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Phase transformations in a single-crystal Cu—Al-Ni shape-memory
alloy induced by thermomechanical effects were investigated in situ
by high-resolution synchrotron X-ray microdiffraction. Contrary to
the common belief, austenite texture maps revealed that
austenite-to-martensite transformation occurred during heating of the par-
tially transformed material under fixed specimen elongation. Twinned and
detwinned types of martensite coexisted during this austenite-to-martensite
phase transformation. Twinning and detwinning structures evolved
to accommodate changes in stress and strain generated in the
temperature-varying environment. Small amounts of austenite exhibiting
distorted crystallographic orientation were detected in regions
of stress-induced martensite during heating of the partially transformed
material. The results of this investigation provide insight into intriguing
stress rate-dependent phenomena intrinsic of shape-memory alloys and elu-
cidate complex phase transformations due to thermal and mechanical stress
effects.

Keywords: austenite; elongation; martensite; phase transformation;
shape-memory alloy; strain; stress; synchrotron radiation; thermomechan-
ical effects; twinning; X-ray diffraction

1. Introduction

The high elastic strain and shape-memory effect resulting from reversible phase
transformations involving multiple austenite and martensite phases make
shape-memory alloys (SMAs) important functional materials. Because
austenite-to-martensite phase transformation in SMAs is normally observed with a
temperature decrease, austenite and martensite are referred to as high- and
low-temperature phases, respectively. Austenite-to-martensite phase transformations
can also be induced by mechanical stresses.

Despite significant insight into phase transformations obtained from ex situ
observations [1-27], in situ investigations and basic understanding of phase changes
in SMAs due to simultaneous thermal and mechanical stress effects are sparse.
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Temperature changes during deformation of a SMA may significantly affect
the stress—strain response. For example, heating (cooling) of partially transformed
Cu-Al-Ni and Ti—Ni alloys under uniaxial tension has been reported to lead to a
rapid increase (decrease) in stress [18-20]. Therefore, in situ tracking of phase
transformations is essential for studying the effect of temperature changes on the
mechanical response of SMAs.

Synchrotron X-ray microdiffraction is a powerful method for in situ studies
of nucleation and growth mechanisms controlling phase transformations in SMAs.
The unique capability of this method relies on texture and strain maps of micrometer
resolution that enable in situ observation of microstructure changes over a relatively
large sample area [28-35]. Synchrotron X-ray microdiffraction combines
high-resolution X-ray source, focusing optics, large-surface-area/fast-detector tech-
nology, and software for Laue pattern analysis. Although the microstructures of
various SMAs have been characterized by this technique in previous studies [31-37],
the present investigation is the first to reveal an unexpected austenite-to-martensite
phase transformation during heating of a SMA under constant elongation.

Single-crystal Cu—Al-Ni alloy was selected for study because of its unique
potential to accommodate the largest recoverable strain (~17%) among all SMAs.
Moreover, this alloy exhibits high thermal and electrical conductivity,
temperature-dependent damping ratio [2,11,38], and can be fabricated in large
single crystals, which is convenient for in situ texture analysis in a thermomechanical
environment. The large strain recovery and tunable damping ratio are attributed to
four martensite phases («, 8|, B], andy|) produced from austenite (f;) under
different stress and temperature environments. Transformations between these
phases can be associated with variations in temperature and applied stress [1-9]. For
example, y/ is observed at temperatures below or close to the phase-transformation
temperature [3,4,8,9], whereas | evolves during deformation of y/ [1,2,5]. Because
the temperature was maintained well above the phase-transformation temperatures,
only two martensite phases («{ and B{) could coexist with austenite 8, in the present
study. Austenite texture and strain maps obtained by in situ synchrotron X-ray
microdiffraction are presented to elucidate the evolution of austenite-martensite
phase transformations in Cu—Al-Ni alloy under conditions of heating and uniaxial
tensile loading and unloading.

2. Experimental procedures
2.1. Specimens

Single-crystal Cu—Al-Ni alloy rods of 6.35mm diameter were fabricated from a
molten pool of 82 Cu, 14 Al, and 4 Ni (all wt.%) using the Czochralski method.
The rods were first heated to ~870°C and then quenched to acquire austenite
microstructures. The room-temperature microstructure of Cu—Al-Ni alloy is cubic
austenite (DOjz microstructure), and the phase transformation temperatures are
below —30°C [18]. Dog-bone shape tensile specimens of 0.15 mm thickness (Figure 1)
were fabricated from the austenite rods by electrical discharge machining. In
all of the experiments, the stretching direction (x-direction) of the specimen was
along the [001] austenite crystallographic orientation.
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Figure 1. Schematic of tensile specimen used in the thermomechanical stretching experiments.
The specimen was fastened onto the tensile jig by two screws with washers through the holes at
the two ends. Arrows indicate the stretching direction.

2.2. Synchrotron X-ray microdiffraction setup

A custom-made elongation-control tensile jig was mounted onto the synchrotron
microdiffraction stage. The specimen was heated with an electrical heating cartridge
(HDC19100, Tempco, IL) connected to the specimen by a metal bar, whereas the
microdiffraction stage and tensile jig were continuously cooled by cold nitrogen gas.
The temperature was measured with a thermocouple attached to the specimen. Stress
and strain measurements were not affected by temperature variations because the jig
frame was maintained at a low temperature. The movement of the specimen stage
was controlled to an accuracy of less than 1 um. The elongation of the specimen was
measured with an optical microscope mounted onto the microdiffraction stage and
the force exerted to the specimen by a load cell. The engineering stress and strain
were calculated from the measured force and elongation, respectively. In the
experiments where the temperature of the specimen was increased, the load cell
measured the net force under the simultaneous effects of the microstructure
evolution and thermal expansion. Before testing, the specimen was stretched a few
times to stabilize the system.

The high spatial resolution (~1 pm?) of the 12.3.2 X-ray microdiffraction beamline
(formerly 7.3.3) at the Advanced Light Source [28-30,36] (Lawrence Berkeley
National Laboratory, Berkeley, CA) enables in situ observation and analysis
of microstructure changes during thermomechanical deformation. Roughness
features at the specimen edges (detected by fluorescence scanning) were used to
track the analysis area on the specimen surface during the experiment. By combining
optical microscopy and fluorescence scanning, the analysis area was located to a
precision of ~1pm. Polychromatic (5-22keV) Laue diffraction patterns were
obtained with a beam radius equal to ~1 pm. In all texture maps, regions not indexed
by the austenite microstructure are shown in black. The details of the mathematical
algorithms for computing strain and crystallographic orientation matrixes from
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Laue patterns can be found elsewhere [29,37]. Because the Cu—Al-Ni alloy was in its
single-crystal form (i.e. continuous crystal lattice without grain boundaries) and
the sampling depth in the X-ray diffraction measurements was equal to several
micrometers (i.e. about three orders of magnitude larger than the lattice constant
(0.58 nm) of the material [2,9]), the results are representative of the bulk behavior.
Phase maps were obtained by analyzing more than 10,000 Laue diffraction patterns
collected for several days in a grid matrix. This involved the acquisition of tens
of gigabytes of data and months of computational analysis with a Dell Precision
PWS-690 workstation having a 2.33 GHz Intel processor and 4 GB RAM.

3. Results
3.1. Thermomechanical behavior of Cu—AI-Ni alloy

Figure 2 shows a representative stress—strain response of single-crystal Cu—Al-Ni
alloy for a maximum elongation of ~13%. The initial small stress (point A) is due to
slight stretching of the specimen to stabilize the system before testing. The loading
and unloading paths (ABCD and DEA, respectively) reveal a fully reversible
deformation at 25°C, indicating the recovery of the austenite phase upon unloading.
The initial portion of the loading curve reflects the elastic response of the austenite S,
phase. A maximum elongation of ~1.5% was accommodated in the austenite lattice
without atomic shuffling. Specimen stretching to an elongation above 1.5%
produced a stress plateau characteristic of the austenite-martensite (8; — fB})
phase transformation [5-8]. Further stretching up to ~7.5% elongation (point C) led
to the completion of f; — B| transformation by a nucleation and growth process
accompanied by a slight stress increase. The stress plateau corresponding to the
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Figure 2. Stress—strain response of single-crystal Cu—Al-Ni shape-memory alloy. The
loading—unloading cycle ABCDEA was obtained at room temperature (25°C). Points F and
G were obtained by stretching the specimen up to an elongation of ~5% at 25°C (point B) and
then heating to 50 and 80°C, respectively, while maintaining the specimen at a constant
elongation of ~5%. Point H was obtained by unloading the specimen from a maximum
elongation of ~13% (point D) to an elongation of ~5% (point E) at 25°C and then heating to
50°C, while maintaining the specimen at a constant elongation of ~5%.
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austenite-martensite phase change is typical of most SMAs. The sharp stress increase
beyond point C indicates the saturation of B; — B phase change. The linear elastic
response after point C is characteristic of the deformation behavior of the g| phase.
A second stress plateau associated with martensite-martensite (8] — «) phase
transformation [1,2,5,10] was encountered when the specimen eclongation was
increased above ~10%. Unloading from a maximum elongation of ~13% (point D)
produced a stress hysteresis. The first and second stress plateaus of the unloading
path are attributed to reverse martensite-martensite (o — f;) and martensite—
austenite (B8;— p1) phase transformations, respectively, whereas the three stress
decreases reflect the elastic responses of 8]+ «/, 8, and g phases. These sequential
phase changes resulted in the full recovery of a maximum tensile strain of ~13%,
illustrative of the remarkable superelastic behavior of single-crystal Cu—Al-Ni alloy.

Heating of the partially transformed material (point B) to 50°C (point F) and
then to 80°C (point G) while keeping the elongation fixed at ~5% resulted in a
dramatic stress increase. The same trend was observed during unloading. When the
partially transformed material (point E) was heated to 50°C (point H) under a fixed
elongation of ~5%, the stress increased sharply. Thermal expansion due to heating
produced a compressive stress; however, the net stress change (represented by BF,
FG, and EH) is tensile, suggesting the development of a much higher tensile stress
due to the microstructure evolution. Thus, a sharp tensile stress increase resulted
from heating the specimen under fixed elongation during g; — p| (loading) and
Bi — Bi (unloading) phase transformation.

3.2. In situ synchrotron X-ray microdiffraction of Cu—AI-Ni alloy under
isothermal loading

Figure 3 shows austenite texture maps obtained before and after §;— B phase
transformation (points A and C, respectively) that provide information about the
austenite crystallographic orientation. Since the stress—strain response (Figure 2)
revealed that specimen stretching up to a maximum elongation of ~13% did not
yield residual deformation (i.e. fully reversible austenite-to-martensite phase change),
the black regions in the texture maps are assigned to martensite. Martensite cannot
be revealed by polychromatic diffraction because the lath structure of transformed
martensite is smaller than the X-ray beam size [36]. Therefore, only austenite was
indexed and color-coded according to its crystallographic orientation (Miller index)
using the specimen (global) coordinates as a reference system (Figure 1). Figures 3a—
3¢ show that the undeformed (as-fabricated) microstructure (point A) consists of
austenite with a uniform crystallographic orientation, consistent with the
room-temperature microstructure of single-crystal austenite. The few non-austenitic
(black) regions in these texture maps are associated with crystal defects and/or tiny
amounts of retained martensite produced from stretching of the specimen before
testing to stabilize the system. Figures 3d-3f show that elongation up to ~7.5%
(point C) increased dramatically the area of the black regions, indicating the
occurrence of B; — B phase transformation. Retained austenite in the form of
randomly dispersed microdomains can also be observed in the texture maps shown in
Figures 3d-3f; however, its crystallographic orientation differs from that of the
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Figure 3. Austenite texture maps (1 x 1 um? grid size) of microstructures corresponding
to points A and C of the stress—strain response shown in Figure 2. The x-, y-, and z-direction
maps of points A and C are shown in (a)-(c) and (d)—(f), respectively.

original austenite (Figures 3a-3c), presumably due to the effect of austenite/
martensite interface stresses.

X-ray microdiffraction was also used to obtain insight into the deformation
of austenite. Six strain components are needed to determine the strain at a material
point, i.e. &y, €y, and e.. normal strains in the x-, y-, and z-directions and &,,, &,-,
and ¢, shear strains on the (x,y), (x,z), and (y,z) planes, respectively. The complete
strain information of the austenite phase in the microstructure corresponding to
point C is given by the maps shown in Figure 4. The strain maps reveal the existence
of dispersed austenite microdomains that exhibit complex tensile, compressive, and
shear deformation. Earlier synchrotron studies have also shown that retained
austenite in stress-induced martensite regions is under a state of stress [32,37]. The
distortion of the austenite microdomains due to the anisotropic multiaxial stress
introduced by surrounding martensite domains is attributed to atom bond continuity
across martensite/austenite boundaries.

3.3. In situ synchrotron X-ray microdiffraction of Cu—AI-Ni alloy under thermo-
mechanical loading

To examine thermomechanically induced phase transformations in Cu—Al-Ni alloy,
X-ray microdiffraction analysis was performed in situ while the elongated specimen
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Figure 4. Strain maps (1 x 1um? grid size) of microstructure corresponding to
point C of the stress—strain response shown in Figure 2: (a) ey, (b) &), (¢) e, (d) &y,
(e) £x: and () ,..

was heated at different temperatures. Figure 5 shows austenite texture maps
corresponding to the microstructures of characteristic points of the thermomecha-
nical response shown in Figure 2. The maps shown in Figures 5a—5c illustrate the
partial evolution of B; — B phase transformation and the existence of untrans-
formed (original) austenite regions of fairly uniform crystallographic orientation
(point B). Domains of retained austenite are dispersed in stress-induced martensite
regions and are highly distorted, as in the microstructure of point C.
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Figure 5. Austenite texture maps (1.5 x 1.5um? grid size) of microstructures corresponding
to points B, F, and G of the stress—strain response shown in Figure 2. The x-, y-, and
z-direction maps of points B, F, and G are shown in (a)—(c), (d)—(f), and (g)—(i), respectively.

The texture maps corresponding to point F (Figures 5d—5f) indicate that heating
to 50°C while keeping the elongation fixed at ~5% yielded some intriguing
phenomena. First, some austenite microdomains with crystallographic orientations
distinctly different from that of the original austenite are shown to be
randomly dispersed in stress-induced martensite regions. Second, untransformed
austenite regions in Figures 5a—5c¢ are shown as black regions in the maps of
Figures 5d-5f. Because of fully reversible deformation (Figure 2), plastic deforma-
tion is precluded as a possible source of this phenomenon. Thus, the disappearance
of untransformed austenite from the texture maps of Figures 5d-5f is attributed
to austenite-to-martensite transformation. This is contrary to the common belief
that austenite is the high-temperature phase and that heating leads to
martensite-to-austenite transformation. The further increase of the temperature to
80°C (point G in Figure 2) caused some martensite to transform to austenite
(Figures S5g-5i). The texture of the thermally induced austenite also differs
significantly from that of the original austenite. Since point G has the highest
temperature in Figure 2, the majority of the austenite in this microstructure resulted
from heating from 50°C (point F) to 80°C (point G). Strain maps of the
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Figure 6. Strain maps (1.5 x 1.5 um? grid size) of microstructure corresponding to point G of
the stress—strain response shown in Figure 2: (a) ., (b) &y, (¢) €.z, (d) €y, (€) &x- and (f) &,..

microstructure corresponding to point G, shown in Figure 6, reveal randomly
distorted austenite domains, similar to those of retained austenite in the
microstructure of point C (Figure 4).

Such counterintuitive austenite-to-martensite transformation induced by heating
under fixed elongation was also observed during unloading, as evidenced by the
austenite texture maps of microstructures corresponding to point E (Figures 7a—7c¢)
and point H (Figures 7d-7f) of the unloading response. The decrease in the amount
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Figure 7. Austenite texture maps (1.5 x 1.5 um? grid size) of microstructures corresponding
to points E and H of the stress—strain response shown in Figure 2. The x-, y-, and z-direction
maps of points E and H are shown in (a)—(c) and (d)—(f), respectively.

of original austenite and the formation of dispersed austenite microdomains during
heating under fixed elongation were also observed in X-ray microdiffraction scans
of larger specimen areas (e.g. 200 x 200 um?®) and different elongation levels
(e.g. ~2.5% strain).

4. Discussion

Twinning and/or detwinning inevitably occurred in the martensite phase due to
the cubic austenite and monoclinic martensite phases of Cu—-Al-Ni alloy. Such
cubic-to-monoclinic structure transformation and twinning/detwinning are charac-
teristic of most SMAs. Martensite microstructures of the same crystallographic
orientation form zones known as variants. Under uniaxial tension, austenite can
transform to multi-variant (twinned) martensite; however, only one variant
dominates martensite growth by detwinning to accommodate the elongation in the
stretching direction [6,34,39—41]. The superelastic behavior of SMAs is due to
detwinned (single-variant) martensite, which is formed without breaking the original
atomic bonds. The strain due to martensite detwinning (Bain strain) can be
determined from a crystallography analysis for fixed austenite crystallographic
direction. For example, stretching austenite along the [001] direction induces
B1 — B phase transformation in Cu—Al-Ni alloy, resulting in a reversible strain of
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~8.5% [1,2,6,9—11]. However, twinned martensite does not contribute to the overall
strain because the variants maintain the original macroscopic shape by
a self-accommodation mechanism [27]. Partially transformed microstructures of
Cu-Al-Ni alloy, such as those of points B and E, are mixtures of austenite
and martensite, as shown in Figures Sa—5c and Figures 7a-7c, respectively.
To accommodate the global deformation at a given elongation (strain), the fraction
of detwinned martensite must be fixed regardless of the applied thermomechanical
stress. Alternatively, different fractions of twinned martensite could be encountered
at a given strain. For example, although points E, B, H, F, and G have the same
elongation (~5%), the microstructures corresponding to points E and F exhibit the
lowest and highest martensite fractions, respectively, as indicated by the texture
maps shown in Figures 5 and 7. This difference is attributed to the formation
of twinned martensite.

For both isothermal and temperature-varying conditions, phase-transformation
stresses of SMAs show a dependence on temperature. In particular, the
austenite-martensite phase-transformation stress increases with temperature
[4,18,22,23,26]. The ratio of the change in phase-transformation stress to the
temperature change is known as stress rate. Stress rate-dependent phenomena can
be associated with austenite-martensite interfaces and martensite variant
boundaries. The increase in temperature exacerbates atomic structure incompat-
ibilities across phase interfaces and variant boundaries, resulting in a higher
macroscopic stress [18]. Phase interfaces and variant boundaries can exist under
different conditions. For instance, martensite variant boundaries have been
observed even after saturation of the detwinning process induced by an increase in
macroscopic deformation [16-18]. Moreover, retained austenite preserves austenite/
martensite interfaces. The higher stresses at austenite/martensite interfaces and
martensite variant boundaries produced from heating may contribute to the
driving force for gross transformation of the original austenite to martensite under
fixed elongation (strain). Heating of stress-induced martensite resulted in lim-
ited reverse transformation to austenite, as evidenced by the existence of randomly
dispersed austenite microdomains (Figures 5 and 7). Although such austenite
transformation is mainly due to the temperature increase, anisotropic thermal
expansion of martensite domains might have also played a contributing role.
Despite the small amount of such reverse transformation, the effect on the rest of the
material was significant because it increased the density of austenite/martensite
interfaces. Moreover, such reverse transformation in detwinned martensite regions
may induce elongation incompatibility due to differences in length between
detwinned martensite and austenite in the stretching direction. Such elongation
incompatibility may also enhance austenite-martensite transformation during
heating. For the macroscopic shape to be maintained by the self-accommodation
mechanism, martensite formed by heating must be in the twinned condition, similar
to multi-variant martensite formed by cooling. The temperature rise from 50 to 80°C
promoted further austenite formation in stress-induced martensite regions, increas-
ing the austenite fraction in the microstructure of point G compared to that of point
F (see Figures 5d-5i). The austenite formed by heating was distorted (Figure 6)
by the interface stress applied by the surrounding martensite domains, resulting in
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significant texture differences compared to the texture of the original single-crystal
austenite.

The results of this study raise a question about interacting thermal and
mechanical effects on the microstructure evolution in SMAs. In view of the different
properties of austenite and martensite, austenite-martensite phase transformation
induced by heating under fixed elongation (deformation) has important implications
in the reliability and performance of SMA devices and components operating in
environments of varying temperature and mechanical stresses. Therefore, the
microstructure changes in single-crystal Cu—Al-Ni alloy due to mechanical and
thermal effects observed in this study have direct implications in the design and
endurance of SMA devices.

5. Conclusions

Phase transformation phenomena in single-crystal Cu—AIl-Ni shape-memory alloy
due to thermal and mechanical effects were investigated in situ by synchrotron X-ray
microdiffraction. Based on the presented results and discussion, the following main
conclusions can be drawn from this study.

(1) During austenite—martensite transformation induced by uniaxial stretching,
retained austenite was distorted by austenite/martensite interface stresses.

(2) Small amounts of austenite microdomains dispersed in stress-induced
martensite regions were produced by heating of the partially transformed
material. These austenite microdomains increased with temperature and were
distorted by the stress due to surrounding martensite regions.

(3) Contrary to the common belief that austenite is the high-temperature phase
in SMAs and that heating results in martensite—austenite transformation,
the original austenite in the partially transformed material transformed to
martensite upon heating under fixed elongation (strain). This unexpected
phase transformation can be explained by stress rate-dependent phenomena
associated with austenite/martensite interfaces and martensite variant
boundaries.

(4) Twinned and detwinned martensites coexist during stress-induced martensite
transformation, and twinning or detwinning occurs to accommodate changes
in stress and strain in the temperature-varying environment.
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