seconds. 

t (sec) x (mm) y (mm) z (mm) Power (mW) 

0 1.132 -253.907 0 5.83E+06 

2.4566 -9.6 -213.725 0 5.83E+06 

5.2754 -19.454 -167.031 0 5.83E+06 

8.1194 -26.892 -119.461 0 5.83E+06 

10.9446 -31.775 -71.88 0 5.83E+06 

13.7669 -34.133 -24.157 0 5.83E+06 

16.6085 -33.961 23.952 0 5.83E+06 

19.4294 -31.266 71.634 0 5.83E+06 

22.2709 -26.007 119.452 0 5.83E+06 

25.0953 -18.283 166.641 0 5.83E+06 

27.9339 -8.018 213.589 0 5.83E+06 

30.4076 3.083 253.971 0 5.83E+06 

30.6606 -0.916 255.506 0 5.83E+06 

33.097 -11.897 215.746 0 5.83E+06 

35.9544 -22.293 168.501 0 5.83E+06 

38.807 -30.145 120.849 0 5.83E+06 

41.6566 -35.457 72.899 0 5.83E+06 

44.504 -38.222 24.771 0 5.83E+06 

47.3583 -38.431 -23.551 0 5.83E+06 

50.2118 -36.08 -71.803 0 5.83E+06 

53.0598 -31.18 -119.77 0 5.83E+06 

55.9093 -23.733 -167.434 0 5.83E+06 

58.7649 -13.763 -214.74 0 5.83E+06 
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As elements were activated, the thermal boundary conditions were automatically updated 

to account for the change in free surface. 

Experimental Details 

The computationally modeled part geometry, shown in Figure 3.2, consisted of 248 

Layers, each approximately 2 mm thick. The total part height was 495.3 mm and took 11 

hours to manufacture (including cool down) using a standard WAAM robotic cell. Each 

layer consisted of 4 passes, alternating between the scan pattern seen in Figure 3.4(a) for 

odd layers and (b) for even layers, at a speed of 16.93 mm/s. The substrate consisted of 

AISI 1080 steel, and the part material was 316L stainless steel. Arc power was 5.83 kW 

and a mixture of 98% Ar and 2% CO2 was used as a shielding gas. The welding wires 

were changed 3 times during manufacturing (at layer 74, 160, and 213), resulting in a 10 

minute pause each time. Additionally, there were 7 tip changes (~2 min each) and a 3-

minute print stop, adding to a total of 47 minutes of pauses. 

As mentioned, these pauses were included in the model but were not predicted prior to 

fabrication. After manufacturing was completed, the baseplate constraints were removed 

to evaluate the elastic spring-back, and a 3D laser scan was conducted to track part 

distortion. 

Role of Mesh and Time Resolution 

The effect of two resolution factors, time increment and element size, was investigated. A 

decrease in time increment and element size correlates with an increase in spatial and 

temporal resolution, respectively.  The length of the time increment, Δt, influences how 

often the analysis updates the solution with respect to time.  

In FEA of an AM process, a smaller time increment results in a higher max temperature 

with a higher thermal gradient, while a larger time increment will result in a more 

integrated heat source with a lower maximum temperature. An example of this effect is 

shown in Figure 3.3.While the time increment was set for each analysis, and remained 

constant in each thermal model, the mechanical solution was allowed to iterate to 

convergence. 

The element size influences the number of points in the domain of an analysis. For each 

mesh, element length was approximately the same in all directions, therefore element 

length, ℓ, and element size will be used interchangeably. Traditionally, when modelling 

an AM process, element size in the build direction is equal to or less than the deposition 

layer height in order to capture the inter-layer physics. When modeling large parts, the 

number of layers is often in the hundreds.  
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Figure 3.2 Dimensions of build geometry (a) front (b) top and (c) isometric view 

 

Figure 3.3 Temperature distribution of a transient heat source on a mild steel geometry 

for a 1 second increment compared to a 25 second increment. 

  



30 

 

  

Figure 3.4 Tool path for (a) odd layers and (b) even layers. 
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In order to reduce computational cost, Dassault Systèmes recommends a coarser meshing 

strategy with elements a few times larger than the layer height [47]. 8 mm, 4 mm, and 2 

mm element sizes, equivalent to 4, 2, and 1 layer(s) in the z direction, were investigated 

with a 400 sec time increment. 

Element size and time increment were varied across 5 analyses as listed in Table 3.4, 

with the 8mm 400s analysis serving as the lowest resolution case in both time increment 

and element size output comparisons The approximate deposition cross section was 8.6 

mm wide x 2 mm high. 

Results/Discussion 

Detailed description of the computational FEA mesh and profiles are outlined so that 

other researchers can use the same approach to perform verification and validation 

(V&V) of their own modeling scheme. Figure 3.5 shows the sample regions for 

temperature, displacement, and stress extraction on the part geometry. Temperature 

history was plotted at three nodes (A, B, & C). These nodes were selected get an 

overview of temperature signatures at different times during the WAAM process. 

Additionally, nodes were chosen to investigate change in temperature during deposition 

at the front face, back face, and at the center of the part. When selecting nodes to extract 

computational results, a node was selected on the 8mm mesh, then a nearest node formula 

was used to get the closest node on the other meshes. Additionally, displacement and 

stress profiles were sampled along the front face of the part as indicated in Figure 3.5. 

The profiles were selected to cross the highest value region(s) for each investigated 

output variable. 
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Table 3.4 Resolution parameters modeled 

Simulation # Element Size (ℓ) / mm  Time Increment (t) / seconds 

1 8 400 

2 8 100 

3 8 25 

4 4 400 

5 2 400 

 

 

Figure 3.5. Profiles and nodes extracted for data analysis 

  



33 

 

Temperature 

Figure 3.6 shows the temperature over time for nodes A, B, and C following the heat 

source crossing over the node. The plots indicate that increment size had a larger effect 

on predicted temperatures, but regardless of resolution, the temperature history of all 

analyses converged at the sampled node during cooling. The values in Table 3 were 

collected across all points for each analysis, and also indicate temporal resolution having 

a more significant impact on the results of the heat transfer analysis. In the absence of 

temperature data during the part’s deposition, it can be assumed that the 25s analysis 

generated maximum temperatures closest to actual values during manufacturing, while 

still under-predicting the maximum. Since metal begins in a liquid state, temperatures are 

expected to exceed the material’s liquidus, as reported in finer resolution models of 

SS316 [26]. This data confirms the expected behavior that longer increment sizes are 

unable to fully represent the temperature history of the process. Additionally, the shorter 

increment size analyses exhibited greater oscillation in temperature than the 400s cases; 

this effect is better portrayed in  

Figure 3.7, which provides a closer look at the peak temperature region of the previous 

plot for Node A. The oscillating behavior is likely an effect of the multi-pass scan 

strategy, which is largely averaged out for an increment size of 400s, which encompasses 

several layers. Figure 3.8 further illustrates this effect, showing the difference in 

temperature of simulations 2-5 from the 8mm, 400s model over the same range of time.  

Displacement 

When looking at the displacement magnitudes, U, across analyses (Figure 3.9 & Figure 

3.10) the same distribution of maximum displacement at the center of the face of the wall 

that decreases towards the edges can be seen. The range of maximum displacement 

across all analyses was 0.124 mm. Breaking U into components along the height of the 

part as shown in Figure 3.11 reveals that the largest component is in the x direction, 

where the face is shifting in the x+ direction. In the x direction, there is a range of 0.096 

mm between maximum displacement values across each analysis. There is a noticeable 

local minimum in displacement at the z height of each wire change. The three low-

displacement regions due to a longer interstitial layer time from wire changing can be 

seen in Figure 3.12. These regions are not at the same z height as the mesh size changes, 

with the largest difference in z height between the local minimums being ~12 mm. This 

can be attributed to the "lumping" of layers that occurs with a larger element size. 
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Figure 3.6. Temperature history following deposition at nodes A, B, C for (a) each length 

of Δt and (b) for each size of ℓ. 
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Table 3.5 Max temperatures across part for all time at each (a) increment size and (b) 

element size. 

Increment Size 400s  100s  25s  

Max Temperature (℃) 698.4 784.5 971.6 

    

Element Size 8mm  4mm 2mm  

Max Temperature (℃) 698.4 683.3 682.8 

 

 

Figure 3.7. Enlarged view of Figure 3.5(a) 

 

Figure 3.8 Difference in predicted temperatures with reference to initial ℓ=8 mm,  

t=400 s simulation.  
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Figure 3.9. Magnitude of displacement (mm) across face for (a) 400s, (b) 100s, (c) 25s 

increment. 

 

 
Figure 3.10. Magnitude of displacement (mm) across face for (a) 8mm, (b) 4mm, (c) 

2mm element size. 

 

 

Figure 3.11. Components of displacement along sample line for the 8mm 400s analysis. 
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Figure 3.12. Displacement in x direction for (a) each time increment along center profile 

and (b) for each element size along center profile. 
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Figure 3.13 Calculated x-z midlines for (a) 400s, (b) 100s, (c) 25s increment size. 

 

 

   

 

Figure 3.14. Calculated x-z midlines for (a) 8mm, (b) 4mm, (c) 2mm element size. 
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Table 3.6. Mean and max difference between midlines calculated from analysis and 

measurements. 

Increment Size 400s 100s 25s 

Mean Diff(mm) 1.359 1.435 1.290 

Max Diff(mm) 3.379 3.789 3.611 

Element Size 8mm 4mm 2mm 

Mean Diff(mm) 1.359 1.425 1.253 

Max Diff(mm) 3.379 3.563 3.330 
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Comparison to Geometry 

Comparing the analysis to the measured data reveals that while both FEA and the actual 

part form “kink” deformations (locally negative) at the layers where wire was changed, 

the FEA overpredicts the magnitude of this effect at layers 74 and 213. Additionally, as a 

byproduct of low spatial resolution, the location of these deformations in FEA are offset 

in the z direction when compared to the data, with the 2mm being the closest. The plotted 

midlines also show a greater divergence of the analyses from the dataset in the lower half 

(z < 250 mm) than the upper half (z > 250mm). The maximum errors between analyses 

and measurements were located in this lower region. The highest resolution models in 

increment and mesh size (25s and 2mm) had the lowest calculated absolute mean 

differences with respect to the measured surfaces, and the overall range of mean 

differences across analyses was 0.172 mm or 12%. With respect to the part height, this 

range is relatively small. 

Residual Stress 

When looking at the von Mises stress distributions (Figure 3.15 & Figure 3.16), it can be 

observed that spatial resolution has a larger apparent effect than time resolution. For the 

larger element size analysis, the maximum stresses are located in two vertical bands on 

the face of the wall, compared to smaller element size analysis, which has its maximum 

stresses concentrated at the corners attached to the substrate. Increment size did have an 

impact on the width of these regions; however, they still have the largest Von Mises 

stresses on the face of the wall. A profile of the x component of stress was extracted 

across the boundary of the 108th layer, where the maximum stress in the 8mm analyses 

was located. Figure 3.17 plots σxx across the line shown in Figure 3.5, which supplements 

the visual observations of the von Mises stresses, illustrating a large variation in trends as 

a result of change in element size. Stresses across time increments appear to come closest 

at the center of the wall and at the peaks of the high stress regions to the side, with the 

greatest differences at the edges of the wall. In the absence of residual stress data 

measurements for the manufactured part, it is assumed that the highest resolution mesh 

generates the most realistic stress state, and the peaks seen in the 8mm analyses are an 

artifact of the low mesh resolution. 

Computational Speed 

Decreasing the element size from 8 mm to 2 mm resulted in a ~49.6 hour increase in 

solver time, while decreasing the time increment from 400s to 25s resulted in a ~0.8 hour 

increase. The solver time behaved as expected; adding more increments to solve is less 

computationally expensive and more linear than increasing the time to solve per 

increment. 
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Figure 3.15. Von Mises stresses (MPa) across face for (a) 400s, (b) 100s, (c) 25s 

increment. 

 

 

Figure 3.16. Von Mises stresses (MPa) across face for (a) 8mm, (b) 4mm, (c) 2mm 

element size. 

 

  

Figure 3.17. x component of stress along profile line for (a) each increment size and (b) 

each element size. 

  



42 

 

Directional Meshing Scheme 

To further investigate the impact of element size on the analysis results, two additional 

meshes with directionally higher resolutions were created. Each approach uses elements 

~8 mm in two directions and ~2 mm in the third. Mesh “2mmX” is 2mm perpendicular to 

the weld direction, while “2mmZ” has a higher resolution in the direction of the build 

height. Each meshing strategy is shown in Figure 3.19. The 2mmZ meshing strategy 

generated a mesh closer to some approaches seen in the literature, which respect the 

layer-wise deposition of the AM process by using an element height equal to the layer 

height. Since the 8mm mesh consisted of only two elements in through-thickness, the 

2mmX strategy was deployed to improve the transversal resolution of the model, as σxx 

showed the greatest discrepancy in distribution and magnitude with respect to element 

size in the previous experiment. 

Comparing the von Mises stress states in Figure 3.20, the 2mmX mesh generated results 

closer to the initial case with a 2 mm element size, while the 2mmZ mesh generated a 

stress state closer to the 8 mm analysis. Figure 3.21 plots the distribution of displacement 

and stress in the x direction across the profiles originally highlighted in Figure 3.5. 

Looking at the nodal displacement, both additional analyses followed the expected trend 

established by the earlier models, with the 2mmZ mesh having higher displacement than 

the rest towards the top of the part. The surveyed stress distributions further support that 

the 2mmX mesh generated a closer stress state to the initial 2mm element size mesh. 

Solver time for the new meshes is compared in Figure 3.18, which displays the 

computation time of each model normalized by the initial 400 second, 8 mm case. The 

2mmX case generated similar stress results to the highest spatial resolution case with a 

91.3% reduction in solver time. 

Discussion 

Increasing the time increment had a large impact on the thermal history, with a higher 

time resolution resulting in a higher max temperature and thermal gradient, as expected. 

In this study, time increment had a much larger impact on thermal than element size. In 

order to see melting temperatures in a thermal simulation, a much smaller time increment 

than those used in these experiments is necessary. But, since the primary mode of 

deformation in large scale, FEA models of WAAM can be attributed to the cooling of 

solid material, the time step can be increased with a small effect on the mechanical 

output. The primary need for accurate temperature history in TM FEA is for calibration 

of material properties and validation against real data. In a purely predictive environment, 

the sacrifice in resolution could be a more acceptable way to cut down solver time.  
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Figure 3.18. Wall-clock solution time as function of resolution factors. 

 

 

Figure 3.19. Directional meshing strategies "2mmX" and "2mmZ". 

 

 

 

Figure 3.20. Von Mises stresses (MPa) across face for (a) 2mmX and (b) 2mmZ meshes. 
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Figure 3.21. (a) Displacement and (b) stress in x direction for the 2mm, 8mm, and 

directional mesh sizes. 
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Both increment and element size were increased with relatively low impact on the 

predicted distortion, and increase in element size came with a large reduction (up to ~50 

hours) in computational cost.  Across all cases, nodal displacement yielded consistent 

results; similar patterns of displacement were present across solutions, and the largest 

difference between predicted max displacement in any direction was less than .2 mm. 

Further investigation compared nodal displacements to measured surfaces had a mean 

difference range of 0.182 mm, and had an error of 1.35 mm on average. Additionally, the 

location of specific process defects became shifted away from the measured locations due 

to low spatial resolution.  

The differences in distribution of stress results could be attributed to the very low spatial 

resolution perpendicular to the weld path. The 8mm analyses, which have their largest 

stress regions across the front surface, had a resolution of only 2 elements perpendicular 

to the weld direction, which averaged out the thermal gradients present across the top of 

the layer as the heat source was applied. The directionally biased meshes created to 

investigate this theory showed that an increase in resolution perpendicular to the weld 

path generated residual stresses closer to the high-resolution cases, while increasing 

resolution in the build direction did not show much improvement. In order to investigate 

the most crucial dimension to increase mesh resolution, further experimentation in 

conjunction with residual stress measurements should be conducted at a part scale. 

When deploying FEA with the intent of understanding the relationship between geometry 

on bulk deformation behavior in a part, lower resolution models can offer a path to rapid 

prediction and iteration due to the extreme computational savings. This approach could 

also be used to get an approximation of whether the maximum distortion of a geometry 

will be within a provided tolerance. The caveat that must be considered is a decrease in  

mesh and increment fidelity will not necessarily provide a physically accurate look into 

the thermal history and residual stress development from the WAAM process. 

Conclusions 

The effect of time increment and element size on distortion and residual stresses has been 

investigated on the curved-wall geometry with dimensions of approximately 500 mm tall 

x 500 mm wide. Key findings from this research are summarized below: 

• Time step length had a greater impact on the thermal history across analyses; as 

time step was decreased, peak temperature increased, resulting in a variation of 

around 273ºC between the highest and lowest resolution cases. Additionally, 

while the trends in temperature were consistent across time resolutions, larger 

time steps were unable to capture the thermal cycling typical of AM in a given 

node. 

 



46 

 

• Element size had a greater apparent impact on residual stress prediction, resulting 

in regions of high von Mises residual stress across the surface of the wall. The 8 

mm element size produced two regions of tensile, traversal residual stresses in the 

range of 100 MPa along the front surface of the geometry which were not present; 

as element size was decreased the maximum value decreased and shifted towards 

the edge of the part. 

• As noted in the previous work, the main component of displacement was 

perpendicular to the wall face, with the region highest displacement located in the 

center of the part face and decreasing toward the edges. Consistent distortion 

results across resolution factors indicate that the predicted distortion state was 

more influenced by part geometry and cooling rate rather than maximum 

predicted temperatures. 

• By increasing the resolution in the direction perpendicular to the weld only, a 

similar residual stress state to the high-resolution mesh was generated while 

saving ~45 hours of computation time. 

Future work will be explored in Chapter 5.  
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CHAPTER FOUR INHERENT STRAIN MODEL USING DIGITAL 

IMAGE CORRELATION 

The work in this section focuses on developing an approach to modeling powder-based 

DED using the inherent strain method. The main difference from other classes of 

solutions is that the inherent strain tensors are extracted from a digital image correlation 

dataset. As measurement and modeling techniques advance, this would enable the ability 

to leverage rapid solutions of ISM models to generate models that run during the 

manufacturing process. Then, it could be possible to iteratively identify the inherent 

strains needed in a section of deposited material to mitigate distortion in the previous 

section. 

Background/Literature Review 

Inherent strains, also called “incompatible strains” [17] or “eigenstrains” [50] are a term 

used to describe the permanent strains in a body responsible for creating the residual 

stress state. As mentioned in Chapter 1 and 2, these inherent strains prevent the relief of 

elastic strains, which generate residual stress. While residual stresses can be relieved and 

redistributed through mechanical operations, inherent strains cannot [51].  

Generally speaking, inherent strains are defined as: 

 𝜀𝑡𝑜𝑡 =  𝜀𝑝 +  𝜀𝑒 (17) 

 

 𝜀∗ =  𝜀𝑝 =  𝜀𝑡𝑜𝑡 −  𝜀𝑒 (18) 

Where 𝜀∗ is the inherent strain tensor. 

Inherent Strain Modeling 

The inherent strain method (ISM) forgoes the first two steps of residual stress analysis 

mentioned in [17] by directly providing the non-elastic strains in a body rather than 

conducting a transient thermo-mechanical analysis to find the thermally induced non-

elastic strain state and provides a more approximative approach to prediction. In the case 

of modelling the welding process, this approach provides the advantage of solving in one 

or a few elastic analyses compared to the previously discussed computationally costly 

TMM. To implement this, the strains are specified directly along the heat affected zone 

(HAZ), either as a strain or equivalent load. 

Works such as [52] and [53] compare the predictivity of transient thermo-mechanical 

analysis and elastic inherent strain analysis in single-path welds. Wang et al. modeled 
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welding along an 800 mm long, thin-walled beam made of sheet metal and determined 

that both the TSM and ISM were able to effectively predict beam deflection [52]. Luo et 

al. investigated a 200 mm long bead on plate weld and concluded that the ISM was able 

to predict residual stress perpendicular to the weld consistent with thermo-mechanical 

analysis and predicted transverse shrinkage and angular distortion with acceptable 

accuracy compared to experimental measurements [53]. It is worth noting while there 

would be a large reduction in computation time between elastic inherent strain models 

and transient, elastic-plastic thermo-mechanical models, neither work explicitly mentions 

the difference in computation time. 

An example that provides insight into the computational difference between the ISM and 

TMM can be seen in the work of Kim et al., which investigated the impact of weld 

sequence on deformation in large, 800x1200 mm curved plates experimentally and using 

both ISM and TMM analysis [54]. After solving for the inherent strains in the process, 

equivalent loads consisting of transverse and longitudinal shrinkage forces and bending 

moments were formulated and applied to each bead in sequence. The ISM was able to 

consistently predict the deformation profile against experimental data, and even 

outperformed the TMM in several cases. The inherent strain equivalent load models were 

able to solve in 3~4 minutes, compared to 1.5~2 days for the thermo-mechanical models, 

or ranging from 540x~960x faster. 

The efficiency reflected in this example reflects the main draw of the ISM, which enables 

the prediction of deformation in large-scale structures quickly in order to find an optimal 

weld sequence to minimize it. This is also why much work has been dedicated to taking 

steps to extend the approach to model the additive manufacturing process.  

Extension to Additive Manufacturing 

As with thermo-mechanical modeling, one of the key modifications from welding FEA is 

the inclusion of progressive element activation to model the deposition process. In the 

ISM, activation is typically done layer-wise, activating one or several layers at a time 

[55]. Layer lumping is particularly common in modeling powder-based AM processes, 

which have a layer height >1mm. As layers are activated, given strain tensor(s) is/are 

applied and a static solution is reached. A simplified illustration of this process is shown 

in  Figure 4.1 [55]. For all of the model layers, the same steps are taken. 1)The layer is 

activated 2) inherent strain is applied 3) a static solution is reached. Therefore, the 

number of steps needed to reach a solution in an ISM model will be equal to the total 

number of layers divided by the number of layers activated per step.  



49 

 

 

Figure 4.1 Two-layer example of material activation in the ISM [55] 
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There have been a variety of approaches taken to modify the ISM to accommodate for the 

differences between traditional welding and AM. However, as further background models 

or modes of physics are considered, the computational savings of the ISM are reduced. A 

common change is the inclusion of non-linear elastic plastic analysis [56, 57]. This is 

because the continuous addition of inherent strains results in overpredicted residual 

stresses in a purely linear analysis. Some authors will progressively ramp up the inherent 

strain in a given layer as further layers are activated, since a layer deposited in AM will 

not reach its final strain as soon as it is deposited due to remelting/reheating as further 

layers are deposited [58, 59]. Dong et al. aimed to accommodate for the heat 

accumulation in WAAM by incorporating a two-step equilibrium for each layer, where 

the static solution was first reached using high-temperature material properties, followed 

by a room temperature step [41]. However, computational time is increased due to a need 

for 5 representative models and full-part flash heating sim to get temperature history. 

The main point to consider when using the ISM to model additive processes is the 

identification of the inherent strain tensor(s) to apply to activated layers. Bellet et al. [57], 

separates approaches taken to finding ε* into 3 classes: 

Class 0 approaches determine ε* through the use of formulas based on material 

properties, expected temperatures, and the heated zone's degree of restraint. These often 

use the three-bar/bar-and-spring model of residual stress to derive inherent strains [16]. 

This approach is most common in traditional inherent strain modeling of welding 

problems, encompassing the previously mentioned welding examples [52]. The highly 

transient domain and varied mechanical boundary conditions present in additive 

manufacturing makes this approach more difficult to take, but some works have been able 

to extend this class of ISM solutions to AM [60]. 

Class 1 describes approaches that iteratively and inversely solve for ε* by minimizing 

the difference in displacements between an ISM model and a sample geometry. The 

sample geometry is representative of the manufacturing conditions of the larger part of 

interest. The sample can either physically manufactured [61] or modeled thermo-

mechanically to obtain expected displacement [62]. Then, an optimization function 

such as Equation (19) is used to obtain solutions to ε*
: 

 𝑓(𝑥) = min ∑(
𝑢𝑒𝑥𝑝 − 𝑢𝑠𝑖𝑚

𝑢𝑠𝑖𝑚
)

𝑛

𝑖=1

 (19) 

Where n is the number of sampled points, uexp  is the expected displacement, either 

measured experimentally or from a detailed model, and usim is the ISM displacement 
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predicted for given set of inherent strain values. Once the optimized inherent strain tensor 

is found, it is applied to larger parts with the same manufacturing conditions. 

Class 2 describes multi-scale modeling approaches that extract strain tensors directly 

from a representative, small-scale thermo-mechanical model. This class of approach is 

frequently used to model AM in the literature [14, 41, 56, 57]. The representative model 

is subject to the same processing parameters (scan speed and strategy, input power, 

boundary conditions, etc.) as the full part and can be a simple geometry, illustrated in 

Figure 4.2, several deposited beads, or the initial layers of the full part [57]. 

Digital Image Correlation 

Digital image correlation (DIC) is a non-contact optical measuring approach that divides 

a target domain into subsets and tracks their movement across time from a reference state 

to a deformed state. Generally, displacement, deformation, and strain can be extracted 

from this data. In order to establish correspondence between states, the measured surface 

is painted using a speckle pattern to create unique points. Once a surface has been 

speckled, images are captured as the surface is deformed to its next state. The ability to 

non-destructively track deformation over time across a surface makes DIC the most 

prominent in-situ optimal measurement technique [63] and an appealing option to capture 

the development of thermal strains during additive manufacturing. 

There are several barriers to extending DIC techniques to AM. The primary issues 

include the application of a speckled pattern and tracking the growing region of interest 

(ROI) from material deposition, which makes it impossible to have an initial reference 

state. Some researchers have used the surface texture of deposited material in lieu of 

applying speckled paint.  

Spencer et al. [65] compared DIC tracking of a speckled and non-speckled polymer DED 

sample in a linear translation experiment and found both samples to provide acceptable 

results following DIC evaluation; the speckled surface sample had an average percent 

error of 3.05% while the printed surface sample’s was 3.57%. Haley et al. [66] used the 

surface texture of deposited metal to track deformation during DED manufacturing of a 

cylinder geometry. On the other hand, some work applies the traditional speckle 

technique to the AM process. While using DED of Ti-6Al-4V to manufacture a thin-

walled structure Xie et al. [67] paused manufacturing after 20 layers, to apply speckled 

paint to the existing region of the part. Subsequently, 3 additional layers were deposited, 

and their influence on strain in the initial ROI was observed. 
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Figure 4.2 Example of the class 2 approach to inherent strain modeling [64]. 
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Additionally, there is a problem in that an additively manufactured geometry does not 

have an initial strain-free reference state to track, and the ROI will expand as the part is 

built. The previously mentioned work [67] was able to maintain a forward correlation by 

using an ROI of deposited material only and maintaining that limited ROI as further 

material was added. Some researchers have implemented a reverse correlation technique 

wherein the order of images gathered during DIC are reversed, using the final completed 

part as a the “undeformed” reference state. Spencer et al. [65] took this approach to 

monitor the distortion of a 38 cm tall wall manufactured using polymer extrusion. In 

doing so, the vertical and horizonal in-plane displacement were captured throughout the 

build history and the nature of the part’s warpage was observed. However, the study was 

not able to gather valuable strain results due to the visual noise inherent to AM. Haley et 

al. [66] similarly implemented backwards correlation in powder-based DED of a cylinder 

using SS316L to track the total displacement along one of its surfaces. It is explained that 

in this approach, new material will appear to be deposited with high displacement that 

will reduce until there is no displacement when the part is completed, and therefore the 

data should be inverted to account for the backwards reference. While it does provide 

insight across the deposition history, backwards correlation still needs the final state as a 

strain-free reference, so it is not truly “in-situ”. However, a system could be set up to 

conduct backwards correlated DIC analysis at several different stops along the printing 

process. 

Experimental Setup 

Process Parameters 

Using powder DED AM, a 25x2x50 mm wall was produced at the Oak Ridge 

Manufacturing and Demonstration Facility using Inconel 718 (IN718) The dimensions 

and geometry are shown in Figure 4.3. The substrate dimensions were 51x13x2.25 mm, 

and it was clamped on one end. The final geometry was 150 layers high, with a set layer 

height of 0.333 mm. Laser power was set to 360 W and speed was set to 21.66 mm/s. The 

tool scan path, shown in Figure 4.4, rotated by 180° each layer. The overall 

manufacturing time was 14.3 minutes, and the part was allowed to cool for 5.1 minutes. 

Two cameras were used to monitor the deformation of the substrate and deposited 

material during printing. Time resolution was low, with the cameras capturing an image 

at every 2 seconds or 0.5 Hz. Spatially, the images had measurement resolution of ~40 

pixel/mm. To process the data, VIC3D DIC software was used with a subset size of 65 

and a step size of 7. As introduced in the background section, the backwards correlation 

approach was used, wherein the final state of the part was used as the undeformed 

reference. Additionally, the as-deposited surface of the material was used for tracking. 



54 

 

Modeling Parameters 

The inherent strain approach was used within the Abaqus 2023 AM Module. This will 

assign as the designated inherent strain tensors as a load within the most recently 

deposited layer(s) of material. Since the primary objective of this modeling experiment 

was to predict distortion, a linear elastic solution was conducted. In this model, 6 element 

layers were activated in each time step. An element size of ~0.333 mm in each direction 

(equivalent to layer height) was used in the part and 1 mm in each direction was used in 

the substrate and clamp. The back surface of the clamp was fixed as a boundary 

condition, and the inside surfaces of the clamp were attached to the substrate using a 

surface tie. The room temperature mechanical properties of IN718 were used, which are 

an elastic modulus of 200E+3 MPa and a Poisson’s ratio of 0.29. In order to extract 

inherent strains from the data, so-called “virtual extensometers” were used within VIC3D 

to track change in length, which measures strain along a line using the basic definition of 

strain described in Equation (20): 

 𝜀 =  
∆𝐿

𝐿0
 (20) 

It should be noted that from DIC surface measurements, elastic and plastic strains cannot 

be separated, so the assumption must be made that in measured total strain, the magnitude 

of plastic strain is much greater than elastic strain. Referring back to residual stress and 

strain development in the three-bar model (Figure 2.7) supports this assumption, as 

plastic strain is an order of magnitude greater than elastic strain in the middle bar. 

Additionally, due to the planar nature of the DIC dataset, only the x and y components of 

inherent strain, 𝜀𝑥
∗, and 𝜀𝑦

∗ , were used in this model. 

A common assumption in ISM modeling of AM is that the shear components are also 

equal to zero [41, 59]. Therefore, the inherent strains applied in this experiment will only 

have 2 components. 

Figure 4.5 shows the location of the three virtual extensometers set up in the x direction 

and nine in the y direction at different heights along the build. The purpose of this is to 

capture the three main boundary conditions experienced during deposition: near the 

substrate, steady state, and in the final layers. Layers near the substrate are subject to 

faster cooling rate due to conduction through it, and layers near the top are less thermally 

cycled than the other layers. The y extensometers were set roughly equal to the layer 

height and distributed in sets of 3 at the middle and either end of the layer. 
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Figure 4.3 Dimensions of experiment geometry. 

 

Figure 4.4 Scan strategy used for a layer, that rotated 180° each layer. 
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Figure 4.5 Locations of the horizontal (blue) and vertical (red) virtual extensometers used 

to collect strains. 
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Based on the locations of the virtual extensometers, the model was subdivided into 9 

different "strain regions”, Figure 4.6, where the elements in a given region were assigned 

with that region's designated strain tensor upon activation. Two sets of extensometer data 

were collected and used as the “final” and “intermediate” approaches. The “final” 

approach uses the extensometer data collected after all deposition is completed and the 

part is fully cooled. The “intermediate” approach collects data n frames after the material 

is added and tracked by DIC. The best fit value for n was experimentally determined to 

be 60 frames, or around 120 seconds after the deposition is picked up by the DIC 

software. The strain tensors used for each approach are listed in Table 4.1.  

The transformed outputs of the x direction extensometers are plotted with respect to time 

in Figure 4.7. To transform each dataset from its backwards correlated state, the initial 

value with respect to time (or final deformed frame with respect to cooled initial 

reference state) was subtracted from every value. This results in an initial tracked value 

of 0 as soon as the DIC analysis interprets the deposited region. 

The strain data in Figure 4.7 reflects a contraction in the x direction for each of the layers 

measured, which makes physical sense due to the material cooling down from a melted 

state. All extensometers converged in the -0.010 to -0.015 compressive range, with the 

highest extensometer (E3) converging the quickest due to entering the cooling phase 

faster relative to the other layers. 

Extensometer E2 has region of expansion for ~100s following deposition. While this 

could indicate expansion due to reheating as material is deposited on top of the layer, this 

could also be due to noise in the measurements interfering with the transformation 

calculation. 

Results and Discussion 

DIC Displacement 

The x and y displacement at four points during manufacturing history are displayed in 

Figure 4.8 and Figure 4.9, respectively. The exact magnitudes of displacement cannot be 

extracted from these figures due to the final reference state, however the direction of 

displacement can be observed using the reversed scale in the figures. The x displacement 

corroborates the extensometer data in Figure 4.7, as it shows the outer edges of the wall 

contracting towards the center. It also shows that the substrate is moving in the +x 

direction, towards the part. In the y direction, it can be seen that the highest negative 

displacements were located under the path of deposition and radiated out down the wall. 

This can be attributed to the expansion of the upper layers due to molten deposition 

compressing the material below it. Additionally, upward deflection of the substrate is  
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Figure 4.6 Locations of the nine designated inherent strain regions. 
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Table 4.1 Inherent strains loaded into each region for each approach. 

Final Strains  Intermediate Strains 

# Ɛx Ɛy  # Ɛx Ɛy 

1 -0.014 -0.006  1 -0.0043 -0.0023 

2 -0.014 -0.0002  2 -0.0043 0.005 

3 -0.014 -0.013  3 -0.0043 -0.0148 

4 -0.012 -0.017  4 -0.0068 -0.0097 

5 -0.012 -0.013  5 -0.0068 -0.0029 

6 -0.012 -0.022  6 -0.0068 -0.0203 

7 -0.013 -0.005  7 -0.0104 -0.0032 

8 -0.013 0.0018  8 -0.0104 0.0023 

9 -0.013 -0.0077  9 -0.0104 -0.0061 

 

 

Figure 4.7 Total strain outputs for each horizontal extensometer over time. 
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visible in most of the frames. Additionally, frames show that the layer isn’t immediately 

tracked upon deposition. These figures also highlight that the DIC software isn’t able to 

immediately recognize material as it is deposited, as shown in the regions with no scale 

value. The overall observed pattern of deformation is illustrated in Figure 4.10. 

Inherent Strain Results 

The full-field x and y displacements in the ISM models are shown in Figure 4.11 and 

Figure 4.12. Overall, similar behaviors were present in both models, but the “final” 

approach showed larger maximum and minimum magnitudes. Both the final (a) and 

intermediate (b) models exhibit similar patterns of displacement in the x direction: the left 

regions of the walls have moved towards the clamp due to contraction in the material and 

substrate. The bottom right corners of each model have a negative x displacement, which 

corresponds to the contraction of the right side. The top right region, however, is positive 

(towards the substrate), which is likely due to the rotational motion of the cantilever 

substrate curling up. Investigation of displacement in the y direction indicates that the 

maximum regions of negative displacement/downward movement are at the top right 

region of the part. Again, this distribution can be attributed to the cantilever motion of the 

substrate; since the left region of the part is on the free end of the beam, the upwards 

motion exceeds the downward contraction of the part.  

To compare the ISM results to the DIC dataset, sample points were selected along the 

build height at the middle of the part and models to extract the x and y components of 

displacement. Additionally, three points along the substrate thickness, 3 mm from its 

outer edge, were selected to compare displacement components. 

The location of the sample points can be seen in Figure 4.13 (Note: Color scale on this 

figure only indicates height in the y direction). Figure 4.14 plots the x (dashed lines) and y 

(solid lines) components of displacement in the part (a) and substrate (b). In the part, both 

inherent strain approaches over-predicted the x displacement of the center region, which 

overall had little movement in the x direction. Looking at the y component of 

displacement in the part, the “final” ISM approach showed good agreement up to 20 mm 

along the build height, where it then began to diverge to a larger displacement in the 

negative direction. For the same component, the “intermediate” ISM approach showed 

very close agreement to the measured values at any given height. Comparing the 

displacement components of the ISM and DIC datasets in the substrate shows a closer 

match. The y component in the “intermediate” approach matches the sampled points 

almost exactly, and the displacement trend of the x component matches the sampled 

points, however the direction of displacement does become positive in the top half, while 

remaining fully negative in the measured data. 
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Figure 4.8 Displacement in the x direction at different points in time during deposition. 

 

 

 

Figure 4.9 Displacement in the y direction at different points in time during deposition. 
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Figure 4.10 Overall direction of displacement in part and sustrate during manufacturing. 
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Figure 4.11 x Component of displacement for (a) final inherent strain approach (b) 

intermediate strain approach 

 

 

Figure 4.12 y Component of displacement for (a) final inherent strain approach (b) 

intermediate strain approach 
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Figure 4.13 Points sampled for final x and y displacements. 
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(a)  

(b)  

Figure 4.14 Comparison of ISM and DIC displacements in (a) part and (b) substrate. 
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Limitations 

Because the modeling experiment was based on pre-existing experimental data rather 

than an experiment designed from the ground up with inherent strain in mind, there are a 

number of limiting factors present. Additionally, as seen in the figures containing DIC 

data, thermocouples were present on the substrate to measure temperature development in 

the substrate. This resulted in blocking the view of the majority of the substrate from 

view, which prevents comparison along the full horizontal profile. The experiment also 

had an overall low sample rate of only 0.5 Hz, which could potentially fail to capture the 

immediate strain development that occurs when material is deposited. Additionally, the 

bright light that is generated from melting material can interfere with the reflection of the 

material surface, which is the likely reason that layers weren’t able to be tracked 

immediately after deposition. 

As is, this technique is only possible on thin-walled, two-dimensional geometries, where 

strain can be extracted from the observable surface. This could potentially be expanded to 

more complex thin-walled geometries using three-dimensional DIC techniques like those 

introduced by Haley et al. [66]. Another limiting factor is that typical inherent strain 

models, as used in this experiment, innately cannot provide transient data, as they are 

static models that do not consider the full loading cycle of the material. 

Conclusions 

In this experiment, DIC was used to capture the displacement development in an Inconel 

718 wall built using DED. To model this process, the inherent strain process was used 

with two different sets of strain tensors, which were gathered from the DIC data. During 

manufacturing, the main modes of deformation within the part were horizontal 

contraction at the edges of each layer and downward movement in the region underneath 

the tool path. 

The intermediate ISM approach, which gathered strains ~120 seconds after deposition 

showed overall agreement with the experimental measured final displacement in the 

sampled regions for the x and y components of the substrate and the y component of the 

part, with the y component of displacement matching particularly well to DIC 

measurements. However, the x component of displacement of the part was greatly over-

predicted in this model. 

Both models solved in under 9 minutes, with room for a further increase in speed through 

mesh coarsening in the part region. This could open up rapid iteration of solutions in the 

future if the approach is incorporated into distortion mitigation scheme. Additional 

recommendations for future work are outlined in Chapter 5. 
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CHAPTER FIVE  

CONCLUSIONS AND FUTURE WORK 

Curved Wall Thermo-Mechanical Analysis 

This work verified the impact of resolution on a large-scale, curved wall geometry. 

Displacement predictions were consistent across all mesh and increment sizes, while 

computation time varied up to over 212x the lowest resolution case. Time increment size 

had a large impact on thermal history; smaller time steps predicted higher maximum 

temperatures and captured the thermal cycling seen in additive manufacturing.  Element 

size influenced the predicted residual stresses, with the coarser mesh developing 

maximum stress regions along the part face. Additional directionally biased meshing 

strategies were developed to predict similar residual stresses faster. 

The results call for further verification of resolution in large scale WAAM parts, which is 

the primary path for future work to explore. Further modeling should be done to 

understand if similar patterns are present for other large-scale geometries with further 

degrees of complexity (i.e. no axes of symmetry). Different geometries could potentially 

benefit from different mesh bias directions than the directional mesh used for the curved 

wall. 

Additionally, further work could focus validation in addition to verification, modeling 

large-scale parts with measured residual stress distributions. As mentioned in Chapter 2, 

the ability to measure full-field residual stresses is limited and therefore the amount of 

available data on full field residual stress distributions in large-scale WAAM parts is 

limited. Further work would include designing an experiment from the ground up with 

residual stress measurement in mind, which would enable validation of the modeled 

residual stresses. By providing a ground truth for the present residual stresses, the need to 

assume that the highest resolution model is the most correct could be forgone. 

Additionally, work needs to be done in non-thin walled structures. For example, the 

toolpath for WAAM deposition of a cruciform geometry typically used in fatigue testing 

is shown in Figure 5.1. In dense parts such as this with complicated infill strategies, large 

timesteps will have an influence on if the heat source is separate or across an area. This is 

illustrated in Figure 5.2 (b), where a time step of 200 seconds divides the heat source 

across separate sides of a layer at a given increment, compared to the single bead path 

covered by a 50 second time step in Figure 5.2 (a). In cases such as these, a more 

intentional approach to increasing increment size may need to be implemented in order to 

prevent errors in thermal history.  
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Figure 5.1 Sliced tool path for a cruciform geometry. 

 

(a)

 

(b)

 

Figure 5.2 Distance covered for a (a) 50 sec and (b) 200 sec interval. 
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Inherent Strain Method Using DIC Data 

This work developed an ISM approach to model deformation using data collected from 

DIC measurements for a wall manufactured using DED. Considering the approximative 

nature of inherent strain modeling, the “intermediate” approach was able to generate 

acceptable agreement in x and y displacement of sampled points in the substrate and y 

displacement of the part, while unable to replicate part motion in the x direction.  

Future work for this experiment would involve better tailoring a DIC experiment from 

the ground-up with high-resolution strain data in mind. This would necessitate a higher 

pixel resolution and sample rate to fully capture the process. The experiment could also 

include full view of the substrate in order to compare the full distortion profile of the DIC 

dataset and the FEA Additionally, coupled IR measurements could provide insight into 

the physical significance of the length of time of the delay used in the intermediate ISM 

approach by comparing the delay to the layer’s thermal history.  

The end goal of this approach is to develop a closed loop displacement correction 

strategy utilizing the rapid solution time of the ISM to collect the inherent strain tensor 

needed to correct for distortion in previous sections of the part, then inversely identify the 

process parameters needed to apply these strains. However, in order to accomplish this, 

further work needs to be done on modifying the inherent strain approach to predict AM 

deformation in all measured directions. 
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Figure 5.3 Graphic explanation of proposed future displacement compensation approach. 

 

 

 

Figure 5.4 Flowchart outline of proposed displacement compensation approach. 
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APPENDIX 

Table A.1 Thermo-mechanical properties of SS316L used in three-bar model. 

Temp (°C) Elastic Modulus (GPa) Poisson's Ratio 

Thermal 

Expansion 

in Y dir 

(/°C   ×

 10−6 ) 

Temp (°C) Yield Stress 

20 195600 0.29 1.46E-05 23 238 

100 191200 0.29 1.54E-05 275 173 

200 185400 0.29 1.62E-05 550 142 

300 179600 0.29 1.69E-05   

400 172600 0.29 1.74E-05   

500 164500 0.29 1.78E-05   

 

Table A.2 Thermo-mechanical properties of SS316L used in analysis [48]. 

Temp.  

(°C) 

Density 

(kg/ 

m³) 

Thermal 

Conductivity 

(W/m- °C) 

Thermal 

Expansion (/°C   ×

 𝟏𝟎−𝟔 ) 

Specific 

Heat (J/Kg- 

C) 

Elastic 

Modulus 

(GPa) 

20 7950 14.1 14.5 490 195.6 

100 - 15.2 15.4 502 191.2 

200 - 16.7 16.2 514 185.4 

300 - 18.1 16.8 526 179.6 

400 - 19.5 17.3 538 172.6 

500 - 20.9 17.7 550 164.5 

600 - 22.3 18.1 562 155.0 

700 - 23.8 18.4 575 144.1 

800 - 25.2 18.7 587 131.4 

900 - 26.6 18.9 599 116.8 

1000 - 28.0 19.2 611 100.0 

1100 - 29.5 19.5 623 80.0 

1200 - 30.9 19.7 635 57.0 

1300 - 32.3 20.0 647 30.0 

1327 7310 - - - - 

1400 - 33.7 20.2 659 20.0 
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Table A.3 Temperature dependent stress-strain response of SS316L used in analysis [48]. 

Temp. (°C) Plastic Strain (-) True Stress (MPa) 

20 0.0 238 

 0.074 451 

 0.208 666 

 0.392 880 

275 0.0 173 

 0.038 307 

 0.100 442 

 0.293 575 

550 0.0  142  

 0.034 261 

 0.0947  380  

 0.293 500 

750 0.0  114  

 0.010 154 

 0.047  195  

 0.295 236 

880 0.0  112  

 0.025 135 

 0.072  160  

 0.196 183 

900 0.0  70  

 0.028 74 

 0.035  74  

 0.097 81 



78 

 

VITA 

 Brandon Solsbee was in Montgomery, Alabama and raised in East Tennessee. 

After high school, he got his attended the University of Tennessee Knoxville to get his 

bachelor’s degree in Mechanical Engineering. While studying there, he took an interest in 

additive manufacturing through extra-curricular engineering groups, eventually acting as 

head of 3D-Printing production for the Life Without Limits Organization. Wanting to 

extend his experience in additive manufacturing to metal processes, he entered the 

master’s program under the guidance of Dr. Suresh Babu. He is grateful for all the 

support he has received along the way and looks forward to the next steps in his career as 

an engineer. 


