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ABSTRACT 

 

In this investigation, the processing-structure-property relations are correlated for solid 

state additively manufactured (SSAM) Inconel 625 (IN625) and a SSAM aluminum alloy 2219 

(AA2219). This is the first research of these materials processed by a new SSAM method called 

additive friction stir (AFS). In the case of the AFS IN625, Electron Backscatter Diffraction 

(EBSD) observed dynamic recrystallization and grain refinement during the layer deposition in 

the AFS specimens, where the results identified fine equiaxed grain structures (1 micron) formed 

by dynamic recrystallization (DRX) with even finer grain structures (0.27 microns) forming at 

the layer interfaces. Additionally, this is the first study to report on the strain rate dependence of 

AFS IN625 through quasi-static (QS) (0.001/s) and high strain rate (HR) (1500/s) tensile 

experiments using a servo hydraulic frame and a direct tension-Kolsky bar, respectively, which 

captured both yield and ultimate tensile strengths increasing as strain rate increased. 

Fractography performed on specimens showed a ductile fracture surface on both QS, and HR. 

Alternatively, for the other AFS material system investigated in this study, AA2219, EBSD was 

performed in the cross-section of the AA2219, also exhibiting DRX with equiaxed 

microstructure in the three directions and an average grain size of 2.5 microns and the EBSD PFs 

showed that the material has a torsional fiber A texture. TEM showed that there are no ’ 

precipitates in the as-deposited cross-section, therefore no precipitation strengthening should be 

expected. Strain rate and stress state dependence was study, and in both tension and 

compression, with an increase in strain rate, the YS increase and the UTS decreased. Ductile  
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fracture surface was observed on specimens tested to failure in both QS and HR. An internal sate 

variable (ISV) plasticity-damage model was used to capture the different yield stress, work 

hardening and failure strain in the AFS AA2219 for high fidelity modeling of AFS components. 

The ISV plasticity model successfully captured the material behavior in tension, compression, 

tension-followed-by-compression and compression-followed-by-tension experiments. 

Furthermore, the damage parameters of the model were calibrated using the final void density 

measured from the fracture surfaces. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Research Justification 

The concept of AFS is built upon the inherent benefits of friction stir welding/processing 

(FSW/P) in that a robust metallurgical bond is created during solid state processing [18,19].  The 

AFS-Deposition process feeds metal powder or solid rod through a non-consumable rotating 

cylindrical tool generating heat and plastically deforming the feedstock material through 

controlled pressure from the tool as successive layers are built upon a substrate (see Figure 1-1). 

As each layer is added, the tool height increases to accommodate the subsequent material 

deposition, forcing the material into the previous layer, thus creating a strong metallurgical bond 

between the layers. During this process, grain refinement, homogenization, and reduction of 

porosity is established similarly to traditional friction stir processing by tool force and rotation 

combined with transverse tool movement. Since this is a solid-state process, AFS-Deposition 

eliminates common problems such as porosity, hot cracking, elemental segregation and dilution 

associated with fusion-based techniques. Other impacts on material properties of the build layers 

such as grain refinement are a benefit of the process. Since deposited materials remain below 

their melting point, distortion in manufactured parts and substrates are lower when compared to 

other fusion-based processes. The process temperature is expected to be similar to the peak 

temperature that exists in the nugget zone of friction stir welding/processing, which is 0.6 – 0.9 

Tm, where Tm is the melting point of the material [18]. AFS-Deposition is highly scalable with  
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high deposition rates, allowing for AFS-Deposition to coat and repair large parts or build fully-

dense additive components.  

 

 

Figure 1-1. AFS-Deposition process starting with powder particles (solid material was used for 

this research) extruded through a hollow pin tool. 

 

1.2. Materials 

1.2.1. Microstructure of Inconel 625 

Aeronautic, aerospace, marine and chemical are just a few of the many industries 

interested in additively manufactured metals with specific properties tailored for highly 

specialized operating conditions [1–4].  One specific property needed in many of these industrial 

applications is high temperature mechanical stability, including strength and ductility that is 

found in superalloys [5–7]. One of these superalloys that has gained wide industrial usage is 

IN625, a nickel-based superalloy [1]; This alloy has been found to provide a combination of high 

strength and ductility at temperatures above 1000 C, as well as the added benefit of oxidation 

resistance in aggressive environments [8]. The thermo-mechanical SSAM process, AFS-

Deposition, provides a new method for additive manufacturing fully-dense IN625 components 
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with exceptional mechanical properties allowing for unique benefits also applicable for coating, 

joining, repairing and net shaping applications. 

FSW has gained popularity in different industries due to the higher effective weld 

mechanical properties that may be obtained when compared to fusion welds. This increase in 

FSW research aided in elucidating some of the microstructural evolution and mechanical 

behavior phenomenon that may occur during AFS-Deposition processed Inconel alloys [19–21]. 

Specifically, research by Song and Nakata on FSW IN625 found that the process of FSW 

recrystallized the grains, thereby improving both the hardness and strength [17]. Similar research 

on FSW of Inconel 600 also showed benefits of grain refinement to improve the mechanical 

properties of the weld [22]. However, both investigations observed a decrease in the elongation-

to-failure compared to the base material as grain size was refined. Song and Nakata identified 

grain diameters in the IN625 base material to be between 5 to 15 µm, with an average size of 

10.3 µm, whereas in the stir zone the grain diameter was reduced to between 1.3 to 3 µm, with 

an average size of 2.1 µm [17] exhibiting an equiaxed grain morphology. 

 

1.2.2. Mechanical Properties of Inconel 625 

Alternative methods for producing IN625 through additive manufacturing have also been 

reported in the open literature. Some of these alternative methods include pulsed plasma arc 

deposition (PPAD) [4], laser aided direct metal deposition (DMD) [8], and laser rapid 

manufacturing (LRM) [9,10]. These 3D printing techniques [4,8–14] produce columnar dendritic 

microstructure dependent on the build direction. Additionally, in these additive processes, the 

reported values of yield strength (YS) and ultimate tensile strength (UTS) were superior to as-

cast IN625 [15], but with similar properties to wrought IN625 [16]. Regarding solid state 
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welding, of IN625, Song et al. [17] quantified the mechanical behavior of the stir zone in friction 

stir welded (FSW) joints and reported higher UTS values than cast, wrought, or liquid based 

additive manufactured data available in the open literature. While not an additive process, the 

FSW results by Song et al. illustrate the benefit of improved microstructure similar to the AFS-

Deposition process. 

 

1.2.3. Microstructure of Aluminum Alloy 2219 

As with the IN625, AFS-Deposition is such a new process with no prior research on AFS 

AA2219. However, the FSW/P of AA2219, which are based on a similar solid state concept 

provide a starting point for understanding the microstructure influences that occur during solid 

state manufacturing. FSW has been a great option for welding similar and dissimilar metals 

presented in 1991 by TWI [10], and with research on AA2219 examining the effectiveness, 

optimal parameters and mechanical properties [8,11–13]. The microstructure of FSW has also 

been a point of interest among researchers, and specifically the stir zone (also known as nugget 

or DXZ) [8,14]. This is the area where the grains recrystallize, and refined grain sizes are 

observed [8,11,14]. The properties in this region are desirable, and for that reason a processing 

technique called FSP was also developed [15–18]. The FSP technique has also been a topic of 

interest, and a vast majority of research. In both FSW and FSP, as well as AFS-Deposition, the 

microstructure experiences dynamic recrystallization (DRX) [16–18].  There are two types of 

DRX in the literature, continuous DRX and discontinuous DRX. The difference between them is 

that in continuous DRX new grains are formed by a gradual increase in the misorientation 

between the subgrains [17,18]. In contrast, during discontinuous DRX, new grains with high 

angle boundaries are created. Previous research has demonstrated that it is common for 
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aluminum alloys to undergo dynamic recovery (DRV) during hot deformation [17–19].  DRV in 

aluminum is attributed to its high stacking fault energy which makes dislocation climb and cross 

slip easier [19,20]. Previous research by Su et al. [14–18,21] on AA7075 has shown that the 

FSW and FSP will experience different mechanism such as, discontinuous DRX, DRV, and 

continuous DRX at different stages of the microstructural evolution [14,17,18]. 

As previously mentioned, the AA2219 is a precipitation strengthened alloy with a variety 

of beneficial properties such as high strength-to-weight ratio, suitable weldability, resistance to 

stress corrosion cracking and superior properties at cryogenic temperatures [8,9]. The improved 

mechanical properties of AA2219 spread through a wide temperature range from -250 to 250 C 

[22]. AA2219 has been successfully joined by different conventional joining processes, such as 

gas metal arc welding [23], gas tungsten arc welding [23],  plasma arc welding [24], electron 

beam welding [yang 2000] and FSW [8,9,11,23,25]. 

However, since AFS-Deposition is a solid state additive process with similarities to FSW 

and FSP, the prior research discussed subsequently aides in elucidating mechanisms occurring 

during AFS-Deposition processing of AA2219. FSW is popular in different industries, such as 

aerospace and automotive, due to higher effective weld properties when compared against other 

welding techniques due to better retention of base material mechanical properties, less distortion 

and less weld defects [26,27]. Previous research on FSW of AA2219 has shown that the process 

results in a refined equiaxed microstructure in the weld zone, which improves strength and 

hardness [8,11,25,28]. However, all the aforementioned investigations have observed coarsening 

of the Al2Cu  particles. The  particles are present in the base material, but smaller in size than 

in the weld zone. Li and Shen [28] attributed growth in the  particles from a combined action of 

three different formation mechanisms: Aggregation Mechanism and Diffusion Mechanism I and 



  6 

II. Additional research by Cao and Kou [12] concluded that there was no evidence of liquation in 

FSW 2219, since the welds only contain  particles and no eutectic particles. Additionally, there 

is a wide range of reported sizes of the  particles dependent on the FSW processing, going all 

the way up to 150 m [9,11,12,28]. 

 

1.2.4. Mechanical Properties of Al Alloys 

AA2219 in its O temper is reported to have a YS, UTS and elongation of 75 MPa, 175 

MPa and 18 %, respectively [8]. In this investigation, the 2219-O is going to be the baseline for 

comparison since previous research on a variety of applications has been done on different 

tempers, and 2219-O is how the material is on its original state. As mentioned, there has not been 

any research in solid state additive manufacturing of AA2219 but preliminary data has identified 

that the microstructure of the AFS-Deposition process is similar to that of the stir zone in FSW. 

Due to a variety of end uses for the AA2219, multiple tempers have been investigated in the 

previous FSW research [8,9,11]. Tensile and microhardness testing on FSW butt welds of thick 

AA2219 plates have been investigated [8,23], in which the micro hardness testing showed a 

maximum value of 95 HV [8]. Specifically, prior research on butt FSW repair of thick plates of 

AA2219-T6 did testing on standard tensile specimens and reported tensile YS, UTS and 

elongation values of 345 MPa, 410 MPa and 15 %, respectively [11]. AA2219 additive 

manufactured by electron beam freeform (EBF) has been reported in the open literature [29–31], 

in which they observed that by varying the process parameters, the microstructure varied from 

fine equiaxed gra00in to dendritic. In addition, the researchers reported tensile mechanical 

properties of the as-deposited 2219 using EBF had a YS, UTS and elongation of 100 MPa, 275 

MPa and 18%, respectively. 
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1.3 Objectives 

The overall objective is to fundamentally understand the AFS-Deposition process effects 

on the resultant microstructure and mechanical properties for both an Inconel 625 (IN625) 

nickel-based superalloy and a precipitation hardened AA2219 to further improve the use of AFS-

Deposition into commercial applications. For the AFS IN625 material, the tensile strain rate 

dependence is correlated to the as-deposited AFS microstructure. For the AFS AA2219, the 

sponsor provided more deposited material, so the as-deposited structure is correlated to the 

stress-state and strain rate dependence as a function of deposition orientation. These are 

important fundamental understandings since AFS-Deposition is a new technology with the 

process having significant growth opportunities for manufacturing and repair for the aerospace, 

transportation, and petro-chemical industries to name a few. The initial as-deposited 

microstructure is being studied using scanning electron microscopy (SEM) coupled with electron 

backscatter diffraction (EBSD) and Vickers microhardness for both materials. For the IN625, 

static (0.001/s) and dynamic (1500/s) longitudinal tensile test were performed. In the case of the 

AA2219, three directions, short transverse (build direction), long transverse and longitudinal, are 

being mechanically tested in compression and tension under static (0.001/s) and dynamic 

(1500/s) rates. For the AA2219, a physics-based model that includes microstructure based 

internal state variables for plasticity and damage is used to capture the stress state and strain rate 

behavior for AFS-Deposition component design and performance prediction to improve 

efficiency, quality and reduce production costs to generate new business opportunities. 
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1.3.1. Specific Objectives 

1) Characterize the microstructure evolution and the static and dynamic mechanical 

properties of AFS Inconel 625. 

2) Characterize the microstructure evolution and the static and dynamic mechanical 

properties of AFS AA 2219. 

3) Perform an ISV model calibration of the AFS AA2219. 

 

1.4. Chapter Preface 

Chapter 2 focuses on the resultant microstructure and mechanical properties of AFS-

Deposition Inconel 625 (IN625) nickel-based superalloy. In this chapter, significant EBSD 

analysis performed microstructural characterization to understand the grain morphology and size 

distribution along the build of the AFS-Deposition part. Mechanical properties of the material 

were evaluated in quasi-static (0.001/s) and high rate (1500/s) strain rates using servo hydraulic 

load frame and direct-tension Kolsky bar, respectively, to capture the mechanical properties as 

the strain rate is increased. 

Chapter 3 presents the results on the as-deposited microstructure and mechanical 

properties of AFS-Deposition AA2219. Microstructural analysis was performed to understand 

the 3D microstructure, using optical microscopy, SEM, EBSD and TEM. In addition, hardness 

mapping along with tension and compression experiments determined the mechanical properties 

of the material. Furthermore, the tension and compression experiments were performed at quasi-

static (0.001/s) and high rate (2500/s) to capture the material strain rate dependence. The 

compression and tensile experiments were performed in a various orientations of the build to 

verify any material anisotropy. 
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Chapter 4 is the calibration of the ISV plasticity-damage model of the AFS-Deposition 

AA2219. Further microstructural characterization was performed to capture all the 

microstructural constants needed for calibrating the model. Additional experiments, tension-

followed-by-compression and compression-followed-by-tension, at different prestrain levels 

were performed to verify the Bauschinger effect of the material. The BE data and the QS tension 

and QS compression data where then further used as whole datasets to calibrate the model and 

obtain one set of constants that captures the material behavior and the stress-state asymmetry. 
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CHAPTER 2 

MICROSTRUCTURES AND MECHANICAL BEHAVIOR OF INCONEL 625 FABRICATED 

BY SOLID-STATE ADDITIVE MANUFACTURING 

 

2.1. Introduction 

Aeronautic, aerospace, marine and chemical are just a few of the many industries 

interested in additively manufactured metals with specific properties tailored for highly 

specialized operating conditions [1,6,32,33].  One specific property needed in many of these 

industrial applications is high temperature mechanical stability, including strength and ductility, 

that is found in superalloys [34–36]. One of these superalloys that has gained wide industrial 

usage is IN625, a nickel-based superalloy [32]; This alloy has been found to provide high 

strength and good ductility at temperatures up over 1000 C,  as well as the added benefit of 

oxidation resistance in aggressive environments [2]. The thermo-mechanical Solid State Additive 

Manufacturing (SSAM) process, Additive Friction Stir (AFS), developed and patented by 

Aeroprobe Corporation [37] provides a new method for additive manufacturing fully-dense 

IN625 components with unique benefits for coating, joining, repairing and net shaping 

applications with exceptional mechanical properties.  

Alternative methods for producing IN625 through additive manufacturing have also been 

reported in the open literature. Some of these alternative methods include pulsed plasma arc 

deposition (PPAD) [6], laser aided direct metal deposition (DMD) [2], and laser rapid 
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manufacturing (LRM) [4,38]. All of the aforementioned 3D printing techniques [2,4,6,38–42] 

report in their research a columnar dendritic microstructure dependent on the build direction. 

Additionally, in these additive processes, the reported values of yield strength (YS) and ultimate 

tensile strength (UTS) were superior to those of as cast IN625 [43], but with similar properties to 

wrought IN625 [44]. Lastly, Song et al. [3] performed tensile testing on specimens extracted 

from the stir zone of FSW IN625 and reported higher UTS values than cast, wrought, or liquid 

based additive manufactured data available in the open literature. 

The concept of AFS is built upon the inherent benefits of friction stir welding/processing 

(FSW/P) in that a robust metallurgical bond is created during solid state processing [45,46].  The 

AFS process feeds metal powder or solid rod through a non-consumable rotating cylindrical tool 

generating heat and plastically deforming the feedstock material through controlled pressure 

from the tool as successive layers are built upon a substrate. As each layer is added, the tool 

height increases to accommodate the subsequent material deposition, forcing the material into 

the previous layer, thus creating a strong metallurgical bond between the layers. During this 

process advantages such as: grain refinement, homogenization, and reduction of porosity is 

established similarly to traditional friction stir processing by tool force and rotation combined 

with transverse tool movement. Since this is a solid-state process, AFS eliminates common 

problems such as porosity, hot cracking, elemental segregation and dilution associated with 

fusion-based techniques. Other impacts on material properties of the build layers such as grain 

refinement are a benefit of the process. Since deposited materials remain below their melting 

point, distortion in manufactured parts and substrates are lower when compared to other fusion-

based processes. The process temperature is expected to be similar to the peak temperature that 

exists in the nugget zone of friction stir welding/processing, which is 0.6 – 0.9 Tm, where Tm is 
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the melting point of the material [45]. AFS is highly scalable with deposition rates greater than 

80 cm3/hr for IN625, which allows for AFS to coat and repair large parts or build fully-dense 

additive components.  

FSW has gained popularity in different industries due to the higher effective weld 

mechanical properties that may be obtained when compared to fusion welds. This increase in 

FSW research aided in elucidating some of the microstructural evolution and mechanical 

behavior phenomenon that may occur during AFS processed Inconel alloys [26,46,47]. 

Specifically, research by Song and Nakata on FSW IN625 found that the process of FSW 

recrystallized the grains, thereby improving both the hardness and strength [3]. Similar research 

on FSW of Inconel 600 also showed benefits of grain refinement to improve the mechanical 

properties of the weld [48]. However, both investigations observed a decrease in the elongation-

to-failure compared to the base material as grain size was refined. Song and Nakata identified 

grain diameters in the IN625 base material to be between 5 to 15 m, with an average size of 

10.3 m, whereas in the stir zone the grain diameter was reduced to between 1.3 to 3 m, with 

an average size of 2.1 m [3] exhibiting an equiaxed grain morphology. 

  In this manuscript, the microstructures and resultant mechanical properties produced in 

IN625 by the AFS process is reported for the first time.  Electron Backscatter Diffraction 

(EBSD) is used to quantitatively characterize the microstructure of IN625 produced by AFS.  

The tensile mechanical properties of the AFS-produced material are measured at both quasi-

static and high strain rates, which are correlated to the microstructural evolution using a novel 

correlation of plasma focus ion beam (FIB) milling and EBSD along the tensile crack path. 
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2.2. Materials and Methods 

Aeroprobe Corporation provided AFS fabricated samples by pushing a solid IN625 rod 

through a hollow tool to deposit the material onto a HY80 [49] substrate. During the AFS 

process, the solid filler material was added and heat generated by friction between the filler 

material and the tool shoulder under hydrostatic pressure and the substrate plastically deformed 

both filler and substrate as they were stirred together to metallurgically bond the material to the 

substrate and the successive layers of IN625 as depicted in Figure 2-1. The average chemical 

composition of the rod-stock material is shown in Table 2-1.  For the samples in this study, the 

AFS IN625 manufactured part consisted of 5 layers that were approximately 0.5 mm in thickness 

per layer.  

 

Table 2-1. Chemical composition of IN625. 

Elements Ni Cr Mo Mn Si Al C Cu P S 

Percentage 61.0

0 

22.0

1 

8.22 0.37 0.27 0.08 0.07 0.03 0.00

8 

<0.00

1 

 

 

Figure 2-1. (A) SSAM process starting with solid filler material extruded through a hollow tool. 

(B) Schematic of the AFS deposition of IN625 and orientation of the tensile specimens. 

 

Substrate (HY80)

Tool traverse direction

(Longitudinal direction)

Long Transverse direction

Deposit (Inconel 625)

Tensile direction

Short Transverse 

direction

A B
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After deposition, samples obtained from Aeroprobe were prepared for microstructural 

characterization by mounting them in conductive mounting media, grinding down to a 1200 grit 

SiC paper and then step-wise polishing down to a final polish with a 0.05m colloidal silica 

solution.  

A Tescan Lyra FIB-FESEM equipped with an EDAX Hikari Super EBSD camera and an 

Octane Elite Silicon Drift Detector performed the EBSD, electron dispersive X-ray spectroscopy 

(EDX) and fractography of the as-deposited and fractured samples, respectively. The EBSD 

scans were performed at the same magnification along the build direction over an area of 

approximately 40 x 40 µm, with a step size of 0.1 um for the maps in the individual layers and 

0.08 um for the maps at the interfaces between layers. The scans were performed at 20KV and 

beam current of 5.5nA.  Images were taken in the three different directions, as shown in Figure 

4A, to analyze the grain size and geometry to understand the microstructure evolution in the 

build direction, long transverse direction, and short transverse direction in the specimens. The 

EBSD data was post-processed using the grain dilation algorithm in the EDAX software with 

settings of a minimum grain size of 2 pixels and requiring that a grain must contain multiple 

rows of pixels. The grain diameter was determined measuring the area of each grain using the 

OIM software, and then calculating the average grain diameter assuming circular grain 

morphology. 

For the tensile specimens, wire EDM was used to machine flat dogbones with the tensile 

axis oriented parallel to the long transverse direction of the build. The same specimen geometry  

(Figure 2-2) with a gauge length of 4.5mm, width of 2.0mm and thickness of 1.5mm was used 

for testing at both the quasi-static (QS) and high rate (HR) strain rates for strain-to-failure 

comparison purposes as implemented in previous studies [50,51].  
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Figure 2-2. Tensile specimen geometry used for both quasi-static (0.001/s) and high rate 

(1500/s). 

 

A servo hydraulic MTS landmark 370 load frame equipped with a 100 KN load cell 

performed the QS tensile experiments at a strain rate of 0.001/s. The load-displacement data 

from the MTS machine was converted to engineering stress-strain. The MTS strain values were 

compared against video strain data. Using an in-house Matlab routine, the video strain data 

calculated was using a normalized cross-correlation technique (normxcorr2) [52,53]. A direct-

tension Kolsky bar made of 350-maraging steel with 12.7 mm diameter for the striker, incident 

and transmitted bars performed the dynamic tensile experiments at a strain rate of 1500/s. A 

Matlab subroutine processed the high rate strain gage data obtained from semiconductor strain 

gages[54]. All the QS and HR experiments were performed in triplicate at ambient temperature. 

 

2.3 Results and Discussion 

Optical microscopy was used to compare the as-received microstructure to the as-built 

microstructure. The as-received material grain size of the solid filler material provided by the 
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manufacturer was reported to have an average grain size of approximately 30m. Figure 2-3A 

and 2-3B shows a comparison between the microstructure of the as-received material and the as-

built AFS material, respectively. Figure 2-3B displays significant grain refinement for the AFS 

processed as-built material when compared to that as-received microstructure. Quantification of 

grain size for the as-built IN625 was quantified with EBSD and is discussed subsequently.   

 

 

Figure 2-3. Optical micrograph comparing the microstructure between (A) as-received IN625 

filler material and (B) as-build AFS IN625. 

 

EBSD performed along the build direction (Figure 2-4) provided a thorough 

understanding of the initial state microstructure of the tensile specimens. In Figure 2-4A, the 

orientation of the EBSD scans in relation to a representative tensile specimen are shown since 

EBSD scans were performed after receiving the machined specimens from Aeroprobe. The 

EBSD inverse pole figure (IPF) maps in Figure 4B correlate to the locations depicted in Figure 

2-4A. The EBSD identified fine equiaxed grain (0.5 µm weighted average, with a 1.3 µm max) 

structures with even finer grain structures (0.26 µm) forming at the layer interfaces. Figure 2-4C 
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correlates the average grain diameter and the number of grains identified by EBSD for the 

locations in Figure 2-4A and 2-4B. Figure 2-5 provides a higher detailed analysis of three 

locations identified in Figure 2-4C. This analysis was performed for all locations, but since the 

behavior was similar, only three locations are shown here for brevity. Figure 2-5A, 2-5D, and 2-

5G are the magnified Euler EBSD IPF map shown previously in Figure 4B. Grain boundary 

maps in Figure 2-5B, 2-5E, and 2-5H show a dominant fraction of high angle grain boundaries. 

The EBSD also observed that the fraction of high angle boundary increases from 0.82, 0.84 and 

0.91 for locations 1, 2, and 3, respectively.  Also, the measured grain size decreases toward the 

interface region (Figure 2-5B, 2-5E, and 2-5H, respectively). Grain reference orientation 

deviation (GROD) maps (Figure 2-5C, 2-5F, and 2-5I) show that the amount of intragranular 

misorientation decreases from the center of a layer towards a layer-layer-interface, GROD maps 

will show low levels of intragranular misorientation (~0.5 degrees) for crystals that are 

undeformed, while intraganular misorienation values of 1.5 degrees or larger will be observed in 

plastically deformed crystals [55].  In Figure 2-5C, many grains have significant levels of 

intragranular misorientation, indicating large levels of geometrically necessary dislocations.  The 

microstructure in Figure 5F still shows these deformed gains, albeit with fewer grains than in 

Figure 2-5C.  In the near-interface region (Figure 2-5I), most grains are blue in color and are 

likely recrystallized.  There are isolated grains with high levels of intragranular misorientation. 

The optical microscopy and EBSD data strongly suggest that dynamic recrystallization 

(DRX) is taking place in the stirred region of the material during AFS. The significant reduction 

in grain size observed both in the optical microscopy (Figure 2-3) and EBSD data (Figures 2-4 

and 2-5) is the first point indicating recrystallization. In addition, the finer grains have low levels 

of intragranular misorienation, as evidenced by the GROD maps (Figures 2-5C, 2-5F, and 2-5I).  



  18 

Recrystallized grains should display lower levels of intergranular misorientation due to their 

lower dislocation densities. While the temperature during AFS was not directly measured, it is 

generally thought that friction stir processes increase the temperature of the material in the stir 

zone to temperatures between 60-90% of the melting point [45], high enough to produce 

recrystallization during the intense shear deformation of the AFS process. The grain boundary 

maps in (Figures 2-5B, 2-5E, and 2-5H) provide further information about the possible nature of 

the recrystallization process. As described by Doherty et al. [20], DRX is a process in which new 

grain structures are produced in a deformed material via the creation and migration of grain 

boundaries driven by the stored energy of deformation. Furthermore, dynamic recrystallization 

happens during the deformation process. The presence of a significant fraction of low angle 

boundaries (red lines in Figures 2-5B, 2-5E, and 2-5H) in an otherwise recrystallized 

microstructure suggests that new grain boundaries are being formed during the dynamic 

deformation process and that the migration of these boundaries will produce DRX. Humphreys 

distinguishes between a discontinuous recrystallization process in which the grain nucleation and 

growth will occur heterogeneously throughout the material and a continuous process in which 

grain nucleation and growth happens uniformly and gradually; and as such, there is no 

identifiable nucleation and growth stages [56]. Baker et al., uses the term “continuous dynamic 

recrystallization” as defined by Humphreys, to describe the stir zone microstructures produced 

by FSW in ODS steels [57]. Similar, DRX microstructures have been observed for FSW of 

AA7075 aluminum alloys as well [14]. 
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Figure 2-4. (A) Euler EBSD maps representative location on sample, (B) Euler EBSD maps of 5 

locations along build direction, all images are at the same magnification and same location in the 

corresponding axis, (C) Average grain size and number of grains (location correlates with the 

EBSD map locations in A and B). 
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Figure 2-6 plots the average QS and HR tensile behavior of the AFS material in the long 

transverse direction with associated error bands corresponding to the maximum and minimum 

experimental values. The mechanical behavior of the QS tensile specimens produced an average 

yield strength (YS) of 730 MPa, an ultimate tensile strength (UTS) of 1072 MPa, and a strain to 
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Figure 2-5. (A, D, G) Euler EBSD map representative of the middle location. (B, E, H) Boundary 

rotation map showing the dominant high angle boundary. (C, F, I) Grain reference orientation 

deviation map. 
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failure of 0.32. The specimens exhibited strain hardening and softening after yielding, which was 

observed by elongation in the gage section.  The tensile specimens failed in ductile fashion with 

the fracture surface at 45˚ to the tensile axis, as would be expected for the maximum shear strain 

plane (Figure 2-7A-D). The QS results for the additive components compare similarly to 

previous research on FSW by Song and Nakata [3] on tensile testing of FSW IN625 samples. 

Song and Nakata tested specimens of the joint and in the stir zone and their results showed a 

UTS of 1019 MPa and 1152 MPa, respectively, and an elongation of 34% and 35% respectively 

in the two different zones [3].  

The HR specimens achieved a higher average YS, UTS and elongation to fracture at 1587 

MPa, 1592 MPa and 0.34, respectively (Figure 2-6). The HR results depicted an approximate 

200 MPa increase along the curve of the HR data as seen in Figure 2-6. The HR samples also 

exhibited hardening and softening after an initial peak and failed in a 45˚ type of fracture 

aligning with the maximum shear strain plane as seen Figures 2-8A-D.   
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Figure 2-6. Tensile results comparing the quasi-static (0.001/s) to the high rate (1500/s). The 

quasi-static achieved a YS of 730 MPa, UTS of 1072 MPa and strain to failure of 0.32. The high 

rate high rate achieved a YS of 1587 MPa, UTS of 1592 MPa and a strain to failure of 0.34. 

 

Interestingly, the AFS process resulted in higher YS and UTS for IN625 when compared 

to fusion-based additive manufacturing, cast and wrought data reported in the literature for 

IN625 (Table 2-2). A very different grain morphology and microstructure between the AFS 

IN625 and other additive manufacturing processed IN625 is a likely contributor to the difference 

between the mechanical properties reported. Table 2-2 summarized that the AFS process results 

in equiaxed grains in the three directions (Figure 2-3), whereas the other additive processes 

report mostly a columnar preferred orientation. The strain to failure was not directly compared to 

published literature data since this study used a subscale specimen for both QS and HR 

experiments instead of a larger ASTM E8 tensile coupon, but a column of strain to failure is 
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provided for reference in Table 2-2. Since the AFS IN625 outperformed the IN625 manufactured 

by other methods, a comparison to cast, wrought, and SLM IN718 was also warranted in Table 

2-2. The comparison of the results show that the YS of AFS IN625 is not as high as any of the 

IN718 reported in Table 2-2, but the UTS is similar to that of cast IN718. Suggesting that an 

investigation into AFS processed IN718 may result in some remarkable properties for the end-

users. 

 

Table 2-2. Comparison of IN625 microstructure, YS and UTS of different manufacturing 

processes. 

Condition Grain Morphology YS (MPa) UTS (MPa) f (%) 

Cast IN625 [43] - 350 710 48 

Wrought IN625 [44],[49] - 490 965 30-50 

AFS IN625 Equiaxed 730 1072 32 

FSW IN625 (stir zone specimen) [3] Equiaxed  - 1152 35 

Plasma Pulsed Arc Deposition (PPAD) IN625 ^ [6] Columnar Dendrites 438 721 49 

Laser Rapid Manufacturing (LRM) IN625 ^ [4] Columnar / Dendrites 572 925 49 

LRM IN625 ^ [38] Columnar / Dendrites 518 797 31 

LRM IN625 ^ [39] Columnar / Dendrites 540 690 36 

Laser Aided Direct Metal Deposition (DMD) 

IN625 ^ [2] 
Columnar Dendrites - - - 

Laser Melted Deposition (LMD) IN625 ^ [40] Cellular / Dendrites 656 1000 24 

Electron Beam Melting (EBM) IN625 ^ [41] Columnar   410 750 44 

Selective Laser Melting (SLM) IN625 ^ [42] Dendritic 380 900 58 

Cast IN718 [43] - 915 1090 11 

Wrought IN718 [44] - 1185 1435 21 

SLM IN718 ^ [58] Dendritic 889-907 1137-1148 19.2-25.9 

Notes: 

^Data reported from the optimal orientation 

 

 

Optical micrographs of the fracture surfaces for both the QS and HR specimens depicted 

in Figure 2-7A and 2-8A respectively, indicate alignment along the maximum shear strain plane. 

Fractography images from the SEM for a representative QS specimen are shown with increasing 
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magnification in Figures 2-7B, 2-7C, and 2-7D, respectively. Similarly, SEM fractography 

images for a representative HR specimen are shown with increasing magnification in Figures 2-

8B, 2-8C, and 2-8D, respectively. In both QS and HR specimens, microvoids are observed on the 

fracture surfaces in addition to localized delamination of individual layers identified in specific 

areas of the fracture surface. 

   

 

Figure 2-7. Fractography of the QS (strain rate of 0.001/s) tensile specimen tested to failure. 

Image A is an optical micrograph of the fracture surface of QS specimen (500 micron scale bars) 

aligned with the maximum shear strain plane. Images 2-7B, 2-7C and 2-7D (scale bars are 100, 

10 and 1 micron, respectively) are SEM images with increasing magnification with arrows 

pointing to microvoids in 2-7D. 

A B

C D
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Figure 2-8. Fractography of the HR (strain rate of 1500/s) tensile specimen tested to failure. A is 

an optical micrograph of the fracture surface of HR specimen (500 micron scale bars) aligned 

with the maximum shear strain plane. Images 2-8B, 2-8C and 2-8D (scale bars are 100, 10 and 1 

micron, respectively) are SEM images at increasing magnifications with arrows pointing to the 

microvoids in 2-8D. 

 

In Figure 2-7A, the SEM observed a crack that propagated parallel to the loading 

direction. Further analysis was performed to further elucidate the microstructure relating to that 

fracture morphology. Using a plasma focused ion beam (PFIB), the specimen was prepared for 

EBSD (Figure 2-9A). The same EBSD parameters from the interface EBSD maps were used. 

Figure 2-9B is an SEM image of the area analyzed with EBSD. In the IPF EBSD map of Figure 

2-9C, a DRX zone next to the crack is identified. High angle boundaries dominate the area closer 

A B

C D
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to the crack (Figure 2-9D), and deformation is also observed outside that DRX zone as seen in 

Figure 2-9E. The crack is intergranular, propagating through the DRX grains as clearly shown in 

Figure 2-9F. 

 

 

Figure 2-9. (A) SEM image of tensile specimen with crack parallel to loading direction (other 

side of Figure 2-6A). (B) SEM image of area analyzed with EBSD. (C) Euler EBSD map 

representative of the middle location. (D) Boundary rotation map showing the dominant high 

angle boundary. (E) Grain reference orientation deviation map. (F) Close-up of the crack region 

in the grain reference orientation deviation map. 

 

 

2.4. Conclusions 

This manuscript is the first to detail the microstructural evolution and mechanical 

properties of solid-state, additively manufactured IN625 using a thermo-mechanical AFS 

process. The EBSD results detailed a significantly refined, equiaxed grain structure, which is 

likely produced by continuous DRX during AFS.  The recrystallized microstructure is localized 

to interface layers that separate macroscale layers formed by repeated passes of the AFS tool.  
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EBSD observed grains as fine as 0.27 microns in these layer interface regions, while the average 

grain size was approximately 1 micron in the other regions of the deposited layers. The strain 

rate dependence of these of these fine-grained materials were examined at both QS (0.001/s) and 

HR (1500/s) strain rates using servo hydraulic and a direct tension-Kolsky bar, respectively, 

exhibiting both increases in yield and ultimate tensile strengths as strain rate increased.  

Additionally, when compared to other processing methods for IN625, the AFS results 

displayed comparable values to the reported FSW UTS data, but significantly higher YS and 

UTS than the other cast, wrought, or fusion-based AM data.   
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CHAPTER 3 

INFLUENCE OF STRESS-STATE AND STRAIN RATE DEPENDENCE OF SOLID STATE 

ADDITIVE MANUFACTURED AA2219 

 

3.1. Introduction 

Additive Friction Stir (AFS) is novel solid-state additive manufacturing (AM) process, 

which is being reported for the first time on AFS processed aluminum alloys, specifically 

Aluminum Alloy (AA) 2219. The AFS process shares some similarities to friction stir welding 

and processing (FSW/P), but is significantly different in the aspect that filler material flows 

through a rotating hollow tool with the filler material being deposited onto a substrate while 

remaining completely in the solid state. As described in previous research by Rivera et al. 

[Citation here] on AFS processed IN625, the AFS-Deposition process can either feed from solid 

or metal powder material, pushing it through a non-consumable rotating cylindrical tool. This 

will generate heat and plastically deform the feedstock material under controlled pressure from 

the tool while layers are built upon a substrate. Once a layer is added, the tool height increases to 

begin the deposition for the next layer, creating a strong metallurgical bond between layers. 

Some advantages of this process are grain refinement, homogenization, and reduction of 

porosity. During the process, temperatures similar to those in the weld nugget zone (WNZ) of 

FSW, which are between 0.6 – 0.9 Tm, where Tm is the melting point of the material [45]. Being 

a highly scalable process, with deposition rates for AA over 1000 cm3/hr, AFS-Deposition 

allows for repairing, coating, and/or building fully-dense materials.  
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Unique features of the AA2219 is that the material is a precipitation strengthened alloy 

with a variety of beneficial properties such as high strength-to-weight ratio, suitable weldability, 

resistance to stress corrosion cracking and superior properties at cryogenic temperatures [8,9]. 

The improved mechanical properties of AA2219 spread through a wide temperature range from -

250 to 250 C [22]. AA2219 has been successfully joined by different conventional joining 

processes, such as gas metal arc welding [23], gas tungsten arc welding [23],  plasma arc 

welding [24], and FSW [8,9,11,23,25].  

Little AM research on AA2219 has been reported to-date. However, AA2219 electron 

beam freeform (EBF) AM has been reported in the open literature [29–31], in which they 

observed that by varying the process parameters, the microstructure varied from fine equiaxed 

grains to dendritic. In addition, the researchers reported tensile mechanical properties of the as-

deposited AA2219 using EBF had a YS, UTS and elongation of 100 MPa, 275 MPa and 18%, 

respectively.  

FSW of AA2219, which is based on a similar solid-state concept provide a starting point 

for understanding the microstructure evolution that occurs during solid-state processing. FSW 

has been a useful option for welding similar and dissimilar metals that were originally presented 

in 1991 by TWI [10], and with prior FSW research on AA2219 examining the effectiveness, 

optimal parameters and mechanical properties [8,11–13]. FSW is popular in multiple industries, 

such as aerospace and automotive, due to higher effective weld properties when compared 

against other welding techniques due to better retention of base material mechanical properties, 

less distortion and less weld defects [26,27]. The microstructure of FSW components has also 

been a point of interest among researchers with specific emphasis on the stir zone (SZ), also 

known as the nugget [8,14]. This is the area where the grains recrystallize, and grain refinement 
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is observed [8,11,14]. The properties in this region are desirable, and for that reason a processing 

technique called FSP was also developed [15–18]. The FSP technique has also been a topic of 

interest experiencing significant research [15,17,18,21]. In both FSW and FSP, as well as AFS-

Deposition, the microstructure may experience dynamic recrystallization (DRX) [16–18].  There 

are two types of DRX in the literature, continuous DRX and discontinuous DRX. The difference 

between them is that in continuous DRX new grains are formed by a gradual increase in the 

misorientation between the subgrains [17,18]. Under discontinuous DRX, grains with high angle 

grain boundaries form through dynamic nucleation and growth from a previously deformed 

microstructure. Previous research has demonstrated that it is common for aluminum alloys to 

undergo dynamic recovery (DRV) during hot deformation [17,18].  Additionally, research by Su 

et al. [14–18,21] on AA7075 has shown that the FSW and FSP will experience different 

mechanism such as, discontinuous DRX, DRV, and continuous DRX at different stages of the 

microstructural evolution [14,17,18]. 

Due to a variety of end uses for AA2219, the mechanical properties of multiple tempers 

have been investigated in previous FSW research [8,9,11]. Tensile and microhardness testing on 

FSW butt welds of thick AA2219 plates have been investigated previously [8,23] with 

microhardness testing showing a maximum value of 95 HV [8]. Additional research on FSW butt 

welds of AA2219-T6 thick plates with standard tensile specimens reporting tensile YS, UTS and 

elongation values of 345 MPa, 410 MPa and 15 %, respectively [11].  

Additionally, as AFS-Deposition is a solid-state additive process with similarities to FSW 

and FSP, the prior FSW research discussed subsequently aides in elucidating mechanisms 

occurring during AFS-Deposition of AA2219. Specifically at the microstructural level, prior 

FSW AA2219 research has shown a refined equiaxed microstructure in the weld zone is 
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attainable, which improves strength and hardness [8,11,25,28]. Additionally, the aforementioned 

investigations have observed coarsening of the Al2Cu  particles. Where the  particles are 

present in the base material, but smaller in size than in the weld zone. Li and Shen [28] attributed 

growth of the  particles from a combined action of three different formation mechanisms: 

Aggregation Mechanism and Diffusion Mechanism I and II. Furthermore, research by Cao and 

Kou [12] concluded that there was no evidence of liquation in FSW AA2219, since the welds 

only contain  particles and no eutectic particles. Subsequently, there is a wide range of reported 

sizes of the  particles dependent on the FSW processing parameters, with sizes reaching up to 

150 m [9,11,12,28]. Previous research by Kang et al.[59] performed Transmission Electron 

Microscopy (TEM) in FSW of AA2219-T8, where they found ’ precipitates in the base material 

and only  phase precipitates in the WNZ. In prior studies [59,60], the researchers saw an 

abnormal agglomeration of  particles in the WNZ, which they concluded that this formation of 

particles was related to piling up, blocking and extrusion of the normal  particles during the 

metal plastic flow. 

This is the first manuscript to report the microstructure and resultant mechanical 

properties of AA2219 produced by the AFS-Deposition process. Electron Backscatter 

Diffraction (EBSD) and TEM are used to quantitatively characterize the microstructure of AFS-

Deposited AA2219. Mechanical properties in tension and compression in quasi-static and high 

rates are reported. 

 

3.2. Materials and Methods 

Aeroprobe Corporation, who created and patented this technology, provided AFS-

Deposition fabricated samples by pushing a solid AA2219-T851 rod through a hollow tool to 
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deposit the material onto a AA2219-T851 plate substrate. During the AFS-Deposition process, 

the solid filler material was added and heat generated by friction between the filler material and 

the tool shoulder under hydrostatic pressure and the substrate plastically deformed both filler and 

substrate as they were stirred together to metallurgically bond the material to the substrate and 

the successive layers of AA219 as depicted in Figure 3-1. The average chemical composition of 

the rod-stock material is shown in Table 3-1. In this study, 100 mm long AFS AA2219 

depositions consisted of 6 layers that were approximately 1 mm in thickness per layer. From this 

point on, the build direction will be referred to as BD, the transverse direction as TD, and the 

longitudinal direction as LD. 

 

 

 
Figure 3-2. (A) SSAM process with solid filler material extruded through a hollow tool. (B) 

Schematic of the AFS deposition of AA2219 identifying the longitudinal, transverse and build 

directions. 

 

 

Table 3-1. Chemical composition of AA2219 [61].  

Elements Al Cu Mn Ti V Zr 

Percentage 93.0

6 

6.3 0.30 0.06 0.10 0.18 

 

A wire EDM milled flat dogbone sub-compact tensile specimens with a geometry 

previously implemented for both high strain rate (HR) and quasi-static (QS) tensile experiments 

Build Direction 
(BD)

Deposit (AA2219)

Tool traverse direction 
(longitudinal direction) 

(LD)

Transverse 
direction (TD)

Substrate (AA2219-T851)Substrate

Hollow Rotating 
Tool

Solid or Powder 
Additive Feedstock

A B
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on cast, wrought, and AM alloys [50,62,63]. The flat dogbones had a gauge length of 4.5mm, 

width of 2.0mm and thickness of 1.5mm (Chapter 2). The tensile specimens were machined from 

the bottom, middle and top of the build in the longitudinal direction (LD) and transverse 

direction (TD). An EDM also machined the compression specimens with a diameter of 6mm and 

a height of 6mm. The compression specimens were machined from the build direction (BD), TD 

and LD orientations to examine directional dependence of mechanical properties in the 

specimens (see Figure 3-9). As a first investigation, cross-sections were taken from the 

beginning, middle and end of the as-received deposition (see Figure 3-10) to quantify spatial 

dependence of the initial microstructure and Vickers microhardness in the deposition. For 

microstructural characterization, the three cross-sections were stepwise polished using an 

aqueous lubricant down to a 1200 grit SiC paper, then polished using 1 and 0.3µm diamond 

suspension and a final polish of 0.05µm with a colloidal silica suspension.  
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Figure 3-3. Locations of the vickers microhardness testing along the as-build AFS2219. 

 

Vickers microindentation analyzed the hardness through the built cross-section of the as-

deposited material in the 3 different locations. A load of 0.1kgf held for 10s was used for the 

hardness tests, as described in ASTM E384-16 [64]. An indentation grid (Figure 3-11) consisting 

of 10 rows with spacing between the rows of 1mm and 9 columns spaced at 2.5 mm, which 

complied with ASTM E384-16 [64] probed the AFS-Deposited cross-section. 

 

1 2 3

3

12.7	cm
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Figure 3-4. Schematic of the microindentation grid used to analyze the transverse cross-section 

in the three different locations. 

 

A Tescan Lyra FIB-FESEM equipped with an EDAX Hikari Super EBSD camera and an 

Octane Elite Silicon Drift Detector, was used for EBSD, electron dispersive X-ray spectroscopy 

(EDX) and fractography. EBSD scans were ran at the same magnification along the build 

direction over an area of approximately 50x50 µm, with a step size of 0.1 µm. The scans were 

performed at 20 KV and a beam current of 5.5 nA. Line scans were performed from top to 

bottom of the as-deposited cross-section to spatially quantify grain size. In addition, images were 

taken in the longitudinal, short transvers and long transverse directions to elucidate the 3D 

microstructure of the deposition. EBSD data was post-processed using the Neighbor Pattern 

Averaging and Reindexing (NPAR) option in the EDAX TEAM software, followed by the grain 

dilation algorithm with setting of a minimum grain size of 2 pixels and a grain must contain 

multiple rows of pixels. A Transmission Electron Microscope (TEM) FEI TECNAI F-20 was 

used to study the size, geometry and type of the precipitates. The specimens for the TEM were 

prepared using the lift-out method with a Focused Ion Beam (FIB) FEI Quanta 200 3D Dual 

Beam microscope. TEM specimens were lifted out of the filler material (as-received) for 

comparison purposes and from three locations (top, middle and bottom) in the as build cross-

section. 

An electromechanical Instron 5185 load-frame with a 50 kN load cell performed the 

ambient temperature QS tensile and compression experiments at a strain rate of 0.001/s. The HR 

tensile and compression experiments were conducted on a Kolsky tension/compression bar 



  36 

located at in The University of Alabama Advanced Materials Diagnostics Laboratory 

(www.amdl.ua.edu). The 12.7mm diameter 350 Margaging steel striker, incident and transmitted 

Kolsky bar system performed both the HR tension and compression experiments. The dynamic 

tensile and compression experiments were performed at a strain rate of 1500/s. Strain was 

measured using a video camera, were the video strain data was processed using an in-house 

Matlab routine, that uses a normalized cross-correlation technique (normxcorr2) [52,53]. The 

same tensile specimen was used for testing of both, QS and HR for comparison purposes of 

material behavior, especially elongation to failure.  

 

3.3. Results and Discussion 

EBSD analysis of the filler material and the as-deposited microstructures provides a 

comparison of texture and grain size evolving during the deposition process. The EDAX 

software calculated the grain diameter according to by measuring the area of the grains and 

assuming a circular grain morphology, and reported an average grain size of approximately 30 

µm for the filler material (Figure 3-4A). In the deposited material, the measured average grain 

size of approximately 2.5 µm shows a significant grain refinement (Figure 3-4B) as compared 

with the filler material.  
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Figure 3-5. Inverse pole figure (IPF) orientation map comparing the microstructure between (A) 

as-received AA2219-T851 filler material and (B) as-build AFS AA2219. Note the difference in 

scales between the two maps. 

 

To further elucidate the microstructural changes occurring during the AFS-Deposition 

process, Figure 3-5 shows a 3D EBSD representation of the filler material and the as-deposited 

material. In Figure 3-5A, EBSD grain maps correlate that the filler material started as a rolled 

plate before being machined into a rod for the AFS-Deposition process. In addition, EBSD scans 

in Figure 3-5B were performed across the as-build cross-section of specimen from the middle of 

the build to show a 3D reconstruction of the microstructure. Additionally, EBSD was performed 

from the top to bottom of the as-built cross-section, and the grain size was uniform with no 

variations between layers. 
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Figure 3-6. 3D IPF orientation map microstructure representation of the (A) as-received 

AA2219-T851 filler material (100 µm scale bars), compared to the (B) as-build AFS-Deposited 

AA2219 material (15 µm scale bars). Arrows point to the direction that the material is feed 

through the tool of the AFS process.  

 

The hardness results from the microindentation experiments are depicted in Figure 3-6 as 

a bar plot from top to bottom of the AFS-Deposited cross-section. Error bars showing the 

minimum and maximum hardness values for each respective layer probed have also been 

included in the plot. The average hardness values plotted in Figure 3-6 reflects a trend of slightly 

higher hardness values in the top of the material with a gradual decrease towards the bottom of 

the deposition. However, no statistical difference in hardness from the top to the bottom of the 

AFS-Deposition is observed [65,66]. Additionally, in Figure 3-6, EBSD IPF maps of the grain 

morphology and size are shown next to the hardness bars to indicate that the top portion of the 

deposit (from 0-2 mm) has a grain size of 2.6 µm, the middle region (2-4 mm) has a grain size of 

2.5 µm, and the bottom region (4-6 mm) has a grain size of 2.5 µm. Since no difference in the 

grain size is observed from the top to the bottom of the AFS-Deposition then one can deduce that 

there is no measurable Hall-Petch effect in the material. 



  39 

 
Figure 3-7. Hardness bar chart of the AFS-Deposited AA2219 on the transverse cross-section of 

the deposited material, with error bars representing minimum and maximum values recorded in 

that layer. EBSD IPF maps of the top, middle and bottom of the deposition with the 

corresponding grain size are shown. In the y-axis, 0 is the top and 6 is the bottom of the 

deposition. There is a total of 6 layers with an average thickness of 1 mm. A load of 0.1kgf held 

for 10s was used for the hardness tests, as described in ASTM E384-16. 

 

EBSD was also used to probe the microtextures generated in the AFS-Deposition 

microstructures. The texture plots in Figure 3-7 show the pole figures (PF) of the AFS-

Deposition cross section. As seen in Figure 3-7A, the material has a strong texture in the top of 

the build that weakens toward the middle (Figure 3-7B) and the bottom (Figure 3-7C) of the 

deposition. Previous research by Montheillet et al. [67], showed the four typical torsional 

textures that may be found in FCC aluminum, and Figure 8 shows the texture fiber type-A in the 



  40 

{111} PF which can be correlated to the 111 PFs in Figure 3-7. In Figure 3-7A, the {1̅11} <

1̅1̅0 > fiber component and a split of the {11̅1̅} < 110 > fiber component are evident. Figure 3-

9 shows the 111 PFs from the top, middle and bottom at a different angle to elucidate the 

torsional texture (torsional axis is out of the plane of the page). Research by R.W. Fonda et al. 

[68], reported similar torsional textures for FSW of AA2195. 

 

 
Figure 3-8. EBSD Texture plots of the AFS-Deposited AA2219 build direction (A) representing 

the texture in the top of the build, (B) the middle, and (C) the bottom. 
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Figure 3-9. Re-drawn image representing one of the four ideal torsional orientations for FCC 

aluminum as reported by F. Montheillet et al. [67]. 

 

 
Figure 3-10. EBSD Texture plots of the AFS-Deposited AA2219 build direction (observing 

from the top) (A) representing the texture in the top of the build, (B) the middle, and (C) the 

bottom. 
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TEM analysis further identifies how the material changes from the top to the bottom of 

the AFS-Deposition. TEM compared the filler rod material to the bottom, middle, and top 

regions of the AFS-Deposition, which correlates to the EBSD IPF maps shown in Figure 3-6. 

STEM-HAADF (high angle annular dark filed) images from the filler material (Figure 3-10A) 

show many, small ’ precipitates, as expected from AA2219-T8 and T851 [59]. These 

precipitates are responsible for the high yield strength levels measured I nthe as-received 

material.  For the AFS-deposited material, Figures 3-10B, 3-10C, and 3-10D show STEM-

HAADF micrographs for the bottom, middle, and top regions, respectively, that contain larger  

(Al2Cu) precipitates agglomerates [59]. All the STEM micrographs from the bottom, middle and 

top, depict similar size and type ( phase) precipitates. No ’ precipitates were observed 

indicating that there should not be any precipitation strengthening in the AFS-Deposition. It 

should be noted that it is the spacing between precipitates that is responsible for increased yield 

strength for large precipitates.   The average distance between precipitates in the AFS-deposited 

material is much larger than in the as-received material, and as such, there is very little 

precipitation strengthening. 
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Figure 3-11. TEM micrographs (A) as-received material showing ’ precipitates, (B) bottom, (C) 

middle, and (D) top, TEM micrographs showing  precipitates and grain structure from the build 

cross-section Zone 2 for the AFS-Deposited AA2219 (see Figure 3-6 for reference of locations). 

(Note: magnification in Figure 3-10 (A) is much higher than B-D) 

 

Next, tension and compression QS and HR experiments examined the stress-state and 

strain rate dependence of the AFS-deposited material. Figure 3-11 plots the average (3 

specimens) QS and HR compressive behavior up to a strain of 0.25 for the TD, DB, and LD 

directions with uncertainty bands corresponding to minimum and maximum, experimental 

values. The QS compressive data shows a near isotropic response of the AFS-Deposition, with 

an average YS of approximately 145 MPa for the TD, 140 MPa for the BD, and 150 MPa for the 

LD directions. For the HR compressive material behavior, the TD has a higher yield than the BD 
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and LD directions, with an average YS of approximately 295 MPa for the TD, 238 MPa for the 

BD, and 225 MPa for the LD directions. In QS, the material experiences more strain hardening 

and higher UTS than at HR. However, as expected the HR achieves higher YS than QS, but the 

HR does not experience as much strain hardening and eventually plateaus. The QS and HR 

compression experiments were stopped at a maximum strain of 0.25 mm/mm since the material 

did not fracture. 

 
Figure 3-11. Compression testing results comparing the long transverse, short transverse, and 

longitudinal directions in quasi-static (0.001/s) and high rate (2500/s). The quasi-static long 

transverse, short transverse and longitudinal achieved a YS of 145, 140, and 150 MPa, 

respectively. The high rate long transverse, short transverse, and longitudinal achieved a YS of 

295, 238, and 225 MPa, respectively. All compression tests were stopped at a strain of 0.25. 
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The average QS and HR tensile behavior for the TD and LD directions with the 

associated uncertainty bands corresponding to the maximum and minimum experimental values 

can be seen in Figure 3-12. The QS tensile TD specimens achieved an average YS of 148 MPa, 

an UTS of 363 MPa, and f of 0.24 mm/mm. The QS tensile LD specimens achieved an average 

YS of 143 MPa, an UTS of 355 MPa, and f of 0.26 mm/mm. The QS tensile specimens in both 

directions exhibited a ductile failure (Figure 3-13) with strain hardening and softening after 

yielding. Similar to the compressive behavior, the material shows more strain hardening in the 

QS case, when compared to the HR, which after yielding exhibits a stress-strain curve plateau. 

The HR tensile TD and LD specimens achieved average YS of 235 and 240 MPa, UTS of 240 

and 240 MPa, and f of 0.37 and 0.37, respectively. The HR fractography (Figure 3-14) revealed 

a ductile behavior with a cup-cone fracture surface. For both QS and HR cases, isotropic 

behavior in the two orientations are observed for the tensile mechanical behavior.  
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Figure 3-12. Tensile results comparing the long transverse and longitudinal directions in quasi-

static (0.001/s) and high rate (2500/s). The quasi-static long transverse and longitudinal achieved 

a YS of 148 and 143 MPa, UTS of 363 and 355 MPa and f of 0.24 and 0.26, respectively. The 

high rate long transverse and longitudinal achieved a YS of 235 and 240 MPa, UTS of 240 and 

240 MPa and f of 0.37 and 0.37, respectively. 

 

SEM fractographic analysis of both QS and HR (Figure 3-10 and 3-11, respectively), 

show ductile failure behavior for the AFS-Deposition AA2219 material. SEM QS fractography 

images with increasing magnifications are shown in Figure 3-13A, 3-13B, 3-13C, and 3-13D. 

Similarly, the HR SEM fractography images are shown in increasing magnifications in Figure 3-

14A, 3-14B, 3-14C, and 3-14D. Both QS and HR fracture surfaces exhibited microvoids and 

dimples. 
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Figure 3-13. Fractography of QS (strain rate of 0.001/s) tensile specimens tested to failure. 3-

10A, 3-10B, 3-10C and 3-10D (scale bars are 200, 100, 10, and 5 micron, respectively) are SEM 

images. 
 

A B

C D
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Figure 3-14. Fractography of HR (strain rate of 2500/s) tensile specimens tested to failure. 3-11A, 

3-11B, 3-11C and 3-11D (scale bars are 500, 100, 10, and 5 micron, respectively) are SEM images. 

 

The averaged AA2219 AFS-Deposition tensile properties are compared to AA2219 

tensile properties from various manufacturing or joining techniques are provided in Table 3-2. 

The AFS-Deposition process (highlighted in gray in Table 3-2) resulted in higher YS, UTS and 

f than AA2219-O and as-deposited EBF AA2219. Additionally, AA2219 AFS-Deposition 

resulted in better mechanical properties than FSW 2219-O. The AFS-Deposition AA2219 

mechanical properties are below those of AA2219-T851, but as shown previously in the Figure 

3-10 TEM data, the nano-precipitates that provide the precipitation strengthening of AA2219 

A B

C D



  49 

were eliminated during the AFS-Deposition. Previous research on EBF by Taminger and Hafley 

[29], showed that after depositing the AA2219 and performing the T62 heat treatment resulted in 

material properties of AA2219-T62 suggesting AFS-Deposition AA2219 would be heat treatable 

as with the EBF AA2219. The strain to failure was not directly compared to published literature 

data since this study used a subscale specimen for both QS and HR experiments instead of a 

larger ASTM E8 tensile coupon, but a column of strain to failure is provided for reference in 

Table 3-2.  

 

Table 3-2. Comparison of AA2219 YS, UTS, and f of different manufacturing processes. 

Condition YS (MPa) UTS (MPa) f (%) 

AA 2219-O [61] 75 170 18 

AA 2219-T62 [61] 290 415 10 

AA 2219-T851 [61] 350 455 10 

AFS-Deposited AA 2219 (As Deposited) [This research] 143-148 355-363 24-26 

FSW AA 2219-T8 (WNZ) [60] 208-210 363-366 18.6-21.3 

FSW AA 2219-T6 [11] - 255-336 - 

FSW AA 2219-O [8] 86.6-111.4 150.6-187.8 4.9-10.2 

EBF AA 2219 (As Deposited) [29] 112 283 19.4 

EBF AA 2219 (Deposit+T62) [29] 290 416 11.1 

 

 

3.4. Conclusions 

This is the first manuscript to detail the microstructure and mechanical properties of 

AFS-Deposited AA2219 fabricated from AA2219-T851 filler rod material. EBSD results 

revealed a refined, equiaxed microstructure which is likely formed due to DRX [16–18]. A 

uniform grain size was found from the top to the bottom of the AFS-Deposition cross-section. 

The material hardness had a small variation from top to bottom, but taking into consideration the 

maximum and minimum from that location, from a statistic point of view, the hardness was the 

same. EBSD PFs showed that the material has a strong torsional fiber A texture in the top of the 
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build, and this texture gets weaker in the middle and bottom sections. TEM showed that there are 

no ’ precipitates in the as-deposited cross-section, therefore no precipitation strengthening 

should be expected. The mechanical properties of the as-build AFS-Deposition AA2219 material 

are better than AA2219-O, but the values are below those of AA2219-T851 since there are no ’ 

precipitates providing strength to the material. As mentioned above, previous research by 

Taminger and Hafley [29] showed that after applying the T62 temper to the as-build EBF 

material, the materials mechanical properties matched those of a AA2219-T62. This is extremely 

important, since being able to regain those microstructural and mechanical properties that the 

T62 and T851 tempers provide is crucial for the applications of this alloy. The strain rate 

dependence was examined, and at HR the material experienced higher yield strength and lower 

ultimate strength. At HR, the material strain hardening was less than when tested at QS, it can be 

seen that the material stress-strain curve plateau after yielding. In addition, the tensile specimens 

in HR specimens also exhibited more f than in the tensile specimens in QS. The strain to failure 

was not compared to data found in the literature since the specimen used in this research was a 

subcale size specimen. Further research must be done exploring the material mechanical 

properties and microstructure with different tempers on the as-build material, as well as it fatigue 

properties. 
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CHAPTER 4 

PLASTICITY AND DAMAGE MODELING OF THE BAUSCHINGER EFFECT IN 

ADDITIVE MANUFACTURED AFS-DEPOSITION AA2219 

 

4.1. Introduction 

This research will be the first application of a physics-based microstructure-dependent 

internal state variable (ISV) plasticity and damage material model to capture the mechanical 

response of an additively manufactured aluminum alloy (AA) 2219 via the additive friction stir 

deposition (AFS-Deposition) process. As described in previously in Chapter 2 and 3, during the 

AFS-Deposition process, solid or powder metals are pushed through a non-consumable rotating 

cylindrical tool. Herein, added layers are deposited and metallurgically bonded to substrate 

material or previously deposited layers by the heat generated from the rotating tool through 

plastic deformation of the filler material. Once a layer has been added, the tool height increases, 

and starts the deposition of the next layer. The AFS process results in beneficial properties such 

as grain refinement, homogenization and reduced porosity (fully dense). This process will 

experience temperatures similar to those in the weld nugget zone (WNZ) in friction stir welding 

(FSW), ranging from 0.6-0.9 Tm, with Tm being the melting point of the material [45]. AFS-

Deposition is highly scalable with AA deposition rates reaching over 1000 cm3/hr, which allows 

for AFS-Deposition being used for repairs, coatings, and building components. 

A motivating factor driving the research for physics-based history dependent material 

modeling of AFS-Deposition components is the ability to accurately capture the stress-state and 

strain rate dependence in the material caused by variations in material microstructure from the 
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AFS-Deposition processing of new or repaired components. The modeling approach proposed 

here has been previously implemented to use the microstructural features of wrought, cast, and 

powder metal materials to capture stress-state, strain-rate, and temperature dependence 

[50,62,63,69–76]. Finite element (FE) methods coupled with internal state variables (ISV) are 

used to model the plasticity and damage state at the structural scale. The physically-based model 

including microstructure-based ISVs for plasticity and damage was originally presented by 

Bammann and Aifantis [77] and Bammann et al. [78] and later modified to account for 

nucleation, growth, and coalescence of voids by Horstemeyer and Gohkale [69], Jordon et al. 

[75], and Allison et al. [62]. The ISV model incorporates microstructural content and is 

consistent with continuum level kinematics, kinetics, and thermodynamics. These features allow 

the ISV model to capture large deformations at the structural scale using the kinematic and 

isotropic hardening, while microscale damage is obtained from the microstructural features. The 

benefits of the ISV model arise from the inclusion of structure-property relationships identified 

from microstructural characterization and experimentation.  

The Bauschinger effect (BE) is an important concept, vital in the accurate prediction of 

cyclic stress-strain response of ductile materials such as metals. The BE can be described as a 

reduction in the flow stress during the reversing portion of an initial applied loading [79]. In the 

case of polycrystalline metals such as steels and aluminums, the BE is strongly related to the 

progression of internal stresses as a result of both static and dynamic strain histories [80]. 

Previous research has shown that the BE and its degree in polycrystalline metals is dependent of 

the grain alignment and variations in flow-stress between grain boundaries, intergranular regions 

and second phase particles [81–83]. The ISV plasticity-damage model capture the BE through 

the use of the kinematic and isotropic hardening, softening components and damage [84]. The 
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ISV model has been successfully used to capture the behavior and damage, and the BE of 

different aluminum alloys and steels [50,63,75,85–87]. 

As mentioned before, the ISV model uses kinematic and isotropic hardening to help 

capture deformations of the material at the macro scale. To understand this hardening 

relationship, calculating the kinematic and isotropic hardening relationship in the material is 

warranted for a high fidelity model.  

Research by Jordon et al. [85,88] introduced a parameter called the ratio of kinematic 

hardening to isotropic hardening (RKI)  explained in Equation 1 to determine the appropriate 

relationship. This parameter uses the concept of yield surface for both the kinematic and 

isotropic hardening relation to help quantify the Bauschinger effect.  

 

RKI =
(σf+σr)

(σf−σr)−(2∗σy)
 (1) 

 

Where σf represents the forward stress, σr represents the reverse yield and σy is the yield 

strength at initial yield. 

Another parameter used to capture the commonly seen decrease in reverse yield in the BE 

in polycrystalline materials is the Bauschinger Stress Parameter (BSP) shown in Equation 2 [89]. 

The BSP, which has been applied to various aluminum alloys [90,91], is the ratio between the 

development of the forward and reverse stress (Equation 2).  

 

BSP =  
|σf|−|σr|

|σf|
    (2) 

 

While both parameters, BSP and RKI, can be used quantify the BE, the BSP does not 
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appropriately quantify the degree of kinematic and isotropic hardening, which the RKI does.   

This manuscript, a first of its kind for AFS AA2219, includes correlating the ISV model 

to the monotonic experimental results that capture the isotropic and kinematic plasticity 

mechanical response. The pertinent equations and explanation of the equations are provided in 

Appendix A. 

  

4.2. Model Set-up and Calibration on AFS-Deposition AA2219 

To calibrate the plasticity-damage model, a single set of constants were determined to 

capture the different stress states the AFS-Deposition AA2219. One set of the constants was 

determined from experimental true stress-strain curves for the tension and compression data. 

Additionally, microstructural information and data from the open literature were used as the 

other model constants. 

  

4.2.1. Additive Manufactured AFS-Deposition Material 

Aeroprobe Corporation, creator and patent holder for the AFS-Deposition process, 

fabricated and provided the AFS-Deposition AA2219 material by pushing a solid filler rod of 

AA2219-T861 material through a hollow rotating tool onto an AA2219 T851 plate substrate. As 

depicted in Figure 4-1, the AFS-Deposition process deposits layer by layer when filler material 

gets stirred together with a combination of heat generated by friction between the filler material 

and the tool shoulder under hydrostatic pressure, which plastically deforms the material. A more 

detailed explanation of AA2219 AFS-Deposition may be found in Chapter 3. Table 4-1 lists the 

average chemical composition of this alloy.   

 



  55 

 

Figure 4-1. (A) AFS process with the extrusion of the solid material through the hollow rotating 

tool layer by layer.  (B) Schematic of the AFS deposition of AA2219 identifying the three 

directions (LD, BD, and TD). 

 

Table 4-1. Chemical composition of AA2219 [61]. 

Elements Al Cu Mn Ti V Zr 

Percentage 93.0

6 

6.3 0.30 0.06 0.10 0.18 

 

4.2.2 Experimental Procedure 

A series of experiments at various stress-states and strain rates were performed to 

quantify the structure-property relations needed for calibrating the ISV plasticity-damage model. 

An Instron 5185 load-frame with a 50 KN load cell performed the ambient temperature QS 

tensile and compressive experiments. A subcompact flat, dog-bone shaped specimen with a 4.5 

mm gauge length, 2.0 mm width and 1.5 mm thickness was used for tensile testing while strain 

was recorded with a video camera and with an in-house Matlab routine, the video strain data was 

calculated using a normalized cross-correlation technique (normxcorr2) [52,53]. Cylinders with a 

6mm diameter and 6 mm length were used for the compressive testing. A complete explanation 

of the structure-property experiments performed may be found in Chapter 3.  

To calculate the BSP and the RKI for calibrating the model, BE experiments were 

performed in tension followed by compression to 1%, 3% and 5% strain and compression 
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followed by tension to 1% and 3% strain. For these experiments, and EDM machined flat, dog-

bone shaped specimens with 12 mm gauge length, 3.17 mm thickness and 3.17 mm width. The 

BE experiments were performed in an MTS Landmark servohydraulic load-frame equipped with 

a 25 KN load cell. All data acquisition was performed by an MTS Flex Test 40 controller and 

strain was controlled using an E97356 Epsilon extensometer.  

To obtain the microstructural constants, the 3D microstructure was quantified in the 

longitudinal direction (LD), build direction (BD) and transverse direction (TD) of the as-

deposited material.  A wire EDM machined specimens in all the orientations in the beginning, 

middle and end of the deposition and at bottom, middle, and top locations of these spatial regions 

as depicted in Figure 4-2 and discussed in Chapter 3. By obtaining all these regions and 

orientations for microstructural analysis, a statistically significant representation of the as-

deposited microstructure was determined to identify any spatial dependence in the as-deposited 

material. For the microstructural characterization, specimens were first ground down to 1200 grit 

paper, then final polished down to 0.05 µm colloidal silica. Imaging and Electron Backscatter 

Diffraction (EBSD) used a Tescan Lyra FIB-FESEM equipped with a EDAX Hikari Super 

EBSD camera and an Octane Elite Silicon Drift Detector to determine average grain size. All the 

EBSD scans were done at the same magnification using a 50 x 50 µm area with a step size of 0.1 

µm. Backscatter secondary images were taken to quantify the particle distribution and size. 

Additionally, for particle analysis, ImageJ software was used to calculate the particle size, area 

fraction and nearest neighbor distance. The same Tescan Lyra FIB-FESEM obtained the damage 

parameters from fracture surface image analysis on a minimum of four SEM images for three 

specimens. 
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Figure 4-2. Schematic of specimen orientation in the build material. 

 

4.3. Results and Discussion 

The EBSD scans reported in Chapter 3, exhibited a uniform grain size from top to bottom 

of the as-deposited material, with an average grain size of approximately 2.5 µm. Figure 4-3 is a 

3D reconstruction of the microstructure, and shows the equiaxed grain structure observed in all 

three orientations (LD, BD, and TD). Furthermore, the SEM backscatter images (Figure 4-4) 

quantified the area fraction and size of the  phase particles in the as-deposited material. For 

each orientation, five areas were scanned to attain an average value. Table 4-2 shows the 

determined values with a particle size diameter of 2.7 µm, particle area fraction 0.037, a particle 

nearest neighbor distance of 7.9 µm and the average grain size of 2.5 µm. 

 

BD LD

TD
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Figure 4-3. EBSD IPF maps showing the grain microstructure in the L, TT, and LT directions. 
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Figure 4-4. SEM backscattered images of the  phase in the LD, TD, and BD directions. 

 

Table 4-2. Average values of particle size diameter, particle area fraction, particle nearest 

neighbor distance and grain size. Data was obtained from the middle of the build in the three 

directions and averaged. 

 

To determine the plasticity-damage constants, a DMGFIT software developed by 

Mississippi State University (MSU) based on the ISV plasticity-damage model [92] was used. 

Constants for tension, compression, tension–followed-by-compression and compression-

followed-by-tension were all determined at once (Figures 4-5 and 4-6). Since the algorithm tried 

LD TD

BD

θ phase particles

micro-porosity

Feature Particle size (µm) Particle area fraction Particle NND (µm) Grain size (µm) 

Average value 2.7 0.037 7.9 2.5 
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to optimize the entire dataset (all the curves) at once, all the curves were not captured exactly by 

the model. Nonetheless, the model was able to successfully capture material behavior within the 

uncertainty bands, as seen in Figure 4-5.  Figure 4-5 shows the QS tensile and compressive 

stress-strain plot, where the error bars delimits the experimental maximum and minimum values, 

the dashed (compression) and dotted (tension) lines are the experimental averages, and the solid 

line is the model fit for each stress state.  

 

Figure 4-5. Internal state variable plasticity damage model calibration for compression (black) 

and tension (blue) in QS (0.001/s). 

 

Figure 4-6 shows BE stress-strain plots, where the dashed line represents experimental 

data and the solid line represents modeled data. As stated before, since the software algorithm is 

fitting a whole dataset, not only one curve with one set of constants, there may be possible 
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variations between the experimental and model data. Table 4-3 shows the yield stress, reverse 

yield stress, forward stress, kinematic hardening, isotropic hardening, the BSP and RKI values 

for the different test performed. Yield stresses were calculated using the 0.2% strain offset 

definition. It is observed from the RKI column in Table 4-3 and from Figure 4-7 that the value 

increases almost linearly with an increase in applied strain. The same can be observed for the 

BSP value from Table 4-3.  The RKI value increase with an increase in prestrain is an indication 

that the growth of kinematic hardening is greater than the isotropic hardening. This, in turn, 

suggests that anisotropic hardening grows more than isotropic hardening. Similar trend on the 

RKI value was observed by Jordon et al. [85] in AA7075-T651.  
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Figure 4-6. A comparison of the internal state variable plasticity-damage model and 

experimental data illustrating the Bauschinger effect for AFS AA2219 under different directions 

(tension followed by compression and vice versa) and different prestrain levels (1% and 3%). 

 

Table 4-3. Bauschinger effect results for different prestrains and directions for AFS AA2219. 

Prestrain Direction σy (MPa) σr (MPa) σf (MPa) a  R  BSP RKI 

1% Ten-Comp 125 98 147.1 122.6 100.5 0.334 1.220 

3% Ten-Comp 125 130 201.4 165.7 89.3 0.355 1.856 

5% Ten-Comp 129 157 247.9 202.45 83.6 0.367 2.423 

1% Comp-Ten 127 106 152 129.0 104.0 0.303 1.240 

3% Comp-Ten 127 118 197.5 157.8 87.3 0.403 1.808 



  63 

 

Figure 4-7. Experimental values of the ratio of kinematic to isotropic hardening (RKI) plotted 

against the maximum forward prestrain. 

 

As mentioned previously, for the damage parameter information, fractography analysis 

was performed on the fractured tensile specimens to measure the final void density of the 

material. Four SEM images from three different specimens provided the average final void 

density per millimeter squared (#/mm2). Figure 4-8A shows a low magnification SEM image of 

the fracture surface, and Figure 4-8B shows an example of a magnified SEM image used for the 

analysis.  
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Figure 4-8. SEM images of the fracture specimen for the QS (strain rate of 0.001/s). (A) At a 

magnification of 150x. (B) At a magnification of 8000x.  

 

Next, the DMGFIT software performed a simulation of the damage parameters to verify 

how well the model could capture the final void density (nucleation) on the material. Figure 4-9 

presents a plot of the simulated void density results compared against the measured value of the 

void density measured from the fracture surfaces (error bars represent minimum and maximum 

calculated).  

 

C D

A B
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Figure 4-9. Comparison of the number density of voids on the fracture surface (average of 

experimental data) against the model prediction. 

 

The experimentally determined void density was used as a calibration toll for the ISV plasticity-

damage model accurately captures the damage nucleation in the experiments. 

 

4.4. Conclusion 

The material microstructure for the AA2219AFS-Deposition appears to be identical in 

the three orientations, with equiaxed grains of approximate 2.5 um in size. SEM imaging showed 

θ particles that were also uniform in the three orientations. With the addition of microstructural 

characterization, the calibration of the ISV plasticity-damage model was performed using 

DMGFIT to capture one set of material constant for the whole dataset (see appendix A, Table 4-
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A1 and 4-A2). Furthermore, BE experiments of tension followed by compression and 

compression followed by tension for the AFS-Deposition AA2219 depicted an asymmetric 

behavior where the kinematic hardening was greater than the isotropic hardening that the ISV 

plasticity-damage model was able to capture.   
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. Conclusions 

This dissertation is the first to detail the microstructural evolution and mechanical 

properties of solid-state, additively manufactured IN625 and AA2219 using a thermo-mechanical 

AFS-Deposition process. Aeroprobe Corporation provided the as-deposited material for both, 

IN625 and AA2219. Microstructural characterization for both materials was conducted to 

elucidate the beneficial 3D microstructure obtained from this new manufacturing process. To 

understand the material behavior under different loading rates and stress-states, tensile and 

compression experiments were performed at quasi-static (QS) and high strain rates (HR).  

For the AFS-Deposited IN625, the EBSD results detailed a significantly refined, 

equiaxed grain structure, which was likely produced by continuous DRX during AFS-Deposition 

processing. The region with finer grain microstructure was localized to interface layers that 

separated macroscale layers formed by repeated passes of the AFS-Deposition tool.  

Furthermore, EBSD observed grains as fine as 0.27 microns in these layer interface regions, 

while the average grain size was approximately 1 micron in other regions of the deposited layers. 

The strain rate dependence of these fine-grained materials were examined at both QS (0.001/s) 

and HR (1500/s) strain rates using servo hydraulic and a direct tension-Kolsky bar, respectively, 

exhibiting both increases in yield and ultimate tensile strengths as strain rate increased. 

Additionally, when compared to other processing methods for IN625, the AFS-Deposition 
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results displayed comparable values to the reported FSW UTS data, but significantly higher YS 

and UTS than cast, wrought, or fusion-based AM data.   

In the case of AFS-Deposited AA2219, EBSD results revealed a refined, equiaxed 

microstructure which is likely due to DRX [16–18]. A uniform grain size was found from the top 

to the bottom of the AFS-Deposition cross-section. The material hardness had a small variation 

from top to bottom, but taking into consideration the scatter in the data one could not statistically 

define any significant difference in hardness from the bottom to the top of the deposition. Further 

EBSD analysis of PFs showed that the material has a strong torsional fiber A texture in the top of 

the build, and this texture gets weaker in the middle and bottom sections. At lower length scales, 

TEM showed that there are no ’ precipitates in the as-deposited cross-section, therefore no 

precipitation strengthening should be expected. 

The mechanical properties of the as-built AFS-Deposition AA2219 material are better 

than AA2219-O, but the YS and UTS values are below those of AA2219-T851 since there are no 

’ precipitates providing strength to the material. The AFS AA2219 achieved higher ductility 

than AA2219-O and even AA2219-T851. As mentioned previously, research by Taminger and 

Hafley [29] showed that after applying the T62 temper to the as-built EBF material, the materials 

mechanical properties matched those of a AA2219-T62. This is extremely important, suggesting 

that the AFS-Deposited AA2219 should be able to regain the microstructural features and 

mechanical properties in the T62 and T851 tempers that are crucial for component level use. The 

strain rate dependence was examined, and at HR the material experienced higher yield strength 

and lower ultimate strength. At HR, the material strain hardening was less than when tested at 

QS, where one observes that the material stress-strain curve plateaus after yielding. In addition, 

the HR tensile specimens also exhibited more f than the QS tensile specimens.  
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Lastly for the AFS-Deposited AA2219, the calibration of the ISV plasticity-damage 

model was performed using DMGFIT to capture one set of material constant for the whole 

dataset (see Appendix A, Table A1 and A2). The ISV plasticity-damage model successfully 

predicted the nucleation damage for the fractured tensile specimens. Furthermore, BE 

experiments of tension followed by compression and compression followed by tension for the 

AFS-Deposition AA2219 depicted an asymmetric behavior where the kinematic hardening was 

greater than the isotropic hardening that the ISV plasticity-damage model was able to capture.   

 

Recommendations and Future Work 

In summary, AFS-Deposition is a revolutionary new technology, with plenty of research still 

required to fully understand and optimize the materials synthesized through this thermo-

mechanical solid-state additive manufacturing process.  

 For the IN625, future research including texture evolution analysis, intermediate tensile 

experiments, compression experiments, fatigue, fracture toughness, nanoindentation, and 

transmission electron microscopy, will assist in elucidating the unique features resulting 

from this process and the respective influence on mechanical behavior.  

 Many of the applications of AA2219 will benefit from intermediate tensile and 

compressive experiments, elevated and cryogenic tensile and compressive experiments, 

fracture toughness, corrosion, and fatigue experiments to understand material behavior.  

 Additional research on optimizing the AFS process to avoid losing the ’ precipitates is 

suggested.  

 Research on solutionizing and aging on the as-built AFS-Deposition AA2219 should be 

performed to restore the mechanical properties to AA2219-T62 and -T851. 
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 Interrupted notch Bridgman tensile specimen experiments are suggested to measure the 

damage at specific strain levels, and further validate the model. 

 Processing studies to optimize the material microstructure and performance should be 

done. 
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APPENDIX 

Nomenclature 

a = constant for nucleation equation 

b = constant for nucleation equation 

c = coalescence 

c2 = constant for nucleation equation 

CTC = temperature constant for coalescence equation 

CTη = constant for nucleation equation 

d = average inclusion particle size 

Dg = average inclusion particle size 

d0 = pore diameter 

𝐷 = rate of deformation 

𝐷e = elastic rate of deformation 

𝐷in = inelastic rate of deformation 

𝐷𝑑
𝑝
 = isochoric inelastic rate of deformation 

𝐷𝑣
𝑝
 = volumetric inelastic rate of deformation 

f = initial particle volume fraction 

F = deformation gradient 

f(T) = rate sensitivity of yield 

Fe = elastic portion of deformation gradient 

Fp = inelastic portion of deformation gradient 

F𝑑
𝑝
 = isochoric inelastic portion of deformation gradient 

F𝑣
𝑝
 = volumetric inelastic portion of deformation gradient 

G = Shear modulus 

h = kinematic hardening modulus 

H = isotropic hardening modulus 

I = first stress invariant 

J = Jacobian 

J2 = second deviatoric stress invariant 

J3 = third deviatoric stress invariant 

KIC = fracture toughness 

m = strain rate sensitivity parameter 

n = strain hardening exponent 
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NND = pore nearest neighbor distance 

R = isotropic hardening modulus 

rd = kinematic dynamic recovery 

rs = kinematic static recovery 

R0 = initial pore radius 

t = time 

T = temperature  

V = volume 

V(T) = strain rate dependence on yield 

Y(T) = rate independent yield 

 = kinematic hardening   

 = constant for coalescence equation 

 = strain 

 = pore nucleation 

, = elastic Lame constants 

 = pore growth 

 = density 

 = stress 

e = equivalent Von Mises stress 

h = hydrostatic stress 

 = damage or volume fraction of pores 

 

The pertinent equations in this model are denoted by the rate of change of the observable 

and internal state variables. The equations used within the context of the finite element method 

are given by, 
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       Equation A.5 

        Equation A.6 

           Equation A.7 

     Equation A.8 

       Equation A.9 

      Equation A.10 

   Equation A.11 

 

The internal state variable equations A.4-A.11, shown in Appendix A, are function of 

visible variables such as temperature, stress state, and rate of deformation. Rate equations are 

usually written to exhibit objectivity rates ( ), that are indifferent of the reference frame. In 

this sense, rate equations differs from a Jaumann rate, which assumes the continuum spins equals 

elastic spin (W = We). This model also incorporates deviatoric inelastic deformation, result of 

existence of dislocations in crystallographic materials, dilational deformation, and resultant 

failure caused by damage progression. 

Constants such as the elastic Lame constants (λ and µ) are incorporated in equation A.1, 

and the total deformation (D) defined by the boundary conditions is subtracted from the flow rule 

in equation A.2, which results in the elastic rate deformation (De). The quantity of damage, D, is 

a scalar that should not be confused with the second rank tensors mentioned above. 
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Creep and plasticity regimes in equation A.3 are comprised by the deviatoric inelastic 

flow rule, Din, a function of temperature, stress, kinematic hardening ISV (α), isotropic hardening 

ISV (R), volume fraction of damaged material (D), and functions f(T), V(T), and Y(T), which 

have an Arrhenius-type temperature dependence related to yielding. Rate independence yield 

stress is found from Y(T), and the initial yielding that is affected by the rate dependence is 

determined from f(T). The magnitude of rate dependence on yielding is determined by V(T). 

Monotonic compression, tension, and torsion tests at different temperatures and strain rates are 

used to determine functions f(T), V(T), and Y(T). 

The hardening equations A.4 and A.5, include dynamic and static recovery with the 

kinematic and isotropic hardening modulus, h(T) and H(T), respectively. Static and dynamic 

recovery are defined by the scalar functions rs(T) and Rs(T), and rd(T) and Rd(T), respectively. 

 

 

 

 

 

 

 

 

Table A1. Elastic and plastic constants for AFS AA2219. 

AFS AA2219 Constants Value Units 

Elastic and thermal 

constants 

Shear Modulus, 

G 
27,862.60 MPa 

a 0  
 

Bulk Modulus, 

K 
73,000 MPa 

 
b  0  
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Init. 

Temperature  
297 K 

 
Melt 

Temperature 
821 K 

 
Heat gen. coeff. 0.34  

    
Yield and yield 

adjustment 

constants 

C1 0 MPa 

C2 0 K 
 

C3 115 MPa  
C4 60 K  
C5 1 1/MPa  
C6 0 K  
C19 0  

 
C20 0 1/K     

Kinematic 

hardening and 

recovery constants 

C7 0.05 1/MPa 

C8 0.05 K 

C9 1700 MPa  
C10 0.1 K  
C11 0 s/MPa  
C12 0 K     

Isotropic 

Hardening and 

recovery constants 

C13 0.019 1/MPa 

C14 0 K 

C15 2200 MPa  
C16 1.7 K  
C17 0 s/MPa  
C18 0 K     

Cyclic Hardening 

and recovery 

C21 7 1/MPa 

C22 668.26 K  
C23 0 MPa  
C24 0 MPa/K  
C25 0 1/MPa*s     

Hardening and 

recovery 

Ca 0  

Cb -0.4   

 

 

 

 

Table A2. Damage model constants for AFS AA2219. 

AFS AA2219 Constants Value Units 

McClintock void 

growth constants 

Void growth 

exp. 
0.3  

 Init. rad. 0.002 mm 
    

Nucleation a 475  
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 b 9000  

 c 750  

 Nuc. Coeff. 255  

 Fract. 

Toughness 
33 MPa/m1/2 

 Part. Size 0.0014 mm 

 Part. vol. 

fract. 
0.037  

    

Coalescence cd1 0.1  

 cd2 0  

 dsc0 .0025 mm 
 dcs .0025 mm 
 dcs exp. Zz 0  
    

CApore growth 
Init. void vol. 

fract 
0.0001  

Nucleation 
Nuc. temp., 

depend. 
-65  

Coalescence 
Coal. temp., 

depend 
0   

 

 


