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ABSTRACT 

Additive friction stir-deposition (AFS-D) is a nascent additive manufacturing process 

shown to have better mechanical properties of deposited material than conventional techniques. 

While significant experimental research has been conducted on AFS-D, relatively little 

computational research exists for AFS-D. Simulating AFS-D is challenging because traditional 

finite element approaches fail to accommodate severe deformation. One solution is to use a 

meshfree framework, such as smoothed particle hydrodynamics (SPH), which better handles 

large deformation processes. This work aims to create a meshfree framework, improve it, and 

utilize it to better understand AFS-D and provide predictive power to improve AFS-D 

processing. 

Firstly, a meshfree framework was laid out to describe the underlying mechanics and 

SPH equations. Several AFS-depositions were created while monitoring substrate temperature 

for use in model calibration. The meshfree framework showed good agreement with the substrate 

temperature and build profile results. Previously unforeseen phenomena, such as the temperature 

dip under the stir zone, were revealed in the simulations. Simulations also revealed the 

relationship between actuator feed rate and processing temperature and plastic strain. 

To inform future AFS-D research and developments with the meshfree framework, a 

study was undertaken to compare constitutive models for AFS-D simulations. Two different 

AA6061 tempers were considered for this study: T6 and O. The constitutive models were 

calibrated against experimental torsion data at a variety of strain rates and temperatures. 
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Constitutive model selection was found to have a major impact on simulation peak values, 

temperature, stress, strain, and build profiles. 

Finally, the meshfree framework was then applied for particle tracking analysis. Two types of 

depositions were created: one using an anodized feedstock to track oxide distribution in the 

deposition, which is analogous to material flow from the outside of the feedstock, and one using 

a copper wire core feedstock to track copper distribution in the deposition, which is analogous to 

material flow from the inside of the feedstock. Results revealed the tendency of oxides to flow to 

the retreating side. The copper wire was mainly deposited in a clear line on the advancing side, 

with some fragments scattered through the deposition. Unique insight into material flow 

behavior was illustrated with the meshfree framework. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Aluminum alloys are commonly used in aerospace, automotive, and marine industries 

due to the desirable strength to weight ratio. However, significant issues arise with weldability of 

aluminum alloys because of problems upon re-solidification phase transformations. Since most 

additive manufacturing processes melt the material, adoption of additive manufacturing of 

aluminum has been difficult. The solution to this problem is to introduce processes that do not 

melt the material, known as solid-state processes. AFS-D is a promising, but little studied, solid-

state additive manufacturing and repair process. In addition to the solid-state benefit, AFS-D 

induces severe plastic deformation during the process, which reduces the average grain size 

resulting in a stronger material due to Hall-Petch strengthening mechanisms. However, 

experimentally quantifying the processing environment (temperature gradients and strain rates) 

can be difficult. The limitations of experimental analysis are covered by computational analysis, 

which facilitates relatively easy and quick measurement of the AFS-D processing environment. 

In addition to rapid measurement, computer simulations are more economical over time, because 

running one simulation is more cost-efficient than creating one deposition. Therefore, this 

research provides a valuable tool for engineers to obtain a more fundamental understanding of 

the AFS-D process. Rapid simulations of a beneficial additive manufacturing process can be 

used to simulate component creation or repair in the field, such as building new or repairing 

damaged vehicle components, to ensure optimal material properties. 
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The innovation of the proposed research rests in the fact that it is the first serious attempt 

at modeling the AFS-D process. Computer simulations, once calibrated, elucidate phenomena 

that would otherwise be difficult or impossible to ascertain. Simulations show how material 

flows underneath the tool, which guides engineers to better tool designs. Simulations are also 

able to determine the temperature contours, which are an important factor on output part quality 

(thermally-induced residual stresses cause distortion) and fatigue life (residual stresses either 

encourage or discourage crack growth). It also helps advance the modeling community, by 

solving a complex thermomechanical, severe plastic deformation simulation with a meshfree 

method without an expensive cluster. Parallelization is achieved by performing the calculations 

on the Graphics Processing Unit (GPU), which are rapidly becoming more powerful, therefore 

the use of GPUs in the modeling community should increase at the same rate. 

1.2 Research Objectives 

The research objective of this dissertation is to provide a validated meshfree framework 

for AFS-D simulations. To achieve this objective, first the mathematical framework will be 

provided, followed by experimental validation with temperature and build profile data. Next, the 

validated meshfree framework will demonstrate the ability to capture material flow behavior. 

Finally, this code will provide insight for future development by comparing constitutive models. 

This dissertation will focus on AA6061-T6 for most of the work, with both AA6061-T6 and 

AA6061-O used for constitutive model comparison. 
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1.3 Background and Literature Review 

1.3.1 Severe Plastic Deformation Processes 

Severe Plastic Deformation Processes (SPDPs) are used to beneficially transform the 

microstructure of a metal. The large plastic strain causes dynamic recrystallization which leads to 

smaller grains. The Hall-Petch effect describes the behavior where smaller average grain size 

leads to greater material strength [1]–[6]. The nanocrystalline grains created through SPDPs can 

also improve fatigue properties [2]–[4], [7] and corrosion resistance [2], [3]. SPDPs include 

High-Pressure Torsion (HPT), Equal Channel Angular Extrusion/Pressing (ECAE), Friction Stir 

Welding (FSW), Friction Extrusion Processing (FEP), and Friction Stir Back Extrusion (FSBE). 

HPT is a SPDP that causes dynamic recrystallization through torsional shear strain [8]. 

Bridgman first introduced the idea in 1935 [9]. During HPT, a disc is pressed between two anvils 

and twisted via one of the anvils. Because the SPD is induced via torsion, the effective shear 

strain applied increases from the center of the cylinder. Depending on processing parameters and 

material the minimum grain size can be reduced anywhere from 500 to 10 nm [10]–[17]. 

ECAE is another SPDP that causes dynamic recrystallization by forcing material through 

an angled die, which results in a reduction of average grain size through simple shear without 

altering the geometry [18]. It was pioneered in the Soviet Union by Владимир сегал in 1974 [19]. 

Due to the unchanged geometry, the process can be repeated multiple times in the same die, 

although there are diminishing returns in strength enhancement after 4 passes [18], [20]–[25]. 

Another example of a SPDP is FSW, which has commonly been used for joining 

aluminum plates, because it mitigates problems such as porosity, residual stresses, poor ductility 

and toughness, solidification or liquation cracking, and environmental and safety issues due to 

the processing temperature remaining below melting point as with fusion welding [26]–[28]. 
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During FSW, a spinning probe is lowered into the seam between the plates. After dwelling for a 

certain amount of time, the probe moves forward between the plates. The stir zone (SZ) of FSW 

is the area of the plate occupied by the probe. The SZ contained fine, equiaxed grains for 

AA6061, AA5083, AA7075, and AA2219 [29]–[32]. 

An additional SPDP process is FEP, which was developed by The Welding Institute, 

Cambridge, UK [33]. However, FEP has not received much attention [34]–[36]. Metal in the 

form of chips or powder is heated up and plastically deformed by a spinning die [33]–[36]. The 

die is also pushing down on the material, which forces it up through the extrusion hole, thus 

creating a wire [33]–[36]. FEP AA6061 and AA7075 microstructure consisted of fine, equiaxed 

grains, with a few exceptions of abnormal grain growth [36], [37].  

A different, little studied SPDP is FSBE. For FSBE, a spinning tool is lowered into a die 

where the workpiece is sitting at the bottom [38], [39]. The tool has a tapered end that pushes 

into the material, and because the tool diameter is slightly smaller than the die diameter, the 

material is forced up and out of the die, creating a tube [38], [39]. FSBE can produce fine grains 

in the stir zone; however, grain growth did occur in areas of trapped heat [38], [39], but this 

could be improved with a better heat-dissipating design. 

1.3.2 Computer Simulations of Severe Plastic Deformation Processes 

Most computer simulations utilize the Finite Element Method (FEM), which discretizes 

the domain into small elements of basic geometrical shapes known as the mesh. One of the 

reasons FEM is widely used is the ability to use either the material reference frame (Lagrangian) 

or the spatial reference frame (Eulerian). Using the Lagrangian reference frame allows for 

complex material movement and deformation, but the Lagrangian approach would crash after the 

SPD inherent to AFS-D. One solution to this problem is through re-meshing, which seeks to 
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create new elements with minimal distortion. However, this process is computationally 

expensive. Another way this problem could be mitigated is by substituting a Lagrangian mesh 

with an Eulerian mesh, the former typically used for solid mechanics and the latter fluid 

mechanics. An Eulerian mesh can handle larger deformation than a Lagrangian approach but 

cannot track individual material points as effortlessly. The Arbitrary Lagrangian-Eulerian 

method (ALE) is a scheme designed to utilize the benefits of both methods [40]–[44]. The 

Lagrangian mesh is on the part, the Eulerian mesh is fixed in space, but the ALE mesh is neither 

on the part nor fixed in space but is a hybrid between the two. The ALE reference frame only 

moves a predefined fraction of what a Lagrangian reference frame would. Even though ALE 

offers a robust hybrid for precisely tracking large deformation without crashing, ALE is 

computationally expensive and would likely crash after extremely large deformations.  

Meshfree methods solve the problem of both handling large deformation and tracking 

material point history. Instead of using elements, meshfree methods only use the nodes that 

would make up the points on the elements, and field variables are interpolated at those material 

points. Meshfree methods tend to fall into two categories: pseudo-meshfree and true-meshfree. 

Pseudo-meshfree methods, while having freely moving nodes not bound by element geometry, 

use a background mesh for spatial integration. Several pseudo-meshfree methods include the 

Natural Element Method (NEM) [45], the Element-Free Galerkin Method (EFG) [46], Material 

Point Method (MPM) [47], and the Particle Finite Element Method (PFEM). The second 

category of meshfree methods, true-meshfree, is generally faster because of the lack of a 

background mesh, but the true-meshfree formulations are generally not as robust as the pseudo-

meshfree formulations. True-meshfree methods includes the Finite Point Method (FPM) [48], 

Meshfree Local Petrov-Galerkin Method (MLPG) [49], and SPH [50], [51]. 
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1.3.3 Smoothed Particle Hydrodynamics 

SPH discretizes the system with a series of material points, which are used to describe a 

continuum, allowing the use of a continuum mechanics formulation. The root of SPH is the 

interpolating kernel (smoothing) function, which is a function of distance from the particle and 

smoothing length, as seen in Figure 1-1. The kernel function interpolates within the sphere of 

influence denoted S. Field variables are calculated through a weighted sum of all the particles 

within the sphere of influence as seen in Eq. 1 [52]. 

 
Figure 1-1: Schematic of SPH kernel function interpolating values within the influence domain 
Ω [52]. 

 

𝑓𝑓(𝑥𝑥𝑖𝑖) = �
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𝑓𝑓�𝑥𝑥𝑗𝑗�𝑊𝑊�𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗 , ℎ�

𝑁𝑁

𝑗𝑗=1

(1) 

𝑓𝑓 is the field variable, 𝑖𝑖 is the particle of interest, 𝑗𝑗 is a neighboring particle, 𝑚𝑚 is mass, 𝜌𝜌 

is density, and 𝑊𝑊 is the kernel function. 

The arbitrary nature of particles within the domain, is one of the strengths of SPH-and 

other meshfree methods-because the formulation is unaffected by the disorder stemming from 

SPD [53]. 
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SPH in its original form has multiple instability issues, and therefore many methods have 

been proposed to address the various issues. One of the problems with SPH is incomplete 

integration. Field variables are calculated by summing up the influences neighboring material 

points have on a material point of interest. However, if there is a shortage of material points, 

which commonly happens at the edges of the simulation domain, the calculated field variable 

may not be accurate [54]. For example, instead of having a part of uniform density, incomplete 

integration results in a density gradient decreasing from the center of the problem domain [55]. A 

new method, the Reproducing Kernel Particle Method (RKPM) was created to address this 

problem, which integrates field variables with fixed integration points [56]. Inside of SPH, one 

of the methods involves ghost particles, which are fixed material points on the outer edges of the 

problem boundaries [54]. Another method involves modifying the field variable equations by 

normalizing them [57].  

Another problem plaguing SPH is tensile instability, which causes either unstable particle 

motion or clumping [53]. The problem arises when the derivative of the kernel function is used. 
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Figure 1-2: Plot of smoothing function derivatives. The hyperbolic spline and quadratic function 
do not go to zero, whereas the b spline and quintic function do go to zero [58]. 

 
The importance of the derivative of the kernel function is explained well in Swegle et al. 

(1995) [59]. The SPH effective stress is proportional to the opposite of the stress multiplied by 

the derivative of the kernel function, as seen in Eq. 2 [59]. 

𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟 ∝ −(𝜎𝜎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑟𝑟𝑎𝑎)(
𝑑𝑑𝑊𝑊(𝑅𝑅)
𝑑𝑑𝑅𝑅

) (2) 

At the left and right extremes of Figure 1-2, 𝑎𝑎𝑑𝑑(𝑅𝑅)
𝑎𝑎𝑅𝑅

 goes to zero, meaning that the reaction 

stress goes to zero. In compression this results in material points forming clusters, and in tension 

this results in material points drifting away [59], [60]. One common method to avoid this is by 

introducing an artificial stress. The hyperbolic spline results in improved performance for 

compressive problems with disordered material points and has already been implemented in SPH 

FSW simulations [58]. The derivative of the quadratic function also does not go to zero as the 

distance goes to zero, but the quadratic function is sensitive to disorder [61], and the AFS-D 

Unstable, material points  

forming clusters 

Unstable, material points  

drifting away 
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simulations contained significant particle disorder. SPH solves a series of continuum mechanics 

equations, some of which are listed below in Table 1-1. 

Table 1-1: Continuum mechanics equations solved in SPHriction-3D [62]. 
 

Equation 
Description Field Equation SPH Form 

Conservation 
of mass 

𝑫𝑫𝑫𝑫
𝑫𝑫𝑫𝑫

+ 𝑫𝑫𝝆𝝆 ∙ 𝒗𝒗� = 𝟎𝟎 
𝒅𝒅𝑫𝑫𝒊𝒊
𝒅𝒅𝑫𝑫

= 𝑫𝑫𝒊𝒊�
𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋
�𝒗𝒗𝒊𝒊𝜷𝜷 − 𝒗𝒗𝒋𝒋𝜷𝜷�

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜷𝜷

𝑵𝑵𝒊𝒊

𝒋𝒋=𝟏𝟏

 

Conservation 
of momentum 

𝑫𝑫𝒗𝒗�
𝑫𝑫𝑫𝑫

=
𝟏𝟏
𝑫𝑫
𝝆𝝆 ∙ 𝝈𝝈� 

𝒅𝒅𝒗𝒗𝒊𝒊𝜶𝜶

𝒅𝒅𝑫𝑫
= �𝒎𝒎𝒋𝒋 �

𝝈𝝈𝒊𝒊𝜶𝜶𝜷𝜷

𝑫𝑫𝒊𝒊𝟐𝟐
+
𝝈𝝈𝒋𝒋𝜶𝜶𝜷𝜷

𝑫𝑫𝒋𝒋𝟐𝟐
�
𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜷𝜷

𝑵𝑵𝒊𝒊

𝒋𝒋=𝟏𝟏

 

Heat diffusion 
equation 

𝑫𝑫𝑪𝑪𝒑𝒑
𝑫𝑫𝑫𝑫
𝑫𝑫𝑫𝑫

= 𝝆𝝆 ∙ (𝒌𝒌𝝆𝝆𝑫𝑫) + �̇�𝒒 
𝒅𝒅𝑫𝑫𝒊𝒊
𝒅𝒅𝑫𝑫

=
𝟏𝟏

𝑫𝑫𝒊𝒊𝑪𝑪𝒑𝒑𝒊𝒊
��

𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋

𝟒𝟒𝒌𝒌𝒊𝒊𝒌𝒌𝒋𝒋
𝒌𝒌𝒊𝒊 + 𝒌𝒌𝒋𝒋

�𝑫𝑫𝒊𝒊 − 𝑫𝑫𝒋𝒋�

�𝒙𝒙𝒊𝒊𝒋𝒋�
𝟐𝟐 𝒙𝒙𝒊𝒊𝒋𝒋

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜷𝜷
+ �̇�𝒒𝒊𝒊

𝑵𝑵𝒊𝒊

𝒋𝒋=𝟏𝟏

� 

Strain rate 
tensor 

𝜺𝜺�̇ =
𝟏𝟏
𝟐𝟐

(𝝆𝝆⨂𝒗𝒗� + (𝝆𝝆⨂𝒗𝒗�)𝑫𝑫) + 𝜶𝜶𝑪𝑪𝑫𝑫𝑪𝑪
𝑫𝑫𝑫𝑫
𝑫𝑫𝑫𝑫

𝑰𝑰� �̇�𝜺𝒊𝒊
𝜶𝜶𝜷𝜷 =

𝟏𝟏
𝟐𝟐
��

𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋
𝒗𝒗𝒋𝒋𝒊𝒊𝜶𝜶

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜷𝜷
+
𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋
𝒗𝒗𝒋𝒋𝒊𝒊𝜷𝜷

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜶𝜶
� + 𝜶𝜶𝑪𝑪𝑫𝑫𝑪𝑪𝒊𝒊

∆𝑫𝑫
𝒅𝒅𝑫𝑫𝒊𝒊

𝜹𝜹𝜶𝜶𝜷𝜷
𝑵𝑵𝒊𝒊

𝒋𝒋=𝟏𝟏

 

Spin tensor 𝜴𝜴� =
𝟏𝟏
𝟐𝟐

(𝝆𝝆⨂𝒗𝒗� − (𝝆𝝆⨂𝒗𝒗�)𝑫𝑫) 𝜴𝜴𝒊𝒊
𝜶𝜶𝜷𝜷 =

𝟏𝟏
𝟐𝟐
��

𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋
𝒗𝒗𝒋𝒋𝒊𝒊𝜶𝜶

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜷𝜷
−
𝒎𝒎𝒋𝒋

𝑫𝑫𝒋𝒋
𝒗𝒗𝒋𝒋𝒊𝒊𝜷𝜷

𝝏𝝏𝑾𝑾𝒊𝒊𝒋𝒋

𝝏𝝏𝒙𝒙𝒊𝒊𝜶𝜶
�

𝑵𝑵𝒊𝒊

𝒋𝒋=𝟏𝟏

 

 
The kernel function used in this study is the hyperbolic spline [63] in Eq. 3, because the 

derivative of the function does not go to zero as distance between particles goes to zero as seen 

in Figure 1-2. 

𝑊𝑊𝐻𝐻(𝑠𝑠,ℎ) = 𝛼𝛼𝑎𝑎 �
𝑠𝑠3 − 6𝑠𝑠 + 6, 0 ≤ 𝑠𝑠 < 1

(2 − 𝑠𝑠)3, 1 ≤ 𝑠𝑠 < 2
            0, 2 ≤ 𝑠𝑠

(3) 

𝛼𝛼𝑎𝑎, the normalization factor, is 15/(62πh3) for 3D, 𝑟𝑟 is the radius, ℎ is the smoothing 

length, and 𝑠𝑠 is 𝑟𝑟/ ℎ. 

The main downside of SPH is the computational cost relative to FEM, although in 

situations involving large deformation SPH would still be preferable. One of the cumbersome 

tasks the code must accomplish is the neighbor search. Unlike in FEM-where the list of 

neighbors is largely predetermined by element connectivity except for contact-SPH neighbors 

are not predetermined. The code frequently must check to see which neighbors fall into each 

node’s sphere of influence, which could number between 10 and 60 per node for 3D simulations. 



10 
 

One solution is to decrease the number of material points or the neighbor search frequency, but 

both methods typically lead to a decrease in accuracy and stability. Another solution is through 

massive parallelization with a computer cluster. However, it can be computationally expensive to 

use these, if access is even possible. 

1.3.4 SPH Model of AFS-D 

The benefits of AFS-D, a SPDP process, necessitate a solution to the challenges facing 

simulating the process. One model, SPHriction-3D [58], originally developed for FSW, is well 

suited for the task. SPHriction-3D is a solid mechanics SPH code that performs the calculations 

on a GPU, as opposed to a CPU. The GPU’s architecture allows for massive parallelization, 

since GPU’s traditionally handle data-heavy processes such as rendering polygons and textures 

for video output. This parallelization results in significantly faster simulation times: about 25x 

faster than the commercial LS-Dyna simulations on a CPU [62]. 

1.4 Dissertation Overview 

This dissertation encompasses a series of papers, one of which is already published in 

Materials and Design and the other two to be published in prestigious international journals. 

Chapter 2, published in Materials and Design, provides the first thermo-mechanical 

framework for AFS-D simulations. The simulations matched well with experimental temperature 

and build profile data. Temperature and plastic strain contours across the entire depositions are 

also simulated, to demonstrate the ability of the meshfree framework to easily visualize difficult 

to measure quantities. 

Chapter 3, which is to be submitted for publication in Journal of Materials Processing 

Technology, explores different constitutive models applied to the Chapter 2 model and the effect 

those models have on AFS-D simulations. The constitutive models are compared against each 
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other using peak values, temperature, stress, strain contours, and build profiles found in the 

meshfree simulations. This work will inform future researchers who seek to apply and modify 

the meshfree framework. 

Chapter 4, which is to be submitted for publication in Additive Manufacturing, applies 

the meshfree framework from Chapter 2 for particle tracking simulations. The meshfree 

framework is validated against experimental oxide distributions and a composite feedstock 

distribution. Flow contours across the entire distribution are also simulated to demonstrate the 

practical side of the meshfree framework. 

Chapter 5 summarizes the conclusions and scientific contributions of the research 

conducted in the dissertation. Additionally, the final chapter discusses recommendations for 

future work based on the conclusions of this work and on AFS-D as a whole. The suggestions 

outlined will assist in maturing AFS-D simulation technology. 
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CHAPTER 2: A MESHFREE COMPUTATIONAL FRAMEWORK FOR THE NUMERICAL 
SIMULATION OF THE SOLID-STATE ADDITIVE MANUFACTURING PROCESS, 

ADDITIVE FRICTION STIR-DEPOSITION (AFS-D) 

Abstract 

In this work, a fully coupled thermo-mechanical meshfree approach is developed for the 

first time to simulate a solid-state layer-by-layer additive manufacturing process, Additive 

Friction Stir-Deposition (AFS-D). The meshfree method in this present work uses a Lagrangian 

reference frame, which permits tracking of material point history. A solid mechanics formulation 

is used, allowing the resolution of both elastic and plastic strains. An explicit dynamics time 

stepping scheme is used to ensure that the code is robust for the large level of non-linearity 

native to the AFS-D process. In this present work, a description of the meshfree method will first 

be described. Then a new thermo-mechanical joining contact algorithm will be introduced. 

Following that, a description of the experimental setup for the AFS-D model calibration 

experimental one layer deposition cases is explained. Subsequently, the simulation model and 

results for three different parameter sets will be detailed and compared against the experimental 

results. Finally, temperature and strain rate gradients are revealed across the entire deposition 

elucidating spatial-temporal flow phenomena in the AFS-D process.  

2.1 Introduction 

The Additive Friction Stir-Deposition (AFS-D) process is a nascent solid state additive 

manufacturing approach providing layer-by-layer material deposition. The concept of the AFS-D 

process was originally introduced as the hollow rotating tool Friction Stir Cladding (FSC) 

process described by Liu et al. [1] and Stelt et al. [2], where the FSC process is a derivative 
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technology of friction stir welding (FSW) [3]. In FSW, the frictional heat generation derives 

from both the tool shoulder stirring against the top of the welded plates and the tool pin stirring 

within the welded material. In contrast, since the AFS-D tool does not have a pin that plunges 

down into the material, the frictional heat generation derives primarily from the tool shoulder 

rotating above the substrate or deposited material (Figure 2-1). The benefit and necessity for the 

development of the AFS-D and FSW solid state processes is motivated from prior work 

documenting that FSW is known to provide several advantages over traditional fusion-based 

welds [4–20]: lower porosity, lower residual stresses, greater fatigue life, better ductility and 

toughness, no solidification or liquation cracking, and reduction in environmental and safety 

issues due to the temperature of the material remaining below the melting point. 

Recently, the experimental investigations on the AFS-D process have been demonstrated 

for a variety of different materials including hard alloys such as nickel-based super alloys 

[21,22], copper [23,24], lightweight metals like aluminum alloys [23–30] and magnesium alloys 

[31]. Specifically, the physics of the process occurs through depositing material onto a substrate 

without the need for solid-to-liquid phase transformations of the material being deposited. 

Currently, the AFS-D process occurs by an actuator pushing a 300-mm long feedstock rod 

coated with a graphite lubricant through a rotating hollow tool onto a substrate as depicted in 

Figure 2-1 for a multilayer deposition. An offset between the bottom of the tool and the substrate 

is maintained to create a layer of deposited material. The rotating motion of the tool causes heat 

to be generated so the material softens and flows into the gap between the tool shoulder and 

previously deposited layers. 
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Figure 2-1: (a) Schematic diagram of the Additive Friction Stir-Deposition (AFS-D) process. (b) 
Representative AFS-D deposition with multiple layers creating a large external feature. 

Since AFS-D is a burgeoning technology, computational approaches are beneficial to 

help elucidate and decouple the complex physical and thermal mechanics of the process. With 

AFS-D sharing similar physics to FSW, computational methods in FSW provide a useful starting 

point to simulate the AFS-D process. The most common method employed for simulating FSW 

is the Finite Element Method (FEM). In general, FEM simulations either use a Lagrangian mesh 

(mesh on part) or an Eulerian mesh (mesh in space). A Lagrangian approach, which is typically 

used for computational solid mechanics, uses the material coordinate system as the reference 

frame, which are the original coordinates of the nodes of the part. This approach naturally 

captures complex material movement and deformation but suffers from accuracy with excessive 

deformation. In particular, the determinant of the deformation gradient, the Jacobian, is a scalar 

quantity that can be related to the magnitude of element distortion. When the Jacobian is less 

than zero, the element has folded in on itself, which is physically unrealistic. Remeshing is one 

solution to this problem, where the elements are “re-drawn” to accommodate large deformation. 

However, this is a computationally expensive process and can produce unreliable results. 
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Examples of Lagrangian simulations with remeshing in order to account for large element 

distortion are found in Chenot and Massoni [32] and Buffa et al. [33,34].  

Within FEM, one alternative to a Lagrangian approach is an Eulerian approach, which is 

typically used in computational fluid mechanics, tends to be more commonly used in FSW 

simulations by Hasan et al. [35] and Zhu et al. [36] because this approach ignores the problem of 

excessive distortion by having a fixed mesh in space. The material passes through the fixed 

mesh, which is known as the spatial coordinate system. However, with an Eulerian approach, it 

is difficult to precisely track material movement, which leads to a decrease in accuracy in 

modeling the interface between the tool and the plates, as well as the inability to account for 

material history, which is important for modeling damage. To maintain accuracy while 

accommodating excessive deformation, the Lagrangian and Eulerian methods can be combined 

as in the Coupled Eulerian Lagrangian method (CEL) and the Arbitrary Lagrangian Eulerian 

method (ALE). In the CEL method, which was developed by Noh [37], involves using both 

methods simultaneously, where the tool is modeled with a Lagrangian mesh and the plates with 

an Eulerian mesh as utilized by Ajri and Shin [38] and Zhu et al. [39]. This approach opens up 

the possibility of modeling tool damage with material flow around the tool, and such has gained 

popularity for use in FSW simulations in recent years. The ALE method was developed by 

Franck and Lazarus [40] and Trulio [41] and later adapted to FEM. The ALE has been used for 

FSW simulations by van der Stelt et al. [42] and Meyghani et al. [43]. However, particle tracking 

in ALE is more difficult than with a true Lagrangian approach, as mentioned in the ALE material 

tracing algorithm in Dialami et al. [44]. 

The previously mentioned schemes are known as mesh-based methods, where elements 

are geometric shapes with nodes as the points, but sometimes meshfree methods are beneficial. 
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Meshfree methods fall into two main categories: pseudo-meshfree and true-meshfree. Pseudo-

meshfree methods still require a background mesh for spatial integration, and the governing 

PDEs are reduced to a weak formulation. One such pseudo-meshfree method is the Natural 

Element Method (NEM), created by Traversoni [45]. NEM uses Voronoi tessellation around an 

array of points to automatically generate a background mesh. Cells are generated around the 

nodes based on the distance to the background nodes. Values at nodes are interpolated based on 

the overlap of a node cell with the background Voronoi cells [46]. NEM has been utilized for 

FSW by Alfaro et al. [47]. Another pseudo-meshfree method is the Element-Free Galerkin 

Method (EFG), created by Belytschko et al. [48]. EFG uses weight functions to interpolate field 

variables at nodes based on the influence of neighboring nodes. As in the Galerkin Method, EFG 

requires a background mesh to perform numerical integration. EFG has been successfully 

applied to FSW by Wu et al. [49]. True-meshfree methods, however, do not require a 

background mesh for spatial integration. This mesh independence reduces the computational 

burden of the simulation. The true-meshfree method used in this study is Smoothed Particle 

Hydrodynamics (SPH).  

SPH is an advanced Lagrangian mesh-free simulation method that has applications in a 

wide variety of dynamic problems such as astrophysics, magneto-hydrodynamics (MHD), 

computational fluid dynamics (CFD) and computational solid mechanics (CSM). This method 

was originally proposed by two independent research groups within the same year, Gingold and 

Monaghan [50] showed that the method could be used to simulate non spherical stars and Lucy 

[51] used the method to test the theory of fission for rotating protostars. Interestingly, both 

groups based their methods on statistical approaches to estimate probability densities. The 

original SPH schemes proposed in 1977 were developed for applications to astrophysics 
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problems and did not conserve linear and angular momentum as explained by Monaghan [52]. 

Later in 1982, Gingold and Monaghan modified the formulation to conserve momentum by using 

the Lagrangian to describe the conservation laws for a compressible dissipative fluid [53]. Since 

its inception, SPH has been used for a variety of large deformation problems such as FSW in 

studies by Fraser et al. [54], or machining in studies by Xi et al. [55]. 

This study aims to create a fully coupled thermo-mechanical meshfree approach using 

SPH to capture the AFS-D process. The code is developed with the CUDA Fortran language as 

explained by NVIDIA [56] to run on the graphics processing unit (GPU) to reduce computational 

time required for simulating the large plastic deformation thermo-mechanical mechanics inherent 

to AFS-D. The meshfree method in this present work uses a Lagrangian reference frame, which 

permits tracking of material point history. Furthermore, this approach allows a natural prediction 

of process defects such as internal voids and surface defects. A solid mechanics formulation is 

used, allowing the resolution of both elastic and plastic strains. An explicit dynamics time 

stepping scheme is used to ensure that the code is robust for the large level of non-linearity 

native to AFS-D. In this present work, a description of the meshfree method will first be 

provided. Then a new thermo-mechanical joining contact algorithm will be introduced. 

Following that, a description of the experimental setup for the AFS-D cases is explained. Next, 

the simulation model and results for three different parameter sets will be detailed and compared 

against the experimental results. Finally, temperature and strain rate gradients are revealed across 

the entire substrate elucidating interesting phenomena in the AFSD process for the first time.  
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2.2 Methodology 

2.2.1 Meshfree Formulation 

What makes the SPH method mesh-free is that the set of field equations (conservation 

equations for a solid body in this case) are solved by interpolation using a kernel, W(r,h). The 

kernel operates on a set of “j” neighbor material points that are within a radius of influence of h 

(commonly called the smoothing length) of the particle of interest, “i”. Figure 2-2 gives a 

graphical representation of this concept. Through this method, continuous field equations, or 

partial differential equations, can be transformed into a set of discrete ordinary differential 

equations.  

 

 

 
Figure 2-2: Kernel function interpolation in the SPH method. 
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Determining the neighbors list for each material point is a computationally expensive 

task. In this work, an adaptive cell-based search is used as described in Fraser [57]. The entire 

domain is divided into cubic cells with sides of 2h. The material points are binned into these 

cells. Then, the neighbors search is performed by cycling over only the neighboring cells. In 3D 

space, a total of 27 cells are searched, in which the neighbor’s information is stored and re-used 

for material points with plastic strain increments below a threshold level, which is set to 1.0x10-6 

in this present work. The adaptive neighbor search effectively reduces the time per calculation 

step spent on the neighbor search algorithm by over 50%. 

Under the SPH formalism, a continuous function can be approximated by an interpolant 

through the use of a convolution integral: 

𝑓𝑓(�̅�𝑥) = �𝑓𝑓(�̅�𝑥 ,)𝑊𝑊(�̅�𝑥 − �̅�𝑥 ,,ℎ)𝑑𝑑�̅�𝑥 , (4) 

 

where �̅�𝑥 is the calculation point and �̅�𝑥 , is the set of continuous interpolation locations. 

The integral equation can then be written for a set of discrete material points as: 

𝑓𝑓(𝑥𝑥𝑖𝑖𝛼𝛼) = �
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑓𝑓�𝑥𝑥𝑗𝑗𝛼𝛼�𝑊𝑊(𝑟𝑟,ℎ)

𝑁𝑁𝑖𝑖

𝑗𝑗=1

(5) 

In this sense, the value of the field variable at the material point location 𝑥𝑥𝑖𝑖𝛼𝛼 is evaluated 

by summing the values at the 𝑁𝑁𝑖𝑖 neighboring points located at 𝑥𝑥𝑗𝑗𝛼𝛼. Einstein notation convention 

is used for the rank 1 and greater tensor variables, and as such, there should be no confusion 

between �̅�𝑥 (written with tensor notation) and 𝑥𝑥𝛼𝛼. The radial distance between points is 𝑟𝑟 =

�𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼� = �𝑥𝑥𝑖𝑖𝛼𝛼 − 𝑥𝑥𝑗𝑗𝛼𝛼�. The mass and density of the material point is 𝑚𝑚𝑗𝑗 and 𝜌𝜌𝑗𝑗 respectively. 

Throughout the rest of the text, the smoothing function will be written as: 
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𝑊𝑊(𝑟𝑟, ℎ) = 𝑊𝑊(𝑅𝑅) = 𝑊𝑊𝑖𝑖𝑗𝑗  (6) 

A change of variables had been introduced to normalize the smoothing function such that 

𝑅𝑅 = 𝑟𝑟
ℎ

= �𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼� ℎ⁄ . The gradient of the smoothing function with respect to the ith material point 

can be written as: 

∇𝑖𝑖𝑊𝑊𝑖𝑖𝑗𝑗 =
𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
=
𝑑𝑑𝑊𝑊(𝑅𝑅)
𝑑𝑑𝑅𝑅

𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼

ℎ�𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼�
 (7) 

The compactly supported smoothing function used in this work is the hyperbolic spline 

developed by Yang et al. [58]: 

𝑊𝑊𝑖𝑖𝑗𝑗 = 𝛼𝛼𝑎𝑎 �
𝑅𝑅3 − 6𝑅𝑅 + 6, 0 ≤ 𝑅𝑅 < 1

(2 − 𝑅𝑅)3, 1 ≤ 𝑅𝑅 < 2
0, 𝑅𝑅 ≥ 2

 (8) 

In 2D simulations, the value of 𝛼𝛼𝑎𝑎 is 1/3πℎ2 and in 3D is 15/62πℎ3. This smoothing 

function has been shown to improve the solution stability when strong compressive stress fields 

are present in the material, which is the case in AFS-D. The gradient of a vector field at a 

material point can be discretized using the SPH approach: 

∇𝑓𝑓(𝑥𝑥𝑖𝑖𝛼𝛼) = �
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑓𝑓�𝑥𝑥𝑗𝑗𝛼𝛼�∇𝑖𝑖𝑊𝑊𝑖𝑖𝑗𝑗

𝑁𝑁𝑖𝑖

𝑗𝑗=1

(9) 

The aforementioned equations form the basic building blocks of the SPH method and will 

be used to discretize the set of continuum mechanics equations. By using a continuum material 

strength approach, the elastic and plastic strain fields in the material can be calculated. This 

allows for an accurate determination of internal and surface defects as well as residual stresses. 

The set of field equations to be solved correspond to conservation of mass, conservation of 

momentum, velocity, rate of enthalpy change, total strain rate, spin rate, stress rate, and lastly a 
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linear equation of state. These form a set of partial differential equations in the Lagrangian 

reference frame: 

𝑑𝑑𝜌𝜌
𝑑𝑑𝑑𝑑

+ ∇ ∙ 𝜌𝜌�̅�𝑣 − 𝜌𝜌𝜌𝜌𝑟𝑟𝑒𝑒𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎�̇�𝑇 = 0 (10) 

𝑑𝑑�̅�𝑣
𝑑𝑑𝑑𝑑 

=
1
𝜌𝜌
∇ ∙ 𝜎𝜎� (11) 

�̅�𝑣 =
𝑑𝑑�̅�𝑥
𝑑𝑑𝑑𝑑 

 (12) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑

=
1
𝜌𝜌

(∇ ∙ (𝑘𝑘∇𝑇𝑇) + �̇�𝑞) (13) 

𝜀𝜀̿̇ =
1
2

(∇⨂�̅�𝑣 + (∇⨂�̅�𝑣)𝑇𝑇) (14) 

Ω� =
1
2

(∇⨂𝒗𝒗� − (∇⨂�̅�𝑣)𝑇𝑇) (15) 

𝑆𝑆̿̇ = 2𝐺𝐺 �𝜀𝜀̿̇ −
1
3
𝑑𝑑𝑟𝑟�𝜀𝜀̿̇�𝛿𝛿̿� + 𝑆𝑆̿Ω�𝑇𝑇 + Ω�𝑆𝑆̿ (16) 

𝑝𝑝 = 𝑐𝑐2(𝜌𝜌 − 𝜌𝜌0) (17) 

where 𝑑𝑑 is time, 𝜌𝜌𝑟𝑟𝑒𝑒𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎 is the volumetric coefficient of thermal expansion, �̇�𝑇 is 

temperature change rate, 𝜎𝜎� is the total (Cauchy) stress tensor, 𝜕𝜕 is enthalpy, 𝑇𝑇 is temperature, �̇�𝑞 

is a heat source term that is due to plastic and friction work (more on this in section 2.2.3), 𝜀𝜀̿̇ is 

the strain rate tensor, Ω� is the spin rate tensor, 𝑆𝑆̿̇ is the deviatoric stress rate, 𝛿𝛿̿ is the Kronecker 

delta, 𝑝𝑝 is pressure, 𝑐𝑐 is speed of sound, and 𝜌𝜌0 is the reference state material density.  The 

thermal conductivity, 𝑘𝑘, is a function of temperature of the form as taken from Mills [59]: 

𝑘𝑘 = 𝑘𝑘0 + 𝑘𝑘1𝑇𝑇 + 𝑘𝑘2𝑇𝑇2 + 𝑘𝑘3𝑇𝑇3 (18) 

The constants in Eq. 18 are 𝑘𝑘0 = 167 [𝑊𝑊  °𝐶𝐶]⁄ , 𝑘𝑘1 = 0.084 [𝑊𝑊 𝑚𝑚 °𝐶𝐶2]⁄ , 𝑘𝑘2 =

−4.14 × 10−4 [𝑊𝑊 𝑚𝑚 °𝐶𝐶3]⁄ , and 𝑘𝑘3 = 3.13 × 10−7 [𝑊𝑊 𝑚𝑚 °𝐶𝐶3]⁄ . Temperature measurements 
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obtained during the AFS-D process have shown that the temperature at the tool interface is 

typically very close to the solidus, and in many cases we have observed evidence of a local layer 

of aluminum that has reached melting temperatures. This is why the rate of change of enthalpy is 

calculated instead of the commonly used heat diffusion equation. An energy-based temperature 

law is used based on Valencia and Quested [60] and Tarwidi [61] that takes the form: 

  

𝑇𝑇 =

⎩
⎪
⎨

⎪
⎧ 𝑇𝑇𝑚𝑚 + 𝐻𝐻

𝐶𝐶𝑝𝑝
, 𝜕𝜕 < 0

𝑇𝑇𝑚𝑚, 0 < 𝜕𝜕 < 𝐿𝐿
𝑇𝑇𝑚𝑚 + 𝐻𝐻−𝐿𝐿

𝐶𝐶𝑝𝑝
, 𝜕𝜕 ≥ 𝐿𝐿

 (19) 

In Eq. 19, 𝑇𝑇𝑚𝑚 is the melting temperature and 𝐿𝐿 is the latent heat for aluminum and is 

considered to be 380 kJ/kg in this work. 𝐶𝐶𝑎𝑎 is the heat capacity which is itself a function of 

temperature of the form taken from Mills [59]: 

𝐶𝐶𝑎𝑎 = �
𝐶𝐶𝑎𝑎0 + 𝐶𝐶𝑎𝑎1𝑇𝑇 + 𝐶𝐶𝑎𝑎2𝑇𝑇2, 𝑇𝑇 ≤ 𝑇𝑇𝑚𝑚

            1120 [𝐽𝐽 𝑘𝑘𝑘𝑘 𝐾𝐾]⁄ , 𝑇𝑇 > 𝑇𝑇𝑚𝑚
(20) 

The constants in Eq. 20 are 𝐶𝐶𝑎𝑎0 = 896 [𝐽𝐽 𝑘𝑘𝑘𝑘 °𝐶𝐶]⁄ , 𝐶𝐶𝑎𝑎1 = 0.145 [𝐽𝐽 𝑘𝑘𝑘𝑘 °𝐶𝐶2]⁄ , 𝐶𝐶𝑎𝑎2 =

1.18 × 10−3 [𝐽𝐽 𝑘𝑘𝑘𝑘 °𝐶𝐶3]⁄ . 𝐿𝐿  is the latent heat of fusion of the aluminum alloy, which is 380 kJ/kg 

based on Valencia and Quested [115] for the alloy used in this work. Using Eq. 13 along with 

Eq. 19 provides a simple and efficient means to account for the energy associated with melting.  

By applying the meshfree discretization equations described in Eqs. 5-9, the set of 

continuum equations (Eqs. 10-15) can be written for the ith material point as: 

𝑑𝑑𝜌𝜌𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝜌𝜌𝑖𝑖�
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑣𝑣𝑖𝑖𝑗𝑗𝛼𝛼

∂𝑊𝑊𝑖𝑖𝑗𝑗

∂𝑥𝑥𝑖𝑖𝛼𝛼

𝑁𝑁𝑖𝑖

𝑗𝑗=1

+𝜌𝜌𝑖𝑖𝜌𝜌𝑟𝑟𝑒𝑒𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑇𝑇�̇�𝚤 (21) 
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𝑑𝑑𝑣𝑣𝑖𝑖𝛼𝛼

𝑑𝑑𝑑𝑑
= �𝑚𝑚𝑗𝑗 �

𝜎𝜎𝑖𝑖𝛼𝛼𝛼𝛼

𝜌𝜌𝑖𝑖2
+
𝜎𝜎𝑗𝑗𝛼𝛼𝛼𝛼

𝜌𝜌𝑗𝑗2
�
∂𝑊𝑊𝑖𝑖𝑗𝑗

∂𝑥𝑥𝑖𝑖𝛼𝛼

𝑁𝑁𝑖𝑖

𝑗𝑗=1

 (22) 

𝑣𝑣𝑖𝑖𝛼𝛼 =
𝑑𝑑𝑥𝑥𝑖𝑖

𝛼𝛼

𝑑𝑑𝑑𝑑
= 𝑣𝑣𝑖𝑖𝛼𝛼 + 𝑣𝑣𝚤𝚤�

𝛼𝛼 = 𝑣𝑣𝑖𝑖𝛼𝛼 + 𝜀𝜀𝑋𝑋𝑋𝑋𝑋𝑋𝐻𝐻�
𝑚𝑚𝑗𝑗

𝜌𝜌𝑖𝑖𝑗𝑗
𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼𝑊𝑊𝑖𝑖𝑗𝑗

𝑁𝑁𝑖𝑖

𝑗𝑗=1

 (23) 

𝑑𝑑𝜕𝜕𝑖𝑖
𝑑𝑑𝑑𝑑

=
1
𝜌𝜌𝑖𝑖
��

𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
4𝑘𝑘𝑖𝑖𝑘𝑘𝑗𝑗
𝑘𝑘𝑖𝑖 + 𝑘𝑘𝑗𝑗

�𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑗𝑗�

�𝑥𝑥𝑖𝑖𝑗𝑗�
2 𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼

𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
+ �̇�𝑞𝑖𝑖

𝑁𝑁𝑖𝑖

𝑗𝑗=1

�  (24) 

𝜀𝜀�̇�𝑖𝛼𝛼𝛼𝛼 =
1
2
��

𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼

𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
+
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼

𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
�

𝑁𝑁𝑖𝑖

𝑗𝑗=1

 (25) 

𝛺𝛺𝑖𝑖𝛼𝛼𝛼𝛼 =
1
2
��

𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼

𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
−
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼

𝜕𝜕𝑊𝑊𝑖𝑖𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖𝛼𝛼
�

𝑁𝑁𝑖𝑖

𝑗𝑗=1

 (26) 

The discrete versions of Eqs. 21-26 do not require SPH interpolation, and as such are 

identical in continuum and discrete form. A filtered velocity, 𝑣𝑣𝚤𝚤�
𝛼𝛼, is introduced in Eq. 17 due to 

the XSPH approach from Monaghan [52], which has been shown to improve the stability of SPH 

simulation. The XSPH constant, 𝜀𝜀𝑋𝑋𝑋𝑋𝑋𝑋𝐻𝐻, can take a value between 0 and 0.5. In this work, 

𝜀𝜀𝑋𝑋𝑋𝑋𝑋𝑋𝐻𝐻 = 0.01 is chosen. This value has been found to improve the solution stability without 

introducing any noticeable dissipation. The velocity difference is 𝑣𝑣𝑗𝑗𝑖𝑖𝛼𝛼 = 𝑣𝑣𝑗𝑗𝛼𝛼 − 𝑣𝑣𝑖𝑖𝛼𝛼, and the 

average density is 𝜌𝜌𝑖𝑖𝑗𝑗 = 0.5�𝜌𝜌𝑖𝑖 + 𝜌𝜌𝑗𝑗�. 

SPH has a known instability when the stresses in the material are primarily tensile. A 

number of authors have worked on different approaches to alleviate this problem. Monaghan 

[62] as well as Gray et al. [63] proposed an artificial stress approach that is able to suppress the 

tensile instability to a certain extent. In the case of small to medium levels of plastic deformation, 

the Total Lagrangian (TL-SPH) approach seen in Vignjevic et al. [64] is a suitable solution. 

However, under large plastic deformation with material advection (as is the case for AFS-D), the 
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TL-SPH method will break down. An interesting approach is the delta-plus method of Sun et al. 

[65]. This approach uses a material point shifting algorithm that can remove the tensile 

instability. 

An approach similar to delta-plus method has been used in this work. We start by 

determining which material points are on the surface of each body, or part. The first step is to 

calculate the center of mass, 𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖
𝛼𝛼, of each neighbor cluster: 

𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖
𝛼𝛼 =

1
𝑀𝑀

� 𝑚𝑚𝑗𝑗𝑥𝑥𝑖𝑖𝑗𝑗𝛼𝛼
𝑁𝑁𝑖𝑖

𝑗𝑗=1, 𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑗𝑗≠𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖

 (27) 

The 𝑃𝑃𝑃𝑃𝑟𝑟𝑑𝑑𝑗𝑗 ≠ 𝑃𝑃𝑃𝑃𝑟𝑟𝑑𝑑𝑖𝑖 statement makes sure that the ith and jth points are not in the same 

body, which will be important for the surface normal vectors (explained in section 2.2.3). The 

total mass of the neighbor cluster is 𝑀𝑀. Next, a pre-selection of possible surface points is made 

based on: 

𝑆𝑆𝑆𝑆𝑟𝑟𝑓𝑓𝑃𝑃𝑐𝑐𝑒𝑒𝑎𝑎𝑖𝑖𝑙𝑙𝑟𝑟 = �1, ��̅�𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖� ≥ 0.05ℎ𝑖𝑖  𝑃𝑃𝑎𝑎𝑑𝑑 𝑁𝑁𝑖𝑖 ≤ 20
0, 𝑂𝑂𝑑𝑑ℎ𝑒𝑒𝑟𝑟𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒

 (28) 

The �𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖� ≥ 0.05ℎ𝑖𝑖 conditional statement ensures that the center of mass of the 

cluster is shifted by at least 5% from the ith material point position. The 𝑁𝑁𝑖𝑖 ≤ 20 statement 

ensures that the number of neighbors for that point are less than or equal to 20. These two 

conditions are chosen to provide a preselection of potential surface points that is not overly 

restrictive to make sure points are not missed in sharp angle corners. Then, a truncated conical 

area with a cone angle of 40° and a height of 2ℎ𝑖𝑖 is scanned similar to the approach of Marrone 

et al. [66]. If another point is found in this cone area, then the point is removed from the surface 

list. This method is less computationally expensive since the eigenvalues of the renormalization 
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matrix are not required. Furthermore, this approach is better suited for the GPU since finding the 

eigenvalues of a matrix is difficult to run in parallel.   

With the surface list in hand, the next step is to perform the shifting algorithm. Each 

timestep, the material points that do not belong to the free surface are shifted slightly by 𝛿𝛿�̅�𝑙ℎ𝑖𝑖𝑖𝑖𝑟𝑟 

from their pre-shifted location, �̅�𝑥𝑎𝑎𝑟𝑟𝑟𝑟−𝑙𝑙ℎ𝑖𝑖𝑖𝑖𝑟𝑟. Our implementation is based on the work of Oger et 

al. [67], with some slight modifications: 

�̅�𝑥𝑖𝑖 = �̅�𝑥𝑎𝑎𝑟𝑟𝑟𝑟−𝑙𝑙ℎ𝑖𝑖𝑖𝑖𝑟𝑟 + 𝛿𝛿�̅�𝑙ℎ𝑖𝑖𝑖𝑖𝑟𝑟 (29) 

𝛿𝛿�̅�𝑒 = 𝜑𝜑𝑙𝑙ℎ𝑖𝑖𝑖𝑖𝑟𝑟‖𝑣𝑣𝑖𝑖‖2ℎ𝑖𝑖𝑗𝑗𝑑𝑑𝑑𝑑�𝑚𝑚𝑗𝑗∇𝑖𝑖𝑊𝑊𝐿𝐿𝐿𝐿𝑟𝑟𝐿𝐿

𝑁𝑁𝑖𝑖

𝑗𝑗=1

 (30) 

ℎ𝑖𝑖𝑗𝑗 = 0.5�ℎ𝑖𝑖 + ℎ𝑗𝑗� (31) 

∇𝑖𝑖𝑊𝑊𝐿𝐿𝐿𝐿𝑟𝑟𝐿𝐿 =
105

16𝜋𝜋ℎ𝑖𝑖𝑗𝑗
3 �
−�

12�̅�𝑥𝑖𝑖𝑗𝑗
ℎ𝑖𝑖𝑗𝑗��̅�𝑥𝑖𝑖𝑗𝑗�

�𝑅𝑅(𝑅𝑅 − 1)2, 0 ≤ 𝑅𝑅 < 1

0, 𝑅𝑅 ≥ 1
 (32) 

One of the main differences with this approach is that the Lucy kernel [50] is compactly 

supported to 1.0R as opposed to 2.0R for typical kernels. This helps to prevent the solid body 

from expanding when the shifting algorithm is used, which is a common problem with other 

shifting approaches that use a 2R support radius. 

2.2.2 Material Model 

In order to simulate the AFS-D process, a material law that accounts for flow stress 

change at different temperatures and plastic strain is needed. In this present work, the material 

model developed by Fraser et al. [54] is used, where this model provides an improved flow stress 

prediction for AA6061-T6 at high temperature and plastic strain levels compared to other 

commonly used material models such as Johnson–Cook (JC) [68], or more computationally 
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intensive material models such as in McCullough et al. [122], Allison et al. [70,71], Mason et al. 

[72]. The flow stress, 𝜎𝜎𝐿𝐿, is predicted from: 

𝜎𝜎𝐿𝐿(𝜀𝜀𝑎𝑎, 𝜀𝜀̇,𝑇𝑇∗) = 𝛨𝛨(𝜀𝜀𝑎𝑎)𝛬𝛬(𝜀𝜀̇,𝑇𝑇∗)𝛩𝛩(𝑇𝑇∗) (33) 

which is a multiplicative combination of strain hardening, 𝛨𝛨𝐹𝐹𝐹𝐹𝑋𝑋(𝜀𝜀𝑎𝑎); thermal softening, 

𝛩𝛩(𝑇𝑇∗); and strain rate stiffening, 𝛬𝛬(𝜀𝜀̇,𝑇𝑇∗), of the form: 

𝜕𝜕𝐹𝐹𝐹𝐹𝑋𝑋(𝜀𝜀𝑎𝑎) = 𝑃𝑃1 + 𝑃𝑃2𝑑𝑑𝑃𝑃𝑎𝑎−1(𝑃𝑃3𝜀𝜀𝑎𝑎) (34) 

𝛬𝛬(𝜀𝜀̇,𝑇𝑇∗) = 1 + �𝑏𝑏1𝑇𝑇∗
𝑏𝑏2� �𝑏𝑏3𝑙𝑙𝑎𝑎 �

𝜀𝜀̇
𝜀𝜀0̇
�� (35) 

𝛩𝛩(𝑇𝑇∗) = 1−
1

�1 + 𝑒𝑒−𝑐𝑐1𝑇𝑇∗�
1
𝑐𝑐2

 (36) 

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟

𝑇𝑇𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚
 (37) 

The FKS material model introduced by Fraser et al. [54] is accurate for the range of 

plastic strain that is typically observed in FSW and AFS-D processes. The flow stress as a 

function of plastic strain and temperature is shown in Figure 2-3a and as a function of strain rate 

and temperature in Figure 2-3b. Notice that the flow stress saturates at high plastic strain, this is 

found to be a critical feature for these processes. Flow stress saturation refers to the material 

behavior where, after initial strain hardening at low plastic strain, the flow stress plateaus after 

experiencing large plastic strain. Most constitutive models do not account for this behavior, and 

so are only valid for low plastic strain. Plasticity is accounted for in the simulation code by using 

the radial return algorithm. The plastic strain increment is found by taking a Taylor series 

expansion from the current time step. This leads to an efficient non-iterative plasticity scheme. 

The material parameters for AA6061-T6 are provided in Table 2-1. The parameters were 

determined in Fraser [73] by fitting compression stress-strain data to the FKS constitutive model. 
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Table 2-1: FKS material model constants. 
 
Constant Value Units 

a1 277 MPa 
a2 71 MPa 
a3 32 - 
b1 1.7 - 
b2 2.4 - 
b3 0.1 - 
c1 4.86 - 
c2 0.176 - 

 
Figure 2-3: Flow stress model for AA6061-T6: (a) as a function of plastic strain and 
temperature; and (b) as a function of strain rate and temperature. 

 
2.2.3 Thermal-mechanical Joining Contact 

In order to suitably simulate the solid-state additive manufacturing process, a joining 

algorithm is needed. The method needs to account for multi-body contact including friction prior 

to joining. At this point, only compressive stresses can develop at the interface, thus allowing the 

bodies to separate but not penetrate. Then once the conditions for joining have been met, the 

bodies must be treated as a continuum, and as such permitting shear, tension, and compression at 

the interface.  

Before the bodies are joined, contact is treated through a penalty approach. First a list of 

potential contact pairs is established and stored in an array called NeibContact. Next, a surface 

normal vector is calculated by normalizing �̅�𝑥𝐶𝐶𝐶𝐶𝐶𝐶 (which was found using Eq. 38): 
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𝑎𝑎�𝑖𝑖 = �
�̅�𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖

��̅�𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖�
, 𝑆𝑆𝑆𝑆𝑟𝑟𝑓𝑓𝑃𝑃𝑐𝑐𝑒𝑒𝑎𝑎𝑖𝑖𝑙𝑙𝑟𝑟 = 1

0, 𝑂𝑂𝑑𝑑ℎ𝑒𝑒𝑟𝑟𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒
 (38) 

Then, the ith material point’s surface normal vector is smoothed out by taking the average 

of all the surface normals of the neighboring points, 𝑎𝑎�𝑖𝑖𝑙𝑙, that are also in the surface list. 

𝑎𝑎�𝑖𝑖𝑙𝑙 =
1
𝑁𝑁𝑙𝑙
�𝑎𝑎�𝑗𝑗

𝑁𝑁𝑠𝑠

𝑗𝑗=1

 (39) 

where 𝑁𝑁𝑙𝑙 is the total number of surface neighbors (included the ith point as well). This 

surface normal smoothing is important to the success of the joining contact algorithm. The 

penalty contact force is given by: 

𝐹𝐹�𝑁𝑁 = �𝐾𝐾𝑖𝑖𝑗𝑗𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟 + 𝐶𝐶𝑖𝑖𝑗𝑗�̇�𝛿𝑎𝑎𝑟𝑟𝑟𝑟�𝑎𝑎�𝑖𝑖𝑙𝑙 (40) 

𝐾𝐾𝑖𝑖𝑗𝑗 =
𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗

𝑚𝑚𝑖𝑖+𝑚𝑚𝑗𝑗
�
𝑃𝑃𝐹𝐹𝑃𝑃𝐶𝐶
𝑑𝑑𝑑𝑑2

�  (41) 

𝐶𝐶𝑖𝑖𝑗𝑗 = 𝐷𝐷𝐹𝐹𝑃𝑃𝐶𝐶�𝑚𝑚𝑖𝑖+𝑚𝑚𝑗𝑗��
𝐾𝐾𝑖𝑖𝑗𝑗�𝑚𝑚𝑖𝑖+𝑚𝑚𝑗𝑗�

𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗
 (42) 

where 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟 is the penetration distance, �̇�𝛿𝑎𝑎𝑟𝑟𝑟𝑟 is the penetration rate, and 𝑑𝑑𝑑𝑑 is the timestep 

size that is chosen based on stability. 𝑃𝑃𝐹𝐹𝑃𝑃𝐶𝐶 and 𝐷𝐷𝐹𝐹𝑃𝑃𝐶𝐶 are the penalty and damping factor 

respectively and are both chosen to be 0.1 in this work. 

If the material point energy state surpasses a predefined level, it is then considered to be 

joined and the interaction between the two parts occurs through the SPH kernel. That is to say 

that the parts are considered to be a continuum, and can develop compression, tension, and shear 

stresses. The joining criteria is such that: 

𝐽𝐽𝐽𝐽𝑖𝑖𝑎𝑎𝑒𝑒𝑑𝑑𝑖𝑖 = �
1, 𝑇𝑇𝑖𝑖 ≥ 𝑇𝑇𝑗𝑗𝑟𝑟𝑖𝑖𝑟𝑟 ⋀ 𝜀𝜀𝑎𝑎 ≥ 𝑃𝑃𝑆𝑆𝑗𝑗𝑟𝑟𝑖𝑖𝑟𝑟 
0, 𝑂𝑂𝑑𝑑ℎ𝑒𝑒𝑟𝑟𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒

(43) 
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This joining criteria is based on the authors experience with the friction stir welding 

process. In this study, 𝑇𝑇𝑗𝑗𝑟𝑟𝑖𝑖𝑟𝑟 = 400°𝐶𝐶 and 𝑃𝑃𝑆𝑆𝑗𝑗𝑟𝑟𝑖𝑖𝑟𝑟 = 0.01. Although this criteria is rudimentary in 

nature it captures the overall physics of the actual material joining. Further research is warranted 

to determine more precisely the joining energy criteria. 

2.3 Model setup 

The SPH model used in this study, which is comprised of a rigid fixed base, rigid rotating 

and translating tool, and deformable feedstock and substrate, is shown in Figure 2-4. 

 
Figure 2-4: Additive Friction Stir-Deposition (AFS-D) model used in this study. Smoothed 
particle hydrodynamic material points modeled the feedstock and substrate, and finite elements 
modeled the tool and base. 

 
The dimensions of the substrate were 76.2 x 152.4 x 6.35 mm3, and the dimensions of the 

feedstock were 9.53 x 9.53 x 110 mm3. The tool diameter was 38.1 mm. Here 11,000 and 69,312 

material points were used to model the feedstock and substrate, respectively (total 80,312 

material points). The SPH material points were spaced approximately 1 mm apart. 16,598 and 

25,742 elements were used to model the tool and base, respectively (total 42,340 elements). The 

nodes in the elements were approximately 1 mm apart. The finite elements were employed to the 

rigid parts of the simulation to shorten the simulation times. 
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2.4 Experimental Setup 

A commercially available B8 AFS-D machine was employed to deposit 9.53 mm x 9.53 

mm square cross-section solid wrought AA6061-T6 (nominally Al, 1.16 wt% Mg, 0.51% wt% 

Si, 0.27 wt% Cu) feedstock rods, which were pushed through a 38.1 mm hollow rotating tool 

with a flat interaction shoulder face, onto a constrained 6.35 mm thick aluminum substrate of the 

same composition. 50.4 mm center-to-center deposits were produced at 1.5 mm heights while 

varying deposition feed rate (F) multiplicatively from 63.5 mm/min to 254 mm/min. Tool 

rotational speed (ω) and traversing velocity (V) remained constant at 300 RPM and 127 mm/min, 

correspondingly. Process parameters were selected to produce three depositions of varying 

quality: proportional build, starved build, and an overfed build as shown in Table 2-2. 

Table 2-2: AFS-D parameter sets used for model calibration for the three experimental builds 
(starved, optimal, and overfed). 
 

Case Starved Optimal Overfed 
Actuator Feed Rate (mm/min) 63.5 127 254 
Tool Rotational Speed (RPM) 300 300 300 

Tool Traverse Velocity (mm/min) 127 127 127 
 
The starved build (63.5 mm/min actuator feed rate) was created by decreasing the 

actuator speed so that insufficient material was pushed through the tool, characterized by galling 

and/or a truncated build profile. Next, the overfed deposit (254 mm/min actuator feed rate) was 

created by increasing the actuator feed rate such that excess material was pushed through the 

tool, characterized by excessive flash and/or a wider build profile. All experiments were 

performed at room temperature (21 °C) in an open atmosphere. The experimental setup for the 

elucidation of AFS-D processing temperature is shown in Figure 2-5. 
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Figure 2-5: AFS-D substrate temperature experimental setup depicting locations of thermal 
couples in the substrate to measure advancing side, middle, and retreating side temperatures. 

 
A steel backing plate was created to protect the thermocouples from the force of the AFS-

D tool pushing down on the AA6061 substrate. Three channels were used to capture the 

advancing side, middle, and retreating side temperatures of the substrate by having thru-holes 

machined into a steel plate. Type K insulated thermocouples were inserted into the backing plate 

channels, with the tips protruding through to the 3 mm deep substrate holes. The holes were 

spaced 12.7 mm apart. During the builds, the temperature at the thermocouples was recorded by 

an Omega RDXL4SD datalogger at the midpoint location of the deposition. One layer was 

deposited for each test case. The rationale behind using single layer depositions is threefold: 1) 

significant reduction in simulation run time 2) limitation of GPU memory (11 GB) on the 

authors’ local machine, which limits the total number of SPH material points 3) one layer is 

sufficient to demonstrate the ability of the code to capture the physics of the process. 
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2.5 Results And Discussion 

2.5.1 Temperature Model Calibration 

The time to run each test case has been listed in Table 2-3. The simulations were run on a 

local machine using an EVGA GeForce GTX 1080 Ti GPU. 

Table 2-3: SPH simulation run times for each test case. 
 

Case Starved Optimal Overfed 
Run Time (hr:min) 36:46 38:48 37:55 

 
The comparison for the experimental temperature results and the simulation results are 

shown in Figure 2-6 for the retreating side, middle, and advancing side of the deposition. The 

thermocouple data from the experiments are overlaid with the SPH simulation temperature data. 

The colors correspond to the measurement location relative to the traverse direction of the ASF-

D tool: gray for retreating side, red for middle, and blue for advancing side. The horizontal axis 

shows the advancing phase time. The left vertical axis represents the temperature in Celsius, 

while the right vertical axis shows the temperature relative to the solidus temperature of 

AA6061. The starved condition comparison is provided in Figure 2-6a, the optimal deposition 

comparison is in Figure 6b, and the overfed condition comparison is in Figure 2-6c. 
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Figure 2-6: Thermocouple temperature results for three test cases: (a) starved at 63.5 mm/min 
actuator feed rate, (b) optimal at 127 mm/min actuator feed rate, and (c) overfed 254 mm/min 
actuator feed rate. 

 
For all three conditions shown in Figure 2-6, the overall trend for the retreating, middle, 

and advancing side compared well between the experiments and SPH simulations. However, the 

temperature discrepancy between the simulations and experiments at the beginning of the 

deposition was a result of the simulations abbreviating the dwell phase to reduce simulation time. 

The dwell time was not observed to have a significant effect on simulation temperature after a 

few seconds of the advance phase. Processing temperature tended to peak between 90-95% of 

the AA6061 feedstock solidus temperature. However, this was only the peak of the thermocouple 

temperature, the true peak temperature in the stir zone-the region directly stirred by the tool-
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would have been hotter. The experiments and simulations showed that the advancing side 

experienced a higher temperature during the deposition than the retreating side, which is 

consistent with FSW. However, this temperature asymmetry tended to decrease with increasing 

deposition rate. This phenomenon was likely caused by the deposited material tending to favor 

the advancing side over the retreating side at lower deposition rates. So, as deposition rate 

increased, the profile widened out and covered the substrate over the thermocouples better, 

which both increased the temperature and decreased the temperature asymmetry. Therefore, an 

asymmetry may have still existed at high deposition rates, but future studies with thermocouples 

spaced farther out from the SZ would be able to determine this more accurately. For all three 

conditions, there was a moment when the middle thermocouple temperature remained constant 

or even slightly decreased while the outer thermocouple temperatures continued to rise. A 

diagram illustrating this phenomenon is provided in Figure 2-7.  
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Figure 2-7: Diagram illustrating the lower temperature zone directly beneath the tool caused by 
the reduction of the tool velocity vector and the feedstock heat sink. Temperature scale is in 
degrees Celsius. 

 
This reduction in the temperature at the middle along the deposition center was likely a 

combination of both the feedstock approaching the middle thermocouple and acting as a heat 

sink and the magnitude of the tool velocity vector decreasing towards the center of the tool, 

resulting in less frictional heat generated from the tool shoulder. The ability of the feedstock to 

draw heat away from the deposition increased with deposition rate, because a higher deposition 

rate forces the cooler top of the feedstock down into the build faster than a lower deposition rate.  

2.5.2 Profile Model Calibration 

The comparison between the experimental and simulated temperature profiles is shown in 

Figure 2-8a-c for the starved build, optimal build, and overfed build, respectively. The 

experimental AFS-D depositions are overlaid with the opaque SPH simulation results to show 
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how well the experiments and simulations match. The experimental depositions were isolated 

from the respective substrates through Photoshop. The SPH simulation profiles were taken from 

Paraview by isolating the deposition from the substrate. To ensure a uniform scale between each 

experiment and simulation image, the size of the SPH images was adjusted to match 1) the 

crescent shape at the back of the deposition caused by the tool dwelling against the substrate 2) 

the circle at the center of the stir zone caused by the feedstock spinning against the deposition. 

 
Figure 2-8: Comparison between experiment and simulation build profiles for: (a) starved at 
63.5 mm/min actuator feed rate, (b) optimal at 127 mm/min actuator feed rate, and (c) overfed 
254 mm/min actuator feed rate. 

 
Good agreement exists between the experimental and simulation profile trends for all 

three build conditions as shown in Figure 2-8a-c. The experiments showed an advancing side 

bias for deposition, which was supported by the simulation build profiles and temperature 

profiles in the previous section. The asymmetry in both the experiment and simulations was 
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quantified by dividing the advancing side area by the retreating side area for each case, the 

results of which are displayed in Table 2-4. 

Table 2-4: Comparison of advancing-retreating side asymmetries between the experiments and 
simulations. 
 

Case Starved Optimal Overfed 
Experiment AS/RS 1.16 1.06 1.06 
Simulation AS/RS 1.23 1.02 1.16 

% Difference 6.03 -3.78 9.43 
 
The amount of asymmetry was predicted within 10% for all three cases, with the overfed 

case being the least accurate due to the large amount of flash predicted in the simulation. In all 

three cases the simulations predicted the crescent-shaped crater at the beginning, caused by the 

tool dwelling without depositing. The crescents shrank as actuator feed rate increased because 

higher feed rates push more material backwards at the start. The simulations tended to 

overpredict flash in the deposition, especially the overfed case. However, the overfed case used 

an extremely high deposition rate, which likely would not be used for actual parts. Flash 

formation may be dependent on material properties, as other studies have shown significant flash 

formation such as in Avery et al. [29]. SPH parameters may be adjusted to change the amount of 

flash formed, but this may result in simulation instability. 

2.5.3 Simulation Temperature Contours 

The comparison between the SPH simulation temperature contours is shown in Figure 

2-9a-c. The temperature contours were generated in Paraview with a top-down view of the 

simulated depositions. The feedstock was still visible in all three cases, but length of the 

remaining feedstock was inversely proportional to the actuator feed rate, so lower actuator feed 

rates resulted in longer leftover feedstocks. The temperature scale was measured in Celsius, with 
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the temperature limits determined by the lowest and highest temperatures across all three test 

cases. 

 
Figure 2-9: Simulation temperature (°C) contours for: (a) starved at 63.5 mm/min actuator feed 
rate, (b) optimal at 127 mm/min actuator feed rate, and (c) overfed 254 mm/min actuator feed 
rate. 

 
In the temperature contour plots for the three conditions shown in Figure 9, the 

processing temperature was proportional to the actuator feed rate, with higher feed rates 

corresponding with increased temperatures. For the starved case in Figure 2-9a the low feed rate 

failed to provide adequate material flow to fill the stir zone, which resulted in less frictional heat 

generated between the tool and deposition reflected in the contour plot. The optimal and overfed 

cases, Figure 2-9b and 9c, respectively, had sufficient material flow to fill the SZs, but the 

overfed case in Figure 2-9c depicted a higher temperature contour. This temperature discrepancy 

was likely a result of the higher actuator feed rate transferring relatively high force downwards 

generating more frictional heat in the overfed condition (Figure 2-9c). This mechanism also 

resulted in a relatively high thermal soak of the substrate for the overfed case. One conclusion of 

the temperature dependence on actuator feed rate was that actuator feed rate not only influenced 
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output deposition appearance but also substrate material properties. A high feed rate may be 

desirable to limit thermal gradients across the entire part, which would result in lower residual 

stress and/or distortion. However, a low feed rate may be desirable for more localized heating, 

which, in a sufficiently large substrate, would result in a smaller heat affected zone. Thus, output 

part quality is not necessarily linked to part appearance, which was concluded in a previous study 

by Phillips et al. [26]. Another conclusion was that the processing temperature slightly exceeds 

the solidus temperature (592 °C). Machine operators have observed what could be considered a 

partially melted region in the SZ just below the tool. Future studies could confirm this by directly 

measuring the SZ temperature. 

2.5.4 Simulation Plastic Strain Contours 

The comparison between the simulated effective plastic strain contours for the three test 

cases is shown in Figure 2-10. A top-down view of the depositions was taken in Paraview. The 

range of effective plastic strain varies from zero to the highest level of plastic strain experienced 

by any of the three test cases. 
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Figure 2-10: Effective plastic strain contours for: (a) starved at 63.5 mm/min actuator feed rate, 
(b) optimal at 127 mm/min actuator feed rate, and (c) overfed 254 mm/min actuator feed rate. 

 
The simulation results of the deposition plastic strain for all three conditions plotted in 

Figure 2-10a-c do not show a strong preference for advancing or retreating side with respect to 

plastic strain, unlike the asymmetrical temperature distributions observed in previous sections. 

The starved plastic strain contour in Figure 2-10a showed relatively little deformation during 

deposition, which likely correlates to the surface voids/galling observed experimentally due to 

lack of material-tool shoulder interaction. In contrast to the starved plastic strain contours, the 

optimal (Figure 2-10b) and overfed (Figure 2-10c) plastic strain contours exhibited similar 

results. The discrepancy between the starved case, the optimal case, and overfed case showed 

that there was likely a threshold value of actuator feed rate that divided insufficient from 

sufficient material mixing in the stir zone. The low actuator feed rate of the starved case failed to 

input sufficient material into the stir zone to ensure adequate material mixing. The medium 

actuator feed rate of the optimal case provided ample material flow in the stir zone. The high 
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actuator feed rate of the overfed case failed to promote more material flow in the stir zone than 

the optimal case.  

One implication of the relationship between actuator feed rate and plastic strain pertains 

to material mixing in the deposition. Material mixing would be proportional to effective plastic 

strain in the deposition. Therefore, more material movement would result in both higher plastic 

strain and greater material blending. If a very nonuniform feedstock-perhaps a result of recycling 

material or intentionally through mixing powder feedstock-was used, a low feed rate would 

likely result in a heterogeneous deposition. A starved build likely would not promote sufficient 

material mixing to create a homogeneous deposition. However, a medium to high actuator feed 

rate would result in a higher plastic strain gradient across the deposition, and therefore would 

result in greater material mixing, which would result in a more homogeneous deposition. The 

high actuator feed rate of the overfed case, rather, would not promote more material mixing than 

the medium actuator feed rate of the optimal case, and would actually result in wasted material 

due to excessive flashing. An interesting future study depositing dissimilar material could 

confirm this behavior of material mixing and may even pinpoint a threshold actuator feed rate for 

optimal mixing. 

2.6 Concluding remarks 

In this work, the author presents a meshfree formulation for AFS-D simulations for the 

first time. The method uses a novel thermo-mechanical joining model that was able to handle the 

large plastic deformation. Other conventional methods would struggle to predict with good 

accuracy the temperature and build profiles of experimental builds. The SPH simulations showed 

good agreement with experimentally obtained temperature plots and build profiles. The physics 

captured the temperature dip in the middle of the SZ and temperature asymmetry between the 
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retreating and advancing side caused by the magnitude of the tool velocity vector and the 

feedstock acting as a heatsink. The simulations exhibited the decreasing temperature asymmetry 

between the advancing and retreating sides as actuator feed rate increased, likely due from a 

higher volume of material deposited results in more material pushed outwards so the material 

better covers the substrate thermocouple locations. The model produced accurate build profiles 

on the starved and optimal cases, capturing the beginning crescent-shaped crater and advancing 

side bias, but future work could improve build profile simulations at higher actuator feed rates. 

The temperature contour plots demonstrate the dependence of spatial temperature distribution on 

actuator feed rate. The simulations showed that thermal bathing increased with increasing 

actuator feed rate. The overfed case provided the highest thermal soak, which could not only 

result in different mechanical properties in the substrate but also different residual stress and 

distortion profiles than the other two cases. The effective plastic strain contour plots show the 

dependence of material mixing on actuator feed rate. Lower actuator feed rate would likely result 

in a heterogeneous material, and higher actuator feed rate would likely result in a more 

homogeneous material. However, there was evidence that a threshold for material mixing occurs 

and increasing actuator feed rate past that point would result in material waste through excessive 

flash. 

The presented SPH model is a powerful tool for accompanying AFS-D builds. The code 

can be used to predict output build quality using metrics such as temperature, profile, and 

effective plastic strain. Difficult to measure phenomena, such as temperature and plastic strain 

gradients across the entire build can aid researchers into elucidating the un-seen mechanisms 

occurring during AFS-D processing of materials. This study paves the way for future, more 

comprehensive numerical studies into the nascent AFS-D process. 
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CHAPTER 3: ELUCIDATING THE INFLUENCE OF TEMPERATURE AND STRAIN 
RATE ON THE MECHANICS OF AFS-D THROUGH A COMBINED EXPERIMENTAL 

AND COMPUTATIONAL APPROACH 

Abstract 

In this study, the temperature and strain rate dependent physics of Additive Friction Stir 

Deposition (AFS-D) are elucidated for the first time. Candidate constitutive models are selected 

to account for the severe plastic deformation and wide ranges of temperature and strain rate 

inherent to AFS-D. Torsion mechanical tests are performed to capture AA6061 stress 

dependency on temperature and strain rate. Four constitutive models, including a low fidelity-

calibrated one, are applied to single-layer AFS-D simulations. The robust meshfree method, 

smoothed particle hydrodynamics (SPH), provided the framework for constitutive model 

comparison. Utilizing the SPH simulations, peak values, temperature contours, effective stress 

contours, effective plastic strain contours, build profiles, and simulation run time are all 

compared to reveal hidden mechanisms of AFS-D processing. This work highlights the 

importance of constitutive model selection, which can lead to improved simulation results by 

accurately capturing plastic stress dependence on strain, strain rate, and temperature.. 

3.1 Introduction 

Simulating severe plastic deformation processes (SPDPs) necessitates the use of high-

fidelity constitutive models to successfully capture the dynamic temperature dependent flow 

behavior after severe plastic strain. Constitutive models are used to evolve the yield surface in a 

computer simulation by accounting for multiple factors such as strain rate, temperature, material 
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history, or damage and the relevant factors vary for each scenario. The yield surface is an 

abstract 3D space which has the three principal stresses as the three dimensions [1]. As long as 

the coordinates of the principal stresses fall within the yield surface, yield has not occurred. 

However, once the coordinates reach the surface, yielding occurs. The shape of the yield surface 

varies based on the failure theory. For example, for isotropic materials, the von Mises yield 

surface results in a cylinder, and the Tresca yield surface results in a hexagonal prism [2]. In 

reality, the yield surface is rarely fixed, meaning that the yield surface can grow (isotropic 

hardening) or translate (kinematic hardening). The hardening occurs because of dislocation 

mechanics. To quantify the changing yield surface, engineers utilize constitutive models, which 

facilitate change through factors relevant to the real-life phenomenon they are simulating 

(thermal softening, strain rate sensitivity, and damage for example). 

The simplest constitutive models are typically empirical, meaning that the equations have 

a limited basis in mechanics but typically match the trend of experimentally determined stress-

strain curves. The Ramberg-Osgood equation (RO) only accounts for strain hardening [3]. RO is 

commonly inverted, so strain is a function of stress [2], [4], and equations based on RO 

frequently appear in fatigue analysis [5], [6]. Johnson-Cook (JC), because of its simplicity, has 

been widely implemented in either the original or modified form [7]–[12]. JC accounts for strain 

hardening, strain rate sensitivity, and thermal softening [13]. JC does not account for other 

factors that could be important, such as kinematic hardening, crystal structure, or grain size, 

which results in significant variance between studies [14]. The Zerilli-Armstrong (ZA) model 

was created to improve JC by accounting for different crystal structures [14]. ZA is based on 

dislocation mechanics. Some constitutive models are based on the Arrhenius equation, which 

describes the temperature dependence of a reaction [15]. The Arrhenius equation is the basis for 
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the Zener-Hollomon parameter (Z), which relates stress to strain rate and temperature [16]. 

Multiple constitutive models utilize Z, such as the Medina-Hernandez model [17], the Sheppard-

Wright model [18], and the Sellars-Tegart model [19]. One benefit of using Z is due to the 

relationship between the processing environment and grain size and hardness, which leads to a 

relatively easy method for model calibration [19]. 

The significant influence that constitutive models have on simulations necessitates further 

research into selecting appropriate models for AFS-D simulations. Since limited literature exists 

for AFS-D simulations [20], some candidate constitutive models will be selected from 

simulations for similar processes such as Friction Stir Welding (FSW). The constitutive models 

will be calibrated with torsion mechanical testing data for both AA6061-T6 and -O tempers. The 

models will then be compared against each other by contrasting relative temperature profiles, 

effective plastic strain profiles, effective stress profiles, build profiles, and run time within the 

Smoothed Particle Hydrodynamics (SPH) simulation framework. 

3.2 AFS-D Processing Environment 

The AFS-D process is a novel solid-state additive manufacturing process capable of 

rapidly producing near-net-shape parts. The solid-state attribute refers to the AFS-D processing 

environment temperature remaining below the material melting point. Problems related to 

fusion-based process such as hot cracking and distortion are minimized in solid-state processes. 

A visual description of the AFS-D process is provided in Figure 3-1. 
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Figure 3-1: (a) Schematic of the AFS-D process shows how feedstock rod is transformed into 
deposition by spinning and traversing tool. (b) Large multi-layer deposition created by the AFS-
D process [20]. 

 
In the AFS-D process, the feedstock material is pushed through a hollow spinning tool 

onto a substrate. The tool traverses forward leaving behind a metallurgically bonded deposition. 

Directly underneath the tool is the stir zone, where the highest temperatures and plastic strains 

are experienced. Extruding material through the stir zone results in severe plastic deformation 

and high temperatures because of frictional heat generation between the tool and the deposition. 

One of the challenges facing constitutive models is how to account for a wide range of 

behaviors with the minimum number of required parameters. Materials undergoing AFS-D 

processing experience high plastic strain, wide ranges of strain rates, and temperatures ranging 

from room temperature to near melting temperature. For accurate simulations, constitutive 

models need to account for these variables. 

3.2.1 AFS-D Plastic Strain 

During AFS-D, the deposited material undergoes severe plastic strain in the stir zone. 

While experimentally quantifying exact levels of plastic strain during the AFS-D process would 
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be challenging, secondary effects of severe plastic deformation such as significant grain 

refinement [21]–[24] and breakup of particles [24], [25] and oxide films [26] were observed in 

previous AFS-D studies. One computational study by Stubblefield et al. found a peak value of 

571 for effective plastic strain [20]. 

3.2.2 AFS-D Strain Rate 

The actuator feed rate, tool rotational velocity, tool traverse velocity, and layer height 

determine the speed of material flow out of and under the tool. The material can flow faster as it 

leaves the center of the tool due to the increase of tangential velocity. An estimation of strain rate 

can be formulated using basic mechanics within the stir zone as seen in Figure 3-2. 

 
Figure 3-2: Dimensions for strain rate calculation to demonstrate the wide range of strain rates 
experienced during AFS-D processing. 

 
Assuming the stir zone directly underneath the tool is a cylinder with the same diameter 

as the tool (38.1 mm) and a height the same distance from the tool to the substrate (1.5 mm). 

Given tool rotational velocity of 300 rpm (31.42 rad/s) and assuming that no slipping occurs 
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between the tool and deposition, an estimate of effective strain rate can be formulated from shear 

strain rate as seen in Eq. 44. 

𝜖𝜖̅̇ =
�̇�𝛾
√3

=
𝑟𝑟�̇�𝜃
𝑙𝑙√3

=
�1

2 38.1𝑚𝑚𝑚𝑚��31.42 𝑟𝑟𝑃𝑃𝑑𝑑𝑠𝑠 �

(1.5𝑚𝑚𝑚𝑚)√3
= 230.38𝑠𝑠−1 (44) 

𝜖𝜖̅̇ is effective strain rate, �̇�𝛾 is shear strain rate, 𝑟𝑟 is tool radius, �̇�𝜃 is rotational velocity, and 

𝑙𝑙 is distance from the tool to the substrate. At the tool center, 𝑟𝑟 = 0, the effective strain rate 

would be zero. Although slip would occur during the actual AFS-D process, and the material 

would also experience strain flowing outward, the estimate shows the wide range of strain rates 

possible in AFS-D. 

3.2.3 AFS-D Temperature 

One of the most important factors of AFS-D processing is frictional heat generation. As 

the tool spins against the deposited material, this generates significant frictional heat, enough to 

soften the material to initiate flow. Stir zone temperatures in the AFS-D process have been 

measured experimentally, with Garcia et al. showing 50-90% melting temperature based on a 

range of process parameters [27]. Similarly, Phillips et al. reported 93% of the melting 

temperature based on precipitation transformation [28]. Additionally, Stubblefield et al. showed 

in simulated stir zone that temperatures can exceed the melting temperature, which was 

confirmed with experimental observations of partially melted layers during deposition [20]. 
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3.3 Materials and Methods 

3.3.1 Constitutive Models 

3.3.1.1. Johnson-Cook 

JC is a constitutive model based on the RO equation that was originally designed for 

ballistics-rate impact simulations and is provided in Eqs. 45-47 [13], [29]. 

𝜎𝜎 = [𝑃𝑃 + 𝐵𝐵𝜖𝜖𝑟𝑟][1 + 𝐶𝐶𝑙𝑙𝑎𝑎(𝜖𝜖∗̇)][1 − 𝑇𝑇∗𝑚𝑚] (45) 

𝜖𝜖∗̇ =
𝜖𝜖̇
𝜖𝜖0̇

 (46) 

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚

𝑇𝑇𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚
 (47) 

Due to its ease of calibration and implementation, JC has been applied in a variety of 

studies, including FSW [7], [11], [30], [31]. A is the yield stress of the material. 𝜖𝜖0̇ is the 

reference strain rate, usually taken to be quasi-static strain rate. Tmelt and Troom are the solidus 

temperature of the material and the room temperature, respectively. MATLAB curve fitting 

software was used to calibrate JC for this study. 

3.3.1.2. Fraser-Kiss-St-Georges 

FKS is an empirical model based on a series of Gleeble tests for AA6061-T6. The model 

was specifically created for FSW [32]. The equations for FKS are listed in Eqs. 48-52. 

𝜎𝜎(𝜖𝜖𝑎𝑎, 𝜖𝜖̇,𝑇𝑇∗) = 𝜕𝜕(𝜖𝜖𝑎𝑎)Λ(𝜖𝜖̇,𝑇𝑇∗)Θ(𝑇𝑇∗) (48) 

𝜕𝜕(𝜖𝜖𝑎𝑎) = 𝑃𝑃1 + 𝑃𝑃2 tan−1(𝑃𝑃3𝜖𝜖𝑎𝑎) (49) 

Λ(𝜖𝜖̇,𝑇𝑇∗) = 1 + [𝑏𝑏1𝑇𝑇∗𝑏𝑏2] �𝑏𝑏3 ln �
𝜖𝜖̇
𝜖𝜖0̇
�� (50) 

Θ(𝑇𝑇∗) = 1 −
1

(1 + 𝑒𝑒−𝑟𝑟1𝑇𝑇∗)
1
𝑟𝑟2

 (51) 
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𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚

𝑇𝑇𝑚𝑚𝑟𝑟𝑎𝑎𝑟𝑟 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚
 (52) 

One major difference between JC and FKS is with the hardening portion: JC assumes a 

power law while FKS assumes an arctan law. The difference is magnified after severe plastic 

strain, where the effective stress in JC continues hardening and in FKS the effective stress 

saturates. Another major difference is the thermal softening behavior: JC assumes exponential 

decay while FKS assumes sigmoid decay. FKS also assumes that the material is strain rate 

independent at room temperature, which is not a valid assumption for most materials, but it is 

valid for AA6061 and was employed by Stubblefield et al. for AFS-D simulations [20]. 

3.3.1.3. Sellars-Tegart 

The ST model [33], modified by Sheppard and Wright [34], [35], has been used for a 

variety of high-temperature, high-strain applications such as FSW [19], [36], [37], Friction Stir 

Processing [38]–[42], and high-temperature deformation [43]–[48].The ST equations are shown 

in Eqs. 53-54. 

𝜎𝜎 =
1
𝛼𝛼

sinh−1 ��
𝑍𝑍
𝑃𝑃
�
1
𝑟𝑟
�  (53) 

𝑍𝑍 = 𝜖𝜖̇ exp �
𝑄𝑄
𝑅𝑅𝑇𝑇

� (54) 

The inverse hyperbolic sine law accounts for effective stress saturation after severe 

plastic strain. One major benefit of using ST is the relation of Z to microstructural evolution [19], 

[47]–[50]. Calibrating ST is not as simple as calibrating JC or FKS, but it is still formulaic. The 

calibration process is outlined in Shi et al. 2013 [45]. However, according to Shi et al., this 

process only works if the model parameters are constants and not functions of other variables 

such as temperature and strain rate [45]. For AA6061, both T6 and O tempers had this issue, so 
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the usual calibration process was abandoned. MATLAB curve fitting software was used instead. 

To the authors’ best knowledge, ST has not been used for AFS-D simulations. 

3.3.2 Constitutive Model Calibration 

The constitutive models were calibrated using experimentally obtained torsion stress-

strain curves. SMT001 Gleeble torsion samples shown in Figure 2 were manufactured from 15 

mm diameter AA6061-T6 extruded rods. Half of the AA6061-T6 samples were heat treated to O 

temper using a standard procedure [51]. A Gleeble 3500 thermomechanical simulator was used 

to test both the AA6061-T6 and AA6061-O torsion samples at identical temperatures and strain 

rates. Both T6 and O tempers were tested to demonstrate the flexibility of each constitutive 

model for capturing different behaviors within the same alloy. The tests were conducted at 

temperatures varying from 25-500 °C and strain rates varying from 0.04-10 s-1. The lower end 

of 0.04 s-1 for strain rate was based on the minimum rotational speed of the torsional motor. 

Only one test was conducted at room temperature per temper since AA6061 is strain rate 

insensitive at room temperature [32], [52], [53]. The room temperature tests were conducted at 

0.1 s-1 as opposed to 0.04 s-1. The mechanical testing data was converted to effective stress and 

strain using the Fields and Backofen method [54], because AA6061 is sensitive to temperature 

and strain rate at elevated temperature. 
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Figure 3-3: SMT Gleeble torsion samples used for constitutive model calibration. All 
dimensions are in millimeters. 

 
3.3.3 SPH 

The mechanics behind AFS-D simulations involve governing differential equations that 

must be solved numerically due to the complicated geometry and boundary conditions and the 

highly dynamic environment inherent to the process. Typically, the finite element method (FEM) 

is employed to approximate the governing equations; however, FEM would be inadequate for a 

problem involving such large levels of deformation seen in AFS-D. Problems arise when solving 

for the volumetric integral for each finite element using computational coordinates as seen in Eq. 

55. 

� 𝑓𝑓𝑑𝑑Ω ≈ � � � 𝑓𝑓|𝐽𝐽|𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
1

−1

1

−1

1

−1Ω
 (55) 

Where 𝐽𝐽 is the Jacobian that defines the relationship between the physical coordinates 

𝑥𝑥,𝑦𝑦, 𝑧𝑧 and the computational coordinates 𝑑𝑑, 𝑑𝑑, 𝑑𝑑. The determinant of the Jacobian is analogous to 

the level of deformation a finite element experiences. For a perfect cube element, the determinant 

of the Jacobian is 1, leading to accurate approximations of the volumetric integral. However, in 

cases of extreme deformation, the Jacobian matrix approaches zero, which leads to inaccurate 

calculation of the volumetric integral.  
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On the other hand, the SPH formulation circumvents the Jacobian issues by not using 

elements at all. For SPH, functions are approximated through a convolution integral seen in Eq. 

56 taken from Liu and Liu [55]. 

𝑓𝑓(𝑥𝑥𝑖𝑖) = �𝑓𝑓(𝑥𝑥′)𝑊𝑊(𝑥𝑥𝑖𝑖 − 𝑥𝑥′,ℎ)𝑑𝑑𝑥𝑥′ ≈�
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗

𝑁𝑁

𝑗𝑗=1

𝑓𝑓�𝑥𝑥𝑗𝑗�𝑊𝑊𝑖𝑖𝑗𝑗 (56) 

Where 𝑊𝑊𝑖𝑖𝑗𝑗 is the kernel or smoothing function that determines the influence a particle 𝑗𝑗 

has on the particle of interest 𝑖𝑖; and 𝑚𝑚𝑗𝑗 and 𝜌𝜌𝑗𝑗 are the mass and density of a neighboring particle 

𝑗𝑗, respectively. This formulation allows for severe deformation without computational issues, 

because the 𝑁𝑁 neighbors at any given coordinate 𝑥𝑥𝑖𝑖 can change at any time without a loss in 

accuracy. The smoothing function used in this study is the hyperbolic spline function taken from 

Yang et al. [56] and shown in Eq. 57. 

𝑊𝑊𝑖𝑖𝑗𝑗 = 𝛼𝛼𝑎𝑎 �
𝑅𝑅3 − 6𝑅𝑅 + 6, 0 ≤ 𝑅𝑅 < 1
(2 − 𝑅𝑅)3,                1 ≤ 𝑅𝑅 < 2

0,                     𝑅𝑅 ≥ 2
 (57) 

3.3.4 AFS-D Simulations 

To test each constitutive model, AFS-D simulations using the SPH framework were 

conducted. A visual description of the SPH model used in this constitutive model study is shown 

in Figure 3-4. The model was comprised of a rigid finite element base and tool, and deformable 

SPH feedstock and substrate. All finite elements were three-node triangular elements of zero 

thickness. The base was fixed in space, while the tool rotates, advances, and pushes the feedstock 

down. The tool diameter was 38.1 mm and was set 1.5 mm above the substrate, where the 

substrate was 76.2 x 152.4 x 6.35 mm3, and the feedstock was 9.53 x 9.53 x 110 mm3. The SPH 

material points were initially set 1 mm apart, and the nodes in the elements were meshed 1 mm 
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apart. To demonstrate constitutive model flexibility, the feedstock had O temper properties and 

the substrate had T6 temper properties. 

 
Figure 3-4: AFS-D model used in this study. Smoothed particle hydrodynamic material points 
modeled the feedstock and substrate, and finite elements modeled the tool and base. 

 
The constitutive models were evaluated in a zone shown in Figure 3-5. The 50 x 50 x 3 

mm3 analysis zone was centered around the tool axis horizontally and the top of the substrate 

vertically. The bottom of the zone was 1.5 mm below the surface of the substrate and the top of 

the zone 1.5 mm above the surface of the substrate. 
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Figure 3-5: Analysis zone in the SPH simulations used to highlight the effects different 
constitutive models have on the simulation environment. 

 

3.4 Results and Discussion 

3.4.1 Constitutive Model Behavior 

3.4.1.1. Effective Stress vs Effective Plastic Strain 

The plastic portions of the stress-strain curves from the experimental data were isolated 

using the 0.2% offset method. The constitutive models compared with experimental data for 

AA6061-T6 are plotted in Figure 3-6. The strain to failure varied based on temperature and 

slightly based on strain rate. The 500 °C tests did not fail after two rotations. AA6061-T6 

experienced little strain hardening before effective stress saturation, with increasing temperature 

shortening the strain hardening period as well as decreasing the effective stress. Although both 

JC and FKS can account for strain hardening, both curve fits exhibit perfectly plastic behavior 
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due to the limited strain hardening observed experimentally. The FKS model was the most 

accurate at capturing the temperature and strain rate-sensitive behavior of AA6061-T6. However, 

the thermal softening function of JC was unable to capture the temperature sensitivity as well as 

the FKS model. The ST model had the least accurate fit of the three models; however, ST may be 

more suitable for other materials. 

 
Figure 3-6: Experimental effective stress and strain curves for AA6061-T6 vs constitutive 
models: (a) JC (b) FKS and (c) ST. FKS was the most accurate for AA6061-T6. 
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The constitutive models compared with experimental data for AA6061-O are plotted in 

Figure 3-7. With the exception of the room temperature test, none of the AA6061-O torsion tests 

failed after two rotations. Like AA6061-T6, the high temperature AA6061-O curves did not 

experience much strain hardening, but unlike AA6061-T6, AA6061-O did experience significant 

strain hardening at room temperature and 250 °C. The overall stress response for the O temper 

was much lower than the T6 temper due to the lack of strengthening precipitates. The FKS and 

JC models capture the strain hardening trend well for AA6061-O. Since the ST model assumes 

perfect plasticity, the ST captures higher temperature data better than lower temperature data due 

to the lack of strain hardening at high temperature. 
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Figure 3-7: Experimental effective stress strain curves for AA6061-O vs constitutive models: (a) 
JC (b) FKS and (c) ST. FKS and JC captured the trend of AA6061-O stress-strain behavior. 

 
For JC model fit of the O temper, the n constant had to be lowered from 0.23 to 0.001 due 

to excessive strain hardening after high plastic strain as shown in Figure 3-8. Note that a log 

scale was used for plastic strain to show strain hardening behavior at both low and high plastic 

strains. A temperature of 500 °C and strain rate of 10 s-1 was used for the models. Lowering the 

strain hardening parameter n in JC to 0.001 resulted in a higher jump at low effective plastic 

strain, but past an effective plastic strain of 1, the JC0.23 model significantly overshot the JC0.001 
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model. Considering the level of plastic strain experienced in a previous AFS-D simulation study 

[20], JC model calibrated to low plastic strain data would result in significantly higher levels of 

stress than other constitutive models or a JC model calibrated with high plastic strain. It is 

important to note that the maximum level of plastic strain captured in the experiments was only 

1.8. When large levels of plastic strain are expected in simulations, such as in AFS-D, it is 

important to recognize the strain limitations of mechanical testing and account for material 

behavior outside of the experimental limits. The stress in the FKS model saturates after high 

plastic strain because arctan asymptotically approaches π/2 as the argument goes to infinity. In 

contrast, the ST model is constant because of the perfect plasticity assumption. Additionally, 

both JC0.001 and JC0.23 models for the O temper are included because these models will be used in 

the constitutive model comparison analysis of this study. Furthermore, the T6 temper will only 

use one JC model since the calibration process produced an acceptable n value due to the limited 

strain hardening. 
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Figure 3-8: Comparison between the constitutive models shows the importance of accounting 
for high plastic strain behavior when curve fitting. 

 
The average effective stress differences between the experiments and the constitutive 

models are shown in Figure 3-9. For the effective stress difference calculations, the absolute 

value of effective stress difference was taken at each strain point before taking the average. 

Percent difference calculations were not used since the low magnitude of effective stresses at 

500 °C skewed the calculations. The absolute value was used so that over-predicting and under-

predicting effective stresses do not cancel out. For the T6 temper, the FKS model was 

significantly more accurate and consistent compared to the other two constitutive models. As 

with the T6 temper, the results for O temper show that the FKS model was the most accurate and 

consistent, followed by JC and ST. However, the differences in accuracy and consistency 

between the constitutive models are much smaller for the O temper than with the T6 temper. The 

increase in accuracy and consistency with the O temper models was a consequence of the overall 
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lower stresses relative to the T6 temper experimental results. The two different JC models for O 

temper were very similar when compared with experimental results. 

 
Figure 3-9: Average effective stress differences for each constitutive model and temper 
compared with experimental data show the relative accuracy of FKS vs JC and ST. 

 
3.4.1.2. Yield Strength vs Temperature 

While the constitutive models were calibrated against stress-strain curves, it is important 

to consider stress-temperature curves when analyzing constitutive models. The yield stress-

temperature behavior for each model is shown in Figure 3-10. The T6 constitutive models were 

used to show the temperature behavior, where the plastic strain was set to 0, and the strain rate 

was set at 0.1 s-1 for each model. Experimental data from Allen [57] for AA6061-T651 are also 

included to show the sigmoid behavior of yield strength evolution with respect to temperature. 

The FKS model was well suited for fitting the sigmoid temperature behavior, which helps 
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understand why it fit the experimental results better than the other constitutive models evaluated 

in this present study. Additionally, the exponential decay trends of JC and ST do not capture the 

yield strength evolution with respect to temperature for AA6061-T6, but perhaps JC and ST are 

good fits for other materials.

 

Figure 3-10: Constitutive model yield strength evolution with temperature highlights different 
behaviors with each model. 

 
3.4.1.3. Yield Strength vs Strain Rate 

In addition to stress-temperature curves, stress-strain rate curves are also important for 

analyzing constitutive model fidelity. The strain rate behavior for each model is shown in Figure 

3-11. The T6 constitutive models were used to show the strain rate behavior. The plastic strain 
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was set to 0, and the temperature was set at 500 °C for each model. Based on the results shown in 

Figure 3-11, all three constitutive models show a linear yield strength increase with the log 

increase of strain rate. The log behavior of yield strength evolution with respect to strain rate is a 

reasonable assumption given the torsion experimental data for AA6061. The discrepancy in 

values is due to the curve fitting seeking an average fit over all data points. 

 
Figure 3-11: Constitutive model yield strength evolution with strain rate shows similar 
behaviors with each model. 

 
3.4.2 AFS-D Simulations 

3.4.2.1. Peak Values 

The average of five peak values in temperature, effective stress, and effective plastic 

strain are shown in Figure 3-12. It is important to note that showing the peak value at one 

particular timestep is not a good representative of simulations; peak values can change 
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drastically after each timestep, and the peak values may be outliers. To remedy this, the top five 

simulation peak values were averaged and plotted during the deposition phase for each 

constitutive model. The error bars represent one standard deviation in either direction. The peak 

values tended to level out as the simulation progressed, suggesting a transition from transient to 

steady state. Overall, FKS had the smallest ranges between the five peaks. FKS also had the 

lowest temperatures in Figure 3-12a and stresses in Figure 3-12b because of the sigmoid thermal 

softening behavior facilitating a rapid decrease in material strength. The JC0.23 model exhibited 

the largest ranges between the five peaks in each category. The JC0.23 model had the highest peak 

temperature in Figure 3-12a because of the significantly higher strain hardening compared to 

JC0.001 and FKS models. ST had the second highest peak temperature in Figure 3-12a because the 

curve fitting in Figure 3-6c and Figure 3-7c, when attempting an average fit across all 

temperatures and strain rates, over-predicted high temperature stress for both tempers. Although 

the JC0.23 simulation had the highest plastic strain in Figure 3-12c, those values appear to be 

outliers when compared to the lower peak values. 
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Figure 3-12: SPH simulation results of average peak (a) temperature, (b) effective stress, and (c) 
effective plastic strain values for each constitutive model show consistency of each constitutive 
model and provide a better comparison than single peak values. 

 
3.4.2.2. Temperature Contours 

The temperature contour plots taken within the analysis zone for each constitutive model 

are shown in Figure 3-13. The temperature limits were determined from the minimum and 

maximum temperatures seen within the analysis zone across all simulations. The JC0.23 

simulation experienced the highest temperatures, followed by ST, JC0.001, and then FKS models. 

The difference between JC0.001 and JC0.23 models highlights the effect changing the strain 
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hardening constant 𝑎𝑎 has on simulations. The excessive strain hardening of JC0.23 model requires 

higher temperatures to soften the material for flow. Additionally, it is observed in Figure 3-13b 

that JC0.23 and ST models behaved similarly, despite JC0.23 model predicting excessive strain 

hardening and ST model predicting no strain hardening. In this study, the ST model curve fit in 

Figure 3-6c and Figure 3-7c overpredicted high temperature effective stress for both T6 and O 

tempers. While the JC0.23 model curve fit predicted lower effective stress than ST within the 

experimental plastic strain limits, the excessive strain hardening behavior combined with severe 

plastic strain inherent to AFS-D resulted in the JC0.23 model eventually reaching similar levels of 

effective stress as the ST model. All constitutive models experienced a ring of hotter material 

within the stir zone, which corresponds to the outer edge of the AFS-D tool. The transverse 

velocity of the tool is highest on the outer edge, which translates into more friction and higher 

temperature. This phenomenon was captured by Stubblefield et al. [20] as well. 
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Figure 3-13: (a) Legend of analysis zone. (b) Temperature contour plots for each constitutive 
model emphasize the unique thermal softening behavior of FKS. (c) Temperature percent 
difference contour plots for comparisons between each constitutive model show the drastic 
difference between FKS and the other constitutive models. 

 
The percent difference limits were chosen based on the largest value measured, which 

was then set as both extremes so that 0% was in the middle of the color scale (green), as shown 
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in Figure 3-13c. The starkest contrasts were observed in all of the comparisons involving the 

FKS model, which was a consequence of the sigmoid thermal softening behavior seen in Figure 

3-10 resulting in a lower temperature requirement to induce material flow. The significantly 

lower temperatures of the FKS model in Figure 3-13b obscured the differences between the other 

constitutive models in Figure 3-13c. Beyond the stir zone, the temperatures experienced by the 

constitutive models were similar, suggesting that the temperature differences are localized within 

the stir zone. 

3.4.2.3. Stress Contours 

The effective stress (von Mises) contour plots taken within the analysis zone for each 

constitutive model are shown in Figure 3-14. The effective stress limits were determined from 

the minimum and maximum effective stresses seen within the analysis zone across all 

simulations. For each simulation, the peak stresses were experienced just ahead of the stir zone 

where no material has been deposited yet. During the AFS-D process, the substrates must be 

clamped down to prevent movement from considerable forces the spinning tool exerts on the 

deposition and substrate. However, since the peak temperatures are mostly localized in the stir 

zone, the high stresses ahead of the stir zone are yet to be relaxed. As such, the JC0.001 model, 

and not JC0.23 model, experienced the highest stresses ahead of the stir zone, since the T6 

calibrated JC model is the same for both JC0.001 and JC0.23, which means the substrate material 

properties are identical between the two simulations. Given the hotter temperatures within JC0.23 

model and a larger temperature front seen in Figure 3-13, the cooler temperatures in the JC0.001 

simulation mean that the substrate can support a higher stress than the JC0.23 simulation in Figure 

3-14b. The similar temperatures between JC0.23 and ST models seen in Figure 3-13 correlate to 

similar stresses in Figure 3-14. Although ST model predicts no strain hardening, and JC0.23 
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model predicts significant strain hardening, the two constitutive models behave similarly for 

similar the levels of strain, strain rate, and temperature seen in the stir zone. The rings of high 

temperature in Figure 3-13b in the stir zone also correspond to regions of low stress in the stir 

zone in Figure 3-14b. 
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Figure 3-14: (a) Legend of analysis zone. (b) Effective stress contour plots for each constitutive 
model show the low stresses required to induce flow in the FKS simulation. (c) Effective stress 
percent difference contour plots for comparisons between each constitutive model show the large 
differences between FKS and the other constitutive models. 

 
The percent difference limits in Figure 3-14c were chosen based on the largest value 

measured, which was then set as both extremes so that 0% was in the middle of the color scale 
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(green). The largest differences in Figure 3-14c were experienced when comparing both JC0.001 

and JC0.23 to FKS in the center of the stir zone and just beyond the stir zone radius. The 

difference in the stir zone and the deposition just behind the stir zone correlates with the sigmoid 

thermal softening behavior of FKS model relative to JC0.001 and JC0.23 models. In addition, as 

shown in Figure 3-14c, both JC models had similar effective stress contours.  Although there was 

a difference between FKS and ST models, that difference was marginal compared with the large 

differences between FKS and both JC models in Figure 3-14c. 

3.4.2.4. Plastic Strain Contours 

The effective plastic strain contour plots taken within the analysis zone for each 

constitutive model are shown in Figure 3-15b. The effective plastic strain limits were determined 

from the minimum and maximum effective plastic strains seen within the analysis zone across all 

simulations. JC0.23 experienced the highest levels of effective plastic strain despite the stiff 

response predicted by the constitutive model. The high effective stress and effective plastic strain 

for the JC0.23 simulation is likely a consequence of the relatively high minimum energy input for 

material flow resulting in softer regions more susceptible to plastic deformation. The substrates 

did not experience plastic strain ahead of the deposition, which explains the dark blue region 

ahead of the stir zone. 
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Figure 3-15: (a) Legend of analysis zone. (b) Effective plastic strain contour plots for each 
constitutive model show the relatively high plastic strains experienced in JC0.23. (c) Effective 
plastic strain difference contour plots for comparisons between each constitutive model 
highlights the differences between JC0.23 and the other constitutive models. 

 
The effective plastic strain difference limits in Figure 3-15c were chosen based on the 

largest value measured, which was then set as both extremes so that 0 was in the middle of the 
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color scale (green). Percent difference was not used because the near-zero values in the 

denominator of the percent difference formula resulted in extremely high values that obscured all 

other differences between the simulations. For effective plastic strain, the largest differences 

were concentrated in the outer ring of the stir zone when compared with the JC0.23 simulation. 

The other simulations had more similar plastic strain contours. The low level of strain hardening 

experienced by JC0.001 model mimics the effective stress saturation experienced by FKS seen in 

Figure 3-6b and Figure 3-7b or perfect plasticity of ST models seen in Figure 3-6c and Figure 

3-7c. 

3.4.2.5. Build Profiles 

The build profiles for each simulation are shown in Figure 3-16. All simulations had 

similar build profile appearances, with the exception of the JC0.23 simulation seen in Figure 

3-16b, which displayed a more jagged profile than the other simulations. Softer materials would 

flow more easily, which would result in a more uniform profile. In contrast, harder materials 

would not flow as easily, which would result in a less unform profile. Despite the differences 

between the models, the JC0.001, FKS, and ST models in Figure 3-16a,c,d all displayed similar 

build profiles, indicating that processing environments, and by extension material properties, are 

not necessarily linked to output appearance. The crescent moon at the back of all the simulations 

in Figure 3-16 was a consequence of the tool pushing material out at the start of the deposition. 

As such, while this material is pushed out radially, the crescent moon at the front would have 

been deposited over and incorporated into the deposition. 
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Figure 3-16: Build profiles for each constitutive model highlight differences between JC0.23 and 
the other models. (a) JC0.001 (b) JC0.23 (c) FKS (d) ST. The similarity between JC0.001, FKS, and 
ST indicates that changing processing temperature, effective stress, and effective plastic strain 
does not necessarily change output part appearance. 
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The ratio between the material deposited on the advancing side vs the retreating side for 

each constitutive model is shown in Table 3-1. The ratios were determined by summing the 

number of SPH material points on the advancing and retreating sides of the simulations. All 

simulations had a similarly balanced build profile, although the FKS simulation showed more 

advancing side bias than the other simulations.  Although Stubblefield et al. [20] used AA6061-

T6 feedstock calibrated with different experimental data, a similar bias towards the advancing 

side with the same processing parameters was observed. However, the softer properties of 

AA6061-O would result in a lower energy input threshold to induce flow than AA6061-T6. 

Future investigations should explore the effect different tempers have on the output build profile. 

Table 3-1: Comparison of advancing-retreating side asymmetries between the constitutive 
models shows the balanced depositions of all constitutive models, except for a small advancing 
side bias for FKS. 
 

Model JC0.001 JC0.23 FKS ST 
AS 2423 2469 2451 2507 
RS 2403 2461 2232 2423 

AS/RS 1.01 1.00 1.10 1.03 

 
3.4.2.6. Run Time 

The total simulation run time for each constitutive model is shown in Table 3-2. The run 

times for each model were similar, indicating that simulation run time is not significantly 

dependent on constitutive model selected in this study. However, more sophisticated constitutive 

models may have an effect on simulation time compared to the models evaluated in this present 

study. For the SPH simulations, the largest bottleneck is not constitutive model calculation, but 

neighbor checking [61]. In mesh-based methods, such as the finite element method, node 

neighbors are largely determined a priori based on mesh connectivity. However, in meshless 
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methods involving severe plastic deformation, the SPH material points can travel great distances 

within the problem domain and change neighbors rapidly. 

Table 3-2: Comparison of constitutive models display lack of impact on simulation run time. 
 

Model JC0.001 JC0.23 FKS ST 
Run Time (hr:min) 29:45 29:11 30:24 29:06 

 

3.5 Conclusion and Discussion 

In this work, a comparative analysis of constitutive models for AFS-D was provided for 

the first time. Considering the severe plastic deformation as well as wide strain rates and 

temperatures inherent to the process, several candidate constitutive models were selected for this 

study. Descriptions of the constitutive models and calibration processes were provided, and 

constitutive model temperature and strain rate behaviors were also shown. The constitutive 

models, including one intentionally low-fidelity model, were applied to single layer AFS-D 

simulations. The particular constitutive model selection was found to have a significant effect on 

peak values, temperature contours, effective stress contours, and effective plastic strain contours. 

Regarding the FKS model, more consistent peak values in general relative to the other 

constitutive models was observed, while in contrast, the JC0.23 had the most inconsistent peak 

values. While, the FKS model had the lowest temperatures and stresses, the JC0.23 and ST models 

exhibited the highest temperature peaks in the stir zone. All constitutive models evaluated in this 

present study had similar peak stresses except for FKS model. In contrast, the JC0.23 model had 

the highest peak plastic strain. With the temperature contour plots, all constitutive models 

experienced a ring of hotter material on the outer radius of the stir zone, corresponding to higher 

transverse tool velocity. The FKS simulation also experienced the most different temperature 

contours than the other simulations, although all of the differences were localized within the stir 
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zone. With the stress contour plots, the peak stresses for all constitutive models were experienced 

not in the stir zone, but just ahead of the deposition front because of the forces experienced 

during AFS-D by the substrate. The rings of low stress correlated with the rings of high 

temperature. The FKS simulation was significantly softer than the JC0.001 and the JC0.23 

simulations in the center of the stir zone and just outside the stir zone radius. The high minimum 

energy input for JC0.23 model material flow was reflected in the plastic strain contours where, 

despite the overly stiff response predicted by the torsion stress strain curves, the JC0.23 simulation 

experienced high plastic strain in softer regions caused by the high energy input in regions 

adjacent to the softer regions. In comparison with other models, the JC0.23 simulation was the 

most different with respect to plastic strain, although the differences were isolated in the outer 

ring of the stir zone. Constitutive model selection was not found to have a significant effect on 

run time, although this present work was not intended to be a comprehensive study of all 

potential constitutive models, so other constitutive models may have a more significant effect on 

computational run time. Although on paper all of the constitutive models represented the same 

material, each constitutive model differed greatly on most metrics such as temperature and stress 

contours. In conclusion, FKS best matched the mechanical testing data and had the most 

consistent simulation peak values, and therefore the best candidate for AA6061 AFS-D 

simulations. 

In summary, this present work is intended to aid future endeavors into AFS-D 

simulations by evaluating potential constitutive models and the corresponding effects of such 

models have on the simulated AFS-D processing environment. In particular, future investigations 

should explore alternate constitutive models such as internal state variable models [58], [59] and 

other feedstock materials [21], [24]. 
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3.6 Appendix A Constitutive Model Constants 

The constitutive model constants used in this study are shown in Tables A3-1-3. 

Table A3-1: JC constitutive model constants used in this study. 
 

Temper A (MPa) B (MPa) C (MPa) m n 
T6 183.80 50.00 0.085 0.85 0.001 
O 50.00 50.54 0.15 0.59 0.23/0.001 

 
Table A3-2: FKS constitutive model constants used in this study. 
 

Temper a1 (MPa) a2 (MPa) a3 b1 (MPa) b2 c1 c2 
T6 317.6 1.00 70.00 12.44 5.65 13.00 0.01 
O 98.98 51.47 5.61 10.00 5.01 10.00 0.053 

 
Table A3-3: ST constitutive model constants used in this study. 
 

Temper α (MPa-1) A Q (kJ/kmol) n 
T6 0.041 1.06E10 190.00 3.58 
O 0.083 1.00E8 149.70 3.00 
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CHAPTER 4: MATERIAL FLOW BEHAVIOR PREDICTION OF ADDITIVE FRICTION 
STIR DEPOSITION USING SMOOTHED PARTICLE HYDRODYNAMICS 

Abstract 

In this study, particle tracking in smoothed particle hydrodynamics (SPH) simulations of 

additive friction stir depositions (AFS-D) were conducted in-order to elucidate deposition 

mechanics. The SPH model was validated using experimental depositions of two feedstock 

varieties, including anodized AA6061-T6 feedstock and AA6061-T6 copper wire core feedstock, 

to represent flow behavior from different regions of the feedstock. The experimental results 

revealed that the anodized oxides on the outside of the feedstock flowed to the retreating side, 

whereas the copper wire in the center of the feedstock migrated to the advancing side. Particle 

tracking results from the SPH simulations showed that, in general, particle movement is limited 

to directly beneath the feedstock. The rotational, radial, and traverse flow interactions visualized 

by AFS-D simulations explained the advancing and retreating side biases experienced by the 

internal copper wire and surface oxides on the anodized feedstock. This work demonstrates the 

ability to predict AFS-D material distributions, which has a significant impact on as-deposited 

material quality. 

4.1 Introduction 

Additive Friction Stir Deposition (AFS-D), described in Figure 4-1, is a relatively new 

solid-state additive manufacturing process, where the solid-state attribute refers to limiting 

processing temperature below the melting point, as opposed to fusion-based processes that 

exceed the melting point. Some of the benefits of solid-state processes over fusion-based 
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processes include a reduction in residual stresses and porosity [1]–[3] and a better output 

microstructure [4]–[6]. 

During AFS-D, feedstock material is deposited through the square hole of a rotating tool 

onto a substrate. The rotating tool generates frictional heat, which softens the feedstock material 

to facilitate material flow outwards while traveling forward to leave behind a layer of material. 

The stirring breaks up surface oxides on the feedstock and substrate to create metallurgical bonds 

between the deposition and substrate. Although not even a decade old, considerable research has 

been contributed towards AFS-D in areas such as mechanical properties [7]–[14], machine 

learning [15], output microstructure [16]–[21], recycling material [22], repair capabilities [23], 

and processing temperature [24]. 

 
Figure 4-1: Description of AFS-D process where a feedstock material is pushed through a 
spinning non-consumable tool onto a substrate. 

 
Similar to AFS-D, Friction Stir Welding (FSW) is a solid-state joining technique 

originally patented by The Welding Institute UK in 1991 [25]. FSW is particularly attractive for 
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previously considered unweldable alloys, such as 7XXX series aluminum [4], since traditional 

welding processes melt the material. Although FSW is promising alternative to fusion-based 

joining techniques, FSW can still suffer from oxide type defects. 

Metals can form a layer of oxides on the outside that must either be removed or broken 

up to facilitate metallurgical bonding. Typically in FSW, the severe plastic deformation induced 

by the spinning tool breaks up the oxide films into smaller oxide particles, which are then 

trapped within the joined material [26]. However, poor processing parameters, which result in 

weak material flow, may fail to adequately break up the oxide film, resulting in kissing bonds or 

the lazy “s” feature [27]–[32]. These features may act as stress concentrations and crack 

nucleation sites within the FSW. The oxide problem compounds when considering that oxide 

type defects are also difficult to detect without destructive testing [33]. 

One solution to the oxide problem is to utilize particle tracking simulations. Researchers 

have used particle tracking simulations in FSW to study material flow in the stir zone [34], [35]. 

FSW material flow behavior is beneficial to study, since the flow largely determines the finished 

weld bond strength, material homogeneity, weld asymmetry, and defect formation. One study by 

Fraser et al. used FSW simulations, validated by XRCT, to find wormhole defects in the stir zone 

of FSW [36]. Another study by Dialami et al. used FSW foil marker experiments in concert with 

simulations to visualize the lazy “s” feature formation in the weld nugget [37]. 

Given the deleterious effects oxides have on FSW parts, and the ability of particle 

tracking simulations to help solve the oxide problems, similar particle tracking of AFS-D 

simulation studies should be conducted to improve AFS-D part quality. While most of the AFS-

D work has focused on the materials science and mechanical performance side of AFS-D, 

limited studies have been carried out on the simulation of AFS-D [38], [39]. The smoothed 
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particle hydrodynamics (SPH) simulations previously developed by Stubblefield et al. [38], [39] 

provide the framework for particle tracking simulations. SPH is a prime candidate for particle 

tracking simulations, because SPH simulations naturally discretize the domain into smaller 

material points. 

This study aims to explore AFS-D particle tracking simulations to predict how feedstock 

material is distributed within the deposition. Two different types of experimental AFS-D 

depositions were used for model calibration: anodized rod with surface oxides and copper wire 

core depositions. The anodized feedstock rods contained a thick oxide layer, which, when 

deposited, resulted in the dispersal of aluminum oxides throughout the depositions. Optical 

microscopy was employed to quantify the surface area of oxides present in the experimental 

depositions. The copper wire core depositions resulted in the dispersal of copper throughout the 

depositions. X-Ray computer tomography (XRCT) scans were used to map the copper 

distribution within the depositions. Unique insight into particle flow behavior was also explored 

for each of the simulations. 

4.2 Materials and Methods 

4.2.1 AFS-Depositions 

4.2.1.1. Anodized Feedstock Depositions 

Anodized feedstocks were utilized to represent material flow behavior from the outside of 

the feedstock. The anodized AA6061-T6 feedstock rod depositions have been detailed in a 

previous study by Ning et al. [40]. Specifically, to create the oxide surface, the feedstock rods 

were anodized in sulfuric acid resulting in an oxide layer approximately 69 μm thick. Two 

different depositions were created with the anodized feedstock rods. The tool rotational speed, 

traverse speed, and layer height were identical for both studies (300 rpm, 2.12 mm/s, 1.5 mm). 
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To show how actuator feed rate would vary oxide distribution, the actuator feed rate was varied 

for each deposition. The first deposition, which will be referred to as the starved deposition, used 

a 1.06 mm/s actuator feed rate, which would result in a part with a narrow deposition width and 

significant surface galling. The second deposition, which will be referred to as the overfed 

deposition, used a 4.24 mm/s actuator feed rate, which would result in a part with large 

deposition width. 

4.2.1.2. Copper Wire Core Deposition 

While the anodized oxides represented material flow from the outside of the feedstock, 

the copper wire in the copper wire core depositions represented material flow from the center of 

the feedstock. The feedstock was created by cutting a 1 mm wide, 5.76 mm deep channel into a 

9.53 mm square 152.4 mm long rod of AA6061-T6. A copper wire was pressed into the channel 

followed by a 1 mm wide, 4.76 mm tall, 152.4 mm long piece of AA6061-T6 to fill in the 

remainder of the channel. For the copper wire core deposition, the tool rotational speed, traverse 

speed, layer height, and actuator feed rate were 300 rpm, 2.12 mm/s, 1.5 mm, and 2.12 mm/s, 

respectively. 

4.2.2 Microstructural Characterization of Depositions 

The anodized feedstock samples were sectioned using Mitsubishi MV 1200S wire-cut 

electrical discharge machine and polished using 1 μm diamond suspension. A Keyence VHX 

7100 Microscope was used to create micrographs at 150x magnification for oxide analysis. A 

Thermo Fisher Scientific Apreo scanning electron microscope was used to perform energy 

dispersive x-ray spectroscopy (EDS) from EDAX to collect compositional information of the 

oxides at 20 kV and 0.4 nA with a working distance of 10 mm. The copper wire core deposition 
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was analyzed using a North Star Imaging XRCT machine to highlight copper distributed 

throughout the AFS-Deposition. 

4.2.3 SPH Methodology 

When tasked with computer simulations, most researchers choose the finite element 

method (FEM) to approximate the governing equations. FEM is a powerful tool for handling 

problems with nonlinear geometry and complicated boundary conditions. FEM is based on the 

Galerkin method, which is a weighted residual method that approximates governing equations 

over the entire problem domain with a finite number of shape functions. The FEM formulation 

discretizes simulated parts into a series of nodes and geometrical shapes called elements, and the 

connectivity between nodes and elements is known as the mesh. In contrast, SPH is a collocation 

method where the governing equations of AFS-D are evaluated at a series of material points 

through the formulation shown in Eq. 58 taken from Liu and Liu 2003 [41]. 

𝑓𝑓(𝑥𝑥𝑖𝑖) = �
𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑓𝑓�𝑥𝑥𝑗𝑗�𝑊𝑊�𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗 , ℎ�

𝑁𝑁

𝑗𝑗=1

 (58) 

Where 𝑓𝑓(𝑥𝑥𝑖𝑖) is the function to be evaluated at a particle of interest 𝑥𝑥𝑖𝑖, 𝑚𝑚𝑗𝑗 and 𝜌𝜌𝑗𝑗 are the 

mass and density of the neighboring particle 𝑥𝑥𝑗𝑗, 𝑁𝑁 is the number of neighbors for the particle of 

interest 𝑥𝑥𝑖𝑖, and 𝑊𝑊�𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗 , ℎ� is the smoothing function, which is evaluated based on the 

distance between the particle of interest and the neighboring particle 𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗 and the smoothing 

length ℎ, which is multiplied by particle radius to determine how far out the particle influence 

reaches. Unlike with FEM, the SPH formulation does not include elements to discretize 

simulated parts, and therefore is known as a meshfree method. The smoothing function used in 

this study is the hyperbolic spline function taken from Yang et al. 2014 [42] and shown in Eqs. 

59-60. 
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𝑊𝑊(𝑠𝑠,ℎ) = 𝛼𝛼𝑎𝑎 �
𝑠𝑠3 − 6𝑠𝑠 + 6, 0 ≤ 𝑠𝑠 < 1
(2 − 𝑠𝑠)3,               1 ≤ 𝑠𝑠 < 2
0,                                     𝑠𝑠 ≥ 2

(2) 

𝑠𝑠 =
𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗
ℎ

(3) 

Where 𝛼𝛼𝑎𝑎 is the normalizing factor, which for 3D problems is 15/(62𝜋𝜋ℎ3).  

For particle tracking purposes, SPH is more suitable than FEM, because SPH material 

points represent small particles that freely move within the problem domain, which are not 

constrained by a predefined mesh. 

4.2.4 SPH Simulations 

The simulation model set-up is shown in Figure 4-2. The SPH code was initially 

developed by Fraser [43] for FSW simulations and was adapted by Stubblefield et al. [38] for 

AFS-D simulations. The substrate was comprised of 69,312 SPH material points with 

approximately 1 mm spacing. The feedstock was comprised of 11,000 SPH material points with 

approximately 1 mm spacing. The rigid tool was comprised of 16,598 triangular finite elements 

with approximately 1 mm spacing. The rigid base was comprised of 31,238 triangular finite 

elements with approximately 1 mm spacing. Rigid finite elements were employed to reduce 

simulation time. The AA6061-T6 parts were modeled with the Fraser-Kiss-St-Georges 

constitutive model [36], with constants taken from Stubblefield et al. [39]. 
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Figure 4-2: SPH model of AFS-D process with labeled parts used for model calibration. SPH 
points modeled the feedstock and substrate, and rigid finite elements modeled the tool and base. 

 
The particle tracking scheme is shown in Figure 4-3. SPH material points on the outer 

surface and center of the feedstock between 3 and 4 mm above the substrate were tagged to 

represent anodized oxides and copper wire, respectively. For computational efficiency of the 

simulations, the tagged points had the same material properties as remainder of the AA6061-T6 

feedstock. Each feedstock SPH material point has a representative diameter of 1 mm, but the 

oxide surface thickness on the anodized feedstock was an order of magnitude smaller at 69 μm. 

The main reason for this discrepancy is the computational intensity of SPH codes with available 

computer resources.  Despite this shortcoming, the SPH model in this study is a valuable tool for 

predicting material flow and relative concentrations of oxides based on comparisons between 

experimental and computational results. Unlike the oxides, the 1 mm copper wire diameter is 

well represented by the 1 mm diameter SPH material points, although the copper wire would 

fragment during the experimental deposition and not in the simulation deposition. 
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Figure 4-3: SPH oxide and copper wire tagging for comparison with experimental AFS-
Depositions. 

 

4.3 Results and Discussion 

4.3.1 Anodized Feedstock Depositions 

The resulting anodized feedstock depositions with a provided schematic of the sectioned regions 

are shown in Figure 4-4. Oxide analysis regions, marked in Figure 4-4, were used to show the 

distribution of oxides within the depositions on the advancing and retreating sides from Regions 

1-5. The advancing and retreating regions were each 15.88 mm wide. All samples were centered 

about the tool axis, not necessarily the center of the deposition. 
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Figure 4-4: (a) Starved and (b) overfed AFS-Depositions created with anodized rods for model 
calibration with labelled oxide analysis regions. 

 
The starved deposition in Figure 4-4a had a significant reduction in deposition width after 

the start of the deposition due to inadequate material input from the low actuator feed rate. To 

heat up the material initially, the hollow spinning tool is brought down into contact against the 

substrate. Once the material is softened, the spinning tool is slowly raised up while an actuator 

pushes the feedstock material through the center of the tool. The deposited material fills the gap 

between the tool and the substrate, which is seen at the start of the deposition. However, the low 

actuator feed rate relative to the tool traverse speed resulted in the reduction of deposition width 

once the tool moves past the initial dwell zone. In contrast, the overfed deposition in Figure 4-4b 

had a significantly wider deposition width than the starved deposition in 4a due to the high 
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actuator feed rate. Similarly, the flash formed in Figure 4-4b was thicker than the flash formed in 

Figure 4-4a due to the higher actuator feed rate in the overfed deposition relative to the starved 

deposition. The overfed build in Figure 4-4b showed a significant deposition bias towards the 

advancing side and no galling, but the starved build in 4a was more balanced and experienced 

significant surface galling. 

ImageJ software was used to analyze the specific regions in Figure 4-4. First, the images 

were converted to black and white via the threshold tool. Next, the particle analysis tool was 

employed to obtain the size of each oxide in the images. The total oxide area for advancing and 

retreating sides was calculated by summing oxide particle areas. A minimum oxide area 

threshold was varied from 1 to 1000 μm2 to account for noise in the small specks. The oxide 

ratio, which is the ratio of oxide surface area on the advancing side to the retreating side, was 

calculated by varying the minimum oxide area threshold and dividing the advancing side oxide 

area by the retreating side oxide area. 

4.3.2 Oxide Verification 

In each of the samples, dark particles visible under SEM dispersed throughout the top of 

the samples. The back-scattered electron image with corresponding EDS results is shown in 

Figure 4-5. The three spots analyzed were on the dark particles, and the last three spots were 

analyzed on the matrix. Spots 1-3 contained significant quantities of aluminum and oxygen, 

indicating the presence of aluminum oxides. The presence of sulfur was a result of the 

anodization process, implying that spots 1-3 were aluminum oxide particles specifically from the 

feedstock. Spots 4-6 taken on the gray background were comprised almost entirely of aluminum, 

with trace amounts of other elements such as silicon and magnesium, consistent with AA6061 

composition. 
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Figure 4-5: (a) Region 2 micrograph of overfed anodized AFS-Deposition with SEM image 
indicating EDS point scans. (b)-(g) EDS results from Region 2 of the overfed AFS-
Deposition confirm the appearance of anodized oxides. 

 
4.3.3 Anodized Feedstock Experiment vs Simulation 

The quantified experimental oxide distributions are provided in Figure 4-6. Regions 1-5 

on the horizontal axis correlate with the oxide analysis regions labelled in Figure 4-4. The oxide 

ratio on the vertical axis was calculated by dividing the total oxide surface area on the advancing 

side by the total oxide surface area on the retreating side for each oxide analysis region in Figure 

4-4a,b. A high oxide ratio suggests that more oxides were found on the advancing side, and a low 

oxide ratio indicates that more oxides were found on the retreating side. Region 1 was the start of 
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the deposition and region 5 was the finish of the deposition. Both the starved and overfed 

depositions showed a low oxide ratio in Regions 2-4, indicating a preference for the retreating 

side in the steady-state areas. The transient areas in Regions 1 and 5 had greater variances in the 

oxide ratio. 

 
Figure 4-6: Quantified AFS-D oxide distributions for the anodized feedstock depositions per 
oxide analysis region show preference for retreating side in both (a) starved and (b) overfed 
builds for both experiments and simulations. 

 
4.3.4 Copper Wire Core Deposition 

The resulting deposition with feedstock schematic is shown in Figure 4-7. Since the 

actuator feed rate of the copper wire core deposition in Figure 4-7a was between the actuator 
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feed rates of the starved oxide deposition in Figure 4-4a and overfed oxide deposition in Figure 

4-4b, the deposition width of the copper wire core deposition was also between the widths of the 

starved and overfed oxide depositions. The copper wire core deposition in Figure 4-7a also 

experienced some flash at the start of the deposition and relatively smaller flash features on the 

advancing and retreating side. 

 
Figure 4-7: (a) Copper wire core deposition using AFS-D for use in SPH model calibration. (b) 
Schematic showing construction of copper wire core feedstock. 

 
4.3.5 Copper Wire Core Experiment vs Simulation 

The XRCT scan of the copper wire core deposition is shown in Figure 4-8. The black 

areas are copper, and the transparent areas are aluminum. The SPH simulation in Figure 4-8b 
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shows a curved path of copper fragments that correlated well with the experimental deposition in 

Figure 4-8a. The curved path was a consequence of copper fragments tending to flow to the 

advancing side as the copper flowed out from the center of the tool. Although the copper showed 

an advancing side bias, some fragments were scattered in the retreating side. Both the experiment 

and the simulation show a large cluster of copper at the end of the deposition, since the copper 

had not yet flowed outwards. Although the copper wire had been deformed and broken up, most 

of the copper wire fragments remained near other fragments, indicating a lack of material 

mixing. In contrast with the anodized oxides flowing to the retreating side in Figure 4-6, the 

copper wire showed an advancing side bias in Figure 4-8. This indicates a discrepancy in particle 

movement based on position within the feedstock, since the oxides started on the outside of the 

feedstock and moved to the retreating side, but the copper wire started in the center of the 

feedstock and moved to the advancing side. 
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Figure 4-8: (a) XRCT scan of copper wire core deposition using AFS-D shows concentration of 
copper on the advancing side. (b) SPH simulation of AFS-D process with copper wire core 
feedstock shows good agreement with experimental deposition. 

 
4.3.6 Particle Paths 

4.3.6.1. Surface Oxide Particle Paths 

The AFS-D flow behavior for the oxide particles using the tool as a fixed reference frame 

is shown in Figure 4-9. The image in Figure 4-9a shows the experimental position of the 

deposited particles. The vertical axis represents the tool travel direction, the horizontal axis 

represents the advancing and retreating sides, and the deposition direction is going into the page. 
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The feedstock rotation circumference is based on the diagonal width of the feedstock square 

cross-section. For both Figure 4-9b and Figure 4-9c there are three competing flows that 

dominate different regions under the tool: 1) rotational flow, 2) radial flow, and 3) traverse flow. 

Rotational flow is caused by the spin of the tool and has a significant effect while the particle is 

still within the feedstock rotation circumference. The reason for this flow behavior is because the 

force pushing down on the feedstock is greatest directly beneath the feedstock, which results in 

minimal slip and maximum circular movement. However, once particles moved outside the 

feedstock rotation circumference, the rotation flow became much weaker, due to increased slip 

from decreased normal forces acting on the particles. The second type of flow is radial flow, 

which is caused by the actuator pushing feedstock material out of the tool and onto the substrate. 

While initially moving down the center of the tool, the radial flow shifts 90° to move parallel to 

the substrate away from the center of the tool. The strength of the radial flow is dependent on the 

actuator feed rate, which is highlighted in the different flow behaviors of the starved simulation 

in Figure 4-9b and the overfed simulation in Figure 4-9c. The overfed simulation had a 

significantly higher actuator feed rate than the starved simulation (4.24 mm/s vs 1.06 mm/s), 

which resulted in oxides in the overfed deposition flowing outwards more than oxides in the 

starved simulation. Also, the high radial flow of the overfed simulation in Figure 4-9c interfered 

with the rotational flow more than in the starved simulation in Figure 4-9b, which helps explain 

the more erratic flow behavior of the overfed simulation in Figure 4-9c than the starved 

simulation in Figure 4-9b. The third type of flow is traverse flow, which is based on the travel 

speed of the AFS-D tool over the substrate. Unlike rotational and radial flow, traverse flow only 

has a significant effect once the particles are outside of the feedstock rotation circumference. 



112 
 

 
Figure 4-9: (a) Location of tracked oxide particles at start of simulation on the outside of the 
feedstock. Oxide particle paths during (b) starved and (c) overfed simulations show three kinds 
of flow behaviors interact to determine particle movement: 1) rotational flow, 2) radial flow, and 
3) traverse flow. 
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4.3.6.2. Internal Copper Particle Paths 

The AFS-D flow behavior for the oxide particles using the tool as a fixed reference frame 

is shown in Figure 4-10. The original position of the particles is shown in Figure 4-10a. The 

vertical axis represents the tool travel direction, the horizontal axis represents the advancing and 

retreating sides, and the deposition direction is going into the page. The feedstock rotation 

circumference is based on the diagonal width of the feedstock square cross-section. As in Figure 

4-9b and Figure 4-9c, the same three flows-rotational, radial, and traverse-are present in Figure 

4-10b. Unlike with the surface oxide particles in Figure 4-9c, the copper wire particles in Figure 

4-10b began in the center of the feedstock and flowed outwards in a spiral pattern. Particle 5 did 

not escape the feedstock rotation circumference and would be present among the large cluster of 

copper at the end of the deposition as seen in Figure 4-8. 
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Figure 4-10: (a) Location of tracked copper particles at start of simulation at the center of the 
feedstock. (b) The central starting position of the copper particles results in a spiral flow out of 
the feedstock rotation circumference. 

 
While the anodized feedstock depositions in Figure 4-6 showed a retreating side bias for 

oxide distribution, the copper wire core depositions in Figure 4-8 showed an advancing side bias 

for copper distribution. This indicates that the probability of a particle to end up on the 

advancing or retreating side is a function of starting position in the feedstock, since the oxides in 

Figure 4-9 were on the outer surface of the feedstock and the copper wire in Figure 4-10 was at 

the center of the feedstock. While all particles showed the most movement within the feedstock 

rotation circumference, the copper particles in Figure 4-10b experienced a significant drop in 

rotational flow while still within the feedstock rotation circumference. In contrast, the oxide 

particles in Figure 4-9b and Figure 4-9c did not experience a significant drop in rotational flow 

until after exiting the feedstock rotation circumference. 
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The copper wire deposition in Figure 4-8 followed the general deposition trend towards 

the advancing side. However, the oxides gravitated to the retreating sides of the depositions as 

seen in Figure 4-6, despite the advancing side bias of the depositions in Figure 4-4. This behavior 

is explained by the interaction of rotational and traverse flow. On the advancing side, the 

rotational flow and the traverse flow run against each other, but on the retreating side, the 

rotational flow and the traverse flow run with each other. This suggests that a particle is more 

likely ejected from the feedstock rotation circumference on the retreating side, where the net 

flow is the strongest. However, for a particle starting in the center of the feedstock, the rotational 

flow weakens before the particle leaves the feedstock rotation circumference, which means that 

the traverse flow has a greater effect on particle movement. This results in the relatively stronger 

traverse flow pushing the particle back against the rotational flow. In this scenario, particles tend 

to spend more time on the advancing side where the two flows counteract each other, and 

therefore results in more particles that started in the center of the feedstock flowing to the 

advancing side. 

The AFS-D tool used in this study has a flat shoulder face, which may explain the lack of 

rotational flow in Figure 4-9b, Figure 4-9c, and Figure 4-10b outside of the feedstock rotation 

circumference. Perhaps an alternate tool design such as the four-teardrop tool in [7], [11], [13] or 

the two-protrusion tool in [19] would encourage more flow outside of the feedstock rotation 

circumference. Future work could also explore different composite feedstock configurations and 

investigate how the constitutive elements distribute within the AFS-D depositions. 

4.4 Conclusion 

In this work, a particle tracking AFS-D simulation using an SPH framework was 

presented for the first time. Experimental depositions using two anodized AA6061-T6 rods with 
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external oxides on the feedstock and one AA6061-T6 copper wire core feedstock were created 

for SPH model calibration. The anodized feedstock simulations showed a bias towards the 

retreating side, which reflected experimental results. The copper within the copper wire core 

deposition was concentrated on the advancing side with fragments dispersed throughout the 

deposition. The copper in the copper wire core simulation showed a similar curved copper 

concentration region as the experimental copper wire core deposition. The particle tracking plots 

indicated that particle movement was mostly limited to directly beneath the feedstock. Varying 

actuator feed rate influenced particle flow behavior by increasing radial flow away from the tool. 

Also, the particle tracking plots revealed the interaction between different material flows: 

rotational, radial, and traverse flow. The discrepancy between oxide particles and copper 

particles flowing to the retreating and advancing sides, respectively, was explained by the 

interaction between the different material flows. 

The presented SPH model is useful for analyzing material flow within AFS-Depositions, 

which would be time-consuming and difficult to experimentally quantify with each deposition. 

One advantage of having validated computer simulations of a process is the predictive power 

simulations provide. If defects are present at oxides, researchers can use the SPH simulations to 

track oxides over a battery of simulations and select optimal process parameters to push oxides 

to the outside of the deposition, where post-processing machining can remove the oxides. 

Another example involves composite feedstocks. Engineers can select optimal process 

parameters to ensure homogeneous mixing of different materials, without wasting resources on 

physical trials. 
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CHAPTER 5: SUMMARY CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORKS  

5.1 Summary 

This dissertation aimed to create, evaluate, and apply a meshfree simulation framework 

for modeling the AFS-D process. Currently, no computational studies exist for the AFS-D 

process outside of this work. The meshfree framework outlined in this work aims to be a 

platform for future AFS-D research. 

Chapter 1 provides an introduction to beneficial severe plastic deformation processes and 

the challenges associated with simulating severe plastic deformation processes. Since AFS-D is a 

severe plastic deformation process in need of computational research, an answer to the 

challenges is provided through meshfree simulations. Chapter 2 explores the first foray into 

AFS-D simulations by using a meshfree framework, which was calibrated using experimental 

temperature and build profile data. Insights into the AFS-D processing environment were also 

provided using the meshfree framework. Chapter 3 provides a deeper understanding of the 

meshfree framework by exploring the influence of constitutive models on AFS-D simulations. 

Constitutive model selection was shown to have significant effects on simulation peak values, 

temperature, stress, plastic strain, and build profiles. Chapter 4 is the first application of the 

meshfree process for particle tracking simulations. The meshfree framework elucidated hidden 

mechanisms of the AFS-D process with respect to material flow behavior. 

All work in this dissertation has been presented in various formats at numerous 

conferences such as: SEM 2018, FSW 2018, SFF 2018, JANNAF 2018, MS&T 2018, MS&T 

2019, Alabama Materials Science Symposium 2020, TMS 2020, and JANNAF 2020. 
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5.2 Conclusions 

5.2.1 Chapter 2: A Meshfree Computational Framework for the Numerical Simulation of 

the Solid-state Additive Manufacturing Process, Additive Friction Stir-Deposition 

(AFS-D) 

In this work, a computational meshfree framework for AFS-D simulations was provided 

for the first time. The meshfree framework demonstrated the ability to simulate: 

1. Temperature within the substrate that captures physics such as the asymmetry between 

the advancing and retreating sides and the temperature dip in the middle caused by a 

reduction in the magnitude of tool velocity and the heat sink behavior of the feedstock. 

2. Build profiles that predict the ratio between material deposited on the advancing side 

and the retreating side, and the crescent moon shape at the beginning caused by material 

backflow. 

3. Temperature contours across the entire deposition that are dependent on actuator feed 

rate, which would be difficult to experimentally measure. The temperature contours 

can help determine output material properties across the entire deposition. 

4. Plastic strain contours across the entire deposition that are dependent on actuator feed 

rate, which would be impossible to measure experimentally. The plastic strain contours 

can help determine output material homogeneity related to material mixing. 

5.2.2 Chapter 3: Elucidating the Influence of Temperature and Strain Rate on the Mechanics 

of AFS-D through a Combined Experimental and Computational Approach 

In this exploratory work, different constitutive models were calibrated with AA6061-T6 

and AA6061-O torsion data. The constitutive models were compared against each other within 

the meshfree framework from Chapter 2, and the following conclusions were reached: 
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1. Care must be taken when considering large plastic strain behavior, because otherwise 

model calibration against experimental data could result in significantly high flow 

stress in large plastic strain regions, such as in the stir zone of AFS-D. 

2. Constitutive model selection was found to have a significant effect on peak values, 

temperature, stress, strain, and build profiles. 

3. Selected constitutive models did not have a significant effect on simulation run time, 

since the bottleneck with SPH simulation run time is neighbor checking. 

5.2.3 Chapter 4: Material Flow Behavior Prediction of Additive Friction Stir Deposition 

Using Smoothed Particle Hydrodynamics 

This work sought to apply the meshfree framework from Chapter 2 and constitutive 

model data from Chapter 3 for AFS-D particle tracking simulations. This study showed the 

ability of the meshfree framework to simulate: 

1. How feedstock oxides were distributed within the depositions. The meshfree 

framework showed the tendency of the oxides to flow to the retreating side. 

2. How a composite feedstock containing a copper wire core was distributed within a 

deposition. The framework showed the output flow pattern of the copper wire to the 

advancing side. 

3. The three types of flow present in AFS-D: 1) rotational, 2) radial, and 3) traverse. The 

interaction between the three flows explained why oxides on the outside of the 

feedstock flowed to the retreating side and the copper wire in the center of the feedstock 

flowed to the advancing side. 
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5.3 Scientific contribution 

This dissertation has provided a novel, validated meshfree framework for AFS-D 

simulations, where this study is the first in-depth endeavor into AFS-D simulations. The 

computational data provided by the meshfree framework can dovetail with experimental data to 

quantify difficult to measure variables. The meshfree framework can be used to determine output 

deposition quality by considering temperature, profile, plastic strain, and material flow behavior. 

This study has provided a pathway for future developments by considering alternate constitutive 

models for the meshfree framework. The key scientific contributions of this dissertation are 

summarized as follows:  

5.3.1 Validation and demonstration of the meshfree framework for AFS-D analysis 

These are the first simulations for AFS-D. The meshfree framework used in this study 

provided the following scientific contributions: 

1. Temperature contours during AFS-D processing showed an advancing side bias that 

scaled inversely with actuator feed rate. The simulations also showed a dip in 

temperature at the center of the deposition caused by a reduction in the magnitude of 

the tool velocity vector and the feedstock acting as a heat sink. 

2. The advancing side bias and flash formation of build profiles after AFS-D processing 

were dependent on processing parameters. 

3. The simulations provided the first analysis of plastic strain contours across the entire 

depositions. The plastic strain contours showed a processing parameter dependence 

that could be related to material mixing. 
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Figure 5-1: Diagram illustrating the lower temperature zone directly beneath the tool caused by 
the reduction of the tool velocity vector and the feedstock heat sink. Temperature scale is in 
degrees Celsius. 

 
5.3.2 Exploration of different constitutive models within the meshfree framework 

This is the first work to consider alternate constitutive models for AFS-D simulations, 

which is the genesis of future modifications to the framework. This is also the first work to show 

AFS-D depositions using different tempers for the feedstock and substrate. The following 

conclusions can be drawn from constitutive models: 

1. Blind curve fitting of experimental data can have significant consequences when 

extrapolating plastic strain well beyond the experimental limits. 

2. Constitutive model selection can have a significant effect on simulation peak values, 

temperature, stress, plastic strain, and build profiles, which may not reflect reality. 

3. Simulation run time was not significantly affected by constitutive model selection. 
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Figure 5-2: (a) Legend of analysis zone. (b) Temperature contour plots for each constitutive 
model emphasize the unique thermal softening behavior of FKS. (c) Temperature percent 
difference contour plots for comparisons between each constitutive model show the drastic 
difference between FKS and the other constitutive models. 
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5.3.3 Validation and demonstration of the meshfree framework for AFS-D material flow 

These are the first particle tracking simulations for AFS-D. The study provides the 

following: 

1. The anodized oxide distribution after AFS-D processing showed a retreating side bias, 

while the copper wire core deposition after AFS-D processing showed an advancing 

side bias. 

2. Particle tracking simulations revealed the interaction between three primary material 

flows: 1) rotational, 2) radial, and 3) traverse flow that determine how feedstock 

particles move during AFS-D processing. 

3. The interaction between the three primary material flows also explained why oxide 

particles on the outer surface of the feedstock gravitated towards the retreating side, 

but copper wire particles in the center of the feedstock gravitated towards the advancing 

side. 
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Figure 5-3: (a) Location of tracked copper particles at start of simulation at the center of the 
feedstock. (b) The central starting position of the copper particles results in a spiral flow out of 
the feedstock rotation circumference. 

 

5.4 Future work 

This dissertation provides the first meshfree framework for AFS-D simulations with 

information on processing temperature, build profile, plastic strain, material distribution, and 

stress. The novel nature of simulating AFS-D provides a multitude of computational research 

paths for future researchers. 

1. Studying alternate tool geometries could provide unique insight into tool design and 

the effect tool geometry has on processing temperature and material flow. 

2. Exploring the effect AFS-D processing parameters have on tool wear by changing the 

rigid tool to a deformable tool could lead to improved AFS-D tool designs 
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3. The meshfree framework could be used for process parameter optimization using a 

battery of simulations to select the best output material properties. 

4. Simulating materials other than AA6061 could lead to more widespread adoption of 

the meshfree framework. 

5. Development of parallel pass simulations would show the ability of the meshfree 

framework to handle larger deformations and elucidate the interaction of deposited 

material at the interface between two passes. 
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