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and external treatment factors. For the internal factors, the crys
tallographic orientation of the b grains and the strain field of certain
crystal defects (dislocations) could lead to the selection of grain
boundary a (aGB) [22e30] and intragranular a precipitates [31e39].
For example for the grain boundary a, if the adjacent b grains share
a common {110}b plane within an angular deviation of 10�, the
variants with their {0001}a parallel to the common {110}b will form
preferentially [22,26,28]. For the intragranular a precipitates, it was
found that the f112gb <111> b dislocations produced by cold
deformation are in favor of the formation of the a variants with
their (1100)a plane parallel to the slip plane and the [1120]a par
allel to the slip direction [31e33]. It was also revealed by theoretical
simulations [32,35] and experimental examinations [36e38] that
the annihilation of the transformation lattice strain of certain var
iants by certain others leads to a variant selection even during a
stress free transformation process. Such a selection mechanism
well explains the formation of the specific triangular microstruc
ture patterns formed by 3 a variants interrelated by a 60� rotation
around their common <1120> a axis. Among the possible external
factors, the imposed external deformation is an important and an
effective factor to affect variant selection due to the specific lattice
deformation of the b to a phase transformation. Investigations
through examining the global transformation texture features have
evidenced that either under a direct external deformation or a prior
deformation (deformation happened before the transformation)
the number of intragranular a variants is reduced depending on the
slip system activated in the plastic deformation [40e43]. To reveal
variant selection within individual b grains under an external
deformation, the 3 D phase field simulation has been conducted.
Results show that under a compressive pre strain along the [010]b
of a b grain, 4 variants can be selected but under tension, 8 variants
can be selected [35].

Despite the numerous theoretical and experimental in
vestigations, the possible interplay between the imposed external
deformation and the internal transformation lattice deformation is
still not clearly addressed. The reported selection mechanisms stay
applicable for individual situations. Based on such an observation,
we conducted a thorough investigation, with statistical signifi
cance, on variant selection in a metastable b Ti alloy (Ti 7Mo 3Nb
3Cr 3Al) under uniaxial isothermal compression. Special attention
was paid to the interplay between the transformation strain and
the imposed strain and the applied load. A single b microstructure
was obtained as the initial state of the alloy to ensure a stress free
initial environment for the b to a phase transformation. A moderate
deformation (30% in reduction) and a moderate deformation tem
perature (700 �C) were applied to provide sufficient imposed strain
but to avoid a globularization. This study is expected to work out
the underlying mechanism of phase transformation variant selec
tion that could be generalized to other alloys.
2. Experimental procedure and details

Thematerial used in this study is a forged Ti 7333 alloy with the
nominal chemical composition of Ti 7Mo 3Nb 3Cr 3Al (wt. %) and
the b transus temperature of about 850 �C [44]. Cylindrical speci
mens with dimensions of F10� 15mm were cut out of the forged
bar and solution treated at 900 �C for 30min and quenched in
water to retain the single b phase by preventing the b to a
transformation.

The solution treated specimens were isothermally hot com
pressed, using a Gleeble 3500 thermo mechanical simulator under
vacuum. The specimen was first heated to 700 �C, the compression
temperature, at a rate of 25 �C/s and held for 5 s to homogenize the
temperature. Then they were compressed at a strain rate of 10�3
s�1 to a reduction of 30% and quenched in ice water to preserve the
deformed microstructure. A thermocouple was welded at the mid
span of the specimens to measure the temperature. Two pieces of
thin tantalum sheets were placed between the specimen and the
compression die to reduce the friction and maintain a uniform
deformation. For comparison, the same initially solution treated
specimens were aged under the same heating, isothermal holding
and cooling conditions.

The microstructural features of the specimens were examined
by scanning electron microscopy electron backscatter diffraction
(SEM EBSD), using a JEOL 6500F SEM equipped with an EBSD
acquisition camera and the Aztech online acquisition software
package (Oxford Instruments). To achieve the surface quality for
EBSD measurements, the specimens were first mechanically pol
ished and then electrolytically polished with a solution of 10% per
chloric acid in methanol at 35 V for 5 s at a temperature lower than
5 �C. The EBSD measurements were conducted both automatically
and manually. The automatic measurements were performed un
der the beam controlled mode with a step size of 2 mm for the
global measurements in an area of about 1.5� 1.2mm2 and with a
step size of 70 nm for the local fine measurements. The
1.5� 1.2mm2 area corresponds to the maximum cross section area
of homogeneous deformation zone in the compressed specimen.
The detailed microstructural features, such as a precipitates and
dislocations, were examined by transmission electron microscopy
(TEM), using a Philips CM 200 equipped with a LaB6 cathode, a
Gatan Orius 833 CCD camera, and the homemade automatic
orientation analysis software e Euclid's Phantasies (EP) [45]. The
TEM thin films were prepared first by mechanical thinning and
then electrolytic polishing to perforation in a solution of 5%
perchloric acid in ethanol at a voltage of 35V and at temperatures
lower than 35 �C, using a Struers Tenupol 5 twin jet
electropolisher.

The lattice constants of the constituent phases at the deforma
tion or the aging temperature (700 �C) were measured in situ by
neutron diffraction under vacuum. The through volume measure
ments were performed with the neutron diffractometer STRESS
SPEC located at a thermal beam port of FRM II in Garching, Ger
many. The Ge (311) monochromator was selected to produce neu
trons with a wavelength of 1.618 Å. The (110)b and (100)a; (002)a;
(101)a diffraction peaks were recorded at 2q 41� with a detector
window of 15�. The software StressTextureCalculator (STeCa) [46]
was used to extract the diffraction patterns.

Orientation relationships (OR) between the constituent phases
were analyzed by misorientation calculation using the measured
orientations by SEM EBSD. The dislocations were identified, using
the method developed by our group [47]. The b to a transformation
associated lattice strainwas quantified using displacement gradient
tensor.
3. Results

3.1. Initial microstructure

Fig. 1 shows the initial as solution treated microstructure of the
Ti 7333 alloy. It is composed of single b phase in the form of
equiaxed grains with an average size of about 250 mm. Such a
microstructure is typical of metastable b Ti alloys [48e50].

The lattice constants of the b phase and the a phase at 700 �C
(the compression and the aging temperature of the present work)
are a 3.2471 Å for the b phase (BCC structure), and a 2.9340Å
and c 4.6795 Å for the a phase (HCP structure), respectively.
These results will be used later to analyze the lattice deformation of
the b to a phase transformation.



Fig. 1. SEM-EBSD Y axis inverse pole figure (IPF) micrograph of the solution-treated Ti-
7333 alloy. Y is parallel to the axial axis of the cylindrical specimen.

Fig. 3. (a) BSE micrograph showing the global microstructure of Ti-7333 after the
isothermal compression at 700 �C to a reduction of 30% at a strain rate of 10 3 s 1. (b1)
and (b2) the magnified micrographs of the two kinds of representative a precipitates
outlined with the black frames in (a).
3.2. Phase transformation and a variant selection in stress free
state

Fig. 2 displays the microstructures and the pole figures of the b
and the a phase in the 700 �C aged specimen. It is seen that for the
aged specimen three typical a constituents, i.e. aGB, aW and intra
granular a [51,52], are formed (Fig. 2(a)). As the present work fo
cuses on variant selection in a homogeneous environment, only the
intragranular a is considered. The aGB and aW are excluded as there
exist additional influences from grain boundaries. Further orien
tation analyses show that the intragranular a obeys the BOR with
the b matrix (Fig. 2(c)) and the a/b interfaces are close to the {1111
13}b, as reported in the literature [26,30]. Globally, there are 12 BOR
a variants in each b grain (denoted V1e V12, as detailed in Table A1
in Appendix), as indicated in Fig. 2(b) and (c). However, locally 3
specific variants form the characteristic triangular clusters, as
outlined with the black rectangle in Fig. 2(b). These three variants
are interrelated by a 60� rotation around the <1120> a axis, as
illustrated with the <1120> a pole figures in Fig. 2(d). The for
mation mechanisms of the triangular variant clusters in pure Ti and
Ti alloys have been thoroughly studied [35e37,44]. It turns out that
such a variant organization can efficiently minimize the local
transformation strain [37].
Fig. 2. (a) BSE micrograph of the 700� aged Ti-7333 alloy. The insert is a magnified micrograp
micrograph (b in band quality contrast; a in Y axis IPF micrograph. Y is the axial axis of the c
the 700 �C aged specimen and the 12 orientation variants denoted V1 V12. (c) BOR plane
figures of the 3 a variants forming the triangular structure enclosed in the black rectangle
3.3. Phase transformation and a variant selection under isothermal
compression

Fig. 3 shows the global microstructure of the Ti 7333 alloy after
the isothermal compression. It can be seen that the b grains are
deformed and elongated (Fig. 3 (a)). Global examination evidenced
that the b to a phase transformation happened selectively in the b
grains, especially for the intragranular a precipitates, which is in
contrast to that in the aged specimen where the transformation is
h showing grain boundary a (aGB), Widmanstatten a (aW) and intragranular a. (b) EBSD
ylindrical specimen) demonstrating the triangular structured intragranular a clusters in
and direction pole figures of the 12 a variants and the b matrix in (b). (d) <1120>a pole
in (b).



relatively homogeneous. For easy reference, we classify the intra
granular a precipitates into two categories: group I and group II. In
the former, large amount of intragranular a precipitates appear in
the central area of the b grains, as shown in Fig. 3 (b1), whereas in
the latter, the a precipitates appear occasionally in the b grain in
teriors, as shown in Fig. 3 (b2). The transformation is heavily
affected by the deformation.

Detailed microstructural examinations revealed that for the
group I a precipitates they are still in plate shape but with much
smaller sizes with respect to those in the aged specimen, inferring
that the imposed strain is effective in refining the precipitates. In
addition, the group I a precipitates always tend to agglomerate in
the center region of the b grains (Fig. 3 (a)). Close examinations
revealed that the group I a plates are oriented in two directions,
forming the characteristic ‘cross shaped’ clusters with the one
variant intersecting the other, as shown in Fig. 4 (a). Detailed
crystallographic analysis using the SEM EBSD orientation data
revealed that the two a plates (as indicated in Fig. 4(a) with their
EBSD Kikuchi line diffraction patterns in Fig. 4 (b) still obey the BOR
with the parent b grain, as shown with the OR plane and direction
pole figures in Fig. 4 (c)). The two variants are interrelated by a 90�

rotation around the <1 1.38 2:38 0>a axis. Statistical analysis
showed that the selected variant pair is either V6 V8 or V7 V12 in
one b grain. This result demonstrates that strong variant selection
occurred for the group I a precipitates.

For the group II a precipitates, they are mainly distributed in the
more deformed and elongated b grains. It should be noted that the
quantity of the a precipitates in this group is very low. This in
dicates that the deformation of the b grains impedes the b to a
phase transformation and thus there exists a strong competition
between the deformation of the b matrix and its phase trans
formation. This will be analyzed in detail later. The group II a pre
cipitates are still in plate shape. Crystallographic analysis showed
that they still obey the BOR with the parent b grain. In contrast, the
numbers of the variants are not consistent, varying from 2 to 4 from
one b grain to another. This result still implies that variant selection
also happened during the compression. When the grain contains
only 2 variants, the 2 variants possess the same disorientation as
those in group I, i.e., interrelated by a 90� rotation around the <1
1.38 2:38 0>a axis. However, when 3 or 4 variants are precipitated
in one b grain, the orientation relationships between the variants
are changed to 60�/<1120> a, 60.832�/ <1:3771 2:377 0:359> a

or 63.2618�/ <10553> a. One example of the group II a precipitates
in one b grain is shown in Fig. 5. In this b grain, there appear 3
Fig. 4. (a) BSE micrograph demonstrating the ‘cross-shaped’ clusters of the group I intragran
calculated patterns of the b matrix and the two a variants indicated in (a); (c) the correspond
the surrounding b matrix.
variants, i.e. V1, V5 and V6 (as shown in Fig. 5(a) with their Kikuchi
line diffraction patterns displayed in Fig. 5 (b) and their BOR is
displayed with the OR plane and direction pole figures in Fig. 5(c)).
The orientation relationship between each pair of the variants is
either 60�/<1120>a (V1 V6), 60.832�/ <1:3771 2:377 0:359> a

(V5 V6) or 63.2618�/< 10 5 5 3 >a (V1 V5). It should be noted that
the microstructural and crystallographic characteristics of the two
groups of a precipitates were examined in all b grains in a large
sample area (1.5� 1.2mm2). Their statistical representation was
confirmed.

Further TEM examinations showed that dislocation quantities in
the b grains with intensive a precipitation (Group I) and with much
less precipitation (Group II) are quite different, as shown with the
representative TEM micrographs in Fig. 6. In the intensive precip
itation regions, few dislocations appear (Fig. 6(a)), whereas in the
less precipitation regions, large amount of dislocations organized
into dislocation bands (the so called slip bands) are visible
(Fig. 6(b)). Further analysis using the method in Ref. [47] evidenced
that the dislocations in the slip bands are the {110}b <111> b edge

type dislocations. Moreover, it should be noted that no {11 2}b
<111> bdislocations were detected in the present deformed alloy.
This result indicates that the dislocation slip in the b grains indeed
suppresses the a precipitation.
4. Discussion

4.1. b to a phase transformation induced lattice strain

It is known that the b to a phase transformation requires a
crystal structure change from the parent BCC structure to the
product HCP structure and a redistribution of the chemical ele
ments. The structure transformation from b to a can be regarded as
a kind of crystal deformation, different from the common defor
mation processes in metallic materials, i.e., dislocation slip and
twinning. Such a transformation associated deformation can be
fully described by a displacement gradient tensor, as analyzed in
detail in our previous work [44]. Table 1 displays the displacement
gradient tensor of each BOR a variant expressed in the BOR refer
ence frame. From the tensor, we can see that the structure trans
formation is indeed composed of several strain components: 3
normal strains, i.e., a contraction in the ½112�b direction (ε11), an

elongation in the ½111�b (ε22) and in the [110]b direction (ε33), and a
ular a precipitates; (b1), (b2) and (b3) the experimental EBSD Kikuchi patterns with the
ing BOR plane and direction pole figures of the two selected a variants (V6 and V8) and



Fig. 5. (a) BSE micrograph demonstrating the group II a precipitates; (b1), (b2) (b3) and (b4) the experimental EBSD Kikuchi patterns with the calculated patterns of the b matrix
and the a variants V1, V5 and V6 in (a); (c) the corresponding BOR plane and direction pole figures of the b matrix and the three a variants.

Fig. 6. TEM bright field images showing (a) few dislocations in the b regions with large amount of a precipitates and (b) few a precipitates in the b regions containing large amount
of dislocation slip bands. The acquired transmission Kikuchi diffraction patterns and the corresponding calculated spot patterns are displayed in the figures.



Table 1
Displacement gradient tensor of the variant expressed in its BOR reference frame
((110)b//(0001)a and [111]b//[1120]a).

OR reference frame Displacement gradient tensor0
@�0:0416 0 0

�0:1844 0:0434 0
0 0 0:0189

1
A

shear on the (112)b plane and in the [111]b direction (ε21). Obvi
ously the shear strain component is the largest among all the
components for the structure transformation. Interestingly, the
shear system ðf1 12gb <111> bÞ is also a well recognized slip sys
tem in BCC crystals. Thus the most favorable variants should be the
ones consume the maximum deformation work under the external
compressive load.

In the present work, the deformation work U of the a variants is
evaluated following the Patel and Cohen method [53], i.e.,

U

 P
p
spdp þP

q
tqsq

!
, where sp is the resolved normal stress from

the applied load along the respective three principle axes of the
BOR reference system, dp the normal strain in the corresponding
direction, tq the shear stress along the principle axis and in a planes
perpendicular to the axis and sq the corresponding shear strain. For
simplicity, we assume that the b grains behave like a Sachs aggre
gate having the local microscopic stress state being identical to the
Table 2
One example of applied stress tensors and deformationwork of the 12 possible BOR a vari
expressed in the BOR frame of the corresponding a variant.

No. Variant

V1 (110)b//(0001)a [111]b//[1120]a

V2 (110)b//(0001)a [111]b//[1120]a

V3 (110)b//(0001)a [111]b//[1120]a

V4 (110)b//(0001)a [111]b//[1120]a

V5 (011)b//(0001)a [111]b//[1120]a

V6 (101)b//(0001)a [111]b//[1120]a

V7 (011)b//(0001)a [111]b//[1120]a

V8 (101)b//(0001)a [111]b//[1120]a

V9 (011)b//(0001)a [111]b//[1120]a

V10 (101)b//(0001)a [111]b//[1120]a

V11 (101)b//(0001)a [111]b//[1120]a

V12 (011)b//(0001)a [111]b//[1120]a
applied compressive stress and we normalized the magnitude of
the applied stress to 1, as treated in Ref. [54]. Then the deformation
work U of all the 12 possible variants in each b grain by the external
load was calculated in their BOR reference systems to figure out the
selection criterion. The analyses were conducted for the a pre
cipitates in the two groups as detailed below.

4.2. Origin of a variant selection in group I

With the measured orientations of the b grains, we calculated
the deformation energy of all the 12 possible a variants in each b
grain in the observed area (containing 15 grains in the observed
area of 1.5� 1.2mm2. The size of the grain is about 250 mm). Table 2
displays an example of the deformation work of the 12 BOR a
variants from one parent b grain and the corresponding stress
tensors expressed in the BOR frame of each variant. The experi
mentally observed (or selected) variants are highlighted in bold. It
is seen that among the 12 BOR variants, only V6 and V8 have
positive deformation work U>0, inferring that the formation of
these variants can consume the maximum imposed work of the
macroscopic compression and thus they are preferentially selected,
whereas the deformationwork of the other variants (V1, V2, V3, V4,
V5, V7, V9, V10, V11 and V12) are all negative, suggesting that the
formation of these variants are not energetically favored by the
macroscopic deformation. Between the two selected variants, V6
possesses the higher deformation energy. This variant should be
energetically more advantageous. Our microstructure observation
indeed confirmed the appearance of the two variants and the
dominant occurrence of V6.

To elucidate the interplay of the macroscopic deformation
ants in one b grainwithin group I a precipitates. The tensors of the applied stress are

Applied stress tensor Deformation work0
@�0:0020 0:0183 0:0405

0:0183 �0:1689 �0:3750
0:0405 �0:3750 �0:8282

1
A �0.0263

0
@�0:1396 0:0670 0:3401

0:0670 �0:0321 �0:1632
0:3401 �0:1632 �0:8282

1
A �0.0263

0
@�0:4761 0:4324 0:2499

0:4324 �0:3927 �0:2269
0:2499 �0:2269 �0:1311

1
A �0.0795

0
@�0:1302 0:3101 0:1307

0:3101 �0:7387 �0:3112
0:1307 �0:3112 �0:1311

1
A �0.0863

0
@�0:0010 �0:0197 �0:0244

�0:0197 �0:3927 �0:4880
�0:0244 �0:4880 �0:6063

1
A �0.0248

0
@�0:6567 �0:4039 0:3375

�0:4039 �0:1698 �0:1716
0:3375 �0:1716 �0:1735

1
A 0.0782

0
@�0:5866 0:3156 0:3780

0:3156 �0:1698 �0:2034
0:3780 �0:2034 �0:2436

1
A �0.0458

0
@�0:2441 �0:4246 0:0649

�0:4246 �0:7387 0:1129
0:0649 0:1129 �0:0173

1
A 0.0561

0
@�0:0321 �0:1748 0:1281

�0:1748 �0:9506 0:0236
0:1281 0:0236 �0:0173

1
A �0.0080

0
@�0:6177 0:1145 �0:0657

0:1145 �0:1387 0:4242
�0:0657 0:4242 �0:2436

1
A �0.0060

0
@�0:5616 0:1078 �0:4682

0:1078 �0:0321 0:1396
�0:4682 0:1396 �0:4063

1
A �0.0056

0
@�0:0019 �0:1139 �0:2743

�0:1139 �0:9898 �0:2610
�0:2743 �0:2610 �0:0083

1
A �0.0220



Table 3
Displacement gradient tensors of the 12 possible BOR a variants in one b grainwithin group I a precipitates expressed in the sample coordinate system and the resolved shear
stress tf112gb <111> b

on {112}b <111>b.

No. Variant Displacement gradient tensor tf112gb <111> b

V1 (110)b//(0001)a [111]b//[1120]a
0
@ 0:0899 �0:0128 �0:0830

�0:0467 0:0251 0:0570
0:0848 �0:0115 �0:0969

1
A 0.0183

V2 (110)b//(0001)a [111]b//[1120]a
0
@ 0:0896 �0:0431 0:0678

�0:0092 0:0223 �0:0052
�0:0999 0:0633 �0:0939

1
A 0.0670

V3 (110)b//(0001)a [111]b//[1120]a
0
@0:0291 0:0356 �0:0253

0:0202 0:0787 �0:0402
0:0414 0:1309 �0:0898

1
A 0.4324

V4 (110)b//(0001)a [111]b//[1120]a
0
@ 0:0290 0:0215 0:0346

0:0369 0:0855 0:1150
�0:0321 �0:0561 �0:0965

1
A 0.3101

V5 (011)b//(0001)a [111]b//[1120]a
0
@�0:0809 0:0014 0:0521

�0:1016 0:0257 0:0605
�0:0914 0:0080 0:0752

1
A �0.0197

V6 (101)b//(0001)a [111]b//[1120]a
0
@ 0:0401 0:1033 0:0896

�0:0151 �0:0690 �0:0777
0:0128 0:0409 0:0569

1
A ¡0.4039

V7 (011)b//(0001)a [111]b//[1120]a
0
@�0:0707 �0:1425 0:0561

0:0098 0:0449 �0:0132
�0:0349 �0:0633 0:0438

1
A 0.3156

V8 (101)b//(0001)a [111]b//[1120]a
0
@ 0:0291 �0:0002 �0:0102

0:1367 �0:0467 �0:1077
�0:0345 0:0133 0:0456

1
A ¡0.4246

V9 (011)b//(0001)a [111]b//[1120]a
0
@�0:0805 0:0211 �0:0448

�0:1312 0:0562 �0:0663
0:0462 �0:0162 0:0424

1
A �0.1748

V10 (101)b//(0001)a [111]b//[1120]a
0
@ 0:0386 0:1289 �0:0414

�0:0080 �0:0053 0:0226
�0:0172 �0:0984 0:0501

1
A 0.1145

V11 (101)b//(0001)a [111]b//[1120]a
0
@0:0305 �0:0051 0:0097

0:1134 �0:0064 0:0538
0:0865 �0:0648 0:0621

1
A 0.1078

V12 (011)b//(0001)a [111]b//[1120]a
0
@�0:0716 �0:1081 �0:1052

�0:0051 0:0266 0:0013
0:0383 0:0539 0:0730

1
A �0.1139

Fig. 7. The resolved shear stress on {112}b<111>b shear system of all the possible
group I a variants under the external compressive load and their corresponding ε22

values in the observed area (1.5� 1.2mm2). The active variants consuming positive
deformation work are in red, whereas the unselected variants consuming negative
work are in blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
(strain and applied load) with the lattice deformation of the
selected variants that is behind the unique energy criterion and
their influence on the morphology of the a precipitates, we further
expressed the lattice deformation of the 12 variants in the sample
coordinate system X Y Z as presented in the microstructure figures
and calculated the resolved shear stress on the {112}b<111>b shear
system. The results are displayed in Table 3 and the experimentally
observed (or selected) variants are highlighted in bold. As the Yaxis
is the compression axis, the elements in the second row of the
tensor are of particular importance with respect to the imposed
macroscopic compression. ε22< 0 means that the b to a trans
formation induces a contraction in the compression direction (Y
direction). This contraction is compatible to the macroscopic
compression and thus can effectively contribute to the macroscopic
deformation. The negative tf112gb <111> b

implies that the shear

stress revolved from the applied load on the {112}b<111>b shear
system is in the same direction as that of the shear strain for
structure transformation (that is also negative, as given in Table 1).
It should be noted that the negative shear ensures a smallest atomic
movement for structure transformation, as seen in the figure of the
atomic correspondence between the b and the a phase in Table 1.
Thus the shear deformation to realize the structure transformation
is unidirectional similar to the case of twinning. Only a negative
resolved shear stress is possible to active the {112}b<111>b shear
system for structure transformation From Table 3, it is seen that the
selected variants V6 and V8 satisfy simultaneously the two condi
tions, i.e. ε22< 0 and tf112gb <111> b

<0. Thus the reasons behind the

unique deformation energy criterion of the selected variants in
Table 2 can be interpreted such that the resolved shear stress
tf112gb <111> b

should be able to activate the {112}b<111>b shear

system for the initiation of the transformation, as this shear system



Table 4
One example of applied stress tensors and deformation work of the 12 possible BOR a variants in one b grain within group II a precipitates. The applied stress tensors are
expressed in the BOR frame of each a variant.

No. Variant Applied stress tensor Deformation work

V1 (110)b//(0001)a [111]b//[1120]a
0
@�0:0777 �0:0987 �0:2528

�0:0987 �0:0992 �0:2857
�0:2528 �0:2857 �0:8232

1
A 0.0016

V2 (110)b//(0001)a [111]b//[1120]a
0
@�0:1519 �0:0615 0:3536

�0:0615 �0:0249 0:1431
0:3536 0:1431 �0:8232

1
A 0.0010

V3 (110)b//(0001)a [111]b//[1120]a
0
@�0:7326 0:4329 0:0826

0:4329 �0:2545 �0:0485
0:0826 �0:0485 �0:0093

1
A �0.0604

V4 (110)b//(0001)a [111]b//[1120]a
0
@�0:0360 0:1853 0:0182

0:1853 �0:9548 �0:0940
0:0182 �0:0940 �0:0093

1
A �0.0743

V5 (011)b//(0001)a [111]b//[1120]a
0
@�0:1195 �0:1744 �0:2735

�0:1744 �0:2545 �0:3991
�0:2735 �0:3991 �0:6260

1
A 0.0143

V6 (101)b//(0001)a [111]b//[1120]a
0
@�0:4178 �0:2585 �0:4492

�0:2585 �0:0992 �0:2188
�0:4492 �0:2188 �0:4830

1
A 0.0415

V7 (011)b//(0001)a [111]b//[1120]a
0
@�0:8558 0:2913 0:1964

0:2913 �0:0992 �0:0669
0:1964 �0:0669 �0:0451

1
A �0.0233

V8 (101)b//(0001)a [111]b//[1120]a
0
@�0:0317 �0:1741 0:0207

�0:1741 �0:9548 0:1134
0:0207 0:1134 �0:0135

1
A �0.0083

V9 (011)b//(0001)a [111]b//[1120]a
0
@�0:2616 0:1547 0:1138

0:1547 �0:7249 �0:0183
0:1138 �0:0183 �0:0135

1
A �0.0494

V10 (101)b//(0001)a [111]b//[1120]a
0
@�0:5001 0:0112 0:0024

0:0112 �0:4548 0:2075
0:0024 0:2075 �0:0451

1
A �0.0019

V11 (101)b//(0001)a [111]b//[1120]a
0
@�0:3491 �0:0935 �0:4675

�0:0935 �0:0249 �0:1248
�0:4675 �0:1248 �0:6260

1
A 0.0188

V12 (011)b//(0001)a [111]b//[1120]a
0
@�0:9045 0:2086 �0:3561

0:2086 �0:0630 0:3506
�0:3561 �0:3506 �0:0325

1
A �0.0042
is a slip system of the b phase, and the shear amount is very large
with respect to the normal strains (as shown in Table 1) and the
growth of the variants should make maximum contribution to the
macroscopic deformation. Such a compatible stress and strain
characterized energy criterion of variant selection has been verified
for all the group I a precipitates in the large observation area
mentioned above (1.5� 1.2mm2), and the results represented by
the ε22 values and the tf112gb <111> b

on the {112}b<111>b shear

system are displayed in Fig. 7, whereU> 0 and U< 0 are signified by
the respective red and blue colors. As seen in the figure, for the
selected variants, the deformation work U is always positive. In
detail, they have both the smallest tf112gb <111> b

(from 0.4

to 0.5) and the smallest ε22 values (ε22< 0). For the inactive var
iants, U is negative and they have either positive tf112gb <111> b

for

the {112}b<111>b shear systems (from 0.02 to 0.35) or the positive
ε22 (from 0.0127 to 0.155). This statistical result further validates the
energy criterion of the variant selection for the group I a pre
cipitates and this energy criterion corresponds to a compatible
stress and strain associated selection mechanism, i.e., only the
variants that can receive the largest resolved shear stress from the
applied compressive load to activate the {112}b<111>b shear sys
tem for structure transformation and that can make highest
contribution to the macroscopic deformation will be selected.
These variants also appear in highest amounts.

It should be noted that any non zero values of ε21 and ε23 in
Table 3 represent shears in the direction of Y (compression direc
tion). These shears increase the dimension of the a precipitates
with respect to the original b matrix in this direction, and thus
could be incompatible with the macroscopic compression. The
shear components ε21 and ε23 of V6 and V8 in group I are not zero,
meaning that the formation of these variants also induces a
dimension increase in the compression direction that cancels, to
some extent, the contribution of ε22. However, the dimension in
crease induced by the shear strain depends on the thickness of the
precipitates in the two direction perpendicular to the compression
direction (X and Z direction indicated in Fig. 4). To diminish the
negative effect of the two shears, the size of the precipitates should
be reduced. Thus the two shears induced by the structure trans
formation impede the growth of the a precipitates. The smaller size
of the group I precipitates with respect to those formed during
aging is indeed confirmed by our microstructure observation.
4.3. Origin of a variant selection in group II

The deformation energy criterion for the selection of the group I
precipitates were verified for the group II a precipitates. Table 4
shows the deformation work U of the 12 BOR a variants from one
parent b grain and their corresponding applied stress tensors
expressed in the BOR frame of each variant. Table 5 displays the
lattice deformation of the 12 variants in the sample coordinate
system X Y Z and the tf112gb <111> b

on the {112}b<111>b shear

system to further resolve the interplay of the imposed deformation
and the applied loads with the transformation deformation. In the
two tables the selected variants are highlighted in bold. In this
example, there are 5 variants (V1, V2, V5, V6 and V11) satisfying the
energy criterion (having the positive work) (Table 4) and the for
mation of these variants receives a negative tf112gb <111> b

(Table 5)



Table 5
Displacement gradient tensors of the 12 possible BOR a variants in one b grain (group II a precipitates) expressed in the sample coordinate system and the resolved shear stress
tf112gb <111> b

on {112}b <111>b.

No. Variant Deformation gradient tensor tf112gb <111> b

V1 (110)b//(0001)a [111]b//[1120]a
0
@ 0:0982 0:0227 �0:0633

�0:0537 �0:0011 0:0492
0:1040 0:0362 �0:0794

1
A ¡0.0987

V2 (110)b//(0001)a [111]b//[1120]a
0
@ 0:1011 �0:0463 0:0872

0:0301 �0:0023 0:0382
�0:0801 0:0511 �0:0808

1
A �0.0615

V3 (110)b//(0001)a [111]b//[1120]a
0
@0:0171 �0:0033 0:0023

0:0045 0:0598 �0:0100
0:0200 0:1733 �0:0588

1
A 0.4329

V4 (110)b//(0001)a [111]b//[1120]a
0
@ 0:0173 0:0064 0:0194

�0:0014 0:0736 0:1611
0:0017 �0:0222 �0:0728

1
A 0.1853

V5 (011)b//(0001)a [111]b//[1120]a
0
@�0:0343 �0:0195 0:0125

�0:1036 �0:0123 0:0354
�0:1334 �0:0396 0:0677

1
A ¡0.1744

V6 (101)b//(0001)a [111]b//[1120]a
0
@�0:0082 0:0952 0:1234

0:0189 �0:0325 �0:0738
�0:0047 0:0345 0:0687

1
A ¡0.2585

V7 (011)b//(0001)a [111]b//[1120]a
0
@�0:0300 �0:1578 0:0108

�0:0050 0:0226 �0:0044
�0:0284 �0:0998 0:0254

1
A 0.2913

V8 (101)b//(0001)a [111]b//[1120]a
0
@�0:0112 0:0084 0:0146

0:1690 0:0076 �0:0912
�0:0068 �0:0033 0:0217

1
A �0.1741

V9 (011)b//(0001)a [111]b//[1120]a
0
@�0:0414 0:0017 �0:0372

�0:1511 0:0395 �0:1000
0:0019 �0:0046 0:0199

1
A 0.1547

V10 (101)b//(0001)a [111]b//[1120]a
0
@0:0031 0:1697 �0:0147

0:0091 �0:0108 �0:0012
0:0067 �0:0891 0:0257

1
A 0.0112

V11 (101)b//(0001)a [111]b//[1120]a
0
@�0:0198 0:0238 �0:0130

0:1001 �0:0094 0:0466
0:1151 �0:0617 0:0772

1
A �0.0935

V12 (011)b//(0001)a [111]b//[1120]a
0
@�0:0198 �0:1011 �0:1409

�0:0169 �0:0199 �0:0497
0:0039 0:0253 0:0578

1
A 0.2086

Fig. 8. The resolved shear stress on {112}b<111>b shear systems of all the possible
group II a variants under the external compressive load and their corresponding ε22

values in the observed area (1.5� 1.2mm2). The active variants consuming positive
deformation work are in red, whereas the unselected variants consuming negative
work are in blue. For the unselected variants consuming positive work, they are rep-
resented with the red triangles. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
that is prerequisite for the activation of the {112}b<111>b shear
system for transformation and provides a contraction in the
compression direction, making positive contribution to the
macroscopic deformation, however, only 3 variants (V1, V5 and V6)
were detected (Tables 4 and 5). Thus, in principle the energy cri
terion of the selection is respected by the transformation but with
restrictions. The energy criterion and the compatible stress and
strain characters of the selected variants were further verified with
all the group II a precipitates in the whole observation area (con
taining 9 grains in the observed area of 1.5� 1.2mm2) and the re
sults are displayed in Fig. 8. It is seen that for the selected variants
the energy criterion is well respected and the compatible charac
ters of the macroscopic compression with the lattice strain and the
tf112gb <111> b

with the shear strain for transformation are well

reproduced. However, there are still some variants that fulfill the
energy criteria and possess the compatible characters with the
macroscopic deformation that did not appear, as indicated with the
red triangles in Fig. 8. For such variants, the resolved shear stress on
their {112}b<111>b shear systems and their ε22 are very close to the
limit ( 0.0945 to 0.0237 for the tf112gb <111> b

and 0.0234

to 0.0013 for the ε22), meaning that they receive limited resolved
shear stress to activate the {112}b<111>b shear system for phase
transformation and provide limited contribution to the macro
scopic compression. Moreover, the local environment of the host b
grains also exerts strong influence on the formation of such vari
ants. For the group II a precipitates, they are nucleated in the b
grains heavily deformed by dislocation slip. As evidenced by the
TEM observations (Fig. 6(b)), large amount of {110}b<111>b dislo
cations exist in the host b grains of the group II a precipitates.
Calculation demonstrated that for these b grains the {110}b <111>b
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