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EFFECT OF AGING UNDER COMPRESSIVE STRESS ALONG [100] IN Co–Ni–Ga
SINGLE CRYSTALS
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The pseudoelastic behavior of a Co49Ni21Ga30 ferromagnetic shape memory alloy under compression along [100] has been studied
in the temperature range 300–500 K. In such a crystals, the effect of aging under a constant stress close to the critical stress to
induce the martensitic transformation, produces its separation in two stages. This is due to the different ordering behavior of parent
and martensite phases under aging. Increasing order of parent phase leads to a decrease of transformation temperatures, which in
return leads to an increase in critical stress to induce the transformation. Aging of martensite produces its stabilization — increase
in transformation temperatures. It is remarkable that this stabilization has a very slow recovery, as compared to other alloys systems,
such as Cu-based shape memory alloys.
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Since Co–Ni–Al and Co–Ni–Ga alloys were reported as new
ferromagnetic shape memory alloys (FSMA) systems, they
have attracted interest as possible magnetic field controlled
actuators with large strains.1,2 On the other hand, Co–Ni–Al
and Co–Ni–Ga alloys are showing good ductility through the
presence of γ phase. Due to this fact, together with the exis-
tence of the β + γ region over a large composition range
and a wide range of transformation temperatures, these alloy
systems become candidate materials not only for magnetic
but also for conventional and high temperature shape mem-
ory applications.2,3 In particular, these Co-based alloys have
shown pseudoelasticity at temperatures higher than 400 K.4,5

Recently, [100] oriented Co49Ni21Ga30 single crystals under
compression have kept the pseudoelastic behavior up to tem-
peratures 700 K.6 However, according to the results in Ref. 6,
there is an important increase in both the pseudoelastic loop
hysteresis and the strain hardening as temperature increases.
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Although the effect of temperature on the stress–strain behav-
ior is properly analyzed in terms of critical stresses and defor-
mation mechanisms, it is recognized that further research is
required to clarify the thermal stability and fatigue life in these
alloys, which are key points in any material used as high tem-
perature shape memory alloy. In this letter, we present results
on the stability of the pseudoelastic loops upon aging at inter-
mediate temperatures (i.e., 500 K) under constant stress, which
correspond to the temperature region where the pseudoelastic
loop hysteresis starts to increase significantly (limit between
regions II and III, according to the description of Ref. 6).

Specimens with nominal composition Co49Ni21Ga30

and dimensions 4 × 4 × 9 mm3 (mechanical tests) and
4 × 4 × 0.7 mm3 (calorimetric tests) were obtained by
spark-cutting from a single crystal grown in a He atmo-
sphere by the Bridgman method. Mechanical tests were car-
ried out in a Zwick-Z100 testing machine equipped with a
temperature chamber. Samples with long axis oriented along
[100] were used for isothermal compressive stress–strain tests
(0.1 mm/min) at temperatures in the range 280–500 K as well
as for aging under constant compression stress (only results
for aging at 485 K under 420 MPa will be shown in this letter).
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Prior to mechanical tests, the samples were annealed in sealed
quartz ampoules at 1430 K and water quenched. This treatment
leads to a single phase structure. Under these conditions, the
single crystalline samples show a martensitic transformation
below room temperature, with Ms ∼265 K and As ∼245 K
as obtained by differential scanning calorimetry (DSC). In the
thermograms, a deviation from the base line was observed at
T ∼ 420 K, which was attributed to the Curie temperature, in
agreement with previous results.7,8 The effect of aging under
stress on the martensitic transformation was checked in the
stress–strain loops recorded subsequently. After that, the sam-
ples were spark-cut in several slices with surface parallel to
(100) to be used for DSC testing and microstructural obser-
vations by optical (Olympus BH-2) and transmission electron
microscopy (TEM) (Hitachi H600 at 100 kV and JEOL 2011
at 200 kV). Thin foils for TEM were prepared by double jet
electro-polishing in a mixture of 20% percloric acid in ethanol
at room temperature and 15 V.

Figure 1 shows the stress–strain loops obtained at dif-
ferent temperatures in a sample water quenched from 1430 K
(WQ sample). It is worth to note the decrease in the strain as the
temperature increases. The maximum level of transformation
strain is ∼4% at 300 K, and it decreases to values close to 2%
in the range 380–450 K, which are consistent with the data in
Ref. 6. A strong increase of stress hysteresis can be observed
in the curve recorded at 485 K, indicative of a mechanical
stabilization of the stress-induced martensite recovered upon
unloading. A similar effect was observed and discussed in
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Fig. 1. Stress–strain curves performed at 303, 377 and 485 K in a sample
quenched from 1430 K (WQ sample).

Ref. 5. Martensite detwinning related to the higher stresses
occurred when the temperatures increase, are at the origin of
the mechanical stabilization of martensite, as it occurs in other
alloy systems.5,9 The temperature dependence of the criti-
cal stress for martensitic transformation, dσc/dT, is close to
1.9 MPa/K, in agreement with previously reported data for the
same orientation and for non-oriented crystals, and consistent
with the experimental values �sp→m ∼ −9 J/kg K, transfor-
mation strain ε ∼ 0.04 and alloy density 8.8 × 103 kg/m3.6,8

According to the purpose of the study, WQ samples were
subjected to aging under stress for different time length. In
order to follow the aging effects on the stress-induced marten-
site, after each time step at 485 K, subsequent stress–strain
curves were registered both at 485 K and at room temper-
ature. Figure 2 presents the stress–strain curves for a WQ
sample with further aging for 2, 4 and 8 h at 485 K under
a constant stress of ∼420 MPa, corresponding to the crit-
ical stress to induce the transformation, together with the
cycle at 485 K prior to aging. A progressive splitting of
the single loop obtained before aging takes place as the
aging time increases, and after 8 h at 485 K a two-stage
(labeled s1 and s2) stress–strain loop is formed, with crit-
ical stresses below and above the initial state. After the
mechanical tests, samples for DSC and microscopy were pre-
pared. In Fig. 3, curves (a) and (b) compare the cooling
thermograms for a WQ sample and a WQ sample aged 8 h
under stress. It is worth to note the appearance of a double
step in the latter DSC curve, one of them with peak temper-
ature at about 360 K (peak s1), and the other at temperatures
a bit lower than in the WQ sample (peak s2), in accordance
with the stress–strain loops. Optical and TEM observations
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Fig. 2. Stress–strain curves at 485 K for samples: (a) prior to aging, (b) aged
for 2 h, (c) 4 h and (d) 8 h under an applied stress of 420 MPa after the initial
quenching treatment.
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Fig. 3. DSC cooling runs performed at 10 K/min for (a) WQ sample; (b) WQ
sample aged under 420 MPa stress for 8 h; (c) previous sample with further
aging at 475 K for 15 h.

performed upon in-situ heating and cooling experiments in
samples previously aged under stress rule out the existence
of an intermartensitic transformation. The two stage transfor-
mation corresponds to the existence of different zones of the
sample transforming separately. Figure 4(a) presents an opti-
cal microscopy image recorded at room temperature, just in
the middle of the two transformation stages, showing partial
martensitic transformation (stage s1). The lower left corner is
fully transformed, but the remaining areas only show isolated
martensitic needles. Figure 4(b), recorded at 215 K (stage s2),
shows new martensitic plates formed in the untransformed
areas of Fig. 4(a), together with the plates already existing
at room temperature. Upon subsequent heating, the different
areas also retransform separately. It is worth to comment that in
other zones of the sample, the regions belonging to each trans-
formation stage are more spatially separated than in the zone
shown in Fig. 4. At this magnification, the sizes of the regions

transforming in each stage can be as large as several frames.
Figure 4 shows an area of particular close coexistence of the
two regions, which allows visualizing them in a single frame.
Figure 5 shows a TEM image and the corresponding selected
area electron diffraction pattern (SAEDP) of the first stage
martensite, taken at room temperature. The SAEDP is con-
sistent with an internally twinned L10 structure (also denoted
as non-modulated martensite) and the image shows a rather
regular thickness of the two twin lamellae. The second stage
martensite has the same crystal structure and substructure.
Optical and TEM observations also showed that aging under
stress at 485 K do not cause microstructural changes that could
produce permanent effects in the martensitic transformation,
such as precipitation of other phases, strong generation of dis-
location arrays, etc.

It can be stated that the stress-aging at 485 K, performed
in a two phase configuration (austenite and a fraction of stress-
induced martensite), has promoted the ordering in both phases.
This causes two opposite effects: stabilization of martensite in
the part of the sample stress-aged in martensitic state (result-
ing in the stage s1 in the DSC thermogram and σ–ε loop); and
decrease of transformation temperatures (and increase of criti-
cal stress) with respect to the WQ sample in the fraction aged in
austenite (resulting in stage s2), due to increased order degree.
It is important to note that the DSC cooling runs shown in
Fig. 3 were carried out following a heating run up to 425 K,
above Af of the high temperature peak. Therefore, there is
an important difference with respect to the mechanical sta-
bilization mentioned above and the one shown in Fig. 1. The
martensite stabilized under aging in this Co–Ni–Ga alloy does
not disappear by a single retransformation to parent phase, as
it occurs commonly in Cu-based alloys.10 Nevertheless, there

(a) (b)

Fig. 4. Optical micrographs of a sample previously aged under 420 MPa for 8 h, taken at different temperatures: (a) 300 K and (b) 215 K.
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Fig. 5. Bright field image of internally twinned martensite recorded at room
temperature, with the corresponding electron diffraction pattern.

is a progressive recovery of the stabilized martensite towards
its normal transformation range by additional aging in parent
phase. This is shown in curve c in Fig. 3, where the sample
stress-aged for 8 h at 485 K was further aged for 15 h at 475 K
without stress. The last treatment promotes additional order-
ing in the parent phase, producing a double effect, depending
on the different transformation ranges present in the sample:
For the regions being retransformed from the non-stabilized
martensite, it decreases further the transformation range of
the low temperature stage s2. At the same time, the regions
retransformed from the stabilized martensite re-order in par-
ent phase and recover partially, thus the s1 peak approaches to
the low temperature one, s2. The gradual return to the nomi-
nal non-stabilized martensite condition provides a convincing
evidence for configurational changes in the martensite vol-
ume (ordering) produced by aging as being responsible for
stabilization.10–13 However, some jerkiness in the s1 peak, as
seen in the DSC runs both on cooling and heating, indicates
that some non-chemical effects could contribute to the sta-
bilization as the aging treatment has been carried out under
stress.14

As shown by the above results, Co–Ni–Ga alloys present
not only mechanical stabilization of martensite, but also sta-
bilization by aging at temperatures higher than the nomi-
nal A f produced by configurational changes in the stress-
induced martensite. It is remarkable that the ordering kinet-
ics in austenitic phase is very slow in these alloys (note that
the fraction of sample stress-aged in austenite at 485 K by

8 h has not yet reached its maximum ordering degree, as the
subsequent aging treatment at 475 K still decreases its transfor-
mation temperatures). This indicates that diffusion in parent
phase at this temperature range is quite small. This also causes
a very slow recovery of the stabilized martensite to the nor-
mal transformation range, compared to other alloy systems,
in which the gradual recovery to non-stabilized state, even
though well demonstrated, shows a much faster kinetics, and
can be considered “instantaneous” in most cases.15,16

The stabilization features shown by Co–Ni–Ga alloys
need to be taken into account when considering its use as pseu-
doelastic materials above room temperature, particularly in the
case involving a partial loading/unloading, thus the presence
of a two phase configuration, could be a long term situation
of the system.
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