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The phase diagram, including the martensitic and magnetic transformations, was determined by thermoanalysis
and thermomagnetization measurements in the CoxCr79.xAl10.5Si10.5 Section of the Co-based Heusler shape mem-
ory alloy. Magnetization measurements under pulsed magnetic fields were conducted and magnetic field-in-
duced reverse martensitic transformation was clearly observed at room temperature. A superelastic behavior

was obtained in the Coss7Cry33Al105Si105 alloy in the temperature range of 198 to 423 K. The critical stress for
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temperatures.

martensitic transformation was found to show a negative temperature dependence at temperatures lower
than approximately 310 K due to the magnetic effect despite the normal temperature dependence at higher
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Shape memory alloys (SMAs) are important functional materials be-
cause of their shape memory effect and superelasticity, and many types
of SMAs have been developed, such as NiTi- [1], Ni- [2,3], Cu- [4] and Fe-
[5] based alloy systems. For the last two decades, magnetic field-in-
duced strain due to variant rearrangement [3] and magnetic field-in-
duced reverse transformation [6] have been extensively investigated
as potential magnetic actuator materials in some Heusler alloys, includ-
ing Ni-Mn-X (X = In, Sn, Sb [2] and Ga [3]) alloys. Co-based Heusler al-
loys have attracted a great deal of attention because they present a
pronounced half-metallic behavior [7,8]. Although B2-type Co-Ni-Al
[9] and Co-Ni-Ga [9-11] alloys show martensitic transformation and
shape memory properties, no martensitic transformations have ever
been reported in Co-based Heusler alloys, expect for the case of the
non-half-metallic Co,NbSn alloy [12,13].

Recently, our research group reported new Co-Cr-Ga-Si, Co-V-Ga,
Co-V-Si and Co-V-Si-Ga Heusler alloys showing martensitic transforma-
tions [14-19]. The Co-Cr-Ga-Si alloy shows unique behaviors, called re-
entrant martensitic transformation, where the martensite phase
induced from the paramagnetic parent phase by cooling transforms
back to the ferromagnetic parent phase by further cooling. Moreover,
the Co-Cr-Ga-Si alloy exhibits a cooling-induced shape memory effect,
as well as a heating-induced shape memory effect, and superelasticity
with inverse temperature dependence of critical stress [14]. In addition,
due to the Co-Cr-Ga-Si alloy's high Cr content, it may be attractive for
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high corrosion-resistant biomedical SMA. However, the cost of this
alloy system is relatively high because of a large amount of Ga.

Very recently, an inexpensive Co-Cr-Al-Si alloy has been found by re-
placing Ga with Al [20]. With crystal structures of the parent and mar-
tensite phases being L2; and DO0,,, respectively, martensitic
transformation and superelasticity have been confirmed in this alloy.
The parent phase has also been shown to demonstrate ferromagnetic
behavior and the martensite phase has been determined to be probably
paramagnetic [20]. However, the martensitic transformation tempera-
tures and Curie temperature have only been determined for two com-
positions, and therefore, the composition dependence of the
transformation temperatures should be determined for alloy design.
Moreover, neither temperature dependence of superelastic behavior
nor the magnetic field-induced transformation caused by a large differ-
ence in magnetization between the parent and martensite phases have
been investigated.

In this paper, we show the results of systematical research on the
composition dependence of martensitic and magnetic transformations
in the CoxCry9 xAl105Si105 section. Based on this knowledge, we selected
suitable compositions and magnetic field-induced reverse and stress-
induced forward martensitic transformations were investigated at vari-
ous temperatures.

Polycrystalline CoxCr79.xAl1095Si105 (Cox, X = 53.7, 54.8, 55.5, 55.7,
55.8, 55.9, 56.2, 56.3, 56.5) alloys were prepared by induction melting
under an Ar atmosphere. Small pieces of samples were cut and solu-
tion-treated at 1473 K for 24 h and quenched in water. The martensitic
transformation temperatures are strongly dependent on the composi-
tion and the composition analyses were conducted for each sample
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subjected to the following measurements, using a field emission elec-
tron probe microanalyzer with a wavelength dispersive X-ray spec-
trometer (FE-EPMA/WDS), and the above compositions were the
analyzed one, with both the Al and Si compositions being close to
10.5 at%, as shown in Table 1. The data scattering was within +0.2 at%.
Martensitic transformation temperatures were measured by a differential
scanning calorimeter (DSC). Magnetization and thermomagnetization
measurements were performed using a vibrating sample magnetometer
(VSM) and a superconducting quantum interference device (SQUID)
magnetometer. Magnetization measurements were also conducted
using pulsed magnetic fields up to 550 kOe [21]. For the C055.7 alloy,
the cyclic heat treatment was conducted to obtain a sample with large
grains by use of abnormal grain growth [22]. The pseudo-single crystal
was cut out from the cyclic heat-treated ingot, sized 2.0 x 2.5
x 3.5 mm?>, with the main crystal orientation being (001). Compression
tests were performed on this Co55.7 sample from 198 to 423 K, starting
from the lowest temperature. Specific heat measurements were con-
ducted with the heat flow method using DSC calibrated by a standard
sapphire sample according to DIN 51007 at 10 K/min.

Fig. 1(a) shows the results of thermoanalysis for C055.9 and C056.5
samples, where martensitic transformation was detected. Forward
transformation starting (Ty;) and finishing (Ty) temperatures and re-
verse transformation starting (Tas) and finishing (Ta¢) temperatures
are indicated. To determine these temperatures, the extrapolation
method was used. While both the forward and reverse transformations
were detected for the Co56.5 alloy, the peak for the forward transforma-
tion was broad and only Tas was determined for the Co55.9 alloy, for
which the martensite phase was partially observed at room tempera-
ture, as shown in the inset of Fig. 1(a). Thermomagnetization measure-
ments were also carried out for another Co55.9 sample, as shown in Fig.
1(b). It has been reported that the martensite phase is paramagnetic
whereas the parent phase is ferromagnetic [20], therefore the abrupt
change in magnetization in Fig. 1(b) corresponds to the martensitic
transformation. Note that for this sample, martensite phase was par-
tially obtained before measurement. During 1st cooling, partial forward
martensitic transformation was observed, and the transformation
stopped at around 240 K denoted as T, and thus the sample showed
still strong magnetization at temperatures below 240 K. If martensitic
transformation had perfectly finished at low temperatures, the magne-
tization would be much weaker. This behavior is similar to the thermal
transformation arrest phenomenon, as reported in NiMn-based alloys
[23,24]. At the arrest temperature (T,), the transformation entropy
change (AS) has been reported to be zero, therefore the forward mar-
tensitic transformation does not occur below this temperature

Table 1

Composition, phase (P: Parent, M: Martensite, y: FCC) observed at room temperature, Cu-
rie temperature of parent phase T¢, forward martensitic transformation starting (Ty;s) and
finishing (Tf) temperatures and reverse martensitic transformation starting (Tas) and
finishing (Txf) temperatures of CoxCr79_xAl105Si10,5 (Cox) alloys. The transformation tem-
peratures determined by thermomagnetization measurements are shown with daggers,
otherwise by thermoanalysis. For C055.9, the asterisk aside the composition indicates that
measurements were conducted on different samples for these alloys. Refer to the text for
details.

Alloy Composition at% Phase Transformation temperature (K)

Co Cr Al Si Tas  Tar Twms Tve Tc
Co53.7 53.7 258 10.1 104 P - - - - 3937
Co548 548 245 102 105 P+M - - - - 387
Co55.5 555 239 101 105 P+ M - - - - 3707
Co55.7 55.7 23.7 104 102 P - - - - 377¢
Co55.8 55.8 23.7 10.1 104 P+ M - - - - 367"
C055.9* 559 234 104 103 P+M -  364/375" -/3377 - 3617
Co56.2 56.2 23.1 104 103 P+ M+ 349 383 350 294 -

Y

Co56.3 563 22.7 104 106 M+vy 370 404 369 324 -
Co56.5 56.5 226 105 104 M+vy 364 397 376 329 -

anymore, which is defined as the temperature where both heating
and cooling thermomagnetization curves overlap [23,24]. After 1st
cooling, the samples were then heated to 390 K to obtain full parent
phase, and the Tys were determined from 2nd cooling curve. For
Co055.9 in Fig. 1(a), since the parent phase is considered to partially
exist after cooling, therefore, strictly speaking, Tas of C055.9 in Fig.
1(a) is not the starting temperature of the reverse martensitic trans-
formation. Fig. 1(c) shows the thermomagnetization curves under a
magnetic field of 5 kOe, where the Curie temperature (Tc) of the par-
ent phase was defined as the temperature with a maximum gradient.
Here, the thermomagnetization curve of C055.9 in Fig. 1(c) is obvi-
ously different from that in Fig. 1(b), which is caused by macroscopic
inhomogeneity in distribution of martensite phase in Co55.9 sample.
These martensitic and magnetic transformation temperatures are
listed in Table 1 with their compositions and plotted against Co con-
tent in Fig. 1(d), where To (=(Tus + Tar) / 2) is assumed to be the
thermodynamic equilibrium temperature. Note that for C055.9, sam-
ples including large amount of martensite phase were used for de-
tecting martensitic transformation temperatures (Fig. 1(a) and (b))
and a sample with small amount of that was used for detecting the
Curie temperature (Fig. 1(c)), which is indicated by an asterisk in
Table 1 aside the alloy's name. The transformation temperatures de-
termined by thermomagnetization measurements are shown with
daggers, otherwise by thermoanalysis. It can be seen in Fig. 1(d),
the Curie temperature slightly decreases while the martensitic trans-
formation temperatures drastically increase with increasing Co con-
centration. Interestingly, the martensitic transformation is strongly
suppressed when the parent phase is ferromagnetic due to the mag-
netic effect [15], and martensitic transformation could not be ob-
tained for x < 55.8 alloys. The possibility of reentrant martensitic
transformation shown in the circle in Fig. 1(b) and as broken lines
for Tys and Ty in Fig. 1(d) will be discussed later. The martensitic
transformation is influenced by aging [20], therefore, the transfor-
mation temperatures were difficult to be determined in the higher
temperature region.

Fig. 2(a) shows the results of magnetization curves measured at 6 K
for the Co53.7 and Co55.8 samples. Ferromagnetic behavior was ob-
served for Co53.7, and this sample was considered to have an almost
full parent phase, because its spontaneous magnetization was found to
be 68 emu/g, which is approximately the same as that of a full-parent-
phase sample with a close composition of CossCrp3Al;1Sii; [20]. One of
the Co55.8 samples, denoted as Co55.8H, shows higher magnetization
while the other (C055.8 L) has much lower magnetization. Because
the martensite phase is paramagnetic [20], the Co55.8 samples are con-
sidered to partially have the martensite phase, and the volume fraction
of the martensite phase is much larger in C055.8 L, although they were
obtained from the same ingot and neither obvious composition differ-
ence nor inhomogeneity was found through chemical composition
analysis by use of EPMA. A pulsed magnetic field up to 550 kOe was ap-
plied to the Co55.8 L sample at 300 K and the result is shown in Fig. 2(b).
Large hysteresis was observed, which was due to the magnetic field-in-
duced reverse martensitic transformation and the reverse transformation
during the removal of the magnetic field. Because the magnetization of
the parent phase is greater than that of martensitic phase, a magnetic
field can stabilize the parent phase, as observed in the Ni-based Heusler
alloys [6,25]. The reverse martensitic transformation in Fig. 2(b) does
not seem to finish even though the magnetic field was as strong as
550 kOe, and only partial phase transition was observed. This is the first
time that the magnetic field-induced reverse transformation in the Co-
based Heusler alloys has been obtained, implying the magnetic field-in-
duced shape memory effect.

As shown in Fig. 1(d), since no thermal martensitic transformation
was obtained for Co55.7, uniaxial compression tests were performed
at various temperatures on this sample, with an expectation of stress-
induced forward martensitic transformation. The results of compression
tests on the Co55.7 sample are shown in Fig. 3(a). Superelasticity was
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