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Microstructure and phase decomposition of hexagonal ¢’ martensite in cold groove rolled (CGR) Ti-12 mass% V-2 mass%Al alloys have
been studied by transmission electron microscopy and electron diffraction. Acicular structure of the o martensite changes into equiaxed o’ grains
by CGR with a cold reduction of 75%. After aging at 573 K for 500 h, local Moiré fringes disappear and diffraction rings become sharp due to
recovery. However, Vickers hardness also increased in spite of the recovery. Partitioning of solute atoms and/or formation of fine precipitates
can be possible cause for the observed age-hardening. Although a CGR alloy is characterized by a microstructure with polycrystalline equiaxed
grains, following orientation relationship is locally observed between g precipitates and « grains after aging at 673 K: (101)g // (0111),, [010]5 //
[1011],. Electron tomography revealed a heterogeneous nucleation and growth of 8 precipitates in the deformed o/ matrix.
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1. Introduction

Titanium alloys are widely used in various fields, such as
aerospace and automobile industries, and biomedical appli-
cations,'™ due to their high specific strength and corrosion
resistance. Among Ti-alloy systems, Ti—V alloys composed
of hexagonal o martensite possess low Young’s moduli
(~60 GPa) and high strength (~1000 MPa), and exhibit a
good machinability for cold groove rolling (CGR).*+” The o/
martensite is formed by solution treatment above the g
transus followed by quenching (hereafter, STQ)." Recent
studies have revealed that o/ -type Ti—12 mass% V-2 mass%Al
(Ti-12V-2Al) alloys show more than 90% of reduction by
cold rolling (termed as o/-processing®”), while equilibrium
alloys composed of the « (hexagonal close packed: hep) and
B (body centered cubic: bee) phases show reduction less than
45%.8 A proposed deformation mechanism for the o/-type
Ti-V-Al alloys is as follows: basal (a) slip and {1011}
twining are activated in the initial stage of plastic
deformation, and then (a + c¢) slip begins to be activated as
strain increases by plastic deformation.®) After cold rolling,
original microstructures with acicular martensite changes to
that with fine grains of dislocation cell elongated along the
rolling direction.®” Tt is expected that characterization of
deformed and subsequently aged microstructures will provide
an insight into the deformation mechanism from structural
viewpoints. There are several reports on « precipitates in the
B matrix,”'? while the reverse case, i.e., § precipitates in o
matrix has not been clarified in detail.

The authors have studied phase separation of o' martensite
in Ti-12V-2A1 STQ alloys towards equilibrium « and S
phases on aging. We have revealed that significant age-
hardening can be attributed to fine B precipitates nucleated
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inside primary o martensite plates.'”) The CGR alloys,
composed of ultrafine o grains, also show an increase of
Vickers hardness and Young’s modulus by aging at 573 K,
while their origin has not been clarified yet.

In this study we focused on aging effects on microstructure
of cold worked Ti—12V-2Al alloys composed of ultrafine o
grains using transmission electron microscopy (TEM) and
electron diffraction.

2. Experimental Procedure

Ti—12 mass% V-2 mass%Al alloys were prepared by arc
melting in an argon atmosphere using high purity Ti, V, and
Al, followed by homogenization at 1423 K for 24h.%7 The
homogenized rod shaped alloys with 12 mm in diameter were
cold groove-rolled to cylindrical shape with 10mm in
diameter. The cylindrical alloys were then solution treated
at 1223 K (above the g transus) for 2 h in an evacuated quartz
tube, and quenched into ice water (STQ). The quenched rods
were again cold groove rolled to the final diameter of 5 mm (a
cold reduction of 75%). The CGR bars were heat treated at
573K for 0.5-500h, at 673K for 24h, or at 773 K for 24 h.
Chemical analysis for the CGR alloy showed carbon,
nitrogen and oxygen contents be 0.025mass% C, 0.011
mass% N and 0.227 mass% O, respectively, after aging at
573K for 500h. Thin specimens for electron microscopy
were prepared by mechanical polishing followed by electro-
polishing, and completed by Ar ion milling. The specimen
surface was perpendicular to the rolling direction (RD).

Microstructures of these alloys were observed using JEOL
JEM-2000FX (200kV) and JEM-3011 (300kV) TEMs.
High-resolution TEM (HRTEM) and scanning TEM (STEM)
images were obtained by using an FEI Titan 80-300 (S)TEM
operating at 300kV with a field emission gun and an
aberration corrector for objective lens (CEOS image
corrector). Elemental analyses were carried out using an
energy dispersive X-ray spectrometer (EDS) attached to the
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Fig. 1 BF-TEM images and corresponding SAED patterns of cold rolled
Ti—12 mass% V-2 mass%Al alloys by CGR with a reduction of 75%,
(a) as-rolled, and (b) after aging at 573K for 500 h. The arrows indicate
large grains, while a majority of the alloy is still composed of fine
equiaxed grains.

300kV-(S)TEM. A single-tilt holder (Fischione model 2020)
was used for tilt-series acquisition with the maximum tilt
angle of 70°. We used an FEI Inspect3D software package for
subsequent data processing, including alignment of the tilt
axis for the obtained data set based on an iterative cross-
correlation technique, and 3D reconstruction based on a
weighted back-projection (WBP) method.

3. Results and Discussion

Figure 1(a) shows a bright-field (BF) TEM image and a
corresponding selected area electron diffraction (SAED)
pattern of the as-rolled alloy taken from an area ~3.5um
in diameter. Acicular martensite microstructure of the as-
quenched alloy®”!V is totally changed into equiaxed grains,
typically 100-300 nm in size, due to severe plastic deforma-
tion of martensite plates by CGR with a cold reduction of
75%. As seen, Debye—Scherrer rings indicate formation of
polycrytsalline fine grains. Figure 1(b) shows a BF-TEM
image and a corresponding SAED pattern of the CGR alloy
after aging at 573 K for 500 h. Although a few large grains
exist as indicated by arrows, a majority of the alloy is still
composed of fine equiaxed grains and extensive grain growth
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Fig. 2 SAED intensity profiles for as-rolled and aged alloys after aging at
573K for 500 h measured in the radial direction.

was not occurred at this stage. Debye—Scherrer rings in the
attached SAED pattern became sharp compared to those
observed for the as-rolled specimen (Fig. 1(a)), which can be
attributed to recovery during annealing at 573 K. Note that
recrystallization is not involved here since aging temperature
of 573K is much lower than the melting temperature of
~1890K of Ti—12mass%V alloys.'?

Figure 2 compares intensity profiles of SAED patterns for
the as-rolled alloy and aged alloy after aging at 573K for
500h. The intensities were integrated along circumferential
direction.'? Tt is noted that all the reflections appeared in the
intensity profiles, both as-rolled and aged alloys, can be
indexed as those arising from the hexagonal phase, and no
reflections of B or w phase are observed. This result indicates
that the deformed alloys are still composed of ' martensite
phase including supersaturated V atoms. Reflections become
sharp and full width at half maximum (FWHM) is largely
reduced after aging, indicating improvement of crystalinity.
Actually, FWHM for 1010 reflection decreased by half from
0.13 to 0.065nm™'. Thus, the CGR process followed by
aging is a novel fabrication method to produce titanium
alloys with ultrafine grains.

Figure 3(a) shows an HRTEM image of the as-rolled alloy
taken with beam incidence of [0221]. As seen, there are
regions of ~10nm in size with Moiré¢ fringes at different
fringe orientations, indicating distribution of fine grains with
slightly different crystallographic orientations. In contrast,
local Moiré fringes disappeared after aging at 573 K for 500 h
as shown in Fig. 3(b), which was taken at a beam incidence
of [5143]. Inset shows a magnified HRTEM image with clear
crossed lattice fringes. The disappearance of Moiré fringes is
an evidence of atomic diffusion and/or rearrangement of
dislocations during annealing at 573 K, which resulted in
the improvement of crystalinity as observed in Fig. 2. It is
considered that atomic diffusion is limited within a short
range since grain sizes are almost the same after aging at
573 K and no reflections of § or w phase have been detected
at this stage.

However, in spite of recovery, Vickers hardness increases
as aging proceeds. Figure 4 shows changes of Vickers
hardness both for STQ and CGR alloys as a function of
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Fig. 3 HRTEM images and the corresponding FFT patterns of CGR alloys;
(a) as-rolled, and (b) after aging at 573 K for 500 h. A magnified image is
shown in the inset.

holding time at 573 K. The initial hardness of the CGR alloy
was 266 H,, and it reached 395 H, after aging at 573K for
500h. Davis et al. reported that the hardness was found to
increase markedly with increased interstitial content.'® The
oxygen content of 0.227 mass% for the aged CGR alloy is
higher than that for the STQ alloy (0.104 mass%). The initial
hardness of 266 H, for an as-rolled alloy is higher than that
for the aforementioned STQ alloy (205H,) due to work
hardening, and comparable to the values (260-280H,)
reported for Ti-Mo STQ alloys (2—-8 mass%Mo) with similar
oxygen content of 2000 ppm (about 0.2 mass%).'¥ As the
oxygen content largely increased to as high as 2800 ppm, the
hardness reached ~330 H, (Ti-4%Mo, STQ), which is lower
than the value for the aged CGR alloy (395 H,) obtained in
this study. Thus, the observed age-hardening suggests
structural change upon aging rather than interstitial oxygen
effect, e.g., phase separation of o« martensite towards
equilibrium « and S phases. Note that phase decomposition
of o martensite phase involves partitioning of solute V
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Fig. 4 Change of Vickers hardness at 573 K as a function of holding time
both for STQ and CGR alloys.

atoms, while no obvious phase decomposition was detected
in the diffraction pattern.

To examine a possible compositional heterogeneity in the
aged CGR alloy, we have carried out STEM-EDS elemental
analyses as shown in Fig. 5. First, STEM-EDS maps for the
as-rolled alloy show homogeneous distribution of Ti, V and
Al. In contrast, fine precipitates with V-rich compositions are
seen in the alloy after aging at 573 K for 500 h. Size of these
precipitates are 10-20 nm and their number density is low at
this stage. In the HAADF-STEM image shown in Fig. 5(b), a
bright contrast region marked by A contains 61 mass%V (Al
content is less than 1%). On the other hand, composition of a
dark contrast region marked by B, which is adjacent to the
region A, is Ti—1 mass% V-2 mass%Al. Thus, the region B is
composed almost of Ti considering a statistical error of EDS
measurements. It is worthy to note that partitioning of Ti
(Z =22) and V (Z = 23) atoms upon decomposition of o'
martensite is detected by atomic number (Z) contrast in spite
of a quite small atomic number difference. These V-rich and
Ti-rich regions are, respectively, equilibrium 8 and « phases
formed by phase separation of & martensite during aging at
573 K. It is plausible that partitioning of solute atoms and
formation of fine precipitates can be possible reasons for the
age-hardening, however, there are still unsolved questions as
follows. First, number density of precipitates detected by the
STEM-EDS mapping in Fig. 5(b) is too low as sole origin
of the observed hardening. At an early stage of phase
separation, precipitates are small and partitioning of solute
V atoms is not completed. Therefore, it is considered that
only precipitates with a size large enough containing a certain
amount of V can be detected by STEM-EDS analyses. On the
other hand, most of the smaller precipitates with less V
contents will be difficult to precisely detect by using EDS.
Secondly, it is also difficult to distinguish o’ martensite and
precipitated « phase in the aged CGR alloys since these two
phases are quite similar in structure (hcp) with only slightly
different solute concentrations.

To further clarify the evolution of phase separation process,
we have observed microstructures of the CGR alloy aged at
higher temperatures. Figure 6(a) shows an SAED pattern
of the alloy aged at 673K for 24h taken from an area of
~800 nm in diameter. The pattern shows discontinuous rings
and all reflections can be indexed as those of the hep structure.
On the other hand, the 8 phase was detected from a local area
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HAADF-STEM
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Ti-K

Fig. 6 (a) An SAED pattern of a CGR alloy after aging at 673 K for 24 h.
(b) A diffraction pattern taken from a local area with the beam incidence
of [010]g.

(about 200 nm in diameter) as shown in Fig. 6(b). Formation
of the B phase indicates partitioning of solute atoms towards
equilibrium V-deficient @ (hcp) and V-rich g (bce) phases.

Figure 7 shows an HRTEM image at o/ grain boundary
of a specimen after aging at 673 K for 24 h. The upper left
corner of the image corresponds to an area of the S phase
characterized by crossed {101} lattice fringes (zone axis:
[010]), while the lower right corner corresponds to the area
of the  phase with (1101) fringes (zone axis: [1011]). As
seen, Moiré fringes exist at «/f grain boundary. This
HRTEM image and the corresponding Fast Fourier Trans-
form (FFT) pattern indicate the following orientation
relationship (OR) between precipitated 8 and « phases:
(101)s // (0111),, [010]5 // [1011],. This OR has been
observed in an STQ alloy followed by aging at 673K for
24h.'D After aging at 773 K for 24 h, in addition to the above
OR, the Burgers’ OR, (0001), // (110), [1210], // [111]g,
was also observed.!'> It should be noted that the Burgers’ OR
has been reported for « precipitates in the 8 matrix of Ti-Mo
alloys,” suggesting similarity between g precipitates in the o/
matrix and « precipitates in the § matrix.

Figure 8 shows results of STEM-EDS elemental mapping
for the alloy after aging at 673 K for 24 h. Distribution of the
B precipitates, ~50nm in sizes, are seen in the HAADF-
STEM image as well as in the V-K map. Note that Z-contrast
imaging of HAADF-STEM is quite useful to detect V-rich §
precipitates, which can be identified by bright contrasts. The
EDS mapping thus clearly shows that phase decomposition
of o martensites proceeded towards the equilibrium « and 8
phases during the aging at 673 K.

V-K

Fig. 7 HRTEM image and the corresponding FFT pattern at «/f grain
boundary of a CGR alloy after aging at 673K for 24h. The beam
incidence is [010]g and [1011],.

Fig. 8 STEM-EDS elemental mapping for a CGR alloy after aging at
673K for 24h. (a) HAADF-STEM image, (b) Ti-K map, (¢) V-K map,
and (d) Al-K map.
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Fig. 9 Three-dimensional views of the B precipitates in a CGR alloy after aging at 673 K for 24 h reconstructed from a HAADF-STEM
tilt-series dataset using a WBP technique.

To elucidate three-dimensional (3D) distribution of the B
precipitates, we have carried out electron tomography. The
3D structures were reconstructed using a tilt-series data set
of 2D HAADF-STEM images taken at tilt angles between
—60 and +60°. It is noted that SAED patterns showed
discontinuous Debye—Scherrer rings during the tilting, which
is a proof of overall polycrystalline nature of the aged CGR
alloy. The tilt angle increments were set 2° for angle range of
0 to |501°, and 1° for |50|° to |60]°. The reconstructed volume
is 1420nm x 1876 nm x 926 nm (368 pixels x 486 pixels x
240 pixels) with the pixel size of 3.86 nm/pixel. Figure 9
shows reconstructed 3D images of the alloy after aging at
673K for 24 h. Precipitates, 30—70 nm in size, correspond to
the V-rich 8 phase, since the original images are essentially
the Z contrast, as shown by the precipitated 8 phase imaged
as bright contrasts in Fig. 8(a). As seen, spatial distribution of
fine S precipitates is not random but rather aligned, indicating
a heterogeneous nucleation and growth of B precipitates in
the deformed o matrix.

4. Conclusion

We have characterized microstructures of « martensite in
Ti—12 mass% V-2 mass%Al alloys deformed by CGR and
their structural evolution on aging by using TEM, STEM and
electron tomography. The results can be summarized as
follows.

(1) Acicular structure of hexagonal ' martensite changes
into fine equiaxed o grains by CGR with a cold
reduction of 75%. After aging at 573 K for 500 h, local
Moiré fringes disappear and diffraction rings become
sharp due to recovery.

(2) Vickers hardness increases, reaching 395 H,, by aging at
573K in spite of the recovery. It is suggested that
partitioning of solute atoms and the formation of fine
precipitates are among the possible reasons for the age-
hardening.

(3) Following OR is observed locally between precipitated
B and « phases after aging at 673 K: (101)g // (0111),,
[010] // [1011],.

(4) Distribution of g precipitates in the CGR alloys aged at
673 K for 24 h was observed by STEM-EDS elemental
mapping and electron tomography. Reconstructed 3D

images revealed a heterogeneous nucleation and growth
of B precipitates in the deformed o matrix.
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