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ABSTRACT 

Closed-loop temperature-controlled AFSD of Ti-6Al-4V was conducted at a 

series of temperature setpoints including 700 ºC, 750 ºC, 800 ºC, and 850 ºC. Oxygen 

pickup in the bulk material did not exceed ASTM standards for the material. The 

resulting deposits were sectioned and characterized. Based on the temperature setpoint, it 

was found that the resulting microstructure morphologies in the stir zone varied from 

equiaxed, as in the 700 ºC temperature setpoint, to lamellar, as in the 850 ºC temperature 

setpoint. The intermediate 750 ºC and 800 ºC temperature setpoints exhibited mixed 

microstructures with a mix of both equiaxed and lamellar characteristics. It was also 

found that microstructure morphology and microhardness varied as a function of the 

build height for all deposition conditions. These variations were attributable to the 

processing conditions with the order of the variation linked to both process stoppages for 

material reloads as well as the individual layers during deposition. 

Subsize tensile bars were extracted from the deposits in the weld, transverse, and 

normal directions before being quasi-statically tensile tested. Despite drastic differences 

in microstructure morphology, all tensile samples exhibited similar mechanical properties 

with only slight differences among the temperature setpoint conditions and orientations. 

An additional set of normal direction tensile bars was polished and etched to investigate 

the effects of microstructure morphology on resulting mechanical properties. It was found 

that samples from all temperature setpoint conditions exhibited multiple-yielding 

behavior with initial yielding observed in lamellar regions, though failure was sometimes 

observed in equiaxed regions. Tungsten contamination was observed in some tensile 
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samples that exhibited lowered ductility, especially in samples near the periphery of the 

deposits. This shows the potential for poor bonding in the flash regions of the deposit.  
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CHAPTER 1  

INTRODUCTION AND MOTIVATION 

Introduction 

Additive manufacturing (AM) has revolutionized the production of metallic 

components with its ability to fabricate near-net-shape parts. Among the myriad 

techniques available, solid-state additive manufacturing is gaining significant attention. 

Additive friction stir deposition (AFSD) is one such recently developed solid-state AM 

process (1–4). 

This research focuses on AFSD of Ti-6Al-4V, also known as ASTM Grade 5 and 

UNS56400. Building upon the prior work of friction stir welding (FSW) and friction stir 

processing (FSP), AFSD uses a rotating, non-consumable tool to generate frictional 

heating at the tool’s shoulder. The significant difference between FSW/FSP and AFSD, is 

that the latter is characterized by a hollow tool that allows for the deposition of feed 

material through the center of the tool. Through friction, the heated material becomes 

softened, allowing it to be stirred and consolidated into a layer below the tool. This 

softened material undergoes massive plastic deformation via a stirring action driven by 

the rotating tool, breaking up any prior oxide layer coating the feed material and 

substrate. With the breakup and dispersion of the oxide layer, this contact results in 

metallic bonding. Adiabatic heating also contributes to the material softening and the 

subsequent deposition process. 

A primary advantage of AFSD lies in its inherent solid-state nature ensuring the 

absence of melt-related issues such as solidification and liquation cracking, a type of 

cracking that occurs in the mushy zone of a weld during solidification. Lower 
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temperatures also mean reduced residual stress gradients and the associated part 

distortion as compared to processes that involve local melting solidification. Moreover, 

because processing takes place at temperatures below the melting temperature, the solid-

state nature means AFSD has the potential to be more energy-efficient than fusion based 

processes. The feedstock is acquired in the form of bar stock that is obtained from 

extrusion, casting, or cutting from easily sourced metal sheets and does not require wire 

drawing or powder atomization. This leads to easier sourcing of feed material and 

contributes to an additional source of cost and energy savings as compared to beam and 

arc-based metal additive manufacturing techniques. As an additional advantage, AFSD is 

a free-form process that does not necessitate a rigid enclosure or powder bed. These 

benefits enable this process to be scaled to large build volumes with high material 

deposition rates. 

The AFSD process is often compared to FSW, as both are linked thermo-

mechanical processes. Both temperature and deformation directly affect microstructure 

and resulting mechanical properties. However, as an additive manufacturing process, 

AFSD differs from traditional FSW as it is a layer-by-layer process. This results in 

significant volumes of previously deposited material being repeatedly reheated and 

deformed again before cooling. Over the course of many layers, this will produce thermo-

mechanical cycling that may influence the resulting mechanical properties. 

Current State and Research Gaps 

Currently, all theses (5,6) and peer-reviewed publications (7–10) regarding AFSD 

of titanium have focused on Ti-6Al-4V. In order of publication, Miller (6) first 

demonstrated AFSD of Ti-6Al-4V. Agrawal et at. (7) then demonstrated the deposition of 
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Ti-6Al-4V using compacted recycled chips derived from a machining process. Next, 

Farabi et al. (8) deposited Ti-6Al-4V at fixed spindle speeds from 400 rpm to 500 rpm 

and the resulting influence of processing conditions on microstructure and mechanical 

properties. As the AFSD process has matured, Yoder et al. (9) used closed-loop 

temperature and force control to demonstrate mechanical properties exceeding forging 

standards. Most recently, Metz et al. (10) point out the possibility of microstructural 

heterogeneities leading to a non-uniform mechanical response under loading. Considering 

this observation of heterogeneity, it is apparent that there is a need to further investigate 

the process-structure-property relationships in AFSD Ti-6Al-4V. 

 Beyond the observations of heterogeneity, based on current publications, it can be 

observed that the processing window for AFSD titanium has not been fully explored. 

While it has been demonstrated multiple times that the AFSD process can be successfully 

used to deposit Ti-6Al-4V, only super beta transus deposition has been consistently 

demonstrated, where the beta transus is the temperature at which a titanium alloy 

undergoes an allotropic phase change with increasing temperature from the alpha phase 

to the beta phase. Yoder et al. claim a homogenous microstructure yet also point out the 

existence of a band of equiaxed alpha microstructure, suggesting otherwise. Metz et al. 

report non-uniform plastic deformation in an AFSD Ti-6Al-4V tensile sample which also 

supports the potential for heterogeneity in AFSD titanium. Modeling efforts to support 

these experimental studies are limited. Beyond one master’s thesis (5), there are no peer 

reviewed publications to date that focus on process modeling of AFSD titanium. 
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Research Objective 

AFSD of Ti-6Al-4V is relevant to the naval, aerospace, defense, automotive, and 

chemical sectors. However, the complex interplay between operating parameters, as-

deposited microstructure, and subsequent mechanical properties have not been fully 

established. The research objective of this study is to increase this understanding by 

investigating the process-structure-property relationships in closed-loop temperature-

controlled AFSD of Ti-6Al-4V at a variety of processing conditions, both above and 

below the beta transus temperature. The outcome will be to improve parameter selection 

for commercial production of AFSD Ti-6Al-4V components. 
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CHAPTER 2  

LITERATURE REVIEW 

While the available literature on AFSD of Ti-6Al-4V is limited, there is an 

abundance of studies describing the conventional processing of titanium, including FSW 

and FSP. 

Titanium 

While titanium is one of the most abundant metals in the Earth’s crust, its 

difficulty in production and processing has meant that it is a relatively recent addition to 

available structural materials. It did not become a commercially viable metal until the 

invention of the Kroll process roughly in the mid 20th century. Accordingly, much of the 

early developmental work in titanium alloys took place in the years following World War 

II. Titanium production drastically increased since this early work. 

Titanium provides a combination of high strength and low density as well as high 

corrosion resistance. However, these advantages are offset by its high cost and difficulty 

in machining. Additionally, titanium presents difficulties in processing due to its high 

reactivity with oxygen and nitrogen. Therefore, processing at high temperatures must be 

performed in an inert environment or vacuum (11). Despite these difficulties, titanium is 

increasingly being used in a variety of industries, including aerospace, defense, chemical, 

power, biomedical, civil, and consumer goods. 

Crystallography and Titanium Alloys 

Titanium has two major crystallographic phases. The first is the hexagonal close 

packed (HCP) alpha phase. The second is the high temperature body centered cubic 
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(BCC) beta phase.  The HCP unit cell is not as symmetric as the BCC unit cell, yielding 

some unique properties to the alpha phase in titanium. Notably, this reduced symmetry 

leads to anisotropic properties for the alpha phase depending on the alignment of the c-

axis, which is the long axis of the HCP unit cell. This results in the modulus of elasticity 

of an alpha titanium single crystal varying with orientation from a minimum of 100 GPa, 

when the stress is perpendicular to the c-axis, to a maximum of 145 GPa, when the stress 

is parallel to the crystal c-axis (11). BCC beta titanium, while not anisotropic, has a lower 

modulus comparatively (11,12). The effects of crystal anisotropy extend to other physical 

properties as well. Textured titanium alloys can yield large variations in yield strength, 

Poisson’s ratio, stress corrosion cracking, and fracture toughness depending on texture 

strength and orientation (13). 

Beyond the anisotropy of the HCP crystal structure, the alpha and beta phases in 

titanium also have different slip systems, where slip is the sliding of crystals along certain 

crystallographic planes. In titanium, as with most crystal systems, the easiest slip occurs 

along the close-packed planes (14). HCP crystal structures, however, have limited slip 

systems (14,15). In HCP titanium, there are three close packed planes of the form 

〈112̅0〉. Older literature states that there are three slip systems for HCP titanium that all 

occur in the close-packed 〈112̅0〉 family of directions (13). More recent literature states 

that there is an additional slip system of the {112̅2} plane in the 〈112̅3〉 direction, though 

it is noted that this system is unlikely to be activated in polycrystalline titanium that is not 

strongly textured (11). In addition to slip systems, titanium can also accommodate 

deformation through twinning. Twinning is the result of a portion of a crystal deforming 

about a plane in such a way as to produce a symmetric structure to the undeformed 
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portion. There are multiple modes of twinning (13); however, the addition of atoms into 

solution such as Al and O limit the likelihood of twinning in alloys other than pure 

titanium (11). Twinning is more likely seen in alloys with large additions of beta 

stabilizing elements (13). 

Because of the anisotropic slip systems in alpha titanium, slip systems in the 

material may not be aligned with the direction the material is stressed. Thus, the critical 

resolved shear stress (CRSS) is often used in the context of titanium to refer to the critical 

value of shear stress under which slip occurs. The equation describing CRSS is also 

known as Schmid’s Law. A crystal will deform when one of the possible slip systems is 

loaded beyond its CRSS. 

Unlike FCC and HCP structures, BCC beta titanium does not have true close 

packed planes, but it does have an abundance of slip systems, allowing easy deformation 

compared to HCP alpha titanium. The slip systems in beta titanium consist of the {110}, 

{112}, and {123} planes, all in the 〈111〉 direction resulting in a total of 48 possible slip 

systems (11,14). These differences in slip systems play a large role in the deformation 

response of titanium under physical processing. 

Titanium alloys can be divided into categories based on their room temperature 

crystallographic structures. These categories are alpha, alpha + beta, and beta titanium 

alloys. These alloy classifications are largely based on how the added alloying elements 

change the beta transus temperature as compared to pure titanium. These alloying 

additions can also be categorized based on the effects of these additions on the relative 

stability of the alpha and beta phases. 
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Alpha alloys are characterized by a predominantly alpha phase crystal structure at 

room temperature, though some small amount of the beta phase is often present. Another 

characteristic of alpha alloys is that they are not heat treatable for increased mechanical 

properties (11). Alpha alloys, such as commercially pure (CP) titanium, are commonly 

strengthened using oxygen as solid solution strengthener; however, Al, N, and C are also 

effective alpha phase stabilizers. Alpha phase stabilizing elements reduce the beta transus 

temperature. 

With increasing additions of beta stabilizers, both the alpha and beta phases 

remain stable at room temperature. This category of titanium alloys is known as the alpha 

+ beta alloys. Within this category, Ti-6Al-4V first appeared in 1954 and remains the 

most widely used alloy (11). Titanium alloys with a small addition of beta stabilizers but 

not enough to make a true alpha + beta alloy are referred to as near-alpha alloys. 

Beta titanium alloys have sufficient beta stabilizers to prevent the formation of 

martensite on fast cooling. Beta stabilizers include V, Mo, Nb, Cr, Fe, and Si. 

Commercial beta titanium alloys are typically metastable alloys. Beta titanium alloys 

have seen their most usage in high strength applications such as aircraft landing gear 

components, though there are some developments in the biomedical field due to the low 

modulus of beta titanium alloy implants better matching that of bone (12). 

When considering the phase change between the high temperature beta phase and 

the low temperature alpha phase, the orientation relationships between the phases must be 

considered. Burgers first noted the (110)𝛽||(0001)𝛼, 〈111〉𝛽||〈112̅0〉𝛼 orientation 

relation between the BCC and HCP phases in zirconium (16). The Burgers OR is active 
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for both diffusive (nucleation and growth) and displacive (martensitic) transformations 

(11). 

Deformation in Titanium 

Crystalline materials exhibit repeating patterns of their constituent atoms over large 

distances. Due to these repeating patterns, crystals are anisotropic. Metallic engineering 

materials are typically made up of an arrangement of many crystals of varying sizes, 

shapes, and orientations, making up a polycrystalline material. The statistical measure of 

these crystalline orientations is referred to as “texture” (15). 

Crystalline materials deform on slip planes via shear. These slip planes are typically 

the close packed planes which most easily allow dislocation movement. As a 

polycrystalline material undergoes deformation, individual crystals in the aggregate 

experience strain and deformation. For each strained grain, there is a critical resolved 

shear stress that much be exceeded to initiate slip. The shear stress on an individual slip 

plane can be calculated by Equation 1, where 𝜙 is the angle from the direction of the 

force to the slip plane normal and 𝜆 is the angle between the tensile and slip directions. 

Breaking the equation apart, 𝐴/cos⁡ 𝜙 is the area of the slip plane and 𝐹 cos 𝜆 is the force 

on the slip plane. Due to geometric constraints, particularly the Schmid factor 

(cos𝜙 cos 𝜆), the individual crystals must rotate to accommodate the strain of their 

deformation along the slip plane. During deformation of a polycrystalline material, some 

deformation pathways are more favorable than others, resulting in preferred deformation 

textures. Thus, there is a relation between the deformation of a single crystal and the 

deformation of a polycrystalline material. 
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Equation 1: Shear stress on the slip plane in the slip direction 

𝜏 =
𝐹

𝐴
cos𝜙 cos 𝜆 

 

Deformation texture analysis of materials was expanded in the 1980s with severe 

plastic deformation torsion experiments to better understand the relation between 

deformation of grains and deformation of a bulk material. These works resulted in a 

better understanding of deformation textures that was then applied to other severe plastic 

deformation methods such as equal channel angular extrusion and later, friction stir 

welding. 

A Brief Review on Recrystallization 

Recrystallization is a way for a deformed material to lower its stored energy by 

forming a new grain structure (17). The stored energy results in the creation of and 

movement of high angle grain boundaries, lowering the material’s stored energy. High 

angle grain boundaries (HAGB) are typically defined as boundaries with a misorientation 

greater than 10º to 15º, where misorientation is defined as the difference in 

crystallographic orientation between grains in a crystalline material. HAGBs correspond 

to low angle grain boundaries (LAGB) below 10º to 15º. 

 Stored energy in a material can specifically be lowered through the processes of 

recovery, recrystallization and grain growth. Recovery refers to the movement of 

dislocations within a material with little overall change to the microstructure, such as in 

an annealing process. Recrystallization is the result of the formation of new strain-free 

grains. Grain growth is the result of continued recrystallization where large grains 

continue growing at the expense of smaller grains. While these processes have been 
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thought of as distinct, they have also been described by one framework depending on 

grain size, orientation, second phase particles, and boundary mobility of single grains 

relative to the matrix (18,19). It should be noted that second phase particles should not be 

considered solely such but more generally as any particle or grain that is harder than the 

surrounding matrix to provide a Zener pinning pressure and limit dislocation movement. 

Recrystallization can be divided into two major categories: continuous and 

discontinuous. Continuous processes occur homogeneously throughout a material such 

that no specific nucleation and growth can be identified, while discontinuous ones occur 

heterogeneously throughout a material in a way that can be described through nucleation 

and growth. Together, there are a total of six phenomena consisting of three continuous 

processes: continuous subgrain growth, continuous recrystallization, and normal grain 

growth, and three discontinuous processes: discontinuous subgrain growth, primary 

recrystallization, and abnormal grain growth (18). When recrystallization occurs 

concurrently with the application of strain, the resulting process can be referred to as 

dynamic recrystallization, which can occur either continuously or discontinuously (20). 

Friction Stir Welding 

Friction stir welding is a process developed in 1991 at The Welding Institute 

(TWI) in Cambridge, UK (21). It is a solid-state, non-fusion based welding process 

characterized by massive plastic deformation induced by a rotating, non-consumable tool 

with a protruding pin to aid in weld penetration. As opposed to fusion welding, there is 

no melting of the material in the friction stir process. Instead, peak temperatures are 

typically in the range of 60% to 90% of the melting temperature in Kelvin. The lack of 

melting assists in the joining of difficult to weld materials, such as some aluminum alloys 
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that are prone to solidification cracking or form brittle intermetallic compounds when 

remelted. Frictional heating from the rotating shoulder and pin, as well as viscous heat 

generation, provides the process heat which enables massive plastic deformation by 

thermal softening. When the material is plastically deformed, the existing oxide layer on 

the base material is broken apart, allowing solid-state metallic bonding to occur. FSW is 

an autogenous process, meaning there is no addition of material. 

Because FSW is fully thermo-mechanically coupled, the process is also known to 

be self-regulating. When the material gets excessively hot during welding, it flows more 

easily, reducing viscous heating. Conversely, if the process becomes too cold, the 

effective viscosity increases, which restores the equilibrium through additional viscous 

heating. It should be noted that material flow is well constrained in FSW. The material is 

constrained on the bottom by a backing plate or, in the case of reactionless FSW, a 

bobbin. The material is also constrained on the top by the tool shoulder. Finally, the 

material is constrained on the sides by the base material. Due to these constraints, the 

plasticized material must flow around the pin. 

Microstructure Development in FSW Titanium 

As noted, titanium alloys can roughly be divided into three categories based on 

their microstructures at room temperature: alpha, alpha + beta, and beta alloys. The room 

temperature microstructures are a function of chemistry, with certain elements stabilizing 

either the alpha or beta phases. Ti-6Al-4V is considered an alpha + beta alloy, as it does 

not completely transform into the alpha phase after cooling from the high temperature 

beta phase. This results in some amount of the beta phase being retained at room 

temperature.  
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Like steel, titanium undergoes an allotropic (fixed composition) phase change at 

high temperatures. Titanium can exist at low temperature as an HCP α [alpha] phase and 

at high temperature as a BCC β [beta] phase. As a result, titanium alloys can undergo 

complex phase transformations during processing depending on welding conditions and 

cooling rates, as well as post-processing heat treatments. This provides the potential for 

control of the resulting microstructures in FSW of titanium alloys (22). 

Due to titanium’s high temperature phase change, FSW parameters can be 

exploited to tailor microstructures for desired mechanical properties. It has been found 

that resulting microstructures are primarily controlled by two things: peak temperature 

and cooling rate (22). In FSW, peak temperature is most influenced by tool rotation 

speed, while the cooling rate is most influenced by tool travel speed (23). 

Upon heating above the beta transus temperature, titanium transforms into the 

high temperature BCC beta phase. The size of the BCC grains formed are most 

dependent on the maximum temperature. Depending on the chemistry, when beta 

titanium cools to room temperature it undergoes a phase change to alpha titanium. At 

slow cooling rates, the result is colony alpha, where alpha variants grow in distinct 

colonies into the prior beta grain, meeting at the center. At moderate cooling rates, 

Widmanstätten microstructures can result, characterized by patterned, needle-like 

features, where multiple alpha variants chaotically grow into the same prior beta grain 

resulting in interlinked alpha laths. The Widmanstätten and basketweave terminologies 

are often used interchangeably. In Ti-6Al-4V, the result is typically a lamellar structure 

where the lath spacing is based on the cooling rate. In general, higher cooling rates result 
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in a smaller lath spacing and higher strength. At the highest cooling rates, martensitic 

transformations can occur (24). 

For processing below the beta transus temperature, the alloy does not completely 

transform into the beta phase. Friction welding of titanium below the beta transus 

temperature has been demonstrated in the FSW literature (25). It has been noted that 

alpha processed Ti-6Al-4V has a higher strength than the rolled plate base material (22). 

At temperatures approaching the beta transus temperature, mixed microstructures can be 

produced, resulting from some areas transforming to the beta phase while other areas 

remain in the alpha phase during deformation. For high travel speeds and, therefore, high 

cooling rates, titanium can also undergo a martensitic transformation upon cooling, 

resulting in some martensite in the stir zone (26). 

Kitamura et al. (22) suggested that strain induced by the FSW process may 

stabilize the beta phase and therefore decrease the beta transus temperature. However, 

Kitamura et al. also cite a paper which refers to the stabilization of austenite in stainless 

steels in which highly strained FCC crystals prevent the movement of the glissile 

martensitic transformation front (27).  While strain may stabilize the beta phase, the 

phase transformation will typically be diffusive instead of displacive based on the cooling 

rates typical to titanium FSW, ranging from 10 ºC/s to 100 ºC/s (22). The alternative 

hypothesis is that the local elastic stress field contributes to the molar free energy of the 

alpha phase, stabilizing the beta phase (28,29). Another possibility is much simpler: there 

could be a temperature offset between the temperature measured at the thermocouple and 

the temperature in the stir zone depending on the location of the thermocouple, as has 
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been noted elsewhere in literature (30). Additionally, the beta transus temperature does 

not provide a binary effect. As shown by equilibrium simulation in Thermo-Calc ( 

Figure 1), as the temperature increases in the alpha phase, the beta phase 

increasingly becomes stable over a temperature range of almost 200 degrees under 

equilibrium conditions. 

Microstructure Characterization in FSW Titanium 

For characterizing welds resulting from FSW and FSP titanium, the resulting 

microstructures are typically divided into separate regions, in order, consisting of the base 

metal (BM), heat affected zone (HAZ), thermomechanical affected zone (TMAZ), and 

stir zone (SZ). The BM, sometimes also referred to as the baseplate (BP) is the original 

material unaffected by either heating or deformation. The HAZ is the next region at the 

extremities of the weld that consists of the material that is affected by heating and 

subsequent cooling of the BM. Next, the TMAZ consists of the BM where the 

microstructure has been changed by the simultaneous heating and deformation resulting  
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Figure 1: Alpha/Beta phase fraction in Ti-6Al-4V at temperatures approaching the beta 

transus temperature 

 

from processing. This is the region that is only partially affected by the deformation 

resulting from the process. Finally, the SZ is the region where massive plastic 

deformation takes place to the point that the originating microstructure is completely 

recrystallized. 

The most extreme extent of the affected material is the HAZ. Knipling and Fonda 

report the existence of a HAZ and separate the HAZ into two regions consisting of an 

inner HAZ and an outer HAZ in the near-alpha Ti-5111 alloy (31). These regions are 

identified by a coarsening of the interlath beta titanium from 100 nm to 150 nm in the 

base metal to 150 nm to 350 nm in the outer HAZ with the inner HAZ experiencing even 

greater coarsening to the point that small 30 nm to 90 nm secondary alpha platelets could 

be observed nucleating in the coarsened beta. It was additionally noted that the BM and 

HAZ were indistinguishable at low magnifications. 

There is some controversy or disagreement on terms regarding the existence of 

the TMAZ in friction stir welding of titanium. Zhou et al. and others claim that there is 

no distinguishable TMAZ in titanium FSW studies (25,32–34), whereas others do report 

the existence of a TMAZ (30,35,36). Knipling and Fonda go further, dividing the TMAZ 

into an inner TMAZ and outer TMAZ (31). Other literature instead uses the term 

transition zone (TZ) (20,37–39). It is suggested that, in certain alloys with a highly 

temperature dependent flow stress, a TMAZ may not always be evident, and instead, only 

a small TZ between the HAZ and SZ may be present (30). It is the author’s opinion that 

the TMAZ and TZ are equivalent, and TMAZ will be the preferred term henceforth. The 
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TMAZ is like the HAZ in that there is some coarsening of the interlath prior beta, but 

there is also a plastic deformation component that partially breaks up the BM structure 

resulting in features such as partially recrystallized microstructures and deformed BM 

lamella. The TMAZ can exhibit unique behaviors: In a study of FSP of a near-alpha 

alloy, the TMAZ was noted to have periodic banding of sub-transus and super-transus 

microstructures (31). 

It is important to note that FSW and FSP titanium typically exhibit a narrow HAZ 

and TMAZ as compared to aluminum. This disparity can be primarily attributed to the 

low thermal conductivity of titanium (on the order of 15 W/m/k at 1,000 ºC) (40,41), as 

compared to that of aluminum alloys (250 W/m/K) (36). This difference means that FSW 

and FSP titanium will have significantly sharper thermal gradients as compared to 

aluminum. 

The SZ, sometimes also referred to as the weld nugget, lies at the center of the 

weld. SZ microstructures do not retain any of the previous characteristics of the BM. 

Instead, the microstructure has been completely transformed and recrystallized. 

Depending on the processing temperature, the SZ microstructure may be lamellar 

resulting from super-transus processing, equiaxed alpha from sub-transus processing, or a 

mixture of equiaxed and lamellar resulting from processing around the beta transus 

temperature. 

A Review of Solid-State Additive Manufacturing Techniques 

While the following review is not exhaustive, it attempts to give a broad overview 

of solid-state additive manufacturing techniques. The first method uses FSW/FSP as a 

sheet lamination type method to build up layers of material. While the terminology is not 
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consistent, the method is typically referred to as friction stir additive manufacturing 

(FSAM). There are many examples in literature of this process (42–46). Additive friction 

stir processing (AFSP) modifies the process, eliminating the pin and feeding metal 

powder in front of the tool to make an additive manufacturing process (47). 

Dispensing with the non-consumable tool completely, another method of solid-

state additive manufacturing is friction surfacing, in which a rotating bar of feed material 

is pushed into and translated across a substrate. The process has been demonstrated with 

aluminum, steel, titanium, and other alloys (48–51). When used as an additive 

manufacturing technique, the process is referred to as friction surfacing additive 

manufacturing (also FSAM). 

A particularly unique solid-state additive manufacturing technique is friction 

rolling additive manufacturing (FRAM) (52,53). The process uses a horizontally rotating 

tool that rotates away from the travel direction. Material is added to the process using 

wire fed into the front of the roller. 

Another category of solid-state additive manufacturing techniques resembles 

material extrusion techniques. Hybrid metal extrusion and bonding (HYB) is a process 

that looks like FSW/FSP but uses a fluted pin that allows for the addition of feed material 

using a wire (54). There are also other processes of this type that do not employ a 

protruding tool. Friction screw extrusion additive manufacturing (FSEAM) extrudes a 

feedstock using a tapered screw (55). Another similar technology is solid stir additive 

manufacturing (SSAM) (56). Similar still is wire-based friction stir additive 

manufacturing (WFSAM) (57). The process has also been mounted on an industrial robot 

arm, with the authors noting the low normal forces required for the process (58). An 
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additional technique is additive friction extrusion deposition (AFED) which feeds a non-

rotating feedstock into a rotating die (59). Finally, there is the AFSD process. 

Additive Friction Stir Deposition 

 AFSD is a nascent metal additive manufacturing technique (1–4). It applies the 

fundamentals of FSW to an additive manufacturing process. A proprietary version of the 

process was originally patented and developed by the Aeroprobe Corporation, now 

MELD Manufacturing, located in Christiansburg, VA (60). Like FSW, AFSD is also a 

solid-state, non-fusion welding process characterized by massive plastic deformation 

induced by a rotating, non-consumable tool. However, instead of a protruding pin, AFSD 

uses a hollow tool to add feed material in the form of square cross-section bar stock. 

Previously studied deposition materials have included aluminum (61–63), 

magnesium (64–66), copper (63,67,68), steel (69–71), nickel (72,73), titanium (6–9), 

metal matrix composites (MMCs) (74), a high entropy alloy (75), and even a tantalum-

tungsten refractory alloy (76). Other research interests have included repair and cladding 

(77–79), cladding (80), effect of alloy temper (81), effect of layer thickness (82), fatigue 

behavior (83), residual stress (84), miniaturization (71), process modeling (85–88), and 

force/temperature control (9,89). 

Comparisons to FSW 

AFSD is often compared to FSW and FSP due to the similarities in how the 

technologies function, mainly through the input of heat via frictional heating from a 

rotating shoulder. Like FSW, there is no melting of the deposited material, allowing 

deposition of difficult to weld materials such as 7000 series aluminums. Heating is 

similarly accomplished via frictional heating and viscous heat dissipation. As the material 
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is deposited, massive amounts of plastic deformation break apart the natural surface 

oxide layers on the build plate, previously deposited material, as well as on the feed 

material, allowing metallic bonding to occur. 

The additive nature of the process, however, is a differentiating point that is not 

present in traditional FSW. The addition of feed material through the tool complicates the 

material flow characteristics and has been noted to create a curved interface between the 

former and latter deposited layers (90). This mean that, as compared to traditional FSW, 

the AFSD process is not as well constrained. There is a top constraint from the tool 

shoulder and a bottom constraint from the baseplate or previously deposited material; 

however, side constraints are only present in the case of parallel deposits. 

AFSD of Ti-6Al-4V 

Due to the relatively new nature of AFSD, there are few published research 

papers regarding the deposition of titanium (6–10). Miller (6) first demonstrated the 

solid-state deposition of Ti-6Al-4V using proprietary parameters with a W-La tool at a 

rate of 533 cm3/hr. It was found that the as-built titanium exhibited a fine grain size on 

the order of 1 μm resulting in a hardness of 384 HV 0.3, a YS of 1066 MPa, and a UTS 

of 1157 MPa (average values). Percent elongation was not reported. No tungsten 

contamination was found; however, Fe and Cr were reported as contamination from a 

previous stainless-steel build. 

Agrawal et al. (7) investigated the deposition of titanium using recycled metal 

chips from machining processes. The chips were compacted into a rod and used for the 

deposition process using a tungsten carbide tool resulting in a maximum deposition rate 

of 243 cm3/hr. The processing resulted in a lamellar microstructure typical of processing 
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above the beta transus temperature. The reported YS, UTS, and elongation were 1050 

MPa, 1140 MPa, and 7%, respectively. The hardness was reported to range from 325 HV 

0.5 to 335 HV 0.5 depending on the processing conditions. Additionally, tungsten 

contamination was noted in the sample with the highest traverse rate attributed to wear of 

the tool material into the build. 

Farabi et al. (8) described the deposition of wrought titanium rods for a series of 

deposition parameters. It was found that lowering the deposition temperature by changing 

the input parameters resulted in improved mechanical properties due to grain refinement 

in the high temperature beta phase. The reported microstructures were lamellar indicating 

processing above the beta transus temperature. The depositions resulted in maximum 

properties of 1010 MPa YS, 1233 MPa UTS and up to 18% elongation. The maximum 

deposition rate was 487 cm3/hr. Tungsten contamination was not reported for a 

lanthanated tungsten tool as compared to the earlier Agrawal et al. study using a tungsten 

carbide tool. However, two of the included SEM images appear to contain brightly 

contrasting particles that could potentially be high density tungsten particles. This 

conjecture is dependent on the images being taken using a backscatter detector, with the 

caveat that not enough information is given in the paper to come to a definitive 

conclusion. 

More recently, Yoder et al. (9) investigates the use of closed-loop temperature 

control for the deposition of Ti-6Al-4V using a lanthanated tungsten tool. Despite the 

emphasis of closed-loop temperature control in the publication, no temperature setpoints 

are provided, having been considered proprietary information. It was reported that the 

deposited material was fully dense and exceeded ASTM standards for forged materials as 
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given by ASTM B381 (91).The maximum properties in the build direction were given as 

948 MPa YS, 1024 MPa UTS, and 16% elongation. The maximum deposition rate 

achieved was 627 cm3/hr, and the hardness was reported to vary from 325 HV 1 to 350 

HV 1 in the deposited material. It was reported that all the deposited material exhibited a 

lamellar microstructure indicating deposition above the beta transus temperature; 

however, a band of equiaxed alpha was noted as arising from a process stoppage. It was 

theorized that deposition of titanium alloys below the beta transus may be possible. No 

tungsten contamination was reported. 

Metz et al. (10) investigated the stress-strain response in an AFSD sample of Ti-

6Al-4V printed with unknown process parameters. The samples exhibited a basketweave 

structure typical of titanium processed above the beta transus temperature. Under quasi-

static, uniaxial tensile testing, samples exhibited heterogenous stress-strain responses 

over the area of the sample as observed by digital image correlation. These differences 

were investigated using X-ray diffraction and were found to arise from preferential 

loading of the {0 0 0 1}α preferred orientation. This suggests that texture from 

thermomechanical processing conditions may contribute to heterogenous mechanical 

properties in AFSD builds. 

Raihan (5) modeled AFSD of Ti-6Al-4V using Ansys Fluent. It was found that 

the deposition temperature was most strongly linked to the rotation rate of the tool, 

mirroring prior findings in FSW and AFSD literature. Additionally, it was found that 

material flow played a large role on heat transfer in the material, contributing to an 

asymmetric temperature profile. Simulation results were not compared to experiments. 
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Tooling and Tool Wear in FSW and AFSD 

FSW, FSP, and AFSD all rely on tooling that must endure the hostile 

environments inherent to plastically flowing and deforming metal without being 

themselves consumed. The tool environment concerns are intensified in the case of high-

temperature materials such as titanium. There are several concerns for FSW tooling 

(36,92). Strength must be considered at both ambient and processing temperatures. 

Because welding may take place over extended times at elevated temperatures, stability 

of the tool material at temperature must also be considered. The tool must be chemically 

unreactive with the workpiece material. The tool must also be damage tolerant to survive 

potential transient high stresses and strains, meaning a high fracture toughness is 

desirable. These considerations often lead to the requirements of exotic tool materials for 

usage with high-temperature materials. AFSD presents an additional challenge as 

compared to FSW in that the tool also experiences tensile stresses as material is 

plasticized and pushed out of the end (76).  

Unlike FSW of steel alloys, polycrystalline cubic boron nitride (pcBN) is 

typically avoided for the use with titanium alloys due to the material’s low fracture 

toughness and concerns with titanium’s high reactivity with nitrogen. Accordingly, pcBN 

tools used for FSW of titanium result in severe tool wear (34,93). Nickel alloys have been 

used for FSW of titanium, though contamination is an issue due to intermetallic 

compounds forming in the weld resulting from an interaction between titanium and nickel 

(94–96). Cobalt alloys have also been used for FSW of titanium but exhibited high tool 

wear (97,98). Tungsten carbide (WC-Co) has also been used for FSW (99–103) and 

AFSD (7) of titanium, but again show significant tool wear. Another more exotic tool 
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material for FSW of titanium in literature was sintered titanium carbide; however, tool 

wear was not commented upon (33). Finally, iridium-based alloys have been suggested 

for FSW of titanium (104–107) despite the high cost of the element. 

For FSW of titanium and other high strength alloys such as steel, tungsten alloys 

are typically used (30,32,92,100,108–116). Tungsten-rhenium alloys are specifically 

known for their high temperature strength and low ductile to brittle transition 

temperature, but have the caveat that rhenium is an extremely expensive element addition 

(92). They have seen limited use as an AFSD tool material for an attempt at AFSD of a 

tungsten alloy (76) and a miniaturized AFSD study depositing 4140 steel (71). 

Lanthanated tungsten (W-La2O3) has been reported as a tool material of choice for FSW 

of titanium due to its resistance to adhesive/diffusive wear (109,114). It is also a preferred 

tool material for AFSD of titanium (8,9). The addition of lanthanum oxide creates an 

oxide dispersion strengthening effect that, due to the high stability of the oxide, is 

maintained at elevated temperatures. Tungsten contamination is nonetheless a possibility 

in FSW of titanium (37,111,117) and has also been noted in AFSD of Ti-6Al-4V (7). In 

titanium alloys, tungsten acts as a beta phase stabilizer. When tool wear occurs, the local 

chemistry of the alloys may be changed, potentially affecting the local microstructural 

evolution and the resulting phase fraction, again potentially affecting mechanical 

properties. This may be a particular concern, especially if fatigue loading is to be 

expected. Under fatigue loading, tungsten contaminated areas may experience possible 

strain localizations. Due to beta titanium having a lower modulus and flow stress, areas 

with an increased beta phase fraction may locally experience a greater share of the 

loading conditions and contribute to premature failure (117). 
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While the usage of tool coatings is almost ubiquitous in machining, the use of tool 

coatings for friction stir welding has not been as prevalent. Efficacy of tool coatings for 

FSW of aluminum alloys has been mixed with some authors noting improvements (118), 

while others note no significant improvements (119). Tool coating has been attempted for 

FSW of titanium; however, the use of a coating was not found to reduce tool wear 

(36,120). 

Characterization and Classification of Titanium Microstructures 

EBSD and EDS 

Two common microscopy tools for microstructure analysis are electron 

backscatter diffraction (EBSD) and energy-dispersive X-ray spectroscopy (EDS). EBSD 

is a characterization technique using backscattered electrons from a scanning electron 

microscope to determine crystallographic information in observed materials. EDS uses 

characteristic X-rays emitted from a material excited by an electron beam to determine 

the elemental composition of an analyzed material. Both EBSD and EDS can be used as 

complimentary analysis techniques to reveal information about microstructural 

orientations and features. 

EBSD has been noted to provide a pathway to characterize residual strains and 

dislocation structures in analyzed materials (121). One method is to use the pattern/image 

quality (IQ) metric from the Hough indexing process. For the Hough indexed patterns, 

the IQ metric is given based on the quality of the diffraction pattern. Kikuchi patterns 

from EBSD analysis of strained materials show a diminished pattern quality resulting 

from the crystalline lattice being deformed by dislocations or other defects. These defects 

result in a broadening of the Braggs scattering angles. For each indexed point in an EBSD 
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scan, an IQ is calculated and can be constructed into an IQ map that can be used to better 

see grain boundaries and strain in a material (122). The technique, however, is sensitive 

to grain orientations, surface topography, and even imaging conditions (121). 

Another method to characterize the dislocations and strain in a material using 

EBSD is to investigate the density of low angle (<15º) misorientations, with the idea 

being that, while individual dislocations cannot be resolved, the trends and systemic 

effects from defects can be observed in the material (121). One technique to investigate 

these trends is through the kernel average misorientation (KAM). KAM correlated well 

with geometrically necessary dislocations (GND); however, it does not fully capture 

statistically stored dislocations (SSD). This discrepancy can lead to disagreement 

between IQ and KAM measures (123). 

More recently, a sharpness index resulting from spherical indexing of Kikuchi 

patterns has been demonstrated to reveal the strain and dislocations in a material while 

being unaffected by grain orientations (124). The sharpness index is calculated based on 

the results of the spherical cross correlation indexing process. Significant advantage of 

the technique are that it is not affected by orientation, and it can capture both SSDs and 

GNDs, enabling the method to see defects in microstructures resulting from processing. 

Prior Beta Reconstruction 

Since titanium alloys have a body centered cubic high temperature phase, special 

care must be taken when interpreting the mostly hexagonal close packed room 

temperature microstructures in Ti-6Al-4V. Because there are multiple possible prior beta 

grain orientation variants due to crystal symmetry for any given transformed alpha grain, 

the prior beta orientation cannot be determined from any individual alpha grain. Instead, 
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statistical methods using orientation information from many transformed alpha grain 

orientations must be employed. Prior beta reconstruction is based on the Burgers 

orientation relation mentioned earlier. 

Prior beta reconstruction, along with general parent grain reconstruction, has been 

documented in literature abundantly (125–130). There are two main approaches: 

nucleation algorithms and graph clustering algorithms. Nucleation and growth algorithms 

begin the reconstruction process on the grain scale then iteratively repeat the process of 

incorporating new pixels based on an acceptance criterion to grow parent grains over the 

entire grain map. A graph clustering algorithm, on the other hand, considers the 

orientation relationships for every grain in the map. First, every grain is represented as a 

node in a graph with the connections to adjacent grains represented as edges. The 

connections are weighted based on the probability of fitting the expected Burger’s 

orientation relation. This probability is determined by comparing the misorientation 

between adjacent grains to the potential expected Burger’s orientation relation variants. A 

graph clustering algorithm groups grains that have a high likelihood of originating from a 

common parent grain and a parent orientation is fit to each cluster. The resulting grouped 

grains with a common parent grain are the prior beta grains. 

Manual Classification Methods 

Makiewicz (131,132) and Tiley (133) separately demonstrated that manual point 

counting can be used to characterize the microstructure using the method defined by 

ASTM E562 (134). In this method, a 10 x 10 grid is overlaid over an optical micrograph, 

giving 100 intersection points that can be manually characterized. This process is then 

repeated over all the images that will be characterized. However, the method may be time 
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consuming for analyzing large areas. As an example, for stitched images taken at 100x 

over the entire surface of an AFSD sample, the stitched image is made of a 13 x 15 grid 

of images. Using the 10 x 10 grid, for example, this results in a total of 19,500 points per 

each stitched image to be manually characterized for each of the deposition conditions. 

As an additional disadvantage, the method relies on the subjectivity of the user when 

analyzing microstructures. Tiley (133) also used a similar method to determine other 

information from microstructural features such as mean alpha lath thickness and Colony 

Scale Factor by using Photoshop to draw random lines on a binarized backscatter SEM 

image. 

Semi-Automated Image Analysis Methods 

Kelly (135) applied a semi-automated thresholding technique using backscattered 

SEM images to determine the alpha/beta phase fraction over the final layers of a laser 

directed energy deposition (L-DED) process. The process relies on a backscatter 

detector’s sensitivity to Z-contrast (atomic number contrast) along with the fact that 

aluminum and vanadium partition into the alpha and beta phases, respectively. In this 

method, a grayscale image was binarized into a black and white image based on a user-

chosen threshold value. Afterwards, the number of white pixels was divided by the total 

number of pixels to get an estimated phase fraction for the processed image. This 

technique is repeated for each image to be processed. A primary disadvantage to this 

method is that the thresholding value is manually chosen by the user, optimally for each 

image, introducing subjectivity into the method. Other disadvantages include the need for 

enough elemental partitioning present to provide imaging contrast as well as the fact that 

there may be contrast differences arising from electron channeling due to preferred 
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crystallographic orientations. Due to these issues, it was concluded that this method of 

image analysis was not sufficient to prove differences in phase fraction. 

Machine Learning Classification Methods 

Ducato et al. (136) used a Support Vector Machine (SVM) to automatically 

characterize titanium microstructures in an FSW sample. An SVM is a machine learning 

algorithm well suited to binary classification. In the paper, the SVM is used to distinguish 

the alpha and beta microstructure of the rolled plate from the alpha + beta microstructure 

resulting from FSW. For the method, each image was split into patches where, for each 

patch, texture features were extracted. The features included statistical, wavelet, Tamura, 

and edge histogram descriptors. The SVM was then trained on patches from 10 

representative images for each morphology and then tested a larger set of images. The 

SVM technique was claimed to achieve approximately 95% precision when identifying 

lamellar morphologies, however, the system was less precise in identifying rolled 

microstructures from the base metal, achieving only a claimed maximum precision of 

83% to 84%. The paper did not show the results for application to the full dataset of 150 

images. A disadvantage to the technique include potential lack of definite separation 

between microstructure morphologies. Other disadvantages include that the model 

required some amount of fine tuning to yield satisfactory results, and the model can be 

limited by the magnification of the input images. 

Additionally, the commercial software package MIPAR (137) advertises machine 

learning techniques to automatically characterize titanium microstructures and phase 

fractions. An additional potential disadvantage inherent to all machine learning models is 

the issue of overfitting, whereby a model learns on unintentional details and noise in the 
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training data set to the point that the model is limited in its ability to generalize beyond 

the training data set (138). 

Modeling and Simulation 

Modeling of engineering processes can be an important tool for better 

understanding complex real-world phenomena such as material flow and temperature 

evolution during friction stir welding of metals. Considering the opaque nature of metals 

and the harsh environment resulting from the plastic flow of metal, modeling techniques 

are necessary to make predictions within the stir zone. Of the various techniques for 

modeling FSW, physical models using tracers or material analogues, analytical models, 

and numerical methods are some techniques that have been presented. 

Simulation of Other Additive Manufacturing Processes 

Metal additive manufacturing processes deposit material in a layer-by-layer 

approach, resulting in inhomogeneous application of heat and material depending on the 

geometry and scan strategies that can result in variation of properties across a build (139–

141). Understanding of thermal and thermo-mechanical history resulting from processing 

during additive manufacturing is critical for understanding residual stress, 

microstructures, phase changes, and distortions (28,142–146). 

Plotkowski et. al. developed a semi-analytical heat transfer model that that can be 

applied to powder bed processes (147). Stump et al. further developed the code into an 

open-source simulation software, 3DThesis (148). The model was applied to a stochastic 

scan strategy to predict solidification cooling rates in a nickel alloy, successfully 

predicting differences in texture and solidification microstructure (139). 
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For larger scale metal additive manufacturing processes, Kelly and Kampe 

developed an implicit finite-difference method to model the thermal history during laser 

directed energy deposition Ti-6Al-4V (L-DED) builds (144). It was found that thermal 

cycling resulting from subsequently printed layers resulted in a characteristically 

repeating microstructure through the Z-height of the build, where heating from the most 

recently deposited layer results in microstructural changes to the previously deposited 

layer (141). 

Physical Simulation of FSW/FSP 

The conceptually simplest modeling technique for FSW is to use physical 

modeling techniques with material analogues or to input tracer particles or wires into the 

material for later observation. The first method of physical modeling is to substitute the 

deposition material with a lower strength, lower temperature material analogue such as 

plasticine, an oil-based modeling clay. Plasticine has been noted to accurately 

approximate FSW flow of metallic materials (149–151). Different colors of plasticine can 

be used to observe the material flow and the amount of mixing for various welding 

parameters. A disadvantage of the use of a material analogue is that an experiment for 

each test case must be run, usually on the same equipment used for welding of metallic 

samples. 

The second method of physical modeling is to use a physical tracer material 

placed or embedded into the weld. This tracer material may be in the form of wires, 

powder, or other markers. After welding, the displaced markers can be observed by x-ray 

or traditional metallographic techniques and the final position can be compared to the 

initial starting position. This technique has the advantage of using the same material that 
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is used in an actual weld. Using physical tracers, however, has the same disadvantage as 

material analogues in that a physical experiment must be run for each test case. 

A final method of physical simulation involves the use of a thermomechanical 

simulator such as a Gleeble (Dynamic Systems Inc., Poestenkill, NY). These machines 

can apply various heating and cooling cycles as well as stresses and strains while 

monitoring and measuring temperatures, stresses, strains, and phases changes. 

Thermomechanical simulators can be used to simulate processes such as casting, forging, 

welding, or heat treatments in a repeatable, controlled environment. Studies comparing 

FSP and hot torsion simulation of Ti-6Al-4V showed good agreement, matching resulting 

microstructures (30,152). 

FSW and AFSD 

To predict FSW and AFSD behavior, analytical methods may be applied to 

predict heat transfer and/or material flow (153–162). Due to the fully constrained nature 

of traditional FSW, analytical models are well suited for prediction of nominal welding 

conditions. Analytical methods are computationally efficient but may not fully capture 

the underlying physics due to simplifying assumptions. 

Numerical methods may also be applied. A common numerical method used for 

modeling of FSW is the finite volume method. The finite volume method divides the 

computational domain into discrete volumes and then applies conservation laws to each 

volume. Fluxes into and out of each volume are determined to evaluate flow properties at 

each point. Because fixed position volumes are used, the finite volume method is 

considered an Eulerian simulation technique. Eulerian techniques evaluate fluid flow at 

fixed points in space over time. This stands in contrast to Lagrangian techniques, which 
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evaluate the flow by tracking individual particles over time through a computation 

domain. Numerical methods can incorporate many physical considerations, but each 

addition tends to increase computational complexity. 

As compared to traditional FSW, the reduced physical constraints on material 

flow and the addition of feed material make AFSD modeling more difficult. Prior AFSD 

modeling efforts can be divided into two methods: the smoothed-particle hydrodynamics 

(SPH) method and the finite volume (FV) method. 

SPH is a Lagrangian numerical method typically used for solving CFD problems, 

where the fluid is represented as a discrete number of particles, each representing a 

volume of fluid, and tracks the motion of each particle over time and space. Properties 

and flow characteristics are determined by the summation of the properties of each 

particle around a particular location. “Smoothed” refers to the use of a smoothing kernel 

to interpolate properties from a discreet number of particles. 

In a series of papers by Stubblefield et. al., SPH is used to describe temperatures 

during the AFSD process (85,86,88). While these papers investigate strain rates and 

temperature distributions during AFSD of aluminum, they do not consider the material 

flow path during deposition. The SPH method is well-suited to parallelization on graphics 

processing units (GPUs), but typically suffers from high computational complexity. 

Another disadvantage of the SPH method is that many of the programs and software tools 

are proprietary, limiting the use of the method as compared to more accessible tools. 

The FV method is traditionally applied to numerical simulation of fluid dynamics 

problems. It offers conservation of properties, making it particularly well suited to CFD 

problems. It has the advantages of having a large body of prior work and many well-
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established software programs. Parallelization can be accomplished using domain 

decomposition. The FV method is typically implemented as an Eulerian simulation 

technique. 

Currently, there are several approaches describing FV modeling of the AFSD process. 

Kincaid used the open source FV solver OpenFOAM (87,163). Kincaid’s results show 

that, for multilayer depositions on the tested geometry, the material reaches a steady state 

by the end of the 5th layer. Raihan used ANSYS Fluent to model AFSD of titanium; 

however, limited results were shown, and the material flow path was not described (5). 

More recently, an FV model was implemented in MATLAB to investigate flow paths in 

AFSD of aluminum (164). It was found that temperatures were 75% to 80% of the 

material’s melting temperature and strain rates were on the order of 10 1/s to 100 1/s. 

Alternatively, there has been continued interest in the application of machine 

learning based methods and surrogate models to materials science problems (138). Neural 

network-based machine learning methods have previously been applied to predict 

properties in FSW aluminum and titanium (165,166). Recently, Shi et al. developed a 

physics-informed machine learning approach to predict tool and build temperature 

profiles for AFSD aluminum (167). It was found that the model was successfully able to 

predict tool and build temperatures for a new spindle speed outside of the original 

training data. 
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CHAPTER 3  

MATERIALS AND METHODS 

Additive Friction Stir Deposition 

Ti-6Al-4V (Ti: bal., Al: 6.24-6.31%, V: 3.91-4.01%, O: 0.17-0.18%, N: 0.14%, 

C: 0.024-0.026%, Fe: 0.15-0.19%, Si: 0.017-0.021%, wt. %) in the annealed condition 

was acquired as 9.45 mm (0.372 in) square rod in approximately 50.8 cm (20 in) lengths 

to be used as AFSD Feedstock (Perryman Company, USA via MELD Manufacturing, 

USA). The mill certificate compositions are given in Table 1. Both materials arrived in 

the rolled, mill-annealed condition with only slight differences in the annealing process. 

The feedstock was annealed at 760 ºC for 1 hour, while the build plates were annealed at 

780 ºC for 50 minutes. The square rod feedstock was coated with a sparse layer of spray 

graphite lubricant to assist in feeding during deposition. Additional 9.525 mm (3/8 in) 

thick Ti-6Al-4V (Ti: bal., Al: 6.30-6.33%, V: 4.00-4.11%, O: 0.165-0.171%, N: 0.004%, 

C: 0.021-0.023%, Fe: 0.15-0.19%, wt. %) rolled plate was acquired to be used as build 

plates (VSMP, Russia via TMS Titanium, USA). Initial build plates were cut to various 

sizes before being standardized to approximately a 250 mm x 100 mm (10 in x 4 in) size. 

AFSD builds were performed using a discreet-feed MELD L3 (MELD 

Manufacturing, USA) with a flat, featureless lanthanated tungsten (W-La2O3) tool with a 

diameter of 38.1 mm (1.5 in). The lanthanum oxide loading percentage is not known. All 

deposits were made using a 1.016 mm (0.040 in) layer height other than the first layer of 

each feed bar which was deposited using half the nominal layer height (0.508 mm / 0.020  
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Table 1: Material certification sheet information 

 Build Plates Feedstock 

Element Top Bottom Avg. Top Bottom Avg. 

Al 6.3 6.33 6.315 6.24 6.31 6.275 

V 4.11 4 4.055 4.01 3.91 3.96 

Fe 0.19 0.15 0.17 0.19 0.15 0.17 

C 0.023 0.021 0.022 0.026 0.024 0.025 

N 0.004 0.004 0.004 0.014 0.014 0.014 

O 0.165 0.171 0.168 0.17 0.18 0.175 

H 0.0038 0.0038 0.0038 0.0003 0.0003 0.0003 

Si - - - 0.021 0.017 0.019 

Cu - - - <0.008 <0.008 - 

Pd - - - <0.002 <0.002 - 

Y - - - <0.002 <0.002 - 

B - - - <0.002 <0.002 - 

Ru - - - <0.003 <0.003 - 

Other 0.078 0.072 0.075 - - - 
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in) and a 50% traverse and material feed rate override. Initial proof of concept builds 

used a set, open-loop, fixed tool spin velocity targeting approximately 300 rpm with a 

traverse feed rate of 4.23 mm/s (10 in/min) and a material feed rate of 1.86 mm/s (4.4 

in/min). 

Later tools came equipped with an internally embedded type K thermocouple. The 

tool-embedded thermocouple enabled the use of closed loop temperature control via 

modulating the spindle speed. A series of four builds were completed using closed loop 

temperature control with temperature setpoints of 700 ºC, 750 ºC, 800 ºC, and 850 º C for 

24 layers deposited as 4 bars with 6 layers each and a commanded deposit length of 152.4 

mm (6 in). This resulted in a wall approximately 38 mm (1.5 in) wide and 184 mm (7.25 

in) long with a height of (0.98 in). The process parameters used for each build are given 

in Table 2. All deposits were made using a back-and-forth raster pattern. 

For the closed-loop temperature-controlled builds, four type K thermocouples 

were placed in machined channels in the build plates spaced 50.8 mm (2 in) apart 

approximately in line with the longitudinal direction of the deposit and 6 mm (0.236 in) 

from the top surface of the build plate (Figure 2). The thermocouple readings were 

recorded by the machine and logged at a 1 Hz rate. The thermocouple wires were routed 

through a sealing plate mounted on the enclosure to maintain an inert build environment. 

Due to the reactivity of titanium, all builds took place in a custom fabricated 

enclosure (Figure 3) made of Stretchlon 800 vacuum bagging film backfilled with 

welding-grade argon (Airgas, USA). All materials needed for each build were pre-staged  
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Table 2: PID Temperature Control Process Parameters 

Tool Temperature Setpoint Traverse Feed Rate Material Feed Rate 

ºC mm/s in/min mm/s in/min 

700 2.12 5.00 0.93 2.20 

750 2.54 6.00 1.12 2.64 

800 3.39 8.00 1.49 3.52 

850 4.23 10.00 1.86 4.40 

 

 

 

 

Figure 2: Build plate thermocouple locations 
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Figure 3: Inert Environment Enclosure 
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in the enclosure to eliminate the need to open the enclosure during bar reloads. Material 

feed reloads were accomplished using gloves built into the enclosure in a glovebox type 

arrangement. Therefore, an inert environment was maintained over the course of the 

build, including during cooling. 

In-Situ Data Collection 

Machine Data Logging 

The MELD L3 machine logged information during deposition and saved the 

resulting data in a .csv file. The .csv file logged the date, time, spin velocity, spin torque, 

spin power, feed velocity, feed position, feed torque, actuator force, feed rate override 

multiplier, path velocity, XYZ position, XYZ velocity, XYZ torque, oxygen content in 

the build chamber, tool thermocouple temperature, and the four build plate type-K 

thermocouple inputs at a 1 Hz logging rate. The resulting data was plotted using 

Matplotlib (168) and Python. 

Infrared Thermography 

A FLIR A70 thermal camera was used to collect infrared thermography during 

each build. The camera was placed approximately 0.2 m (8 in) from the build, 

perpendicular to the tool travel direction, allowing the camera to monitor the entire side 

profile of the build as well as the tool temperature. The placement is detailed in Figure 4. 

The data was logged at a 30 Hz rate. The spectral sensitivity range of the camera is listed 

as 7.5-14-microns, meaning it is a long-wave infrared camera. The temperature vs time  
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Figure 4: IR Thermography Setup 
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data during deposition was recorded using the factory calibration assuming an emissivity 

of 0.95. 

Metallography 

Samples were sectioned normal to the travel direction using a wire EDM. The 

sectioned samples were mounted in a 50mm puck using Buehler KonductoMet, a 

conductive, hot mount phenolic resin, in a Buehler SimpliMet 3000 Automatic Mounting 

Press. Care was taken to ensure the samples were mounted with respect to the final layer 

traverse direction being into the sample. The samples were then ground on a Buehler 

AutoMet 300 Pro with progressively finer grits of Struer’s SiC grinding foil from FEPA 

P #320 until plane and the EDM recast layer was removed. Then ground further up to at 

least a #2,000 grit for one minute per step at 20N individual force. Samples were visually 

inspected and touched up via hand polishing as needed at each step to ensure planeness 

across the entire surface and that no deep scratches remained from previous grinding 

steps. Following this, the samples underwent attack polishing using a 

chemical/mechanical polish mixture (96% 0.05-micron colloidal silica, 2% hydrogen 

peroxide (30%), 2% ammonium hydroxide (25%)) for at least 30 minutes until no visible 

scratches remained at 40N individual force using a Struer’s MD-Chem polishing pad. 

Optionally for EBSD, some samples underwent a final polish using 0.05-micron colloidal 

silica on a VibraMet2 for at least 6 hours to minimize surface deformation, however, this 

step was later found to be unnecessary after the chemical/mechanical polishing step. All 

samples were rinsed in tap water and cleaned with a neutral detergent on a cotton ball and 

additional tap water. The cleaning steps were followed by an ethanol rinse before being 

gently dried with compressed air to prevent the formation of water spots. 
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Etching to reveal the microstructure for optical microscopy was conducted on 

freshly polished samples in a PTFE beaker using a solution of Kroll’s reagent (ES 

Laboratory, LLC, USA) as defined by ASTM E407 #192 (169) for approximately 5-10 

seconds until the microstructure was revealed. This step was immediately followed by 

immersion in DI water. Afterwards, the samples were rinsed with tap water and again 

with methanol then gently dried with compressed air. 

Optical microscopy was performed on the etched samples using a Keyence VHX 

7000. Images were taken up to 1,000x magnification. To create the large area 

micrographs, the microscope was commanded to take tiled grid images across the entire 

surface of the sample. Individual images were stitched into mosaics for each build 

condition using FIJI’s image stitching plugin (170,171) after undergoing a pseudo-flat 

field de-vignetting procedure (172). Additional images were taken using the Keyence 

Optical Shadow Effect Mode to provide enhanced contrast via compositing multiple 

images taken with varying light angles. 

Backscattered scanning electron microscope images were taken using a Zeiss 

Gemini 450 FE-SEM. The use of the BSE detector allowed for imaging by element Z-

contrast to reveal compositional differences. Additional, large-scale BSE montage 

imaging scans were conducted on the 700 ºC and 850 ºC temperature setpoints to gather 

information on the tungsten contamination distribution for the lowest and highest 

temperature deposition conditions. The montage images were CLAHE filtered and 

denoised to better see the tungsten contamination distributions. 
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Identification of Microstructures 

Image analysis was performed on the 500x magnification montage optical images 

of a tensile bar from each temperature setpoint condition in the polished and etched 

condition to characterize the microstructure over the area of the tensile bars. An approach 

was developed to characterize the microstructures in an automated fashion over the entire 

montaged optical images. An unsupervised machine learning approach was developed 

using Python and Scikit-learn (173). Multiple methods, including Gaussian mixture 

modeling and K-means clustering among others, were tested; however, the best results, 

based on a manual characterization of selected areas, resulted from an agglomerative 

clustering approach to group analyzed areas of the microstructure based on a set of 

selected image features. 

The montage input images were converted to grayscale and normalized using the 

OpenCV library in Python. For image features, a gray level co-occurrence matrix 

(GLCM) was calculated in patches for the montage images using the scikit-image library. 

A GLCM measures an image’s texture, where texture, in this case, refers to the spatial 

arrangement of grayscale values in the image and not crystallographic texture. For a 

given pixel, statistics are calculated for adjacent grayscale pixels horizontally, vertically, 

and diagonally. It was found that the GLCM Correlation and Dissimilarity/Homogeneity 

measures produced distinct groupings between the equiaxed and lamellar microstructure 

morphologies for a test image, as seen in Figure 5. Correlation in the context of a GLCM 

is a measure of the linear dependency of gray levels. Dissimilarity is a measure of the 

variation of gray levels between pixel pairs. Homogeneity measures the distribution of 

elements in the GLCM to the GLCM diagonal. The GLCM matrix was calculated for 
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500x magnification montage images of the ND-LD tensile bars in a 150 pixel by 150 

pixel kernel. The 150 pixel by 150 pixel kernel was chosen as a good compromise among 

RAM usage, processing time, and accurate unsupervised labeling. The image feature 

matrix was then used as an input for the agglomerative clustering algorithm from the 

scikit-learn library with a user defined 3 clusters. The results were plotted using Python 

and matplotlib. 

Electron Backscatter Diffraction 

Orientation Imaging Microscopy (OIM) was performed on cross sectioned 

samples in the transverse-normal plane using Electron Backscatter Diffraction (EBSD). A 

Thermo Scientific Helios 5 DualBeam FE-SEM was paired with an EDAX Velocity Pro 

EBSD detector to capture orientation information in the as deposited microstructure. The 

data was collected at an accelerating voltage of 20 kV and a probe current of 52 nA to 

100 nA at a 70º sample tilt, a 10º detector tilt, and approximately a 10 mm working 

distance. The open-loop EBSD patterns were Hough indexed in EDAX APEX software. 

The closed-loop AFSD EBSD patterns was spherically indexed using EmSphInx at a 

bandwidth of 158 (174). Both the HCP alpha phase and BCC beta phase were indexed for  

each method. Note that Hough indexed EBSD pattern quality maps use the image quality 

metric, while the spherically indexed EBSD pattern quality maps use the sharpness index. 

The acquisition of simultaneous EDS data was attempted; however, high X-Ray 

counts resulting from using high probe currents exceeded the maximum count rate limits 

of the detector, resulting in the detector being automatically retracted by the software. 
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Figure 5: GLCM for microstructure classification 
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Prior Beta Reconstruction 

A graph clustering algorithm implemented in the MATLAB toolbox MTEX was 

employed for prior beta reconstruction (127). First, alpha grain boundaries were 

calculated using a 1.5-degree threshold to limit the chance of alpha grains that originate 

from different prior beta grains being erroneously grouped into the same grain. A graph 

was then calculated for the entire map with a misorientation threshold of 1.4 degrees and 

a tolerance of 2 degrees. The clustering algorithm was then applied with three iterations 

to maximize the quality of the reconstruction and the number of successfully 

reconstructed grains. Finally, parent grains were calculated based on the likelihood of 

sharing a common parent beta grain with a minimum probability criterion of 50%. 

X-Ray Diffraction 

X-ray diffraction (XRD) was conducted with a Malvern Panalytical Empyrean 

with a 240 mm goniometer using a CuKα1 X-ray source at 45 kV / 40 mA to investigate 

the effects of oxidation resulting from deposition in an imperfect inert environment. Two 

samples were measured, with one exhibiting a shiny, metallic gray surface finish, while 

the second sample showed a blue/purple color, indicating surface oxidation (Figure 6).  

XRD was used to determine the resulting phase fractions at the top surface of the 

deposited material for both samples. Due to issues with collecting data on the as-built 

onion-skin surface finish, parallel beam optics XRD analysis was employed using a Xe 

proportional detector to mitigate errors associated with sample alignment and surface 

finish. 
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Figure 6: Oxidized (#2) and Unoxidized (#1) Samples 
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Additional XRD was conducted on polished cross-sections in the transverse-

normal plane (TD-ND) as well as a polished cross section sample of the feedstock. The 

experimental setup is shown in Figure 7. Due to the use of a polished cross-section, 

parallel beam XRD was not required, and a PIXcel3D detector was used. The 

measurement area was 4 mm in the transverse direction (TD) of the sample/equatorial 

axis of the diffractometer by 20 mm in the normal direction (ND) of the sample/axial 

direction of the diffractometer. The measurements were centered in the middle of sample 

and oriented to capture diffraction data over multiple layers and deposited bars of the 

build. The goniometer was scanned over the range of approximately 30 degrees to 140 

degrees 2-theta. The instrument resolution function was determined from NIST SRM 

640e (Si) using the fundamental parameters approach. Rietveld refinements were 

performed in TOPAS v7. The results were plotted using Matplotlib (168) and Python. 

Mechanical Testing 

Microhardness 

Microhardness testing was performed on the mounted and polished samples using a 

LECO AMH55 Automatic Hardness Tester with a LM110 Series Vickers indenter as 

according to ASTM E384 (175). A total of 10,000 indents for each sample were made in 

a 100 x 100 grid with a 250-micron spacing, a 1.961 N (200 gf) force, and a 10 second 

dwell time. Average indent diagonals were on the order of 30 microns, meaning the 

spacing exceeds the 2.5x indent diagonal requirement to ensure data quality. The 

microhardness measurements for the feedstock were made in a 25 x 40 grid while 

maintaining the same 250-micron spacing, 1.961 N (200 gf) force, and 10 second dwell   
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Figure 7: XRD experimental setup 

  



 

51 

 

time. For all samples, the resulting indents were automatically measured with a 50x 

objective, refocusing at every indent, because it was found that periodic refocusing 

introduced measurement artifacts. The resulting hardness data was plotted using 

Matplotlib (168) and Python. 

Quasi-Static Tensile Testing 

Tensile bars were extracted using electric discharge machining on a Mitsubishi 

MV2400 EDM using the steel machining setting as recommended by the user manual. A 

sub-size tensile bar geometry (Figure 8) was chosen to ensure that the gage section 

would consist entirely of deposited material for the Z-direction samples. Note that this 

tensile geometry is smaller than the ASTM E8 defined sub-size tensile geometry. 

Additional material was included on one end of the tensile bar to facilitate EDM cutting. 

Samples were extracted in the weld (travel/longitudinal) direction (LD-TD), transverse 

direction (TD-LD), and normal (build) directions (ND-LD). The naming convention is 

that the first direction represents the long axis of the tensile bar, and the second direction 

is the second axis making the plane of the flat surface of the tensile bar. 

For the in-plane samples (LD-TD and TD-LD), the sample are numbered starting 

from the top of the build height, i.e. the top extracted sample is numbered one. For the 

normal direction samples (LD-TD), the samples are numbered starting from the final 

layer retreating side. The normal direction samples were extracted in locations including 

the flash, meaning that some of the samples did not have full bonding in the flash regions. 
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Figure 8: Subscale Tensile Bar Geometry 
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Sample numbering for these samples started and ended at the first and last samples that 

remained whole after the EDM extraction process. In the build direction, a total of 27 

tensile bars were extracted from the 700 ºC temperature setpoint while 26 tensile bars 

were extracted from the 750 ºC, 800 ºC, and 850 ºC temperature setpoints. 

The layout of the sample extraction was planned so that the gage volumes would 

not be near the turnaround locations and would instead be closer to the center of the 

deposit to avoid the effects of thermo-mechanical transients at the extremes of the 

deposit. The sample layout is given in Figure 9. The samples were extracted using only a 

single pass of the EDM with no finishing passes. Sample width, thickness, and total 

length were measured with calipers for each sample. A matte black speckle pattern was 

then applied over a matte white base coat using an airbrush. Samples were tested in the 

as-built condition. No other surface preparation was performed. 

Quasi-static, room-temperature tensile testing was performed on a servo-hydraulic 

MTS 858 Table Top System with a calibrated 25 kN load cell using a constant crosshead 

speed (displacement control) of 0.1238 mm/min (0.004875 in/min) to achieve a 0.0158 

/min strain rate as according to ASTM E8 (176). The samples were tested until fracture at 

a sampling rate of 10 Hz. The samples were placed into an aligned shoulder grip fixture. 

The fixture was gripped by hydraulic wedge grips. Sample preload was manually zeroed 

as needed by moving the crosshead. A black speckle pattern was applied over a white 

base coat using an airbrush to facilitate 3D digital image correlation (3D-DIC) using a 

two-camera setup. Images of the speckle pattern were acquired at a frequency of 5 Hz, 

and the resulting images were processed using VIC-3D v8 (Correlated Solutions, USA). 
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Figure 9: Tensile Bar and Microscopy Sample Extraction Locations 
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Prior to testing, the DIC software was calibrated using a calibration target. Strain was 

measured both locally at the failure location using 3D-DIC and over the full gage section 

using a virtual extensometer. Stress data was correlated to DIC data via timestamp and 

interpolation with a MATLAB script. 

Chemical Analysis 

Bulk Chemical Analysis 

EAG Laboratories (Liverpool, NY) was used to analyze the bulk oxygen and 

nitrogen content in the samples. The testing was conducted in accordance with ASTM 

E1409 (177). The oxygen content was measured using the inert gas fusion non-dispersive 

infrared detection method. The nitrogen content was measured by inert gas fusion 

thermal conductivity detection. A total of five samples were analyzed at 700 ºC, 750 ºC, 

800 ºC, 850 ºC, and feedstock. The submitted sample size was on the order of 2 g of 

material, corresponding to the equivalent of approximately a 5 mm – 7.5 mm cube. It was 

reported by EAG that the samples were run in replicates of 3-5 and reported as the 

average to two significant figures. These samples were extracted via EDM at the same 

time as the tensile specimens to ensure the measurements are being taken at the same 

place in all the builds and each sample consisted of multiple layers worth of deposited 

material. This bulk analysis was intended to show how much oxygen and nitrogen was 

taken into the sample as an average across multiple layers. 

Energy Dispersive X-Ray Spectroscopy 

Energy dispersive X-ray spectrometry (EDS) is a chemical analysis technique that 

uses excited X-rays from the interaction of an electron beam on a material inside an 

SEM. A Zeiss Gemini 400 FE-SEM was used with a Bruker XFlash 6|60 ex EDS detector 



 

56 

 

to perform both qualitative and standardless Phi(Rho-Z) quantitative EDS with an 

accelerating voltage of 15 kV and a probe current of 20 nA. The results were processed in 

the Bruker Espirit software. 

Electron Microprobe Analysis 

Wavelength dispersive spectrometry (WDS) is a similar method to EDS that has 

an improved peak-to-background ratio better enabling detection of low atomic weight 

and trace elements. It is hypothesized that WDS can be used to investigate the dark 

etching bands of equiaxed alpha near the top surface of the titanium samples to determine 

if the change in microstructure can be attributed to oxygen contamination. An attempt at 

WDS was undertaken using a Zeiss EVO SEM equipped with a EDAX WDS detector; 

however, the tungsten filament microscope had difficulty achieving the required 

resolution to discern microstructural features. Instead, WDS was done using a JEOL 

8200/8500 electron microprobe equipped with five tunable WDS detectors at Oak Ridge 

National Lab. For this experiment, a 200-micron line scan was conducted across a band 

of equiaxed alpha. The line scan was conducted with a 1 micron spacing between 

sampled points. 

The microprobe data was collected at an accelerating voltage of 15 keV and a 

beam current of 50 nA. The take-off angle for the instrument was 40 degrees. The 

elements investigated were Al, Ti, V, W, O, C, and N. Detection limits ranged from 

0.007 wt. % for V to 0.680 wt. % for O. An additional 12 randomly distributed 

measurements were taken in a reference sample of sectioned and polished feedstock. 



 

57 

 

CHAPTER 4  

EXPERIMENTAL RESULTS 

Closed Loop AFSD Builds 

Using a type-K thermocouple equipped, lanthanated tungsten tool, a series of 

temperature-controlled depositions were conducted. These depositions were conducted at 

temperature setpoints of 700º C, 750º C, 800º C, and 850º C. All depositions were made 

using the same tool in order of decreasing temperature. It was observed that as the 

deposition temperature decreased, the visual appearance of the as-built samples 

progressively transitioned from a dull light straw color to a shiny metallic silver (Figure 

10). 

In-Situ Data Collection 

Machine Data Logging 

For the closed-loop temperature-controlled samples, the mean tool temperature as 

measured by the tool thermocouple very closely matched the commanded temperature 

setpoint. The mean tool temperature and standard deviation are given in Table 3. There is 

a slight trend of increasing tool temperature standard deviation with increasing 

temperature setpoint, however, this is likely explained by the difference in traverse speed 

for the different build conditions. The lower temperature setpoint conditions, having a 

lower traverse velocity, give more time for the PID loop to maintain temperature after the 

disruptions induced by layer changes. 

The oxygen content inside the enclosure was measured using an oxygen sensor 

build into the machine located near the tool. The mean and accompanying standard 
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Figure 10: Closed-Loop Temperature Controlled Builds 

 

 

Table 3: Closed-loop temperature control setpoint, mean, and standard deviation 

PID Temperature Setpoint [ºC] 700 750 800 850 

Mean Tool Temperature [ºC] 700.22 750.57 801.36 851.72 

Tool Temperature Std. Dev. [ºC] 14.492 17.401 20.938 19.713 
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deviation for the oxygen content in the chamber are given in Table 4. While the 

enclosure remained sealed during deposition and material reload events there was some 

residual oxygen in the enclosure during the AFSD process. Average oxygen 

concentrations during all builds was 0.6% though there was some variation in the 

standard deviation of the oxygen content during the different builds. Particularly, the 850 

ºC temperature setpoint had the highest standard deviation in the oxygen measurements at 

0.3 %. 

The measured tool and build plate thermocouple temperatures are shown in 

Figure 11. It can be again seen that the PID temperature control loop was able to 

maintain the desired temperatures during deposition. There are peaks that correspond to 

the start of each of the 6 layers per bar that then settle back towards the temperature 

setpoint with some ringing. Note that the build times for each deposited bar increase with 

decreasing temperature due to the differences in build parameters. 

A look at the spindle power in Figure 12 (a) shows that the spindle power 

converges about a single point for each of the deposition temperatures. A similar trend is 

seen in Figure 12 (b) for the spindle velocity. Interestingly, it was found that actuator 

force was not strongly correlated to the tool temperature as seen in Figure 13. This may 

indicate that deformation in the bar inside the tool and deformation in the stir zone below.  

Infrared Thermography 

Analysis of machine log files and infrared thermography for the closed-loop 

temperature-controlled builds was performed to measure the tool temperatures and to 
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Table 4: Measured oxygen content in the enclosure during AFSD 

PID Temperature Setpoint [ºC] 700 750 800 850 

Mean O2 [%] 0.6 0.6 0.6 0.6 

O2 Std. Dev. [%] 0.2 0.1 0.2 0.3 

 

 

 

 

Figure 11: Measured (a) tool thermocouple and (b) build plate thermocouples for all temperature setpoints 

 

 

 

Figure 12: Tool temperature as a function of (a) spindle power and (b) spindle velocity 
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Figure 13: Tool temperature vs. material feed actuator force 
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investigate thermal cycling in the material over the deposition of multiple layers. 

For the investigation of the temperatures recorded by the tool-embedded thermocouple, 

the measured temperatures were compared to the temperatures as monitored by IR 

thermography. The results for the 700 ºC AFSD build for the first deposited bar of 

material are given in Figure 14. While the trends align, there is an increasing temperature 

mismatch between the two readings as the build progresses through the six printed layers. 

By the end of the sixth printed layer, the maximum measured temperature by the IR 

camera is approaching 750 ºC, a full 50 ºC higher than the temperature as measured by 

the tool thermocouple. This finding may be of particular significance for comparing 

results of different methods of closed-loop temperature control of AFSD titanium, such 

as in Yoder et al. (9). 

Metallography 

Closed-Loop Temperature-Controlled Builds 

A montage image of the Kroll’s reagent etched cross-section for the closed-loop 

temperature-controlled builds is presented in Figure 15. Observation of the micrographs 

shows contrasting light and dark etching regions that appear to be in a layered pattern. 

This pattern is consistent with many additive manufacturing processes. A comparison of 

the montage images for each temperature setpoint reveals some differences between the 

processing conditions. The highest temperature setpoints, 850 ºC, appears to have larger 

areas of light and dark etching with some smaller variation in the dark etching regions. 

The 800 ºC temperature setpoint also has some of the same large areas of light and dark 
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Figure 14: IR vs. tool thermocouple for 700 ºC build, feed bar #1 
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Figure 15: Closed Loop AFSD Ti-6Al-4V Builds at a) 700 ºC, b) 750 ºC, c) 800 ºC, and d) 850 ºC 
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etching however, they are smaller as compared to the 850 ºC build. While the 700 ºC and 

750 ºC temperature setpoints show some light etching areas, they are predominantly 

darker etching. 

In the case of the 850 ºC temperature setpoint, the microstructure can be divided 

into four distinct regions in a characteristic repeating pattern of etching contrast. It is 

worth noting that all the builds were completed using four bars of material with cooling 

of the builds between reloads. The 800 ºC build also exhibits a similar repeating pattern 

of etching, however, it is less pronounced that the 850 ºC case. Upon close observation, 

there is a darkly etching swirl visible in the final deposited layers of each sample. The 

build plate of all the deposition conditions shows a rolled, mill annealed microstructure. 

Beyond the large-scale etched montages, the AFSD Ti-6Al-4V builds were 

examined optically at high resolution. In the 700 ºC temperature setpoint, the  

microstructure in the stir zone is completely equiaxed alpha as seen in Figure 16. There 

are no other microstructure morphologies seen in the top region of the final layer stir 

zone. The diameter of the equiaxed alpha grains are on the order of 1 micron. 

Increasing to the 750 ºC temperature setpoint, the microstructure is a mixture of lamellar 

and equiaxed alpha. The final layer center stir zone microstructure is shown in Figure 17. 

From the visible grain boundary alpha, the prior beta grain boundaries are small, on the 

order of 10 microns diameter. It was also observed that different areas of the lamellar 

microstructure exhibited different etching characteristics. 
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Figure 16: 700 ºC sample final layer center stir zone 
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Figure 17: 750 ºC sample final layer center stir zone 
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The 800 ºC temperature setpoint yields a mixed microstructure also consisting of 

lamellar and equiaxed alpha. The 800 ºC temperature setpoint final layer stir zone 

microstructure is given in Figure 18. Additionally, the lamellar areas show morphologies 

of both basketweave and colony alpha. The prior beta grain size is slightly larger than the 

750 ºC temperature setpoint. The different etching characteristics visible in the 750 ºC 

sample are not as strongly observed. Like the 750 ºC temperature setpoint, both equiaxed 

and lamellar morphologies are present. The microstructure appears to have a greater 

fraction of lamellar morphologies as compared to equiaxed alpha. 

The 850 ºC temperature setpoint exhibits a fully lamellar microstructure 

consisting of grain boundary alpha decorating the prior beta grain boundaries, as seen in 

Figure 19. There are some regions with distinct colonies of alpha laths, however, most of 

the prior beta grains display interweaving alpha laths characteristic of a basketweave 

microstructure. The prior beta grain size is again larger than both the 750 ºC and 800 ºC 

temperature setpoints. This microstructure does not show any equiaxed alpha. 

Identification of Microstructures 

Agglomerative Clustering Approach 

An unsupervised machine learning approach using agglomerative clustering of 

GLCM image texture features was used to characterize the microstructures in the 

polished and etched ND-LD tensile bars using 500x montage images. The results of this 

approach can be seen in Figure 20. The agglomerative clustering approach can 

distinguish the lamellar microstructure morphology from the equiaxed alpha morphology 

as well as from the image background. 
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Figure 18: 800 ºC sample final layer center stir zone 

 

 

 

Figure 19: 850 ºC sample final layer center stir zone 
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Figure 20: Agglomerative clustering results on polished and etched tensile bar 500x montage image for (a) 

700 ºC, (a) 750 ºC, (a) 800 ºC, (a) 850 ºC temperature setpoints 
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In all the polished and etched tensile bar images, it can be observed that there are 

microstructural banding between equiaxed and lamellar morphologies. In some of the 

tensile bars, there are additionally smaller bands of equiaxed microstructure as seen in 

Figure 21. 

While the agglomerative clustering approach does capture most of the 

microstructure morphology changes in the polished and etched tensile bars, there are 

some incorrectly identified areas. In the 750 ºC tensile bar montage images, the top row 

of images was slightly out of focus, causing those areas to be incorrectly identified as the 

background. Additionally, in the 850 ºC tensile bar, portions of the lamellar region were 

also incorrectly identified as the background. Image stitching artifacts also appears to 

affect the microstructure characterization in some cases like the 750 ºC tensile bar 

montage image. 

The percentages of the microstructure morphology between lamellar and equiaxed 

derived from the agglomerative clustering approach are given in Table 5. Based on these 

results, there is a roughly increasing trend in the percentage of lamellar microstructure 

morphology with increasing temperature setpoint ranging from 10.8 % for the 700 ºC 

temperature setpoint to 58.6% for the 850 ºC temperature setpoint, though the 750 º and 

800 ºC intermediate temperature setpoints have roughly similar lamellar fractions of 43.1 

% and 36.9 %. 

Electron Backscatter Diffraction 

Closed-Loop Builds 

EBSD results for the top layer center stir zones are shown in Figure 22. The EBSD scans 

were taken in similar areas. The 700 ºC deposition temperature shows a completely 
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Figure 21: 800 ºC polished and etched tensile bar selected area (axes are given in pixels) 
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Table 5: Microstructure characterization of polished and etched tensile bars 

 700 ºC 750 ºC 800 ºC 850 ºC 

 # Patches % # Patches % # Patches % # Patches % 

Lamellar 1698 10.8% 6231 43.1% 5883 36.9% 9130 58.6% 

Equiaxed 14008 89.2% 8210 56.9% 10076 63.1% 6446 41.4% 

Background 4326 - 6880 - 4265 - 4684 - 
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Figure 22: Final layer center stir zone alpha Ti IPFs for (a) 700 ºC, (b) 750 ºC, (c) 800 ºC, and (d) 850 ºC 

temperature setpoint builds 
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equiaxed microstructure. The grain size is on the order of 1 μm as shown in Figure 23. 

The 750 ºC and 800 ºC show a mixture of alpha colonies with some spheroidization. The 

850 ºC temperature setpoint shows a lamellar microstructure with different alpha variants 

intersecting. It appears that the scale of the microstructure is increasing with increasing 

deposition temperature setpoint. 

Prior Beta Reconstruction 

Most of the transformed alpha grains are within a few degrees of the expected 

Burgers orientation relation (Figure 24). While the disorientation distribution is likely 

skewed due to local plastic deformation during the phase transformation, the sharp 

concentration of disorientations around the Burgers orientation relation shows that the 

Burgers orientation relation holds during cooling following AFSD of alpha-beta titanium. 

While most of the transformed grains match the expected Burgers orientation relation 

(Figure 24), there are some grains that have large misorientations. There are two sources 

for these grains with large misorientations from the expected relation: the grains could be 

grain boundary alpha that was outcompeted in the growth phase by other nucleation sites, 

or the grains could also be equiaxed alpha that did not completely transform to the beta 

phase during processing, leaving behind alpha grains that do not have the expected 

orientation relation to the other transformed alpha grains. It is hypothesized that, among 

the grains not mapped to a parent beta grain, the unmapped alpha grains correspond to 

spheroidized alpha resulting from deformation in the alpha + beta phase field.  
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Figure 23: 700 ºC center top layer stir zone grain area as a function of total area 

 

 

Figure 24: Disorientation histogram between transformed grain misorientations and the Burgers OR 

  



 

77 

 

X-Ray Diffraction 

Based on EBSD results that indicate some amount of equiaxed alpha at layer 

boundaries, it was hypothesized that oxygen contamination may be locally stabilizing the 

alpha phase. X-ray diffraction analysis was used to investigate the effects of oxidation on 

the alpha/beta phase fractions at the surface of the deposit. Two as-printed samples were 

analyzed to investigate this oxidation. The first sample displayed a unoxidized metallic 

gray surface while the second sample showed a blue and purple surface characteristic of 

oxidation The initial results have been difficult to analyze due to systemic error 

introduced from surface effects. This experiment was therefore repeated using parallel-

beam X-ray diffraction analysis to limit sources of error arising from surface finish and 

sample displacement issues. The results are given in Figure 25. It was shown that the 

rutile and anatase phases were present in the oxidized surfaces. 

In addition to the oxidized and unoxidized top surfaces, XRD analysis of the 

polished cross sections was used to yield information for the bulk printed samples as 

averaged over approximately 20 layers. The Rietveld refinements are given in Figure 26 

through Figure 30. 

It was found that the alpha/beta fraction is similar in all process conditions, with the as-

printed material having a higher beta fraction than the annealed feedstock. The values are 

given in Table 6 and are plotted as a function of deposition temperature in Figure 31. 

The change in cell volume suggests possible differences in solute segregation in 

alpha and beta Ti processed at different temperature setpoints. Particularly the increase in 

cell volume in the intermediate temperature setpoints of 750 ºC and 800 ºC may suggest  
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Figure 25: XRD of as printed unoxidized and oxidized top surfaces 

 

 

 

Figure 26: XRD Rietveld refinement for the Ti-6Al-4V feedstoclk 

 



 

79 

 

 

Figure 27: XRD Rietveld refinement for the 700 ºC build 

 

 

Figure 28: XRD Rietveld refinement for the 750 ºC build 
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Figure 29: XRD Rietveld refinement for the 800 ºC build 

 

 

Figure 30: XRD Rietveld refinement for the 850 ºC build 
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Table 6: XRD alpha/beta wt. % fraction 

 Alpha [wt. %] Beta [wt. %] 

Feedstock 93.75 +/- 0.34 6.25 +/- 0.34 

700 ºC 92.13 +/- 0.20 7.87 +/- 0.20 

750 ºC 91.85 +/- 0.24 8.15 +/- 0.24 

800 ºC 92.20 +/- 0.17 7.80 +/- 0.17 

850 ºC 92.27 +/- 0.22 7.73 +/- 0.22 

 

 

 

Figure 31: Phase fractions in wt. % for the (a) alpha and (b) beta phases as a function of deposition 

temperature. The feedstock is plotted in red 

 

 

 

 

 

 

 



 

82 

 

that other forms of recrystallization may be at play as compared to the more extreme 

temperature settings. Cell volume for the alpha and beta phases as a function of 

temperature are plotted in Figure 32. The microstrain broadening, shown in Figure 33, in 

the two phases varies inversely, suggesting that plasticity and recovery of the two phases 

differs under the different target AFSD temperatures. It should be noted, however, that 

there are many different factors that can influence peak broadening, making definite 

interpretation of the XRD results difficult (178). 

The texture index for both the alpha and beta phase are shown as a function of 

deposition temperature in Figure 34. XRD reveals that the alpha texture index for the as 

printed samples is low as 1.0147+/-0.0007 compared to the rolled feedstock value of 

1.172+/-0.005. The beta texture index is similarly lower than the feedstock, having a 

minimum value of 1.059+/-0.008 as compared to 1.159+/-0.028. A random orientation 

distribution is expressed as a value of J=1, whereas a single crystal would have a texture 

index of infinity. These values indicate that, over a measurement of multiple layers, the 

as-printed microstructure is less textured than the rolled, mill annealed feedstock. 

While tungsten inclusions have been observed in all deposition temperatures, the 

presence of BCC tungsten peaks in the XRD was not apparent. Additionally, though trace 

oxide phases were observed in the XRD of the discolored oxidized top surface, trace 

oxide phases were also not visible in the XRD study of the polished cross-sections 

encompassing multiple printed layers. 
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Figure 32: Cell volume for the (a) alpha and (b) beta phases as a function of deposition temperature. The 

feedstock is plotted in red 

 

 

 

Figure 33: Microstrain for the (a) alpha and (b) beta phases as a function of deposition temperature. The 

feedstock is plotted in red 
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Figure 34: Texture index for the (a) alpha and (b) beta phases as a function of deposition temperature. The 

feedstock is plotted in red 
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Mechanical Testing 

Microhardness Testing 

Microhardness testing reveals heterogenous hardness properties in all the tested 

build conditions, as apparent by a clearly visible banded structure. These results are 

plotted in Figure 35. It appears that there are hardness variations at the layer scale (1mm) 

for the 700 ºC, 750 ºC, and 800 ºC parameter sets. Additionally, this layer scale variation 

appears to become less distinct as the temperature setpoint increases, to the point that 

layer scale variation is not apparent for the 850 ºC build. In effect, the hardness plots 

become “noisier” as the temperature setpoint increases. There is also a longer-range 

heterogeneity on the order of 5mm. This longer-range heterogeneity is on roughly the 

same scale as the number of layers printed for each discrete feed bar of material. This 

suggests that there are heterogeneities that may result from the layer-by-layer printing 

process as well as from bar reload events. 

The feedstock hardness plot is given in Figure 36 with the same scaling factor as 

the AFSD samples. There are vertical striations in the plot that appear to be related to the 

rolled mill-annealed microstructure of the feedstock. 

As according to ASTM E384, the mean, standard deviation, 95% confidence 

interval, minimum, and maximum values are reported in Table 7 (175). Interestingly, the 

mean hardness for every build parameter set inclusive of the feedstock is within 2 HV 

0.2. This shows that, despite the drastic variation in microstructures from equiaxed alpha 

to lamellar, on average, there appears to be very little effect from the morphology of the 

microstructure on microhardness. 
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Figure 35: Combined microhardness plots (scaled to 320 HV 0.2 to 380 HV 0.2) 
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Figure 36: Feedstock microhardness plot (scaled to 320 HV 0.2 to 380 HV 0.2) 

 

 

Table 7: Microhardness testing mean, standard deviation, 95% confidence interval, minimum, and 

maximum 

Condition 

Mean 

(HV 0.2) 

Std. Dev. 

(HV 0.2) 

95% C.I. 

(HV 0.2) 

Min. 

(HV 0.2) 

Max. 

(HV 0.2) 

Feedstock 346.3 10.83 345.6, 347.0 319 387 

700 ºC 347.1 7.65 346.9, 347.2 316 391 

750 ºC 345.8 7.89 345.7, 346.0 312 404 

800 ºC 347.7 9.23 347.6, 347.9 319 454 

850 ºC 344.7 11.23 344.5, 344.9 311 400 
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The distribution of the hardness values can be visualized in a violin plot in Figure 

37 along with the mean, interquartile range, skewness, and kurtosis. Note that the 

Pearson’s definition for kurtosis is used in this work, meaning that a kurtosis of 3 

matches a normal/Gaussian distribution. It can be observed that the higher temperature 

setpoint condition have a very slightly increased spread in the hardness as shown by the 

increasing interquartile ranges. Additionally, all the tested samples are slightly skewed to 

the lower end of the hardness ranges as evidenced by the positive skewness values. This 

means that the samples all have more outlier hardness indents that are greater than the 

mean hardness. Looking at the kurtosis for each sample, all values except the 800 ºC 

sample have a kurtosis below 3, indicating that they are platykurtic and have a flatter 

curve than a Gaussian distribution. The 800 ºC case has a kurtosis greater than 3, making 

it leptokurtic with a sharper peak than a Gaussian distribution; however, this may be only 

an effect of the anomalously high hardness indent expanding the upper tail of the 

distribution. 

The measured minimum hardness values are consistent, ranging from 311-319 

HV 0.2, however, the 800 ºC sample has an anomalously high maximum hardness value 

of 454 HV 0.2. This indent was found to be more than 100 HV harder than the next 

hardest indent in the same sample, meriting a more thorough investigation. After a closer 

look at the anomalous indent, it was found that the high hardness was not a measurement 

error. The measured diagonals match the measured high hardness. Therefor the indent 

was investigated via SEM and EDS. It was found that the indent was centered on a band 

of sub-micron scale light contrasting particles as seen in the BSE image in Figure 38 (a).  

 



 

89 

 

 

Figure 37: Microhardness violin plot 
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Figure 38: Anomalous high-hardness indent (a) BSE image with inset and (b) EDS element map for W 
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Despite the mean hardness being within 2 HV, observation of the microhardness 

maps in Figure 35 reveals some significant differences. In each of the microhardness 

maps for the four different processing conditions, there is a repeated pattern of hardness 

variation spanning multiple layer heights. This can be attributed to the four bars used for 

each build as built in a discreet feed system. There is also interlayer variation visible in 

the 700 ºC, 750 ºC, and 800 ºC build. This interlayer hardness variation, however, is not 

readily apparent in the 850 ºC sample. The fractography results are shown 

In the 800 ºC sample, there was an anomalous high hardness indent that was 

greater than 100 HV 0.2 harder than the next hardest indent. Upon closer examination of 

the anomalous indent with an SEM using a backscatter detector, there appear to be many 

sub-micron, brightly contrasting particles in a band that goes through the region of the 

indentation. Based on EDS analysis, it was determined that these particles are tungsten 

resulting from tool wear. Therefore, this indent landed in the middle of a band of fine,  

sub-micron tungsten particles. These particles act as an accidental metal matrix 

composite, strengthening the material in the location of the particles. This result shows 

that tungsten contamination will influence the resulting mechanical properties of the 

build. The tungsten particles do not appear to have significantly dissolved into the 

titanium matrix, indicating that abrasive tool wear is the likely mechanism. 

Quasi-Static Tensile Testing 

Tensile bars from the closed-loop temperature-controlled depositions were 

extracted via EDM. It is hypothesized that differences in microstructure, texture, and 

hardness can be correlated to resulting mechanical properties. For all tested samples, the 

modulus, yield strength (YS), ultimate tensile strength (UTS), extensometer strain at 
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UTS, strain at yield, extensometer strain at rupture, and the strain hardening exponent are 

given in the Appendix. Additionally, the mean, standard deviation, minimum, maximum, 

coefficient of variation, and range are included. 

There were some testing anomalies for the LD-TD samples. Some of the ND-LD 

samples, ND-LD 750S22 and 800S26, failed prior to plasticity at 572 MPa (83 ksi) and 

117 MPa (17 ksi), respectively. ND-LDS26 failed outside of the reduced area, yielding an 

invalid test. LD-TD 850S18 was not tested. These data points are not included. 

The stress-strain curves are shown for the tested samples in Figure 39 through 

Figure 45. The curves are organized by temperature setpoint in Figure 39 through 

Figure 42 and by tensile bar orientation in Figure 43 through Figure 45. The mean and 

standard deviation values for yield strength, ultimate tensile strength, and elongation for 

each tensile bar orientation and temperature setpoint are given in Table 8. 

In addition to the aforementioned tensile bars, an additional four tensile bars from 

the ND-LD orientation, 700S13, 750S13, 800S13, and 850S13, or, one from each 

temperature setpoint, were polished and etched. This set of tensile bars was imaged at 

10x, 20x, 100x, and 500x magnification. The 20x images are shown in Figure 46. 

Samples 700S13, 750S13, and 850S13 were tested to failure, while sample 800S13 was 

tested to high plasticity and then unloaded. Due to the differences in surface preparation, 

the tensile curves and data for these tensile samples are given separately in Figure 47 and 

Table 9 respectively. After mechanical testing, a surface profile was taken for each of the 

polished and etched tensile bars. The results are given in Figure 48 through Figure 51 

and are compared to the initial microstructure morphology. An additional profile was 

taken of the 850 ºC temperature setpoint next to the failure location. The results are given  
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Figure 39: Stress-strain plots for 700 ºC samples 
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Figure 40: Stress-strain plots for 750 ºC samples 
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Figure 41: Stress-strain plots for 800 ºC samples 
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Figure 42: Stress-strain plots for 850 ºC samples 
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Figure 43: Stress-strain curves for LD-TD samples 
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Figure 44: Stress-strain curves for TD-LD samples 
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Figure 45: Stress-strain curves for ND-LD samples 
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Table 8: Tensile testing compiled results 

Temperature Measurement Statistic LD-TD TD-LD ND-TD 

700 ºC 

YS [MPa] 

Mean 976 1045 1037 

Std. Dev. 39.6 33.3 41.5 

UTS [MPa] 

Mean 1001 1081 1053 

Std. Dev. 17.2 16.5 43.0 

Elongation [mm/mm] 

Mean 0.143 0.124 0.134 

Std. Dev. 0.020 0.010 0.031 

750 ºC 

YS [MPa] 

Mean 970 1045 922 

Std. Dev. 19.8 47.9 35.9 

UTS [MPa] 

Mean 1006.7 1083.9 956.1 

Std. Dev. 18.7 30.6 36.7 

Elongation [mm/mm] 

Mean 0.168 0.121 0.132 

Std. Dev. 0.011 0.014 0.030 

800 ºC 

YS [MPa] 

Mean 1014 1023 912 

Std. Dev. 16.9 55.1 28.5 

UTS [MPa] 

Mean 1076 1089 963 

Std. Dev. 14.9 37.8 31.9 

Elongation [mm/mm] 

Mean 0.169 0.119 0.109 

Std. Dev. 0.009 0.012 0.048 

850 ºC 

YS [MPa] 

Mean 1017 1025 930 

Std. Dev. 53.6 23.2 37.4 

UTS [MPa] 

Mean 1098 1103 1024 

Std. Dev. 34.4 23.4 42.0 

Elongation [mm/mm] 

Mean 0.155 0.128 0.137 

Std. Dev. 0.012 0.016 0.011 
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Figure 46: 20x images of polished and etched tensile bars from (a) 700 ºC, (b) 750 ºC, (c) 800 ºC, and 850 

ºC temperature setpoints 
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Table 9: Tensile testing data for ND-LD polished and etched tensile samples (*Note: sample 800S13 was 

tested to plasticity, stopping before failure) 

Sam

ple 

ID 

YS 

(ksi

) 

UT

S 

(ksi

) 

Modu

lus 

(ksi) 

Yield 

Strain 

(in/in) 

DIC Ext 

Strain @ 

UTS (in/in) 

DIC Ext Strain 

@ Rupture 

(in/in) 

Strain 

Hardening 

Exponent 

DIC 

Extensometer 

Length (mm) 

700

_S1

3 

150 153 15500 0.0118 0.056 0.15 0.035 0.311 

750

_S1

3 

154 160 16700 0.0114 0.062 0.152 0.044 0.308 

800

_S1

3* 

151 

162

* 

17600 0.0107 0.059 0.101* 0.053 0.308 

850

_S1

3 

140 153 15600 0.0111 0.074 0.145 0.071 0.312 
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Figure 47: Polished and etched ND-LD tensile bar stress-strain curves for (a) 700S13, (b) 750S13, (c) 

800S13, and (d) 850S13 
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Figure 48: 700 ºC ND-LD polished and etched tensile bar (a) initial characterized microstructure, (b) tested 

sample micrograph and (c) surface height profile 

 

 

Figure 49: 750 ºC ND-LD polished and etched tensile bar (a) initial characterized microstructure, (b) tested 

sample micrograph and (c) surface height profile 
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Figure 50: 800 ºC ND-LD polished and etched tensile bar (a) initial characterized microstructure, (b) tested 

sample micrograph and (c) surface height profile 

 

 

Figure 51: 850 ºC ND-LD polished and etched tensile bar (a) initial characterized microstructure, (b) tested 

sample micrograph and (c) surface height profile 
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in Figure 52 where it is seen that increasing deformation takes place as the 

microstructure increasingly becomes a lamellar morphology. 

Fractography 

Fractography was conducted using BSE SEM images on the middle ND-LD 

orientation samples, 700S14, 750S14, 800S14, and 850S14, to gain insights into the 

fracture mechanism of the tested tensile samples in Figure 53 through Figure 64. In 

addition to the middle samples, fractography was additionally conducted on two low 

ductility samples from the side regions of the deposit, 750S22 and 800S2. For 700S14 

and 750S14, only small amounts of tungsten are visible in the fracture surface, observed 

as small high-density inclusions in the SEM image. The 800S14 sample, however, shows 

a large amount of tungsten inclusions. 850S14 does not show any high-density inclusions. 

Sample 700S22 appears to show the characteristic “onion skin” pattern typically 

observed on traditional FSW and AFSD top surfaces. There are also large high-density 

inclusions visible. At higher magnifications, the fracture surface shows a large amount of 

tungsten inclusions. Sample 800S2 similarly shows a large amount of both large and 

small high-density inclusions. 

Chemical Analysis 

In titanium alloys, oxygen is a strong alpha phase stabilizer. Based on observation 

of etched micrographs, a band of darkly etching equiaxed alpha can be seen in the final 

layers of the sample as shown in Figure 65. It was initially hypothesized that this band of 

equiaxed alpha is the result of local oxygen contamination from the top surface of the 

previously deposited layer. This hypothesis of oxygen contamination was tested via  
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Figure 52: 850 ºC ND-LD polished and etched tensile bar showing failure in the lamellar region adjacent 

to equiaxed microstructure 

 

 



 

108 

 

 

Figure 53: BSE image of ND-LD 700S14 fracture surface 
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Figure 54: High-magnification BSE image of ND-LD 700S14 fracture surface 
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Figure 55: BSE image of ND-LD 750S14 fracture surface 
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Figure 56: High-magnification BSE image of ND-LD 750S14 fracture surface 
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Figure 57: BSE image of ND-LD 800S14 fracture surface 
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Figure 58: High-magnification BSE image of ND-LD 800S14 fracture surface 
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Figure 59: BSE image of ND-LD 850S14 fracture surface 
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Figure 60: High-magnification BSE image of ND-LD 850S14 fracture surface 
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Figure 61: BSE image of ND-LD 750S22 fracture surface 
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Figure 62: High-magnification BSE image of ND-LD 750S22 fracture surface 
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Figure 63: BSE image of ND-LD 800S2 fracture surface 
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Figure 64: High-magnification BSE image of ND-LD 800S2 fracture surface 
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Figure 65: Equiaxed alpha band seen near top of 850 ºC temperature setpoint 
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chemical analysis at the bulk scale and through a more localized method to determine if 

the change in microstructure can be attributed to oxygen contamination. 

Bulk Chemical Analysis 

Bulk chemical analysis via the inert gas fusion method (Table 10) revealed that 

the feedstock had a higher oxygen content (0.19 wt. %) than indicated by the material 

certification for the originating initial ingot (0.18 wt. % bottom – 0.17 wt. % top). Since 

the material certification chemistry measurements were taken from the ingot, there may 

have been some oxygen pickup during the rolling process or subsequent processing to 

account for the increase in oxygen content. The nitrogen content in the feedstock was 

measured at 0.013 wt. % as compared to 0.014 wt. % in the ingot measurement. 

The chemistry measurements for oxygen in the as-built condition show a slight 

pickup of 0.01 wt. % during the deposition process. Despite the increase in measured 

oxygen content, however, the as-built samples did not exceed the maximum allowable 

concentration of 0.20 wt. % for T-6Al-4V as given by ASTM B381 (91); however, the 

measurements did match the maximum allowable content for oxygen. Comparatively, 

there was no measured nitrogen pickup as measured in the bulk chemical analysis and the 

nitrogen content was well underneath the maximum allowable nitrogen content of 0.05 

wt. %. Interestingly, some of the as-deposited samples were measured with a lower 

nitrogen content (as low as 0.010 wt. %) than the feedstock measurement.  The 

preferential pickup of oxygen as compared to nitrogen can be explained in that the 

titanium has a higher attraction for oxygen than nitrogen (11). The apparent decrease in 

nitrogen content in the feedstock and builds may instead potentially arise from  
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Table 10: Measured bulk oxygen and nitrogen content 

Sample Feedstock 700 ºC 750 ºC 800 ºC 850 ºC 

O [wt. %] 0.19 0.20 0.20 0.20 0.20 

N [wt. %] 0.013 0.011 0.012 0.010 0.013 
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inhomogeneous concentrations of nitrogen in the ingot and subsequent feedstock or 

differences in measurement. 

Electron Microprobe Analysis 

While there was some difficulty in finding a tungsten band using the microprobe 

due to the inherently limited resolution of a tungsten filament microscope, a band of 

tungsten was found, and a line scan was conducted across the band. A BSE image is 

given in Figure 66 where the light contrasting particles are tungsten, as confirmed by 

EDS. The EMPA chemical analysis was conducted with a 200-micron line scan with a 1-

micron spacing. For plotting of the resulting EMPA data, the zero distance corresponds to 

the top of the line scan in Figure 66, i.e. the line scan starts at the top of the sample and 

goes down through the Z-height. 

In the EMPA data, as shown in Figure 67, there are low spikes in the measured 

wt. % titanium that correspond to low spikes in Al and elevated levels of V. Interestingly, 

these spikes are separated by roughly 50 microns of distance. Furthermore, these spikes 

are located outside of the tungsten banding area, and so the spikes are not caused by 

increased concentrations of tungsten. In the location of the tungsten banding, there are 

three distinct spikes in W concentration near the center of the line scan that indicate that 

the EMPA analysis location did scan across a tungsten band. There does not appear to be 

any spatial variation of oxygen content. There is, however, a spike in nitrogen content 

that correlate to the same locations that contain tungsten. 

The average values from the EMPA analysis are given in Table 11. The major 

alloying elements Al and V had an average of 6.18 wt. % and 4.04 wt. % respectively, 

matching up well with the feed material certification values of (Al) 6.28 wt. % and (V)  
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Figure 66: BSE image of 200-micron EMPA line scan across tungsten band 
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Figure 67: EMPA line scan data for Ti, Al, V, W, O, and N 
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Table 11: EMPA line scan average values 

Elements [wt. %] 

Ti Al V W O N 

93.26 6.18 4.04 0.05 2.21 0.01 
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3.96 wt. %. The O measurement of 2.21 wt. %, however, seems high in the context of the 

bulk chemical analysis measurement. 
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CHAPTER 5  

ANALYSIS AND DISCUSSION 

Temperature Setpoint and Microstructure 

All temperature conditions display a completely transformed microstructure as 

compared with the initial rolled mill annealed feedstock. Additionally, there is a large 

difference in the achievable microstructures for the different temperature setpoints. These 

insights can be most readily seen in Figure 68, where all micrographs are given at the 

same magnification. In traditional friction stir welding literature, the ability to achieve 

different microstructures by processing above or below the beta transus temperature in 

titanium has been well studied (22,152). It is additionally known that the resulting 

microstructures in FSW/FSP titanium are largely a product of peak temperatures reached 

during processing (179). Accordingly, differences in temperature during AFSD of Ti-

6Al-4V can result in drastically different microstructures. 

Impact on Processing 

In a traditional FSW study of Ti-6Al-4V, it was found that sub-transus welding 

conditions resulted in a 300% increase in path force as compared to super-transus 

welding conditions (30). AFSD should not see the same path forces because the tool is 

not being forced through the material as in traditional FSW; however, there should still 

be some differences in the processing conditions for each parameter set due to the 

differences in flow stress by temperature. 
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Figure 68: Top region stir zone microstructure for 850 ºC and 700 ºC conditions as well as feedstock 
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With an analysis of the build log files, the average motor power during deposition 

of the samples was 4972 W, 5391 W, 5389 W, and 5956 W for the 700 ºC, 750 ºC, 800 

ºC, and 850 ºC deposition temperatures; however, it should be noted that the traverse and 

material feed rates decreased for the lower temperature setpoint conditions to account for 

increased forces. To better determine the effect of temperature setpoint on processing 

conditions, the feed rates must be considered in as well. 

Volumetric energy density is sometimes given as a simplified energy input metric 

for metal additive manufacturing processes, though with some caveats that different 

combinations of energy input can yield different results (180,181). Nonetheless, the 

metric can still give a comparison of the energy input required for different deposition 

conditions in AFSD. The equation is given in Equation 2, where 𝑃 is the input power, 𝑣 

is the travel speed, and 𝑡 is the layer thickness. 

Equation 2: Volumetric Energy Density 

𝐸𝑉 =
𝑃

𝑣 ∙ ℎ ∙ 𝑡
 

 For the AFSD process, Sharma et al. used a specific linear energy density for 

AFSD of a magnesium alloy (66). This equation is given in Equation 3, with inputs (𝑀) 

tool torque, (𝜔) tool rotational speed, and (𝑉) tool travel speed. 

Equation 3: Specific Linear Energy Density 

𝐸𝑆 ≈ 𝑀
𝜔

𝑉
 

The volumetric energy density and specific linear energy density for this study of 

AFSD of Ti-6Al-4V are given in Table 12. While the mean tool power decreased for  
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Table 12: AFSD processing conditions and energy metrics 

PID Temperature Setpoint [ºC] 700 750 800 850 

Traverse Velocity [mm/s] 2.12 2.54 3.39 4.23 

Mean Tool Power [W] 4972 5391 5389 5956 

Mean Tool Torque [N-m] 6741 7309 7307 8075 

Volumetric Energy Density [J/mm^3] 61.7 55.7 41.8 36.9 

Specific Linear Energy Density 

[J/mm] 

352 324 249 224 
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decreasing tool temperature setpoints, the volumetric energy density required increased 

significantly. The 700 ºC and 750 ºC temperature setpoints required a 67% and 51% 

greater volumetric energy density than the 850 ºC case. The 800 ºC condition required 

only a more modest 13% increase in volumetric energy density. 

 An additional pseudo-heat index derived from traditional FSW literature has been 

proposed for AFSD by Garcia et al. that is based on the spindle rotational rate and the 

traverse velocity (63). The pseudo-heat index is given by the equation 
Ω

𝑉
 or 

Ω2

𝑉
, where 

omega represents the tool rotation speed and V represents the traverse feed rate. Yoder et. 

al later applied this pseudo-heat index to AFSD of Ti-6Al-4V, finding a correlation 

between the 
Ω2

𝑉
 index and prior beta grain size. 

The 
Ω

𝑉
 and 

Ω2

𝑉
 pseudo-heat indexes for this study is plotted in Figure 69 based on 

the peak temperature being the temperature setpoint. It is observed that there is no trend 

for the 
Ω2

𝑉
  pseudo-heat index and peak temperature as a fraction of the melting 

temperature and there was a negative correlation for the and 
Ω

𝑉
 index; however, it should 

be noted that there is a significant difference in heat input in this study as compared to 

previous AFSD Ti-6Al-4V publications. This study’s pseudo heat index was on the order 

of 7,000 RPM2/(mm/s). Under the Farabi et al. study, the pseudo-heat index ranged from 

47,000 RPM2/(mm/s) to 98,000 RPM2/(mm/s). The Yoder et al. study pseudo heat index 

ranged from 21,000 RPM2/(mm/s) to 124,000 RPM2/(mm/s). Nonetheless, extrapolating  
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Figure 69: Pseudo-heat index (a) (
Ω

𝑉
) and (b) (

Ω2

𝑉
) for this study 
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on Yoder et al.’s correlation to prior beta grain size, this study should expect a prior beta 

grain size on the order of 5 microns.  

The pseudo-heat index was first applied to the single-phase materials copper and 

aluminum. In the case of Ti-6Al-4V, there is a phase change with corresponding 

differences in properties between the high-temperature beta phase and the low 

temperature alpha phase. As observed in the as-printed microstructures, the print 

conditions in this study are near the beta transus temperature. Therefore, it can be 

surmised that, while the pseudo-heat index may be descriptive for AFSD in the single 

beta phase field above the beta transus temperature, the index fails to explain heat 

generation in the material near the beta transus temperature. 

It is also worth noting that, due to the use of closed-loop temperature control, 

geometry may play a significant role in the resulting PID controlled spindle speed due to 

the low thermal conductivity of titanium. Further study will be required to untangle the 

complex relationships between build geometry, heat generation, and microstructures. 

Sub-Transus to Intermediate to Super-Transus Processing 

Etched microstructures with accompanying EBSD at the same scale are given in 

Figure 70. The fully lamellar microstructure of the 850 ºC temperature setpoint build is 

characteristic of processing fully above the beta transus temperature. In this case, the 

material is deformed and heated above the beta transus temperature in the stir zone by 

frictional and adiabatic heating. The high temperature beta phase grains will undergo 

continuous dynamic recrystallization as they are stirred together. These refined beta 

grains, left behind in the deposited material, then cool and form a lamellar microstructure,  
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Figure 70: Etched microstructure and alpha Ti IPF for each temperature setpoint 
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where the lamellar alpha grain structures form via nucleation and growth upon cooling 

from the higher temperature beta phase. The nucleation and growth step occurs after the 

tool has passed meaning there should be no further deformation of the material. This 

should result in relatively stain free grains. 

For the 750 ºC and 800 ºC temperature setpoint builds, the presence of both 

equiaxed alpha and lamellar microstructures indicate that multiple recrystallization 

mechanisms were active during the AFSD process at this temperature setpoint. This 

indicates that processing occurred near, but below the beta transus temperature in the 

alpha + beta phase field, where the microstructure partially, but incompletely, 

transformed to the high temperature beta phase during processing. 

The equiaxed alpha microstructure morphology observed in the 700 ºC 

temperature setpoint case is characteristic of continuous dynamic recrystallization during 

deposition below the beta transus temperature. Because processing already took place in 

the alpha + beta phase field, no further phase transformations take place. 

The trend of increasing alpha phase microstrain with increasing deposition 

temperature, however, seems paradoxical. For the 850 ºC temperature setpoint case, it 

can be seen from optical images of grain boundary alpha infilled with alpha laths that the 

stir zone temperature exceeded the beta transus temperature. Upon cooling in the absence 

of deformation, it should be expected that the new strain-free alpha grains should 

nucleate and grow into the prior beta grains. The presence of significant microstrain in 

the alpha phase implies that there may be deformation after the allotropic phase 

transformation from the high temperature beta phase to the lower temperature alpha 
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phase. Alternatively, the higher temperature deposits may allow for an annealing effect 

creating some residual stress relief as compared to the lower temperature setpoints. 

Interestingly there are significant differences in the as-printed textures for the 

different temperature setpoint conditions as seen in Figure 71. With an increase in 

temperature setpoint, the material becomes increasingly textured. For the 700 ºC 

temperature setpoint, the texture is virtually random. This result can be explained by the 

AFSD deposition process below the beta transus temperature, where massive plastic 

deformation introduces dislocations into the microstructure. These dislocations form into 

subgrain networks and later grain boundaries as more and more dislocations are absorbed 

into the grain boundaries, increasing the grain misorientation. The result is a highly 

misoriented microstructure. 

For the 850 ºC temperature setpoint, the deformation takes place in the high 

temperature beta phase. It has been previously noted that FSW/FSP of titanium allows  

above the beta transus temperature results in a D1 bcc simple shear texture (182). This 

shear texture is preserved through the phase change to the low temperature alpha phase 

through the Burgers orientation relationship. 

In the case of the 750 ºC and 800 ºC temperature setpoints, there is a combination 

of the above mechanisms, resulting in a transition from a minimally textured in the case 

of the 700 ºC temperature setpoint to highly textured in the case of the 850 ºC 

temperature setpoint. 



 

138 

 

 

Figure 71: Alpha Ti IPFs and alpha textures for each temperature setpoint 
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Heterogenous Microstructure Development 

In FSW Ti-6Al-4V, it has been reported that there is little difference between the 

advancing and retreating SZ microstructures (30). Similarly, there is little observed 

differences between the advancing and retreating sides in this study of AFSD Ti-6Al-4V. 

It should be noted, however, that in this present study, a back-and-forth raster build 

pattern was used. There remains the potential that advancing/retreating side differences 

may be apparent in a single direction multi-layer AFSD build. 

The different deposition temperatures give distinct top layer stir zone 

microstructures. Below the stir zone, however, the etched micrographs reveal 

heterogenous microstructure development, as shown in Figure 72 for the 850 ºC 

temperature setpoint. On a closer inspection of the etched microstructures, the light 

etching regions correspond to a lamellar microstructure while the dark etching regions 

correspond to an equiaxed alpha microstructure. Between the dark and light etching 

regions lies a mixed microstructure consisting of some fraction of both lamellar and 

equiaxed microstructure morphologies. 

In addition to heterogenous microstructures, microhardness testing reveals 

heterogenous hardness through a transverse section of the tested samples. The 

microhardness was previously noted to vary on the order of the commanded layer height 

during deposition. Therefore, it is hypothesized that the small-scale layer banding directly 

results from the commanded layer height. Similarly, based on the observation that there 

were four discreetly deposited bars of material, it is hypothesized that the hardness  
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Figure 72: Microstructure heterogeneity in the 850 ºC sample 
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banding on the order of 5 mm is related to the process stoppages inherent to the discreet 

feed additive friction stir deposition machine used. The observed hardness banding was 

analyzed using a Fast Fourier Transform (FFT) based technique. 

Fourier analysis using FFTs is commonly used to transform data into the 

frequency domain. In this technique, the 2D microhardness plot data is read into a Python 

program that performs a 2D FFT on the spatially varying hardness data. The zero-

frequency component of the hardness data is filtered, effectively subtracting the mean 

hardness values to normalize the data. The microhardness plots, 2D FFT results, and a 1D 

vertical slice of the FFT data are then plotted. 

The results of the technique are given in Figure 73. In the reciprocal space plots, 

there is virtually no hardness frequencies in the transverse axis of the sample. All the 

frequency information is in the vertical axis of the plots, corresponding to the normal 

direction of the build. The dotted line represents the commanded layer height of 1.02 mm 

(0.040 in). The dashed line represents the reload frequency of six times the commanded 

layer height. In the 700 ºC, 750 ºC, and 800 ºC FFT hardness data, there is higher 

frequency data in the reciprocal plots, while there is little higher frequency data in the 

850 ºC sample. This higher frequency data can be seen to correlate with the layer height, 

with multiples of the layer height showing up as well at slightly lower frequencies. 

Lower frequency data is visible in the FFT analysis is visible as well. It can be 

observed that the every-six-layer reload frequency is readily apparent in all the tested 

build conditions and matches exactly in the FFT data. The large peaks in the 1D FFT at 
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Figure 73: FFT analysis results: (a) microhardness plots, (b) FFT results in reciprocal space, (c) 1D 

vertical slice of the FFT data 
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the lowest frequencies correspond to the 24 total layers in the build. It is of note that there 

is little to no higher frequency data in the 850 ºC. The lack of mechanical heterogeneity 

on a scale other than the reload frequency can be explained by the microstructure 

development as discussed earlier. 

For the 850 ºC case, the material is completely above the beta transus temperature 

during the AFSD process. After the tool passes and massive plastic deformation ceases, 

the deposited material cools and transforms from the high temperature beta phase to the 

low temperature alpha phase through nucleation and growth, creating new strain free 

grains. If the volume below the tool that is above the beta transus temperature is larger 

than the stir zone, the microstructure that develops after the phase transformation will not 

show layer-scale mechanical heterogeneities that arise if the stir zone is below the beta 

transus temperature. If the build stays at high temperature throughout the build, either 

because only a single bar is deposited in a discrete feed machine or because there are no 

pauses in deposition with a discreet feed machine, this finding can explain how previous 

publications such as Farabi et al. (8) and Yoder et al. (9) describe a uniform 

microstructure after AFSD of Ti-6Al-4V. 

Below the beta transus temperature, some of the deformation is taking place in the 

alpha phase, where dynamic continuous recrystallization is instead the operant 

mechanism. For this case of processing below the beta transus temperature, there is not 

further transformation after deposition, leaving small, finely distributed equiaxed grains. 
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Differences Compared to Traditional FSW/FSP 

Both the AFSD and FSW/FSP processes rely on using frictional heating to soften 

a material and allow for solid-state bonding to occur, there are some significant 

differences between the two processes. 

The FSW process is dominated by shear. The AFSD process, however, also has a 

deformation component resulting from feed material pushed through the hollow tool. In 

this present study, the material feed actuator exerted a force ranging from 11.4 kN to 15 

kN. Assuming that this force is applied solely to the 9.5 mm by 9.5 mm cross-sectional 

area of the feedstock, this corresponds to 126 MPa to 162 MPa. These stress values give 

an idea of the stress in the material as it begins to deform and exit the tool. This material 

feed component has previously been reported to results in the formation of a concave 

down shaped interface between the deposit material and the substrate in a study on the 

AFSD of aluminum (90). 

Another significant difference between FSW and AFSD is that the FSW process 

is typically only a single pass. A single welding pass means that the material will undergo 

only a single thermo-mechanical cycle. AFSD, by its additive nature, will undergo 

multiple thermo-mechanical cycles. FSP may consist of multiple passes, however, the 

effects of this thermomechanical cycling have not been significantly reported on in 

literature. It is hypothesized that this thermomechanical cycling leads to the heterogenous 

microstructures observed in this study. 
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Mechanical Properties 

Temperature Setpoint and Mechanical Properties 

Due to the use of a subsize tensile specimen, there may be an effect on resulting 

measured tensile properties. Gussev et al. (183) found that scale factor had a weak effect 

resulting in only a small effect on accurate measurement of yield stress, ultimate tensile 

stress, and uniform elongation, with the caveat that systematic differences between 

different scales should be considered in interpreting results. Additionally, they reported 

that techniques such as digital image correlation can reduce the effects of scale factor and 

improve resulting measurements. Based on internal testing of the effects of scale factor 

for wrought Ti-6Al-4V comparing 3.05 mm (0.12 in) thick ASTM E8 subsize tensile 

specimens and the subscale tensile geometry used in the present study, it was shown that 

the smaller tensile specimens measured on the order of 10% lower in yield strength, 

ultimate tensile strength, and elongation than ASTM E8 subsize tensile specimens 

(unpublished).  

Another potential source of error is from the surface finish after EDM machining. 

It has been reported in literature that EDM machining of titanium can result in decreased 

fatigue properties due to the formation of a brittle recast layer (184). Despite the EDM 

surface finish, tensile properties were overall good for all tested parameters and surface 

cracking was not observed. The mean YS and UTS averaged for all tested orientations as 

a function of deposition temperature is given in Figure 74. Mean elongations are 

similarly plotted in Figure 75. 

The strain hardening exponent as a function of temperature setpoint and tensile 

bar orientation is given in Figure 76. For all tensile bar orientations, there was an  
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Figure 74: Mean tensile properties as a function of temperature setpoint 
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Figure 75: Mean elongations as a function of temperature setpoint 

 

 

Figure 76: Strain hardening exponent as a function of temperature setpoint and tensile bar orientation 
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increasing trend work hardening as a function of temperature setpoint. It is worth noting 

that the XRD microstrain measurements for the alpha phase also display an increasing 

trend with temperature setpoint (Figure 33). While peak broadening in X-ray diffraction 

can result from a multitude of sources in addition to dislocations (178), this indicates that 

the lower deposition temperature conditions will broadly contain a lower dislocation 

density than the higher deposition temperatures. Since strain hardening results from the 

interaction of dislocations with other dislocations and other barriers to dislocation motion 

(14), this may indicate that, for increasing deposition temperatures, there is more 

dislocation pile up with preexisting dislocations, resulting in an increasing trend in strain 

hardening exponent with increasing deposition temperature. 

Microstructure and Mechanical Properties 

To better elucidate the relation between microstructure and mechanical properties, 

a series of ND-LD tensile bars were polished and etched before being characterized and 

mechanically tested. All the tested polished and etched samples exhibit at least some 

amount of initial yielding in the lamellar microstructure regions, even if the eventual 

failure later occurred in an equiaxed region. Samples 700S13 and 750S13 show initial 

yielding in lamellar regions before failure occurred in an equiaxed region. While not 

tested to failure, sample 800S13 shows yielding in its lamellar regions with significant  

necking in the uppermost lamellar region. Sample 850S13 also shows significant 

deformation and necking in multiple lamellar regions with the eventual failure being in 

the uppermost lamellar region. 

The observation of this multiple yielding behavior showing that some regions 

initially yield without eventually becoming the failure location suggests that there may be 
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some texture effects on the resulting mechanical properties of AFSD Ti-6Al-4V. From 

traditional FSW literature, it is known that FSW/FSP can impart a deformation texture on 

processed titanium (20,182,185–187). Additionally, it is known from this study that 

AFSD Ti-6Al-4V exhibits increasingly textured microstructures as a function of 

temperature setpoint. 

It is hypothesized that the more strongly textured lamellar regions exhibit initial 

yielding due texture effects. This could potentially originate from preferential yielding of 

the {0 0 0 1}α titanium directions as has been previously observed in AFSD Ti-6Al-4V 

(10). The deformation may then potentially result in the rotation of the crystal structure to 

favor a greater alignment of the stronger alpha titanium c-axis, limiting further plasticity. 

Considering not enough texture information has been gathered in the present study to 

prove this hypothesis, a more thorough investigation of the effects of AFSD processing 

on resulting texture of titanium and its effects on resulting mechanical properties is 

merited. 

Defects in AFSD Ti-6Al-4V 

Oxygen/Nitrogen Pickup 

Since oxidation in titanium can reduce ductility and lead to embrittlement (11), it 

is critical that a high-quality inert environment must be maintained during high 

temperature processing of titanium. While the samples in the present study were built in 

an argon inert environment, it was not a perfectly inert. The mean oxygen content and 

standard deviation in the inert enclosure are given in Table 4. While there was some 

variation in the oxygen content during the builds, the mean oxygen content during the 

AFSD processing of all the samples was 0.6%. Because there was only one oxygen 
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sensor, however, it not known how uniform the oxygen content was inside the inert 

enclosure. Nitrogen pickup can also be a concern; however, the nitrogen content inside 

the enclosure during deposition is not known. 

In a study on the effects of oxygen content in the inert enclosure during WAAM 

of Ti-6Al-4V by Halisch et al., it was found that, even with oxygen contents of up to 

0.6% in the enclosure, the resulting printed samples still met aerospace requirements 

during tensile testing (188). While the material met the required tensile properties, the 

measured oxygen content in the samples did exceed the 0.20 wt. % maximum. In the 

present study, oxygen content in the inert enclosure matched the highest oxygen 

concentration from the Halisch et al. publication. The temperatures of the titanium during 

deposition, however, are significantly lower than the melting temperature of the material: 

on the order of 0.5 Tmax/Tmelting for the present study. Therefore, it can be inferred that the 

amount of oxygen absorbed during the AFSD process will be lower than during the 

WAAM process. 

From the bulk chemical analysis measurements, it was found that the oxygen 

content in the AFSD samples did not exceed the 0.20% maximum requirement for Ti-

6Al-4V. While it was hypothesized that lower deposition temperatures may limit the 

uptake of oxygen into the as-deposited samples as compared to the higher temperature 

samples, there was no measured difference in oxygen content in any of the deposition 

temperatures. All the AFSD temperature setpoint conditions picked up approximately 

0.01 wt. % oxygen during processing. Because of the reactivity of titanium, however, it 

may be preferrable to begin with a lower oxygen content feedstock to give more of a 

buffer to maintain the material specifications for oxygen content. 
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Equiaxed Alpha Banding 

Darkly etching bands of equiaxed alpha were visible in some of the etched 

samples. An example of this banding is shown in Figure 77. The presence of equiaxed 

alpha bands that can be traced to the flash regions, indicating that the banding is linked to 

the interlayer regions of the deposits. This may additionally indicate that there may be a 

local pickup of oxygen at the surface of each printed layer, like the formation of an alpha  

case during fusion welding in an oxygen contaminated environment. Upon subsequent 

printed layers, this potentially oxygen enriched region could be pushed down and into the 

printed material. While equiaxed alpha banding in the closed-loop temperature-controlled 

AFSD samples did not seem to significantly affect tensile testing, it nonetheless could be 

considered a defect if the cause can be definitively attributed to oxygen contamination.  

Alpha case is well known in titanium literature to decrease ductility and contribute to 

premature failure of components (11). A Ti-O phase diagram is given in Figure 78. 

Observations of the microstructure at the darkly etching layer interfaces, 

paradoxically reveals the presence of an equiaxed alpha microstructure. Tungsten 

particles can also be observed. The presence of equiaxed alpha is unexpected because 

tungsten is a beta phase stabilizer. Therefore, it was hypothesized that oxygen 

contamination during the build may have introduced an alpha case on the previously 

deposited layer that was then encased into the build by subsequently printed layers. 

EMPA analysis was conducted to analyze the possibility that the equiaxed alpha 

microstructures were caused by local oxygen contamination. EMPA analysis has 

previously been used to investigate alpha case in titanium (189). For this study, EMPA 

 



 

152 

 

 

Figure 77: Etching Band of Equiaxed Alpha in the 850 ºC Sample 
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Figure 78: a) Ti-O Phase Diagram and b) WDS Location for Electron Microprobe Analysis 
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analysis was conducted across a tungsten band in the microstructure. The tungsten 

banding indicating a previous layer interface in the printed material. The analysis, 

however, did not reveal any spikes in the oxygen content at the layer interface. It instead 

measured a consistent ~ 2 wt. % oxygen content for the entire 200 μm line scan. It is not 

known if this oxygen content is the effect of surface oxidation on the sample, or simply  

oxygen in the sample that has diffused along a longer length scale than the 200 μm line 

scan. 

While no peaks in the oxygen content were observed, a peak of the nitrogen 

content corresponding to the location of the tungsten banding can be seen in the EMPA 

data. Nitrogen is also known to be a strong alpha stabilizer, as seen in Figure 79. With 

the EMPA data indicating some nitrogen pickup in the equiaxed banding, it is likely that 

there is also oxygen pickup as well due to the higher reactivity of titanium and oxygen. 

This finding provides evidence that the hypothesized oxygen contamination may be 

below the noise floor created by surface contamination resulting from the polished 

surface reacting with atmospheric oxygen. While nitrogen was positively observed, it was 

not possible to confirm the presence of oxygen contamination aside from surface 

contamination. Atom probe tomography could potentially be used to definitively prove if 

oxygen contamination is present in the equiaxed banding regions. 

There may be an additional explanation for the existence of the equiaxed alpha 

banding observed in the same areas as tungsten contamination. Fine, sub-micron scale 

tungsten particles have already been observed to locally increase the hardness (Figure 

38). Tungsten particles can be seen to be in the same areas as equiaxed alpha 
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Figure 79: Ti-N phase diagram 
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morphologies in Figure 80. The size of these particles is given in Figure 81 indicating 

that most of the particles are smaller than 0.1 μm in equivalent diameter based on their 

measured areas. Upon heating from the low temperature alpha phase to the high 

temperature beta phase. these finely dispersed hard particles may locally inhibit  

recrystallization by pinning the grain boundaries (19). With a sluggish phase 

transformation, there is not enough time for the tungsten contaminated area to transform 

to the high temperature beta phase, as so the deformation takes place in the alpha phase, 

leading to an equiaxed alpha microstructure. Of note, the vanadium enriched beta phase 

areas are enlarged in the tungsten contaminated equiaxed alpha regions as compared to 

the uncontaminated lamellar regions, indicating that more partitioning of vanadium into 

the beta and corresponding partitioning of aluminum out of the beta took place in the 

contaminated equiaxed alpha regions. This can be seen in Figure 82 and Figure 83. 

There may be additional partitioning of tungsten into the beta as well or even a 

combination of the two mentioned processes. Potential partitioning of tungsten was 

investigated further via BSE images and EDS. 

Upon closer examination of the tungsten contaminated regions, there does not 

appear to be any diffusion of tungsten from the particles into the titanium matrix as 

apparent in BSE images, as seen in Figure 82 and Figure 83. A more thorough 

investigation into the question of if W is diffusing into the Ti matrix was performed using 

quantitative EDS. A quantitative EDS line scan was taken over one of the tungsten 

particles in the W contaminated equiaxed alpha region. 

 



 

157 

 

 

Figure 80: Equiaxed alpha banding in tungsten contaminated region surrounded by lamellar alpha (a) 

CLAHE filtered BSE image and (b) W particle spatial distribution 
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Figure 81: Histogram of W particle size from Figure 80 (b) 

  



 

159 

 

 

Figure 82: BSE image of W contaminated equiaxed region at 3k magnification 
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Figure 83: BSE image of W contaminated equiaxed region at 7.18k magnification 
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The location of the line scan is shown in Figure 84 and Figure 85. It was 

observed that the elemental mapping was offset from the BSE image; however, this offset 

was observed to be consistent for the entire map. As this discrepancy was observed for Al 

and V in addition to W, the offset may be related to the relatively high magnification (3k 

x) used for the collection of this data as well as due to the offset EDS detector positioning 

as compared to that of the BSE detector. There could also be an issue relating to the 

image registration calibration showing up as an imperfect alignment between the BSE 

and EDS data. The results of the quantitative EDS line scan across the tungsten particle 

are given in Figure 86. 

Tungsten Inclusions 

In a study of FSW of titanium, it was found that tool debris did not seem to 

impact mechanical properties including low cycle fatigue and tensile testing (120). 

Nonetheless, it is desirable that tool inclusions be eliminated from welds. Farabi et al. 

noted that tungsten contamination was not observed with the use of a lanthanated 

tungsten tool (8). However, despite the similar use of a lanthanated tungsten tool 

material, tungsten contamination was present in all process conditions in this current 

study. The scale of the tungsten inclusions observed in this study ranged from sub-micron 

scale (Figure 38) to tens of microns (Figure 88) to more than 1.5 mm in length (Figure 

89). Based on traditional FSW literature, tool wear can be abrasive or adhesive (also 

known as diffusive or chemical) in nature. For all temperature setpoints in the present 

study, tungsten inclusions appear to be in the form of distinct particles. There is no 

significant dissolution of tungsten into the titanium matrix as has been previously 

observed an AFSD Ti-6Al-4V deposition shown in Figure 87. This means that the tool  
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Figure 84: Quantitative EDS line scan location and elemental map 
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Figure 85: Quantitative EDS line scan location 
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Figure 86: Quantitative EDS line scan wt. % results 
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Figure 87: Diffusive tungsten tool wear in an AFSD Ti-6Al-4V build (process parameters unknown) 
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Figure 88: A large tungsten inclusion in the 800 ºC AFSD sample 
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Figure 89: A very large tungsten inclusion in the 850 ºC temperature setpoint build 
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wear observed in this study is abrasive in nature. It is hypothesized that temperatures at 

the tool-material interface remained cool enough to prevent adhesive wear.Agrawal 

observed tool wear for AFSD of Ti-6Al-4V using compacted bars of machining chips, 

noting that tool wear was more pronounced during cooler AFSD depositions (7). A 

comparison of Figure 90 (a) vs (b) comparing tungsten contamination in the 700 ºC vs 

850 ºC builds appears to corroborate this claim. It appears that there is increased tool 

wear, as apparent in the BSE images, in the lower temperature 700 ºC temperature 

setpoint build. There also appears to be increased tool wear than can be traced back to the 

first layers printed for each bar reload in the 850 ºC temperature setpoint. 

On the topic of the effects of tool wear on mechanical properties, tungsten 

inclusions were visible in most of the observed fracture surfaces. Of the imaged fracture 

surfaces, only ND-LD 850S14 did not have any apparent tungsten inclusions in the 

fracture surface. Sample ND-LD 800S14 exhibited decreased ductility compared to the 

other build direction samples in the center of the deposit. Upon examination of the high 

magnification BSE SEM fracture surface images, a large fraction of small tungsten 

inclusions were visible. These tungsten inclusions may have contributed to the lower 

ductility observed in this sample. While the presence of tungsten is linked to this early 

failure, further study of tool wear in AFSD of Ti-6Al-4V is merited to more affirmatively 

link the effects of tungsten contamination to potential effects on mechanical properties. 
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Figure 90: BSE montage image of tungsten inclusions in (a) 700 ºC and (b) 850 ºC temperature setpoint 

builds 

 



 

170 

 

Flash/Kissing Bonds 

As has been previously noted in AFSD, the process results in incomplete bonding 

at the periphery of the deposits (9). While these areas are typically machined away, the 

present study elected to keep a portion of the flash regions at the sides of the deposits. 

The flash regions at the side of the deposit can be seen to extend into the deposited 

material in a way that is analogous to kissing bonds as observed in friction stir welding, 

where the preexisting oxide layer on the material is not sufficiently broken up to allow 

metallic bonding. An example of this type of defect is given in Figure 91. 

 The number of tensile bars extracted in the ND-LD direction can help yield 

insight into the fraction of material with inadequate bonding at the edges due to flash. 

The average number of tensile bars extracted in the build direction from each build was 

26. Considering the cutting kerf of approximately 0.38 mm (0.015 in), this means that 

only approximately 25.4 mm (1 in) width of material was deposited with some amount of 

bonding despite the printed walls nominally being 38 mm (1.5 in) in width. The early 

failure of some ND-LD S26 samples indicates that flash defects extend further into the 

material even if the material is somewhat bonded. It was observed that flash regions may 

sometimes exhibit partial bonding, as shown in Figure 92. It is possible that this poor 

bonding may be visible in one of the fracture surfaces as well. From an observation of the 

fracture surface of ND-LD 750S22, shown in Figure 61, it appears that there is an onion 

skin type pattern such as that typically visible on the top surface of traditional FSW and 

AFSD processed materials. Additionally, there is a large amount of tungsten debris in the 

fracture surface shown in Figure 62, confirming that the material was previously in  
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Figure 91: Apparent kissing bond in the 700 ºC sample originating at the flash (a) optical (b) Keyence 

Optical Shadow Effect Mode 



 

172 

 

 

Figure 92: Flash region of 700 ºC temperature setpoint exhibiting partial bonding 
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contact with the tool. It is hypothesized that the visible onion skin surface indicates 

incomplete bonding. 
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CHAPTER 6  

FUTURE WORK 

Texture Development and Effect on Mechanical Properties 

With yielding seen in multiple areas, it is hypothesized that texture effects may 

play a large role in the observed yielding behavior of the tested tensile samples. While the 

effects of FSW/FSP on texture development have been extensively studied (20,182,185–

187), there are no studies to date that investigate the texture development of AFSD 

titanium. Future study should be undertaken to determine the effects of deposition of 

multiple layers and thermal cycling on texture development of AFSD titanium. 

Additionally, it is hypothesized in the present study that texture effects may contribute 

the non-uniform yielding behavior observed in the polished and etched ND-LD samples. 

Future texture study via EBSD or XRD could help explain the relationship between 

texture and mechanical properties observed in AFSD Ti-6Al-4V. 

Fatigue Testing 

Due to the incredibly harsh environmental conditions of plastically flowing 

titanium, tool wear is a significant concern. Due to the beta stabilizing effects of 

Tungsten, tool wear contamination could potentially negatively impact fatigue properties 

due to the lower modulus of the beta titanium phase. While tool debris has not been noted 

to limit low cycle fatigue life in FSW titanium (120), more thorough investigation is 

needed for AFSD. Fatigue testing will be needed to determine the fatigue response of 

AFSD Ti-6Al-4V. 
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Tool Development 

To mitigate the issues with tool wear, future work can investigate the effects of 

different tool designs and materials. Iridium-based tools have previously been observed 

to have an optimal combination of properties for the FSW of high temperature materials 

and may present an opportunity for the development of more durable AFSD tools despite 

the high cost of iridium alloys (104–106). 

Another method may be to revisit ceramic based tooling. The key issue to be 

solved, however, is the issue that AFSD tooling experiences tensile stresses (76). Metal 

3D printing of refractory alloys is becoming more mature. A solution may be to first 

produce a refractory alloy lattice matrix using metal additive manufacturing that is then 

infilled with a sintered ceramic to create a solid hybrid material tool. The refractory alloy 

matrix may better bear the tensile loads of the process while the ceramic can provide 

higher wear resistance. A similar technique has been previously used to create titanium-

ceramic hybrid materials for armor applications(190). 

Residual Stress 

The investigation of residual stress in AFSD Ti-6Al-4V also presents an 

interesting path forward for research. While some literature has noted that residual stress 

from the AFSD process is small (191), other literature indicated that it may be higher 

than initially thought(84). Based on visual inspection, the titanium build plates in the as-

built condition exhibited noticeable warping. From the results of the current study, it is 

not known if the build plate warping resulted from the AFSD process or preexisting 

residual stresses in the rolled build plate. 
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Process Monitoring / PID Tuning 

For this series of builds, untuned PID coefficients were chosen, resulting in 

ringing characteristic of an underdamped system. Future work could be undertaken to 

find PID coefficients that lead to a critically damped system for each of the potential 

temperature setpoints. 

In-Situ Process Modification 

In traditional FSP of both CP titanium and Ti-6Al-4V, a nitrogen atmosphere was used to 

produce surface nitriding and, below the surface, a dispersion of nitrides, creating an in-

situ metal matrix composite like material (192,193). This shows that in-situ process 

modification using a nitrogen build environment may be a route to the production of 

titanium metal matrix composites. The composition of the build environment could be 

controlled to fine tune the reaction between titanium and nitrogen, perhaps at different 

layers to create a functionally graded material. 

Increase Deposition Rates Using Hydrogen 

Hydrogen is a potent beta stabilizer with the potential to decrease the beta transus 

temperature to a eutectoid temperature of 300 ºC (11). It has been found in friction stir 

welding literature that hydrogenated titanium exhibits reduced flow stress (194), greater 

thermo-plasticity (195), and can reduce initial tool plunging forces and stabilize spindle 

torque during welding (196). A hydrogenation/dehydrogenation process where the 

feedstock is infused with hydrogen, the hydrogenated titanium is deposited, then the 

hydrogen is baked out of the material through vacuum annealing, may allow for several 

benefits. The process, after dehydrogenation, has been found to result in a very fine 

equiaxed alpha microstructure (197). It could also increase material deposition rates by 
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decreasing the flow stress of the material. Higher deposition rates could be highly 

beneficial, particularly for non-aerospace applications where hydrogen content in the 

material may not be as much of a concern. 

Hydrogenated titanium may also hold the potential to allow for deposition of 

titanium without an enclosed, fully inert environment. Below 550 ºC, oxygen diffusion 

rates through the outer oxide layer are low enough to prevent significant oxygen ingress 

into the bulk material (11). If deposition can be successfully achieved near or below 550 

ºC, this may significantly ease some of the difficulties in depositing titanium, by allowing 

only local shielding at the deposit. Lower deposition temperatures and forces may also 

enhance tool life and limit tool wear (195). 

AFSD Modeling 

AFSD modeling of titanium deposition could better inform process parameters 

and help increase understanding of the effects of process stoppages on resulting 

microstructures and mechanical properties. While modeling has been pursued for AFSD 

of aluminum alloys, literature on modeling AFSD titanium is limited. Robust simulation 

methods could also help provide insights into the complex material flow that exists 

during AFSD of titanium. With a better understanding of the material flow and shear 

directions during deposition, modeling could provide insights into the texture 

development of AFSD titanium. 
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CHAPTER 7  

SUMMARY AND CONCLUSIONS 

Summary 

Closed-loop temperature controlled additive friction stir deposition of Ti-6Al-4V 

was performed to deposit single track walls at a series of temperature setpoints ranging 

from 700 ºC to 850 ºC in 50 ºC increments via the use of a tool embedded thermocouple. 

The builds were monitored using thermocouples embedded in the build plates and IR 

thermography from the side. The resulting depositions were sectioned normal to the tool 

travel direction and analyzed using optical micrography, backscattered electron imaging, 

and electron backscatter diffraction. Chemical analysis was performed via the inert gas 

fusion technique, energy dispersive X-ray spectroscopy, and wavelength dispersive X-ray 

spectroscopy. The crystal structure of the deposits was analyzed using X-ray diffraction. 

Mechanical properties were investigated using microhardness testing on a polished cross 

section. Additionally, quasi-static tensile testing was conducted on a subscale tensile 

specimen geometry with strain measured using 3D digital image correlation. 

 It was found that the 700 ºC temperature setpoint resulted in an equiaxed alpha 

microstructure in the stir zone. The 850 ºC temperature setpoint resulted in a lamellar 

microstructure. The 750 ºC and 800 ºC intermediate temperature setpoints produced a 

mixed microstructure of equiaxed and lamellar morphologies. EBSD results indicate that 

the 700 ºC exhibits a mostly random texture. The microstructures become increasingly 

textured with increasing deposition temperatures. 
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 There was tungsten tool wear visible in all process conditions. The mechanism 

appeared to be abrasive wear as evidenced by the limited diffusion of tungsten into the 

titanium matrix. Oxygen ingress into the material was limited for all process conditions, 

and all deposited material met material requirements for oxygen content. XRD revealed 

comparable phase fractions for all deposition conditions, but also revealed some 

differences in cell volume and microstrain. 

Under quasi-static tensile testing, the AFSD Ti-6Al-4V average tensile properties 

for all temperature setpoints exceeded the ASTM B381 minimum forging standards of 

828 MPa yield strength, 895 MPa ultimate tensile strength, and 10% elongation at failure. 

Some tensile failures were attributable to incomplete bonding at the flash interface. 

Conclusions 

• AFSD of Ti-6Al-4V was successfully conducted at PID temperature controlled 

setpoints of 700 ºC, 750 ºC, 800 ºC, and 850 ºC as measured by a thermocouple 

embedded in the tool near the tool face. The 700 ºC temperature setpoint 

produced an equiaxed alpha microstructure characteristic of processing in the 

alpha + beta phase field below the beta transus temperature. The equiaxed alpha 

grains are on the order of 1-micron in size. The 850 ºC temperature setpoint 

resulted in a lamellar microstructure resulting from nucleation and growth upon 

cooling from the high temperature beta phase after the tool had passed. The prior 

beta grains for the 850 ºC temperature setpoint were on the order of 20 μm to 50 

μm. The alpha lath spacing was on the order of 1 μm. The intermediate 

temperature setpoints of 750 ºC and 800 ºC had mixed microstructures consisting 

of varying proportions of equiaxed alpha and lamellar microstructures resulting 
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from processing near, but below, the beta transus temperature. For the 750 ºC and 

800 ºC temperature setpoints, the prior beta grains appeared to be on the order of 

10 μm to 20 μm, where it was apparent. The lath spacing was on the order of 0.5 

μm to 0.75 μm within chunkier grain boundary alpha on the order of 1.25 μm to 

1.5 μm. 

• Tensile properties for AFSD Ti-6Al-4V as tested on a sub-scale tensile geometry 

were overall good, exceeding ASTM B381 requirements for forged titanium, 

though it should be noted that the results in the present study used a non-ASTM 

subsize tensile geometry. The measured tensile properties were 994 MPa YS, 

1045 MPa UTS, and 17% elongation in-plane in the weld direction and 1035 MPa 

YS, 1089 MPa UTS, and 13% elongation in-plane in the transverse direction. The 

out-of-plane tensile properties were measured at 950 MPa YS, 999 MPa UTS, and 

14% elongation. Some samples in the ND-TD and LD-TD orientation near the 

printed deposits periphery failed prematurely. The cause was attributed 

incomplete bonding in the flash regions of the deposit. 

• While all deposition temperatures exceed minimum standards, there are some 

differences in the tensile testing results. The LD-TD samples, extracted from the 

periphery of the deposited material exhibit an increasing YS and UTS with 

deposition temperature and an inversely correlated decrease in elongation. The 

TD-LD had the highest UTS for all tested conditions, though there was an 

increasing spread between the YS and UTS for increasing temperature deposition 

conditions. Elongation was relatively consistent. The ND-LD samples have a 

relatively higher YS and UTS at the 700 ºC temperature setpoint, before 



 

181 

 

decreasing for the intermediate temperature deposition conditions, and then rise 

slightly again for the 850 ºC temperature condition. Elongation for the out-of-

plane samples more inconsistent than the in-plane samples. 

• Build direction tensile samples exhibited non-uniform yielding behavior, initially 

yielding in lamellar microstructure regions even if the eventual failure occurred in 

equiaxed regions. It was hypothesized that this may be related to texture effects in 

the lamellar regions. 

• The present work is the first demonstration of AFSD of Ti-6Al-4V below the beta 

transus temperature. Due to the differences in flow stress between the high 

temperature BCC beta phase and the low temperature HCP alpha phase, build 

parameters needed to be adjusted lower to accommodate the increased forces and 

power input needed for AFSD below the beta transus temperature. 

• The pseudo-heat index as first applied to AFSD of the single-phase materials 

aluminum and copper by Garcia et al. (63) and later applied to AFSD of Ti-6Al-

4V above the beta transus temperature by Yoder et al. (9) does not model heat 

generation in AFSD of Ti-6Al-4V near the beta transus temperature. The 

alpha/beta phase change in Ti-6Al-4V and resulting differences in flow stress 

result in more complicated heat generation as compared to single phase materials. 

• Oxygen pickup during AFSD deposition of Ti-6Al-4V was relatively low, going 

from 0.19 wt. % in the feedstock to 0.20 wt. % in the finished deposits for all 

temperature setpoints. There was no measured differences in oxygen pickup for 

any of the different temperature setpoints, despite the oxygen content in the inert 

enclosure during printing being 0.6 %. All printed materials met the chemistry 
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requirements for O and N content for aerospace titanium and did not exceed the 

0.20 wt. % oxygen limit for Ti-6Al-4V. There does not appear to be localized 

oxygen pickup at the layer interfaces, however, more investigation may yield 

more insights into the formation of equiaxed alpha in those areas. 

• Tool wear exists in all process conditions despite the use of a lanthanated tungsten 

tool. This tool wear led to defects including tungsten inclusions at different scales. 

Submicron tungsten wear particles resulting from abrasive wear of the tool locally 

increased the hardness for a single hardness indent. One large tungsten inclusion 

was greater than 1.5mm in length. Overall, because tungsten is a beta phase 

stabilizer, caution should be taken if heat treating AFSD Ti-6Al-4V parts due to 

the potential of tungsten dissolution modifying the local chemistry and resulting 

microstructure. 

• There are hardness variations through the build with two characteristic length 

scales: one resulting from the layer-by-layer printing process and another 

resulting from process stoppages due to material reloads. The layer scale hardness 

variation was on the order of the layer height of 1 mm. The longer-range hardness 

variation was on the order of the number of printed layers before each process 

stoppage (~ 6 mm). Despite the hardness variation, the mean hardness for all 

temperature conditions was virtually the same. 

• X-ray diffraction reveals some similarities and some differences for the different 

temperature setpoint processing conditions. Like the Yoder et al. study (9), 

alpha/beta phase fractions were comparable for all printed conditions, even with 

processing below the beta transus temperature. There was, however, a difference 
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in the phase fraction between the feedstock and the printed material. Microstrain 

broadening between the two phases showed an inverse relationship with 

increasing temperature processing conditions. This may suggest differences in 

plasticity and recovery under different processing conditions, however, 

interpretation of XRD results can be complicated by differences in microstructure. 

When measured over multiple layers worth of material, the printed material was 

less textured than the originating feedstock. Tungsten and oxide trace phases were 

not observed through XRD. 

Significance of Current Work 

This current work aims to more fully describe the AFSD process with respect to 

the closed-loop temperature-controlled deposition of Ti-6Al-4V, particularly through an 

analysis of the effects of deposition temperature on microstructure and mechanical 

properties. An analysis of the effects of processing on the resulting microstructure is 

given. The effects of the microstructure, including morphology and heterogeneity, are 

then tested via hardness testing and quasi-static tensile testing to determine their effects 

on mechanical properties. 

While friction stir welding of Ti-6Al-4V below the beta transus temperature has 

previously been demonstrated, this work is the first demonstration of AFSD of Ti-6Al-4 

below the beta transus temperature. This unlocks a new category of microstructure 

morphology that can be deposited. Importantly, the resulting equiaxed microstructure 

from sub-beta transus AFSD is impossible to achieve solely through any melting-based 

process such as L-PBF or WAAM, which typically result in large columnar grains. AFSD 

of Ti-6Al-4V yields small grains for all processing conditions, which help enhance 
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mechanical properties in the Z-direction. Although there was some variation in the 

mechanical properties as a function of the location and deposition temperature which 

resulted indifferences in microstructure, all the samples from all the deposition conditions 

exceeded ASTM B381 forging standards in for all tested orientations, despite 

microstructural heterogeneity, hardness variations, and the presence of tungsten 

contamination in all conditions. 

Ti-6Al-4V is an important material in the context of many industrial uses. It is 

hoped that this study has increased an understanding of the complex interplay between 

processing, microstructure, and resulting mechanical properties for a variety of deposition 

temperatures. It is hoped that this research will contribute to future parameter selection 

for both research and commercial production of Ti-6Al-4V components using AFSD. 
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 APPENDIX 

Table 13: LD-TD 700 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

700S2 108 979 1000 0.028 0.011 0.20 0.031 

700S6 108 924 979 0.065 0.011 0.15 0.058 

700S10 - - - - - - - 

700S14 114 979 1007 0.063 0.011 0.17 0.045 

700S18 112 1020 1020 0.010 0.011 0.19 0.000 

Average 111 976 1001 0.0415 0.0109 0.176 0.0335 

Std Dev 3 40 17.2 0.0270 0.0003 0.02 0.025 

Max 114 1020 1020 0.065 0.0112 0.197 0.058 

Min 108 924 979 0.01 0.0106 0.147 0 

CV (%) 3.0 4.1 1.7 65.1 2.9 13.3 74.3 

Range 6.9 97 41 0.055 0.0006 0.05 0.058 
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Table 14: LD-TD 750 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

Ult 

Strength 

(GPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

750S2 - - - - - - - 

750S6 119 965 979 0.057 0.010 0.17 0.039 

750S10 119 1000 1014 0.052 0.011 0.16 0.038 

750S14 120 958 1020 0.074 0.010 0.18 0.063 

750S18 121 958 1014 0.059 0.010 0.16 0.056 

Average 120 970 1007 0.0605 0.0102 0.168 0.049 

Std Dev 1 20 18.7 0.0095 0.0002 0.01 0.012 

Max 121 1000 1020 0.074 0.0105 0.183 0.063 

Min 119 958 979 0.052 0.0101 0.157 0.038 

CV (%) 0.7 2.0 1.9 15.7 1.9 6.6 25.4 

Range 2.1 41 41 0.022 0.0004 0.026 0.025 
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Table 15: LD-TD 800 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

800S2 119 993 1083 0.062 0.010 0.18 0.066 

800S6 - - - - - - - 

800S10 118 1034 1055 0.061 0.011 0.17 0.044 

800S14 115 1014 1076 0.079 0.011 0.17 0.065 

800S18 108 1014 1089 0.069 0.012 0.16 0.066 

Average 115 1014 1076 0.06775 0.0109 0.169 0.06025 

Std Dev 5 17 14.9 0.0083 0.0005 0.01 0.011 

Max 119 1034 1089 0.079 0.0115 0.179 0.066 

Min 108 993 1055 0.061 0.0104 0.158 0.044 

CV (%) 4.3 1.7 1.4 12.3 4.2 5.2 18.0 

Range 11.0 41 34 0.018 0.0011 0.021 0.022 
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Table 16: LD-TD 850 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

850S2 119 938 1048 0.053 0.010 0.14 0.077 

850S6 122 1041 1117 0.070 0.011 0.16 0.064 

850S10 119 1055 1103 0.074 0.011 0.15 0.054 

850S14 123 1034 1124 0.079 0.011 0.17 0.068 

850S18 - - - - - - - 

Average 120 1017 1098 0.069 0.0105 0.155 0.06575 

Std Dev 2 54 34.4 0.0113 0.0004 0.01 0.010 

Max 123 1055 1124 0.079 0.0109 0.169 0.077 

Min 119 938 1048 0.053 0.01 0.141 0.054 

CV (%) 1.8 5.3 3.1 16.4 3.6 7.4 14.5 

Range 4.1 117 76 0.026 0.0009 0.028 0.023 
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Table 17: TD-LD 700 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

700S2 114 1034 1076 0.056 0.011 0.12 0.048 

700S6 118 993 1055 0.059 0.011 0.11 0.059 

700S10 118 1076 1089 0.061 0.011 0.13 0.040 

700S14 119 1055 1096 0.052 0.011 0.12 0.048 

700S18 116 1069 1089 0.050 0.011 0.13 0.039 

Average 117 1045 1081 0.0556 0.0111 0.123 0.0468 

Std Dev 2 33 16.5 0.0046 0.0003 0.01 0.008 

Max 119 1076 1096 0.061 0.0114 0.133 0.059 

Min 114 993 1055 0.05 0.0105 0.11 0.039 

CV (%) 1.8 3.2 1.5 8.3 3.1 8.2 17.2 

Range 5.5 83 41 0.011 0.0009 0.023 0.02 
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Table 18: TD-LD 750 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

750S2 108 986 1062 0.055 0.011 0.11 0.067 

750S6 110 1007 1055 0.054 0.011 0.11 0.055 

750S10 118 1062 1076 0.062 0.011 0.18 0.042 

750S14 117 1103 1131 0.056 0.012 0.11 0.044 

750S18 121 1069 1096 0.060 0.011 0.14 0.045 

Average 114 1045 1084 0.0574 0.0112 0.132 0.0506 

Std Dev 6 48 30.6 0.0034 0.0002 0.03 0.010 

Max 121 1103 1131 0.062 0.0115 0.184 0.067 

Min 108 986 1055 0.054 0.011 0.11 0.042 

CV (%) 4.9 4.6 2.8 6.0 1.7 24.4 20.7 

Range 13.1 117 76 0.008 0.0005 0.074 0.025 
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Table 19: TD-LD 800 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

800S2 110 931 1027 0.053 0.011 0.10 0.076 

800S6 117 1027 1110 0.063 0.011 0.13 0.069 

800S10 118 1027 1083 0.057 0.011 0.13 0.056 

800S14 121 1069 1103 0.050 0.011 0.12 0.044 

800S18 119 1062 1124 0.060 0.011 0.12 0.062 

Average 117 1023 1089 0.0566 0.0109 0.119 0.0614 

Std Dev 4 55 37.8 0.0052 0.0002 0.01 0.012 

Max 121 1069 1124 0.063 0.0111 0.133 0.076 

Min 110 931 1027 0.05 0.0106 0.103 0.044 

CV (%) 3.7 5.4 3.5 9.2 1.8 9.9 20.0 

Range 11.7 138 97 0.013 0.0005 0.03 0.032 
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Table 20: TD-LD 850 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

850S2 120 1020 1131 0.053 0.011 0.11 0.080 

850S6 123 1055 1103 0.062 0.011 0.13 0.052 

850S10 123 1007 1096 0.061 0.010 0.12 0.071 

850S14 121 1041 1117 0.056 0.011 0.15 0.063 

850S18 121 1000 1069 0.063 0.010 0.13 0.064 

Average 122 1025 1103 0.059 0.0105 0.128 0.066 

Std Dev 2 23 23.4 0.0043 0.0002 0.02 0.010 

Max 123 1055 1131 0.063 0.0107 0.147 0.08 

Min 120 1000 1069 0.053 0.0103 0.109 0.052 

CV (%) 1.4 2.3 2.1 7.3 1.8 12.1 15.7 

Range 3.4 55 62 0.01 0.0004 0.038 0.028 
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Table 21: ND-LD 700 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

700S2 110 979 986 0.013 0.011 0.07 0.042 

700S6 110 1007 1020 0.043 0.011 0.01 0.031 

700S10 111 1041 1069 0.061 0.012 0.16 0.042 

700S14 107 1014 1041 0.060 0.012 0.16 0.040 

700S18 118 1069 1096 0.053 0.011 0.15 0.038 

700S22 110 1103 1110 0.013 0.012 0.14 0.042 

700S26 107 1048 1048 0.012 0.012 0.13 0.010 

Average 110 1037 1053 0.036 0.012 0.117 0.035 

Std Dev 4 42 43 0.023 0.0004 0.056 0.012 

Max 118 1103 1110 0.061 0.012 0.162 0.042 

Min 107 979 986 0.012 0.011 0.011 0.010 

CV (%) 3.4 4.0 4.1 63.1 3.6 47.7 33.4 

Range 11.0 124.1 124.1 0.049 0.001 0.151 0.032 
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Table 22: ND-LD 750 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

750S2 104 924 931 0.030 0.011 0.08 0.028 

750S6 91 986 1020 0.064 0.013 0.19 0.050 

750S10 99 889 931 0.066 0.011 0.26 0.050 

750S14 104 931 979 0.067 0.011 0.26 0.048 

750S18 98 889 931 0.058 0.011 0.14 0.050 

750S22 - - - - - - - 

750S26 92 910 945 0.063 0.012 0.13 0.052 

Average 98 922 956 0.058 0.012 0.177 0.046 

Std Dev 6 36 37 0.014 0.0008 0.074 0.009 

Max 104 986 1020 0.067 0.013 0.264 0.052 

Min 91 889 931 0.030 0.011 0.077 0.028 

CV (%) 5.8 3.9 3.8 24.3 6.7 41.7 19.6 

Range 13.1 96.5 89.6 0.037 0.002 0.187 0.024 
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Table 23: ND-LD 800 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

800S2 94 903 931 0.023 0.012 0.02 0.050 

800S6 103 896 952 0.053 0.011 0.14 0.061 

800S10 106 917 972 0.067 0.011 0.13 0.056 

800S14 91 883 931 0.060 0.012 0.08 0.055 

800S18 92 910 979 0.063 0.012 0.15 0.060 

800S22 88 965 1014 0.070 0.013 0.13 0.061 

800S26 - - - - - - - 

Average 96 912 963 0.056 0.012 0.109 0.057 

Std Dev 7 28 32 0.017 0.0009 0.048 0.004 

Max 106 965 1014 0.070 0.013 0.147 0.061 

Min 88 883 931 0.023 0.011 0.024 0.050 

CV (%) 7.6 3.1 3.3 30.7 7.3 44.3 7.6 

Range 18.6 82.7 82.7 0.047 0.002 0.123 0.011 
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Table 24: ND-LD 850 ºC Tensile Testing Data 

Sample ID 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ult 

Strength 

(MPa) 

Ext Strain 

@ UTS 

(mm/mm) 

Yield 

Strain 

(mm/mm) 

Ext Strain 

@Rupture 

(mm/mm) 

Strain 

Hardening 

Exponent 

850S2 105 952 1041 0.083 0.011 0.19 0.071 

850S6 99 903 993 0.073 0.011 0.14 0.073 

850S10 92 869 958 0.070 0.012 0.15 0.078 

850S14 107 931 1027 0.074 0.011 0.13 0.072 

850S18 108 958 1048 0.061 0.011 0.13 0.073 

850S22 112 965 1076 0.065 0.011 0.12 0.078 

850S26 - - - - - - - 

Average 104 930 1024 0.071 0.011 0.144 0.074 

Std Dev 7 37 42 0.008 0.0003 0.025 0.003 

Max 112 965 1076 0.083 0.012 0.192 0.078 

Min 92 869 958 0.061 0.011 0.124 0.071 

CV (%) 6.8 4.0 4.1 10.8 2.6 17.7 4.1 

Range 20.0 96.5 117.2 0.022 0.001 0.068 0.007 
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Figure 93: ND-LD 700ºC Tensile Specimens at Failure (a) s2, (b) s6, (c) s10, (d) s14, (e) s18, (f) s22, (g) 

s26 
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Figure 94: ND-LD 750ºC Tensile Specimens at Failure (a) s2, (b) s6, (c) s10, (d) s14, (e) s18, (f) s22, (g) 

s26 
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Figure 95: ND-LD 800ºC Tensile Specimens at Failure (a) s2, (b) s6, (c) s10, (d) s14, (e) s18, (f) s22, (g) 

s26 
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Figure 96: ND-LD 850ºC Tensile Specimens at Failure (a) s2, (b) s6, (c) s10, (d) s14, (e) s18, (f) s22 
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Figure 97: 700 ºC pair plot 

 

 

Figure 98: 750 ºC pair plot 
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Figure 99: 800 ºC pair plot 

 

 

Figure 100: 850 ºC pair plot 
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