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BOR between the parent and the product phases. The trans
formation strain can be self accommodated by locally forming
specific variants, giving rise to the appearance of characteristic
microstructure patterns depending on the internal stress and the
external stress conditions [12e19].

Recently, the displacive process of the b to a transformation has
been experimentally investigated in a Ti 5553 alloy [20]. It evi
denced that at the very beginning of the transformation a plates
precipitate via a displacive process with a composition very close to
that of the b matrix. Then they grow through a coupled displacive
diffusional process with the partitioning of the alloying elements
being transformation rate controlling [20]. The strain characters of
the transformation and strain interaction between different vari
ants have been analyzed theoretically [21e24]. It turns out that the
transformation strain has strong influence on the formation of
secondary a particles and on local variant selection in relation to
the need of minimizing the overall transformation strain energy.

Although the studies on the displacive characters of the b to a
transformation have greatly advanced our knowledge on the for
mation of specific microstructural features of the a phase in Ti al
loys, investigations on the constituents of individual a precipitates
and their correlationwith the transformation strain are still limited.
In view of such a situation, we conducted a thorough crystallo
graphic study on a precipitates, especially their sub structures, in a
metastable b Ti alloy (Ti 7333) in the present work. The selection of
this alloy is due to the fact that it demonstrates much faster b to a
transformation [25] and thus possesses more weighed diplacive
character for the transformation.

To obtain the a precipitates produced by the displacive process
of the transformation that happens at the very beginning of the
formation of a phase according to [20], the samples were aged very
shortly after the over b transus solution treatment. In order to
obtain the accurate transformation strain values, the lattice con
stants of the two phases were measured in situ by neutron
diffraction at the transformation temperature.
2. Experimental details

The materials used in the present study is the Ti 7Mo 3Nb 3Cr
3Al (wt. %) (Ti 7333 [26]) alloy prepared first by multiple vacuum
arc melting and then by forging in the b and the aþb phase region.
The composition was analyzed by capacity chemical analysis
method and is given in Table 1. The b transus temperature
measured by the metallographic method is approximately 850 �C.

Cylindrical samples with 15 mm in height and 10 mm in
diameter were cut out of the center part of the forged Ti 7333 bar
(150 mm in diameter). The samples were first solution treated at
900 �C in the b phase region for 30 min followed by water
quenching to obtain a homogeneous single b microstructure. Then
the solution treated samples were further aged at 700 �C for 5 min
and quenched in ice water to allow one part of the b phase to
transform to a phase.

The lattice constants of the constituent phases at the aging
temperature (700 �C) weremeasured in situ by neutron diffraction.
The through volume measurements were performed with the
neutron diffractometer STRESS SPEC located at a thermal beam
port of FRM II in Garching, Germany. The Ge (311) monochromator
was selected to produce neutrons with awavelength of 1.618 Å. The
Table 1
Chemical composition of Ti-7333 (wt. %).

Mo Nb Cr Al Fe C O H Ti

7.18 2.99 2.94 3.00 0.038 <0.1 0.11 <0.1 Bal.
bulk samples with dimensions of F 5 � 15 mmwere inserted into a
vanadium crucible and immersed in the neutron beam with a size
of 5 � 10 � 10 mm3 under vacuum to prevent oxidation of the
samples at elevated temperatures. The samplewas heated to 700 �C
and isothermally held for 50min, and then cooled at a rate of 12 �C/
min. A thermocouple was inserted from the top of the crucible to
record temperature. Neutron diffraction patterns were collected in
situ during isothermal holding and cooling at each 30 s. The (110)b
and (100)a; (002)a; (101)a diffraction peaks were captured at the
detector position 2q 41� with a detector window of 15�. The in
strument parameters were fitted by themeasurement of Si powder.
The software StressTextureCalculator (STeCa) [27] was used to
extract diffraction patterns.

Mesoscopic microstructural features were examined by scan
ning 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). In order to achieve the surface quality required for
EBSD measurements, the samples were first mechanically polished
and then electrolytically polished with a solution of 5% per chloric
acid in ethanol at a temperature lower than 15 �C and at 35 V for
15 s. The EBSD patterns were acquired at the accelerating voltage of
15 kV under beam controlled mode with a step size of 0.1 mm.

The nano scaled microstructural and crystallographic features of
the constituent phases were analyzed using a Philips CM 200
transmission electron microscope (TEM) operated at 200 kV. The
TEM is equipped with a LaB6 cathode, a Gatan Orius 833 CCD
camera, and homemade automatic orientation analysis software e

Euclid's Phantasies (EP) [28]. TEM thin films were prepared first by
mechanical thinning to a thickness of about 70 mm and then by
electrolytic polishing to perforation at 25 �C in a solution of 5%
perchloric acid in methanol at a voltage of 45 V, using a Struers
Tenupol 5 twin jet electropolisher.

For TEM examination, the crystallographic orientation of the
microstructural constituents were determined by indexing the TEM
Kikuchi line patterns obtained in the nanoprobe mode using the
software EP and expressed in a triplet of Euler angles in Bunge's
notation [29]. Orientation relationships (OR) between the micro
structural constituents were analyzed by misorientation calcula
tion. Dislocations were detected and analyzed by dislocation line
match analysis method described in Ref. [30]. To avoid accidental
match, at least 3 sample positions were used for each determina
tion. The atomic correspondences between the parent b phase and
the product a phase were analyzed using the Crystal Maker® [31]
software.

3. Results

3.1. Microstructure of the initial b phase

Fig. 1(a) shows the microstructure of the solution treated Ti
7333 alloy that consists of equiaxed b grains with an average size of
about 200 mm. The disorientation angle distribution of the b grains
is shown in Fig. 1 (b). It is seen that the b grains do not display any
preferred crystallographic orientations or texture. Moreover, the
amount of low angle disorientation (<5�) is very low, indicating
that the b grains possess high crystalline perfection.

3.2. Lattice constants of the parent b and the product a phase at the
transformation temperature

Fig. 2 shows the diffraction pattern of the b phase and a phase
acquired at 700 �C (the aging temperature). Analysis of the
diffraction data confirmed that the b phase has a BCC structurewith
lattice parameters a 3.2471 Å; whereas the a phase possesses a



Fig. 1. (a) SEM-EBSD inverse pole figure (IPF) micrograph of the solution-treated Ti-7333 alloy and (b) Misorientation angle distribution of b phase.
HCP structure with lattice parameters a 2.9340 Å and
c 4.6795 Å. The lattice constants of the two phases are slightly
different from the data reported in Pearson's handbook [32]. This is
due to the influence of the temperature and the alloying elements.
The lattice constants will directly affect the lattice strain during the
b to a transformation. This part will be developed latter.

3.3. Microstructure characteristics of a precipitates

Fig. 3 shows the microstructure of the alloy after 5 min aging in
a þ b phase region (700 �C). It is seen that a with lamellar shape
was precipitated in the b matrix. Three types of a precipitates in
terms of precipitation sites appear in the microstructure, namely,
grain boundaries a (aGB), Widmanstatten a (aW) at the vicinities of
b grain boundaries and intragranular a. Further crystallographic
analyses using EBSD orientation data demonstrate that the three
types of a precipitates possess the BOR with the surrounding b
phase. These characters of a in the present alloy are typical in the
metastable b Ti alloys, such as Ti 5553 [33,34].

As in the present work we mainly explore the b to a trans
formation in a stress free environment, we focused only on intra
granular a precipitates. Fig. 4(a) displays the intragranular a



Fig. 2. Neutron diffraction pattern in the 2q range 34� 49� of the Ti-7333 alloy acquired at 700 �C.
precipitates in one b grain. In this case, the 〈111〉b of the b grain is
perpendicular to the sample surface, thus 3 {110}b planes (the BOR
planes) belonging to this axis zone are on edge, as shown by the
{110}b and 〈111〉b pole figures in Fig. 4(b). 12 BOR variants can be
found in the b grain, as shown by the corresponding BOR plane and
direction pole figures in Fig. 4(b). The disorientation between any
two variants from the 12 variants belongs to the classic
Fig. 3. SEM-EBSD micrograph of Ti-7333 alloy after solution treatment at 900 �C for 30 min
(aW) at the vicinities of b grain boundaries and intragranular a. The b matrix is represented
orientation (expressed with the Z0 direction inverse pole figure (IPF)). The insert is the col
disorientations of BOR variants, ie. 10�/〈0001〉a, 60�/〈1120〉a, 60.8�/
〈1:377 1 2:377 0:359〉a, 63.3�/〈10 5 5 3〉a and 90�/〈1 2:38 1:38
0〉a. The habit plane of the intragranular a was identified by
matching the habit plane trace in the present alloy with the pub
lished habit planes in the literature [35e37] and were found to be
close to {11 11 13}b, as shown with the f11 11 13gb pole figure in
Fig. 4(c). Under such a specific b orientation, there are 3 variants
and aged at 700 �C for 5 min demonstrating grain boundaries a (aGB), Widmanstatten a
with its EBSD band quality contrast and the a precipitates with their crystallographic
or code of the IPF.



Fig. 4. (a) SEM-EBSD micrograph of intragranular a precipitates of Ti-7333 alloy after solution treatment at 900 �C for 30 min and aged at 700 �C for 5 min. The b matrix is
represented with its EBSD band quality contrast and the a precipitates with their crystallographic orientation (expressed with the Y0 direction inverse pole figure (IPF). The IPF color
code is inserted in the figure. (b) Corresponding BOR direction and plane pole figures of the b matrix and the 12 a variants. The poles of the a variants are represented with the
consistent colors in (a). (c) f11 11 13gb (habit plane) pole figures with two specifically oriented a plates for obtaining 3D morphology of the a precipitates, and their 3D illustration.
(d) BOR direction pole figures of the 3 a variants forming the triangular structure and BOR direction pole figure of the parent b.



Fig. 4. (Continued).
oriented with their broad faces (the habit planes) almost parallel to
the sample surface and the other variants oriented with their broad
faces roughly perpendicular to the sample surface, as illustrated
with the EBSD micrographs of two example a plates in Fig. 4(c).
With the two 2D sections of the a precipitates, the 3D morphology
can be obtained, as illustrated in Fig. 4 (c). They are in plate shape,
as reported in the literature, but the shape of the plate is not reg
ular, as shown in Fig. 4(a). The thickness direction of the plate is
〈11 11 13〉b close to 〈111〉b, as shown in Fig. 4(c).

Global orientation analysis of intragranular a precipitates
demonstrated that no variant is privileged. Every potential BOR
variant has a chance to form during the transformation. However,
locally the a plates are organized into a triangular structure with 3
variants each forming one edge of the triangle, as outlined with the
black rectangle in Fig. 4(a). Such a characteristic pattern of intra
granular a is also typical for metastable b Ti alloys [20]. The 3
variants possess specific orientation relationships. They share one
common 〈1120〉a axis that is also the BOR direction of the sur
rounding b phase and are interrelated by a 60� rotation around the
common 〈1120〉a axis, as shown in Fig. 4(d). This demonstrates that
locally variant selection does occur during the transformation. It
has been revealed that such an organization results from the ac
commodation of transformation strain of one variant by the others
[38,39].

3.4. Sub structures of intragranular a precipitates

To investigate the structure details within intragranular a plates
and their crystallographic characteristics, we carried out TEM
examinations. In general, the diffraction contrast of a plates is not
constant with large variations, indicating that the lattice of a plates
is not perfect but highly defected. However, no dislocation lines can
be clearly seenwithin the a plates by tilting the sample. In contrast,
large amount of Moir�e fringes can be revealed by the TEM diffrac
tion contrast at certain sample tilts, as shown by the bright and
dark field images in Fig. 5(a). These fringes arise from lattice misfits
in the thickness direction of the foil. The fringes are oriented in
several directions. This indicates that they are either from angular
lattice misfits in a monocrystalline or from domains with different
crystallographic orientations and infers that the a lattice is highly
strained. Furthermore, large amount of dislocation arrays are
observed in the surrounding b matrix, as shown in Fig. 5(b), indi
cating the existence of lattice mismatch between the two phases.

Close examinations revealed that the a plates are not mono
crystalline. Each plate contains two different kinds of a domains
with differentmorphologies, different crystallographic orientations
and at different sites with respect to the host a plate. Hereafter we
refer the host a plate as major a.

The first kind of a domains are in particle shape with sizes of
about 20 nm and situated at the surface of the major a plate, as
shown in Fig. 6(a) and (b) where the a plates are presented with
their broad faces oriented in two specific orientations, one being
parallel to the TEM screen and the other perpendicular to the
screen. These two specific orientations of the major a plate allow
resolving the 3D morphology of the a domains and their sites and
sizes. We denote such a domains interface a. Further crystallo
graphic orientation analyses using Selected Area Electron Diffrac
tion (SAED) pattern of all the a domains attached to one major a



Fig. 5. (a1) and (a2) TEM bright field and dark field images of a plate showing differently oriented Moir�e fringes arising from lattice misfits. The dark field image is obtained using
the a (0002)a reflection indicated in (a2). (b) TEM bright field image showing dislocation arrays stretching from a/b interfaces.



Fig. 5. (Continued).
plate, as shown in Fig. 7(a), revealed that these a domains possess
one crystallographic orientation, as shown by the SAED pattern in
Fig. 7(a). The orientation relationships between the interface a and
the b matrix and the major a are further calculated using their
orientations determined by indexing the acquired Kikuchi line
patterns, as shown in Fig. 7(b). Results show that these domains
possess the BORwith the adjacent bmatrix and are relatedwith the
major a plate by a 60� rotation around the 〈1120〉a axis, as shown
by the pole figures in Fig. 7(c). The interface a has the same
orientation as that of one neighboring major a plate that forms the
triangular structure. Such kind of a domains has been theoretically
predicted by the 3D phase field simulations, using Ti 6Al 4V [21].
According to [21], their formation is induced by the stress field of
the major a plate. The present results offer an experimental evi
dence for the simulated result. It should be noted that the materials
used in Ref. [21] and in the present work are different in compo
sition. However the characteristics concerning the interface a do
mains are the same. This infers that the formation of such a
domains is a common feature of Al containing metastable b Ti
alloys.

The second type of a domains are in plate shape with a
thickness of about 20 nm and run through the major a plates, as
shown in Fig. 8(a1). We denote such a domains penetrating a.
Different from the interface a, the penetrating a lamellae are
organized in parallel bands and the bands are repeated regularly,
as seen in Fig. 8(a2). In each band, the penetrating a domains are
aligned and spaced regularly, as illustrated in Fig. 8(b). Further
orientation analysis using the SAED and the Kikuchi pattern of
the penetrating a domains, the major a plate and the b matrix
revealed that the broad face of the bands are roughly normal to
the 〈1120〉a of the major a plate or the 〈111〉 of the b matrix, as
illustrated in Fig. 8(b). Analysis with the SAED patterns obtained
from the penetrating a domains within one major a plate
demonstrated that they possess the same orientation, as shown
by the SAED patterns in Fig. 9(a). Calculations using the orien
tations determined from the Kikuchi patterns of the penetrating
a, the major a and the surrounding b matrix, as shown in
Fig. 9(b), showed that the penetrating a is related to the major a
by a 60� around the 〈1120〉a axis but it does not obey the BOR
with the b matrix, as shown with the pole figures in Fig. 9(c).
Such a domains has not been reported in the literature, thus the
origin of their formation is not yet known.

For the b matrix around each major a plate, large amount of
dislocations are present. The dislocations are organized in parallel
arrays, as shown in Fig. 10. The lines stretch from the a/b interfaces
to the interior of the b matrix. Further analysis using the determi
nationmethod in Ref. [30] demonstrated that they are mainly 〈111〉
{110}b edge dislocations that are typical of BCC metals.

4. Discussion

4.1. Transformation strain characters

For the b to a transformation in Ti alloys, in addition to the
diffusion process, it evolves a structure change from the BCC to HCP
system through lattice deformation, like the case of martensitic



Fig. 6. TEM bright and dark field images of two differently oriented major a plates showing the a domains situated on the surface of these plates. (a1) and (a2) the major a plate is
with its habit plane perpendicular to the TEM screen. The dark field image is obtained using the ð1010Þa reflection indicated in (a2). (b1) and (b2) the major a plate is with its habit
plane parallel to the TEM screen. The dark field image is obtained using the ð1010Þa reflection indicated in (b2).



Fig. 6. (Continued).
transformation. By examining the atomic correspondences be
tween the two phases, the deformation gradient tensor for the
structure transformation in the stress free condition can be ob
tained. For the present transformation, the BOR is obeyed by the
two phases, thus the deformation gradient tensor A [40] expressed
in the frame of the BOR, as shown in Fig. 11, can be established. As
displayed in Eq. (1), aii (i 1, 2 and 3), the diagonal elements, means
elongation (aii>1) or contraction (aii<1) in the i direction, whereas
aij (i and j 1, 2 and 3), the off diagonal elements, means a shear in
the direction of i and on the plane normal to j. The normal strain is
accumulative in i, whereas the shear amount is proportional to the
dimension in the direction normal to the shear plane, i.e. in j. This
means that the normal strain restricts the growth of the new phase
in the strain direction, whereas the shear strain confines the
growth of the new phase in the direction normal to the shear plane.

A

2
4
a11 a12 a13
a21 a22 a23
a31 a32 a33

3
5 (1)

For the present alloy, the deformation gradient tensor of the
variant satisfying (110)b//(0001)a and ½111�b//½1120�a is given in
Table 2 in the BOR reference frame (as shown in Fig. 11). It is seen
that the formation of this variant requires a contraction of 0.0416 in
the ½112�b direction (a11), an elongation of 0.0434 in the ½111�b a22,
an elongation of 0.0189 in the [110]b direction a33 and a shear of
0.1844 on the ð112Þb plane and in the ½111�b direction a21, as
summarized in Table 3. It is seen that the most important strain is
the shear on the plane of ð112Þb and in the ½111�b direction that is
more than 3 times higher than that of the contraction in the ½112�b
direction and the elongation in the ½111�b direction and almost one
order higher than the elongation in the [110]b direction.

Such a deformation characterized by a large shear strain well
explains the plate shape of the major a. One can find that the
orientation of the plane of the ½111�b/ð112Þb shear (a21) is close to
that of the habit plane ð11 11 13Þb (with an angular deviation of
about 15�) that is also the broad face of the a phase. Thus this shear
restricts the thickening of the a precipitate in the direction
perpendicular to the habit plane during the growth process.
Moreover, the normal strain component a11 also restricts the
growth of the a precipitate in this direction. Finally, the precipitated
a develops into plate shape. The dimension of the a precipitates in
the direction normal to the ð11 11 13Þb is indeed the smallest, as
is evidenced for the major a plates in the present alloy.
4.2. Formation of interface a and local variant selection of major a

With the determined orientation of the interface a with respect
to the major a plate (60�/〈1120〉a) and the surrounding b matrix
(BOR), the deformation gradient tensors of such a variants were
calculated and expressed in the BOR frame of the major a plate. The
tensors are displayed in Table 4. For reference, the deformation
gradient tensors of the other BOR variants were also calculated in
the frame of the major a plate and displayed in Table 4. It is seen
that among all the 11 possible BOR a variants, only the V1 and V2



Fig. 6. (Continued).
that are related with the major a plate by a 60�/〈1120〉a rotation
have the highest positive a21. That means that these variants have
the highest accommodation capacity for the shear deformation
generated by the major a variant. In addition, the a11 of these var
iants is larger than 1 (elongation), thus they canwell accommodate
the lattice contraction of the major a plate in this direction (a11 of
the major a plate is smaller than 1). As analyzed above, for these
two components (a21 and a11), the highest deformation happens at
the surface of the major a plate. This is the exact place where are
the interface a domains in the present alloy. Thus the formation of
the interface a domains is indeed induced by the local deformation
generated by the major a plate. Moreover, the values of ai2 of the
two variants (V1 and V2) (Table 4) are exactly the same as those of
the major a plate (Table 2), meaning that the growth of the inter
face a in the direction of ½111�b is totally compatible with the major
a plate. However, the values of ei3 of the interface a are quite
different from the corresponding values of the ai3 of the major a,
thus the growths of the two kinds of a in the direction of [110]b are
not compatible. This may be one of the reasons that the interface a
domains are in particle shape. Another reason may be the incom
patible interface between the two a.

From Table 4 one can find that variants V4 and V10 also possess
accommodation capacity to the shear deformation generated by
the major a plate (the a21 is positive and the second largest among
the 11 variants). The appearance of these variants has been pre
dicted by the theoretical simulation [21]. However, in the present
work, we did not find their existence. This may be due to their poor
geometrical compatibility with the major a plate in the directions
of ½111�b and [110]b. It is seen from Table 4 that their values of a2i
and a3i are very different from those of the corresponding a2i and a3i
of the major a, especially a22. The a22 of V4 and V10 are smaller than
1, meaning contraction, whereas that of the major a plate is larger
than 1, meaning elongation. Thus in the direction of ½111�b, the
growth of the two a is totally incompatible. Therefore, compared
with variants V1 and V2, variants V4 and V10 are less favorable.
They may form under very specific local strain conditions but their
occurrence is certainlyminor. This corresponds to our experimental
observation.

It should be noted from Table 4 that the formation of the
interface a can only accommodate one part of the shear strain at the
broad faces of the major a plate. Moreover it also generates a
relative large shear a23 ( 0.1597). Thus the remaining part of the
shear a21 from the major a plate and the newly created shear a23
from the interface a should be accommodated by other mechanical
systems of either the major a plate or the surrounding b matrix.
Further analysis shows that the shear system of a21 is in coincidence
with the f112g 〈111〉b slip system of the surrounding bmatrix. This
slip system is also in geometrical consistent with one of the pris
matic slip {0002} 〈1120〉a of the major a plate. The shear system of
a23 is in coincidence with the {110} 〈111〉b slip system. Our TEM
examination on dislocations in bmatrix did not reveal the existence
of f112g 〈111〉b type dislocations in the b matrix near the major a
plate. However, large amount of Moir�e fringes were observed in the
major a plate, as shown in Fig. 5(a), indicating the shear of a21 of the



Fig. 7. (a) Selected Area Electron Diffraction (SAED) pattern of the interface a domains attached to one major a plate and the corresponding SAED pattern simulated using the
Crystal Maker software. (b) TEM Kikuchi line patterns from the major a plate, its interface a domains and the surrounding b matrix. The red lines are the simulated Kikuchi lines
using EP. (c) BOR plane and direction pole figures of the major a plate, the interface a domains and the surrounding b matrix. The common directions shared by the major a, the
interface a and b matrix are outlined with the red rectangles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



Fig. 8. TEM dark field images of two differently oriented major a plates showing the penetrating a domains in the major a plate and the illustration of the band of the penetrating a
domains. (a1) and (a2) the major a plate is with its habit plane perpendicular and parallel to the TEM screen. The dark field image is obtained using the ð1010Þa and the ð0110Þa
reflection, respectively. (b) Illustration of the band of penetrating a band in the major a plate.
major a plate may be absorbed mainly by its prismatic slip [41,42],
as it is well known that the prismatic slip of the a phase of the Ti has
very small critical resolved shear stress (CRSS) [43,44]. The acti
vation of the prismatic slip may be much easier than the activation
of the f112g〈111〉b slip of the b phase. For the shear of a23, our TEM
examination did evidence the existence of {110}〈111〉b dislocations
in the form of arrays stretching from the interface of the major a
plate to the interior of the surrounding bmatrix, as shown in Fig.10.
This indicates that the relative large value of the a23 resulting from
the formation of the interface a particles should be accommodated
by the formation of the {110} 〈111〉b dislocations in the nearby b
matrix.

Obviously the interface a particles further serve as sympathetic
nuclei for the formation of the neighboring major a plate with the
same orientation and eventually contribute to formation of the
triangular variant cluster of three 60�/〈1120〉a inter relatedmajor a
plates, as shown in Fig. 4(a). Thus the formation of each triangular
variant cluster is to minimize the shear strain generated by the
major a plates in the cluster. Moreover, by obeying the BOR, the low
CRSS shear systems of the major a plates (the prismatic slip) and
the b matrix ({110} 〈111〉b) are in perfect geometrical consistency
with the lattice deformation components of the structure trans
formation. The transformation strains can be further accommo
dated by the activation of these compatible systems, thus the
formation of the triangular clusters is energetically favorable in
terms of minimizing the overall transformation strain.
4.3. Formation of non BOR a domains (penetrating a)

The above analysis shows that by forming the interface a and
the triangluar a cluster, the shear deformation created by the dis
placive structure transformation from the b phase to the major a
plates can be well accommodated. However, the normal strain,
especially a22 (Table 2), of each major a plate is not accommodated.
This strain becomes un ignorable when the major a plate enlarges
its dimension in the ½111�b direction. From Table 2 one can see that
the value of a22 of the major a plate is larger than 1, meaning that
the b lattice extends in the ½111�b direction when it transforms to
the a lattice and the remaining b lattice in the transformation front
is contracted. The contraction accumulated with the growth of the
major a plate in this direction. Thus accommodation to release the
constraint is needed. The formation of the penetrating a bands that
go through and are with their broad faces normal to the ½111�b
direction, as shown in Fig. 8(a) and (b) should be related to such a
need.

To validate such a hypothesis, we established deformation
gradient tensor of the penetrating a and express it in the same BOR
reference frame as their host major a plate. With the determined
BOR between the b matrix and the major a ((110)b//(0001)a and
½111�b//½1120�a) and the 60�/ ½1210�a rotation between the major a
and the penetrating a, as shown by the pole figure in Fig. 9(c), the
atomic correspondences between the bmatrix and the penetrating
awere established, as shown in Fig. 12. As seen from the figures, no



Fig. 8. (Continued).
plane and in plane direction parallelisms between the b phase and
the penetrating a can be figured out. This further demonstrates that
the penetrating a is transformed from the deformed b. By exam
ining the atomic correspondences between the b and the pene
trating a via the major a, we worked out the lattice deformation
with the smallest atomic movements and thus obtained the
deformation gradient tensor for the structure transformation of the
b matrix to the penetrating a plates expressed in the same BOR
reference frame as for the major a plate. The tensor is given in
Table 5. It is seen that the formation of the penetrating a domains
(a22 0.8675) indeed accommodates the normal strain in ½111�b
direction produced by the major a plate (a22 1.0434). Moreover,
the a11 (0.8984 < 1; contraction) and the a21 ( 0.286; negative) of
the penetrating a demonstrate similar characters to the a11
(0.9584 < 1; contraction) and the a21 ( 0.1844; negative) of the
major a plate, i.e., contraction in the ½112�b direction and shear on
ð112Þb plane along the ½111�b direction. Thus in the ½112�b direction,
the growths of the two a are rather compatible than accommoda
tive. This corresponds well to the going through feature of the
penetrating a in the major a plate, as these strains produce
maximum deformations at the broad face of the major a plate but
not in the volume. However, it should be noted that the formation
of the penetrating a also creates relative large shears on the ð112Þb
plane in the [110]b direction (a31), and on the (½111�b plane in the



Fig. 9. (a) Selected Area Electron Diffraction (SAED) pattern of the penetrating a domains attached to one major a plate and the corresponding SAED pattern simulated using the
Crystal Maker software. (b) TEM Kikuchi line patterns from the major a plate, the penetrating a domains and the surrounding bmatrix. The red lines are the simulated Kikuchi lines
using EP. (c) BOR plane and direction pole figures of the major a plate, the penetrating a domains and the surrounding b matrix. The common directions shared by the major a and
the penetrating a are outlined with the green triangle, and the common plane and direction shared by the major a plate and the b matrix are outlined with the red rectangles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 10. (a) and (b) TEM bright field and dark field images showing dislocation arrays in b stretching from the a/b interface. The dark field image is obtained using the ð132Þb
reflection as indicated in the figure.



Fig. 11. (a) Atomic correspondences between b phase and a phase on the BOR plane and the reference frame (i-j-k) under the BOR, i.e., j is parallel to the OR directions in the two
phases, k to the direction normal to the OR planes in the two phases and i is the vector cross product of k and j. (b) 3D atomic correspondences between b phase and a phase in the
i-j-k reference frame.
[110]b direction (a32), especially the latter. However, for a31 and a32,
there are no slip systems or twinning systems in either b matrix or
the major a to accommodate these two shears. Thus the width of
Table 2
Deformation gradient tensor of the variant expressed in its BOR reference frame
((110)b//(0001)a and ½111�b//½1120�a).

Variant Deformation gradient tensor

(110)b//(0001)a
½111�b//½1120�a

2
4

0:9584 0 0
�0:1844 1:0434 0

0 0 1:0189

3
5

the penetrating a bands is very small due to the large restriction of
a32. Further accommodation of the a22 of the major a during growth
is realized by the repeated formation of the penetrating a bands, as
Table 3
Strain components of the transformation deformation.

Deformation Strain

Dilation ½112�b 0.0416

Dilation ½111�b 0.0434

Dilation [110]b 0.0189

Shear ð112Þ½111�b 0.1844



Table 4
Deformation gradient tensors of the other 11 possible BOR a variants expressed in the BOR frame of the major a plate in Table 2 and the disorientation with it.

No. Variant Deformation gradient tensor Disorientation

V1 ð101Þb//(0001)a
[111]b//½1120�a

2
4
1:0038 0 0:0262
0:0922 1:0434 �0:1597
0:0262 0 0:9735

3
5 60�/〈1120〉

V2 ð011Þb//(0001)a
½111�b//½1120�a

2
4

1:0038 0 �0:0262
0:0922 1:0434 0:1597
�0:0262 0 0:9735

3
5 60�/〈1120〉

V3 (101)b//(0001)a
½111�b//½1120�a

2
4

1:0680 0:0695 0:1419
�0:0277 0:9792 �0:0780
�0:0087 �0:0247 0:9735

3
5 60.832�/〈1:377 1 2:377 0:359〉

V4 ð101Þb//(0001)a
½111�b//½1120�a

2
4
1:0548 �0:0134 �0:0011
0:0789 0:9792 �0:0193
0:1495 �0:0726 0:9867

3
5 63.2618�/〈10 5 5 3〉

V5 ð101Þb//(0001)a
½111�b//½1120�a

2
4
1:0082 0:0953 0:0186
0:0031 1:0258 �0:0054
0:0186 �0:1651 0:9867

3
5 60.832�/〈1:377 1 2:377 0:359〉

V6 (101)b//(0001)a
½111�b//½1120�a

2
4

0:9395 �0:0562 �0:0829
�0:0562 0:9792 �0:0586
0:0677 0:0479 1:1020

3
5 90�/〈1 2:38 1:38 0〉

V7 ð110Þb//(0001)a
½111�b//½1120�a

2
4

1:0680 0:0695 �0:1419
�0:0227 0:9792 0:0780
0:0087 0:0247 0:9735

3
5 〈1:377 1 2:377 0:359〉

V8 ð101Þb//(0001)a
½111�b//½1120�a

2
4

1:0082 0:0953 �0:0186
0:0031 1:0258 0:0054
�0:0186 0:1651 0:9867

3
5

10.5288�/〈0001〉

V9 (011)b//(0001)a
½111�b//½1120�a

2
4

1:0082 0:0953 �0:0186
0:0031 1:0258 0:0054
�0:0186 0:1651 0:9867

3
5 60.832�/〈1:377 12:377 0:359〉

V10 (011)b//(0001)a
[111]b//½1120�a

2
4

1:0548 �0:0134 0:0011
0:0789 0:9792 0:0193
�0:1495 0:0726 0:9867

3
5 63.2618�/〈10 5 5 3〉

V11 ð110Þb//(0001)a
[111]b//½1120�a

2
4

0:9395 �0:0562 0:0829
�0:0562 0:9792 0:0568
�0:0677 �0:0479 1:1020

3
5 90�/〈1 2:38 1:38 0〉

Fig. 12. Atomic correspondences between the b phase, the major a plate and the penetrating a under the BOR between the b phase and the major a plate (110)b//(0001)a
½111�b//½1120�a , and the 60�/½1210�a rotation between the major a and the penetrating a.
seen in Fig. 8(a2).

5. Summary

In the present work, the lattice strain to realize the structure
change from the BCC structure of the b phase to the HCP of the a
phase in a metastable b Ti alloy (Ti 7333) and its impact on the
formation of the composite structure of the a precipitates and on
local variant selection were thoroughly investigated.

The elastic strain generated by the b to a transformation induces
the formation of two kinds of nano sized a domains in eachmajor a
plate. This demonstrates that the a plates are rather polycrystalline






