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The formation of isothermal @ phase precipitates and its influence on subsequent fine-scale o precipitation is
investigated in a metastable f-titanium alloy, Ti-10V-2Fe-3Al. Atom-probe tomography and high-resolution
transmission electron microscopy reveal that the rejection of Al, a potent o stabilizer, from the growing
isothermal  precipitates at 330°C, aids in the formation of « precipitates. Additionally, the presence of a/w and
o/p interfaces conclusively establish that these a precipitates form at the p/w interface. Interestingly, the local Al

pile-up at this interface results in a substantially higher than equilibrium Al content within the a precipitates at
the early stages of formation. This can be rationalized based on a novel three-phase +o-+o« metastable equi-
librium at a lower annealing temperature (330°C, below the ®» solvus). Subsequent annealing at a higher tem-
perature (600°C, above the ® solvus), dissolves the ® precipitates and re-establishes the two-phase p+a
equilibrium in concurrence with solution thermodynamic predictions.

The last few years have seen a substantial increase in studies focused
on the mechanisms underlying fine-scale « (HCP) precipitation in the
BCC matrix of p-titanium alloys [1-5]. This increased interest can be
attributed to the ability of tuning the microstructures and achieve
exceptional mechanical properties in these alloys [6-8]. By controlling
the volume fraction, size distribution, and morphology of the fine-scale «
precipitates, it is possible to achieve a wide range of strength-ductility
combinations [8-10]. The metastable ® phase has been reported to
play an important role on fine scale « precipitation in these p-Ti alloys. ®
can form athermally when quenched from the  phase purely via dis-
placive atomic shuffling [11]. Upon aging at low temperatures,
isothermal o precipitates are formed via a diffusion-mediated process
[12-14]. The subject of ® assisted a nucleation in these alloys has
attracted a lot of recent attention, with multiple research groups
focusing on developing a clear understanding of the role of ® on fine
scale o precipitation. Multiple factors have been proposed, including,
the B/ interface acting as heterogeneous a nucleation sites [1,5], the
coherency stresses arising due to the /o misfit, the enhanced chemical
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driving force for a precipitation near o precipitates due to local rejection
of p stabilizers [15,16], and the influence of local oxygen enrichment in
the vicinity of @ precipitates increasing the driving force for a precipi-
tation [2,3,17]. Additionally, in B-Ti alloys containing Al (a potent o
stabilizer), such as Ti-6.8Mo-4.5Fe-1.5Al1 [15] and Ti-5Al-5V-5Mo-3Cr
(or Ti-5553) [1], it was proposed that the o precipitates nucleate in
the vicinity of o/f interfaces, due to local Al enrichment (rejection from
the isothermal w precipitates). However, there was no conclusive evi-
dence regarding the proposed compositional enrichment of Al, pre-
sented in these papers and there was a controversy regarding whether
these o precipitates formed at the w/p interface or at a distance from the
interface. However, the more recent atomic resolution HAADF-STEM
results from aberration-corrected TEM carried out on w-assisted a pre-
cipitation in Ti-5553 by Zheng et. al.[18-20], clearly established that
the a precipitates shared common interfaces with the adjacent  pre-
cipitates and the p matrix. The present work investigates the role of ®
precipitates on fine scale o precipitation in a commercial metastable p
alloy, Ti-10V-2Fe-3Al (or Ti-10-2-3), with a focus on clearly establishing
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Fig. 1. P solutionized sample: (a) DFTEM image recorded along [110]p, shown as an inset (c) elemental maps of the major elements do not show any partitioning,

further collaborated by frequency distribution analysis (Ti)

the role of Al. Preliminary work on phase transformations in the
Ti-10-2-3 alloy was performed by Duerig et al [21]. This study ratio-
nalized that since Ti-10-2-3 contains both vanadium (high f/® misfit)
and iron (low f/w misfit), the o phase formed, depending on the aging
treatment, can be either cuboidal or ellipsoidal. At lower annealing
temperatures and times, the ® phase formed is ellipsoidal in nature and
with an increase in annealing time, leading to increased out diffusion of

the f stabilizers (V, Fe), the morphology of the @ precipitates changes to
cuboids. These previous studies lay the perfect background motivating
the present investigation on the influence of precursory w precipitates on
fine scale o precipitation in the Ti-10-2-3 alloy.

Bars of Ti-10V-2Fe-3Al (in wt. %) were provided by ATI Company.
All specimens were first solutionized at 900°C for 30 min followed by
water quenching. Following this, the specimens were then subjected to
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Fig. 2. (a) Schematic showing the heat treatment for the fine scale o precipitation; (b—f) backscattered scanning electron images showing the a precipitates at

different aging periods from OH to 150H.

isothermal annealing at 330°C for periods ranging from OH to 150H, to
vary the ® volume fraction. Subsequently, specimens were annealed
within the a+p phase field at 600°C for 1H to promote « precipitation
[22]. The schematic of all these heat treatments is shown in Fig. 2(a).
Microstructural characterization was carried out in a FEI NovaNano
SEM230 and a FEI Tecnai F20-FEG TEM operated at 200 kV. Phase
compositions were extracted using a 3D atom probe tomography (APT)
in a LEAP™ system from Cameca Inc. For both TEM and APT analysis,
samples were prepared using a dual-beam FIB-Nova Nanolab 200 system
from FEL It is to be noted that while the alloy composition (Ti-10V-2-
Fe-3Al) is in wt. %, all the results obtained via APT are presented in at.
%. Thermodynamic calculations were generated using Pandat software
[23].

Since the SEM images showed only single p grains in the samples
after B-solutionizing, further detailed TEM analysis was warranted. A
representative dark-field TEM (DFTEM) recorded along the <011>
zone axis is shown in Fig. 1(a) with the corresponding <011>p zone axis
selected area diffraction pattern (SADP) shown in the inset. The pres-
ence of o phase is confirmed by the presence of additional reflections
along 1/3 and 2/3{112} diffraction vectors (or g vectors) [13,24]. This

dark-field image was recorded using one of the 1/3{112}f reflections
corresponding to the ® phase. APT studies were also performed on the
B-solutionized sample. The raw ion maps for V and Al, shown in Fig. 1
(b-c), do not exhibit any discernible pockets devoid or enriched in any of
the solute atoms, indicating a near-random distribution. Additionally,
frequency distribution analysis was performed on the raw data of the Ti
ions and compared to a theoretical binomial distribution (representing a
random distribution). It can be seen that both the distributions are
nearly identical. APT analysis could not detect any statistically relevant
composition partitioning in the p-solutionized condition, leading to the
conclusion that these quenched-in precipitates are athermal o pre-
cipitates which inherit the composition of the parent § matrix.
Following the B-solutionizing, the samples were annealed at 330°C
for times ranging from 0-150 hours to develop isothermal w precipitates.
Subsequently, specimens were annealed within the o + f§ phase field at
600 °C for 1H to promote o precipitation, as schematically shown in
Fig. 2(a). The corresponding microstructures are shown in Fig. 2(b-f).
The scale of distribution of the o precipitates is substantially more
refined in the case of Fig. 2(c—f), as compared to Fig. 2(b) which appears
to be very similar to that formed by high temperature duplex-aging
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Fig. 3. 330C/5H sample: (a) SADP recorded along [110]p, showing o reflections and early stage o reflection. (b)DFTEM showing o precipitates, inset shows «
precipitates, (c,d) elemental maps of the major elements V, Al show depletion. (e) proxigram shows clear evidence of p,m,a. (f) compositional difference between f,0,

and a obtained via proxigram analysis. (g) Al partitioning between p,w, and «.

treatments. The fine-scale a precipitation observed in the case of Fig. 2
(c-f) can presumably be attributed to the effect of prior isothermal ®
precipitation during the first step of annealing at 330 °C. Such w-assisted
fine-scale a precipitation has been previously reported in other $-Ti al-
loys [1,10,19]. The samples aged for longer time periods at 330°C, not
only exhibit a finer precipitate size, but also a higher number density.
From this, it is evident that annealing below the o transus plays an
important role on the fine scale a precipitation in this alloy. Detailed
microstructural analysis using TEM and APT was carried out on the
samples annealed only at 330°C to decipher the specific role of the
precipitates on o precipitation.

Fig. 3 shows the microstructure of the sample which was annealed at
330°C/5H. The SADP recorded along one of the <011>f zone axis, from
this sample is shown in Fig. 3(b). In addition to the fundamental § (BCC)
reflections, this SADP also shows additional sharp intense reflections at
the 1/3 and 2/3{112} locations, which can be attributed to the  phase

[9,24]. Additionally, a low intensity faint reflection can be seen at the
1/2{112}p locations, which has been previously attributed to early
stages of formation of o precipitates [19]. The orientation relationships
for B/w and f/a are as follows [9]:

{111}p ||{0001}0 and <10-1>p ||<11-20>0
{110}p || {0001} and <1-11> B || [11-20]«

The DFTEM image shown in Fig. 3(b) has been recorded from a set of
four adjacent o reflections and one « reflection in the center, as marked
by the circle in Fig. 3(a). This dark-field image shows the presence of fine
scale o precipitates exhibiting a largely spherical morphology, uni-
formly distributed throughout the microstructure. Additionally, a few
lath-like or plate-like early stage o precipitates are also highlighted in
this dark-field image, and a set of these are shown in the magnified view
shown as an inset in Fig. 3(b). Compositional partitioning between these
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Fig. 4. 330C/150H sample (a) DFTEM showing o and o precipitates, inset shows SADP along [110]p,(b)HRTEM image showing interfaces along f,w,a phases (c, d)
elemental maps of the major elements V, Al show depletion. (e) proxigram shows clear evidence of p, w,a. (f) compositional difference between p,», and a obtained

via proxigram analysis. (g) Al partitioning between f, , and a.
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Fig. 5. 330C/150H-+600C/1H sample (a) DFTEM showing a precipitates, inset shows SADP along [111]8,(b)HRTEM image showing interfaces along p,« phases (c, d)
elemental maps of the major elements V, Al show depletion (e) proxigram shows clear evidence of B,a. (f) compositional difference between p and o obtained via

proxigram analysis.

phases, after 330°C/5H annealing, was examined using APT. The raw
ion maps of the reconstructed APT tips showed regions depleted in V and
Al, in Fig. 3(c) and (d) respectively. These solute depleted regions can be
identified as ® precipitates. Proximity histograms shown in Fig. 3(f)
reveal the partitioning of elements between the f, w, and a phases. Of
particular interest here is the partitioning of Al, which has been high-
lighted in Fig. 3(g). While a precipitates reject f stabilizers like V and Fe,
and are enriched in «a stabilizers, such as Al, the o precipitates reject all
these three solute elements. A closer inspection of the Al proxigram
(Fig. 3(g)), reveals that Al is rejected by both § and @ phases and piles up
at the o/p interface. Combination of the TEM and APT results indicates
that there are very early stages of fine scale a precipitates forming after
5H annealing at 330°C, presumably in the regions exhibiting Al pile-up
at the w/p interface.

The second 330°C annealed sample investigated in detail was the one
annealed for the maximum time of 150H. The microstructure of this
sample is shown in Fig. 4. The <011>p SADP shows o reflections at 1/3
and 2/3{112}p, and a sharp reflection at the 1/2{112}f location (arrow
in Fig. 4(a)), indicating the presence of a phase. A DFTEM image
revealed that these o precipitates have coarsened. Additionally,

Table 1

Al composition as a function of temperature in ®,B,& phases
Condition a (Al at%) B (Al at%) o (Al at%)
B soln - 5.25 5.25
330°C/5H 10 4.71 2.16
330°C/150H 11.4 2.94 0.26
330°C/150H + 600°C/1H 7.1 2.3 -
Pandat Calculations (330°C) 6.0 2.5
Pandat Calculations (600°C) 6.94 2.50 -

extremely fine lath-like or plate-like a precipitates were also observed
alongside the w precipitates. A high-resolution TEM image shown in
Fig. 4(b) clearly exhibits the co-existence of B, w, and a phases in this
condition with well-defined o/f, a/®, and w/p interfaces. The solute
content of B, », and o phases was further investigated using APT in the
present case. Similar to the 5H condition the raw ion maps of V and Al
after 330°C/150H of annealing, indicated that the ® and a precipitates
are solute depleted pockets. Superimposed Ti, V, and Al isosurfaces
revealed a sharper Al pile-up adjacent to @ precipitates. Based on the
high-resolution TEM analysis, this Al pile up can be attributed to the o
precipitates. Proximity histograms presented in Fig. 4(f), show the
partitioning of elements between the , m, and o phases. The partitioning
of Al has been highlighted in Fig. 4(g). The depletion of Al in ® and p
phases, while being enriched in o phase is noted.

Since the sample annealed at 330 °C/150H followed by annealing at
600°C/1H showed the finest scale of a precipitates, further analysis was
carried out on this condition, and the results are shown in Fig. 5. The
SADP, recorded along [111]f (shown as an inset in Fig. 5(a)), contains
additional reflections at the 1/2{011}f locations corresponding to the
phase. The DFTEM image (Fig. 5(a)) recorded from one of these a re-
flections, reveals well-developed fine scale o precipitates ~ 80 — 150 mm
in length. The high-resolution TEM image, shown in Fig. 5(b), reveals
the atomic structure of the a/p interface recorded along the [0001]a ||
<011>p viewing axis. Characteristic atomic scale ledges or steps are
clearly visible along this interface, similar to those reported in case other
metastable p Ti alloys, such as Ti-5553 [1]. The atomic structure within
the BCC § matrix, viewed along the [111] direction and the atomic
structure of the HCP o phase, viewed along the [0001] direction are also
shown in the same figure. Detailed APT analysis has been carried out
and the results are shown in Fig. 5(c-f). As expected, Al strongly
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partitions to the a phase while V and Fe, being f stabilizers, strongly
partition to the f-matrix.

The experimental results presented in this paper lead to novel in-
sights into the nucleation mechanism of fine scale o precipitates in a
commercially available B-Ti alloy, Ti-10V-2Fe-3Al. With an increase in
the aging time below the ® solvus, there is a continuous increase in the
volume fraction and the size of the o precipitates. This is accompanied
by a rejection of Al, V, and Fe from the o precipitates. Table 1 shows the
change in the percentage of Al as a function of heat treatment in the
three phases present, i.e. §, ®, and a. The f-soln condition which con-
tains athermal o, retained the composition of the original alloy. Upon
subsequent heat treatments, with the coarsening of ® phase, Al is
rejected out and can be seen to go from 5.25% to 2.16% to 0.26% in the
150H sample. The pile-up of Al near the w/p interface (assumed to be
early stage o) after 330°C/5H annealing, exhibits an Al content as high
as 10 at%, which goes as high as 11.4 at% after annealing at the same
temperature for 150H. This supersaturation potentially acts as a nucle-
ation site for the formation of the fine scale o precipitates. In contrast,
the Al content in the aprecipitates in the two-step annealed (330°C/
150H + 600°C/1H) is close to 7 at%. Solution thermodynamic based
Pandat calculations were carried out using the PanTi database [23], and
the results are also shown in the same Table 1. At 330°C, the predicted
equilibrium Al content in the a phase is ~ 6 at%, which is much lower
than the experimentally observed 10 — 11.4 at% in the single-step
annealed samples at 330°C. However, the predicted equilibrium Al
content in the o phase at 600°C is ~ 6.9 at%, in excellent agreement with
the experimentally observed Al content ~ 7.1 at% in the a precipitates
after the two-step annealing (330°C/150H + 600°C/1H). Importantly,
the Pandat computations do not take into account the presence of the
metastable ® phase in case of the 330°C prediction. Combining these
Pandat predictions with the APT measured phase compositions, leads to
some novel insights into the Al redistribution during w-assisted o
nucleation in B-Ti alloys. The experimental APT results indicate that at
temperatures below the ® solvus, there exists a f+w-+o three-phase
metastable equilibrium with three different levels of Al in the three
phases. At 330°C (150H annealed), this three-phase metastable equi-
librium in case of Ti-10-2-3 results in Al contents of 2.9 at%, 0.3 at%,
and 11.4 at%, in B, ®, and o, respectively. Since the Al content in o is
about a tenth of that within the p phase, the three-phase metastable
equilibrium increases the Al content within the o phase to 11.4 at%,
nearly double of the 6 at% Al predicted by Pandat, based on a p+a
two-phase equilibrium at 330°C. However, when the sample is annealed
at a higher temperature of 600°C (substantially above the ® solvus
temperature), the p+o two-phase equilibrium is restored and conse-
quently the experimentally measured Al content of ~7.1 at%, is in
excellent agreement with the Pandat prediction of ~ 6.9 at% Al in the «
phase.

Summarizing, this paper presents direct experimental evidence and
quantitative determination of Al pile up at the o/p interfaces of f-Ti
alloys, leading to early stages of a precipitation. These fine scale «
precipitates nucleate at the w/p interfaces, and form o/a and a/p in-
terfaces. A novel p+o+a three-phase metastable equilibrium results at
low temperatures, with a substantially higher Al content within « pre-
cipitates, than predicted by solution thermodynamics (Pandat models).
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