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A study on the influence of aging heat treatment conditions at 823 K for 3 h,
24 h, and 120 h, on microstructure, martensitic transformation, and magnetic
and mechanical properties of CosoNiszGas;_xAlx alloys (X = 0 and 1 at.%) was
performed by using x-ray diffraction (XRD) analysis, optical microscopy (OM),
energy-dispersive spectrometer (EDS), differential scanning calorimeter
(DSC), and vibrating sample magnetometer (VSM). The results show that the
microstructure of both aged alloys consists of martensite and fcc second y
phase in addition to ordered cubic gamma prime (y’) phase precipitates in
martensite. The martensitic transformation temperature peak (M) elevates
with prolonging aging time and decreasing valence electron concentration (e./a).
Saturation magnetization (M) decreases, whereas both remanence magnetiza-
tion (M,) and coercivity (H.) increase with aging time. Meanwhile, the aging

time enhances the hardness property (H,) of the investigated alloys.

INTRODUCTION

Recently, more interest has been generated in
the ferromagnetic shape memory alloys (FMSMAs)
because of their various applications such as
sensors and actuators materials." A lot of
FMSMAs like NiMnGa®™® exhibit a magnetically
induced shape memory effect and excellent ther-
mal stability.® However, this system of alloys has
some drawbacks, mainly originating from the loss
of Mn. It causes severe brittleness in polycrys-
talline alloys in addition to high segregation in
single crystal alloys that limits its applications.”®
Therefore, several trials have been made to
develop new systems such as NiFeGa, CoNiAl,
and CoNiGa to avoid the demerits of NiMnGa
alloys. Accordingly, in comparison with NiMnGa
alloys, the new developed group of the FMSMASs in
the Co-Ni-Ga alloy system located in the two-
phase B2 + y (martensite + y) region is character-
ized by good ductility due to the y phase in its
microstructure.” > The microstructure with a
higher volume fraction of y phase, soft phase, at
the expense of martensite, hard phase, has higher
ductility.

(Published online March 4, 2016)

A lot of studies have reported that heat treatment
conditions seriously influence the microstructure,
martensitic transformation, and magnetic and
mechanical properties of various FMSMAs.'*~*® In
addition to heat treatment influence, Al addition to
the CoNiGa system can alter its volume fracture of
martensite and y phase, martensitic transformation
temperature peak (M), and saturation magnetiza-
tion (My).

Additionally, it is worth mentioning in this con-
text that valence electron concentration (e,/a) is the
most important factor influencing structure, as well
as My, mechanical and magnetic properties such as
Mg, remanence magnetization (M,), and coercivity
(H.).'®'" Furthermore, (e,/a) indicates the number
of all electrons in the alloys per number of atoms.
Consequently, the following equation is used to
calculate this ratio, e.,/a, based on the atomic
fractions of the alloying elements in the alloy:*®

ev/a = fiel + foe? + fsed (1)

where [ is the atomic fraction and e, is the
number of valence electrons of the elements in the
alloy.'®2° There are two opposite opinions that
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control the relationship between M, and e,/a. For
instance, many researchers have reported that the
M, is in direct relation with e,/a.'?'"** Other-
wise, others have indicated that it is an inverse
relationship between M, and ey/a.?*2% Moreover,
it is found that the magnetic saturation measure-
ments are affected by the e,/a. Indeed, the
increase in e,/a causes a decrease in M..'"

Herein, in the present study, the influence of
aging conditions and Al doping on the microstruc-
ture evolution, martensitic transformation, and
mechanical and magnetic properties of CosoNigs
Gag;_xAlx alloys is investigated.

EXPERMIENTAL PROCEDURES

The dual phase of (f +7) CosoNigsGagy_xAlx
alloys X =0 and 1 at.%) was prepared from the
starting materials of 99.99 wt.% Co, 99.99 wt.% Ni,
and 99.99 wt.% Ga by arc-melting pure elements
under an argon atmosphere in a water-cooled
copper crucible. To lower segregation and ensure
homogenization as much as possible, the cast alloys
used in this investigation were melted four times.
After being solutionized at 1273 K for 24 h for both
alloys, under a controlled atmosphere of He, these
two specimens were sliced into small-sized parts,
which were then aged at 823 K for various periods
3 h, 24 h, and 120 h followed by iced water quench-
ing (WQ). The microstructure was evaluated by an
optical microscope (OM) (MEIJI TECHNO) fitted
with a digital camera and a scanning electron
microscope (SEM—JEOL JSM5410). The equilib-
rium phase composition was detected by an energy
x-ray dispersive spectroscopy (EDS) attached to
SEM. The crystalline phases in the different sam-
ples were distinguished by using x-ray diffraction
(XRD) on the Brucker axis D8 diffractometer using
Cu Ka (1 = 1.5406) radiation with a step scanning in
the 20 range of 30° to 100°. The peak of martensitic
transformation temperatures (M,) was determined
by differential scanning calorimetry (Netzsch Lead-
ing Thermal Analysis DSC 204 F1) at heating and
cooling rates of 10 K/min. Magnetic properties were
measured as well by using a vibrating sample
magnetometer (VSM; lakeshore 7400; USA). Hard-
ness values were determined by using a Leco
Vickers Hardness Tester LVS80OAT with 31.25 Kgr.

RESULTS AND DISCUSSION
Crystal Structure

To investigate the influence of aging heat treat-
ment conditions on the structure and to identify the
different phases found in CosoNiz3Gag; and CosgNi
23GaggAl; alloys, x-ray diffraction measurements
were performed at room temperature. There are six
XRD patterns, as shown in Fig. 1; each alloy was
represented by three XRD patterns according to
aging at 823 K for various aging times: 3 h, 24 h,
and 120 h. The XRD results reveal the crystal
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Fig. 1. XRD patterns of the aged CosgNixzGas7Alg and CosgNisg
GaggAly alloys.

structures of the present phases. These phases were
determined to be L1, for martensite phase, Al for y
phase (disordered fcc), and L1, for 7" phase (ordered
cubic). The main reflection (110) was indexed with
the tetragonal structure for the parent phase:
martensite.?® Moreover, there are some other peaks
such as (022), (220), and (211) that indicate the
presence of martensite phase as well. Furthermore,
v phase is represented in Fig. 1 by diffraction planes
(002) and (420); however, (210) and (311) planes
belong to the y” phase.

Microstructure Evolution

Figure 2 depicts the microstructures, observed by
optical microscope, of both CosoNissGasy; and Cosg
Niy3GasgAl; alloys where (a), (b), and (c) represent
the microstructures of CosoNizzGag; alloys that
aged at 823 K for 3 h, 24 h, and 120 h, respectively,
and (d), (e), and (f) illustrate the counterpart
microstructures of CosoNigsGaggAl; alloy. The
microstructures of both investigated alloys aged
with different heat treatment conditions are com-
posed of martensite, y phase in addition to particles
of 7" phase that precipitated in martensite phase, as
evinced in Fig. 3. The y phase and its volume
fraction (Vy) in the microstructures of CosoNigsGagy
alloy, (a), (b), and (c), are coarser and higher than
that in the counterpart microstructures of CosoN-
193GaggAl; alloy, (d), (e), and (f). Meanwhile, the V;
of the y phase in both Cos¢Nig3Gas; and CosoN-
i23GaggAl; alloys decreases with prolonging the
aging time. Obviously, the V¢ of the y phase dimin-
ishes in both alloys with increasing the aging time
from 3 h and 24 to 120 h. In addition, y” phase is
precipitated in the martensite phase in all
microstructures of the aged specimens. These par-
ticles of 7" phase got coarser as the aging time
increased, as described in Fig. 3.



Microstructural Evolution and Magnetic Properties of Aged CoNiGaAl Shape Memory Alloy 1487

@ PSP

Fig. 2. Microstructure of CosoNiozGaoz alloys aged at 550°C for (a) 3 h, (b) 24 h, and (c) 120 h and CosoNix3GassAls alloys aged at 823 K for (d)

3h, (e) 24 h, and (f) 120 h.

The distribution of the alloying elements, Co, Ni,
and Ga, in the martensite and y phases found in the
microstructure of CosoNizsGagy alloy aged at 823 K
for 120 h is shown in Fig. 4. Chemical distribution
provides a clear image about the heat treatment
influence on segregation of alloying elements, which
in turn affect the presence and the volume fraction
of different phases, such as gamma (y), gamma
prime ("), and martensite, found in the investigated
microstructures. Moreover, chemical distribution
explains the anisotropy of the physical and mechan-
ical properties. The martensite phase has higher
content of both Ga and Ni elements; however, the y
phase is rich in Co element. Moreover, the micro-
chemical analysis of martensite and y phases is
recorded in Table I, whereas Table II demonstrates
the microchemical analysis of 7" phase. It is

noticeable that (") phase is Co based with higher
Al content, as presented in Table II. Additionally,
this table contains the percentage of error for the
measurements of microchemical analyses of alloy-
ing elements: Co, Ni, Ga, and Al.

In addition, the influence of aging treatment
conditions on the martensite transformation tem-
peratures (T,,) is investigated. As the aging time
increases, the T, for both CosoNigsGag; and Cosg
Niy3GaggAl; alloys increase as deduced in Table 1.
Meanwhile, the T, for CosqNis3Gag; alloys is lower
than that of CosoNig3sGaggAl; alloys. Thus, Al is
increasing the martensitic transformation temper-
ature when it is added on account of Ga.?® More-
over, one can note that 77, is very sensitive to the
chemical composition of the matrix phase, which is
martensite; however, there is a percentage of error
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Fig. 3. Parent: martensite phase and y phase and precipitation of y’
phase in martensite in the microstructure of CosoNix3Gag7Aly alloy
aged for 120 h.
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Fig. 4. Line analysis through y and martensite phases in CosoN-
io3Gayy alloy aged for 120 h.
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in any experimental measurements that should be
taken into account; for example, see Table II.
Accordingly, the Al percentage increases, while the
Co content decreases in the matrix, martensite,
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with aging time. Al and Ga preferably segregate to
martensite, while Co selectively separates into the y
phase.®

It is obvious that T, increases with the increase
of Ga at.%;' however, it is decreased by increasing
the Co content® in the matrix of CosoNigsGasy alloy,
as shown in Table I. In addition to the effect of Ga
and Co, the increase of Al (at.%) elevates the T}, of
the CosoNigsGaggAl;.2®

The chemical composition of the matrix affect on
the T, is represented by the valence electron
concentration (e,/a). A lot of researchers investi-
gated the relationship between T, and (e,/a). This
relationship is a controversial issue, where some
researchers have indicated that it is a direct rela-
tionship."'¢2122 However, others have confirmed
that it is an inverse relationship.®?32* The obtained
results in the present study support the latter point
of view.

Mehrdad and Yong®’ studied this relation in
detail. They categorized alloys into low (e,/a < 5),
medium (5 <e./a <7.50), and high (e,/a > 7.50)
valence electron groups. As shown in Table I, the
values of (e,/a) in this study belong to the medium
category. In this category, according to Mehrdad
and Young, the relationship between T, and (e./a)
is an inverse relation that coincides with the results
of this study.

Magnetic Properties

The effect of aging time on the magnetic proper-
ties of the CoNiGaAl alloys was performed at room
temperature under an applied field of 15 kOe using
a vibrating sample magnetometer (VSM). These
measurements were carried out at room tempera-
ture under an applied field of 15 KOe. Plots of
magnetization (M) as a function of applied field (H)
for the Co50Ni23Ga27 and CO50Ni23G326A11 alloys
aged at 823 K for 3 h, 24 h, and 120 h are shown in
Fig. 5.

The change on saturation magnetization (M),
remanence magnetization (M,), and coercivity (H,)
for CosoNigzGagrAly and CosoNigsGaggAl; alloys
obtained at room temperature are shown in Fig. 6.
It is noticeable that M, for both Cos¢NissGagrAlg
and CosoNip3GaggAl; alloys aged at 823 K for 3 h is
found to be 124.15 emu/g and 58.36 emu/g, respec-
tively. By prolonging the aging time to 24 h and
further to 120 h, the M| for both aged alloys is found
to minify into 65.52 emu/g and 50.61 emu/g and
then to 53.07 emu/g and 46.16 emu/g, respectively.

All the measured magnetic properties for aged
CosoNigsGagrAlg alloys are higher than in Cosg
Niy3GasgAl; alloys, as shown in Fig. 6. Additionally,
the M decreased for both aged CosoNiszGasyAlg and
CosoNizsGageAl; alloys with aging time; however,
both M, and H. are increased for aged CosoNiss.
Gag7Alg and CosgNigsGaggAl; alloys as the aging
time increases.
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Table I. Microchemical analyses of martensite phase, electron concentration in matrix (e,/a), and martensite
transformation temperature (T, of the investigated alloys

Composition of martensite (at.%)

Alloy Co Ni Ga Al (e /a) T, (O
Al;,3h 42.24 27.33 29.16 1.28 7.4478 89
Al, 24 h 41.93 27.36 29.34 1.37 7.4310 94
Alq, 120 h 40.32 28.20 29.99 1.49 7.3932 112
Aly, 3 h 41.52 26.69 31.79 0.00 7.3595 78
Aly, 24 h 41.34 26.81 31.85 0.00 7.3568 86
Aly, 120 h 41.09 26.95 31.95 0.00 7.3516 97
Table II. Microchemical Analyses of y Phase
Composition of y" phase (at.%)
Alloy Co Ni Ga Al
1% Al, 120 h 58.62 22.52 17.45 1.41
% Error 0.26 0.32 0.69 0.46
150 microstructure of CosoNissGasyAly alloys than of
] SuA Ih Co50Niz53Ga26A11 alloys due to the increase in the Al
100 o }0 % Al 24 2,) _/./' (at.%).?® Furthermore, the decrease in the satura-
] }‘1‘,,/’ A 1322)") ﬁ.‘l/ tion magnetization for both aged CosoNigsGagrAlg
50 4 (1% A124 ) A= and CosoNizzGaggAl; alloys with aging time origi-
> % ) _ﬂ" nated from the decrease in the V; of the y phase due
E 0 [F-_r to the decrease in the Co (at.%).°
Q T 2 . .
s -50+ I=‘='_'—‘ﬁ:f/-_-' Mechanical Properties
100 4 _/.%'J The influence of the prolonging time of the aging
— process on the hardness of the investigated alloys is
-150 . . . . . elucidated in Fig. 7. The hardness values for the
-10000 -5000 H 2) 5000 10000 specimens aged at 823 K for 3 h, 24 h, and 120 h of
,Oe

Fig. 5. Effect of aging time on the M-H hysteresis loop of CoNiGaAl
alloys.

The main two phases in the microstructures of the
investigated alloys are the martensite and the y
phase. These two phases have different magnetic
properties, where the y phase, a Co-rich phase, has
larger magnetization compared to martensite
phase.?® Moreover, the Co additions increase the
V; of the y phase and make it more stable as well as
increase its saturation magnetization that was
confirmed by Liu et al.® However, Al segregates
preferably to the martensite phase and increases its
Vr and lowering of the M, of aged alloys.

The M, values of aged CosoNiszGaggAl; alloys are
lower than that of CosoNissGagryAlg alloys according
to the diminishing in the V; of the y phase in the

CO50Ni23G326A11 alloy, 270, 307, and 353 HVgo, are
higher than the corresponding specimens for Cosg
Niy3GasrAlg alloys, 262, 277, and 341 HV3, respec-
tively. Hardness measurements for the both inves-
tigated alloys are in a direct relationship with aging
time, whereas as the aging time increases, the
hardness values increase.

The increase in the hardness measurement for
both CO50Ni23G&27A10 and CO50Ni23G326A11 alloys
with aging time could be due to the increase of the
V¢ of martensite at the expense of V; of the y phase.
In the same direction, hardness measurements are
enhanced with aging time as the result of the
precipitation of the 7" phase in both aged alloys.

In comparison with the counterpart specimens of
Co50Ninga27 alloys, CO50Ni23G326A11 alloys have
higher hardness values because of the higher V; of
the martensite phase and a finer structure than in
Co50Ninga27 alloys.
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CONCLUSION

The microstructure, martensitic transformation,
and magnetic and mechanical properties of Cosg
NiysGag;_xAlx alloys that aged at 823 K with
various aging times of 3 h, 24 h, and 120 h were
investigated. The obtained results are as follows:

1.

10.

11.

12.

13.

14.

15.

16.

The microstructure is composed of Ga-rich
martensite, as a parent phase, Co-rich y phase,
as well as precipitation of 7" phase particles for
both CO50Ni23G327A10 and CO50Ni23G326A11 al-
loys.

V¢ of the y phase in the CosoNissGasrAlg alloy is
higher than that in the Cos¢Nis3GasgAl; alloy.
Moreover, the V; value of the y phase is
decreased by prolonging the aging time for both
alloys.

The martensitic transformation temperature T+,
is elevated as the aging time increases; however,
it decreases as the electron concentration (e./a)
increases.

The magnetic parameters Mg, M,, and H, for the
CosoNig3GagrAlg alloy are higher than those for
the CosoNigzGaggAl; alloy in all aging condi-
tions. Saturation magnetization (M) values
decrease, whereas remanence magnetization
(M,) and coercivity (H,.) values increase as the
aging time increases.

Hardness measurements for both alloys are
increased with aging time. In comparison with
the CO50Ni23G&26A11 alloy, the CO50Ni23G327
alloy has lower hardness values.
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