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A B S T R A C T   

Laser powder bed fusion (LBPF) was employed to fabricate a strain-transformable β-Ti alloy, Ti-10V-2Fe-3Al (wt 
%). While the alloy is known to exhibit transformation induced plasticity (TRIP), the as-fabricated alloy, under 
tensile loading, did not show the same TRIP effects, even though it exhibits the same β + ω microstructure. The 
repeated heating-cooling cycles experienced during the LBPF process leads to the early stages of rejection of 
solute elements (Fe, V, and Al), forming isothermal omega (ω) precipitates, which were captured via detailed 
investigations coupling transmission electron microscopy (TEM) and three-dimensional atom probe tomography 
(APT). While these homogeneously distributed isothermal ω precipitates lead to a higher yield strength, the 
TRIP/TWIP effects within the β matrix were suppressed, leading to very low ductility and virtually no strain- 
hardenability. Interestingly, after a simple β-solution heat treatment followed by quenching, leading to a β +

ω (athermal) microstructure, the TRIP/TWIP effects were reactivated in the same LPBF Ti-10 V-2Fe-3Al alloy. 
The alloy exhibited substantial recovery of tensile ductility and a very large strain hardening (tensile strength 
minus yield strength ~500 MPa), with a high average strain hardening rate ~15000. Such a very high strain 
hardening rate in case of LBPF processed Ti-10 V-2Fe-3Al, appears to arise from a rapid strain-induced trans
formation from β to α" at the early stages of plastic deformation, leading to a high-volume fraction of the 
martensitic phase, coupled with hierarchical twinning within the martensite plates.   

1. Introduction 

Traditionally Ti alloys have been known for their high yield 
strengths, but rather poor strain hardenability and uniform elongation 
[1,2]. This has been well-established for both α/β Ti alloys such as 
Ti-6Al-4V as well as metastable β alloys, such as Ti-5Al-5V-5Mo-3Cr 
(with an α + β microstructure) [3,4]. Recently, a number of meta
stable β-Ti alloys have been developed that exhibit high strain harden
ability and uniform elongation attributable to deformation or 

strain-induced twinning or martensite formation, also referred to as 
twinning induced plasticity (TWIP) and/or transformation induced 
plasticity (TRIP), versus traditional deformation via slip [5–11]. As an 
example, the commercially available Ti-10V-2Fe-3Al (wt%) (hereon 
referred to as Ti-10–2–3) alloy falls under the category of strain trans
formable β-Ti alloys exhibiting TRIP/TWIP effects [12]. Invariably, 
these strain-transformable β-Ti alloys suffer from rather poor yield 
strengths. Similarly, low modulus β-Ti alloys used for biomedical ap
plications also suffer from poor yield strengths [3,4]. Therefore, there is 
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a need for the compositional and microstructural design of Ti alloys with 
higher yield strength while maintaining their strain-transformable at
tributes. The other major advantages of using β-Ti alloys is their tunable 
nature, wherein, the microstructure and subsequently mechanical 
behavior can be altered by varying the thermo-mechanical processing. 
By controlling the secondary precipitate phases like omega or alpha, 
within the parent β-matrix, including their shape, size, and morphology 
a wide range of mechanical properties can be achieved [4,13–15]. 

While metal additive manufacturing (AM) has been extensively used 
for processing α/β Ti alloys, such as Ti-6Al-4V, there are relatively fewer 
investigations on AM processing of metastable β Ti alloys which have 
been attracting some recent attention [16–20]. While Ti-6Al-4V is an 
excellent alloy for many applications, there is a need to explore new 
titanium alloy systems, especially β-Ti alloys, in order to exploit the 
unique advantages which AM offers over conventional casting tech
niques; such advantages include faster cooling rates and complex mul
tiple heating/cooling cycles [21,22]. Faster cooling leads to higher 
solidification rates which can then be exploited to process alloys which 
have been traditionally difficult to cast due to segregation problems. 
These include a class of β-Ti alloys, more specifically systems containing 
β-eutectoid elements such as Fe and Cu, that lead to micro-segregation 
issues commonly referred to as the “beta fleck” problem [3,23]. 
Recent literature on this has shown that the higher cooling rates ob
tained via AM processing can successfully overcome this issue [19, 
24–26]. 

Conventionally processed Ti-10–2–3 alloy provides an excellent 
combination of deep hardenability, good strength and ductility, and 
fracture toughness relative to Ti-6Al-4V and has therefore been one of 
the most widely used β-titanium alloys in the aerospace industry [3]. 
There have been reports of micro-segregation due to the presence of Fe 
in this system, which could possibly lead to property variability. As 
mentioned before, the higher cooling rates accessible during AM pro
cessing is a potential solution to the problem of “beta fleck” and has been 
recently demonstrated [26,27]. Early work by Duerig et al. [12,28] 
provided the groundwork in understanding the mechanical behavior 
and phase transformations of conventionally processed Ti-10–2–3 alloy. 
The presence of orthorhombic stress induced martensite (SIM) was 
noted in their work, which has since been confirmed by other re
searchers [9,29]. More recent studies focused on understanding the 
various factors influencing the formation of the SIM in this alloy 
[30–33]. While there have been a few previous studies on AM processed 
Ti-10–2–3 [27,34], they are very limited in terms of addressing trans
formation induced plasticity. The present study on laser-based powder 
bed fusion (LPBF) processing of the Ti-10–2–3 alloy, focuses on the in
fluence of the LPBF processing on the evolution of the β + ω micro
structure, its attendant influence on deformation behavior, and an 
approach to recover the TRIP/TWIP effects and strain hardenability in 
the AM processed alloy via a β-solution treatment. 

2. Materials and methods 

2.1. Additive manufacturing 

The samples were fabricated using pre-alloyed, gas atomized Ti-10V- 
2Fe-3Al (wt%) obtained from Tosoh SMD Inc. The average powder size 
for this process was between 15 and 45 µm. A powder bed fusion (PBF) 
system, AconityMIDI, equipped with a 1KW laser was used for printing 
an 18 mm* 18 mm* 18 mm cube. An island scan strategy was employed 
with a laser power of 150 W and scan speed of 800 mm/sec, with a hatch 
width of 60 µm and layer thickness of 30 µm. A continuous flow of Ar (30 
lpm) was deployed into the process chamber in order to maintain the O2 
level below 10 ppm. 

2.2. Material characterization and mechanical testing 

Following the fabrication, the sample was sectioned into two parts. 

One of the samples was solutionized at 900 ◦C/30 min and then water 
quenched. Phase analyses via X-ray was done using a Rigaku Ultima III 
X-ray diffractometer for the samples, both before and after the defor
mation. A FEI Nova NanoSEM, coupled with an Energy Dispersive 
Spectroscopy (EDS) and a Hikari Super Electron Backscattered Diffrac
tion (EBSD) detector was used for scanning electron microscopy and 
composition analyses. Site-specific samples for TEM analyses were 
prepared using a FEI Nova NanoLab 200™ focused ion beam (FIB). 
Transmission electron microscopy (TEM) was carried out in a FEI Tecnai 
F20-FEG TEM operated at 200 kV. EM based OIM - PED was carried out 
using a NanoMEGAS system. The parameters were set at C2 aperture of 
30 µm, spot size of around 2 nm (spot size of 8 on the FEI system), 
camera length of 135 mm and step size of 10 nm. The data acquired 
using TOPSPIN 3.0 software was analyzed by ACOM software. In addi
tion, nanometer-scale compositional analysis of the same samples was 
done using a 5000XS Camera LEAP 3D atom probe tomography (APT) 
operated at 30 K with a pulse fraction of 20% and a detection rate of 0.5 
in Laser mode. 

Tensile specimens were extracted from both the as-fabricated (AF) 
and solutionized (β-soln) plates, perpendicular to the build direction. 
The tensile tests were performed under a uniaxial tension at a strain of 
10−3/sec. A custom built mini-tensile machine with a LVDT (linear 
variable displacement transformer) extensometer was employed for 
strain measurements. The tensile samples had a gage length of 5 mm and 
cross section of 1.25 mm * 1.25 mm. For each condition, a total of three 
specimens were strained to failure, following which fracture analyses 
was performed on the deformed surfaces. The details of setup of me
chanical testing are presented elsewhere [35]. 

3. Results and discussion 

3.1. Microstructure and mechanical behavior of as-fabricated Ti-10–2-3 
alloy 

The initial microstructures of the as-fabricated (AF) samples are 
shown in Fig. 1a and b, corresponding to EBSD Inverse Pole Figure (IPF) 
+ Image Quality (IQ) and Kernel Average Misorientation (KAM) plots 
from in-plane sections of the samples. Sectioning has been carried out 
perpendicular to the build axis for these in-plane sections. The in-plane 
view was chosen since the mechanical testing was carried out with the 
tensile axis lying in-plane. Arrows indicating the tensile testing direction 
have also been shown in the EBSD IPF maps. The starting condition of 
the AF sample shows single phase β grains, which are square in shape 
with ~75 µm sides, in this two-dimensional view. The morphology of the 
grains can be attributed to the island scan strategy used during the 
deposition, as reported in previous studies [36,37]. While the island 
scan strategy has been recommended for its ability to lower the residual 
stresses in the system during the PBF process, the KAM maps indicate a 
significant amount of retained residual stresses [21,22]. Tensile me
chanical testing was carried out on this condition, and the results are 
shown in Fig. 1(c). The AF sample showed a very high value of yield 
strength (YS), ~850 MPa, but virtually no ductility. It should be noted 
that three tensile samples were tested, and Fig. 1(c) shows a represen
tative engineering stress-strain plot. Following the tensile testing, the 
surface of the tensile samples clearly exhibited slip lines corresponding 
to very limited plastic deformation, as revealed by SEM images (Fig. 1 
(d)). There was no indication of stress induced martensite (SIM, α”) [38, 
39] formation in the deformed AF Ti-10–2–3 samples, based on these 
SEM images. This observation appeared to be unusual since Ti-10–2–3 
with a single β phase is expected to exhibit stress-induced martensitic 
transformation and TRIP effects, based on multiple previous reports on 
conventionally processed alloys [12,28,30]. Therefore, in order to un
derstand the deformation behavior and the lack of formation of SIM in 
AF Ti-10–2–3, further analysis of this sample was carried out via both 
TEM and Atom Probe Tomography (APT). 

Fig. 2(a) shows the dark field TEM (dark-field) image of the sample 
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obtained from the grip section of one of the tensile specimens prepared 
from the AF alloy. The [011]β SADP(inset) clearly exhibits additional 
reflections arising from the ω phase at 1/3 and 2/3 {112}β positions. 
These ω reflections are an outcome of the orientation relationship be
tween the ω (space group: P6/mmm) and β (space group: Im-3 m) 
phases: [11–20]ω || [011]β and [0001]ω || [111]β [1]. Fig. 2(b) shows 
the raw Al and V ion maps from an APT reconstruction from the AF 
sample, clearly showing nanometer scale pockets depleted in both these 
elements. These V and Al depleted pockets are indicative of isothermal ω 
precipitates, since while the α phase rejects V and is enriched in Al, the ω 
phase rejects out both Al and V. The 8 at%V- isosurface was constructed 
in the APT reconstruction to more clearly delineate the ω precipitates. A 
proximity histogram (or proxigram) analysis was carried out to quantify 
elemental partitioning across ω/β interfaces. The proxigram, shown in 
Fig. 2(d), revealed that these ω precipitates are depleted in V, Fe, and Al. 
The V content within ω precipitates is ~4 at%, while the surrounding β 
matrix is enriched, ~12 at% or 13.5 wt%. 

Fig. 3 also shows another region within the same TEM sample and 
another APT reconstruction from the AF Ti-10–2–3 sample. The dark- 
field TEM in Fig. 3(a) shows the presence of very fine scale α pre
cipitates within this sample. This is also confirmed by the presence of 
reflections at ½ {211}β position in the [113]β SADP (inset). While ω 
reflections are also present in the SADP, the dark-field TEM was recor
ded using only the α reflection. In contrast, a higher magnification dark- 

field TEM images encompassing all the reflections (ω at 1/3 and 2/3 
{211}β and α at ½{211]β) is shown in Fig. 3(b). The inset shows the 
same [113]β SADP as shown in Fig. 3(a). The ω particles are about 
2–5 nm and exhibit a near-spherical morphology, while the α pre
cipitates exhibit a lath or plate-like morphology with the long axis being 
~40–50 nm. APT ion maps in Fig. 3(c) show both the ω and α pre
cipitates. While the Al and V depleted pockets correspond to ω pre
cipitates, the α lath is enriched in Al while being depleted in V, as 
marked in the Fig. 3(c). A 4.45 at%V- isosurface further allowed quan
tifying the elemental partitioning across the α/β interface based on a 
proximity histogram (or proxigram) analysis. The calculated proxigram, 
shown in Fig. 3(d), indicated that the α precipitate is depleted of Fe and 
V while being enriched in Al. The α precipitates are depleted in V (~1 at 
% V), while the surrounding β-matrix is V-rich with ~10 at%. These 
results establish that the ω precipitates in the AF condition of the Ti- 
10–2–3 alloy are no longer quenched-in or athermal ω precipitates, i.e., 
inheriting the composition of the parent β matrix (congruent with the β 
matrix). Rather, these are isothermal ω precipitates exhibiting a rejec
tion of V, Fe, and Al. This change in the composition of ω precipitates 
leads to corresponding change in the composition of the β matrix, 
especially leading to an increase in the V content, consequently 
increasing the β-phase stability of the matrix. These effects are bound to 
influence the deformation mechanisms and mechanical properties in 
this sample, and will be discussed in more detail in subsequent sections 

Fig. 1. Starting microstructures of the As-fabricated sample shown via EBSD IPF (a) and KAM maps (b), (c) Engineering stress vs engineering plastic strain plot of the 
AF sample, (d) deformed surface of the AF sample showing slip lines. 
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[6–8,15]. Additionally, it should be noted that rejection of solute ele
ments (V, Fe, Al) from the isothermal ω precipitates, most likely occurs 
during the multiple reheating cycles during the AM processing [40]. 
Therefore, the AF sample was compared with a β-solutioned condition of 
the same sample, i.e., the as-fabricated sample annealed at 900 ◦C for 
30 min followed by water quenching. This condition will be henceforth 
referred to as β-soln. This heat-treatment is also expected to alleviate the 
residual stresses in the system, arising from AM processing, as well as 
could potentially recrystallize the β grains in the microstructure [41]. 

The overall bulk composition obtained from APT analysis is shown in  
Table 1. 

3.2. Microstructure and mechanical behavior of β-solutionized Ti-10–2-3 
alloy 

Similar to the AF condition, following the β-solutionizing, the in- 
plane microstructure of the sample was investigated. β-solutionizing of 
the as-fabricated alloy resulted in a significant change in the grain 
structure as observed in the EBSD IPF map shown in Fig. 4(a). Along 
with an overall increase in the grain size, to ~350 µm, there is also a 
notable change in their morphology. The solutionizing treatment also 
worked in terms of relieving the residual stresses present in the as- 
fabricated condition, as can be seen in the KAM map in Fig. 4(b). The 
[011]β SADP, shown in the inset, and the corresponding dark-field TEM 

image clearly reveal the presence of ω precipitates even after the β-sol
utionizing heat-treatment (Fig. 4(c)). These observations are consistent 
with results reported in the literature on conventionally processed Ti- 
10–2–3 alloy [12,42]. Following the β-solutionizing, tensile testing was 
carried out on these samples. Similar to the case of the AF condition, 
three samples of the β-solutionized condition were tensile tested and the 
engineering stress-strain plot showing the values closest to the average 
are shown in Fig. 5(a). 

In contrast to the AF sample, the β-soln sample exhibits an excellent 
combination of strength, strain-hardenability, and ductility, especially 
for an AM processed β-Ti alloy. With YS ~500 MPa and UTS ~1 GPa, the 
difference between UTS and YS is quite significant (~500 MPa), with a 
6% tensile strain-to-failure. Fig. 5(b) puts in context the high strain- 
hardening (difference between UTS and YS) achieved in this alloy, 
compared to the other Ti alloys processed via AM. As evident from this 
plot, the strain-hardening is more than double the nearest alloy. Ti-6Al- 
4V which is the most commonly used alloy for AM, shows a maximum 
strain-hardening of ~175 MPa, compared to ~500 MPa observed in the 
present case. The inset in Fig. 5(a) shows the true stress – true strain 
tensile curve, and the corresponding work-hardening rate has a value of 
~15000 MPa. While previous reports have talked about a high rate of 
work hardening in other β-Ti alloys [43], the values reported here are 
higher in comparison. Interestingly, the work-hardening plot also ex
hibits clear humps as a function of true strain. These humps have been 

Fig. 2. As-fabricated sample (a) DFTEM showing ω precipitates, inset shows the [011]β SADP from which DFTEM was obtained, (b) raw ion maps of Al and V 
showing pockets of ω precipitates, (c) V-isosurface and the proximity histogram (d) showing the compositional changes between ω/β phases. 

S.A. Mantri et al.                                                                                                                                                                                                                               



Additive Manufacturing 48 (2021) 102406

5

previously attributed to the TRIP/TWIP effect in β-Ti alloys [10,44] and 
therefore warrant further investigation. Preliminary SEM imaging, Fig. 5 
(c), of the deformed surface clearly shows the presence of stress induced 
martensite (SIM (α”)). It is interesting to note that the formation of α” 
occurs across multiple length scales. Within the primary network of α” 
plates, secondary α” plates are also seen, and these have been high
lighted in Fig. 5(c) [45–47]. Fig. 5(d) shows the XRD of both conditions, 
before and after deformation. Prior to deformation, both AF and β-soln 
conditions exhibited peaks from only single β phase. Post deformation, 
while there were no additional peaks observed for the AF sample, 
additional reflections, indicating the presence of the α” phase are 
evident in the β-soln condition. The presence of additional peaks of α” 
(112), α” (022) and α” (114) are marked in this XRD pattern. In order to 
understand the high value of strain-hardening observed in this 

condition, SEM-EBSD and TEM studies have been further carried out to 
investigate the deformation behavior of the β-soln sample. 

Fig. 6 shows the EBSD analysis, post deformation, of the β-soln 
sample. Fig. 6(a) shows the schematic of the tensile sample and the lo
cations selected for EBSD analysis. The IPF and phase maps from these 
locations are shown in the series, Fig. 6(b–e). A significant change in the 
overall phase fraction of α” is observed in these different regions. This is 
possibly due to the orientation of the grains and the consequently the 
Schmid factor. Similar observations have been previously reported by 
Lilensten et al. [48]. Multiple intersections of α” laths can be observed in 
the IPF images (marked with arrows) and at these intersections, signif
icant shear displacements are visible, which are indicative of strain 
localization as discussed in previous reports [21]. Based off of these 
analyses two regions were further investigated in further detail coupling 
EBSD at higher magnification and TEM analysis; (i) region which had 
36% α” and (ii) region which has 93% α”. 

The EBSD IPF+IQ map and discrete pole figures in Fig. 7 leads to 
more insights into the deformation behavior. Area of interest 1, shown in 
Fig. 7(a), shows the intersection of two stress induced martensite laths. 
The discrete plots confirm the existence of the standard OR between β 
and α”, i.e. {110}β // (001)α” [45]. It is also interesting to note that two 
distinct α” laths also have the standard twin relation of {111}α” as can 

Fig. 3. As-fabricated sample (a) DFTEM showing fine scale α precipitates, inset shows the [113]β SADP from which DFTEM was obtained, (b) DFTEM showing both ω 
precipitates and fine scale α precipitates, inset shows the [113]β SADP from which DFTEM was obtained, (c) raw ion maps of V and Al showing ω and α precipitates 
(d) V-isosurface and proximity histogram showing the compositional changes between α/β phases. 

Table 1 
Composition of the As-fabricated alloy from atom probe tomography.  

Element Ti V Fe Al O 

at%  83.2  8.87  1.33  4.75  .63 
wt%  85.7  9.72  1.6  2.76  .22  
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be seen in the discrete plot labeled 3. Area of interest 2 shows the 
presence of twins inside the martensite lath. These are most probably 
transformation twins formed during the formation of stress induced 
martensite laths [44,49] also share a {111}α” plane. These are generally 
labeled as type I twins [50]. 

The regions of the retained parent β matrix in this area of the tensile 
sample, corresponding to 36% of α” and 64% of β (shown in Fig. 6(c)) 
have been further investigated via site-specific TEM examination. An 
approximate area from where the FIB lift-out was extracted has been 
indicated with a box in Fig. 7 and the bright-field TEM image of this TEM 

sample is shown in Fig. 8(a). Two regions highlighted in this area have 
been further investigated and corresponding magnified images are 
shown in Fig. 8(b) (Region 1) and 8(e) (Region 2) respectively. Region 1 
shows the presence of a band, on which further conventional diffraction 
and precession electron diffraction (PED) analysis was carried out. The 
PED data shown in Fig. 8(d) shows the IQ + IPF, and IQ + phase map. 
The phase map clearly indicates the presence of the α” phase within the β 
matrix. Even at this scale, multiple intersections of these α” laths can be 
noted. The diffraction patterns from the three different locations marked 
in Fig. 8(d) are shown below. These were obtained using the Acom 
software after the data collection via the Topspin 3.0 software. As can be 
seen, the three diffraction patterns show the orientation relationship 
between the β matrix and α” laths, i.e. [113]β || [112]α”. This was also 
confirmed by the conventional TEM selected area diffraction pattern, 
shown in Fig. 7(c), recorded along the [113]β ZA. The additional spots in 
this diffraction pattern also confirm the presence of α”. The retained β 
regions, highlighted by the orange box (Region 2), also exhibit inter
esting features, especially with respect to the ω precipitates. The 
shearing of these precipitates influences the deformation behavior and 
mechanical properties of this β-soln sample, as compared to the as- 
fabricated sample. 

The discrete pole figures corresponding to the different α” variants 
and the adjacent β matrix phase have been plotted in the figure. Similar 
to sample which had 36% α”, the two areas of interest showed different 
variants of α” laths as well as internal twinning within these martensite 
laths. With respect to area of interest 1, the expected{001}α”//{011}β 
orientation relationship between the α” variants and the adjacent β 
matrix is noted, while also showing twin relation along {111}α” plane. 
With respect to area of interest 2, Fig. 9(e) shows the pole figures for a 
thick α” lath and the internal twin present within this lath. These pole 
figures clearly establish that the that internal twinning is of the {111} 
type [42,50]. 

TEM analysis was also carried out on a sample extracted from within 
the area of interest 2 as shown in Fig. 9(a). As noted earlier, this region is 
closest to the fracture site, i.e., 93% α”. This TEM sample (Fig. 10(a)) 
predominantly comprised a single thick primary α” lath, which shows 
internal hierarchical features. Two specific regions have been high
lighted in Fig. 10(a). Fig. 10(b) corresponding to highlighted region in 
red, exhibits an internal twin within the primary α” lath. Furthermore, 
within this primary twin, there are finer scale secondary twins as shown 
in Fig. 10(b). The corresponding selected area diffraction pattern from 
the lath, encompassing the twins, is shown in Fig. 10(c) and confirms the 
primary twin orientation with additional spots corresponding to the 
internal secondary twinning. Interestingly, in the magnified view of the 
highlighted region in green, shown in Fig. 10(e), a small patch of the 
parent β-matrix along with stress induced martensite laths was noted. 
The DFTEM images shown in Fig. 10 (e) and (f) are taken from the spots 
highlighted in Fig. 10 (d). The high strain-hardening observed in the AM 
fabricated plus β-soln Ti-10–2–3 alloy can be attributed to this hierar
chical microstructure containing stress-induced martensite laths of 
different size scales coupled with hierarchical internal twinning within 
these α” laths [31,41]. 

APT studies were also performed on the β-solutionized sample. The 
raw ion maps shown in Fig. 11 (a–c) do not exhibit any discernible 
pockets devoid or enriched in any of the solute atoms. Additionally, 
frequency distribution analysis was performed on the raw data of the V 
ions and compared to a theoretical binomial distribution (representing a 
random distribution). The concentration of V was calculated in every 
100 ion bins, and the V-rich section of the histogram frequency vs. V 
concentration is plotted in Fig. 11(d). Additionally, the binomial dis
tribution has also been shown in the same plot and both the distributions 
are almost identical. Therefore, APT could not detect composition par
titioning in the β-solutionized condition. However, as shown in Fig. 4(c), 
this microstructure consists of a very high number density of fine scale ω 
precipitates within the β matrix, and the APT results establish that these 
quenched-in precipitates are athermal ω precipitates which inherit the 

Fig. 4. Starting microstructure of the β-solutionized sample, (a) EBSD IPF map, 
(b) KAM map, (c) DFTEM image showing ωathermal and the SADP from where 
the DFTEM were captured. 
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composition of the parent β matrix. 

3.3. Comparison of the microstructure and mechanical behavior of as- 
fabricated and β-solutionized Ti-10–2-3 alloy 

The experimental observations indicate a substantial difference be
tween the deformation behaviors of the AF and β-soln conditions of the 
AM processed Ti-10–2–3 alloy, with exceptional strain hardening 
resulting from stress-induced martensite formation or TRIP effect in case 
of the latter condition. Possible reasons underlying this difference, based 
on previous reports in the literature, include differences in the grain size 
and morphology [51–55], and the chemical composition of the parent β 
matrix [7,25,26]. Previous reports on the Ti-10–2–3 and other meta
stable β-alloys, emphasize the effect of grain size on the triggering stress 
required for stress-induced martensite formation. This triggering stress 
has been reported to initially decrease with an increase in grain size, 
reaching a minimum value, and subsequently again increase with a 
further increase in grain size [54]. Comparing the AF and β-soln con
ditions in the present case, while the grain size increases from ~100 µm 
to ~350 µm, these grain sizes are too large to exhibit any significant 
difference in the triggering stress for the TRIP effect. The chemical 

composition of the β-phase is another important factor in determining 
the degree of metastability of the β phase and consequently the defor
mation behavior of β-Ti alloys [6,7]. With an increase in the β phase 
stability, the deformation behavior changes from TRIP to TWIP, and 
finally to dislocation slip. A previously reported investigation has shown 
that in case in a binary Ti-12Mo alloy, a change in the chemical 
composition of the parent β-matrix phase, due to Mo partitioning be
tween the matrix and isothermal ω precipitates, leads to a change in the 
deformation behavior from TRIP/TWIP to slip [7,13,56]. Similar ob
servations were also made by Lai et al. in their work on 
Ti–25 Nb–0.7Ta–2Zr (at%) alloy [6]. The SLM processed AF Ti-10–2–3 
alloy, in the present study, undergoes multiple heating-cooling cycles 
during AM processing, which could potentially lead to a change in the 
chemical composition of the β matrix due to partitioning of alloying 
elements between β and ω, thus causing the sample to deform via slip, 
and not via TRIP/TWIP. 

The APT results indicate that while the β phase in case of the AF 
sample contains ~12 at% V, after β-solutionizing the alloy contains 
~9.3 at% V. While this is a measurable difference in the chemical 
composition of the β-matrix, it is not sufficiently large to be solely 
responsible for changing the deformation behavior, unlike the previous 

Fig. 5. (a) Engineering stress-strain curves of the β-soln conditions. Inset shows the true stress v true strain curve along with the corresponding strain-hardening rates 
of the β-soln sample, (b) Ashby plot comparing the strain hardening of the current alloy with other AM processed Ti-alloys, (c) SEM micrographs of the deformed 
surface showing SIM (α”) across multiple length scales (d) XRD of the two conditions before and after deformation. Additional peaks of α” were noted in the β-soln 
condition post deformation. 
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report on the Ti-12Mo alloy [7]. Therefore, the role of the ω precipitates 
on the deformation behavior and mechanical properties needs to be 
considered. Based off of the APT results (AF and β-soln), while the 

isothermal ω precipitates contain ~4 at% V in case of the AF condition, 
the athermal ω precipitates contain ~9.3 at% V in case of the β-soln 
condition. 

Fig. 6. (a) Schematic of the tensile sample post fracture, and corresponding EBSD maps ((b), (c), (d), (e)) from the different locations indicated on the schematic.  

Fig. 7. EBSD IPF+IQ maps of sample which had 37% α” showing two areas of interest and their corresponding discrete plots identifying orientation relationships.  
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3.4. Role of athermal versus isothermal ω precipitates on deformation 
behavior of Ti-10-2-3 

There has been a substantial amount of discussion in the literature on 
the role of ω phase precipitates on the plasticity, deformation behavior, 
and tensile properties of titanium alloys. It has been well-established in 
many previous reports that athermal or quenched-in ω precipitates, 
which inherit the composition of the parent β matrix, are typically not 
detrimental to plastic behavior. Therefore, titanium alloys with such 
athermal ω precipitates are often quite ductile and exhibit good strain- 
hardenability [13,15,56]. Contrastingly, it has been reported that in 
cases where there is a compositional partitioning between the β and ω 
phases, referred to as isothermal ω precipitates, there is often an increase 
in yield strength, accompanied by a severe loss of ductility [6,7,57,58]. 
Despite these previously reported experimental observations, the un
derlying mechanism leading to such increase in yield strength, but 
accompanied with loss of ductility, is not well understood. Lai et al. in a 
recent study on Ti-Nb-Zr-Ta alloys, indicates the role of Nb content on 
the shear modulus of ω precipitates, and subsequently the deformation 

behavior of the alloy [6]. We noticed a similar effect in the current 
system, wherein the densely distributed ω particles in the AF condition 
act as barriers for the transformation induced plasticity effect by sup
pressing the martensite formation. A combination of that and the for
mation of the ω precipitates and some fine scale α precipitates due to the 
multiple reheating cycles, leads to an enrichment of the β-stabilizers in 
the parent β-matrix, subsequently causing the sample to deform via slip. 

4. Summary 

Summarizing, this paper reports reactivation of transformation 
induced plasticity (TRIP) in an AM (laser powder bed fusion) processed 
commercial β-Ti alloy, Ti-10V-2Fe-3Al (wt%). While the as-fabricated 
alloy exhibited a high yield strength (~950 MPa), it had virtually no 
strain hardenability and tensile ductility. Interestingly, after this as- 
fabricated alloy was subjected to a β-solutionizing treatment, it exhibi
ted substantial recovery of tensile ductility coupled with very high strain 
hardening (tensile strength minus yield strength ~500 MPa), and a 
significantly high strain hardening rate ~15000. The extraordinarily 

Fig. 8. TEM analysis of the site-specific sample from region which had 37% α” in Fig. 6.  
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high strain hardening rate in AM processed and β-solutionized Ti- 
10–2–3 alloy can be attributed to relatively thick stress-induced 
martensitic α” laths/plates, exhibiting a hierarchical internally twin
ned microstructure, comprising multiple generations of deformation 
induced twins. The recovery of the TRIP effect in this alloy after the 
β-solutionizing treatment can be attributed to the reversal from hard 
non-shearable isothermal ω precipitates in the as AM processed condi
tion, to softer shearable athermal ω precipitates in the β-solutionized 
condition. Exploiting the TRIP effect in AM processed Ti alloys can 
potentially lead to substantially higher tensile strengths and uniform 
ductility in this critical class of lightweight high strength engineering 

alloys. 
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