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Many polycrystalline shape memory alloys, e.g., Co-Ni-Al, Cu-Zn-Al, and Cu-Al-Ni, undergo intergranular
fracture. To improve their transformation ductility, we perform Grain Boundary Engineering and stimulate the
precipitation of a ductile second phase, which is a face-centered-cubic solid solution, along grain boundaries,
by tailoring composition and thermal processing. Orientation imaging confirms precipitation along grain bound-
aries and unimpeded martensite growth toward grain boundary precipitates. Differential Scanning Calorimetry
confirms reversible martensitic transformations in these dual-phase samples. These precipitates can accommo-
date transformation strain, relieve constraint in adjacent austenite grains, and arrest cracks by extensive plastic
deformation, thereby improving transformation ductility and shape memory effects.

© 2016 Elsevier Ltd. All rights reserved.

Shape Memory Alloys (SMAs), due to their ability to undergo revers-
ible martensitic transformations and recover large strains, are promis-
ing for many applications such as actuation [1,2], energy conversion
[3,4], damping [1,5], and sensing [6,7]. Ni-Ti SMAs are known for their
excellent shape memory properties and transformation ductility even
in polycrystalline forms (possibly due to their particular transformation
crystallography and grain texture [8]), but they are relatively expensive
and have only moderate fatigue properties [9]. Many other SMAs, such
as Cu-Zn-Al [10,11], Cu-AI-Ni [12], Co-Ni-Al [13-15], Co-Ni-Ga [16],
and Ni-Mn-Ga [17], have excellent shape memory properties when
they are single crystalline. However, they are typically brittle and
prone to intergranular fracture in polycrystalline forms. The transforma-
tion shear occurs in different directions in different grains during stress-
induced martensitic transformation, resulting in stress concentration at
grain boundaries and subsequently fracture along them.

Efforts have been attempted for improving the ductility of these
polycrystalline SMAs and typically involve manipulating the grain size.
For example, grain refinement, achieved by adding elements such as
Zr, Ti, B, V, Cr [18], Gd [19], has been utilized in polycrystalline SMAs
such as Ni-Mn-Ga [19], Cu-Zn-Al [18,20], Cu-Al-Ni [21], and Cu-Al-
Ni-Ti [22], as finer grains provide better strain accommodation (for ex-
ample, they alter the fracture mode from intergranular to mostly ductile
transgranular during fracture impact test [18,21]). On the other hand,
excellent shape memory and transformation ductility have been
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achieved in oligocrystalline SMAs such as bamboo-grain-structured
microwires [23-25], where triple junctions are eliminated, grain bound-
ary area is minimized, and surface relaxation is significant, reducing
strain incompatibility at grain boundaries [26]. However, for both
oligocrystalline and bulk polycrystalline SMAs, it is still highly desirable
and in many cases necessary to increase the resistance to fracture in
grain boundary regions during stress-induced transformations for prac-
tical use.

In this paper, we demonstrate a Grain Boundary Engineering (GBE)
approach for several typical brittle polycrystalline SMAs, including
Co-Ni-Al, Cu-Zn-Al, and Cu-AI-Ni systems, which have different crys-
tallographic transformation pathways and thermomechanical proper-
ties. Moreover, Co-Ni-Al and Cu-Al-Ni are promising inexpensive
candidates for high temperature SMAs. In the phase diagrams for
these and many other SMA systems (see Fig. 2), the austenite regime
is bordered by a dual-phase regime comprised of austenite and a solid
solution phase with a Face-Centered-Cubic (FCC) crystal structure. The
present GBE approach involves precipitation of a thin layer of the non-
transforming, ductile FCC solid solution phase along grain boundaries
in the austenite phase, as illustrated in Fig. 1(b). Compared to GBE
methods that involve thermomechanical processing [27], the present
grain boundary phase engineering approach is straightforward to imple-
ment and is scalable at a low cost. It is applicable to bulk polycrystals as
well as wires, ribbons and sheets, and porous SMAs.

The addition of an FCC solid solution second phase to extremely brit-
tle single-phase polycrystalline SMAs has been found to significantly
improve ductility [28-32]. This is evident in Fig. 1(e) and (f), which
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(a) Single-phase sample

(b) GBE dual-phase sample
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Fig. 1. (Color online) Schematic comparisons between single-phase SMAs (a, ¢) and grain boundary engineered (GBE) dual-phase samples where a thin layer of an FCC solid solution phase
(in blue) precipitates along grain boundaries (b, d). During formation of martensite (in dark gray), cracks may propagate along grain boundaries in single-phase samples (c), but may be
arrested by ductile precipitates at grain boundaries (d). Literature results for polycrystalline SMAs initially in martensitic and austenitic state are assembled in (e) and (f), respectively.
Single phase data (open symbols) are enclosed by dashed blue lines, and include Cu-Al [54], Cu-Al-Ni [33,54-56], Cu-Al-Ni-Ti-Cr [54], Cu-Al-Be-B [57], Co-Ni-Ga [51], and Ni-Mn~-
Ga [31]. Non-GBE dual-phase data (filled symbols) include Co-Ni-Al [28,32,58], Co-Ni-Ga [51], Ni-Al-Fe [28,35], Ni-Al-Cr [28], Ni-Mn-Ga and Ni-Mn-Fe-Ga [31], Ni-Mn-Cu-Ga
[59], Ni-Mn-Co-Ga [60], Ni-Mn-Fe-In [61], and Fe-Mn-Al-Ni [29]. The FCC solid-solution second-phase fraction, if known, is also provided.

summarize literature data for fracture stress and fracture strain of
polycrystalline SMAs initially in martensitic and austenitic state, respec-
tively. In Fig. 1(e-f), data for dual-phase SMAs containing an FCC solid
solution phase are shown as filled symbols; there is some spread in
data due to different alloys and compositions, testing temperatures
(mostly at room temperature) with respect to transformation tempera-
tures, and second phase fractions. When the matrix is initially martens-
itic, martensite variant reorientation and conversion occurs at low loads
[33,34] while at high loads dislocation plasticity might take place [34].In
Fig. 1(e), the fracture strain for single-phase samples was mostly below
10%, but was as high as 50% in dual-phase samples. However, testing
SMAs that are initially austenitic and undergo martensitic transforma-
tion upon loading beyond a critical stress is more relevant to applica-
tions. In most brittle single-phase polycrystalline samples, fracture
occurs before the transformation is complete. In Fig. 1(f), the majority
of single-phase data is clustered around 2.5-4.5% fracture strain while
dual-phase values are mostly 5-30%. However, in these prior studies,
the materials are non-GBE dual-phase SMAs, i.e., the precipitation was
not intentionally controlled along grain boundaries and a high fraction
of precipitates were present throughout the grains. While grain interior
precipitates significantly improve alloy ductility, they replace
transforming material and may interfere with reversible transforma-
tion, reducing the overall recoverable strain and impeding strain recov-
ery. In GBE dual-phase samples as illustrated in Fig. 1(b), however,
precipitation of the second phase occurs primarily along grain bound-
aries. This has an optimal effect on ductility because the second phase
can cushion grain boundaries, which are the weak links, as they are
stressed [28,35]; the formation of a network of thin intergranular pre-
cipitates requires a very small volume fraction of precipitates compared
to non-GBE dual-phase materials, minimizing the effect on martensitic
transformation inside grains. We tailor alloy composition and thermal
treatment sequence, temperature, and duration to promote grain
boundary precipitation and control the fraction and morphology of
the precipitates in Co-Ni-Al, Cu-Zn-Al, and Cu-AI-Ni polycrystalline
SMAs [36].

Cast ingots of CO45.46Ni39.40A115_14 wt.% and CU702H25A14 wt.% were
prepared by arc melting and casting in a copper chill mold in high purity
argon and CuggAl;1Ni3 wt.% was purchased from American Elements.
These alloy compositions are marked as a red dot in Fig. 2(b), (d), and
(f), respectively; they all lie inside the austenite plus solid solution
dual-phase regime in each of these isothermal phase diagrams. Thermal
treatments were carried out in argon with 1% hydrogen, at relatively
high temperatures within the temperature range where two-phase
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Fig. 2. (Color online) (a) Co-Al phase diagram [62]; (b) A Co-Ni-Al isothermal section
[30]; (c) Cu-Zn-Al phase diagram at 4 wt.% Al [63] with 26 wt.% Zn shown as a dashed
red line; (d) A Cu-Zn-Al isothermal section [64]; (e) Cu-Al-Ni phase diagram at 3 wt.%
Ni [41] with 11 wt.% Al shown as a dashed red line; (f) A Cu-Al-Ni isothermal section
[64]. The compositions of present alloys are shown as red dots in (b), (d), and (f).
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equilibrium exists in order to promote precipitate growth along grain
boundaries. Relatively low thermal treatment temperatures lead to nu-
cleation of a large number of precipitates within grains and slow precip-
itate growth, producing numerous small precipitates inside grains. On
the contrary, at higher thermal treatment temperatures, nucleation of
the second phase is difficult and usually nuclei preferentially form het-
erogeneously at grain boundaries, and this also results in less precipita-
tion inside grains. Treatments limited to a few hours or less are more
desirable because longer holding periods tend to result in significant
precipitate growth and large precipitates, although precipitate continu-
ity is usually also improved as a result. Subsequently, samples were
quenched in ice water, mounted in epoxy, and polished. Optical imaging
was conducted with a LECO Olympus PMG-3 microscope. Orientation
mapping was carried out using a Carl Zeiss Ultra 1540 Scanning Electron
Microscope equipped with a NordlysNano Electron Backscatter
Diffraction (EBSD) detector. A Differential Scanning Calorimeter
(TA instruments DSC-Q100) was used to measure transformation
temperatures.

The phase diagram for Co-Al is shown in Fig. 2(a); to the right of
the austenite 3 phase region lies a dual-phase regime where 3 coex-
ists with an FCC solid solution phase 7. Ni-Al has a quite similar
phase diagram, and therefore in the Co-Ni-Al system, the p + vy
region encompasses a wide range of temperatures [28,30,37] and
compositions, as can be seen in the isothermal phase diagram in
Fig. 2(b). Increasing Al content at a given temperature in the dual-
phase regime will result in a smaller fraction of -y forming; composi-
tions similar to the one selected for this study yield relatively low -y
phase fraction. The microstructures shown in Fig. 3(a-b) result
from holding the sample at 1375 °C (single 3 phase region) for
1.5 h, followed by relatively slow ramping at 0.9-1.1 °C/min to
1275 °C, a dwell period of 0-20 min, and quenching. The minor dif-
ference in the ramp down rate and dwell period did not produce a
significant difference in the resulting microstructures, although precip-
itate continuity seems slightly greater in Fig. 3(a) compared to Fig. 3(b).
Such heat treatments promoted vy precipitate growth along grain
boundaries without significant nucleation of precipitates inside austen-
ite grains. y formed a nearly continuous layer along many grain bound-
aries (such as those indicated by the red arrows in Fig. 3(a-b)). Even at
grain boundaries where 7y precipitates are not continuous (e.g., those
indicated by the green arrows in Fig. 3(a-b)), they can still effectively
impede intergranular crack propagation and prevent avalanche-like
failure.

In the Cu-Zn-Al system, an FCC Cu-based solid solution phase, ,
can coexist with austenite (3 (D05 [38], B2 [38,39] or L1, structure de-
pending on composition and thermal processing [40]), as can be seen
in a vertical section at 4 wt.% Al of the Cu-Zn-Al phase diagram
in Fig. 2(c), where the chosen alloy composition is shown as the
red dashed line. For this composition, oc and 3 coexists between
~400-780 °C. The volume fraction of « in equilibrium with [ increases
with decreasing temperature, and therefore dwell temperatures of
600-700 °C were selected so that a relatively low fraction of o forms
during thermal treatment. Fig. 3(c) and (d) show microstructures
from samples heat treated at 615 °C and 640 °C for 4-4.5 h, showing
semi-continuous or nearly continuous o precipitates forming a layer
along grain boundaries. There are fewer small precipitates formed in-
side grains in Fig. 3(d) as compared to Fig. 3(c) due to the higher heat
treatment temperature, and the thickness of precipitates along grain
boundaries in Fig. 3(d) is fairly constant.

Cu-Al-Ni alloys with 11-15 wt.% Al and 3-5 wt.% Ni typically exhibit
shape memory behavior [41,42]. Fig. 2(e) is a vertical section at 3 wt.%
Ni of Cu-Al-Ni phase diagram. The present alloy composition is
shown as a red dashed line in Fig. 2(e) and as a red dot in Fig. 2(f), an
isothermal phase diagram of Cu-Al-Ni. An FCC solid solution phase, .,
is in equilibrium with austenite (3 from ~575 to 1050 °C, and for the cho-
sen composition, the range reduces to ~650-800 °C. A thermal treat-
ment temperature of 725 °C is chosen as it leads to a relatively small
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Fig. 3. (Color online) (a-b) Co-Ni-Al samples; (c-d) Cu-Zn-Al samples; (e-f) Cu-Al-Ni
samples; (g) DSC curve for Co-Ni-Al sample in (a); (h) DSC curve for Cu-Zn-Al sample
in (c).

fraction of o but still results in sufficient precipitate nucleation and
growth along grain boundaries. A thermal treatment including holding
at 725 °C for 8 h resulted in continuous « of even thickness along
grain boundaries (Fig. 3(e)). Reducing the dwell period to 4.5 h resulted
in considerably smaller (thinner) precipitates everywhere (Fig. 3(f))
than in Fig. 3(e), but the continuity of precipitates along grain
boundaries is preserved. Precipitates inside grains in Fig. 3(c-d) seem
elongated, and in Fig. 3(e-f), some are needle shaped, possibly due to
the high elastic anisotropy of Cu-based alloys [43].

Differential Scanning Calorimetry (DSC) results for GBE samples of
Co-Ni-Al (Fig. 3(g)) and Cu-Zn-Al (Fig. 3(h)) reveal reversible mar-
tensitic transformations in both samples, as evidenced by peaks in
cooling and heating curves. The transformation temperatures for our
Cu-Al-Ni alloys are expected to be outside the operating temperature
range of the instrument used [44], but martensite needles are visible in-
side all grains in Fig. 3(e-f). These results suggest that the presence of
the non-transforming second phase does not compromise martensitic
transformation or the reversibility of the transformation.

Fig. 4 compares crystallographic orientation maps and phase
maps for three regions in a Co-Ni-Al sample. This comparison confirms
that y precipitates indeed primarily form along grain boundaries and
can stretch continuously for 50-100 pum. In these regions, grain bound-
aries are found to have general character, and little precipitation has oc-
curred inside grains. In Region 1, shown in Fig. 4(a-b), two different
variants of martensite in each grain extend all the way to the grain
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Fig. 4. (Color online) (a, ¢, e) Orientation maps and (b, d, f) the corresponding phase maps (both
overlaid with band contrast maps) for three regions in the Co-Ni-Al sample shown in Fig. 3(a).
The EBSD scan step size was 0.20, 044, and 0.36 pm for regions 1-3 respectively.

boundary, along which oblong, nearly-continuous vy precipitates formed
(Fig. 4(b)). It is possible that precipitation of vy particles along grain
boundaries and their subsequent growth at the high holding tempera-
ture has impeded grain boundary migration during grain growth, lead-
ing to the rather curved grain boundary and further hindering
intergranular crack propagation. In Region 2 shown in Fig. 4(c-d), the
triple junction of three grains shows a partly bare grain boundary and
nearly continuous vy precipitates decorating the other two grain bound-
aries. In Region 3 shown in Fig. 4(e-f), nearly continuous precipitates
decorate the horizontal grain boundary, while at the top left a second
grain boundary partially decorated with <y is visible. In all regions,
martensite plates seem able to remain straight toward <y, which
suggests transformation can take place in austenite volume directly
adjacent to .

In summary, the present GBE approach is promising to drastically
improve the transformation ductility of many polycrystalline SMAs. In
single-phase polycrystalline SMAs (Fig. 1(a)), bare triple junctions and
grain boundaries are prone to crack nucleation and propagation during
martensitic transformation due to strain mismatch and stress concen-
tration in these regions. This is illustrated in Fig. 1(c), which shows a
crack forming at a triple junction and propagating along adjoining
grain boundaries. In the GBE dual-phase samples, however, the FCC
solid solution phase (in blue in Fig. 1(b)) precipitated at grain bound-
aries can accommodate transformation strain in adjacent austenite
grains by extensive plastic deformation, relieving local stress concentra-
tion and reducing the probability of crack nucleation at grain bound-
aries. Furthermore, as illustrated in Fig. 1(d), even if an intergranular
crack forms, for example, at a bare grain boundary segment, and
attempts to grow along a grain boundary, a ductile solid solution precip-
itate ahead of the crack tip will form a significant plastic zone, effectively
increasing the energy barrier for crack growth.

Although it may seem counter-intuitive, in small additions, ductile
non-shape-memory precipitates do not impair shape memory effect
(SME) or superelasticity [45-52]. Rather, our nanoindentation experi-
ments revealed that austenite regions directly adjacent to precipitates
show better strain recovery than austenite regions without precipitates

nearby [53]. This is because the second phase plastically accommodates
transformation strain. It imposes little constraint on transforming
austenite and therefore allows for more extensive transformation due
to a lower energy barrier. Precipitates along grain boundaries could alle-
viate grain boundary constraint and enhance local strain compatibility,
lowering the critical stress for transformation and enhancing strain
recovery and superelasticity of polycrystalline SMAs. Higher shape re-
covery is observed in an SMA where precipitates form a thin network
along grain boundaries as compared to blocky morphologies of precipi-
tates [45]. Moreover, the strength of polycrystalline SMAs will not be
compromised because austenite/precipitate phase boundaries also
offer strengthening. Our future work will focus on conducting mechan-
ical tests of GBE samples and optimizing grain boundary precipitation
and grain structure simultaneously.
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