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The influence of annealing temperature and time on grain growth in polycrystalline Ni-Mn-Ga samples
near the stoichiometric composition NiMnGa was investigated. Grain growth was only observed for
compositions with a Ni-content below 50 at.%. The existence of constitutional vacancies as a possible
origin for the different grain growth behavior was excluded by positron annihilation spectroscopy (PAS).
In order to activate grain boundary motion and hence grain growth in NispMny9Gay; the samples were
annealed and deformed in situ in compression up to various strain levels. A sharp threshold to initiate
grain growth is observed between 8% and 10% of compressive strain.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ni,MnGa, a magnetic shape memory alloy, is in the focus of
research due to its large reversible strain, which appears at mod-
erate external magnetic fields (<1T) [1] and its resultant possible
applications as sensors [2,3] or actuators [4,5].

The discovery of the magnetic shape memory effect in Ni;MnGa
single crystals was published in 1995 by Chernenko et al. [6] and
in 1996 by Ullakko et al. [7]. Up to now, the work is mainly focused
on the investigation of single crystals, because grain boundaries
hinder the motion of twin boundaries. But single crystal growth
is a time- and cost-consuming process. And, as the application of
this material is still a primary objective, the development of cost-
and time-efficient production techniques is of major interest. Novel
processes like zone-melting [8] improved the homogeneity of the
composition along the rod enormously compared with the usually
used Bridgman method.

As another approach, casting of polycrystalline materials could
provide a possible alternative. Yet, in polycrystals exhibiting an
isotropic microstructure only a few well oriented grains support the
magnetic field induced strain. An improvement has been achieved
by textured polycrystalline samples as prepared by Pétschke et al.
by directional solidification of different compositions near stoichio-
metric Ni;MnGa. There, an insulated, preheated mold with a heat
sink at the bottom causes a uniaxial heat flow. As a consequence
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a columnar grain structure is observed. In this case, the preferred
growth orientation in the cubic high-temperature austenitic phase
is (100) [9]. Furthermore, Gaitzsch et al. trained such samples
mechanically to increase twin boundary mobility [10]. Thereby,
the magnetic field induced strain could be increased up to 1% in
Ni50M1‘129G321 [11].

In order to enhance the strain further, the microstructure of such
samples can be optimized by means of grain coarsening, which is
usually achieved by annealing. Here, it is to be noted that so far only
in single crystals and in large grained polycrystals magnetic field
induced strain is reported.

In the case of polycrystalline magnetic shape memory alloys, in
particular of Ni;MnGa samples, annealing meets a number of differ-
ent demands. Primarily a special annealing procedure is necessary
to develop a certain sort of the martensitic phase: 5M, 7M and
NM, respectively [12]. Besides relieving internal stresses, reduc-
tion of inhomogeneities is another important goal in most heat
treatments. Currently Schlagel et al. investigated a series of dif-
ferent annealing times for chill cast NisoMn3;Sny3 samples [13].
Annealing times of 1 h or 2 h did not suffice to dissolve the netlike
segregations, but in contrast an annealing time of 72 h did. Also
Yuhasz et al. showed that an extended annealing (about 4 weeks) at
1223 K is needed to gain a chemical and structural homogenization
for NisgMnsg_xSny (x=11-15) [14].

Another interesting effect of heat treatment was investigated
by Liu et al. concerning the influence on the martensitic trans-
formation behavior in polycrystalline CoNiGa samples [15]. With
decreasing annealing temperature and cooling rate, the marten-
sitic transformation temperature also decreases, which is a matter
of the composition of the two coexisting phases.
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The most important annealing effect in the present work is grain
growth. For the magnetic shape memory alloy Co4gNiy;Gay; the
growth velocity of grains with different orientations and various
local compositions (precipitates), respectively, was found to be dif-
ferent [16].

Hence, we investigate the influence of different annealing
temperatures and times for NiggMn3gGazy and NisgMnygGayg
on grain growth. NiggMn3pGa,, is austenitic at room tempera-
ture and therefore preferable for Electron Backscatter Diffraction
(EBSD) measurements due to the absence of twin boundaries,
thus allowing the microstructure to be observed directly. The
grain orientation measured in the austenite transforms to a spe-
cific grain orientation in the martensite upon cooling through the
transformation temperature. All of the alloys clearly show the
same microstructures, consisting of radially oriented, fine grains.
Thus, the grain orientation measured at room temperature for
NiggMn3gGay, in the austenitic state is a measure for the orien-
tation of NisoMn3pGayg and NisgMnygGayq at room temperature in
the martensitic state as long as no grain growth occurred. Conse-
quently, the aim of this work is to study the grain growth behavior
of the chosen alloys depending on the annealing temperature and
time.

In order to check for possible differences in the defect con-
centration as origin for different grain growth behavior, positron
annihilation spectroscopy (PAS) has been applied.

Finally, improving the annealing process should result in larger
grains, eventually leading to an increased magnetic field induced
strain in polycrystals. To initiate grain growth in samples with hin-
dered grain boundary mobility, the samples were plastically hot
deformed at the beginning of the annealing time.

2. Experimental

To obtain the desired compositions for NiggMn3pGaz,, NiggMnspGazy,
NisoMnysGazs, NisoMnygGaz; and Nis;MnygGay; specific amounts of the pure
elements Nickel (99.99%), Manganese (99.8%) and Gallium (99.999%) were
induction-melted and cast into a copper mold (220mm, length approximately
120 mm). The rods were electroerosively cut into half cylindrical slices (thickness
4 mm). After the samples were ground (SiC-paper up to 4000) and etched (nitrohy-
drochloric acid), optical images of the microstructure were taken by a CCD-camera.
Subsequent annealing was performed in a reducing atmosphere (Ar, 5% H; ) at vari-
ous temperatures from 900°C to 1100 °C for 48 h and 96 h, respectively.

The martensitic transformation temperature was determined by differential
scanning calorimetry (DSC). The deviation of these temperatures from the expected
values was less than 5 K. With the knowledge, that a composition deviation of about
0.1 at.% shifts the transformation temperature by 5K [17], we therefore assume the
samples to have the nominal composition.

For the mechanical tests, rod-shaped samples were required. For this purpose,
rods were cast from the master alloy NispMny9Gay; by centrifugal casting into a
cold copper mold (26 mm, length approximately 75 mm) and cut into cylinders
of 10 mm length. The samples were annealed at 1000 °C in Ar at 22 mbar. After the
samples were thermally equilibrated, they were compressed at a constant strain rate
of 1x 1074 s~ until a specific total strain between 6% and 17% had been achieved.

Subsequently the samples were kept at the annealing temperature for further 6h
without intermediate cooling and external load.

NisoMnz9Gaz; and NisggMnspGaz, samples in the as-cast state were investigated
by PAS (Doppler broadening method) in order to check the concentration of struc-
tural defects. Defects like vacancies act as positron traps due to their high electron
density. They are mainly surrounded by valence electrons. Since valence electrons
have a lower energy than core electrons the Doppler broadening of the annihilation
radiation shows different values for valence- and core electrons, respectively. The
energy of the positron beam was varied in order to measure the Doppler broaden-
ing of the positron-electron annihilation energy depending on the incident positron
energy and therewith depending on the sample depth. The results of positron anni-
hilation spectroscopy can be summarized in the so-called S-parameter which is
directly related to the defect concentration [18].

3. Results and discussion

Fig. 1 shows the typical microstructures of NiggMn3pGay,
and the MSM-active NisoMnygGayq. Both alloys exhibit the same
microstructure with narrow and radially oriented grains, visualiz-
ing the radial heat flow during solidification.

To investigate the influence of the annealing temperature on the
microstructure, samples of both, NiggMn3pGay, and NisgMnygGasy,
were annealed for 48 h at 900°C, 1000°C, 1050°C and 1100°C,
respectively (Fig. 2). For both alloys annealing at 900 °C does not
effect a change of the microstructure in comparison to the as-cast
state (cf. Fig. 1). Anincrease of the annealing temperature to 1000 °C
results in grain growth for NiggMn3pGayy (left column of Fig. 2).
For an annealing temperature of 1050°C the number of grains
decreases further and, as it can be seen from the longitudinal cut,
the grains capture the entire sample thickness. A heat treatment
at 1100 °C results in the melting of the sample surface. The images
of the right column show that the microstructure of NisgMnygGayq
remained unaffected by the annealing procedure. At 1100 °C par-
tial melting is observed without previous grain growth. Evidently
there is a strong difference in the grain growth behavior for the two
compositions under investigation.

Since grain growth is based on diffusion, it may also depend
on the annealing time. Fig. 3 shows the microstructures of
NizgMns3gGayy and NisgMnygGayy, after the samples were annealed
at 1000°C for 48 h and 96 h, respectively. The increase of the anneal-
ing time did not result in an enhanced grain growth in any of the
alloys. This is visible especially at the grain at the top of the sam-
ple in NiggMns3gGay; (cf. Figs. 2b and 3a), where size and shape
of the grains did not change by doubling the annealing time. Like-
wise, in NisgMn;gGayq grain growth could not be induced by further
annealing (cf. Figs. 2h and 3c).

The origin of this different grain growth behavior was to be
investigated further. Besides their different compositions, these
two alloys in general differ in their structure at room tempera-
ture (NiggMns3gGay; is austenitic and NisgMnygGasq is martensitic).
So, at first glance, there seem to be two possible origins for that

Fig. 1. As-cast microstructure of NiggMnsoGay; (left) and NisoMnygGas (right): (a) and (c) topviews and (b) and (d) frontviews.
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Fig. 2. Variation of the annealing temperature: microstructure of NiggMn3pGay, (left) and NisoMny9Gayq (right), (a) and (g) at 900°C, (b) and (h) at 1000°C, (d) and (i) at
1050°C, (f) and (j) at 1100°C, (c) and (e) are the frontviews of the upper pictures.

Fig. 3. Variation of the annealing time: microstructure of NiggMns3pGay; ((a) topview and (b) frontview) and NispMny9Gaz; ((c) topview and (d) frontview) after 96 h at
1000°C, in comparison to Fig. 2.
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X?l?ll:a:ing behavior of various alloys at 1000 °C (48 h) with regard to grain growth behavior related to Ni-content and structure at room temperature.
Structure at RT Ni-content
<50at.% 50at.% >50at.%
Austenitic NiggMn3oGay, grain growth NisoMny5Gazs no grain growth
Martensitic NigoMn3pGay; grain growth NisoMnygGay; no grain growth Nis; MnygGay; no grain growth

behavior. First, the NisgMnyg9Gay; alloy was transformed to the
martensitic state during preparation which could lead to residual
defects, hindering the grain boundary motion; second, an incom-
pletely occupied Ni-sublattice (Ni-content below 50%) could result
in constitutional vacancies which would enhance diffusion and thus
promote grain growth. Typically, Ni-Mn-Ga alloys with composi-
tions near Ni;MnGa solidify in the B2-structure (CsCl-structure)
with one sublattice occupied by Ni and the other sublattice occu-
pied by Mn and Ga. Below about 750 °C such alloys transform to the
L21-structure (Heusler type structure) with two sublattices occu-
pied by Ni and the other two sublattices occupied by Mn and Ga,
respectively [19]. This means, at the annealing temperature only
the ratio of Ni atoms to the sum of Mn and Ga atoms and thus
possible resulting Ni vacancies are of interest.

In order to identify the origin of the different grain growth
behavior, additional samples were investigated: (i) a room
temperature martensitic alloy with a Ni-content below 50%
(NiggMn3gGayq), (ii) a room temperature austenitic alloy with a
Ni-content of 50% (NisgMny5Gays) and (iii) a room temperature
martensitic alloy with a Ni-content above 50% (NisqMnygGayg).
In accordance with the previous procedure these samples were
annealed at 1000 °C for 48 h. Table 1 summarizes the grain growth
behavior for all samples. Grain growth is observed only for samples
with a Ni-content below 50%. Due to the fact, that room temper-
ature austenitic as well as room temperature martensitic alloys
exhibit grain growth, a structure transformation during prepara-
tion can be ruled out as the sole reason for the different grain growth
behavior.

The correlation between the Ni-content of the samples and the
occurrence of grain growth might suggest that there are empty
sites in the Ni-sublattice, so-called constitutional vacancies. Such
vacancies would enhance the diffusivity and thus, promote grain
growth. In order to check the vacancy concentration NiggMn3oGay;
and NisgMny9Gay; samples were investigated by PAS. In Fig. 4,
the S-parameter, associated with the defect density, is plotted as
a function of the positron energy, which is directly related to the
information depth. Within a thin near-surface layer, i.e. for low
positron energies, the S-parameter decreases steeply with increas-
ing positron energy (E, ~0-2.5 keV). The plateaus, which extend up
to E, ~ 10keV, are typical for metallic samples. They arise from the
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Fig.4. Positron annihilation spectroscopy: S-parameter as a function of the positron
energy for NiggMn3pGay, and NisoMny9Gaz;. Hereby, the information depth is tun-
able via the positron energy. The S-parameter (S: shape) is a measure for the size
and concentration of defects and the S(E) plot results in a defect-depth profile.

preparation layers at the surface, generated by the grinding process
and characterized by an increased defect density (mainly disloca-
tions). The plateau is located at a higher level of the S-parameter
for the austenitic NiggMn3pGa,, in comparison to the martensitic
NisgMnygGay;. This is a direct consequence of the hardness, which
is higher for NisoMnygGay; compared to NiggMns3gGayy causing
a more pronounced damage of the microstructure of the softer
NiggMn3gGay, by a similar sample preparation. Apart from that, the
two curves do not differ for positron energies larger than 27 keV, an
energy which corresponds to a depth of about 400 nm. This result
affirms that the defect density in the bulk is the same for both
alloys at room temperature. Thus, constitutional vacancies can be
excluded as origin of the different behavior of grain growth. This
resultis also supported by the work of Richard et al. [20], who found
by neutron diffraction, that “excess Ni goes to Mn sites and excess

compression direction

<

Fig. 5. Microstructures of samples with 6%, 10% and 17% compressive strain (applied at 1000 °C).
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Fig. 6. Average grain size versus plastic strain: threshold between 8% and 10%. The
line is a guideline to the eye only in accordance to the Avrami model.

as well as displaced Mn atoms go to vacant Ga sites”. However, it is
to be noted that grain growth is observed at temperatures as high
as 1000°C which is above the L2 ordering temperature while we
could only compare the defect concentrations of the alloys at room
temperature. Therefore, we cannot exclude a different concentra-
tion of thermally activated vacancies of the alloys.

Still, another origin for the hindered grain growth in some alloys
could be less mobile (possibly pinned) grain boundaries. For this
purpose experiments aiming at the activation of the grain boundary
motion were performed, i.e. the NisoMn;9Gay; samples were hot
deformed. The following procedure was applied: The samples were
heated up to 1000°C within approximately 30 min. After a dwell
time of 15 min they were compressed at a constant strain rate of
1x 10451 to a reduction in height of 6%, 8%, 10%, 15% and 17%,
respectively. After deformation, each sample was kept at 1000°C
for further 6 h without external load.

Fig. 5 shows the microstructures of the samples after hot defor-
mation and annealing for an applied strain of 6%, 10% and 17%,
respectively. The samples, which were deformed by 6% and 8%
prior to annealing show a fine grained microstructure with twin
boundaries in almost every grain and no particular grain growth.
In contrast, the sample strained by 10% reveals large grains of the
dimension of the sample diameter. Similar results were obtained
for samples, which were deformed by 15% and 17%. No further grain
growth was observed with increasing strain. Thus, for the compo-
sition NisgMnygGay; at 1000°C grain growth can be initiated by
hot deformation of at least 10%. In Fig. 6 the average grain size
in dependence of the plastic strain can be seen. It clearly shows a
threshold for grain growth at a strain level between 8% and 10%.
Thus, we conclude that a distinct activation is necessary to induce
grain growth. Once the grain growth has been initiated, no signifi-
cant obstacles are present and grain growth is only stopped at the
sample surface. Hence, the hindered grain growth in NisgMnygGasyq
can be attributed to grain boundary pinning. Measuring the grain
orientation by X-ray diffraction in a 4-circle diffractometer did not
reveal a correlation between the compression direction and the
grain orientation.

4. Summary
The influence of different annealing temperatures and times

on the microstructure of Ni-Mn-Ga alloys was investigated.
The compositions of these alloys include NisgMnyg9Gayq, a mag-

netic shape memory alloy, being active at room temperature,
and NiggMn3gGay, which is investigated as a reference mate-
rial. Above 1000°C grain growth occurred in NiggMn3gGay,. In
contrast NisgMnygGay; shows no grain growth up to the melt-
ing temperature. Increasing the annealing time neither led to a
stronger grain growth in NiggMn3yGay, nor initiated grain growth
in NispMnygGayy. In order to clarify the influence of the room
temperature structure and the Ni-content on the occurrence of
grain growth further alloys (NiggMnsgGasq, NisgMnysGass and
Nis;MnygGayq) were investigated. Hereby, only alloys with a Ni-
content below 50 at.% showed grain growth.

Two different origins for the different grain growth behavior
were considered: (1) the assumption of the existence of constitu-
tional vacancies in NiggMn3gGay, in comparison to NisgMnagGayg
could be excluded by PAS measurements. Thus, the grain growth
in NiggMn3gGay; is not initiated by constitutional vacancies. (2)
Assuming a restricted grain boundary mobility we attempted to
release the grain boundaries by hot deformation and subsequent
annealing. Here, deformation and annealing at 1000°C showed
that a critical deformation of about 10% is necessary to initiate
grain growth, which remains unhindered until the sample surface
is reached. Hence, activation is required to initiate grain growth in
NisoMHng&z].

Therefore, we can conclude that the different grain growth
behavior in Ni-Mn-Ga alloys is due to grain boundary pinning for
alloys with a Ni-content of 50% or above. The origin of the pinning
will be object of a future study.
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