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This paper studies the magnetic hysteresis and refrigeration capacity of Ni-Mn—Ga alloys in detail during heating

and cooling isothermal magnetisation processes. The Ni-Mn-Ga alloys show larger magnetic hysteresis when they trans-

form from austenite to martensite, but smaller magnetic hysteresis when they transform from martensite to austenite.

This behaviour is independent of either the pure Ni-Mn—Ga alloys or the alloys doped with other elements. Because of

the existence of the magnetic hysteresis, the relation between the magnetic entropy change and refrigeration capacity

is not simply linear. For practical consideration, magnetocaloric effect of Ni-Mn—Ga alloys should be investigated both

on cooling and heating processes.
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1. Introduction

Recently, interest in the study of magnetocaloric
effects (MCE) in Heusler alloys has grown due to va-
riety of their MCE and phase transition processes.
A large magnetic entropy change has been observed
in Heusler alloys with the concurrence of magnetic
and structural phase transitions.l' =11 Meanwhile, the
phase transition process of Heusler alloys with the
first-order magnetic transition is much more compli-
cated than the process of other MCE materials with
the same transition. It has been reported that al-
though both Nigs 5 MnogGagy s and NissMngg 5Gasgy 5
undergo the first-order magnetic transition and show
large magnetic entropy change, their phase transition
processes are different.l”) Further studies show that
the temperature span of the structural transition has
great effect on the peak value and shape of the mag-
netic entropy change curve. [

Large magnetic entropy change is caused by a
first-order magnetic transition which brings magnetic
hysteresis loss inevitably. Therefore, the depression
of hysteresis loss, which undermines the efficiency
of magnetic refrigeration, becomes important for the
practical application of materials with the first-order
magnetic transition. A reduction of hysteresis loss was

found in GdsSisGes with the addition of Fe, which
results in a very small hysteresis loss by suppress-
ing the formation of the orthorhombic phase.l'?] As
for La(FeSi);3 compounds, partly replacing La by Pr
could decrease the magnetic hysteresis efficiently.[13:14]
For Heusler alloy Ni-Mn-Ga, Stadler et al.[4 re-
ported that the hysteresis loss in NisMng 75Cug.25Ga
is 12 J/kg during heating, meanwhile Pasquale et al. (3]
and Cherechukin et al.[Yl pointed out that isother-
mal magnetisations exhibit the magnetic hysteresis in
Ni-Mn-Ga alloys during cooling. However, magnetic
refrigeration cycle includes both heating and cooling
processes and our previous studies have indicated that
the magnetic entropy change could be different dur-
ing heating and cooling.['5] Therefore comprehensive
evaluation of hysteresis loss in Ni-Mn—-Ga alloys can-
not be given by research of heating or cooling process
independently. Unfortunately, reports on the mag-
netic hysteresis of Heusler alloys usually focused on
only one process, heating and cooling isothermal mag-
netisation processes are rarely studied together. The
present work investigates in detail the magnetic hys-
teresis of pure Ni-Mn—Ga and alloys doped with Cu
or Gd elements during two processes. All of the alloys
have the first-order magnetic transition and could be
used in magnetic refrigeration technology.
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2. Experimental procedure

The pure Ni-Mn—Ga alloys and alloys doped with
other elements Cu or Gd were prepared. The prepa-
ration and subsequent heat treatment of the poly-
crystalline ingots are the same as those in Refs. [15]
and [16]. The x-ray powder diffraction measurements
were investigated with Cu Ko radiation to prove
the present samples crystallised in the non-modulated
tetragonal martensitic structure at room temperature
without secondary phase.['516] Magnetisation data
were measured in fields from 0 to 2 T by vibrating
sample magnetometer (VSM). The measurements of
heating and cooling isothermal magnetisation curves
were carried out by the following steps: at first, the
sample was cooled to temperatures far below the Curie
temperature T and then heated to temperature near
Tc, after that the measurement of the isothermal mag-
netisation (M—H) curve began. When the measure-
ment of M—H curves in heating process was finished,
measurement of cooling process was carried out by
the same way as above. The step of magnetic field
is 24 Oe/s (1 Oe = 79.5775 A/m) for both heating
and cooling processes. The constant temperature with
fluctuation less than +0.02 °C was maintained during
measurement of each isothermal magnetisation curve.
The measurements were repeated at least two times
to ensure repeatability. The magnetic entropy change
was calculated from the M—H curves by using the in-
tegrated Maxwell relation, which, for magnetisation
measurements made at constant temperature and at
discrete H intervals, AS); can be approximated by:

AS

1 H
N — M(T + AT, H)dH
A7 || M@ +arma

- /OH M(T,H)dH

3. Results and discussion

Figure 1 shows the magnetisation as a func-
tion of temperature (M-T) of Nisy7Mngg2Gasgs 1,
Niss.2Mnig.6Gage.15Gdo.os and  Nisz 7sMnig 5Cuy 75
Gags alloys during heating and cooling under a mag-
netic field of 0.05 T. These M—T curves had been dis-
cussed in the previous papers.l'>16l Tt indicates that
these alloys undergo the first-order magnetic transi-
tion during heating and cooling. In heating process,
they transform from ferromagnetic martensite to para-
magnetic austenite, and a reverse transformation can
be found during cooling process.
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Fig. 1. The magnetisation curves under a field change of
0.05 T.

Figure 2 shows the typical isothermal magneti-
sation curves for Niss7Mnog 1Gags o alloy measured
with increase and decrease of the field. It can be
found that small magnetic hysteresis occurs in the
vicinity of the transition temperatures during heating,
but large magnetic hysteresis occurs during cooling.
The magnetic hysteresis loss was obtained by calcu-
lating the area between the increasing and decreasing
magnetic field segments of isothermal magnetisation
curves. The magnetic hysteresis loss during heating
is just 5 J/kg, while it reaches the value of 16 J/kg
during cooling.

Figure 3 gives isothermal magnetisation curves
for Nisz.75Mni9.5Cu; 75Gags alloy. Similar to
Nigq.7Mngg 1 Gags o alloy, small magnetic hysteresis is
observed during heating, but large one occurs during
cooling in the vicinity of the transition temperature.
The magnetic hysteresis loss during heating is only
2 J/kg, while it is as large as 11 J/kg during cooling.

Figure 4 gives the isothermal magnetisation
curves for Niss oMnig.6Gasgg.15Gdg.05 alloy. The mag-
netic hysteresis loss during heating is 1.2 J/kg,
and the magnetic hysteresis loss during cooling
reaches 24.0 J/kg.

of Ni55,2Mn18.6Ga26'15Gd0.05 during COOliIlg is the

The magnetic hysteresis loss

largest in these alloys.

The above results indicate that for Ni-Mn-Ga
alloys with first-order magnetostructural transition,
isothermal magnetisations show small magnetic hys-
teresis during heating, while large magnetic hysteresis
during cooling. The same phenomenon has also been
found in other Ni-Mn-Ga alloys.['3] Therefore, this
behaviour is independent of either the pure Ni-Mn—-Ga
alloys or the alloys doped with other elements. More-
over, multiple isothermal magnetisation curves show
larger magnetic hysteresis near the Curie temperature
Tc during cooling processes. The different magnetic
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hysteresis between heating and cooling is due to the
different processes between the positive and reverse
martensite-austenite transition. The twin boundary
motion may be the cause of larger magnetic hystere-
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sis during cooling.['”*¥] So, much attention should be
paid to the cooling isothermal magnetisation process
in the research of Ni-Mn—Ga alloys when it is used as
the magnetic refrigerators in refrigeration cycle.
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Fig. 2. Isothermal magnetisation curves of Niss.7Mngg.1Gags.2 alloy in heating (a) and cooling (b) processes.
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Fig. 3. Isothermal magnetisation curves of Nisz.75Mn1g.5Cu1.75Gags alloy in heating (a) and cooling (b) pro-

cesses.
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Fig. 4. Isothermal magnetisation curves of Niss.2aMnig.6Gaze.15Gdo.o5 alloy in heating(a) and cooling(b) pro-

cesses.
The numerical integration of the area under the —ASy(T) curve between T; and T3 leads to the cooling
capacity ¢ = — fTTf ASM(T)dT. The way to take into account the hysteresis loss is to simply subtract it from
the corresponding g and obtain the net refrigeration capacity gn. The values of gy of all three alloys were

calculated and shown in Table 1.
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The results in Table 1 indicate that large ASy; does not mean large magnetic refrigeration capacity. Because

of the existence of the magnetic hysteresis, the relation between the magnetic entropy change and refrigeration

capacity is not simply linear. All of the alloys show larger gn during heating. From the viewpoint of practical

application, it is of fundamental importance that hysteresis should be reduced as much as possible.

Table 1. The ASn, ¢ and gn of Nisg.7Mnog 2Gass.1, Nisz.75Mnig.5Cu; 75Gags,
and Niss.2Mn1s.6Gazs.15Gdo.o5 alloys.
lloge |ASul/(J/kg K) a/(J/ke) an/(/ke)
heating cooling heating cooling heating cooling
Nis4.7Mnag.2Gags. 1 8.8 12.7 68.8 57.5 59.5 52.7
Nis3.75 Mnj9.5Cuy.75 Gags 22.5 16.3 60.5 61.1 66.1 45.2
Niss.2Mnig.6Gazs.15Gdo.os 7.7 8.6 55.7 51.1 54.5 27.1

4. Conclusions

The present work indicates that Ni-Mn—Ga alloys show larger magnetic hysteresis when they transform from

austenite to martensite during cooling, but smaller magnetic hysteresis when they transform from martensite

to austenite during heating. From this cause, hysteresis loss leads to larger gy and smaller gy during heating

and cooling processes in Ni-Mn—Ga alloys, respectively. Therefore, the MCE of Ni-Mn—Ga alloys should

be investigated on both cooling and heating if Ni-Mn—Ga alloys are considered to be used in the magnetic

refrigeration technology.
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