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ABSTRACT

Microstructure and phase decomposition of o’ martensites in Ti-12 mass%V-2 mass%Al alloys have been
studied by transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM). The as-quenched alloy showed an acicular structure of the hexagonal o’ martensite. Significant
age-hardening was observed in the alloys after aging at 300 and 400°C. A hardness, as high as 377 Hv,
was obtained for the alloy after aging at 400 °C for 24 h. The age-hardening can be attributed to fine 3 pre-
cipitates nucleated inside primary o’-martensite plates. These fine acicular precipitates, about 50 nm in
length, were identified using high-angle annular dark-field (HAADF) STEM as bright contrasts, indicating
a vanadium-rich composition of the (3 precipitates. As the aging temperature increases, partitioning of
vanadium becomes prominent, indicating phase decomposition towards the equilibrium o and (3 phases.
Decomposition of the o’ martensite and formation of a/3 two-phase structure were observed after aging
at 500 °C for 24 h, which resulted in an abrupt decay of hardness. Plate-like three-dimensional shapes of

large (3 precipitates have been revealed by HAADF-STEM electron tomography.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium alloys are widely used in various fields, such as
aerospace and automobile industries, and biomedical applications
[1-3], due to their high specific strength and corrosion resistance.
Among the Ti-alloy systems, Ti-V alloys composed of hexagonal
o/ martensites possess low Young’s moduli (~60GPa) and high
strength (~1000 MPa), and show a good machinability for cold
groove rolling [4-7]. Recent studies on o/-type Ti-V-Al alloys
revealed the increase of Young’s modulus and Vickers hardness by
aging at 300-400°C [6,7]. Age-hardening was previously reported
for binary Ti-V alloys with a V content of 12.5-20% [8-10], which
has been attributed to spinodal decomposition of the orthorhom-
bic o” martensite [10]. In contrast, age-hardening was reported to
take place only insignificantly for Ti-V alloys with the hexagonal
o/ martensite [10]. In a similar Ti-Mo system, age-hardening has
also been reported to occur, where two mechanisms for the hard-
ening have been clarified [11]: one is spinodal decomposition of
the o” martensite for the alloys with a Mo content of 4-8 mass%,
and the other is homogeneous precipitation of the [3 phase within
o/ crystals for a 3 mass%Mo alloy aged below 575°C. The latter
alloy with a small amount of o’ martensites showed insignifi-
cant age-hardening when heterogeneous precipitation occurs by
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aging above 575 °C. The phase separation behavior is associated by
decomposition of martensite supersaturated with solute V or Mo
towards the equilibrium hexagonal « and cubic 3 phases in the
Ti-V and Ti-Mo systems [12,13]. Besides a consideration from the
viewpoint of phase diagrams, electronic structure calculation has
also indicated tendencies of phase separation in the Ti-V system
[14].

In the binary Ti-V system, two kinds of martensite phases
can be formed by quenching a high-temperature solid solution (3
phase) with abody centered cubic (bcc) structure, depending on the
solute V content: when it is higher than 9.4 mass%, the orthorhom-
bic o” martensitic phase is formed [1], whereas below this value
the hexagonal o/ martensitic phase is formed. An addition of a
small amount of Al (2 mass% in this study) leads to suppression
of the formation of the athermal w phase as well as to stabiliza-
tion of the hexagonal « phase. In addition, alloying of Al stabilizes
the o martensite. Accordingly, X-ray diffraction (XRD) patterns of
Ti-12%V-2%Al alloys aged at 300 °C or 400 °C, as well as those of the
as-quenched alloy after solution treatment (hereafter, STQ), exhibit
no reflections of the equilibrium « or B phases, i.e., the o’ marten-
site phase is maintained. Hence, in spite of recent findings of high
strength and cold workability of ternary o’-type Ti-V-Al alloys, the
origin of age-hardening in this alloy system still remains an open
question.

In the present study, microstructure composed of o’ marten-
sites in Ti-12 mass%V-2 mass%Al alloys and its decomposition
behaviors upon aging were studied by aberration-corrected (AC)
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Fig. 1. XRD profiles of Ti-12 mass%V-2 mass%Al alloys. (a) Solution treated and
quenched (STQ), (b) after aging at 400°C for 24 h, and (c) after aging at 500°C for
24 h. Reflections of the (3 phase are indicated by arrowheads in Fig. 1c.

high-resolution transmission electron microscopy (HRTEM) and
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). In addition to highly improved spa-
tial resolution, AC-HRTEM benefits from smaller defocus values
under optimal defocus conditions due to small spherical aber-
ration (Cs) values, which enables unambiguous identification of
interface structures free from contrast delocalization. Chemically
sensitive atomic number (Z) contrast of HAADF-STEM was used to
observe decomposition of o’ martensites on aging associated with
a compositional variation. We also examined three-dimensional
(3D) structures of (3 precipitates by means of electron tomography
using HAADF-STEM. Z contrast can be regarded as a mass-thickness
contrast required for electron tomography, where incoherent
imaging is dominant and artifacts from diffraction contrasts are
minimum.

2. Experimental procedure

Ti-12 mass%V-2 mass%Al alloys were prepared by arc melting in an argon atmo-
sphere using high purity Ti, V, and Al, followed by homogenization at 1150°C
for 24 h. The homogenized buttons were solution treated at 950°C (above the 3
transus) for 2h in an evacuated quartz tube, and then quenched into ice water
(STQ). Aging conditions for the quenched alloys were 300, 400, and 500°C for
0.5-500h (3 weeks). Chemical analysis for the STQ alloy showed carbon, nitro-
gen and oxygen contents be 0.025mass% C, 0.009 mass% N and 0.104 mass% O,
respectively [15]. Phase identification was carried out by means of XRD using a
Panalytical X’pert MPD diffractometer with a Cu-Ko; radiation. Microstructures
of these alloys were studied using a JEOL JEM-2000FX TEM operating at 200 kV.
HRTEM and STEM images were obtained using an FEI Titan 80-300 (S)TEM operat-
ing at 300kV with a field emission gun and a CEOS image corrector. We adopted
a negative third-order spherical aberration (typically, Cs=-1 wm) with a slightly
overfocus condition for the HRTEM observation. All HRTEM images were recorded
by a 1k x 1k charge coupled device (CCD) camera. HRTEM images were simu-
lated using the MACTEMPAS software, which is based on the multislice method.
HAADF-STEM images were acquired using a HAADF detector (Fischione model
3000) with a detector inner angle (half angle) greater than 60 mrad. Elemental
analyses were carried out using an energy dispersive X-ray spectrometer (EDS)
attached to the 300 kV-(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 align-
ment of the tilt axis for the obtained data set based on an iterative cross-correlation

Fig. 2. Microstructure of the STQ Ti-12 mass%V-2 mass%Al alloy. (a) BF-TEM image
and (b) corresponding SAED pattern with the beam incidence of [00 1], or equiv-
alently [1210], . The single- and double-arrowheads indicate the existence of two
variants of the hexagonal o’ martensite. (c) DF-TEM image taken with 11 0p reflec-
tion.

technique, and 3D reconstruction. As for the algorithm for 3D reconstruction, we
employed weighted back-projection (WBP) method [16]. The reconstructed 3D
density data were then visualized using the AMIRA 4.1 software (VISAGE IMAG-
ING).

3. Results and discussion

3.1. Microstructure of the o’ martensites and their evolution
upon age-hardening

Fig. 1 shows XRD profiles of the STQ alloy and of aged alloys.
The STQ alloy is composed of hexagonal o’ single phase as shown
in Fig. 1a. Also no reflections of the (3 phase were detected in the
alloy after aging at 400°C for 24 h (Fig. 1b). In contrast, the XRD
profile of the alloy after aging at 500°C for 24 h includes reflec-
tions of the [3 phase in addition to those belong to the hexagonal o’
phase (Fig. 1c). These observations clearly indicate the evolution of
phase decomposition of o martensite towards the equilibrium «
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Fig. 3. (a) Increase of Vickers hardness at 300°C as a function of holding time.
Substantial age-hardening can be seen. (b) Vickers hardness as a function of aging
temperature (24 h). The hardness, as high as 377 Hv, was observed after aging for
86.4ks (24h) at 400°C.

and 3 phases on annealing. To clarify the phase separation behavior
precisely, we carried out TEM and STEM observation.

Fig. 2a shows a bright-field (BF) TEM image of the as-quenched
alloy viewed along the [1210] axis of the hexagonal o’ marten-
site phase. An acicular martensite structure with martensite plates,
typically a few hundred nanometers in thickness, is seen. These
martensite morphologies, composed of large primary martensite
plates and many other smaller ones, are similar to those observed in
binary Ti-V alloys [5,10,16]. Fig. 2b is a corresponding selected area
electrondiffraction (SAED) pattern taken from this area. The pattern
was taken with the beam incidence of [00 1]g. In addition to clear
110and 200 reflections of the B phase, a reflection marked by an
arrowhead indicates 000 1, with the beam incidence of [1210],,
of the hexagonal martensite structure. Also a double-arrowhead
indicates another 000 1, reflection from another variant of the o
martensite with the c-axis orthogonal to the former. It should be
mentioned here that the 3 phase was not detected by XRD (Fig. 1a),
and can be considered as a retained phase on quenching. Invisibil-
ity of the 3 phase by XRD suggests that the amount of the retained
[3 phase is quite small. From the SAED pattern, the orientation rela-
tionship (OR) between the [3 and the o’ phases can be deduced as
follows:

(0001)y1I(110)g,[1210], ~ [][001]g

This OR is quite close to the Burgerss OR
((0001)y[I(110)g,[1120]y/I[111]g), which is frequently
observed between the retained 3 and the o martensite [17-19].
Davis et al. have also reported the retention of thin (3 layers
between the o crystals, but no precipitation within the o crystal,
for as-quenched Ti-2 and 3%Mo alloys [11]. To clarify the morphol-
ogy of the retained 3 phase, we observed a dark-field (DF) TEM
image using 11 0p reflection, and found that there exist thin layers
between o martensite plates as shown in Fig. 2c. Here it should
be noted that, in the SAED pattern shown in Fig. 2b, reflections of
the 3 phase almost overlap with weak reflections of the hexagonal

Fig. 4. Microstructure of Ti-12 mass%V-2 mass%Al alloy after aging at 400°C for
24 . (a) SAED pattern with the beam incidence of [0 11 1],. Extra reflections due to
the {101 1}-type twins are seen, as indicated by arrowheads. (b) Corresponding BF-
TEM image. Thin twin band, 20-50 nm in width, are seen. (c) Aberration-corrected
HRTEM image of {101 1}-type twin boundaries. A magnified image is shown in the
inset, where the (101 i)u, plane is clearly seen. Note that the twin boundaries are
free from precipitates or extra stacking faults.

o/ martensite because of the orientation relationship close to the
Burgers’ one. Therefore, part of the bright contrasts observed in
Fig. 2c are not only those arising from the retained (3 phase but
also those from primary o crystals.

Fig. 3a shows changes of Vickers hardness as a function of hold-
ing time at 300 °C. The initial hardness of the STQ alloy was 205 Hv,
and it drastically increased after aging for ~6 x 10° s (1 week). The
hardness reached 355Hv after aging for ~1.8 x 106s (3 weeks).
Fig. 3b compares the Vickers hardness obtained at different aging
temperatures after aging for 24 h (86.4 ks). The hardness, as high as
377 Hv, was observed for the alloy after aging at 400 °C. As stated
earlier, XRD detected no reflections except for those arising from
the o’ martensite phase; however, as for the mechanism of the age-
hardening, there is a strong possibility of a contribution from fine
[3 precipitates. In a Ti-7.4%V alloy, Flower et al. [10] have reported
heterogeneous nucleation of 3 plates at twin boundaries and on dis-
locations after aging for 10% min at 375 °C, although no significant
hardening was observed.

To examine possible formation of a secondary phase at twin
boundaries of aged o’ martensites, we have carried out HRTEM
observation on twin boundaries for the alloy showing the maxi-
mum hardness after aging for 24 h at 400°C. Fig. 4a and b shows,
respectively, SAED pattern with a beam incidence of [011 1],, and
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Fig. 5. Microstructure of a Ti~12 mass%V-2 mass%Al alloy after aging at 400 °C for 24 h. (a) SAED pattern with the beam incidence of [00 1]g or [1210],. Single- and double-
arrowheads indicate 000 1 reflections belonging to different variants. (b) DF-TEM image taken using 11 0g reflection. Fine morphologies inside the aged o’ crystals can be
seen. (c) HAADF-STEM image, (d) HAADF-STEM image at a higher resolution. Fine acicular precipitates, ~50 nm in length, can clearly be seen as bright contrasts inside the
primary o/-plates. Age-hardening observed in this alloy can be attributed to these high-density fine 3 precipitates inside the primary o’-plate.

the corresponding BF-TEM image observed from an area includ-
ing {101 1}-type twins. Reflections related to twins are marked
by arrowheads in the SAED pattern. Thin twin plates, 20-50 nm
in thickness, can be seen in the BF-TEM image. The {101 1} twin
is typically observed in quenched Ti-V alloys with a hexago-
nal o martensite structure [5,11]. Therefore, it is noted that the
{101 1}-type twins formed by martensitic transformation still
remain in this alloy after aging at 400°C for 24 h, in accordance
with the results by XRD shown in Fig. 1b. This observation also sug-
gests that the martensitic reverse transformation temperature of
this alloy is higher than 400 °C. Fig. 4c is an HRTEM image, showing
a thin twin band with thickness of 18 nm at the atomic level, where
two twin boundaries are indicated by arrows. A magnified image is
shown in the inset. As seen here, the twin boundaries are free from
precipitates or stacking faults in spite of substantial age-hardening.
However, local Moiré fringes can be observed at the twin bound-
aries, indicating superposition of small crystallites with a slightly
different orientation at the boundary region.

To further clarify possible evolution of the retained (3 phase
on aging at 400 °C, we employed dark-field (DF) TEM imaging for
the area including the 8 phase. Fig. 5a shows an SAED pattern
with a beam incidence of [001]g, which shows reflections from
o/ martensites. Single- and double-arrowheads indicate 0001,

reflections belonging to different variants. The OR between [3 and
o/ is the same as that observed in Fig. 2b. Fig. 5b is a DF-TEM image
taken with 11 0g reflection, showing fine precipitates, 10-100 nm
in sizes, inside the o plates. It should be mentioned here, how-
ever that, since the 110 reflection coincides with 0002, and
1010, reflections, bright contrasts in Fig. 5b are not only those
arising from the precipitated [3 phase but also those from primary
o/ crystals. To clarify detailed morphologies inside the aged o’ crys-
tals, and possible partitioning of elements, we employed Z contrast
imaging of HAADF-STEM. Fig. 5¢c shows a HAADF-STEM image of
the alloy aged at 400°C for 24h. A high magnification image is
also shown in Fig. 5d. Here, fine acicular precipitates, ~50 nm in
length, can clearly be seen as bright contrasts inside the primary o’
plates. Because of the incoherent nature of the Z contrast imaging,
fine morphologies observed here correspond to the precipitated 3
phase, in which presumably vanadium atoms are enriched. Thus,
the age-hardening observed in this alloy can be attributed to these
high-density fine (3 precipitates inside the primary o plate. It is
known that hardness of Ti-alloys is largely affected by the addi-
tion of carbon [20,21], nitrogen [22], and/or oxygen [23]. Here,
in this study, the contents of C, N, O in an STQ alloy were 0.025,
0.009, and 0.104 mass¥%, respectively, which are much lower than
those reported previously. For example, significant effects on hard-
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Fig. 6. Summary of STEM-EDS elemental analyses for a STQ and aged alloys. The statistical errors are as follows: Ti-K (~1%), V-K (1-4%), Al-K (2-7%). The aging conditions
are 300°C for 500 h (3 weeks), 400°C for 24 h, and 500°C for 24 h. As aging proceeds at 300-400°C, the spread of the distribution of vanadium content becomes wider,
indicating the initiation of phase decomposition towards the equilibrium o and 3 phases. At 500 °C, the re-distribution of vanadium is evident.

ness by an addition of 0.1%C, 0.6%N, and 0.2-0.4%0 have been
described in Refs. [20-23], respectively. Thus, the effects of these
elements on age-hardening can be excluded in this study, but we
may attribute the observed increase in hardness to the changes in
microstructure.

3.2. Distribution of solute vanadium and its evolution on aging

As seen in the DF-TEM and HAADF-STEM images, precipita-
tion of the fine 3 plates occurs inside the o’ martensites during
aging. Such 3 precipitates are expected to be enriched in vana-

dium according to the binary phase diagram, which was found also
in accordance with the HAADF-STEM image in Fig. 5c. To check
possible compositional variations in a more quantitative manner,
we have carried out STEM-EDS elemental analyses. Fig. 6 summa-
rizes the results of STEM-EDS for as-quenched and aged alloys. In
this experiment, we measured V contents from randomly chosen
areas (37, 27, 47, and 38 points for STQ, 300, 400, and 500°C-
annealed specimens, respectively), and plotted the frequency of
occurrence against the V content. Fig. 6a, which is the result of
the STQ alloy, shows that the measured vanadium content ranged
from 8 to 16 mass%. We can estimate a statistical error of the inte-

Fig. 7. STEM-EDS elemental mapping for alloys after aging at 400 °C for 24 h, and 500 °C for 24 h. The pixel size is 19.3 nm. Partitioning of atoms upon the decomposition of
the o’ martensite was detected for the alloy after aging at 500 °C. Bright region in the HAADF-STEM image corresponds to the vanadium-rich (3 precipitates.
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grated intensity of V-K characteristic X-ray (,/N/N, N: integrated
intensity) to be at most +4% within the present experimental con-
dition. After aging at 300 °C for 3 weeks, spread of the distribution
became 12% (Fig. 6b), and it further increased to 14% after aging
at 400°C for 24 h (Fig. 6¢). These distributions are broader than
the aforementioned statistical error by 4-6%, and the V content
reaches as high as 20 mass%, which is 8% higher than the aver-
age alloy composition (12 mass%). Thus, the re-distribution of V
atoms on aging has been confirmed by the present STEM-EDS
analyses, which, in return, suggests that fine (3 phase particles pre-
cipitated during age-hardening between 300 and 400°C (Fig. 3a
and b).

After aging at 500°C for 24 h, the distribution of V content
broadens further as shown in Fig. 6d: for example, the observed
maximum V content in the (3 phase was as high as 38 mass%. This
finding suggests that the o’ martensite plates decomposed into the
equilibrium V-deficient o and V-rich 3 phases. This phase separa-
tion behavior is also in accordance with the results of XRD shown
in Fig. 1c. Namely, the degradation of mechanical property is asso-
ciated with such phase decomposition and the hardness abruptly
dropped to 281 Hv (Fig. 3b).

We investigated the partitioning of elements upon decom-
position using STEM-EDS elemental mapping for the specimens
annealed at 400 and 500°C, as shown in Fig. 7. First, STEM-EDS
maps for the alloy after aging at 400°C does not show any fine
details at this resolution, in spite of the existence of fine precipi-
tates, probably due to a large pixel size of 19.3 nm/pixel. In contrast,
the decomposed o/[3 two-phase structure in the alloy after aging
at 500°C for 24 h is clearly seen. Here, the bright contrast region
seen in the HAADF-STEM image corresponds to the V-rich region
in the V-K map. The Al-K maps does not show any details for both
alloys since the Al-content is only 2 mass%, which is too small to be
efficiently detected by STEM-EDS mapping.

Fig. 8a shows HAADF-STEM image of the decomposed a/(3 two-
phase structure obtained after the 500 °C annealing. The bright and
the dark contrast regions correspond to the (3 and a phases, respec-
tively. Thisimage shows that the primary o’ phase decomposed into
the two phases with distinct morphology, exhibiting clear habit
planes. HRTEM image of the o/ interface is shown in Fig. 8b. The
upper left corner of the image corresponds to [101 1] zone of the
a phase, while the right hand side shows crossed {110} lattice
fringes of the 3 phase with [0 1 0] zone. The interface deduced from
the bending of the lattice fringes is indicated in the image. Moiré
fringes can also be seen in the image, indicating superposition of
these two crystals near the boundary. Fig. 8c and d shows magni-
fied images of these two crystals. By analyzing Fourier spectra of
these two regions as well as the lattice fringes, the angles between
(1101), and(101)g was estimated to be about 7-8°, whichiis close
to 9.3°, the value predicted by the Burgers’ OR [24]. The HRTEM
image also shows a relation, (0111),]/(101)g. Therefore, it can
be considered that the 3 precipitate grows parallel to the primary
{101 1}-type twin plates. These observations indicate a good lat-
tice correspondence exist between the hexagonal a and the cubic
[3 phases.

3.3. Three-dimensional structures of B-precipitates viewed by
electron tomography

We have examined 3D morphology of the decomposed o/
two-phase structure of the specimen after aging for 24h at
500°C by means of a tomographic technique based on a series of
HAADF-STEM images. In electron tomography, 3D structures can
be reconstructed from a tilt-series data set of 2D images having Z
contrasts. In the present study, we set the inner half angle of the
HAADF detector to be 30 mrad to ensure a clear contrast during
the tilt-series acquisition. This setting of a rather low angle may

Fig. 8. Microstructure of the two-phase structure after aging at 500 °C for 24 h. (a)
HAADF-STEM image. (b) Aberration-corrected HRTEM image at the a/p interface
region. The interface is not obvious and several Moiré fringes are seen, indicating
superposition of small crystallites at the interface region. (c and d) Magnified images
and corresponding Fourier spectra for these « and 3 structures.

break the simple Z2 dependence of the HAADF-STEM images to
some extent due to possible diffraction contrasts during the tilting.
The tilt-series was obtained sequentially from 0° to —70° and then
0° to +70°. The angular tilt angle increments were set 2°. Out of this
data set, we employed images taken at tilt angles between —62°
and +62° for subsequent 3D reconstruction. Fig. 9 shows one of the
original images (Fig. 9a) and corresponding reconstructed images
processed by WBP (Fig. 9b). Side-view projections (y-z and z-x) are
also shown in Fig. 9b. Here, the x-axis is the tilt axis, about which
the specimen film is sequentially tilted towards the y-direction;
while the primary beam incidence direction is parallel to the z-axis.
Because the original images are essentially Z contrast, bright region
corresponds to the precipitated V-rich 3 phase. A bird-view of the
reconstructed volume is shown in Fig. 9c. It can be said that in the
present study using HAADF-STEM tomography, the plate-like 3D
shapes of precipitated 8 phase has been successfully reconstructed.
As seen in these images, general features projected onto the x-y
plane, such as plate-like shape, size, and the location of precipi-
tates, are clearly reconstructed. However, it is noted that floating
dot-like artifacts are seen in the reconstructed volume, which can
be attributed to a low signal to noise ratio and diffraction effects of
the original tilt-series images.

Within the framework of single-axis tilt geometry, the resolu-
tion along x-, y-, and z-directions are all different. The resolution
along the tilt axis (x-axis) is the resolution of the microscope and
therefore highest resolution is expected in this direction. On the
other hand, resolutions in the y- and z-directions are affected by the



K. Sato et al. / Journal of Alloys and Compounds 506 (2010) 607-614 613

Fig. 9. 3D distribution of the (3 phase in the 500 °C-annealed specimen observed by HAADF-STEM tomography using a weighted back-projection (WBP) technique. (a) An
original HAADF-STEM image. Bright regions correspond to the V-rich 3 phase. (b) Reconstructed images processed by WBP. (c) A bird-view of the reconstructed volume. The
reconstructed volume is 690 nm x 720 nm x 375 nm. Plate-like structures correspond to the (3 precipitates. See text for estimated errors.

maximum tilt angle (), the number of images used for reconstruc-
tion (N), and the diameter of the reconstructed volume assuming
a cylindrical shape (D) [16,25]. In fact, the resolution along the y-
and z-axes, dy and d,, respectively, are expressed as follows,

7D
dy = N (1)
d; =dyey, (2)

o+ sino cosa
ey = ) L SMacose (3)
o —sinocosa

where ey, is the so-called elongation factor, which represents the
effect of a missing data set (missing wedge) at high angles on recon-
struction. Numerically, we can derive the resolution in the present
study by applying experimental parameters (N=63, D=720nm,
a=62°), which yielded the following values: dy =36 nm, d; =54 nm,
for the reconstructed volume (xyz) of 690 nm x 720 nm x 375 nm.
These estimated errors, dy and d, correspond to 5% and 14% of the
y- and z-directions of the reconstructed volume, respectively. Note
that Eq. (1) assumes the tilting range from —90° to 90° with an equal

angular increment. Hence it is only an approximation in the case of
electron tomography, where tilting range is limited. In fact, accord-
ing to our recent study on electron tomography [26], Egs. (1)-(3)
tend to overestimate the error of a reconstructed volume, especially
along the z-axis. To reduce the artifacts and experimental errors,
minimization of the missing wedge is most effective, which can be
attained by increasing the maximum tilt angle together with num-
ber of 2D-slice images as possible. For more quantitative analyses of
3D structures of [ precipitates, thus further experiments, including
DF-TEM tomography [27] as well as in situ TEM observation [28],
are necessary.

4. Summary

We have studied the microstructure and phase decom-
position behaviors of the hexagonal o martensite in
Ti-12 mass%V-2 mass%Al alloys aged at temperatures between
300 and 500°C by means of TEM, STEM and electron tomography.
Main results are summarized as follows:
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1. As-quenched alloy after solution treatment (STQ) showed the
acicular structure of the hexagonal o martensites with a small
amount of the retained 3 phase. The following OR, close to the
Burgers’ OR, was observed between the retained [3 phase and the
o martensite: (000 1),[/(110)g, [1210]y ~[][001]g.

2. Significant age-hardening is associated with densely distributed
fine acicular precipitates, about 50 nm in length, of the [3 phase
nucleated inside the primary o’ martensite plates.

3. As aging proceeds, re-distribution of vanadium becomes promi-
nent, indicating a tendency of phase decomposition towards the
equilibrium a and 3 phases. Vickers hardness abruptly dropped
after the establishment of o/ two-phase structure.

4. The o/ martensite phase was maintained up to 400 °C, while it
completely decomposed into the o and 8 phases at 500°C. The
OR between the « and the 3 phases is close to the Burgers’ OR,
indicating a well-defined lattice correspondence.

5. Plate-like 3D shapes and distribution of large [3 precipitates have
been reconstructed by means of HAADF-STEM tomography with
weighted back-projection (WBP) technique.
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