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ABSTRACT 

Ti–6Al–4V (Ti64) is the most widely used titanium alloy on the market today due to its 

high strength-to-weight ratio and excellent corrosion resistance. Because of expensive Ti64 

material costs, fusion based additive manufacturing (AM) methods are heavily utilized in the 

fabrication of Ti64 parts. This research presents the as-deposited properties and microstructure of 

Ti64 after additive friction stir-deposition (AFS-D): a layer-by-layer solid state AM process that 

provides the capability to produce fully dense, near-net shape parts from a variety of alloys, 

including Ti64. Microstructural characteristics of AFS-D Ti64 were determined using Electron 

Backscatter Diffraction (EBSD) and Energy Dispersive Spectroscopy (EDS). A Vickers hardness 

test measured the hardness of the AFS-D Ti64 deposition cross section. Quasi-static tensile 

experiments performed on as-built AFS-D Ti64 samples quantified the strength and ductility, 

and the results were compared to the data available in the open literature of Ti64 produced by 

other popular AM methods. In conclusion, the as-deposited AFS-D Ti64 performed as well as or 

better mechanically than cast and wrought Ti64, with a Vickers hardness of 348 HV and average 

ultimate tensile strength (UTS) of 1.2 GPa. Compared to other fusion based AM methods, AFS-

D performed similarly, while possessing faster deposition rates with a more refined and equiaxed 

microstructure. 
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I. INTRODUCTION 

In the past fifty years, the commercial use of titanium and titanium alloys has increased 

dramatically in-part due to the high strength-to-weight ratio, having a density approximately 

60% of iron [1]. Additionally, titanium has excellent corrosion resistance, as it creates a 

protective oxide layer on the material surface. These qualities have made the material extremely 

popular in both aerospace and medical industries [2].  A significant reason for the improved 

properties begins with the unique intrinsic structure of titanium alloys with varying amounts of 

alpha (α) and beta (β) phases. The α phase indicates a hexagonal close-packed (HCP) crystal 

structure, while the β phase represents a body-centered cubic (BCC) crystal structure. The 

amounts of each of these phases present in a titanium alloy is dependent on both the type of 

alloying elements and the thermomechanical processes endured throughout the history of the 

material [3].  

The α-based alloys are known for having beneficial creep resistance that do not exhibit 

ductile-to-brittle transitions. These phenomena makes α-based alloys ideal for cryogenic 

applications [4]. Additionally, α stabilized alloys are preferred over β alloys at extremely high 

temperatures [5]. Pure, unalloyed titanium is 100% α phase at room temperature and has either 

an equiaxed or acicular grain structure. Acicular structures appear when a sample is heated above 

the β transus temperature (995 ± 20 ˚C) [6], but the β phase is not maintained [3]. Equiaxed α 

grains appear as a product of recrystallization after the sample has been cold-worked in the α 

phase [2]. The β phase alloys are known for their forgeability and ability to be strengthened by 
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heat treatments, unlike α alloys [7]. The α+β titanium alloys generally contain 10-50% β phase, 

which can be controlled by heat treatment [2].  

One of the most popular titanium alloys is the α+β titanium aluminum alloy, Ti–6Al–4V 

(Ti64). In this alloy, aluminum acts as the α stabilizer, while vanadium stabilizes the β phase. 

Aluminum is the most common α stabilizer in titanium and increases the tensile strength of the 

alloy. Vanadium is an isomorphous β stabilizer, allowing for homogeneous mixing in the β phase 

[3].  The amount of β phase within Ti64 is manipulated by raising the temperature over the β 

transus temperature. As the Ti64 cools from the β transus, α is formed in different ways 

depending on the cooling rate. Very slow cooling rates result in the formation of globular α 

grains, while more rapid cooling produces α platelets within β grains [6].  Ti64 is not known for 

its good formability, despite it being an α+β phase alloy. Now in the medical industry, Ti64 is 

common in surgical implants, since there is a high resistance to corrosion. While in the aerospace 

industry, Ti64 is found in landing gear elements, fuselages, and fan discs. The large demand in 

the aerospace and medical fields accounts for Ti64 being the most popular titanium alloy on the 

market today [8], [9].    

Fabrication of near-net shape or additive Ti64 components has progressed from the 

production method of powder metallurgy, or P/M to deposition-based AM. Where the P/M 

approach generally results in small amounts of remaining porosity (95-99% density) that 

degrades both fatigue life and fracture properties [10]. Post-processing using hot isostatic 

pressing (HIP) after production raises the density of P/M titanium components up to 99.8% [11]. 

Additionally, for P/M parts to reach 100% density, the titanium powder must be free of chloride, 

which originates from the Kroll process [11]. 
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For deposition-based AM, the fusion based selective laser melting (SLM) process has 

been highly studied by the scientific community for processing Ti64. In the SLM process, 

powder is melted together layer-by-layer with a fiber laser based on slices generated by a CAD 

model. As the part is built, the surrounding powder acts as a support for the part. These factors 

make SLM ideal for smaller parts with complex geometries [12], [13]. According to literature, 

SLM has deposition rates ranging from 2.7-9.2 cm3/h [11], [12]. The morphology of parts 

produced through SLM is dictated by several different factors, such as the distance between 

scanning vectors (hatch spacing), high cooling rates, and varying laser scanning speeds. For 

example, as more energy is transferred to the powder and scanning speed increases, the density 

of the part increases [13], [15]. SLM is a popular manufacturing process for Ti64, as Ti64 is 

difficult to manufacture by conventional subtractive methods. SLM Ti64 possesses an acicular 

martensitic phase due to the rapid cooling rates associated with this process [12], [16]. On a 

larger scale, SLM Ti64 has a columnar structure, as is seen with most powder process builds. 

This is due to the directional cooling of the previously melted layers [16].  

While SLM offers a great degree of freedom in its design capabilities, there are certain 

limitations. For example, certain angles of part elements can cause what is known as the 

“staircase effect.” When there is a large change in size proceeding from one CAD slice to the 

next, there will be a jump from one slice perimeter to the next. The staircase effect causes a 

surface finish that may affect the mechanical properties of the part [15], [16]. A compromise 

between layer thickness, surface finish and build time must be met in order to mitigate this 

phenomenon [17]. Another characteristic of SLM that must be considered is porosity. Porosity 

can be caused by a lack of fusion between particles, gas entrapment in the powder, or the 

instability of the current region of melted powder (melt pool) [16]. These conditions typically 
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occur at the interface between melted layers. In some cases, porosity is desired. However, this 

porosity at interface layers can greatly reduce the tensile strength of an SLM manufactured part 

and therefore must be addressed. The porosity of a part can be reduced by correctly adjusting 

process parameters, as well as by post hot isostatic pressing [13], [16]. 

Another popular AM method used to process Ti64 components is electron beam melting 

(EBM). Unlike SLM, which uses the heat of a fiber laser to melt particles together, EBM uses a 

high powered electron beam in a vacuum environment to transfer kinetic energy from the 

electrons to the powder, increasing the temperature of the powder and inducing fusion [4], [9]. 

The EBM process is faster than SLM, with build rates ranging from 55-80 cm3/h [19], [20]. 

Additionally, EBM consumes less energy than SLM [21]. However, the surface finish of EBM 

parts has been reported to be significantly rougher than that of SLM parts[22], [21]. Like SLM 

and other powder fusion processes, EBM Ti64 has a columnar grain structure[12], [23].  

Several new AM technologies fall under the category of directed energy deposition 

(DED). Instead of utilizing a powder bed, DED processes use either powder or wire deposition in 

conjunction with a laser or electron beam to fabricate structures. The energy source creates a 

melt pool in the substrate while either wire or powder feedstock is deposited into the melt pool. 

As the energy source traverses, the melted feedstock solidifies, and the structure is built layer by 

layer. Laser Engineered Net Shaping (LENS) is a popular laser-based DED system used to 

fabricate Ti64 at deposition rates of 130 cm3/h [24]. A flow of powder is deposited through up to 

four nozzles, and the powder particles are either melted in flight or once they reach the melt 

pool. Because not all of the powder is captured by the melt pool, an excess amount of powder 

must be used in fabrication [25]. The number of nozzles used, the manipulation of shield gas, 

and the focus of the laser will vary depending on the requirements of the build [25].  
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Electron Freeform Fabrication (EBF3) is a DED process that utilizes wire as feedstock 

rather than a flow of powder. The EBF3 process makes use of an electron beam within a vacuum 

to create a melt pool in a substrate, and wire feedstock is subsequently deposited into the melt 

pool. Because this process uses wire feedstock, there is essentially no mass loss during feedstock 

deposition [25]. EBF3 was developed by NASA Langley as a process that could eventually be 

used for in-space applications, as it requires a vacuum for operation, and wire feedstock is much 

more easily stored in zero-gravity than loose powder. EBF3 deposits layers with thickness of 3 

millimeters, yielding build rates of up to 434 cm3/h [25], [26].  

Here, in this research we present the AFS-D process for the first time as a viable method 

to fabricate fully-dense Ti64 layer-by-layer depositions with depositions rates up to 533 cm3/h 

[27]. AFS-D is a solid-state layer-deposition additive process that incorporates severe plastic 

deformation and frictional heating to fabricate near-net shape parts out of solid or powder 

feedstock. Feedstock is pushed through a hollow rotating tool onto a substrate and successive 

layers. A combination of shear and compressive stresses during deposition of the material results 

in the severe plastic deformation during the process taking advantage of temperature dependence 

on material flow stress. Fig. 1 demonstrates the AFS-D process schematically. Unlike other 

manufacturing processes, such as Selective Laser Melting (SLM) and other powder metallurgy 

methods, AFS-D creates fully dense parts without the direct melting of material. This new 

technology has already been used to process several series of aluminum and magnesium alloys, 

as well as metal matrix  composites [27]–[32].  
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Fig. 1. (a)-(c) Schematic of the AFS-D process depositing n-layers of material. (d) AFS-D Ti64 

deposition of four layers on a Ti64 substrate. 
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II. MATERIALS AND METHODS 

A B8 model MELD machine was used to fabricate the Ti64 samples under proprietary 

parameters. Solid rod Ti64 feed stock with dimensions of 9.525 mm (W) x 9.525 mm (L) x 304.8 

mm (H) was used to deposit Ti64 via AFS-D.  Five dog bone tensile specimens were machined 

from the AFS-D deposition in the longitudinal direction with an average cross-sectional area of 

2.38 mm2 and a gage length of 10 mm. Fig. 2 denotes the tensile sample orientation and the build 

direction of the AFS-D sample. 

 

Fig. 2. AFS-D orientation nomenclature and tensile sample orientation. 

  Microstructural analysis and fractography were performed on a TESCAN LYRA3 SEM 

to observe the as-deposited material characteristics and the fracture surfaces of the AFS-D Ti64 

tensile samples. An electron beam voltage of 20 kV and working distance of 10 mm were used to 

collect images of the fracture surfaces. In order to quantify the grain structure evolution after 

AFS-D Ti64, Electron Backscatter Diffraction (EBSD) was conducted on both the feedstock 

Ti64 and the Ti64 AFS-D deposition. Regarding the feedstock, which was cut from rolled Ti64 

plate, EBSD scans were performed in the short transverse (ST), long transverse (LT), and 
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longitudinal (L) directions. The AFS-D EBSD scans were run in the transverse (T), longitudinal 

(L), and build direction (BD). EBSD was performed on the TESCAN LYRA3 SEM, and OIM 

and TEAM software were utilized for post-processing SEM data. SEM samples were sectioned, 

mounted and ground with SiC paper to 1200 grit. After grinding, samples were polished using a 

mixture of 30 mL H2O2 and 70 mL 0.04 μm OP-S Colloidal Silica. An EDAX Hikari Super 

EBSD camera and Octane Elite Silicon Drift Detector were used to perform EBSD scans. The 

TESCAN LYRA3 SEM used an electron beam energy of 20 kV, a working distance of 12 mm, 

and a step size of 0.20 μm. Energy Dispersive Spectroscopy (EDS) was also performed using the 

TESCAN LYRA3 SEM to determine elemental composition of AFS-D Ti64. Optical microscopy 

samples were etched using Keller’s reagent (2 mL HF, 4 mL HNO3, and 100 mL H2O) and 

observed with a KEYENCE VHX-1000 digital microscope.   

A Vickers hardness test was performed on a polished cross-section of the build direction 

sample using a CLEMEX Automated Vickers Microhardness Tester to probe the deposited 

layers. Fig. 3 denotes the face upon which the microhardness indentations were performed. 

 

Fig. 3. (a) Microhardness sample cross-section and (b) mounted sample. 

As the entire AFS-D cross section exceeded the available sample puck size of the 

indenter sample holder, only half of the deposition was mounted and indented to collect results 

about an axis of symmetry. Indentations were made in a 17 x 7 grid across the deposited layers 

with 300 gf and X–Y spacing of 1 mm.  
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III. RESULTS AND DISCUSSION 

A.  Microstructure Characterization 

Fig. 4 depicts the results of the feedstock and AFS-D EBSD in all three orientations. 

 

Fig. 4. EBSD maps of (a) Ti64 feedstock and (b) as-deposited AFS-D Ti64. 

The EBSD scans in Fig. 4(a) indicated that the Ti64 feedstock possessed elongated 

grains. In the short transverse direction, there are regions of preferred grain orientations due to 

the nature of the rolled Ti64 plate. Optical microscopy and ImageJ determined the average grain 

size of the feedstock to be 6 µm. Comparing these results to the AFS-D sample in Fig. 4(b), it is 

seen that AFS-D Ti64 undergoes a significant reduction in grain size. The average grain size was 

measured to be 1 µm, indicating an 83% grain size reduction during the AFS-D process. 

Additionally, the elongated, acicular grains of the feedstock are refined into smaller, equiaxed 

grains in all directions of the AFS-D sample. 
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B. Phase Content  

EBSD scans were also used to compare phases seen in the Ti64 Feedstock versus the 

Ti64 AFS-D deposition, the results of which are displayed in Fig. 5. The scans taken in the short 

transverse direction of the feedstock and the build direction of the AFS-D sample were analyzed. 

 

 

Fig. 5. Phase content information of (a) feedstock Ti64 and AFS-D Ti64 at (b) low and (c) high 

magnification. 

In the feedstock material shown in Fig. 5(a), it is clear that the β phase is seen along α 

grain boundaries, which is consistent with literature data [6], [33]. In Fig. 5(b) and 5(c), it was 
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observed that 95% of the feedstock microstructure was α phase, while β phase accounted for the 

remaining 5%. The higher magnification image, Fig. 5(c), determined that the β phase was still 

seen along α grain boundaries after depositon of the Ti64. Additionally, OIM identified that there 

was approximately a 2% reduction in the amount of β seen in the AFS-D sample. During the 

AFS-D process, the deposited material reaches a temperature of approximately 80% of the its 

melting temperature [34]. Therefore, AFS-D Ti64 would reach a temperature of approximately 

1200 ˚C, which is significantly higher than the β transus temperature of Ti64 (995 ˚C). This 

increase of temperature above the β transus temperature likely affected the amounts of β seen in 

the AFS-D deposition [6]. Future studies taking note of the working temperature, the time held 

above the β transus, and cooling rates will more accurately quantify the reduction of the β phase 

seen in the AFS-D process.  

C. Vickers Hardness Test 

A Vickers hardness experiment was performed in order to determine the as-deposited 

hardness variation across the four deposited layers in the AFS-D Ti64 sample. 300 grams force 

was applied to a 17 x 15 grid across the cross-section of the build with X–Y spacing of 1 mm. 

The region encompassing the deposition layers included the upper 17 x 7 grid of indents. Fig. 6 

depicts the hardness values seen across the deposition layers. 

 

Fig. 6. Vickers hardness map of AFS-D Ti64 deposition layers. 
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The average Vickers hardness of the deposited Ti64 was 348 HV. For comparison, the 

average value of fully annealed wrought Ti64 found in literature is 334 HV [35]. Fig. 6 indicates 

that the highest hardness values of the deposition are located near the center of the final layer. 

The hardness values of prior layers and the values near the outer boundaries of the build are less 

than those of the top central region, as denoted by the dotted line in Fig. 6. The higher hardness 

values can be attributed to the fact that the top deposition layer has experienced the least amount 

of plastic deformation and frictional heat.   The additional heat and mixing applied to previous 

layers incidentally resulted in the annealing of the material.  

In addition to the deposition hardness values, results from the 17 x 5 grid encompassing 

the AFS-D/substrate interface were examined (Fig. 7). The second map revealed abnormally 

high hardness values at the AFS-D/substrate interface, ranging from the average 348 HV to a 

maximum of 753 HV. The indentations correlating to the high hardness values were inspected 

for defects and measured for accuracy. Subsequently, EDS was performed in order to quantify 

the microstructural features correlating to this increased hardness zone.    

 

Fig. 7. Vickers hardness map of substrate/AFS-D interface.  

D. Chemical Analysis using EDS of the Deposition and Interface 

The AFS-D/substrate interface was inspected for irregularities that might explain the 

results collected from the Vickers hardness test. In friction stir welding of Ti64, it is common for 

remnants of the pin tool to be found within weld regions [36]. Despite the use of harder, W-
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based tools, the pin wears into the Ti64 material during the severe plastic deformation. A line 

scan was performed at the substrate/AFS-D interface in order to look for remnants of the tool. 

The expectation was to find W particles, as the sample was deposited with a W-La tool. 

Interestingly, no counts of W were reported. Instead, counts of Fe and Cr were reported along the 

interface, indicating remnants of stainless steel within the deposit (Fig. 8).  

 

Fig. 8. EDS scan indicating Fe and Cr in the substrate/AFS-D interface. 

Because the higher hardness values were seen only at the AFS-D/substrate interface, it is 

believed that Fe and Cr particles were contaminants from a previous deposition of stainless steel 

performed with the same tool used for these Ti64 depositions. For future depositions, tools will 

be thoroughly cleaned to avoid distributing contaminants into AFS-D layers. If resources are 

available, tools will be devoted to the deposition of single alloys, ensuring no contamination 

between builds. 

E. Tensile Experiments of AFS-D Ti64 

Tensile experiments were performed on five AFS-D Ti64 samples. The tensile axis of 

these samples was perpendicular to the build direction. Fig. 9 compares the results of the five 
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tensile tests. In addition to Ultimate Tensile Strength (UTS), the Proportional Limit (PL) 

required for material model calibration was evaluated by calculating the stress at which the slope 

deviates 4% from the elastic region. The average UTS and PL values are reported in Table 1. 

 

       

Fig. 9. Plotted tensile results of tested AFS-D Ti64 samples. 

TABLE I 

AVERAGE TENSILE RESULTS 

UTS PL 

1,157 ± 12 1,066 ± 10 

 

The tensile test results indicated that as-deposited AFS-D Ti64 possesses an average UTS 

of 1157 MPa, approximately 200 MPa higher than the accepted wrought value of 950 MPa. The 

average proportional limit was measured to be 1066 MPa. Fracture surfaces from the tensile 

samples were observed using SEM to determine failure mechanisms. Fig. 10 depicts the fracture 

surface of Sample 1. 
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Fig. 10. Fractography of AFS-D tensile Sample 1. 

Fig. 10 reveals that equiaxed dimples/microvoids are seen across the fracture surface of 

Sample 1. The fractography of Sample 1 is indicative of the remaining tensile samples, 

demonstrating the ductile fracture mechanism of AFS-D Ti64.  

Fig. 11 displays the fractography of Sample 2. Like Sample 1, Sample 2 possesses 

equiaxed dimpling, indicating a ductile fracture mechanism. However, a layer interface was 

encompassed within tensile Sample 2. It was noted that the inclusion of a layer interface had no 

negative effects on the tensile performance of Sample 2, as seen in the comparison of tensile 

results (Fig. 9). 
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Fig 11. Fractography of AFS-D tensile Sample 2. 

F. Ti–6Al–4V Comparison of Manufacturing Processes 

The tensile mechanical properties of AFS-D Ti64 were compared to that of SLM, EBM, 

LENS, and EBF3 fusion-based AM Ti64 results available in the open literature. Additionally, 

cast and wrought Ti64 are compared to the additive material. Fig. 12 and Fig. 13 compare the 

yield stress (YS) and UTS of these Ti64 manufacturing methods.   
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Fig 12. Yield stress (YS) comparison for Ti64 manufacturing processes [3], [15], [18], [22], [37]–

[47]. 

 

Fig. 13. Ultimate tensile strength (UTS) comparison for Ti64 manufacturing processes [3], [15], 

[18], [22], [37]–[47]. 
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As seen in Fig. 12 and Fig. 13, AFS-D Ti64 performs similarly to Ti64 fabricated by 

other AM methods. The tensile properties of AFS-D Ti64 do not meet that of heat-treated SLM 

Ti64, as reported by Rafi and Xu [15], [45]. However, when comparing the properties of as-built 

AFS-D Ti64 to as-built SLM Ti64, it is shown that the former is stronger both in UTS and YS. In 

addition to a comparison of tensile results, the comparison of microstructure and deposition rates 

is displayed in Table 2. 

TABLE II 

COMPARISON OF DEPOSITION RATE, GRAIN SIZE, AND  

GRAIN MORPHOLOGY BETWEEN AM PROCESSES 

AM Process Deposition Rate Average Grain Size Grain Morphology 

AFS-D[27] 533 cm3/h 1 μm Equiaxed 

SLM[14] 9.2 cm3/h 100 μm Columnar Dendrites 

EBM[19] 60 cm3/h 4.4 μm Columnar/Lamellar 

LENS[48] 135 cm3/h 155 μm Acicular/Columnar 

EBF3[26], [49] 434 cm3/h 321.8 μm Columnar 

 

The stark difference between these AM processes is seen in deposition rates and grain 

size. EBM has a build rate of 60 cm3/h, while EBF3 can deposit Ti64 nearly a magnitude faster at 

434 cm3/h. When comparing grain size, EBM produces 4.4 μm grains, while EBF3 produces 

average grains 321.8 μm in size. Both powder bed processes and DED processes produce a 

columnar grain morphology.  Comparatively, AFS-D deposits Ti64 at 533 cm3/h while 

producing equiaxed grains with an average size of 1 μm.  The AFS-D process sacrifices neither 

microstructure nor build rate during deposition, while maintaining desirable tensile properties.  
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IV. CONCLUSIONS 

In conclusion, various analytical procedures were performed to determine the microstructural 

and mechanical properties of as-deposited AFS-D Ti64. The following points were recognized: 

• During the AFS-D process, Ti64 grains are reduced from an average of 6 µm to 1 µm in 

size (83% reduction). Elongated grains become equiaxed due to severe plastic 

deformation. 

• Because the AFS-D process brings the deposited material above the β transus temperature, 

there is potential for the growth of α platelets within β grain boundaries, resulting in the 

reduction of β phase present. 

• While remnants of the tool were not found within the AFS-D sample, Fe and Cr 

contaminants from previous stainless-steel depositions were. In the future, tools will either 

be thoroughly cleaned or devoted to the deposition of one alloy. 

• As-deposited AFS-D Ti64 performed as well as or better mechanically than cast and 

wrought Ti64, with a Vickers hardness of 348 and average UTS of 1.2 GPa. Compared to 

other AM methods, AFS-D performed similarly, while possessing faster deposition rates 

with a more refined and equiaxed microstructure. 
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