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Abstract: Sn was used to replace Al in CozgNissAlyg alloy. The microstructure and microhardness of CozgNissAlyg - Sn, (x=0, 1, 2, 3)
magnetic shape memory alloys were investigated at different heat treatment temperatures (1373 K, 1473 K, and 1573 K) for 2 h. The
results show that more Sn substitution reduces the content of p-phase and a partial phase of martensite can be obtained in
CosgNissAlyg_ Sn, (x=1, 2, 3) alloys after treatment at 1573 K for 2 h. The maximum martensite phase appears when 2% Al is
substituted by Sn. The reverse martensitic transformation temperature of Co;gNizyAlgSn, alloys increases at x=1 and 2, then
decreases as x=3. As the content of Sn and the temperature increase, the microhardness will increase.
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1 Introduction

Ferromagnetic shape memory alloys (FSMAs) have
been attracted considerable attention due to their
potential applications in magneto-mechanical actuators
[1]. Although Ni,MnGa alloy is the most commonly used
FSMAs, but other alloys, like Fe—Pd [2], Fe—Pt [3],
Ni—-Mn—(ALSn,Sb,In)  [4,5], Co—Ni—~(ALGa) [6],
Ni—Fe—(ALGa) [7-9] and Cu—Mn—(ALGa) [10,11]
alloys, have been also reported as new FSMAs
candidates. The martensitic phase transformation in the
ferromagnetic state in Co—Ni—Al alloy system was firstly
found by Oikawa’s group [12]. These alloys underwent
martensitic transformation from B2-type p-phase to
L10-type martensite. The martensitic transformation
temperature and magnetic transition temperature can be
controlled within a wide range of temperature by
adjusting the composition [13], which makes Co—Ni—Al
alloys become promising FSMAs. In order to get large
magnetic-field-induced-stain (MFIS) in Co—Ni—Al alloys,
the fourth element is added to change the phase
transformation temperature and the magnetic properties
[14]. It was found that the substitution of suitable content

of Sn for Ga in Ni-Mn—Ga alloys leads to the saturation
magnetization increasing significantly [15]. A recent
study showed that the introduction of Sn into Co—Ni—Al
alloys could enhance the temperature of martensitic
transition. In this work, the effect of Sn on the
martensitic phase transformation and the microhardness
of Co—Ni—Al alloys was investigated.

2 Experimental

A series of CosgNizgAlyg Sn, (x=0, 1, 2, 3) alloys
were prepared by arc-melting mixture of Co (99.8%), Ni
(99.98%), Al (99%) and Sn (99.9%) in argon atmosphere.
The alloys were melted four times in a water-cooled
copper crucible for homogenization and then suction cast
into alloy sheet with dimensions of 1 mmx5 mmx15 mm.
Then the ingots were treated at 1373 K, 1473 K and 1573
K for 2 h, respectively, and quenched in ice water. An
optical
microstructure. D/max-IIA X-ray diffractometer was
used to identify the phase structure of the alloys with Cu
K, radiation. A MVK-H3 microscopic hardness meter

microscope was used to examine the

was used to measure the microhardness under 1.96 N for
15s.
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3 Results

3.1 Microstructure of CosgNizsAlyg  Sny (X=0, 1, 2, 3)

alloys

The microstructures of CosgNizsAlygalloy heated at
1473 K, and 1573 K respectively, are shown in Fig. 1. In
the as-cast alloy, the primary phase is f-phase which is
surrounded by f+y eutectic phase structure. After being
treated at 1473 K, f-phase could be still observed with an
average diameter less than 50 um, while the surrounding

phase becomes only y-phase. When the alloy was treated
at 1573 K, the size of f-phase is larger than 50 um and
the amount of y-phase is reduced. It seems that the higher
treatment temperature helps y-phase to dissolute into
f-phase. However, no martensite in this alloy was
obtained after heat treatment at these heating
temperatures.

In order to get martensite, Sn was introduced into
CoygNizgAlyg Sn,  (x=1, 2, 3) alloys and their
microstructure are shown in Fig. 2, Fig. 3 and Fig. 4.

From Fig. 2 it is known that the microstructure of

Fig. 1 Microstructures of CosgNizsAlyg alloy:
(a) As-cast; (b) Treated at 1473 K; (c)
Treated at 1573 K

Fig. 2 Microstructures of Co3gNizuAly;Sn; alloy: (a) As-cast; (b) Treated at 1373 K; (c) Treated at 1473 K; (d) Treated at 1573 K
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as-cast CosgNizAly;Sn; alloy is composed of body-
centered B2 phase or called f-phase and y-phase. After
the alloy was treated at 1373 K, the microstructure
exhibits S-phase with grain size of about 25 um. It can be

Fig. 4 Microstructures of Co3gNizyAlysSng
alloy: (a) As-cast; (b) Treated at 1373 K;
(c) Treated at 1473 K; (d) Treated at 1573 K;
(e) Treated at 1573 K with martensite

also observed that y-phase can surround f-grains or
appear in the middle of f-grain. After being further
treated at 1473 K, the y-phase decreases but still
surrounds or appears inside f-grains. Finally, when the
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alloy was treated at 1573 K, it can also found that the
content of y-phase reduces due to its dissolution into
f-phase. By comparison of the microstructure between
CoNiAl and CoNiAlSn alloys, a small portion of
lamellar martensite could be formed after being treated at
1573 K due to introduction of 1% of Sn.

Figure 3 shows the microstructures of as-cast and
treated Cos3gNizsAlyeSnyat 1373 K, 1473 K and 1573 K
respectively. It is shown that higher treatment
temperature will result in more and larger S-phase and
less y-phase. Similarly, after being treated at 1573 K, the
lamellar martensite structure can be clearly observed in
Co3gNizsAlySn, alloy. By comparison of the
microstructure of the alloy with 1% and 2% Sn, it is
found that the alloy with 2% Sn has more volume
fraction of martensite after being treated at 1573 K.

Figure 4 shows the microstructures of as-cast and
treated alloys at 1373 K, 1473 K and 1573 K,
respectively, with 3% Sn. It can be seen that a higher
treatment temperature induces more and larger f-phase
and less y-phase. By comparison of microstructures in
Fig. 3(d) and Fig. 4(e), it is observed that when alloy was
treated at 1573 K, the lamellar martensite can be also
formed, but the amount of martensite is reduced.

Figure 5 shows XRD patterns of CosgNizsAlrs—,Sn,
(x=1, 2, 3) alloys treated at 1573 K for 2 h. It can be
confirmed that Co;sNizsAl;Sn; alloy consists  of
martensite, B2 phase and y-phase. However, for
Co3sNi3qAlysSn, and CosgNizgAlysSn; alloys, XRD peaks
of the martensite and B2 phase can be clearly observed.
But the characteristic XRD peaks of p-phase become
very weak.
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Fig. 5 XRD patterns of CosgNizsAlys-,Sn, alloys treated at 1573
K for 2 h: (a) C038Ni34A127Sn1; (b) C038Ni34A126SH2; (C)
CO3gNi34A125Sn3

3.2 DSC curves of CosgNizyAlyg,Sny, (X=0, 1, 2, 3)
alloys
From the DSC curves of CosgNizsAlygSn, (x=0, 1,

2, 3) alloys treated at 1573 K for 2 h in Fig. 6, it is
known that there are three endothermic peaks in DSC
curves. In the heating process, reverse intermartensitic
transformation first happens with a small endothermic
peak. Very recent research [16] has attributed it to the
intermartensitic transformation restrained by the residual
stress. Then the second endothermic peak which falls
sharply and rises slowly corresponds to reverse
martensitic transformation. A final weaker endothermic
peak  corresponds  to pre-martensitic
transformation. By comparison, we know that the reverse

martensitic transformation temperature of Co;3gNizy-

reverse

Al Sn, (x=0, 1, 2, 3) alloys increases first and then
decreases when x increases from 1 to 3.
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Fig. 6 DSC curves of CosgNizsAlygSn, (x=0, 1, 2, 3) alloys
treated at 1573 K

3.3 Microhardness of Co3gNijyAlygSny (X=0, 1, 2, 3)

alloys

Table 1 shows microhardness of CosgNissAlyg . Sn,
(x=0, 1, 2, 3) alloys at different states. It is found that
microhardness will increase as the treatment temperature
increases. For example, the microhardness of
Co3gNizsAly;Sn; alloy increases from HV446.00 to
HV485.32, HV507.54 and HV547.46 when treated at
1373, 1473 and 1573 K. Besides, at the same treatment
temperature, more Sn substitution will improve the
microhardness. For example, when treated at 1473 K, as
x rises from 1 to 3, the microhardness of
CosgNizsAlrg Sn, increases from HV507.54, HV578.14

Table 1 Microhardness of CoNiAlSn alloys (HV,)

Microhardness
Treatment - - -
C038N134A127Sl’11 C033N134A12()Sl’12 CO38N134A12581’13
As-cast 446 524.34 554.4
1373 K,2h 485.32 566.94 573.46
1473 K,2h 507.54 578.14 583.8
1573 K,2h 547.46 604.4 593.84
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to HV583.80. However, there is one exception that the
hardness of Co3gNizsAlsSn, alloy is higher than that of
CossNi3sAlysSn; alloy due to the higher portion of
martensite in CozgNizuAl,sSn, alloy.

4 Discussion

Figure 7 shows the isothermal section of Co—Ni—Al
diagram at 1373 K and 1573 K [17]. From the isothermal
section, when treatment temperature is reduced, y-phase
with Al structure (disordered-FCC) occurs in the region
with a low aluminum content and the two-phase region
of - and y-phases widens. As the treatment temperature
increases, the boundary between p-phase region and
two-phase region of f- and y-phases will shift to low
aluminum area. The volume fraction of y-phase will
decrease as f-phase region widens. Moreover, the
increase of heat treatment temperature helps y-phase to
dissolve and the grains of f-phase to become large in
CO33Ni34A1287XSle alloys.

From Fig. 7, CosgNissAlyg alloy has £ (B2) structure
at 1473 K and 1573 K. According to the experimental
results, there exists more or less y-phase in all the
samples, which indicates that the p-phase dissolves
slowly into f-phase. The addition of Sn causes the total
content of Al to decrease, which may cause the f+y
region to widen with the increase of Sn content. At the
same time, Sn may also lead y-phase to dissolve more
quickly into S-phase. That is why as Sn content increases,
the volume fraction of p-phase decreases in the
CosgNizyAlyg-,Sn, alloys.

Co 20 40 60 80 Ni
/%

Fig. 7 Isothermal section diagram of Co—Ni—Al alloy at 1373
Kand 1573 K

It is known that S-phase with B2 (ordered-BCC)
structure in the alloys can transform into f-phase with
L10 (ordered-FCC) structure above or below room
temperature. Previous studies have shown that the

martensitic transformation temperature in the f+y
two-phase alloys rose up with the increase of treatment
temperature. With the same alloy composition, the higher
the treatment temperature, the less the volume fraction of
y-phase. Because of y-phase solution, contents of Co and
Ni in pS-phase increase as the treatment temperature
increases, which will lead to the electron-to-atom-ratio
(e/a) in p-phase and the martensitic transformation
temperature increasing. Therefore, the martensitic
transformation occurs above room temperature.

As Sn content increases to 3%, the S-phase grains
grow up very quickly, especially at a higher treatment
temperature. Therefore, the transformation process and
martensitic transformation temperature will be affected
and consequently the microstructure of CozgNizsAlysSn;
alloys is mainly composed of f-phase after being treated
at 1573 K.

Generally, the microhardness of alloys is associated
with the alloy phase, alloying elements and their content,
precipitates, etc. The microhardness of these alloys is
mainly determined by the microhardness of the ordered
f-phase because the volume fraction of plastic y-phase is
small. The microhardness of these alloys increases with
treatment temperature due to the dissolution of more
y-phase into f-phase. After heat treatment, the ordered
BCC p-phase can transform into L10 thermoelastic
martensite phase with a higher hardness. Therefore, the
microhardness of the alloys will further increase. That is
why the microhardness values of CosgNizgAly;Sn; and
CoNizyAleSn, alloys increase more obviously
compared with CosgNizsAlysSn; alloy after heat treatment
at 1573 K.

5 Conclusions

1) The substitution of Sn for Al in Co;3gNizsAlyg Sn,
alloys causes the aluminum content to decrease and the
content of y-phase to decrease. The increase in heat
treatment temperature helps p-phase to dissolve into
p-phase and the p-phase grain to grow up in
CossNizgAlyg-Sn, alloys.

2) Martensite was obtained in Co3gNizsAlyg Sn,
(x=1, 2, 3) alloys by heat treatment at 1573 K for 2 h and
then quenching in ice-water. The maximum martensite
could be obtained in CosgNizsAlysSn, alloy.

3) The microhardness of CosgNizsAlysSn, alloys
has a tendency of increasing with the increase in Sn
content and heat treatment temperature. This effect will
be more obvious when a part of f-phase transforms into
martensite phase.

4) Substitution of Sn for Al in CosgNissAlys-,Sn,
alloys causes their reverse martensitic transformation
temperatures to increase at x=1 and x=2 and then to
decrease at x=3.
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transformation behavior under magnetic field
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