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Phase transformation in solids always follows specific orientation relationships (ORs). The OR usually
ensures a minimum lattice deformation for the structure change. However, in many cases different ORs
are respected by the same transformation. The selection role and the link between the OR and the
existing crystal defects needs further investigation. Thus, in this work, the a to b heating phase trans-
formation induced by high density Electric Current Pulse (ECP) treatments in an annealed Cue40%Zn
alloy was investigated. Results show that the b phase obeys the K-S OR when formed along the a grain
boundaries or in their vicinities, or the N-W OR when formed in the a grain interiors. In the former sites,
the {111}a/<110>a dislocation arrays were frequently observed, whereas in the latter, the {111}a/<112>a

stacking faults were often found. Transformation strain analyses revealed that under the K-S OR the
maximum lattice deformation required is a shear on the {111}a plane in the <110>a direction, whereas
under the N-W OR the maximum deformation is a shear on the {111}a plane in the <112>a direction.
Thus the existing {111}a/<110>a dislocation arrays along the a grain boundaries and in their vicinities
provide pre-strain required by the transformation via the K-S path, whereas the {111}a/<112>a stacking
faults boarded by {111}a/<112>a partial dislocations offer pre-strain facilitating the transformation via
the N-W path. The present results provide new information on the role of crystal defects on phase
transformation strain path and the selection of transformation ORs.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Phase transformations represented by either a pure crystal
structure change (displacive) or a crystal structure change accom-
panied by a chemical composition change (diffusive) from the
parent state to the product state happen in many solids when they
are subjected to an environmental constraint (thermal, mechanical,
magnetic or electric field). In either of the two cases (displacive or
diffusive), the structure change is always realized by coordinated
atomic movements from the parent crystal structure to the product
. Liu), yudong.zhang@univ-
Wang), benoit.beausir@univ-
Zhao), lzuo@mail.neu.edu.cn
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crystal structure. To ensure that the structure change is energeti-
cally economical, a specific orientation relationship (OR) is
respected by the two end phases to minimize the lattice distortion
energy. Depending on the crystal system of the two end phases,
different ORs are present, such as the Kurdjumov-Sachs OR (K-S),
i.e., {111}a//{110}b, <110>a//<111>b, observed in steels [1e4],
Feebased alloys [5e7] and Cu-Zn alloys [8]; the Nishiyama-
Wasserman OR (N-W), i.e., {111}a//{110}b, <112> a//<110> b in
steels [1,3,4], Fe-Ni-Co-Ti shape memory alloy [9] and in Gibeon
meteorites [10], the Burgers OR (BOR), i.e., {110}b//{0001}a,
<111>b//<1120>a, in Ti based alloys [11e14], the Pitsch OR, i.e.,
{101}a//{121}b, <101>a//<111>b, in NieMn based intermetallic
compounds [15] and other special OR, i.e., {001}7M//{112}NM,
<100>7M//<111>NM, in NieMneGa alloys [16].

The relation between the observed transformation ORs and the
possible perfect or partial dislocations to facilitate certain OR var-
iants produced by phase transformation in some materials have
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been an interest of study since last century and continues to attract
attention [10,17e20] to date. The correspondence relations be-
tween the OR plane and the glide plane and between the OR di-
rection and the Burgers vectors of the dislocations (perfect or
partial) have been phenomenologically studied for the Kurdjumov-
Sachs (K-S) and the Nishiyama-Wassermann (N-W) relations
[18,19]. With such an approach of correspondence relations, the
association of each plane/burgers vector combination with a
particular variant is established and the presence of both “positive
slip” and “negative slip” variants within individual grains, a puz-
zling phenomenon, have been successfully interpreted [18]. The
approach explains well the differences in the proportions of the K-S
and the N-W variants observed experimentally in relation with the
stacking fault energy of the parent phase [18,20]. However, the
experimental investigation on the evidences of the corresponding
perfect and partial dislocations is further needed, as stated by the
authors of [18]. Moreover, the correlation between the strains of the
perfect or the partial dislocations and the lattice deformation of the
phase transformation to realize the crystal structure change from
the parent phase to the product phase needs to be studied to reveal
the underlying physical mechanisms of the influence of different
types of dislocations on the transformation strain path of different
OR variants. Clearly experimental investigations for providing such
evidences to correlate the type of dislocations with the trans-
formation OR variants is not easily realizable with the classical
cooling phase transformation, as the crystal defects of the parent
phase (high temperature phase) cannot be preserved to the
convenient observation temperature (room temperature for
example) after the phase transformation, unless in-situ TEM
observation is performed. However, for in-situ TEM experiments,
the localization of the dislocations in the high temperature phase in
the observable regions is not controllable, thus the success of the
experiments is largely uncertain. Under such a circumstance,
heating phase transformation could be a potential alternative if the
high temperature phase can be conserved to the room temperature.
The types of dislocations in the parent phase can be conveniently
investigated before the phase transformation, allowing the corre-
lation with the transformation OR.

In view of such requests, we conducted a thorough crystallo-
graphic study on the a to b heating phase transformation in an
annealed Cu-40%Zn treated by high density Electric Current Pulse
(ECP). The ECP treatment as a special treatment method can realize
ultra-rapid heating (the heating rate about 106e107 K/s) [21] and
cooling [21e24] of a bulk material, allowing the conservation of the
high temperature phase to the room temperature [25-31] and of-
fering possibility for the investigation of phase transformation.
Many studies of ECPed Cu-Zn alloys have demonstrated that the
high temperature b phase can be retained to the room temperature
[20,28,32e34] and such a b phase maintains an OR of 44.3�<114>
[33] close to the K-S OR [34] with the parent a phase. Thus the ECP
induced heating phase transformation in annealed Cu-40%Zn alloy
provide proper means to effectuate an in-depth study on the
impact of the dislocations on the selection of transformation OR
and to reveal the physical mechanisms of such selection.
2. Experimental details

The material used in the present work is a hot-rolled Cu-40%Zn
Table 1
Chemical composition (in wt./%) of the hot-rolled Cu-40%Zn alloy.

Cu% Zn% Si%

60.86 39.06 <0.01
sheet (300� 150� 1.5mm). The composition analyzed by the X
Ray Fluorescence is given in Table 1 and is very close to the nominal
one.

Dog-bone-shaped samples with gauge dimensions of 10mm in
length, 2mm in width, and 1.5mm in thickness, as shown in Fig. 1
(a), were cut out of the center part of the hot-rolled Cu-40%Zn sheet
by the electro-spark discharge technique. Then, these samples were
heat treated at 773 k in the aþb phase region for 30 min and cooled
in air to restore the crystal perfection and to homogenize the
microstructure.

The annealed samples were further treated by electric current
pulses (ECPs). A schematic illustration of the experimental
arrangement is given in Fig. 1 (a). A single electric current pulse was
produced by a discharge of the capacitor banks and goes through
the annealed samples at room temperature. The two ends of each
sample were put into the copper electrodes under atmospheric
Fig. 1. (a) Illustration of ECP experimental arrangement. (b) A typical waveform of an
ECP.



Fig. 2. X-ray diffraction patterns of the annealed and the ECP treated samples. The ideal peak positions of the a and the b phase were indicated with the color lines (black: a phase;
green: b phase) at the bottom of the figure. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Lattice constants of a and b phase in the annealed and in the ECP treated samples.

Electric Current Density (kA/mm2) a b

0 3.702612 2.951775
15.12 3.703542 2.921082
15.66 3.701506 2.928865
15.93 3.701626 2.944449
17.01 3.698314 2.948694
17.28 3.699182 2.950145
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condition during the ECP treatment. Fig. 1 (b) displays a typical
wave profile of an electric current pulse. The pulse takes a form of a
damped oscillation wave. During the treatment, the instantaneous
maximum current density and the pulse remaining time were
recorded using a Rogowski coil and a TDS3012 digital storage
oscilloscope (Tektronix, Beaverton, Oregon).

In this work, the ECP treatment was performed at various
instant electric voltages that correspond to the current densities of
about 15.12 kA/mm2, 15.66 kA/mm2, 15.93 kA/mm2, 17.01 kA/mm2

and 17.28 kA/mm2, respectively, with the pulse duration of 117 ms,
118 ms, 125 ms, 150 ms and 150 ms.

The phase constituents and their lattice constants of the sam-
ples before and after the ECP treatments were analyzed by X-ray
diffraction (XRD, Rigaku, Smartlab), using a Cu-Ka radiation at
room temperature. The diffraction patterns were measured at a 2q
range from 40� to 90�. The “step” mode was used with a scanning
step of 0.01� (2q) and a duration of 4 s. The software Jana 2006 was
used to determine the lattice constants.

The microstructural examinations and crystallographic orien-
tation investigations were performed in a field emission gun
scanning electron microscope (SEM, Jeol JSM 6500 F) with an EBSD
acquisition camera and the Aztec online acquisition software
package (Oxford Instruments). During the EBSDmeasurements, the
“beam-control”modewas usedwith a step size of 0.15 mmunder an
accelerating voltage of 15 kV. The EBSD data were analyzed with
the Channel 5 software (Oxford Instruments) and the Atex software
[35]. The EBSD samples were first mechanically ground using the
emery/SiC grinding paper up to 5 mm and then polished using
diamond paste (1 mm), and then electrolytically polished with a
solution of 20% (volume fraction) nitride acid in methanol at 18 V
for 3 s at room temperature.

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) [36,37]. TEM thin films were prepared first
by mechanical thinning to 80 mm in thickness and then by electro
polishing to perforation at �34 �C with a solution of 20% (volume
fraction) nitride acid in methanol at a voltage of 18 V, using a
Struers Tenupol-5 twin-jet electropolisher.
During TEM examination, the dislocation types and the dislo-

cation Burgers vectors were analyzed by matching the observed
dislocation line orientation with the theoretical ones as described
in [38]. The atomic correspondences for the structure trans-
formation from the parent a phase to the product b phase were
analyzed using the Crystal Maker® [39] software.
3. Results

3.1. Phase constituents and lattice constants

Fig. 2 displays the X-ray diffraction patterns of the samples
before and after the ECP treatments. It should be mentioned that as
the patterns were measured from the bulk samples, the intensities
of the peaks are strongly affected by the local texture of the
measured regions, thus the corresponding peak intensities from
sample to sample change. It is seen from the patterns that all the
samples contain two phases (FCC a and BCC b). With the peak
positions, the lattice constants of the two phases in the samples
without and with the ECP treatments were calculated and listed in
Table 2. It is seen that the lattice constants of the two phases change
very slightly with the ECP treatment. Those of the a phase decrease
with the increase of the current density, whereas those of the b
phase decrease first from the initial state and then increasewith the
increase of the current density. These measured lattice constants of
the parent and the product phases allow accurate analyses of the
lattice strains for the phase transformation induced by the ECP, as
demonstrated later.
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3.2. Microstructure evolution

3.2.1. Annealed microstructure
Fig. 3 (a) and (b) show the EBSD micrographs of the annealed

Cu-40%Zn alloy, where the b phase is in blue and the a phase in gray
(EBSD band quality index contrast). It can be seen that the annealed
microstructure is mainly composed of a phase (about 96.21%) with
equiaxed grain shape. The b phase is much less in quantity (about
3.79%) and located at the a grain boundaries and triple-junctions,
forming bands along the previous hot rolling direction, as shown
in Fig. 3 (a). Within the a grains there are always long and straight
S3 (<111>60�) boundaries, as outlined in red in Fig. 3 (b). This in-
dicates that the a grains contain {111}<112> twins as two FCC
crystals possessing a disorientation of 60� around the <111> axis is
{111} <112> twin related. Occasionally, curved S3 boundaries
appear as grain boundaries. According to the coincidence with the
{111} twinning plane K1, these S3 boundaries can be further clas-
sified into two types. Hereafter we denote those coincident with
the K1 plane GBK1

boundaries and those not coincident with the K1
plane non-K1-S3 grain boundaries GBnon�K1

, as indicated in Fig. 3
(b).

TEM examinations revealed that the annealed a matrix pos-
sesses two kinds of crystal defects located on a grain boundaries
and in a grain interiors. Although the two kinds of defects are not
numerous, their occurrence is certain. The one is parallel disloca-
tion arrays that are mainly located on a grain boundaries, as shown
with a typical example in Fig. 4 (a) and very occasionally located in
the vicinities of a grain boundaries, as shown in Fig. 4 (b). Further
analysis demonstrated that such dislocations are mainly of <110>
{111}a edge type. The other type of defects is stacking faults, as
shown with a typical example in Fig. 4 (c). Trace analysis of the
stacking faults confirmed that they are of <112>{111}a type that is
typical for FCC low stacking fault metals, such as the a phase of the
Fig. 3. (a) and (b) SEM-EBSD micrographs of annealed Cu-40%Zn alloy, where the b
phase is in blue whereas the a phase is in gray represented with its EBSD band quality
index contrast, and S3 boundaries are in red (b). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
present alloy. This kind of stacking faults evidences the existence of
the <112>{111}a partial dislocations that are located along the
boundaries between the faulted and non-faulted regions.
3.2.2. Microstructure after ECP treatment
Fig. 5 shows the EBSD micrographs of the Cu-40%Zn alloy after

ECP treatments, where the a grains are in gray representedwith the
EBSD band quality index contrast and the b ones are in color ac-
cording to their crystallographic orientations. Comparing with the
annealed sample (Fig. 2 (b)), one can find that some fine b pre-
cipitates appear in the a phase. The amount of the precipitates
increases with the increase of the electric current density, from
0.64% at 15.12 kA/mm2 to 11.5% at 17.28 kA/mm2. With the increase
of the amount of the b precipitates, the formation sites of the b
precipitates also increases, from the random high angle (>10�) a
grain boundaries (as indicated in the insert of Fig. 5 (a) and (b)) at
low current density, to the non-K1-S3 boundaries (as indicated in
the insert of Fig. 5 (c)) and the a grain interiors (Fig. 5 (c) to (e)), and
then to the K1-S3 boundaries (as indicated in the insert of Fig. 5 (d))
at the high current density. Herewe denote the b precipitates at the
a random high angle boundaries bHGB, those at GBnon�K1

boundaries
bnon�K1

, those at GBK1
boundaries bK1

and those at a grain interiors
bGI. Such a nucleation sequence from low current to high current
density demonstrates that the a grain boundaries are the preferred
formation sites for the b precipitates, especially the high angle and
non-coherent boundaries.

In addition to the precipitation of the b phase during the ECP
treatments, the initial b grains tend to transform to a phase when
the current density reached 17.01 kA/mm2 (Fig. 5 (d) and (e)). In the
present work, as we only focus on the a to b transformation, the b to
a transformation will not be included in the later sections.
3.2.3. Orientation relationship (OR) between a=b

By crystallographic analyses, using the measured orientations of
the parent a phase and the b precipitates, we found that one part of
b precipitates respects the N-W with the surrounding a phase,
whereas the other part respects the K-S ORs with the neighboring a
phase, both with certain angular deviations (up to 5�), as shown in
Fig. 6 (a) and (b), where the colored contour lines around the b
precipitates indicate the angular deviations from the exact OR. The
plane and direction parallelisms of the respective K-S and the N-W
ORs are illustrated in the corresponding plane and direction pole
figures in Fig. 6 (c) and (d), using the example orientation data of
the two phase measured by EBSD.

Table 3 shows the detailed results the OR and the corresponding
angular deviations from the exact OR of the b precipitates obtained
from the examination of a large number of randomly selected b
precipitates along the a grain boundaries (bGB) and in the a grain
interiors (bGI) under the ECP treatments. To visualize the different
populations of the b precipitates with respect to the two ORs, the
deviations of all the selected b precipitates from the ideal N-W OR
(equivalent to a 45.98� rotation around the <0.976 0.083
0.201> axis) and also from the ideal K-S OR (equivalent to a 42.85�

rotation around the <0.968 0.178 0.178> axis) are presented in
histograms and displayed in Fig. 7. It should be noted that both the
deviations from the rotation angle and the rotation axis are
considered. It is seen from Table 3 and Fig. 7 that most bGB respects
the K-S ORwhereas the most bGI obeys the N-WOR. In addition, the
bGI obeying the K-S OR are located in the vicinities of the a grain
boundaries. These results demonstrate that the transformation OR
of the b precipitates induced by the ECP is rather selective,
depending on the formation location. As at these sites we found
different types of dislocations, the selection of the OR should be
related to the specific dislocations.



Fig. 4. TEM bright field micrographs of two kinds of crystal defects on a grain boundaries and in a grain interiors. (a) and (b) dislocation arrays and (c) stacking faults.
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3.2.4. Morphology of intragranular b (bGI)
Here, we mainly focus on the morphologies of the intragranular

b (bGI) precipitates. From large scaled microstructure examinations
(not shown here), we found that the bGI precipitates are monolithic
in bar shape as shown in Fig. 5. By statistical trace analysis, we
further found that the precipitates are encased in two pairs of
parallel planes, {211}a and {311}a of a phase as the prismatic planes.
These planes correspond to the respective {112}b and {211}b (or
{121}b) planes of the b phase, as shown with the corresponding
pole figures of the example bGI precipitates in Fig. 8. In the figures,
the microstructures of the bGI precipitates are displayed in colors
according to their crystallographic orientations. The surfaces of the
precipitates are illustrated with the dashed lines and the traces the
solid lines in the consistent colors. The corresponding poles of the
surface planes are indicated with the circles. According to the
orientation of the parallel directions from the two phases (<112>a//
<111>b) under the N-W transformation OR, i.e., the OR direction,
enclosed in the black boxes in Fig. 8, with respect to the surface
planes {311}a and {211}a, the bGI precipitates are further classified
into three types referred to as precipitate A, B and C, as illustrated in
Fig. 8. The geometrical relations between the surface planes and the
OR direction of the three types of bGI are summarized in Table 4.

For Type A, the precipitates are in long bar shape and the N-W
OR direction (<112>a) is nearly parallel to the two pairs of surface
planes. For Type B, the length of the bars is much shorter. The OR
direction is nearly parallel to one pair of the surface plane ({211}a)
but largely deviated from the other pair ({311}a). For Type C, the
shape is not regular and the OR direction is not fixedwith respect to
the two pairs of surface planes. It changes from one case to another.
The occurrences of the three types of precipitates are also different
under different current densities, as displayed in Table 5. Type A is
in absolute majority and the other two are in minority. However,
with the increase of the current density the occurrence of Type A
decreases. It should be mentioned that with the increase of the
current density, the number and sizes of bGI drastically increased
and the precipitates formed all over the parent a grains. Thus the
lattice of the parent grains should be largely distorted due to the
lattice mismatch between the two phases (the lattice deformation
will be detailed later). The lattice distortions should impose con-
straints on the elongation of the precipitates. This suggests that the
preferred elongation direction of the b precipitates is close to the
OR direction.

4. Discussion

Under the condition of the present initial microstructure of the



Fig. 5. SEM-EBSD micrographs of Cu-40%Zn alloy after ECP treatments where the a grains are in gray according to the EBSD band quality indices and the b phase in color according
to its crystallographic orientation with respect to the X0 axis (X0 inverse pole figure (IPF) micrograph). (a) The ECP density jmax¼ 15.12 kA/mm2 (b) jmax¼ 15.66 kA/mm2 (c)
jmax¼ 15.93 kA/mm2 (d) jmax¼ 17.01 kA/mm2 (e) jmax¼ 17.28 kA/mm2 and (f) the X0 IPF color code. The electric current direction is in the X0 direction. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. SEM-EBSD micrograph of a and b precipitates in Cu-40%Zn alloy after ECP treatment. The a grains are in gray contrasted with the EBSD band quality indices and the b ones
are in white. The colored contour lines around the b precipitates indicate the angular deviations from the exact OR. (a) bGB along a grain boundaries, (b) bGI in a grain interiors and
(c) and (d) corresponding OR direction and plane pole figures of the parent a and the b precipitates obeying the K-S OR and the N-W OR, respectively. The overlapped poles are
indicated with the rectangles (plane) and the circles (direction).
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Table 3
b/a phase boundary length fractions of bGB and bGI that obey different trans-
formation ORs (the K-S: 42.85�/< 0.968 0.178 0.178> and the N-W: 45.98�/< 0.976
0.083 0.201 >) at different deviation ranges (from both the rotation angle and the
rotation axis) from the exact OR, obtained under different ECP treatments. For the
bGI, the statistics were counted from about 500 precipitates at 15.93 kA/mm2 to
2000 precipitates at 17.28 kA/mm2 and for the bGB, the statistics were collected from
around 600 precipitates.

Electric Current Density (kA/mm2) OR 0-3� 3-7�

a=bGI 15.93 K-S 38.2% 1.1%
N-W 60.7%

17.01 K-S 28.4% 0.5%
N-W 71.1%

17.28 K-S 31.8% 0.4%
N-W 67.8%

a=bGB 15.66 K-S 76.2% 1.3%
N-W 22.5%

15.93 K-S 78.6% 0.9%
N-W 20.5%

17.01 K-S 73.3% 0.6%
N-W 26.1%

17.28 K-S 60.1% 1.1%
N-W 38.8%
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Cu-40%Zn alloy, the transformation OR of the b precipitates formed
under the present ECP treatments are characteristic depending on
the formation location. On the a grain boundaries, the OR is mostly
the K-S, whereas in the a grain interiors, the OR is mostly the N-W,
suggesting that the lattice distortion to realize the structure
transformation from the a phase to the b phase proceeds in
different ways and makes use of different crystal defects. The
different transformation ORs may represent different lattice strain
paths for the structure transformation. To further explore the
transformation deformation, the lattice strains to form the b pre-
cipitates having a BCC structure from the a phase with an FCC
structure under the two ORs (K-S and N-W) were analyzed using
the lattice constants determined from the XRD diffraction mea-
surements (Table 2) and represented with the deformation
gradient tensor A [33] expressed in the corresponding OR reference
systems. Fig. 9 shows the lattice correspondences of the two phases
under the two ORs and the OR reference systems (i-j-k). For each
OR reference system, j is set parallel to OR direction, k to the di-
rection normal to the OR plane and i to the vector product of j and k.
A general form of the deformation gradient tensor is given in Eq.
(1), where the diagonal element in the tensor aii (i¼ 1, 2 and 3)
represents an elongation (aii >1) or a contraction (aii <1) in the
direction of i when the lattice change from a to b, whereas the off
diagonal element aij (i and j¼ 1, 2 and 3), represents a shear in the
direction of i and on the plane normal to j.

A ¼
2
4
a11 a12 a13
a21 a22 a23
a31 a32 a33

3
5 (1)

The tensors obtained by examining the lattice correspondences
of the two phases under the two ORs, using the measured lattice
constants of the two phases in the sample treated at 17.28 kA/mm2

as examples are given in Table 6.
It is seen that for the formation of the K-S b phase it requires an

elongation of 0.0634 in the [112]a direction (a11) of the a lattice, a
contraction of 0.0233 in the [110]a direction (a22) and in the [111]a
direction (a33). The transformation also requires three shear de-
formations, a shear of 0.1880 on the (111)a plane and in the [112]a
direction (a13), a shear of �0.1880 on the (112)a plane and in the
[110]a direction (a21) and a shear of 0.2658 on the (111)a plane and
in the [110]a direction (a23), as shown in Table 6. Clearly the shear
strains aremuch larger than those of the normal strains. Among the
three shear strains, a23 is the largest. It should be noted that the
shear system of a23 corresponds to the {111}a/<110>a slip system
of FCC crystals, thus the existing {111}a/<110>a dislocation arrays
found along the a grain boundaries should facilitate the structure
transformation from the a phase to the b phase via the K-S path.

For the N-W b precipitates, the transformation requires the a
lattice to elongate by 0.1279 in the [110]a direction (a11), to contract
by 0.0791 in the [112]a direction (a22), to contract by 0.0233 in the
[111]a direction (a33) and to shear by 0.3256 on the (111)a plane and
in the [112]a direction (a23), as shown in Table 6. Also the shear
deformation is much larger than the normal strains under the N-W
path. Interestingly, the required shear system is {111}a/<112>a that
corresponds to the partial slip system of FCC crystals. It is known
that Cu-40%Zn has relatively low stack fault energy. Stacking faults
are one of the important crystal defects in this alloy, as observed in
the a grain interiors in the present work. Thus, the existing {111}a/
<112>a stacking faults should be favorable for the formation of b
precipitates via the N-W path. In consequence, the existence of
different dislocations in different locations in the as annealed Cu-
40%Zn provide different pre-strain to facilitate the transformation
via different strain paths and are at the origin of the selection of the
transformation OR.

The morphology of the b precipitates obeying the N-WOR in the
a grain interiors is also related to the characteristic lattice strain. As
the shear deformation {111}a/<112>a is themajor lattice strain, the
elongation of the N-W b precipitates in the shear direction gener-
ates less accumulated lattice distortion in the transformation front
than the thickening of the precipitates in the directions perpen-
dicular to the shear direction. Thus the shear deformation restricts
the thickening of the b precipitates and facilitates the elongation of
the b precipitates along the shear direction during the growth
process. However, such ideal morphology should be obtained at the
beginning of the transformation when the matrix is distortion free.
With the increase of the current densities or the prolongation of the
transformation, the remaining a matrix becomes distorted due to
the formation of the early b precipitates thus the growth of the
newly formed b precipitates deviates from the low distortion
growth direction in the stress free medium and the morphology
changes.

5. Summary

In the present work, the crystallographic features of the phase
transformation from the low temperature a phase to the high
temperature b phase induced by electric current pulse (ECP) in an
annealed Cue40%Zn alloy was thoroughly investigated. The ECP
induced b precipitates formed in the annealed a matrix follow
different ORs depending on the formation site. At the a grain
boundaries or their vicinities, the K-S OR is respected, whereas in
the a grain interiors, the N-WOR is obeyed. In the former locations,
{111}a/<110>a dislocation arrays are frequently observed, whereas
in the latter stacking faults boarded with {111}a/<112>a partial
dislocations are often spotted. Analysis of the transformation lattice
deformation revealed that under the different ORs, the lattice strain
to realize the structure change for the a to b transformation is
different. For the K-S strain path, the principal resistance is the
shear strain on the {111}a plane and in the <110>a direction,
whereas for the N-W path, the principal obstacle is the shear on the
{111}a plane and in the <112>a direction. Thus the existing {111}a/
<110>a dislocation arrays provide the favorable pre-strains to
facilitate the formation of the b precipitates via the K-S path. The



Fig. 7. Variations of b/a phase boundary length fractions of all the selected bGB and bGI with the deviations from the ideal N-WOR (equivalent to a 45.98� rotation around the <0.976
0.083 0.201> axis) (in black) and also from the ideal K-S OR (equivalent to a 42.85� rotation around the <0.968 0.178 0.178 > axis) (in red) under different ECP treatments. The
deviations are both from the rotation angle and the rotation axis. For the bGI, the statistics were counted from about 500 precipitates at 15.93 kA/mm2 to 2000 precipitates at 17.28
kA/mm2 and for the bGB, the statistics were collected from around 600 precipitates. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 8. {112}a and {113}a pole figures of a phase possessing the three types of b precipitates (A, B and C) and their three-dimensional illustrations. (a) Precipitate Type A, (b) Type B
and (c) Type C. The dash lines outline the surface plane traces of the precipitates and the solid lines connect the center of the pole figures with the poles corresponding to the surface
planes and perpendicular to the surface plane traces with the same color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

M. Liu et al. / Acta Materialia 152 (2018) 315e326324



Table 4
The geometrical relations between the OR direction <112>a and the surface planes
of the three types of precipitates (A, B and C) described with the angles between this
direction and the corresponding surface plane normal directions n!.

<112>a

L Shear
Direction

<112>a L n!{112}a <112>a L n!{113}a Shape

A 10� 80� 80� Long Bar
B 5� 80� 60� Short Bar
C 10�e90� 10�e90� 10�e90� Irregular

Table 5
The number percentage of the three types of b GI obtained in different current
density treatments.

Electric Current Density (kA/mm2) A B C

15.93 79.59% 8.16% 12.24%
17.01 72.46% 19.32% 8.21%
17.28 57.91% 20.89% 21.20%

M. Liu et al. / Acta Materialia 152 (2018) 315e326 325
existing {111}a/<112>a stacking faults offer the favorable pre-
strains for the formation of the b precipitates via the N-W path,
resulting in the selection of ORs for the a to b transformation.

With the present work, the correlation between the types of
existing crystal defects (dislocations and stacking faults) and the
Fig. 9. Lattice correspondences between a and b under the K-S (a) and under the N-W OR (b
to the direction normal to the OR plane and i to the vector cross product of j and k. The latti
references to color in this figure legend, the reader is referred to the Web version of this a
transformation orientation relationships was confirmed. The roles
of different dislocations in providing favorable pre-strain to
contribute to the transformation strain process of the a to b
transformation under different ORs were fully revealed. The
methodology of the present work is applicable to phase trans-
formations in many other metallic materials.
). The OR reference systems (i-j-k) are set with direction j parallel to the OR direction, k
ce points of the a are in blue and those of the b phase in red. (For interpretation of the
rticle.)



Table 6
Deformation gradient tensor of the structure deformation to form the b precipitates
in the sample treated under j¼ 17.28 kA/mm2 under the K-S and under the N-W OR
expressed in the K-S and the N-W OR reference frame, respectively.

OR Deformation Gradient Tensor

K-S ik[112] jk[110] kk[111]2
4

1:0634 0 0:1880
�0:1880 0:9767 0:2658

0 0 0:9767

3
5

N-W ik[110] jk[112] kk[111]2
4
1:1279 0 0

0 0:9209 0:3256
0 0 0:9767

3
5
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