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ABSTRACT

Results are presented reporting on the martensite domain variant selection and stress-induced martensite
morphology in [001]-oriented superelastic Co49Niy;Gasy shape memory alloy (SMA) single crystals under
tensile load. In situ neutron diffraction, as well as in situ optical- and confocal laser scanning microscopy
were conducted focusing on three differently treated samples, i.e. in the as-grown, solution-annealed and
aged condition. An aging treatment performed at 350 °C promotes the precipitation of nanoprecipitates.
These second phase precipitates contribute to an increase of the number of habit plane interfaces, while
reducing lamellar martensite plate thickness compared to the as-grown and solution-annealed (precip-
itate free) samples. During tensile loading, all samples show a stress-induced formation of martensite,
characterized by one single domain variant (“detwinned”) and one set of parallel habit planes in a shear
band. The results clearly show that y’ nanoprecipitates do not necessarily promote multi-variant interac-
tion during tensile loading. Thus, reduced recoverability in Co-Ni-Ga SMAs upon aging cannot be solely

attributed to this kind of interaction as has been proposed in literature so far.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since decades considerable efforts have been spent on the de-
velopment of novel shape memory alloys (SMAs) and, specifi-
cally, high-temperature shape memory alloys (HT-SMAs) for nu-
merous envisaged applications, e.g. as actuators and damping de-
vices in various industries [1-3]. The unique functional proper-
ties of SMAs, i.e. shape memory effect (SME) and superelasticity
(SE), rely on a fully reversible thermoelastic transformation from
an austenitic high-temperature parent phase to a martensitic low-
temperature product phase. Key criteria for high-temperature ap-
plicability above 100 °C are long term microstructural and func-
tional stability and high resistance against plastic deformation
[2,3]. Currently, the most widely employed SMA is binary Ni-Ti
(also referred to as Nitinol, NiTi), characterized by excellent func-
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tional properties and good biocompatibility [1,3-6]. However, the
operation of NiTi is limited to about 75 °C, due to thermal insta-
bilities and slip deformation at higher temperatures [5,7]. In this
regard, precipitation hardening has been applied to reduce plas-
tic deformation and improve functional properties. Additionally,
ternary Ni-Ti-X alloys (X = Zr, Hf, Au, Pt, Pd) have been designed to
increase the transformation temperatures [3-5]|. However, the de-
mand for high amounts of noble metals (Au, Pt, Pd) is associated
with high production costs. Currently, Ni-Ti-Hf HT-SMAs impart re-
markable functional properties exceeding transformation temper-
atures of 400 °C [5]. However, alloying NiTi with refractory ele-
ments (Zr, Hf) causes limited workability due to pronounced brit-
tleness. Thus, alternative alloy systems such as Cu-based, Ti-Ta-
based and Ni-Al have been introduced as possible HT-SMA can-
didates [3]. Unfortunately, several drawbacks limit their commer-
cial use in high-temperature applications. In particular, thermal in-
stabilities and activation of slip remain challenging eventually pro-
moting functional degradation impeding the transformation recov-
erability [3,5,8].
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In a series of studies, Heusler-type Co-Ni-Ga SMAs turned out
to be promising alternatives for applications at elevated tem-
peratures due to improved formability by controlled ductile y-
phase formation (disordered fcc) within the B-phase matrix and
relatively inexpensive alloying elements [9-11]. A large SE re-
sponse with a fully reversible stress-induced martensitic transfor-
mation up to 500 °C and excellent long-term cyclic stability with-
out any kind of functional degradation up to 100 °C have been
shown in single crystalline material [12,13] qualifying Co-Ni-Ga
for high-temperature damping. In addition, appropriate heat treat-
ment procedures have been shown to open up new possibilities
for actuator applications at elevated temperatures by aging in the
stress-induced martensite (SIM) phase, referred to as SIM-aging.
As pointed out by [14,15] SIM-aging brought an increase of the
transformation temperatures by about 150 °C as well as a fully
reversible martensitic transformation upon thermo-mechanical cy-
cling. As dislocation slip is suppressed in the {110} (001) slip sys-
tem, most of the work on Co-Ni-Ga focused on single crystals in
[001] orientation in order to study the fundamental mechanisms
in this alloy system. Co-Ni-Ga single crystals in [001] orientation
reveal large maximum SE strains of —4.6 and 8.6% in compression
and tension, respectively, as well as excellent functional properties
as compared to single crystals of other orientations or polycrys-
tals [15-20]. In particular, polycrystalline Co-Ni-Ga alloys, which
are crucially needed for the envisaged applications, often suffer
from intergranular fracture upon thermomechanical processing and
loading due to the pronounced anisotropic transformation behav-
ior [16,20,21]. However, substantial progress has been made very
recently in terms of both the establishment of robust process-
ing routes and functional performance. Via hot extrusion [22,23]
and additive manufacturing [24,25] microstructures characterized
by minimal grain constraints have been introduced featuring high
damage tolerance and good functional properties.

Beside segregation of the ductile y-phase, in Co-Ni-Ga SMAs
nanometric y’ precipitates (ordered fcc with L1, structure) can
be introduced in the austenitic S-phase with intermediate-
temperature aging treatments. Precipitation-hardening is a com-
mon approach in SMA systems to improve the functional prop-
erties at elevated temperatures, in particular, to obtain high-
temperature SE, since the strength of the austenitic matrix is in-
creased, eventually hampering plastic deformation and dislocation
slip [3,6,8]. As pointed out by [11,26-30], ¥’ precipitates are effec-
tive in order to increase the hardness of the austenite and strongly
affect the functional properties with respect to SME and SE in
Co-Ni-Ga SMAs. However, the martensitic microstructure is sub-
stantially modified by the presence and morphology (spheroidal
or elongated) of the y’ precipitates [28,30]. For instance, a no-
table twin-thickness reduction in thermally induced martensite
has been observed with increasing particle size. This was related
to both, pronounced elastic energy accumulation and difficulties
in accommodating the transformation strain around the irregular
stress fields of the non-transforming )’ precipitates [27]. As a con-
sequence, martensite formation only took place in between large
elongated y’ precipitates. Here, martensite concomitantly showed
internal micromodulations (nano-twinning), finally causing infe-
rior functional properties (reduction of transformation tempera-
tures and strains, increase of transformation hysteresis) in relation
to a condition featuring smaller (spheroidal) ¢’ precipitates [27,28].
Furthermore, oriented y’ precipitates with elongated shape (as a
result of an aging treatment under superimposed stress) turned
out to suppress nano-twinning and improve the accommodation
of martensite compared to conditions with non-oriented y’ pre-
cipitates [28]. In a recent paper [29], the authors demonstrated
that spheroidal y’ precipitates stimulate the evolution of a com-
plex multi-variant microstructure of the stress-induced marten-
site under compressive loading. In contrast to a single, inter-
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nally twinned martensite structure being present in both, as-grown
[31] and solution-annealed [29] (precipitate-free) [001]-oriented
single crystals, the coherency stress fields existing around the y’
precipitates were assumed to strongly promote the formation of
further martensite variants upon stress-induced martensitic trans-
formation under compression [29]. In particular, heat treatments
(aging time and temperature) strongly affect the cyclic degradation
resistance in [001]-oriented Co-Ni-Ga single crystals under com-
pression loading. As pointed out by [30] large precipitates promote
irreversibility, while small spheroidal precipitates with sizes up to
10 nm are associated with excellent functional stability.

In [001]-oriented Co-Ni-Ga single crystals under tensile load-
ing the formation of a multi-variant microstructure is supposed to
be suppressed as pointed out by theoretical calculations [17] and
experimental results [13,19,31]. However, up to now, no stud-
ies are available discussing the role of the morphology and vari-
ant selection of stress-induced martensite under tensile loading.
Thus, in the present study microstructural analysis has been con-
ducted using in situ optical microscopy (OM) as well as in situ
neutron diffraction at different stages of SE experiments. Neu-
tron diffraction is a valuable method for phase quantification and
assessment of structural information from bulk samples, since
neutrons exhibit a large penetration depth [29,33-35]. Focusing
on [001]-oriented Co-Ni-Ga single crystals in solution-annealed,
precipitation-hardened and as-grown (being the most studied state
in literature) [13,16,31,32,34-38] condition, a thorough under-
standing of the stress-induced martensitic transformation is es-
tablished. This, in turn, will contribute to a solid understanding
of the complex interrelationships between microstructure, marten-
sitic transformation (MT) and functional properties in Heusler-type
Co-Ni-Ga alloys and other SMAs being characterized by similar
characteristics.

2. Experimental
2.1. Sample preparation

Large single crystals with a nominal composition of
CoggNiy Gasg (at%) were grown using the Bridgeman technique
in a helium environment. Flat dog-bone tensile samples with a
gauge length of 18 mm and a cross section of 1.5 x 1.5 mm?> were
obtained by electro-discharge machining (EDM) from the bulk
single crystals such that the loading axis was parallel to the [001]
crystal direction of the austenitic phase. All samples were mechan-
ically ground in order to remove the EDM affected surface layer.
Tensile samples were tested in as-grown, solution-annealed and
aged condition. In order to obtain a single-phase condition free of
any secondary phases [27-29], solution-annealing was conducted
in quartz glass tubes under argon atmosphere at 1200 °C for
12 h followed by breaking of the quartz tubes and air cooling to
room temperature. Aging of the solution-annealed sample to form
nanometric y’ precipitates (~ 5 nm size) with spheroidal shape
[29] was performed at 350 °C for 1 h under ambient atmosphere.

2.2. In situ optical microscopy (OM)

Quasi-static uniaxial tensile experiments were performed at
100 °C at a nominal strain rate of 10~3 s~! on a servohydraulic
load frame in displacement control with a fixed nominal strain of
11% upon loading and a minimum stress of 50 N for unloading. The
SE response of Co4gNiy;Gazg single crystals was evaluated in sin-
gle cycle tensile tests. Nominal strain was calculated from displace-
ment data. The selected test temperature of 100 °C ensured a fully
austenitic state for all sample conditions prior to SE testing allow-
ing for meaningful comparison with data of previous work [29]. In
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Fig. 1. Schematic view of the rotatable tensile rig in the horizontal set-up. The ori-
entation between the incident beam and the load axis is given by the angles @ and
x (modified after [41]).

situ OM analysis of the transforming samples was conducted at se-
lected load stages of the SE stress-strain hysteresis to characterize
SIM morphology. In addition to the mechanical grinding using sili-
con carbide down to 5 pm grit size, the side surfaces being inves-
tigated were mechanically polished using a colloidal SiO, polish-
ing suspension with 0.02 pm particle size. Grinding and polishing
were performed in the austenitic condition. Surface images were
collected within a representative area using a digital microscope.
Furthermore, high resolution confocal laser scanning microscopy
(CLSM) was employed on the aged sample using a higher magnifi-
cation to assess SIM morphology. The CLSM equipped with a 408
nm violet laser has a maximum axial and lateral resolution of 10
nm and 120 nm, respectively.

2.3. In situ neutron diffraction

In situ neutron diffraction focusing on a tensile sample in the
as-grown condition was carried out under the same conditions
as in case of the in situ OM experiments using the STRESS-SPEC
diffractometer at FRMII, Munich. In situ neutron diffraction was
carried out to assess SIM domain variant selection at selected and
pre-defined load levels of the SE stress-strain curve. Diffraction
patterns were recorded at a scattering angle of 20 = 56° using
a wavelength of 1.352 A. The orientation of the load axis with re-
spect to the incident beam was x = 0° (load axis vertical to the
scattering plane) and x = 90° (load axis in the scattering plane,
Fig. 1). At each loading stage, rocking scan measurements were
performed in 0.1° steps at a fixed w-orientation (orientation of the
main sample table with respect to the incident beam) around w
+ 1.5° (10 s data collection for each step). The software package
Stress Texture Calculator (SteCa) was used for data extraction [39].
The method applied for analysis is based on a single peak fitting
routine to extract peak positions and integral intensities. For fur-
ther details on the setup of STRESS-SPEC the reader is referred to
[40,41].

In addition, in situ neutron diffraction was carried out using the
single crystal diffractometer SXD at ISIS neutron source, Ruther-
ford Appleton Laboratory, Oxfordshire. Uniaxial tensile tests were
performed focusing on the solution-annealed and the subsequently
aged sample (i.e. the same sample before and after aging) under
the same conditions as in the in situ OM experiments. Diffraction
patterns were recorded on six equatorial detectors for each pre-
defined load level in the austenitic and martensitic state for 30 and
90 min, respectively. Diffraction data were indexed and integrated
using the software package SXD2001 [42]. The refinement of the
identified Bragg peak positions relies on optimization of the match
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between observed and calculated peak positions. Then, peak inten-
sities are determined based on the refined peak positions using a
single peak fitting routine as a function of time-of-flight. For fur-
ther details on the setup of SXD, the reader is referred to [42]. In
addition, consecutive steps of data analysis are detailed in the Sup-
plementary Material.

3. Results

In previous investigations [28-30], the SE response of
CoygNiy Gasg single crystals containing nanometric y’ precipi-
tates showed a significantly increased stress hysteresis width (Ao,
as defined in the inset in Fig. 2) compared to solution-annealed
and as-grown material [32] in compression. The increased stress-
hysteresis was rationalized based on the increased frictional
energy impeding habit plane motion when y’ precipitates are
present [29,30]. The open question remained whether this fric-
tion is caused by (i) triggering of microstructures with multiple
domains and multiple orientations of habit planes by the y’
precipitates as observed under compression [29] or (ii) direct in-
teraction of y’ precipitates with the moving austenite-martensite
phase boundary. To tackle this prevailing research gap, in the
present work in situ experiments using neutron diffraction and
optical microscopy were performed focusing on the SE response of
CoygNiy Gazg single crystals under tensile loads for three material
states (Fig. 2): a) as-grown, b) solution-annealed and c) aged, i.e.
only the latter containing well-defined y’ precipitates.

3.1. Co-Ni-Ga (as-grown)

Fig. 2a shows the single cycle tensile SE response at 100 °C of
the [001]-oriented Co4gNiy;Gazg single crystalline sample in the
as-grown condition. The stress-strain curve is characterized by a
narrow stress hysteresis Ao of 11 MPa, a low critical stress for the
onset of stress-induced martensitic transformation o of about
140 MPa and a plateau-type character. This excellent SE behavior
with a fully reversible MT is in good agreement with data already
reported for as-grown Co4gNiy; Gasg single crystals [13].

Fig. 3a shows diffraction patterns for the as-grown tensile sam-
ple collected at nine load stages on the stress-plateau (region II),
where the load axis was oriented vertical and perpendicular to
the scattering plane (x = 0°). For the sake of brevity, only diffrac-
tion data for four out of nine diffraction patterns are displayed for
the forward transformation. The experiment in x = 0° orientation
was performed in the range of 2.5 to 9.3% strain. As revealed by
the diffraction pattern (Fig. 3a), a single martensite domain vari-
ant V3 (Bain-correspondent variant BCV3 out of the three possi-
ble BCVs, see Fig. 3c and text below) is formed at the beginning
of the stress-plateau at 2.8% strain. The corresponding diffraction
peak in region II arises from the (200) lattice plane of domain vari-
ant V3. Upon further loading to 8.5% strain the volume fractions of
austenitic and martensitic phase decreased and increased, respec-
tively, as can be deduced from the peak intensities in Fig. 3a. At
the end of the stress-strain plateau, i.e. at 9.3% macroscopically ap-
plied tensile strain, the volume fraction of austenite and SIM is O
and 100%, respectively. Furthermore, with the load axis oriented
in the scattering plane (x = 90°), diffraction patterns were col-
lected at seven load stages during the forward transformation in
the elastic austenite region I (not shown) and another seven load
stages up to 11% strain in the elastic martensite region III (Fig. 3b).
The diffraction patterns (Fig. 3b) reveal the presence of the sin-
gle martensite domain variant (002) V3 throughout region III as
well. The corresponding diffraction peaks in region III arise from
the (002) lattice plane of domain variant V3. Furthermore, con-
stant diffraction intensities from the (002) lattice plane indicate a
constant volume fraction of this single martensite domain variant
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Fig. 2. Superelastic stress-strain responses under tensile load at 100 °C of [001]-oriented Cos9Niy; Gasg single crystals in the as-grown (a), solution-annealed (b) and aged (c)
condition. The stress hysteresis, Ao, was measured at half of the applied nominal strain amplitude Ag/2. o is the critical transformation stress level for the onset of stress-
induced forward transformation. The elastic austenite region, stress-plateau and elastic martensite region are referred to as region I, region II and region III, respectively. The
red dots highlight the load levels considered for assessment of the experimental results of neutron diffraction data. The blue and purple rectangles indicate where optical
and confocal micrographs, respectively, were taken. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(highlighted by the inset depicting data for three out of seven load
stages in Fig. 3b).

Fig. 3¢ schematically highlights the formation of a correspon-
dent variant pair (CVP) based on the Bain-correspondence vari-
ants (BCVs). In the cubic to tetragonal transformation three pos-
sible Bain-correspondence variants BCV;, BCV, and BCV3; (BCV,
is not shown) evolve, each with the four-fold axis (c-axis) along
one of the cubic austenite axes. Martensite domain variant orien-
tations are derived from the stress-free intergrowth of two BCVs.
This necessitates a rotation of the domain variants in relation
to the initial orientation of the BCVs. Correspondingly, twinning
of the pairs BCV3/BCV,, BCV3/BCV; and BCV,/BCV; is possible
along a stress-free twin plane of the type {110}. In the present
case, the corresponding domain variants V, and V3 shown in
Fig. 3c form a CVP. The occurrence of twinned martensite would
be revealed by the appearance of two pairs of Bragg-peaks on
the corresponding diffraction patterns, i.e. (200)V3/(002)V, and
(200)V,/(002)V3 with the load axis vertical to the scattering plane
(x = 0°) and in the scattering plane (x = 90°), respectively
(Fig. 3c). Thus, in case of twinned martensite additional diffrac-
tion signals would have been detected from (002)V, and (200)V,
lattice planes at 20 = 50.5° (Fig. 3a) and 20 = 59.5° (Fig. 3b),
respectively. However, the obtained diffraction patterns do not
indicate such additional domain variants on the stress-plateau
(Fig. 3a) and in the elastic martensite region (Fig. 3b). Hence,
fully detwinned SIM was observed up to 11% strain comprising
only V3 (BCV3), i.e. BCV; and BCV,, where the extensional c-axis
is oriented perpendicular to the [001] tensile load direction, are
suppressed.

Optical micrographs were recorded at specific load levels of
the stress-strain curve (cf. blue markers in Fig. 2a). Fig. 4 shows
corresponding microstructures of the as-grown [001]-oriented
CoygNiy; Gasg tensile sample, already probed in the neutron diffrac-
tion experiment, at 2.8% (b) and 4.4% (c,d) applied strain dur-
ing forward transformation. The loading direction and reference
austenitic microstructure of the sample recorded prior to mechan-
ical testing in the load free condition are displayed in Fig. 4a. The
forward transformation (Fig. 4b) is characterized by the formation
of a single dominant martensite plate (bottom, V3) and a shear
band with lamellar microstructural features comprising a set of
a few well-defined parallel interface boundaries between the un-
transformed austenite (marked as A in Fig. 4b) and martensite.
The direct interfaces between the austenitic matrix and marten-
site, which can be distinguished by the optical contrast, are known
as habit planes (HP). As revealed by in situ neutron diffraction
(Fig. 3a), the dominant martensite plate and the lamellar marten-
site plates (martensite lamellae) between the arrangement of par-
allel HPs forming a shear band comprise only a single marten-
site domain variant (V3). Upon further loading to 4.4% strain, the
martensitic transformation proceeds with the growth of the domi-
nant martensite plate and the movement of the shear band as de-
picted in Fig. 4c. The SIM morphology is highlighted by the optical
micrograph recorded at higher magnification (Fig. 4d).

3.2. Co-Ni-Ga (solution-annealed)

Fig. 2b shows the tensile SE response at 100 °C of the [001]-
oriented CoygNiy;Gasg single crystalline sample in the solution-
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Fig. 3. In situ neutron diffraction patterns of a [001]-oriented Co49Niy; Gasg single crystal in the as-grown condition indicating the phase state on the stress-plateau (a) and
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in the scattering plane, (b)). The schematic (c) illustrates the formation of a correspondent variant pair (CVP) based on the Bain-correspondence variants (BCVs). The CVP
comprises domain variant V, (dashed rectangle, which is not observed for the present direction of stress) and V3 (bold rectangle).

annealed condition. The SE behavior is characterized by a nar-
row stress hysteresis width Ao of 11 MPa, a low critical trans-
formation stress o of about 110 MPa and a plateau-type char-
acter. These SE characteristics and the fully reversible MT are in
good agreement with data already reported for solution-annealed
Coyg9Niy Gasg single crystals [17,19].

Diffraction data (see chapter 2.3 and the Supplementary Mate-
rial for details on data acquisition and assessment) of the solution-
annealed tensile sample were recorded at nine load levels up to
11% nominal strain (cf. Figs. 2b and 5). For the sake of brevity, only
diffraction data for four out of nine diffraction patterns are dis-
played for the forward transformation. Diffraction intensities show
that the solution-annealed sample only comprises a single domain
variant V3 of SIM on the stress-plateau (region II, 3 and 6% in
Fig. 5) and within the elastic martensite region (region III, 11% in
Fig. 5). As can be deduced from the diffraction intensities, the vol-
ume fraction of the single domain variant V5 is almost 100% at
maximum applied strain.

Beforehand, in situ OM was performed on the same sample
used in the neutron diffraction experiment to assess SIM morphol-
ogy. Note, as the neutron diffraction experiment revealed the for-

mation of one single domain variant during loading and unload-
ing, only one representative optical micrograph is shown for the
forward transformation. Micrographs were recorded at the marked
positions of the stress-strain curve in Fig. 2b for the reference
austenitic microstructure in the unloaded state and at 2.8% strain
upon loading (Fig. 6a and b, respectively). The optical micrograph
of the solution-annealed tensile sample recorded at 2.8% strain re-
veals a single dominant martensite plate consisting of domain vari-
ant V3 and non-transformed austenite A (Fig. 6b). Noteworthy, the
shear band is a region of one well-defined martensite lamella and
a single habit plane (HP).

3.3. Co-Ni-Ga (aged)

Fig. 2c shows the tensile SE response at 100 °C of the [001]-
oriented CoygNiy;Gazg single crystalline sample after aging at
350 °C for 1 h. The segregation of y’ precipitates causes significant
differences in the stress-strain response in comparison to the as-
grown and solution-annealed material states, in particular with re-
spect to Ao. The SE response is characterized by a fully reversible
MT, a plateau-type character and a critical transformation stress
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2.8%, for 4.4%, for

Fig. 4. In situ optical micrographs recorded under tensile load at 100 °C for the
as-grown [001]-oriented CosgNiy;Gasg single crystal (the same sample studied by
neutron diffraction, Fig. 3). Loading direction (for subimages (a) to (c)) is marked in
the upper right corner of (a). The microstructure of the SIM at higher magnification
is depicted in (d) (here loading direction is horizontal). The optical contrasts within
the shear band are due to alternating austenite/martensite lamellae separated by

habit plane (HP) interfaces. A: austenite, V5: martensite, for: forward transforma-
tion.

ocrjc of about 140 MPa. However, the stress hysteresis width Ao
of 35 MPa is considerably increased (by a factor of about 3).

In a previous study [29] it was shown that aging at 350 °C for
1 h leads to the formation of finely dispersed y’ precipitates. How-
ever, it is important to mention that y’ nanoprecipitates are not
detectable using neutron diffraction. This fact is attributed to co-
herently scattering regions of y’ precipitates confined to finite ex-
tensions in the order of 5 nm. This strongly reduces long-range
order over which translational periodicity is present [43]. Conse-
quently, when the three dimensionally periodic atomic structure
is present on a short length scale the precision of TOF is signif-
icantly reduced and does not result in well-defined Bragg peaks.
Accordingly, ¥’ nanoprecipitates are not resolvable via neutron
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Fig. 5. Diffraction intensity as a function of d-spacing obtained at different macro-
scopically applied tensile strains for the [001]-oriented Co49Niy Gasg single crystal
in the solution-annealed condition. Only a single martensite domain variant V3 is
present throughout the whole transformation plateau up to 11% strain.

2.8%, for

Fig. 6. In situ optical micrographs for the solution-annealed [001]-oriented
Coyg9Niy; Gasg single crystal (the same sample investigated by neutron diffraction in
Fig. 5) under tensile load at 100 °C. The micrographs were recorded at the marked
positions of the stress-strain curve in (Fig. 2b) in the unloaded state and at 2.8%
strain upon loading. The loading direction is displayed in the upper right corner of
image (a). A: austenite, V3: martensite, HP: habit plane, for: forward transformation.

diffraction, but are detectable using high-resolution transmission
electron microscopy (HRTEM). The HRTEM image (Fig. 7, recom-
piled from [29]) shows spheroidal y’ precipitates with sizes up to
5 nm. The selected area electron diffraction (SAED) pattern (inset
in Fig. 7) obtained from the [001]g, zone axis reveals sharp and
clear superlattice reflection spots at h+k+I= 2n indicating B2-type
(space group P m -3 m) chemical ordering in the system. In ad-
dition, very weak superlattice spots can be observed in the center
of diffuse streaks connecting the strong Bragg spots of austenite
along {110}, directions in reciprocal space (marked by the white
arrows). The weak superlattice ordering indicates the y’ phase
[27] and is related to an fcc unit cell (space group F m -3 m).
Clearly, the diffuse intensities are stronger towards the center of
the reciprocal lattice than further outside. Thus, we suppose that
the diffuse streaks can be attributed to antiphase domain walls re-
lated to the chemical (i.e. substitutional) order of the y’ phase,
disturbing its long-range lattice periodicity. This is related to the
spheroidal appearance of y’ phase-order clusters in real space.
Diffraction data (see chapter 2.3 and the Supplementary Material
for details on data acquisition and assessment) of the aged ten-
sile sample were recorded at nine load stages up to 11% nominal
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Fig. 7. HRTEM image of y’ precipitates formed after aging at 350 °C for 1 h. The
spheroidal y’ precipitate within the white rectangle has a size of 5 nm. The inset
shows the corresponding SAED pattern with diffuse superlattice reflection spots of
the y’ phase marked by the white arrows (recompiled from [29]).

intensity, [a.u.]

1.3 135 14 145 15 155 1.6
d-spacing [A]

Fig. 8. Diffraction intensity as a function of d-spacing obtained at different macro-
scopically applied tensile strains for the [001]-oriented Co49Niy;Gasp single crystal
in the aged (1 h/350 °C) condition. Only a single martensite domain variant V5 is
present throughout the whole transformation plateau up to 11% strain.

strain (cf. Fig. 2c). For the sake of brevity, again, only diffraction
data for four out of nine diffraction patterns are displayed for the
forward transformation in Fig. 8. As revealed by the diffraction in-
tensities, the aged sample comprises austenite and the single do-
main variant V3 of the SIM on the stress-plateau (region II, 4.3 and
6.5% in Fig. 8) and the elastic martensite region (region III, 11% in
Fig. 8). As can be deduced from the diffraction intensities, the vol-
ume fraction of the single domain variant V3 is almost 100% at
maximum applied strain.

The prevailing phase constitution for the three different mate-
rial states was evaluated using in situ neutron diffraction. A di-
rect comparison of the three different material states is given by
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the lattice parameters (Table 1) which were experimentally de-
termined on the stress-plateau at ~ 6% applied macroscopic ten-
sile strain. They indicate the relative magnitudes of the tetrago-
nal lattice distortion. The spontaneous strain related to the austen-
ite to martensite transition is positive in c-direction and nega-
tive in a-direction, while the c-axis strain is twice as high as the
value of the a-axis strain. The c/a ratio is a measure for the unit
cell tetragonality of the SIM directly obtained from lattice param-
eters. On the stress-plateau at 6 % macroscopic tensile strain in
the aged sample the tetragonality is 1.1, i.e. significantly smaller
than the ca. 1.16 in the as-grown and solution-annealed condi-
tions. Accordingly, the lattice distortion of the single martensite
domain variant at 6 % macroscopic tensile strain is smaller in the
aged sample containing y’ nanoprecipitates compared to the as-
grown and solution-annealed material state. This microscopic find-
ing correlates well with the reduced macroscopic transformation
strain when y’ nanoprecipitates are present. However, the rela-
tively low macroscopic transformation strain is to be attributed not
only to smaller lattice strains, but also to the reduction of trans-
formable volume fraction of the material as the y’ nanoprecipi-
tates are known to not transform upon loading [28]. To further
shed light on the complex interplay between microstructure (lat-
tice strain and nanoprecipitates) and transformation behavior ad-
ditional experiments need to be conducted in follow up studies.

In situ OM was performed on the same sample used in the neu-
tron diffraction experiment beforehand (cf. Fig. 8) to assess the
SIM morphology in the presence of y’ precipitates as illustrated in
Fig. 9. The optical micrographs were recorded at the marked posi-
tions of the stress-strain curve in Fig. 2c, i.e. in the unloaded state,
at 3.6 and at 5.5% applied strain (see Supplementary Material for
further micrographs recorded during reverse transformation). The
shear band of the aged tensile sample is characterized by a reduc-
tion of martensite lamellar thickness and an increased number of
parallel HPs during the forward transformation (Fig. 9b,c) in direct
contrast to the very few well-defined HPs and the single HP seen
in the as-grown and solution-annealed material states, respectively.
The shear band depicted at 5.5% strain is highlighted by the optical
micrograph recorded at higher magnification (Fig. 9d).

However, difficulties in the visualization of the prevailing
martensite lamellae within the shear band are obvious (Fig. 9d).
For clarity, a more detailed analysis of the SIM morphology within
the shear band was conducted by in situ confocal laser scanning
microscopy only in this condition. The micrograph shown in Fig. 10
was recorded at 4.2% strain during the forward transformation. Be-
sides the obvious reduction of martensite lamellar thickness, the
lamellae seem to be slightly distorted (Fig. 10) and they are not
oriented to the same (well-defined) degree compared to the as-
grown condition (cf. Fig. 4d).

4. Discussion

The aim of the present paper is to provide in-depth insights
into the underlying microstructural mechanisms leading to the in-
creased stress hysteresis width of Co49Niy;Gasg single crystals con-
taining nanometric y’ precipitates (~ 5 nm size) as compared to
solution-annealed and as-grown material. Previous investigations
[27-29] concluded that an increased contribution of friction of the
moving austenite-martensite phase boundary is caused by the y’
precipitates. It was assumed that this could be induced by two dif-
ferent reasons: (i) by triggering of microstructures with multiple
domain variants of SIM and multiple orientations of HPs, which
were observed under compressive load, eventually leading to pro-
nounced interfacial (interphase and/or intervariant) interactions;
(ii) by y’ precipitates acting as obstacles to the moving austenite-
martensite phase boundary. In particular, the impact of y’ precip-
itates on SIM morphology and SE response under tensile loading
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Table 1
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Lattice parameters of austenite (B2) and stress-induced martensite (L1y) for Co-Ni-Ga in the as-grown, solution-annealed and aged condition. Lattice parameters were
measured at 100 °C in the unloaded state (austenite) and during forward transformation on the stress-plateau at ~6% applied tensile strain.

Sample state Crystal structure

Lattice parameters (A)

Tetragonality

a b c a=B=y cla
as-grown L1y: tetragonal 2.733(1) 2.733(1) 3.163(3) 90° 1.157(1)
B2: cubic 2.874(4) 90°
solution-annealed L1y: tetragonal 2.738(8) 2.738(8) 3.179(13) 90° 1.161(8)
B2: cubic 2.868(5) 90°
aged (1 h/350 °C) L1o: tetragonal 2.792(6) 2.792(6) 3.072(13) 90° 1.100(7)
B2: cubic 2.873(5) 90°

has not been addressed so far. To provide for novel insights, in situ
techniques, i.e. neutron diffraction, OM and CSLM during isother-
mal single cycle mechanical tests were used to further character-
ize the effect of y’ precipitates in aged samples in comparison to
the solution-annealed reference state, being free of any secondary
phases, and the as-grown condition, which is the most studied ma-
terial state in literature [13,16,31,32,34-38].

Based on theoretical calculations using the energy minimiza-
tion theory [17], the formation of one martensite domain variant
is favored in tension along the [001] axis. Bulk information ob-
tained in the present study by in situ neutron diffraction revealed
one single domain variant of SIM for all three investigated mate-
rial conditions, being perfectly consistent with theory [17]. Thor-
ough diffraction analysis of SIM in the as-grown condition demon-
strated the presence of a single domain variant V5 throughout the
whole stress-plateau (region II, Fig. 3a) and the elastic marten-
site region (region III, Fig. 3b). Furthermore, intensities of domain
variant V3 remained constant within the entire elastic marten-
site region. Accordingly, the formation of alternative twin domains
can be excluded indicating the presence of a fully detwinned mi-
crostructure during the whole transformation cycle. Such stress-
induced martensite transformation (SIMT) behavior is also present
after both solution-annealing and aging for 1 h at 350 °C, i.e. the
thermal treatments conducted have virtually no influence on the
martensite variant selection in [001]-oriented single crystals under
tensile loading.

Interestingly, the presence of nanometric y’ precipitates follow-
ing the aging treatment at 350 °C for 1 h does neither impose mul-
tiple domain variants of SIM nor HPs of multiple orientations with
respect to the loading direction. As can be deduced from diffrac-
tion data shown in Fig. 8, domain variant selection in the aged
[001]-oriented Co4gNiyGasg single crystal does not change up to
the maximum applied tensile strain of 11%. Under tensile load, the
Bain-correspondence variant BCV3 is favored by the external ap-
plied stress, whereas BCV; and BCV, are suppressed. In compres-
sion BCV; and BCV, are favored, while BCV3 is suppressed [35].
Previous work [29,30] focusing on aged Co4gNiy;Gazg under com-
pressive loading demonstrated the occurrence of multiple domain
variants comprising two sets of CVPs formed by BCV; and BCV,.
This phenomenon was attributed to strong coherency stress fields
in the matrix due to the formation of small (spheroidal) y’ pre-
cipitates (cf. Fig. 7). It was derived that due to the stress fields
introduced by the precipitates multi-domain variant microstruc-
tures emerge. This was in contrast to material being free of pre-
cipitates, where only a single internally twinned CVP formed under
compression [29]. The evolution of strong local stress fields in the
matrix due to the formation of small coherent or semi-coherent
TisNig4 precipitates has been already revealed in NiTi SMAs [44].
These local stress fields arise from the mismatch in lattice param-
eters between the Ti3Niy precipitates and the matrix. Eventually,
this promotes locally resolved shear stress on the martensite CVPs

and the generation of preferential nucleation sites for martensite
[44]. A similar behavior was expected for the aged tensile sam-
ple containing small coherent y’ precipitates (~ 5 nm). In tension,
however, the strong local stress fields are not able to promote addi-
tional domain variants, as can be deduced from the corresponding
diffraction pattern (Fig. 8). As a result, the formation of one single
domain variant of martensite is favored under tensile load (despite
the presence of nanometric coherent y’ precipitates), a behavior
being fundamentally different to the compressive stress state [29].

Optical micrographs revealed significant differences in marten-
site morphology, in particular, with respect to the number and
thickness of martensite lamellae in the shear band. In the as-grown
condition the stress-induced phase transformation proceeds by the
propagation of a dominant martensite plate and a shear band com-
posed of martensite lamellae, which are arranged between a set of
a few well-defined parallel HPs (Fig. 4b-d). In this material con-
dition the nucleation of only few well-defined parallel HPs dur-
ing the forward transformation is inferred from chemical inhomo-
geneities acting as preferential nucleation sites [32,45]. In solution-
annealed CoygNiy;Gazg the SIMT from B2 to L1 is led by a domi-
nant martensite plate and a well-defined shear band featuring only
one martensite lamella, i.e. the transformation behavior is char-
acterized by only a single austenite-martensite interface (Fig. 6),
which is characteristic for single crystals with low defect density
[46]. In turn, y’ precipitates with spheroidal shape obtained by an
aging at 350 °C for 1 h (cf. Fig. 7) promote the reduction of the
martensite lamellar thickness and, at the same time, lead to an in-
creased number of HPs. The formation of partially transforming re-
gions in the shear band is characterized by slightly distorted, more
or less parallel HPs during the forward transformation (Fig. 10).
This is in good agreement with the significant refinement of the
martensitic morphology in thermally [27] and SIM (under com-
pression [29]) reported for aged CosgNiy;Gasg single crystals. The
refined microstructure was attributed to the elastic deformation of
the non-transforming )’ precipitates and the surrounding matrix
during MT, eventually leading to an increase in elastic energy ac-
cumulation and, thus, the reduction in martensite twin thickness
[27].

In the present study focusing on tensile loading, the introduc-
tion of nanometric y’ precipitates strongly affects the SIM mor-
phology and, eventually, promotes a substantially different stress-
strain response in relation to the as-grown and solution-annealed
(precipitate-free) material. As can be deduced from the stress-
strain curves in Fig. 2, the stress hysteresis value Ao of 35 MPa
in the aged condition is about 3 times higher than in the solution-
annealed and as-grown conditions both characterized by a Ao of
11 MPa.

Findings can be rationalized based on consideration of well-
known concepts proposed in literature. Commonly, the widening
of the stress hysteresis Ao can be attributed to three general
energy dissipative processes during the martensitic transforma-
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0% 3.6%, for 5.5%, for

Fig. 9. In situ optical micrographs of the aged (1 h/350 °C) [001]-oriented
Cog9Nip Gasp single crystal (the same sample investigated by neutron diffraction in
Fig. 8) under tensile load at 100 °C. The micrographs were recorded at the marked
positions of the stress-strain curve in (Fig. 2c), i.e. in the unloaded state, at 3.6 and
5.5% strain. Loading direction for subimages (a) to (c) is marked in the upper right
corner of (a). The microstructure of the SIM at higher magnification is depicted in
(d) at 5.5% strain during the forward transformation (here loading direction is hor-
izontal). A: austenite, V3: martensite, HP: habit plane, for: forward transformation.

tion [8,17,28,45]. The first energy dissipative process is frictional
work that is required for interface motion [46,47]. Here, the inter-
face motion is controlled and hampered by interfacial (interphase
and/or intervariant) and interface-precipitate interactions. Recent
findings on Co-Ni-Ga [29] showed that y’ nanoprecipitates under
compressive load impose a complex multi-variant martensite mi-
crostructure. Such a kind of microstructure has been characterized
by two sets of differently oriented, parallel HP interfaces and mul-
tiple domain variants of SIM [29]. It was concluded that interfa-
cial interactions contribute to the widening of the stress hysteresis
most significantly. However, y’ nanoprecipitates in the aged ten-
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4.2 %, for

Fig 10. Micrograph obtained by confocal laser scanning microscopy of the aged
(1 h/350 °C) [001]-oriented Co49Niy;Gasg single crystal already shown in Figs. 8 and
9. The micrograph was recorded at the marked position of the stress-strain curve in
Fig. 2c during the forward transformation at 4.2% strain. Loading direction is marked
in the upper right corner. A: austenite, Vs: martensite, for: forward transformation.

sile sample do not induce multi-variant microstructures (character-
ized by multiple orientations of HPs and multiple domain variants).
Thus, such a kind of evolution cannot be exploited to rationalize
the widening of the stress hysteresis in the aged Co4gNiyGasg sin-
gle crystal of the present study. Instead, another contributing fac-
tor has to be dealt with. The aged sample revealed a shear band
characterized by numerous lamellar martensite plates within one
set of parallel HPs, however, with only one single domain variant
of SIM. As a consequence, the increase in frictional energy and its
contribution to the widened stress hysteresis is mainly attributed
to y’ nanoprecipitates acting as obstacles for the moving austenite-
martensite phase boundaries.

The second dissipative process is attributed to the dissipa-
tion of stored elastic strain energy. Stored elastic strain energy
is dissipated, when the coherency strains of austenite-martensite
phase boundaries relax, eventually widening the stress hystere-
sis [46,47,53]. This dissipative process is primarily linked to lo-
calized plastic deformation induced by mechanical cycling in di-
rect vicinity of incoherent precipitates. Dislocations, induced by
the incoherent precipitate boundaries and inherited by the marten-
sitic phase, are known to substantially increase the interfacial fric-
tion and, thus, significantly contribute to an additional irreversible
component of the transformation, eventually increasing hysteresis
width [47]. However, small precipitates were shown to remain co-
herent with the matrix even after mechanical cycling [8]. Hence,
dissipation of stored elastic energy around coherent precipitates
is thought to be much less effective due to the absence of severe
dislocation activity [27]. However, it has to be emphasized at this
point that crystallography of Ni-Ti including its ternary derivates
(these alloys being most intensively studied in the field of SMAs)
[5,8,48,49] and the Co-Ni-Ga system studied here are clearly differ-
ent. The same holds true for novel Fe-based SMAs [50-52]. Thus,
transferability of results and conclusions has to be further elabo-
rated and critically assessed in comprehensive studies to be con-
ducted in future research. Still, the relaxation of coherency strains
at the austenite-martensite phase boundaries around coherent y’
precipitates, the major contributing mechanism reported for Ni-Ti
[54], seems to be of minor importance for the increased size of the
stress hysteresis in the aged tensile sample considered here.

The third dissipative process accounts for the dissipation of in-
terfacial energy, i.e. solely takes into account the direct thermo-
dynamic contribution of the interface itself. The formation of y’
precipitates comprises a change in the surface and phase bound-
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ary energies, eventually affecting the macroscopic stress-strain re-
sponse in terms of the stress hysteresis Ao. Consequently, the re-
duction of martensite lamellar thickness and the increase in num-
ber of HPs (Fig. 9) jointly increase the interfacial energy contri-
bution and, thus, lead to the widening of the stress hysteresis
width Ao [28]. The small volume fraction of the shear band with
respect to the entire sample volume clearly indicates very lim-
ited, however, detectable interfacial energy dissipation in the aged
CoygNiy; Gasg tensile sample.

The narrow stress hysteresis Ao of 11 MPa in both the
solution-annealed and as-grown condition is attributed to an easy
propagation of the dominant martensite plate and the shear band
due to minimal energy dissipation [17,45]. The aged sample, in
contrast, clearly reveals that a larger stress hysteresis width is gov-
erned by nanometric y’ precipitates, which act as obstacles for
phase boundary movement, while additional contributions to the
stress hysteresis such as dissipation of elastic strain energy and in-
terfacial energy play only a minor role (see discussion in the para-
graphs above). It is worth noting that the introduction of small y’
precipitates (~ 5 nm sized) following an aging treatment at 350 °C
for 1 h does not contribute to severe interfacial interactions under
tensile loading. This fact can be deduced from the occurrence of
only one domain variant (Fig. 8) in the dominant martensite plate
and the shear band (Fig. 9). On the other hand, previous work on
Coyg9Niy Gasg single crystals under compression demonstrated that
small y’ precipitates (~ 5 nm sized) trigger multi-variant marten-
site microstructures, i.e. multiple domains of SIM and multiple
orientations of HPs [29,30]. Such kind of microstructures charac-
terized by pronounced interfacial interactions contribute to pro-
nounced dissipation of frictional energy during SIMT, which has
been concluded to reduce transformation recoverability [13,32,52].
The present results indicate that aging treatments for Co-Ni-Ga
SMAs are not necessarily associated with the formation of multi-
variant martensite microstructures. It is supposed that the impact
of y’ precipitates on the final functional properties in Co-Ni-Ga
SMA single crystals is strongly dependent on their size and mor-
phology [27,28].

5. Summary and conclusions

Tensile tests at 100 °C were conducted on as-grown, solution-
annealed and aged Co4gNi,; Gasg [001]-oriented single crystals. De-
tailed microstructural analysis of stress-induced martensite (SIM)
was performed using in situ neutron diffraction and in situ optical-
and confocal laser scanning microscopy (OM and CLSM, respec-
tively). The main findings of the present work can be summarized
as follows:

1. In situ neutron diffraction analysis revealed the presence of only
one single domain variant of martensite (“fully detwinned”)
throughout the whole transformation cycle for all conditions,
i.e. as-grown, solution-annealed and aged CoygNip;Gaszg sin-
gle crystals in [001] orientation. Correspondingly, from three
possible Bain-correspondence variants (BCVs) in the cubic to
tetragonal transformation only BCV3 with the c-axis parallel to
the loading axis is favored. BCV; and BCV, with their c-axes
transversal to the loading direction are suppressed.

2. In situ OM revealed substantial differences between the mi-
crostructure of SIM comparing the three investigated condi-
tions. Spheroidal y’ precipitates in the aged material signifi-
cantly reduce martensite lamellar thicknesses and increase the
number of parallel habit planes (HPs) within a shear band. The
solution-annealed condition shows yet a fundamentally differ-
ent microstructure upon loading characterized by one dominant
martensite plate and a shear band with one martensite lamella
and a single HP.
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3. All samples revealed a fully reversible superelastic (SE) re-
sponse. However, y’ precipitates significantly increase the
width of the stress hysteresis (Ao) compared to the particle-
free solution-annealed and as-grown conditions.

4. After formation of y’ precipitates still only one set of parallel
HPs is seen, clearly indicating the absence of variant-variant in-
teractions upon tensile loading in [001]-oriented Co-Ni-Ga sin-
gle crystals. Most severely, interactions between the nanometric
y' precipitates and austenite-martensite phase boundaries lead
to a significant increase of the stress hysteresis width.
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