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a  b  s  t  r  a  c  t

The  effects  of partial  substitution  of  rare earth  Dy for  Ga on  the mechanical  and  magnetic  properties  of  Mn-
rich Ni50Mn29Ga21−xDyx (0 ≤ x  ≤  5)  ferromagnetic  shape  memory  alloys  were  investigated  in detail.  The
results  show  that  an appropriate  amount  of  Dy  addition  significantly  improves  the mechanical  properties
of  Ni–Mn–Ga  alloy.  With  an  increase  in Dy content,  the  compressive  strength  enhances  rapidly  at first  and
eywords:
erromagnetic shape memory alloy
are earth element
echanical properties

urie temperature

then  becomes  stable  when  the  Dy  content  is more  than  1 at.%.  However,  the  compressive  strain  increases
dramatically  and  reaches  a maximum  value  with  1 at.%  Dy addition.  Further  increase  in  Dy content  makes
the compressive  strain  of  the  alloys  decrease  gradually.  The  mechanism  of the  improved  mechanical
properties  is  also  discussed.  Moreover,  Dy doping  changes  the  fracture  type  from  intergranular  fracture
of Ni–Mn–Ga  alloy  to transgranular  cleavage  fracture  of Ni–Mn–Ga–Dy  alloys.  The  Curie temperature
remains  almost  unchanged  at  low  Dy  content  and  subsequently  decreases.
. Introduction

During the past few years, Ni–Mn–Ga alloys have been the sub-
ect of much interest due to their large magnetic field-induced
train (MFIS) and high response frequency [1–5]. For example, the
esponse frequency of Ni–Mn–Ga alloy is up to be ∼10 kHz. More-
ver, a very large MFIS of 9.5% in 7 M martensite was achieved in
i48.8Mn29.7Ga21.5 single crystal [6].  All of these make Ni–Mn–Ga
ne of the strongest candidates for new magnetic actuators. How-
ver, Ni–Mn–Ga alloys exhibit extreme brittleness, low strength
nd poor processability, which greatly limit their applications.
ecently, many attempts of alloying Ni–Mn–Ga alloys with rare
arth elements have been carried out and some encouraging results
ave been achieved. It was reported that by adding rare earths Y, Tb,
d or Nd to polycrystalline Ni–Mn–Ga alloy, significant improve-
ents in the compressive strength and ductility were obtained

7–10]. In addition, the bending strength of Ni–Mn–Ga alloy was
ncreased with the addition of Gd, Tb or Sm to some extent [11–13].
n the other hand, the addition of rare earths can affect the
artensitic transformation temperatures. The decrease of marten-
itic transformation temperatures was observed in Ni–Mn–Ga–Sm
lloy [13], while the martensitic transformation temperatures of
i–Mn–Ga alloy containing Nd or Tb showed a small increase
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[10,12]. The current group discovered that the martensitic trans-
formation temperatures of Ni–Mn–Ga alloys increased remarkably
with the increase in Dy, Gd or Y content [14–16].  Meanwhile, a
systematic investigation on martensitic transformation behavior
and the precipitate phase in quaternary Heusler alloys of NiM-
nGaDy was  also reported [17]. The results indicated that the Dy
doping notably increased the martensitic transformation temper-
atures, i.e. the martensitic transformation start temperature rose
from 326 to 512 K when the substitution of Dy for Ga was up to
5 at.%. The morphology and distribution of the Dy-rich precipitates
in higher Dy-addition alloys were revealed, and the crystal struc-
ture and chemical formula were determined firstly. These findings
are helpful in explaining the effects of Dy addition on various prop-
erties in Ni–Mn–Ga alloys. However, information on the effect of
Dy addition on the mechanical property and fracture behavior of
Mn-rich Ni–Mn–Ga alloys is still inadequate. In addition, the effect
of adding Dy on magnetic properties needs to be clarified. There-
fore, a further investigation on such compositional polycrystalline
Ni–Mn–Ga–Dy alloys is urgent. The present paper focuses on the
influence of Dy addition in Mn-rich Ni50Mn29Ga21−xDyx (0 ≤ x ≤ 5)
alloys on the microstructure, mechanical and magnetic properties.

2. Experimental
The nominal composition of the alloys was Ni50Mn29Ga21−xDyx (x = 0, 0.1, 0.5, 1,
2,  5). These alloys were prepared with high purity element by melting four times in a
non-consumed vacuum arc furnace under argon atmosphere, and then cast into rods
10  mm in diameter and 75 mm in length using a cylindrical copper mold set at the
bottom of the furnace. The samples were annealed in vacuum quartz tubes at 800 ◦C
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Fig. 1. Optical micrographs of Ni50Mn29Ga21−

or  24 h, followed by water-quenching. Microstructures of the alloys were examined
sing an Olympus metallographic microscope and an MX2600FE scanning electron
icroscopy (SEM) equipped with an X-ray energy dispersive spectroscopy (EDS)

nalysis system. The compression tests were performed at room temperature on an
nstron 5569 testing system at a crosshead displacement speed of 0.05 mm min−1,
nd the size of the sample was 3 mm × 3 mm × 5 mm.  Fractography was observed
y  MX2600FE SEM to study the dominant fracture behavior in this alloy system. The
hase transformation temperatures were determined by Perkin-Elmer diamond dif-
erential scanning calorimetry (DSC), the rate of heating and cooling was  20 K/min.
he Curie temperatures of the alloys were measured by AC susceptibility.

. Results and discussions

.1. Microstructure of Ni50Mn29Ga21−xDyx alloys

Fig. 1 shows the optical micrographs of Ni50Mn29Ga21−xDyx

x = 0, 1, 2, 5) alloys. It is shown that the ternary Ni50Mn29Ga21 alloy
n the present study displays coarse equiaxed grain. The average
rain size is approximately 110 �m.  The martensite variant along
ifferent direction inside the grains can be clearly seen and this

ndicates that the martensitic transformation start temperature of
he alloy is above room temperature. Moreover, it is noticed that
he addition of Dy results in the grain size reduce significantly. As
een in Fig. 1(b) and (c), the grain size tends to be smaller with
igher Dy content. When the Dy content is 2 at.%, the grain size

s reduced to 10 �m,  approximately. At the same time, the second
hase appears along the grain boundaries. A network-like distribu-
ion and local enrichment of the second phase are also observed in
his alloy. As the content of Dy increases to 5 at.%, the amount of
he second phase increases abundantly such that the matrix is seg-
egated into many small islands. In this case, the grain boundaries

re blurry, as shown in Fig. 1(d).

Fig. 2 shows the backscattered electron images of
i50Mn29Ga21−xDyx alloys. Apparently, the Dy-containing alloys
onsist of the matrix and the white Dy-rich phase. When the
lloys. (a) x = 0; (b) x = 1; (c) x = 2 and (d) x = 5.

content of Dy is 0.1 at.%, small amount of the Dy-rich phase sporad-
ically disperses in the matrix. With the increase in Dy content, the
volume fraction of the Dy-rich phases increases gradually. When
the content of Dy increases from 0.5 at.% to 2 at.%, the Dy-rich
phases gets distributed mainly along the grain boundaries. A
eutectic structure composed of the matrix and the Dy-rich phases
is observed in the alloy with Dy content up to 5 at.%. As shown
in Fig. 2(e), the Dy-rich phases inside the grains have a lamellar
morphology, whereas those along the grain boundaries are of
irregular shape with larger size. According to the XRD and TEM
measurements results [17], the Dy-rich precipitates can be indexed
to Dy(Ni,Mn)4Ga phase with a hexagonal CaCu5 type structure.

3.2. Mechanical properties of Ni50Mn29Ga21−xDyx alloys

In order to investigate the effect of rare earth Dy on the mechan-
ical properties, compression tests were carried out at room temper-
ature. All the samples were in the martensite at room temperature,
and were compressed to fracture. Fig. 3 shows the compressive
stress–strain curves of Ni50Mn29Ga21−xDyx alloys at room temper-
ature. The effect of Dy content on the compressive strength and the
compressive strain of Ni50Mn29Ga21−xDyx alloys are illustrated in
Fig. 4. It is shown that both the compressive strength and strain
have a strong dependence upon the Dy content. When the Dy con-
tent is less than 1 at.%, the compressive strength increases almost
linearly as Dy addition increases, and the subsequent increase is
more gradual when the Dy content is up to 2 at.%. As the Dy  con-
tent further increases to 5 at.%, the compressive strength decreases
slightly compared with that of Ni50Mn29Ga19Dy2 alloy. However,

the compressive strain increases gradually and reaches a maxi-
mum value with 1 at.% Dy addition. Further increase of Dy content
makes the compressive strain of the alloys decrease obviously. As
mentioned above, the best comprehensive mechanical property is
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Fig. 2. Backscattered electron images of Ni50Mn29Ga21−xDyx alloys. (a) x = 0.1
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Fig. 3. The compressive stress–strain curves of Ni50Mn29Ga21−xDyx alloys at room
temperature.
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Fig. 4. Effect of Dy content on the compressive strength (a) and
; (b) x = 1; (c) x = 2; (d) x = 5 and (e) the magnification of region A in (d).

obtained in Ni50Mn29Ga20Dy1 alloy. This clearly suggests that the
proper Dy addition significantly enhances the compressive strength
and improves the ductility of the alloys.

The reason for the improvement of mechanical properties in
Ni50Mn29Ga21−xDyx (x = 0–5) alloys may  be explained as follows.
When the content of Dy is 0.1 at.%, the alloy still exhibits coarse
grains. The enhancement of the compressive strength may  be
closely related to the purification of rare earth Dy. Rare earth
easily reacts with the impurity elements, such as O and S, restrain-
ing the segregation of the impurities at the grain boundaries. The
grain boundaries are consequently strengthened, which leads to
an increase in the compressive strength. When the content of Dy
increases from 0.5 at.% to 1 at.%, the microstructure reveals that
the average grain size decreases from 95 to 30 �m.  Therefore,
the refinement of the grains may  account for the improvement
of compressive strength and strain. At the same time, the size
and distribution of Dy(Ni,Mn)4Ga phase have a great effect on

the compressive properties of Ni50Mn29Ga21−xDyx alloys. With the
increase in Dy content, the Dy(Ni,Mn)4Ga phase becomes larger and
tends to distribute along the grain boundaries. The discontinuous
distribution of the Dy(Ni,Mn)4Ga phase at the grains boundaries
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 the compressive strain (b) of Ni50Mn29Ga21−xDyx alloys.
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Fig. 5. SEM fractographs of Ni50Mn29Ga21−x

ffectively hinders the movement of dislocations and the prop-
gation of the cracks, which is one reason for the enhancement
f the compressive strength and compressive strain. However,
or the Ni50Mn29Ga19Dy2 alloy, although the grains are more
efined, the benefits resulting from the refinement effect are off-
et by the thick network distribution and local enrichment of the
y(Ni,Mn)4Ga phase, which results in the decrease of the com-
ressive strain and gradual increase in compressive strength. In
he case of the Ni50Mn29Ga16Dy5 alloy, a eutectic structure com-
osed of the matrix and Dy(Ni,Mn)4Ga phase is found. The two
hases with lamellar morphology inside the grains have small spac-

ng. The existence of brittle Dy(Ni,Mn)4Ga phases strongly restrains
he deformation of martensite phase, which leads to higher
trength.

Fig. 5 shows the fractographs of Ni50Mn29Ga21−xDyx (x = 0, 1,
) alloys at room temperature. It can be seen from Fig. 5(a) that

he fractograph of the alloy without rare earth addition shows the
ypical brittle fracture along the grain boundaries. This is the rea-
on for the lower compressive strength. For the Ni50Mn29Ga20Dy1
lloy, some tearing edges are observed, as indicated by the arrow
loys.(a) x = 0; (b) x = 1; (c) x = 5 and (d) x = 5.

in Fig. 5(b). The fracture surfaces of this alloy exhibit characteris-
tics of ductile transgranular fracture and plastic deformation occurs
before fracturing. This fracture form is consistent with the max-
imum compressive strain of this alloy. Fig. 5(c) and (d) shows
fractographs of Ni50Mn29Ga16Dy5 alloy at different area. In local
area, the second phases with larger size are torn off from the
matrix, as shown with arrows in Fig. 5(c). In another region of
the fracture, as shown in Fig. 5(d), radial cracks are observed. By
analyzing the fracture morphology of the alloy and taking into
account its microstructure, it is recognized that the cracks gener-
ate preferentially and propagate rapidly along the phase boundary
of Ni–Mn–Ga matrix and Dy(Ni,Mn)4Ga phase. This means that for
the Ni50Mn29Ga16Dy5 alloy with excessive Dy addition, interphase
fracture is observed, which leads to the increase in the brittleness.

3.3. Magnetic properties of Ni50Mn29Ga21−xDyx alloys
Fig. 6 shows the temperature dependence of AC susceptibility
for Ni50Mn29Ga21−xDyx (x = 0, 0.1, 0.5, 1, 2) alloys during cooling
and heating process. The magnetic transition of Ni50Mn29Ga16Dy5
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Fig. 6. Temperature dependence of AC susceptibility for Ni

lloy could not be detected within the testing range, and the result
s not included in the figure. It can be seen that the AC suscep-
ibility curve of Ni50Mn29Ga20.9Dy0.1 alloy is similar to that of
i50Mn29Ga21 alloy. During cooling from the high temperature
arent phase, two anomalies of the AC susceptibility curve are
bserved for the two alloys, representing the magnetic and struc-
ural transitions, respectively. It is also found that the addition of
.1 at.% Dy has a small effect on the Curie temperature, while the
artensite transformation temperatures increase slightly. When

 = 0.5, a sharp peak appears in the curves of AC susceptibility during
he heating and cooling process, showing that the magnetic tran-
ition temperature is near the reverse martensitic transformation
nish temperature. This implies a further increase in martensitic
ransformation temperature and a small change of Curie temper-
ture. As shown in Fig. 6(c), as the content of Dy is 1 at.%, the AC
usceptibility enhances sharply and then decreases quickly during
he heating process, indicating that the martensitic and magnetic
ransitions occur simultaneously. Many ternary Ni–Mn–Ga alloys
ave been found to exhibit this coupling of structural and mag-
etic transitions [18,19].  Moreover, the largest magnetic entropy

hange (86 J/kg K) was observed in Ni55Mn20Ga25 single crystal
nder a magnetic field of 5 T [19], and this utilizes the concur-
ence of structural and magnetic transitions. Thus, the coincidence
f martensitic and magnetic transitions in Ni50Mn29Ga20Dy1 alloy
ure (K)

9Ga21−xDyx alloys during the cooling and heating process.

can be expected to cause a large magnetic entropy change, which
is the subject of an on-going investigation in our group. As for the
Ni50Mn29Ga19Dy2 alloy, there is only one abrupt change in the
AC susceptibility curve, being relatively slower than other alloys.
This indicates that the Ni50Mn29Ga19Dy2 alloy may  have weaker
magnetic property. According to the DSC results, the martensitic
transformation start temperature of this alloy is 399 K. Therefore,
the abrupt change of AC susceptibility corresponds to the Curie
temperature. It is obvious that the addition of 2 at.% Dy decreases
Tc from 351 to 300 K. The experimental results show that the Dy
addition causes the formation of Dy(Ni, Mn)4Ga phases, which
contain lower Mn  compared with the nominal composition of
Ni50Mn29Ga21−xDyx alloys. The formation of Dy(Ni,Mn)4Ga phases
results in a significant Mn  enrichment in the matrix. Furthermore,
the volume fraction of this phase increases gradually as the content
of Dy increases to 2 at.%. This leads to a continual increase in Mn
content in the matrix. The EDS results reveal that the content of Mn
in the matrix increases from 27.99 at.% for ternary Ni50Mn29Ga21
alloy to 31.74 at.% for the 2 at.% Dy-doped alloy. Meanwhile, the Ni
content in the matrix almost remains unchanged, at nearly 50 at.%,

and a decrease in Ga content occurs by the substitution of Dy.
The partial Mn  atoms exhibit antiferromagnetical coupling with
the neighboring Mn  atoms. Therefore, the Mn–Mn  exchange inter-
action is weakened, which may  result in a decrease of the Curie
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ig. 7. The transformation temperatures, Ms, Mf , As and Af , and the Curie tempera-
ure, Tc, vs. Dy content in Ni50Mn29Ga21−xDyx (x = 0, 0.1, 0.5, 1, 2) alloys.

emperature. However, the exact mechanism on the change of Tc by
dding Dy is not clearly understood, further investigation is needed.

Based on the results of DSC and AC susceptibility measurements,
s, Mf, As, Af and Tc as a function of the Dy content are presented

n Fig. 7. As the content of Dy is no more than 1 at.%, Tc remains
lmost unchanged, while the martensitic transformation tempera-
ure increases gradually with the increase in Dy content. This leads
o the magnetic transition temperature being near or equal to the

artensitic transformation temperature. When the content of Dy
s increased to 2 at.%, a rapid increase in the martensitic transfor-

ation temperature is observed, but the excessive addition of Dy
eakens the magnetic property and leads to an obvious decrease

n the Curie temperature.

. Conclusions

The effects of Dy addition on the mechanical and magnetic
roperties of Mn-rich Ni50Mn29Ga21−xDyx (0 ≤ x ≤ 5) ferromagnetic
hape memory alloy were investigated. The results show that an

ppropriate amount of Dy addition in Ni50Mn29Ga21−xDyx alloys
ignificantly enhances the compressive strength and improves the
uctility. When the content of Dy is less than or equal to 1 at.%,
oth the compressive strength and strain enhances dramatically,

[
[

[

mpounds 520 (2012) 281– 286

and the compressive strain reaches its maximum value at 1 at.% Dy.
The compressive strength remains stable, while the compressive
strain decreases remarkably with a further increase in Dy content.
Furthermore, the fracture type of Ni–Mn–Ga–Dy alloys changes
from intergranular fracture of Ni–Mn–Ga alloys to transgranular
cleavage fracture with increasing Dy content. For the alloy with
5 at.% Dy addition, interphase fracture is observed, which leads to
an increase in the brittleness. At the same time, a minor Dy addition,
i.e. no more than 1 at.%, has little influence on the Curie tempera-
ture. However, when the content of Dy is increased to 2 at.%, the
Curie temperature decreases. In particular, coupling of the mag-
netic and structural transitions is observed in the Ni50Mn29Ga20Dy1
alloy. Consequently, the Dy content has a significant influence on
the mechanical and magnetic properties. By controlling the amount
of rare earth Dy (0.1 ≤ x ≤ 1) in Ni50Mn29Ga21−xDyx alloys, a signifi-
cant improvement in the compressive strength and ductility of the
alloys, an unchanged Curie temperature and increased martensitic
transformation temperatures can be achieved.
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