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a b s t r a c t

(Ni52.5Mn23.5Ga24)100−xCox (x = 2, 4, 6, 8) alloys were prepared for the determination of their characteristic
phase transformation temperatures (Ms, Mf, As, Af) and high temperature yield strength of the parent
phase. The driving force for the martensitic phase transformation in these alloys was estimated from
thermodynamic point of view by taking into account the contributions of the shape deformation and the
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twin formation accompanying the martensitic phase transformation to the energy required to initiate
the transformation; and a positive linear relationship between the driving force and the yield strength
of the parent phase at Ms temperature was established.

© 2010 Elsevier B.V. All rights reserved.
ield strength
hape deformation

. Introduction

Ferromagnetic shape memory alloys (FSMAs) that simultane-
usly show shape memory effect (SME) and ferromagnetic behavior
ave attracted great attention due to their potential applications as
mart materials [1,2]. The most interesting member of the FSMAs is
he Heusler alloy, known as a group of ternary intermetallic com-
ounds with a stoichiometric composition of Ni2MnGa, which is
ound to produce a significant strain under the bias of a magnetic
eld [1,3–5] and exhibits thermally and magnetically driven SME
ith a rapid and efficient response. This property of the Ni–Mn–Ga

lloy is associated with the martensitic transformation from the
arent phase to the martensitic phase upon cooling and the mag-
etic field-induced motion of twin boundaries. This is different

rom the mechanism responsible for the large strain in conventional
hermal shape memory alloys.

In Ni2MnGa system, the parent phase has a cubic L21 structure
ith a space group Fm3m, whereas the structure of the martensitic
hase can be 5-layer modulated (5M), 7-layer modulated (7M) or
on-modulated (NM) depending on the composition of the alloy

6,7]. Several studies have suggested that the starting temperature
f martensite transformation (Ms) is a function of the valence elec-
ron concentration (e/a) and/or the volume of the unit cell of the
lloy [8–10]. Heat treatment also alters the Ms via the ordering of
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the L21 phase in a small scale [11,12]. These conclusions have also
been confirmed in Ni–Fe–Ga alloys and the Ge-, Co- or Fe-added
Ni–Mn–Ga alloys [13–15].

As well known, martensitic transformation is a diffusionless
transformation in which shape deformation is a major step to form
the final structure of the martensite. Therefore, the yield strength
of the parent phase at the transformation temperature, usually the
�0.2(Ms), has also been considered a major resistance to the marten-
sitic transformation [16], which acts as a part of the non-chemical
free energy of the transformation and determines the Ms tempera-
ture. The purpose of the present study is to establish a relationship
between the �0.2(Ms) and the driving force of martensitic trans-
formation in Co-added Ni2MnGa alloys from the point of view of
thermodynamics.

2. Experimental

Four polycrystalline ingots of (Ni52.5Mn23.5Ga24)100−xCox (x = 2, 4, 6, 8) alloys,
designated as C2, C4, C6 and C8, respectively, in order to specify the amount of Co
added, were prepared by arc melting in argon atmosphere with appropriate amounts
of Ni, Mn, Ga and Co at a purity of 99.95 wt.%. Each ingot was repeatedly melted
in a water-cooled copper crucible for five times to ensure compositional homo-
geneity. Afterwards, the melted alloy was suck-cast into a water-cooled cylindrical
copper mold placed at the bottom of the arc furnace to form an alloy rod with a

constant diameter of 5 mm. The alloy rods were annealed in evacuated quartz tubes
at 1000 ◦C for 48 h for further homogenization. Chemical compositions of the alloys
were analyzed using an X-ray fluorescence spectroscope (XRF, EAGLE III), as listed
in Table 1. The analyzed composition was somewhat deviated from the designed
composition due to element volatilization, especially Mn, during alloy preparation
and homogenization.
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Table 1
Chemical composition of prepared alloys determined by XRF in comparison with
the nominal composition (values in bracket).

Alloy Ni (at.%) Mn (at.%) Ga (at.%) Co (at.%)

C2 53.15 (51.45) 22.03 (23.03) 22.83 (23.52) 2.00 (2)
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C4 51.73 (50.40) 21.77 (22.56) 22.58 (23.04) 3.93 (4)
C6 50.25 (49.35) 21.72 (22.09) 22.06 (22.56) 5.96 (6)
C8 49.81 (48.30) 20.92 (21.62) 21.18 (22.08) 8.10 (8)

Thin disc specimens of Ø5 mm × 0.2 mm were prepared from the homogenized
ngots by using an electron discharge machine (EDM), followed by mechanical
rinding. Such obtained discs were used for the determination of characteristic tem-
eratures of martensitic transformation and its reverse transformation, including
s, Mf (the finishing temperature of martensitic transformation), As (the starting

emperature of the reverse transformation) and Af (the finishing temperature of
he reverse transformation), with a differential scanning calorimeter (DSC, Perkin-
lmer diamond, USA) at heating and cooling rates of 10 K min−1. In order to obtain
he yield strength �0.2(Ms), cylindrical specimens of Ø5 mm × 8 mm, for compres-
ive stress–strain measurement, were prepared by slicing the rods with an EDM.
he compression experiments were conducted on a thermal simulator (Gleeble
500, USA) at various temperatures in a range of 70–500 ◦C (beyond the transfor-
ation temperatures) with a temperature interval of 50 ◦C and a crosshead speed

f 1 mm min−1. The �0.2(Ms) was obtained by extrapolation in order to avoid the
train-induced martensitic transformation. The microstructure of the martensite
as observed by both optical (Axiovert 200MAT, Carl Zeiss Light microscope) and

ransmission electronic (Tecnai G2 20, Holland) microscopes.

. Results and discussion

Gibbs free energy change accompanying with martensitic phase
ransformation, �G(T)P→M

total , can be expressed as [17,18]:

G(T)P→M
total = �G(T)P→M

chem + �GP→M
non-chem (1)

here �G(T)P→M
chem is the chemical free energy change of the

ransformation that converts the crystal structure of the parent
hase to that of the martensite without changing the composi-
ion and stabilizes the nucleus of the martensite, and �GP→M

non-chem
s the non-chemical free energy change of the transformation
hat provides the energy needed for the growth of martensite
ucleus. Usually, �G(T)P→M

chem = 0 corresponds to the thermody-
amic equilibrium temperature of the two phases T0 (estimated
s T0 = (Ms + Mf + As + Af)/4 [19]) and �G(T)P→M

total = 0 determines the
tarting temperature of martensitic transformation Ms. At Ms tem-
erature:

�G(Ms)P→M
chem = �GP→M

non-chem(Ms) (2)
hich presents the driving force of martensitic transformation.
According to the crystallography of martensitic transformation

20], shape deformation at Ms temperature is involved in the forma-
ion and growth of a nucleus of the martensite, which requires an
nergy Es. The martensite plates of the (Ni52.5Mn23.5Ga24)100−xCox

ig. 1. The microstructures of the martensite in alloys C4 (a) and C8 (b) at room temperat
mpounds 507 (2010) 331–334

alloys were twined (primary twins) and some of them contained
secondary twins (substructure) inside the martensite plate. Typical
microstructure of the (Ni52.5Mn23.5Ga24)100−xCox alloys is shown in
Fig. 1; the associated formation energy of twins Et should be consid-
ered as a part of the driving force. In addition, the stored energies of
volume change caused by martensite transformation Ev, interface
formation between parent and martensitic phases Ei and disloca-
tion formation in the parent phase adjacent to the martensite Ed
should also be taken into account in the driving force. Therefore,
the driving force of the martensitic phase transformation for the
(Ni52.5Mn23.5Ga24)100−xCox alloys can be estimated as:

�GP→M
non-chem(Ms) = Es + Et + Ev + Ei + Ed (3)

The shape deformation due to martensitic phase transformation
is an invariant plane strain represented by a shearing deformation
defined by a shearing stress � and a shearing angle �; and therefore,
the term Es can be expressed in the form of VM�� [18] with VM as
the molar volume of the martensite. Under such a shearing stress,
the parent phase is yielded and changed to martensite; thus the
yielding stress of the parent phase at Ms temperature �0.2(Ms) is
used for estimation of the Es, that is:

Es = VM��0.2(Ms)
m

(4)

with a constant m in the range of 2–3 [18]. As known, there are
8 atoms (two molecules) in a non-modulated unit cell of marten-
site in Ni2MnGa-type alloys, therefore, the molar volume of the
martensite can be determined from lattice parameters aM and cM
of the martensite by:

VM = a2
MbM

2
× 6.023 × 1023 (5)

And the invariant plane strain angle can be obtained by [21]:

� = arctan

(√
(�2

1 − 1)(1 − �2
1�2

2)

�2
1�2

)
(6)

where �1 = (
√

2/aP)aM, �2 = cM/aP and aP is the lattice parameter
of the parent phase.

As shown in Fig. 1, the martensite plates in the
(Ni52.5Mn23.5Ga24)100−xCox alloys were twined; the area of
the twin boundary per mole A can be estimated from the average
width d of the martensite plate by:
A = M

d
(7)

thus the energy associated with the primary twin boundary is
(VM/d)� t and � t is the twin boundary energy per area. It is also
noted that secondary twins were rarely observed inside some of the

ure, with typical secondary twins inside the martensite plates shown in the insert.
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Table 2
Characteristic transformation temperatures of the prepared alloys (◦C).

Alloy As Af Ms Mf T0 �T

C2 76.9 83.4 72.6 65.1 74.5 1.9
C4 129.4 141.6 122.1 114.9 127.0 4.9
C6 200.1 214.2 182.8 171.4 192.1 9.3
C8 255.1 270.7 224.2 215.7 241.4 17.2

Fig. 3. The yield strength of the parent phase �0.2 of the (Ni52.5Mn23.5Ga24)100−xCox

T
T
m

ig. 2. DSC curves of four alloys, and the insert shows the method of determination
f the characteristic transformation temperatures.

artensite plates, the contribution of their boundary energy to the
t is negligible for the driving force estimation due to its insignifi-
ant involvement compared to that of the primary twin boundaries.
herefore, the energy contribution due to the twin boundary of
artensite plates is expressed as:

t = VM

d
�t (8)

Comparing the lattice parameters of the parent and marten-
ite phases, it is known that the volume change caused by the
hase transformation is small; the stored elastic and plastic ener-
ies Ev and Ed are unimportant for the driving force of the phase
ransformation. The (Ni52.5Mn23.5Ga24)100−xCox alloys are a kind of
hape memory alloys, the interface between the martensite and
he parent phase is quite movable with low boundary energy that
s not counted in the driving force estimation. Based on the above
nalysis, the expression of the driving force for the martensitic
ransformation in the (Ni52.5Mn23.5Ga24)100−xCox alloys can be sim-
lified to:

GP→M
non-chem(Ms) = VM��0.2(Ms)

m
+ VM

d
�t = 6.023 × 1023 a2

McM

2

{
ta

Fig. 2 shows the DSC curves of the prepared alloys during
eating and cooling, from which Ms, Mf, As and Af temperatures
ere determined. These characteristic transformation tempera-

ures were defined as the temperatures that correspond to the
ntersection points of the tangent lines to the base line and the peak

n the DSC curves, as illustrated by the insert of Fig. 2 with deter-

ination of As and Af as the example. The obtained characteristic
emperatures of the phase transformations are listed in Table 2. All
f the temperatures increased with the increase of Co content in
he (Ni52.5Mn23.5Ga24)100−xCox alloys.

able 3
he lattice parameters of the martensitic and parent phases, the yield strength of the pare
olar volume of the martensite VM and the calculated driving force �GP→M

non-chem
of marten

Alloy aM (Å) cM (Å) �0.2(Ms) (MPa)

C2 3.878 6.493 221.8
C4 3.859 6.542 253.7
C6 3.855 6.558 272.5
C8 3.831 6.582 325.3
((2a2
M/a2

P) − 1)
1/2

(1 − (2a2
Mc2

M/a4
P))

1/2

2a2
McM/a3

P

]
�0.2(Ms)

m
+ �t

d

}
(9)

alloys at various temperatures, and the �0.2(Ms) was obtained by extrapolation
following the temperature dependence.

Fig. 3 shows the yield strength �0.2 of the parent phase as a func-
tion of temperature for all the prepared alloys. Such temperature
dependence of yield strength, increasing as temperature rises, is
contradicted to that observed in conventional metals and alloys due
to the intermetallic nature of the Ni2MnGa based alloys [22]. The
value of �0.2(Ms), listed in Table 3, was obtained by linear extrapo-
lation following the temperature dependence of the yield strength
indicated in Fig. 3.

The lattice parameters of the martensitic phase of the
(Ni52.5Mn23.5Ga24)100−xCox alloys were determined by X-ray
diffraction [23]; their values, together with the calculated VM and
the measured d, are listed in Table 3. By using all the necessary
parameters in Table 3, the driving force for the martensitic trans-
formation of the (Ni52.5Mn23.5Ga24)100−xCox alloys were calculated

2
using Eq. (9), as listed in Table 3, with 6.74 J/m [24] for � t, 3 for m,
and 5.824 Å for the average lattice parameter of the parent phase
aP [23]. Fig. 4 shows the graphic relationship between the driving

nt phase at Ms �0.2(Ms), the average width of the martensite plate d, the estimated
sitic transformation of the prepared alloys.

d (�m) VM (cm3/mol) �GP→M
non-chem

(J/mol)

7 29.39 265.2
12 29.32 304.6
20 29.33 324.8
26 29.08 388.7
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[21] H. Zheng, Master Degree Thesis, Shanghai Jiao Tong University, Shanghai, 2008.
ig. 4. The driving force for martensitic transformation �GP→M
non-chem

and �T of
Ni52.5Mn23.5Ga24)100−xCox alloys on the yield strength of the parent phase �0.2(Ms).

orce and the �0.2(Ms), which can be empirically expressed as:

GP→M
non-chem = 1.19�0.2(Ms) + 1.63 (10)

In previous studies on Fe-based alloys [16,25], the results
howed that the Ms decreases with the increase of the �0.2(Ms),
hich appears to be contradicted to what obtained in the present

tudy (the Ms increases with the increase of the �0.2(Ms)). As a
atter of fact, it is the �0.2(Ms) that determines the driving force

equired for martensitic phase transformation, which is also quali-
atively measured by the T (=T0 − Ms); therefore, the dependence of
he �T on the �0.2(Ms) is more meaningful than that of the Ms tem-
erature on the �0.2(Ms). In the present study, the equilibrium T0
emperature of the (Ni52.5Mn23.5Ga24)100−xCox alloys was changed
ith the added content of Co; however, the �T increased with the

ncrease of the �0.2(Ms), as shown in Table 2. In this �T point of
iew, the results from the Fe–C and the (Ni52.5Mn23.5Ga24)100−xCox

lloys are consistent.

. Summary

The martensitic transformation of (Ni52.5Mn23.5Ga24)100−xCox
lloys was investigated. The characteristic temperatures (Ms, Mf,
s, Af) and high temperature yield strength �0.2(T) were experi-
entally determined, with which the equilibrium temperature T0

nd the yield strength at the Ms temperature �0.2(Ms) for each
f the alloy was obtained. The driving force for the martensitic

[
[

[
[

mpounds 507 (2010) 331–334

transformation in these alloys were evaluated as �GP→M
non-chem =

1.19�0.2(Ms) + 1.63 according to the equation of �GP→M
non-chem(Ms) =

((VM��0.2(Ms))/m) + (VM/d)�t derived by taking into account the
contributions of the shape deformation and twin formation accom-
panying the martensitic transformation to the energy required to
initiate the phase transformation.
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