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The alloy Cu25Au30Zn45 undergoes a huge first-order phase transformation (6% strain) and shows a

high reversibility under thermal cycling and an unusual martensitc microstructure in sharp contrast

to its nearby compositions. This alloy was discovered by systematically tuning the composition so

that its lattice parameters satisfy the cofactor conditions (i.e., the kinematic conditions of compati-

bility between phases). It was conjectured that satisfaction of these conditions is responsible for the

enhanced reversibility as well as the observed unusual fluid-like microstructure during transforma-

tion, but so far, there has been no direct evidence confirming that these observed microstructures

are those predicted by the cofactor conditions. To verify this hypothesis, we use synchrotron X-ray

Laue microdiffraction to measure the orientations and structural parameters of variants and

phases near the austenite/martensite interface. The areas consisting of both austenite and multi-

variants of martensite are scanned by microLaue diffraction. The cofactor conditions have been

examined from the kinematic relation of lattice vectors across the interface. The continuity con-

dition of the interface is precisely verified from the correspondent lattice vectors between two

phases. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4951001]

Materials undergoing reversible phase transformations

have potential for emerging applications such as medical

devices, sensors/actuators, rechargeable batteries, informa-

tive storage, and energy conversion devices.1–4 Due to the

structural change at phase transformation, the mismatch of

lattices across the interface leads to the formation of an elas-

tic transition layer between austenite and twinned martensite

phases (e.g., the b1 ! c01 transformation of CuAlNi5). This

has been considered as the origin for materials accumulating

the thermal hysteresis and losing the reversibility of the trans-

formation upon cycles.6–9 Satisfaction of the Cofactor

Conditions (CC)5,10 implies that such a transition layer can be

eliminated in both single and twinned configurations of aus-

tenite and martensite interface microstructure, which has been

considered as an effective strategy for lowering the thermal

hysteresis, increasing the transformational fatigue resistance,

and enhancing the phase reversibility in both the copper-

based11 and nickel-titanium12–15 based shape memory alloys.

In a typical symmetry-lowering transformation having

type I and type II twins consistent with the formal geometry

of twinning elements defined by Christian,16 CC consist of

the two conditions:10 (CC1) the middle principle stretch of

transformation stretch tensor is 1, i.e., k2 ¼ 1; (CC2) the

length of a 2-fold axis of austenite is preserved for the for-

ward transformation in the case of type II twin, and for the

reverse transformation in the case of type I twin. In the case

of compound twins that both twinning plane and shearing

direction are rational,17 CC yields different conditions relat-

ing to specific twinning parameters (see Chen et al.10). A

necessary consequence of CC is that, theoretically, there

exist infinitely many elastically compatible configurations

between austenite and multiple martensite variants. That is,

no elastic energy will be paid at interfaces during the phase

transformation even for highly twinned martensite. By

energy minimization, the relationship between (CC1) and

energy barrier has been calculated.13 The minimum hystere-

sis is reached as k2 ! 1, which has been experimentally jus-

tified in many shape memory alloys.10,12–14,18 The associated

microstructures observed by TEM19 show the trend that

highly twinned martensite becomes twinless as the value of

k2 approaching 1. Beyond (CC1), two recent discoveries in

ZnAuCu11 and NiTiCu15 systems show that when both

(CC1) and (CC2) are simultaneously satisfied for both type I

and type II by special lattice parameters, the functionality

will not degrade for million cycles. These results strongly

suggest that the (CC2) is responsible for enhancing the phase

reversibility, but how it influences the macroscopic deforma-

tion through various microstructures is still unclear. In this

paper, we will establish an approach to identify the forma-

tion of martensite variant in-situ, quantify the (CC2), and

derive the deformation for phase transformation based on

the crystallographic information measured in experiments.

Cu25Au30Zn45, as the first shape memory alloy satisfies both

(CC1) and (CC2) simultaneously, is chosen for this study.

Optical micrographs of Cu25Au30Zn45 show a plethora

of unusual austenite/martensite interfaces: stripes, curved

riverines, zig-zags, and laminae.11 Furthermore, a great vari-

ety of scales has been seen with the optical microscope dur-

ing consecutive transformation cycles. However, direct

quantitative verification between these unusual microstruc-

tures and those predicted by CC has not been investigated

due to three difficulties: (1) owing to a �2� hysteresis in this

alloy, the interface moves quickly out of the field-of-view

for scanning-based structural characterization probes; (2) the
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transformation temperature of �40 �C is problematic for

instruments sensitive to thermal fluctuations; (3) the low

symmetry monoclinic martensite with 72 atoms per unit cell

with a long modulated c-axis makes the determination of

crystal orientation difficult, especially for electron diffraction

methods such as electron backscattering diffraction and high

resolution electron transmission microscopy.

For the above reasons, synchrotron X-ray Laue micro-

diffraction (lSXRD) is a suitable method. This method can

characterize the spatial distribution of crystal orientations

and deliver the structural parameters using focused polychro-

matic and monochromatic x-ray beams, respectively. In this

letter, we use the state-of-art lSXRD facility at beamline

12.3.2 of the Advanced Light Source, Lawrence Berkeley

National Laboratory, to study quantitatively the morpholo-

gies of austenite/martensite interfaces in Cu25Au30Zn45

undergoing highly reversible martensitic transformation. The

X-ray beam with energy bandpass from 6 keV to 22 keV is

focused down to 1 lm size by a pair of elliptically bent

Kirkpatrick-Baez mirrors. In addition to polychromatic beam

(i.e., Laue microdiffraction mode), four bounce monochro-

matic mirrors are inserted to perform energy scans at the

same location probed by the polychromatic beam,20 which

allows sufficient spatial resolution for determination of twins

and solve for the complex lattice with high anisotropic unit

cell simultaneously.21 The two-dimensional PILATUS 1M

array detector with a high count rate (>2� 106 photons/s) is

used for fast Laue pattern collection in areas consisting of

both phases. Since the lSXRD probe is insensitive to ther-

mal fluctuations, we can design a proper thermal stage that

drives the phase transformation at a low temperature and

controls the evolution of the austenite/martensite interface

by an external directional temperature gradient.

The design of the thermal stage was implemented using

two copper blocks separated by a small gap bridged by a thin

slice of sample shown schematically in Figure 1(a). A suita-

ble temperature gradient across the sample is created by pas-

sively cooling one copper block with the cryo-nitrogen gas

while actively heating the other copper block with an electri-

cal resistance heater. The whole stage is enclosed in a

plexiglass box with the top covered by the kapton tape that

acts as a window allowing the sample illuminated by x-rays

and subsequent transmission of the diffracted x-rays. The

stage enclosure is filled with dry nitrogen gas to reduce ther-

mal convection and avoid the formation of frost at low tem-

perature (see Figure 1(b)). The copper blocks are thermally

insulated by ceramic standoffs mounted from a kinematic

mounting part adapted to the beamline 12.3.2 scanning stage.

Two thermocouples, TC1 and TC2 in Figure 1(a), record the

block temperatures near the gap. TC2 is also used as a feed-

back for the heater to stabilize the temperature of the hot

copper block. The cryo-stream is generated by passing

FIG. 1. Experimental setup for in-situ microstructural characterization by

lSXRD. (a) Schematic experimental arrangement of sample bridging hot

and cold copper blocks (lower). Laue patterns of martensite/austenite at

�65 �C and �5 �C, respectively (upper). (b) The temperature gradient stage

in plexiglass enclosure with top kapton x-ray window removed. (c) The opti-

cal micrograph of the phase-transforming interface of Cu25Au30Zn45 pol-

ished in austenite. (Reprinted with permission from Song et al., Nature

502(7469), 85–88 (2013). Copyright 2013 Nature Publishing Group.)

FIG. 2. (a) and (c) Microtopographical configuration in two different trans-

formations from the synchrotron microLaue scan in area of 400� 200 lm2

and 200� 60 lm2, respectively. The pixel sizes are 4� 10 lm2 in (a) and

2� 2 lm2 in (c). The austenite is denoted by blue, while each of martensite

variants is denoted by different color pixels. The dark blue shows the regions

that could not be indexed. (b) and (d) The optical micrographs of the same

sample in different transformation cycles.

TABLE I. Results of the micro LaueScans. e is the 2-fold axis of austenite

and ê ¼ e=jej; XI ¼ jU�1êj � 1, and XII ¼ jUêj � 1.

Region Orientation matrix jejðÅÞ XIð10�3Þ XIIð10�3Þ

1 A 0.609 0.032 �0.091 6.1606

�0.020 0.610 0.082 8.7124

0.094 �0.078 0.604 8.7124

M1 �0.365 0.065 �2.474 6.17024 1.459 1.563

0.068 0.57 �0.065 8.70900 8.020 0.371

0.247 �0.061 �3.231 8.70914 8.044 0.395

M2 �0.078 0.564 �0.490 6.17018 1.451 1.555

�0.258 �0.007 3.184 8.70907 8.029 0.381

0.355 0.12 2.487 8.70900 8.046 0.397

M3 0.305 0.049 3.100 6.17020 1.453 1.558

�0.317 �0.086 2.634 8.70904 8.032 0.384

0.074 �0.568 �0.131 8.70908 8.033 0.385

M4 �0.337 �0.050 �2.804 6.17020 1.454 1.558

�0.291 0.075 2.882 8.70900 8.037 0.389

0.009 0.57 �0.628 8.70902 8.039 0.39

2 A 0.599 0.132 �0.062 6.1606

�0.140 0.594 �0.086 8.7124

0.041 0.098 0.607 8.7123

M1 �0.250 0.023 �3.490 6.17018 1.457 1.561

0.367 0.081 �2.048 8.70903 8.026 0.378

0.042 �0.571 �0.433 8.70900 8.039 0.391

M2 0.278 �0.158 3.118 6.17019 1.461 1.565

�0.132 �0.548 �0.486 8.70905 8.025 0.376

0.323 �0.089 �2.570 8.70906 8.033 0.384
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nitrogen gas through a coil in a liquid nitrogen dewar, and

the cooling power is controlled by a flow meter. The austen-

ite/martensite interface is trapped at the gap and its position

controlled by a steep linear temperature gradient established

by powering up the electrical heater and running the cryo-

stream with a constant rate of 7.86 cm3/s. The actual mor-

phology of the transition varied widely as observed in Song

et al.,11 and a typical example is shown in Figure 1(c).

A thin slice Cu25Au30Zn45 with dimensions 5 mm

� 5 mm� 0.5 mm transforms reversibly between cubic and

monoclinic at �40 �C with about 2 �C thermal hysteresis. The

sample was polished at room temperature (in austenite) and

mounted to the stage shown in Figure 1(c). After temperatures

in TC1 and TC2 were stabilized around �65 �C and �5 �C,

respectively, we start a microLaue line scan across the gap

between the two blocks. The Laue pattern at each position on

the sample surface is used to identify the phase and orienta-

tion of unit cell of the lattice because the number and the sym-

metry of diffractions are different among the cubic austenite

and different variants of monoclinic martensite. The austenite/

martensite interface can be detected by locating the scanned

position where the symmetry of the Laue patterns switches.

Figure 1(a) shows the Laue patterns collected near the austen-

ite/martensite interface where the symmetry of diffraction

spots changes from one crystal structure to the other.

To examine diverse interface morphologies of Cu25

Au30Zn45, we did two microLaue scans for different transfor-

mation cycles: LaueScan 1 with step: 4 lm� 10 lm and

FIG. 3. Stereographic projections of

the spatial orientation relationships

between austenite 2-fold axes (red

dots) and the corresponding martensite

lattice vectors (black dots) for (a)

LaueScan 1: subregions M1, M2, M3,

and M4; (b) LaueScan 2: subregions

M1 and M2. TD and RD are the trans-

verse direction and rolling direction of

the stage, respectively.

211902-3 Chen et al. Appl. Phys. Lett. 108, 211902 (2016)
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LaueScan 2 with step: 2 lm� 2 lm. Holding the conditions

constant, the same sample was imaged under the optical

microscope for comparison, as shown in Figures 2(b) and

2(d). The irregular zig-zag and single stripe morphologies

are seen in both microtopographs generated by microLaue

scans and optical microscopy. Since the images in Figures

2(a)–2(d) are captured in different transformation cycles, the

interface configurations among them are not exactly the

same.

We use the space group Fm�3m for austenite with 4 Au

sites: 4a at ð0; 0; 0Þ, 4 Cu sites: 4a at ð0; 1=2; 1=2Þ, and 8 Zn

sites: 4b at ð1=2; 1=2; 1=2Þ, and the space group P21 for

martensite with 18 Au sites: 2a at ð3=4; 0; z1 þ n=9Þ, 18 Cu

sites: 2a at ð1=4; 0; z2 þ n=9Þ, and 36 Zn sites: 2a at ð3=4;
1=4; z2 þ n=9Þ þ 2a at ð1=4; 1=4; z1 þ n=9Þ (n¼ 1, 2,…, 9) to

index the Laue pattern and to get the orientation matrices for

austenite and martensite, respectively.20 The spatial orienta-

tions from a microLaue scan consisting of thousands of Laue

patterns are analyzed and calculated by the parallel version

of the XMAS code on the Carver cluster at the National

Energy Research Scientific Computing Center (NERSC).

Figures 2(a) and 2(c) show the microtopographs for LaueScan

1 and 2, respectively, in which various colors represent dif-

ferent spatial orientations whereas the dark blue corresponds

to the regions neither indexed by austenite nor martensite.

The orientation matrices for each of the regions are listed in

Table I. For the indexed (hkl) planes, we precisely measured

their interplanar distances by a monochromatic energy

scan22 and refined the lattice parameters to be a0¼ 6.16061 Å

(austenite), and a¼4:45879Å; b¼5:76844Å; c¼40:6984Å;
b¼86:79� (martensite). Using the StrucTrans algorithm,23 the

transformation stretch tensor for such a phase transformation

can be calculated and the first condition of CC can be quanti-

fied precisely, i.e., in LaueScan 1, k2ðM1Þ¼1:00061475;
k2ðM2Þ ¼ 1:00060662; k2ðM3Þ ¼ 1:00060613; and k2ðM4Þ
¼ 1:00060756 and in LaueScan 2, k2ðM1Þ ¼ 1:00061044

and k2ðM2Þ ¼ 1:00061361.

The second condition of CC requires the examination of

length change along certain 2-fold axis of austenite. For the

austenite with Fm�3m symmetry, the possible 2-fold axes are

three of h100ia and six of h110ia. They are directly plotted in

stereographs in Figure 3 with respective to the Rolling

Direction, Transverse Direction, and Normal Direction of

the stage for LaueScan 1 and 2, respectively. The red dots in

all stereographs denote the 2-fold axes of austenite, while the

black dots are the h901im and h991im directions of the corre-

sponding martensite variant. Table I compares the length

between the 2-fold axis in austenite and its corresponding

direction in martensite. The h100ia axis undergoes 0.15% av-

erage extension, and the h110ia axis undergoes 0.038% aver-

age compression.

From the orientation relationships indicated in Figure 3,

we can calculate the deformation gradient F ¼
P3

i¼1 gi � f i,

where f i is the set of reciprocal lattice vectors of austenite

such that the real lattice vectors f i correspond to the lattice

vectors of martensite gi during the phase transformation.

Take the M1 region in LaueScan 2 as an example, f1 ¼ Oa

½010�a; f2 ¼ Oa½�101�a, and f3 ¼ Oa½101�a correspond to g1

¼ 1
9

Om1½�901�m; g2 ¼ 1
9

Om1½9�91�m, and g3 ¼ 1
9

Om1½991�m.

Using the orientation matrices, Oa;m1 are directly measured

by lSXRD, which is also listed in Table I, the deformation

gradient of M1 region in LaueScan 2 can be calculated as

F ¼
1:0572 0:0049 �0:0554

0:0092 1:0015 �0:0119

0:0627 0:0130 0:9346

2
64

3
75: (1)

The difference between F and I is close to a rank-1 matrix,

i.e., the Frobenius norm jjcofðF� IÞjj ¼ 0:00075, where

“cof” denotes the cofactor of a matrix. According to the geo-

metrically nonlinear theory of elasticity, the rank-1 connec-

tion between two deformation gradients is the necessary and

sufficient condition for the existence of an undistorted inter-

face,24 which implies that the region M1 is compatible with

the austenite without elastic transition layer. The interface

normal can be solved from the crystallography equations of

martensite for variant M1, i.e., m¼ (0.0854, 0.0131,

�0.0864) written in the cubic base of austenite. The exami-

nation of rank-1 connection from the measurement of

lSXRD enlightens a way to show the coherency of interface

between two crystal structures at continuum scale. The same

calculation can be done using the orientation matrices in

Table I for other martensite variants.

The deformation gradient F in Equation (1) can be used

to model the deformed configuration of the region M1 meas-

ured in Figure 2(b). In 3D, the interface grows into the sam-

ple with an angle from the surface (Figures 4(d) and 4(e)).

The projection of the interface can be calculated as

m� ðm � N3ÞN3, where N3 is the Normal Direction written

FIG. 4. Macroscopic deformation and lattice distortion of a single variant of

martensite calculated from the orientation matrices of EA and EM1: (a) aus-

tenite/martensite interface morphology mapped directly from microLaue

scan II; (b) homogenous deformation of martensite single variant (red) and

the stress-free interface at continuum scale; (c) lattices of austenite and mar-

tensite across the interface; (d) and (e) morphology of the interface modeled

from the deformation gradient in three-dimensions.
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in the cubic base of austenite. The angle between the pro-

jected interface normal and the rolling direction is 11.4�,
which agrees well with the microLaue measurement shown

in Figure 4(a). In Figure 4(c), we use the deformation gradi-

ent F in Equation (1) to generate a homogenous deformation

Fx for all austenite lattice vectors x �m < 0, i.e., the red lat-

tice, and leave the rest lattice vectors x �m 	 0 undeformed,

i.e., the blue lattice. The lattice points between the deformed

and undeformed lattices match perfectly without any atomic

scale distortions. This shows that the transition layer between

the two lattices is eliminated at an atomistic scale due to the

satisfaction of compatibility conditions at a continuum scale.

In summary, from the in-situ measurement of the orien-

tation matrices for both austenite and martensite across the

interface by the synchrotron x-ray Laue microdiffraction, to-

gether with the theoretical calculation of the homogenous

deformations, we have verified, directly and quantitatively,

that the satisfaction of the conditions of compatibility with

lattice parameters results in the elastically compatible inter-

face, which ultimately lead to the ultra-low fatigue property

of phase transformation in martensitic materials. The

approach can be generalized to characterize the evolution of

microstructure when the transport properties are sensitive to

the structural compatibility at the heterogenous phase

boundaries.
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