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Grain size and reversible beta-to-omega phase transformation
in a Ti alloy
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We report a significant grain size effect on the phase transformation in a Ti–36Nb–2.2Ta–3.7Zr–0.3O alloy during severe plastic
deformation. For grain sizes larger than the submicrometer range, the body-centered cubic b phase transformed to hexagonal x
phase when deformed by high-pressure torsion under a relatively low pressure of 3 GPa and at room temperature. However, a
reverse x to b transformation was observed under the same deformation conditions when the grain sizes were less than 100 nm.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Reducing the grain sizes of materials to the
nanocrystalline (nc, <100 nm) regime changes signifi-
cantly the physical, chemical and mechanical behavior
of the materials [1,2]. For example, under a low strain
rate at room temperature, nc metallic materials with
medium to high stacking fault energies deform via par-
tial dislocation emission from grain boundaries (GBs)
for grains of a few tens nanometers [3–5] or via grain
rotation for grains of �10 nm [6,7], while their coarse-
grained counterparts usually deform via perfect disloca-
tion activities. Nanoscale grain size also has a significant
impact on phases and phase transformation [8–11]. For
example, the stable structure of Co particles prepared by
sputter deposition has been shown to vary with grain
size and the martensitic transformation in shape-mem-
ory Ni–Ti alloys is completely suppressed when the
grain size is <60 nm. The order–disorder transformation
temperature of a Co–Pt alloy with grain sizes of �3 nm
was reported to be 175–325 �C lower than that of the
coarse-grained equivalent.

Deformation-induced phase transformations are
common in Ti alloys. For example, the reversible shape
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phase and body-centered cubic b phase has been widely
investigated [12–15]. Stress-induced phase transforma-
tion from b phase to the metastable hexagonal x phase
was observed in Ti alloys [16–19]. A reverse x to b trans-
formation has also been reported, but was only observed
under very high pressure of �140 GPa or high tempera-
ture [16,20].

In this paper, we report new observations of a strik-
ing grain size effect on the deformation-induced phase
transformation in a Ti–36Nb–2.2Ta–3.7Zr–0.3O (at.%)
alloy. The b to x phase transformation occurred during
the initial stages of high-pressure torsion (HPT) process-
ing of the alloy under a relatively low pressure of 3 GPa
at room temperature. However, the reverse transforma-
tion occurred during the same HPT process when the
grain sizes were reduced to the nc regime, indicating that
large grain sizes promote the b to x forward phase
transformation, while nanoscale grain sizes drive the re-
verse phase transformation.

An ingot of the Ti alloy was produced by arc melting
and extruded into a long round bar at 1010 �C. Disks of
around 1.7 mm thick and 20 mm in diameter were sec-
tioned from the extruded bar and deformed using
HPT for 1/4, 1/2, 1 and 5 turns, respectively, under
sevier Ltd. All rights reserved.
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3 GPa and a strain rate of 10�1 s�1 at room tempera-
ture. Transmission electron microscopy (TEM) speci-
mens were sampled from the as-received material and
from the center to the edge of each HPT disk. TEM
observations were carried out using a JEOL 3000F oper-
ating at 300 kV. The average grain sizes were determined
directly from TEM images by counting at least 100 ran-
domly selected grains in each of those strain states. Dis-
location densities and the area fraction of the x phase
were estimated from high-resolution TEM (HRTEM)
images. Note that it is very difficult to estimate the vol-
ume fraction of the x phase as the thickness of each x
particle along the electron beam direction is unknown.
Therefore, we use the area fraction to qualitatively rep-
resent the amount of the x phase in the material. The
von Mises equivalent strains were calculated using the
equation e ¼ 2pNr

ffiffiffiffi

3h
p , where r is the distance from the disk

centre, h is the thickness of the disk and N is the number
of HPT turns. Hardness measurements were carried out
using a Leco LV700AT hardness tester under a load of
10 kg with a 15 s dwell time. The hardness values were
collected along seven radial directions on an HPT disk.
Eight points were measured along each radial direction
at an interval of 1 mm and values for each radius/strain
value were averaged from the seven datum points.

Extensive TEM investigations revealed that the as-re-
ceived material comprised of two phases: the b phase ma-
trix and a small amount of the x phase distributed
uniformly throughout the b matrix (see Fig. 1). The aver-
age grain size of the matrix phase is about 2 lm. A typical
TEM image of the b phase matrix is provided in Figure 1a
with the inset selected-area electron diffraction (SAED)
pattern obtained from a <1 1 0>b zone axis. Very weak
Figure 1. (a) A bright-field TEM image and an SAED pattern for the
as-received Ti alloy; (b) a HRTEM image along ½011�b with x phase
particles highlighted by black and white ellipses; (c) an enlarged image
surrounding the black elliptical area in (b). The structural feature of
the x phase and the b phase are marked by four white dots and four
black dots, respectively. Atomic planes and directions are indexed.
diffuse diffraction spots located at 1/3 and 2/3 {1 1 2}b

are from the x phase. Figure 1b shows a HRTEM image
recorded along a <1 1 0>b zone axis. The black and white
ellipses in Figure 1b indicate the size, shape and locations
of the x phase presented in the b matrix. Note that be-
cause of the structural similarity and coherent nature of
the interface between the b and x phases, no sharp bound-
ary is seen between them. The ellipses in Figure 1b (and
Fig. 2b below) are approximate indications of the phase
boundaries. The x phase particles were 3–5 nm long along
<1 1 1>b and 2–4 nm wide and their area fraction is about
7%. The structure of the x phase within the b matrix is
more clearly seen in a magnified image of the black ellipse
(Fig. 1c). Atomic planes and directions in Figure 1c were
indexed by noting that the incident electron beam was
parallel to the ½011�b and the ½1210�x. Four white spots
and four black spots represent the structural feature of
the x phase and the b phase, respectively. The interplanar
distances of 0.28 and 0.40 nm for the (0 0 0 1)x and
ð10 10Þx planes, respectively, are indicated in Figure 1c.
The orientation relationship between the x and the b
phase was thus deduced as f1010gx==f211gb
[0 0 0 1]x//<1 1 1>b and < 1210>x//<0 1 1>b, which is
consistent with the well-established orientation relation-
ship between these two phases in Ti- and Zr-based alloys
[17,20].

A significant increase in the volume fraction of the x
phase was observed after the commencement of HPT
processing. Figure 2a shows a TEM image near the cen-
tral area of the 1/4 turn HPT disk, where the strain is
�0.5. The average grain size of the matrix remained
�2 lm. However, strain contrast, in the form of blurred
black-and-white stripes, was apparent within grains. The
Figure 2. (a) A bright-field image and an SAED pattern taken near the
central part of the 1/4 turn HPT disk (strain value = �0.5); (b) an
HRTEM image with x phase particles marked by ellipses; (c) a bright-
field image and an inset SAED pattern taken from the edge of the 1/4
turn HPT disk (strain value = �4). Arrows in the SAED pattern
indicate diffraction rings from solely the x phase.
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inset SAED pattern in Figure 2a, which was obtained by
using the same experimental conditions (aperture size,
electron beam intensity and exposure time) as that inset
in Figure 1a, reveals that the intensity of the diffraction
spots from the x phase is much stronger than that in
Figure 1a, further indicating that the volume fraction
of the x phase has increased significantly and confirming
that a b to x transformation occurred during deforma-
tion. Figure 2b shows a typical HRTEM image confirm-
ing a high density of the x phase distributed in the b
matrix and a length increase of the x phase grains to
�40 nm. The estimated area fraction reached 24%.

Investigation of the edge part of the 1/4 turn HPT
disk suggested that increasing strain (to �4) resulted in
an increase in the area fraction of the x phase from
�24% to �37% while at the same time grain sizes were
reduced because of the HPT-induced grain refinement.
Figure 2c shows a typical TEM image at the edge of
the 1/4 turn disk, in which the average grain size was
�190 nm. Inset in Figure 2c is an SAED pattern with
diffraction rings from the x phase indicated by arrows.
This result suggests that the x phase still existed in the
ultrafine-grained areas of the HPT disk.

Further increasing the strain values reduced grain sizes
down to the nc regime and resulted in the disappearance
of the x phase. Figure 3a shows a typical TEM image of
the 1 turn HPT disk, where the strain value at the edge
of the disk is >15. A homogeneous structure with ran-
domly oriented nc grains of�50 nm was seen throughout
the 1 turn HPT disk. A typical SAED pattern from the
disk is inserted in Figure 3a, presenting diffraction rings
only from the b phase. A typical HRTEM image from
the disk is shown in Figure 3b, which further confirms that
the b phase is the only existing phase when grain sizes are
in the nc regime. Black dashed lines are used to mark grain
boundaries in Figure 3b, although the boundaries are not
clearly defined. The approximate orientation of each
grain is indexed in Figure 3b. It is worth mentioning that
rapid grain refinement was achieved in this material and
the average grain size in the 1 turn disk is very close to that
of the 5 turn disk. The microstructures of both the 1 and 5
turn HPT disks are homogeneous.

TEM investigations of the 1/2 turn disk revealed the
presence of transition regions in which ultrafine-grained
Figure 3. (a) A bright-field image and an SAED pattern; (b) an
HRTEM image taken from the 1 turn HPT disk (strain value = �15).
Grain orientations are indexed. Grain boundaries are highlighted using
dash lines.
areas and nc areas coexist when strain value is �8.
HRTEM images and SAED patterns obtained from
these transition regions confirmed that a large amount
of the x phase was found in the ultrafine-grained areas
but no x phase was seen in the nc areas. Statistic analy-
sis of the HRTEM images from the 1/2 turn disk shows
that the average length of x particles is �30 nm and
their area fraction decreased to �16%.

To ensure these observations were systematic and not
merely an artifact of a non-uniform distribution of
phases, extensive TEM observations over a large range
of specimens and areas were carried out. The results
were systematic and confirmed that the phenomena re-
ported above are universal for the Ti alloy investigated
here. The above-mentioned experimental results are
summarized in Table 1, which also includes data of dis-
location density and hardness that are discussed below.

The experimental results indicate that the b to x
transformation occurred at the initial stages of HPT
when grain sizes were relatively large. This transforma-
tion has contributed significantly to the initial rapid
grain refinement down to the ultrafine-grained region.
The mechanism of this b to x transformation has been
well documented [16]. However, with increasing strain
values, grain sizes were reduced to the nc regime and
the reverse x to b transformation occurred until the x
phase disappeared completely.

There are two possible scenarios for the above experi-
mental results: (1) the grain refinement down to nc region
was caused by the reverse x to b transformation (hereafter
referred to as scenario I); and (2) nc grains caused the x to
b transformation (scenario II). For scenario I, we would
expect to find that some {2 1 1} planes from neighboring
nc b phase grains have 120� misorientation if these grains
were transformed from the same x phase grains because
of the orientation relationship of f1010gx//{2 1 1}b men-
tioned before and because of the 120� orientation differ-
ence between different f1 010gx planes. Extensive
survey of nc b phase grains in the 1 turn HPT disk found
that this kind of orientation relationship was rare among
neighboring nc b phase grains. We would also expect to
see a gradual reduction of the amount of the x phase dur-
ing the reverse x to b phase transformation for scenario I
and some remnant x particles should also be seen in nc
grains. However, the immediate disappearance of the x
phase was seen in nc areas even though a large amount
of the x phase was found in neighboring ultrafine-grained
areas in the 1/2 turn disk. In other words, our results do
not support scenario I.

Our analysis of data supports scenario II, as is now dis-
cussed. Phase transformation pathways are known to be
affected by the microstructure and applied stress. The dis-
location density and the hardness presented in Table 1
showed no significant change immediately before and
after the change of the phase transformation direction,
and therefore are not the cause of the observed reverse
transformations. The only significant and systematic
change is the grain size (from 190 to 50 nm). In other
words, it appears that the nc grains are responsible for
the reverse (x to b transformation. This observation is
similar to the reported change in deformation mecha-
nisms in nc metals [3–7]. This is the first observation of re-
verse phase transformation caused by nc grains.



Table 1. Summary of phase transformation, microstructure and hardness at different HPT strain values.

Sample position As-received 1/4-turn centre 1/4-turn edge 1/2-turn edge 1-turn edge

von Mises strain 0 �0.5 �4 �8 �15
Transition N/F b x b x b M x x b
Phase/s present b + x b + x b + x b + x b
Area fraction of x 7% 24% 37% 16% 0%
x Particle length 4 nm 40 nm 60 nm 30 nm 0
Average grain size 1.8 lm 1.8 lm 190 nm 80 nm 50 nm
Dislocation density � 1016 m�2 2.2 4.5 6.5 6.2 5.7
Hv 260 ± 5.2 280 ± 5.7 296 ± 4.8 294 ± 5.0 290 ± 5.3
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The x to b transformation usually occurs under high
pressures (e.g. 30 GPa for Zr, 71 GPa for Hf and
140 GPa for Ti metal) [21]. The results presented in this
paper show that this transformation can occur at a rela-
tively low pressure of 3 GPa. Shear deformation could
help with reducing the pressure needed for some transfor-
mations. For example, the a ? x + b transformation in
Zr usually occurs under a pressure of 30 GPa [20,21],
but the pressure needed for the transformation was signif-
icantly reduced to 3 GPa when the material was processed
using HPT [22]. First-principles calculations showed that
the pressure needed for certain pressure-induced martens-
itic transformations decreases with increasing shear [23].
However, in the present study, the HPT parameters,
including pressure and strain rate, were kept constant,
suggesting that a factor other than processing condition
has caused the transformation to proceed first forward
and later backward. This further supports scenario II,
i.e. nc grains caused the reverse phase transformation.

In summary, b to x and x to b phase transformations
were observed at different stages of a single HPT process
of a Ti–36Nb–2.2Ta–3.7Zr–0.3O alloy. It appears that
the reverse (x to b) phase transformation was caused
primarily by nc grain size. These observations are an-
other example of the unexpected behavior of nanocrys-
talline materials.
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