H [ 41 #} E R

Mg Mo Vol. 32 No.2
2013 4E2 f MATERIALS CHINA Feb. 2013

Martensitic and Magnetic Transformation Behavior of
Ni;, Mn,; . In,, Fe_ Polycrystalline Alloys

WU Zhigang'?, REN Xiaobing', LIU Yinong’
(1. Multi-Disciplinary Materials Research Center, Frontier Institute of Science and Technology,
Xi’an Jiaotong University, Xi’an 710049, China)
(2. School of Mechanical Engineering, The University of Western Australia, Crawley WA6009, Australia)

Abstract: The effect of Fe substitution for Mn on the martensitic and magnetic transformation
behaviors of NisyMny,_ In;,Fe (x =0, 3, 4, 5, 6) polycrystalline alloys was investigated. A
martensitic transformation from a B2 austenite to an orthorhombic martensite was observed with
lower Fe contents (x<4), while the transformation was completely suppressed with further in-
creasing the Fe content (x=5) of the alloys. Substitution of Fe for Mn at above 3% (x) intro-
duced an fcc y phase in the microstructure, the amount of which increased with increasing the Fe
content. The y phase influenced the composition of the matrix phase, as well as the e/a ratio,
leading to a series change of the physical properties of the alloys. Firstly, the e/a ratio of the
matrix phase decreased rapidly with increasing Fe content, resulting in the abrupt decrease of
martensitic transformation temperature and enthalpy change. Secondly, Fe addition effectively
increased the ferromagnetic ordering of the matrix phase, leading to the increase of the Curie
transition temperatures and the magnetization of the alloys. The origin of the effect of Fe addition
on changes in martensitic transformation and magnetic behaviour is discussed.
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1 Introduction

Ferromagnetic shape memory alloys Ni-Mn-Z (Z =1In,
Sn, Sb) have been widely investigated in the past few years
as potential candidates for magnetic actuation. The large
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difference in magnetic state between the austenite and mar-
tensite produces high magnetic driving force for magnetic-
field-induced martensitic transformation'"’. Substitution of Ni
by Co is found to increase the ferromagnetic ordering of the
austenite and to decrease that of the martensite, further in-
creasing the magnetization difference of the martensitic trans-
formation in Ni-Mn-Z (Z = Ga, Al, In, Sn, Sn, Sb) al-

=81 As a result, > 1% strain has been realized in

loys
Ni,s CosMnyq ;In ;5 and Niy; Co,MnySny, alloys”” " | demon-
strating the promise of the alloys for actuation applications in
smart systems.

Unfortunately, the intrinsic brittleness of these interme-
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tallic compounds severely hinders their engineering application.
To date, it has not been possible to process polycrystalline Ni-
Mn-Z (Z =1In, Sn, Sb) ferromagnetic shape memory alloys
using conventional methods. It is known that the introduction
of a ductile second phase is helpful in improving the ductility of
the alloys, as initially discovered in Ni-Fe-Ga', Co-Ni-Ga"'"
and Co-Ni-Al"" alloys. Later, adding Fe and Co was found to
form a ductile y phase in Ni-Mn-Z (Z = Ga, In, Sn) 2=
accordingly increasing the ductility of these alloys.

Apart from the improved ductility, addition of a fourth
element to the ternary Ni-Mn-Z (Z = Ga, In, Sn, Sb) alloys
alters the matrix composition, which causes a number of
changes in the structure, thermal and magnetic properties.
The effect of Fe substitution for Mn in Ni-Mn-Sn alloys has
been found to decrease the martensitic transformation temper-
atures and increase the Curie transition temperatures of both
the austenite and the martensite due to the alteration of matrix
composition after forming the y phase'"®* ™', However, the
origin of the Fe addition with respect to the changes in mar-
tensitic and magnetic properties was not thoroughly clarified
and understood in these alloys. This study investigated the
effects of Fe substitution for Mn on the physical properties
changes in detail for a Ni-Mn-In alloy system. The addition of
Fe alters the composition of the matrix phase due to the for-
mation of y phase, thus affecting the magnetic state and va-
lence electron number of the alloys. Fe atoms occupying Mn
site greatly affect the magnetic ordering of both the austenite
and martensite of the alloys, giving rise to the Curie transition
and magnetization variation. The relevant changes in the
physical properties may have great impacts on their potential
applications of these alloys. Therefore, the explanation of the
effect of Fe addition provides useful guide for alloy design of
Ni-Mn-In alloy system.

2 Experimental procedures
Bulk ingots of polycrystalline NiggMny,_ In,,Fe (x =0,

2]
110 M
10 mim

3,4,5, 6) alloys were prepared by means of arc melting in
argon atmosphere using high purity x ( Ni) = 99.99% ,
x(Mn) =99.99% , x (In) =99.99% and x (Fe) =
99.95% . The samples are referred to as FeO, Fe3, Fe4,
Fe5 and Fe6, based on the atomic percentage of Fe addition
in the alloys. The button shaped ingots were heated at 1 173
K in vacuum for homogenization followed by furnace cooling
to room temperature. Transformation behaviour of the alloys
was studied by means of differential scanning calorimetry
(DSC) using a TA Q10 DSC instrument with a cooling/heat-
ing rate of 10 K/min. Phase identification and crystal struc-
tures were determined by means of X-ray powder diffraction
using a Siemens D5000 instrument with Cu-Ka radiation and
transmission electron microscopy ( TEM) using a Jeol 2100
instrument. Microstructures of the samples were studied with
TEM and scanning electron microscopy (SEM) using a Zeiss
1555 instrument. The compositions were determined by means
of X-ray energy dispersive spectrometry ( EDS) equipped on
SEM. Magnetic properties were studied using a superconduct-
ing quantum interference device magnetometer (SQUID).

3 Results and discussion

3.1 Microstructure and alloy composition

Figure 1 shows back-scattered electron ( BSE) micro-
graphs of the microstructures of the NigyMn,,  In,Fe (x =0,
3,4,5,6) alloys after homogenization treatment. The BSE
microstructures of the alloys were examined without etching.
The Fe0 and Fe3 samples ( micrograph a and b) showed uni-
form single phase structure, without sign of a second phase.
The black spots are solidification shrinkage pores formed dur-
ing ingot casting. The Fe4, Fe5 and Fe6 samples showed a
continuous matrix in light contrast and dispersed y phase par-
ticles in dark contrast. The volume fraction of the y phase in-
creased with increasing Fe addition. The alloy Fe6 showed
distinctive texture of the y phase compared to Fe4 and Fe5,
with straight and elongated y phase grains.
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Fig. 1  Back-scattered electron images of the NisyMnsg_ Inj, Fe_ alloys: (a) FeO, (b) Fe3, (c¢) Fe4, (d) Fe5, and (e) Feb alloys

Table 1 shows compositions of the phases in the samples
as determined by quantitative EDS analysis. It is seen that

the matrix phase of the Fe-doped alloys contained about
49% (x)Ni. The content of Mn decreased continuously from
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37.8% 10 32.5 % with increasing Fe addition from 2. 9% to
3.8 % in the matrix. The content of In was also found to in-
crease from 12. 8% to 14. 8 % . The y phase is effectively a
Ni-Mn-Fe alloy containing a small amount of In ( ~ 1. 1%
(x) ). The volume fraction of the y phase is determined by
image analysis from the SEM micrographs using Image J. The
increase of In content in the matrix phase is apparently relat-

ed to the increase of the fraction of y phase, which contains
very little In. The valence electron concentrations per atom
(e/aratio) of the matrix phase was calculated using the com-
positions obtained from EDS analysis from the sum of s, p
and d electrons for Mn (7), Ni (10), Fe (8) and In (3).
It is obvious that the e/a ratio decreases with increasing In
and decreasing Mn contents of the alloys.

Table 1 Composition, e/a ratio and y proportion of NisyMns,_,In;,Fe (x=0,3,4,5, 6) alloys.
Matrix/% ( x) The y phase/% (x)

Ni Mn In Fe e/a ratio Ni Mn In Fe Y/ %
x=0 49. 4 37.8 12. 8 - 7.970 - - - - -
x=3 48.6 35.3 13.2 2.9 7.962 - - - - -
x=4 49.1 34.0 13.7 3.2 7.958 54.5 31. 1 1.1 13.3 6.8
x=5 49.1 33.0 14. 4 3.5 7.936 54.0 30.9 1.1 14.0 11.5
x=6 48.9 32.5 14. 8 3.8 7.913 52.5 30.2 1.1 16.2 14.0

With increasing Fe addition, both Fe and In contents in
the matrix phase increased, and the Mn content decreased.
The e/a ratio of the alloy decreased continuously with in-
creasing Fe addition in the alloys. The decrease of the e/a
ratio is obviously related to the composition change in the ma-
trix phase caused by the formation of the y phase. More spe-
cifically, the decrease of Mn (7 valence electrons) and in-
crease of In (3 valence electrons) contents are the main rea-
sons for the decrease of the e/a ratio, though Fe (8 valence
electrons) content slightly increased as well in the matrix
phase.

3.2 Martensitic transformation behaviour

Figure 2 presents DSC curves of the NisyMny,_ In, Fe,
alloys. It is seen that the martensitic transformation behaviour
evolved progressively with increasing Fe addition in these al-
loys. The martensitic transformation is clearly observed for
FeO, Fe3 and Fe4 alloys, and the transformation tempera-
tures decreased with increasing Fe addition in these alloys.
The T\, temperatures were determined to be 440, 350 and
310 K for FeO, Fe3, and Fe4 alloys, respectively. Howev-

er, no transformation was detected in Fe5 and Fe6 alloys.
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Fig. 2 DSC measurements of martensitic transformation behaviour
of the NisyMnsg_,In|, Fe, alloys

Figure 3 shows the effect of e/a ratio on transformation
temperature T, and transformation enthalpy change AH. T, is

defined as T, =1/2(T, + T, ), where Ty and T, are the
peak temperatures of the forward and the reverse transforma-
tions, and AH is obtained from the forward transformation. It

is seen that the transformation temperatures of FeO, Fe3 and

Fe4 increased practically linearly with increasing the e/a ratio
of the alloys. This observation is consistent with the findings
of the effect of e/a ratio on transformation temperatures in Ni-
Mn-Z (Z =Al, Ga, In, Sn and Sb) alloysm 21 It is also
evident that the AH increased with increasing e/a ratio of the
matrix.

Extending AH curve to zero tentatively defines the
threshold value of e/a ratio below which the martensitic trans-
formation is expected to vanish. The threshold value, as indi-
cated by the arrow in Figure 3, is estimated to be e/a =
7.948. The e/a ratio value is larger than that of Fe5 alloy
(e/a=7.936 in Table 1), which explains the disappearance
of martensitic transformation in Fe5 and Fe6 alloys.
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Fig. 3 Effects of Fe addition on transformation temperature T, =
(Ty +T4)/2 and transformation enthalpy change AH. The
arrow pointing to the e/a ratio axis indicates the threshold
e/a ratio value below which the martensitic transformation is

expected to vanish

3.3 Crystal structure

Figure 4 shows the crystal structures of the Nig, Mng,
In,, Fe,_ alloys examined by X-ray diffraction at room tempera-
ture. The diffraction peaks can be indexed to be a non-modu-
lated orthorhombic martensite structure in FeQ, Fe3 and Fe4
alloys. The observation of martensitic phase is consistent with
the results obtained from DSC (Figure 2), which indicate the
martensitic state at room temperature of these alloys. Fe4 and
Fe5 alloys show a mixed structure of the bee austenite and fee y
phase based on the characteristic diffraction peaks in the
spectra, which shows good agreement with the microstructure
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Fig. 4 X-ray spectra of the crystal structure of the NisyMny_, Inj, Fe,
alloys at room temperature; (a) Fe0, (b) Fe3, (c¢) Fed, (d)
Fe5 and (e) Fe6 alloys
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observation (Figurel d, and e). Fe4 alloys shows y phase
particles in the matrix from the microstructure (Figure lc) ,
however such observation was absent based on the X-ray
spectrum. It may be because that the amount of y phase in
the matrix was too little to be detected by the X-ray diffrac-
tometer employed in the study. The lattice parameters of the
v phase in Fe4, Fe5 and Fe6 are very close, with an aver-
age value of @ =0. 366 nm at room temperature. The lattice
parameter of the bcc austenite is determined to be a =
0.299 5 nm for FeS and Fe6 alloys. The lattice parameter
of the orthorhombic martensite is determined to be a =
0.321 7 nm, b =0.295 6 nm, ¢=0.285 1 nm for Fe0,
Fe3 and Fe4 alloys.

Figure 5 shows TEM observation of the microstructure
and crystal structure of Fe5 and Fe6 alloys at room tempera-
ture. Micrograph a shows a bright field image of Fe5. Two
phases are present in the microstructure, which are the ma-
trix phase in dark contrast and the y phase in light contrast.
Selected area diffraction pattern (SADP) from area A of the
matrix phase is shown in micrograph b, which can be in-
dexed to B2 structure along its [ 001 ] zone axis. Presence
of (010) reflection is the evidence of the superlattice B2
structure. Micrograph ¢ shows the SADP of area B of the y
phase. The pattern is indexed to fcc system along [ 011 ]
zone axis. Fe6 also exhibits two phases in the microstruc-
ture, including the matrix and the y phases. The SADPs
obtained from area C and D are presented in Micrograph e
and f, respectively. Similarly, the matrix phase shows a B2
structure austenite and the y phase is confirmed to be fec
structure.

Fig. 5 Room temperature TEM micrographs and selected area diffraction patterns (SADPs) of the matrix and y phase of Fe5
and Fe6 alloys: (a) bright field image of Fe5, (b) and (c¢) SADPs obtained from areas A and B of Fe5, (d) bright
field image of Fe6, (e) and (f) SADPs obtained from areas C and D of Fe6
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3.4 Magnetic properties

Figure 6 shows the zero-field cooling and field-cooling
M(T) curves of the NigyMny; _ Inj,Fe, alloys in a small mag-
netic field of 3 979 A/m. The sample was first cooled down
from 390 to 10 K inside the instrument without applying a
magnetic field. A 3 979 A/m field was applied at 10 K and
then the magnetization of the sample was measured upon
heating to 390 K (Zero Field Cooling, ZFC). Subsequently,
without removing the external field, the measurement was made
upon cooling to 10 K ( Field Cooling, FC).

As seen in Figure 6a, FeO presents a very small magnet-
ization at 10 K when the 3 979 A/m field was applied, at
0.05A-m” - g x107*. The ZFC curve showed a broad
hump at ~70 K. Passing the hump the magnetization started
decreasing which was atiributed to the Curie transition of the
martensite, denoted as Th =75 K. Upon further heating a-
long ZFC curve, another abrupt decrease of magnetization oc-
curred at ~300 K, which is attributed to the Curie transition
of the austenite. Though it was supposed to be the martensitic
state at 300 K based on the DSC results ( Figure 2) , small a-
mount of residual austenite may still exist at low temperatures
in the matrix . Thus, this temperature is denoted as T%.
The FC curve did not follow the route of the FC curve at be-

low T, apparently due to the application of the magnetic

field on this second cooling.

As seen in Figure 6b, the thermomagnetization behav-

iour of Fe3 is similar to that of Fe0. The Curie transition at
~315 K corresponds to that of the remnant austenite in this
alloy. The Curie transition of the martensite is determined to
be T{ =100 K. Based on Figure 6¢, the T and T% are de-
termined to be about 155 K and 315 K for Fe4 alloy, respec-
tively. Fe5 and Fe6 showed different magnetization behaviour
to the previous three samples. The magnetization was fairly
constant at below or above Tj:. These two samples showed no
martensitic transformation within the testing temperature
range, thus the absence of the Curie transition of the martens-
ite. The T} was determined to be 318 K for Fe5 and 321 K
for Feb6 respectively.

It is seen that the T temperature increased from 300 K
to 320 K with the increase of Fe addition from 0 to 6% ().
In the meantime, the T} temperature was more significantly
affected by Fe addition, increasing from 75 K to 155 K with
increasing Fe addition up to 4% (x). The increase of the T
and T} indicate that Fe addition in the matrix enhances the
magnetic ordering for both the austenitic and martensitic pha-
ses of the alloys. The enhancement of magnetic ordering is
more pronounced in the martensite structure relative to the
austenite structure.
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Fig. 6 ZFC and FC M(T) curves of NigyMnsg _ Inj, Fe, alloys in a field of 3 979 A/m

Figure 7 shows the M(H) curves of the NigyMn,;__ In,,
Fe, alloys at 5 K. The matrix phase is in martensitic state for
FeO, Fe3 and Fe4, whereas it is in austenitic state for Fe5
and Fe6 at 5 K. It is seen that Fe5 and Fe6 showed typical
soft ferromagnetic behaviour, with saturation magnetization of
105 and 108 A - m” - g' x107*, respectively. The M(H)
data of Fe4 also showed the characteristics of ferromagnetic
ordering in its martensitic state, but with a much reduced
magneltization of 47 A + m*> + ¢7' x 10 7. The less steep ini-
tial slope of M( H) curve of Fe3 indicates that some antiferro-

magnetic exchange may exist together with the short range
ferromagnetic correlations in the martensitic phase. The coex-
istence of the ferromagnetic and antiferromagnetic structures
can also be evidenced as the splitting between the ZFC and
FC M(T) curves ( Figure 6b) [21-27  The magnetization of
FeO showed nearly linear dependence on the applied mag-
netic field up to 40 A - m ™' x7.958 x 10*. The linearity
of M( H) data suggests that the antiferromagnetic structure
may dominate in the magnetic state of the martensite. The
saturation magnetizations are determined to be 13.6 and
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Fig. 7  Magnetization measurements of the NigyMnss_ In), Fe_ alloys at 5

K. A represents austenitic state and M represents martensitic state

In NizyMny,_ In,, Fe_alloys, extra Mn atoms occupy In
sites, forming a ferromagnetic coupling between the Mn( Mn
site) and Mn (In site) atoms in the austenitic phase ™.
Through the martensitic transformation, the distance between
the Mn( Mn site) -Mn( In site) decreases and favours antifer-
romagnetic interaction in the martensitic phase. However,
the Mn atoms at the Mn site still form ferromagnetic interac-
tion in the martensitic phase. Therefore, the inhomogeneous
magnetic structure is common to observe in the martensitic
state of the Mn-rich Ni-Mn-Z(Z =1In, Sn, Sb) alloys™ .
The magnetisation of FeO showed nearly linear dependence on
the applied magnetic field up to 40 A - m ™' x7.958 x 10*.
The linearity of M ( H) data suggests that it is antiferromag-
netic in the martensitic state of this alloy.

4 Conclusions

This study investigated the effects of Fe substitution for
Mn on the properties of Ni-Mn-In alloys. The main findings
may be summarised as following;

(1) Fe substitution for Mn in Nis,Mn,;_ In,,Fe_ alloys at
above 3% (x) causes formation of an fcc y phase. The y
phase is a Ni-Mn-Fe solid solution phase with small amount
of In dissolved. Formation of y phase results in the decrease
of Mn and increase of In contents of the matrix phase. Conse-
quently, the e/a ratio of the matrix phase decreases with in-
creasing Fe addition.

(2) The critical temperature (T,), the enthalpy change
(AH) of the martensitic transformation decreased with in-
creasing Fe addition, due to the decrease of e/a ratio of the
matrix phase caused by the formation of the y phase. A
threshold value of e/a ratio is identified at AH =0 to be
7. 948, below which no martensitic transformation is expected
in NiggMny,_ In,, Fe_ alloys.

(3) The Curie temperature of the martensite ( 7% ) in-
creased rapidly from 75 to 155 K with Fe addition to 4%
(x), and that of the austenite ( Ty ) increased from 300 K to
320 K with Fe addition to 6% (x), The austenite shows
much stronger ferromagnetic characteristic relative to that of
the martensite. The ferromagnetic ordering of the martensite
was enhanced with increasing Fe addition, due to the re-
duced content of antiferromagnetically coupled Mn in the al-
loys.
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