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a b s t r a c t

The microstructure, martensitic transformation and thermal cycle stability of Co64V15Si17Al4 high-
temperature shape memory alloy were studied. The results show that the martensite transformation
of L21/D022 occurred in the Co64V15Si17Al4 alloy. In the Co64V15Si17Al4 alloy, the transformation temper-
atures of forward transformation and reverse transformation are pretty high, reaching 589.6 �C and
649.1 �C, respectively. The temperatures of the martensitic transformation and the transformation heat
show a neglectable difference after 200 thermal cycles in the alloy. This alloy exhibits good thermal sta-
bility during 200 thermal cycles between room temperature and 850 �C, in which the microstructure and
martensitic transformation behavior have no obvious change.

� 2019 Published by Elsevier B.V.
1. Introduction

High-temperature shape memory alloys (HTSMAs) with the
martensite transformation temperatures above 100 �C, have been
studied in motor industries, aerospace industries and chemical
industries [1]. In the past decades, many alloying systems have
been developed, such as Ni-Ti-based [2,3], Ni-Mn-based [4,5] and
Co-based [6–10] HTSMAs. Moreover, much work also has been
done experimentally [11,12] and computationally [13,14] to study
the phase stability of martensite. Thermal stability has been
achieved for several Ni-Ti-base HTSMA material systems [2,3].
However, these alloys have relatively low martensitic transforma-
tion temperatures. It is difficult to obtain good thermal cycling per-
formance at high temperature because of the diffusion effect and
phase instability. It noted that the Co-based alloys had received
some attention in high-temperature alloys, because of their high
strength, high curie temperature and excellent corrosion resistance
[15]. Recently, more cobalt-based high-temperature shape mem-
ory alloys, such as Co-Cr-Ga-Si [6], Co-Cr-Al-Si [7], Co-V-Si(-Ga)
[8,9] and Co-V-Ga [10] alloy systems have been reported for
exhibiting high temperature martensitic transformations.
Our previous work reported an off-stoichiometric Co2VSi
Heusler-typed HTSMA that experienced L21/D022 martensitic
transformation about 700 �C, showing considerable recovery strain
and good mechanics performance [8]. However, the precipitated
phase of Co5V3Si2 and the ageing effect at high transformation tem-
perature led to terrible thermal cycle stability of the alloy, which is
also investigated in CoCrAlSi alloy [7]. Furthermore, due to the
complex phase relation of the Co-V-Si ternary alloy system [8]
and the high sensitivity of martensite transition temperature to
the composition of the alloy, it is hard to enhance the performance
of the alloy through simple ageing treatment or composition con-
trol. In order to improve the thermal cycling stability of Co-V-Si
HTSMAs, the alloying elements Ga, Al and In with low melting
points are considered, which are also the Heusler-type structure
(L21) forming elements of Co2VZ. The effects of alloying Ga on
Co2VSi alloy have been experimentally investigated [9]. The results
showed that as the Ga content increases, the R phase precipitated
from martensite and the martensite phase transition temperature
decreased. The specific attention to phase stability can be expected
by further studying on Co-V-Si system. It is also concluded that the
In element has a slight solubility limit in cobalt [16]. Hence, Al was
selected as the alloying element to replace Si partially in the work.
This work intends to investigate crystal structure, microstructure
evolution and thermal cycle stability of Co64V15Si17Al4 alloy during
thermal cycles.
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2. Experimental procedures

The polycrystalline Co64V15Si17Al4 alloy was prepared by arc
melting of high purity cobalt (99.9 wt%), vanadium (99.7 wt%), sil-
icon (99.999 wt%) and aluminum (99.999 wt%) in an argon atmo-
sphere. The ingot weighing 30 g is re-melted five times to
achieve uniformity. Prior to heat treatment, the ingot was manu-
facture as plate-shaped specimens by wire cut electrical discharge
machining. Then, the samples were prepared by the vacuum quartz
tube containing an argon atmosphere to avoid the oxidation of
specimens.

The alloy was further characterized by quenching in ice water
after six hours of heat treatment at 1200 �C. The microstructure
of the alloy was observed by metalloscope (Leica DMI 5000 M)
etched with 10 g FeCl3 + 25 ml HCl + 100 ml H2O solution. The
backscattered electron (BSE) image was performed on each phase
using electron probe microanalysis (EPMA, JXA-8100, JEOL, Japan),
with the acceleration voltage of 20 kV and the probe current of
1.0 � 10�8 A. The crystal structure was measured using a transmis-
sion electron microscopy (TEM) and an X-ray diffraction (XRD)
with Cu Ka radiation. The thin films were processed using the Pre-
cision Ion Polishing System (PIPS) for the TEM observation. Phase
change behavior and thermal cycling process at 10 �C/min heating
and cooling rates were investigated by differential scanning
calorimetry (DSC, TA Instrument 2920).
3. Results and discussion

Fig. 1(a) indicates the optical microstructure after heat-treated
at 1200 for six hours of the Co64V15Si17Al4 alloy. There is no second
phase and exhibit typical single martensite in this alloy. Fig. 1 (b)
shows the X-ray diffraction patterns obtained from the Co64V15-
Si17Al4 alloy at room temperature. All the diffraction peaks can
be matched by D022 structure, where a = b = 0.3847 nm,
c = 0.6209 nm, and c/a = 1.614. Comparing with the previous off-
stoichiometric Co2VSi (Co63.5V17Si19.5) alloy [8], the alloying of
Fig. 1. Microstructure of Co64V15Si17Al4 alloy (a) Optical m
the Al element gives rise to the enlargement of lattice volume
and the decrease of the valence electron concentration. The
decrease of electronic concentration and the deformation of the
D022 structure lead to the decrease of the martensitic transition
temperature, but the martensitic structure is still present at room
temperature. The TEM bright-field (BF) image and corresponding
selected area diffraction patterns (SADPs) obtained from the
Co64V15Si17Al4 alloy shows in Fig. 1 (c, d). Combining with X-ray
diffraction patterns and the SADPs from [1 1 0] matrix zone axis
in Fig. 1 (d), it indicates that the martensite of Co64V15Si17Al4 alloy
still shows a D022 structure. In summary, the XRD and TEM results
demonstrate that the martensite phase changes from the L21 struc-
ture to the D022 structure, which is the same as previous studies on
Co-Cr-Al-Si, Co-Cr-Ga-Si and Co-V-Si (-Ga) alloys [6–9].

The previous work reported that the Co2VSi alloy with ordered
BCC structure phase is labile at temperature higher than 820 and
changes into the A12 phase during annealing process [8]. The
phase transition properties of Co64V15Si17Al4 alloy measured by
DSC are shown in Fig. 2. It shows that the alloying of the Al element
in Co2VSi alloys decreased the temperature of martensitic transfor-
mation. In order to study the thermal cycling stability of marten-
site in Co64V15Si17Al4 alloy, DSC measurements were repeated
200 times from room temperature to 850 . The Co64V15Si17Al4 alloy
with the single martensitic phase shown in Fig. 2(a), almost no
change in all endothermic peaks and exothermic peaks during
the thermal cycles. In addition, the martensite transformation tem-
peratures and enthalpy values during heating and cooling show
negligible differences, which are summarized in Table 1 (Mp: the
peak temperature of forward martensitic transition; Ap: the peak
temperature of the forward austenite transition; Hysteresis: the
temperature interval between Ap and Mp). As the thermal cycles
go on, the As, Ms and the transformation heat (HM?A and HA?M)
almost keep the same, which shows in Fig. 2(b) (HM?A: the trans-
formation heat of martensite transforms into austenite; HA?M: the
transformation heat of austenite transforms into martensite). It
means in Co64V15Si17Al4 alloy, the reverse and forward martensitic
phase transformations show excellent thermodynamic stability at
icrograph, (b) XRD pattern, (c) BF image, (d) SADPs.



Fig. 2. DSC cycle curves of Co64V15Si17Al4 alloy (a) and corresponding transformation temperatures and transformation heats (b).

Table 1
The martensitic transformation temperature of the studies alloy

Number of
thermal
cycles

As

(�C)
Ap

(�C)
Af

(�C)
Ms

(�C)
Mp

(�C)
Mf

(�C)
Hysteresis
(�C)

1st 649.1 658.2 667.5 589.6 572.1 558.2 86.1
50th 650.5 659.8 667.3 589.0 573.7 559.8 86.1
100th 650.8 659.8 667.9 588.1 574.4 560.0 85.4
150th 649.2 658.6 664.6 589.1 573.9 559.5 84.7
200th 649.6 659.1 667.0 590.6 573.1 557.5 86.0
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high temperatures. These results indicate that the martensite
phase transformation of the Co64V15Si17Al4 alloy has good cyclic
reversibility.

Fig. 3 shows the optical metallograph and corresponding BSE
image of the Co64V15Si17Al4 alloy during thermal cycles. After the
first thermal cycle to 850 �C, a single martensite phase can still
Fig. 3. Optical metallograph and BSE image (inset) of the of Co64V15Si17Al4 alloy
be found in Co64V15Si17Al4 alloy. The optical metallograph after
the first thermal cycle (Fig. 3(a)) is similar to the annealed speci-
men. Observing the microstructure after two hundred thermal
cycles, it can be found that the microstructure remained the same
after the first thermal cycle. It is conclusion that the microstructure
stability of the alloy. The constant microstructure also confirms the
stability of the thermodynamical.
4. Conclusions

In conclusion, the results show that the Co64V15Si17Al4 alloy
undergoes L21/D022 martensitic transformation. The alloy exhibits
typical D022 structure single martensite at room temperature, with
the lattice constant of a = b = 0.3847 nm, c = 0.6209 nm, and
c/a = 1.614. In the Co64V15Si17Al4 alloy, the temperatures of forward
transformation and reverse transformation are very high, reaching
589.6 �C and 649.1 �C, respectively. The martensitic transformation
during thermal cycles. (1st(a), 10th(b), 50th(c), 100th(d), 150th(e), 200th(f)).
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temperatures and the transformation heat show a neglectable dif-
ference. The alloy shows excellent thermal stability after 200 ther-
mal cycles between room temperature and 850 �C. There is no
significant difference in the microstructure and martensitic phase
transformation behavior during the whole thermal cycles.
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