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a b s t r a c t

Fe2 P-based magnetocaloric compounds are an important and industrially relevant material class for
magnetic refrigeration, yet their microstructure and its influence on the magnetic properties is hardly
discussed in literature. We prepared Mn-Fe-P-Si-based samples using a powder metallurgical process
and analyzed their microstructural and thermomagnetic properties. XRD, SEM, EDX and EBSD analysis
reveal a phosphorous depleted cubic secondary phase in many samples with distinct microstructural
properties giving an insight into the phase formation process. A porous morphology was found, hin-
dering the direct application of the materials a magnetocaloric heat exchanger in bulk-like structures.
The “virgin” effect could be in-situ observed for the first time on a macroscopic scale using temperature-
dependent optical microscopy. Thermomagnetic measurements reveal a difference in transition tem-
perature Tt in comparison to literature values which is attributed to a processing induced deviation from
the nominal composition. The isothermal entropy change DST and adiabatic temperature change DTad
were studied as well as their cyclic behavior. The effect of secondary phases is discussed and the
importance of the metal/non-metal (M/NM)-ratio is shown. The article presents a road map for the
preparation of Mn-Fe-Si-P-based alloys with highest quality.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Modern society is in an ever increasing need of easily available
and environmentally friendly cooling technologies. A nearly expo-
nential increase in demand of cooling power is predicted for the
next 50 years especially for household refrigeration and air condi-
tioning [1]. In large scale cooling devices the use of ozone layer
depleting chlorofluorocarbons is still current practice, whereas
small scale conventional compressor based cooling technologies
nowadays rely on non-ozone depleting, yet highly explosive
hydrofluorocarbons which show an about thousand times higher
global warming potential than for example CO2 [2e4]. A solid
refrigerant based technology like magnetocaloric cooling could
overcome these issues. Furthermore, the efficiency of these type of
devices is expected to exceed the efficiency of vapor compression

based technology leading to a much reduced energy consumption
compared to conventional technologies [5].

Magnetic refrigeration is based on the magnetocaloric effect
which manifests itself in the temperature change of a magnetic
material whenmagnetized or demagnetized. Since the discovery of
the magnetocaloric effect in nickel in 1917 by Weiss and Picard
[6,7], various magnetocaloric materials have been extensively
studied. Followed by the discovery of the giant magnetocaloric
effect in Gd5(SixGe1�x)4 [8] many other promising material systems
have been discovered such as La-Fe-Si [9e11], Heusler alloys
[12e14] and Fe2 P based alloys [15].

The class of Fe2 P-type compounds adopt the hexagonal Fe2 P-
type crystal structure, space group P62m. The parent compound
displays strong magnetocrystalline anisotropy with the c-axis be-
ing the easy magnetization direction. The Fe2 P compound un-
dergoes a transition from a ferromagnetically ordered to a
paramagnetic state at 217 K. Linear thermal expansion studies
reveal that the ferromagnetic to paramagnetic transition is
accompanied by a step-like change in the unit cell volume of 0.05%
[16,17]. By substituting Mn on the Fe sites and X-elements (X: As,
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Ge, Si, B) on the P sites, the magnetocaloric properties can be
adjusted [18e26]. The system shows magnetization and entropy
changes comparable to other candidate materials for magnetic
refrigeration and the properties are tunable around room
temperature.

The most promising composition from an application point of
view is (Mn,Fe)1.95(P,Si), as it contains no critical, expensive and
toxic elements [27]. It was shown that by varying the content of Fe
and Si, the transition can be tuned in a wide temperature range and
hysteresis can be minimized by carefully adjusting the composition
[18,20,22,25]. The compounds are usually synthesized via a powder
metallurgical route and a solid state reaction or by pyro metallur-
gical processes like for example melt-spinning [28].

Despite the extensive studies on this series of compounds hardly
any investigation on how the microstructure and the occurrence of
secondary phases influence the main magnetic and magnetocaloric
properties has been published. This is the main focus of our article.

2. Experimental details

Polycrystalline samples with Fe2 P-type structure were pro-
duced by a powder metallurgical route followed by an annealing
step. Powders of high purity (�99.9%) Mn, Fe2 P, Si and P (total
amount 5 g) were mixed in inert atmosphere. In order to
compensate evaporation losses, additional P was added to the
stochiometric composition. Milling was performed using a Spex
8000 D high-energy ball mill at 875 cycles/min for 80 min in a
hardened steel vial with 2 hardened steel balls and a ball to powder
ratio of 3.34. The ball-milled powders were uni-axially compacted
in a press-form with 0.1 GPa pressure at room temperature. The
green-bodies were wrapped in Molybdenum foil and sintered in a
vacuum tube furnace under a constant Ar pressure of 1.25 bar for
2 h at 1373 K followed by a 20 h annealing step at 1123 K and slow
cooling to room temperature. Prior to all measurements, the sur-
face layers of the sample were ground off in order to remove
possible surface oxidation. The list of samples discussed in this
article is given in Table 1.

Room temperature powder x-ray diffraction (XRD) measure-
ments were carried out on a Stadi P diffractometer by using Mo Ka1
x-ray radiation and a Ge (111) monochromator. Data analysis was
performed using the FULLPROF software package [29]. A Tescen
high resolution scanning electron microscopy (SEM) equipped with
an energy-dispersive x-ray (EDX), back-scatter electron (BSE) and
electron back-scatter diffraction (EBSD) detector was used for
microstructural characterization. The stoichiometry of the com-
pounds presented in this article were determined by EDX with an
error of less than 2 at%. Prior to all magnetic measurements, the
materials were cycled 3 times in liquid nitrogen with subsequent
heating to room temperature in order to remove the “virgin” effect
if not mentioned otherwise. Magnetization measurements were
performed using commercial vibrating sample magnetometers,
Lake Shore 7400 Series and QuantumDesign PPMS-14. For theMðTÞ
measurements, a sweeping rate of 2 K min�1 was used, if not

mentioned otherwise. The adiabatic temperature change was
measured with a purpose built experimental setup which has been
described previously [30]. Temperature-dependent optical micro-
scopy was performed on a Zeiss Imager D2.mmicroscope equipped
with a LN2 cryostat from evico magnetics as described in Ref. [31].

3. Structural and microstructural characterization

The synthesized Mn1.32Fe0.71P0.5Si0.56 sample was found to be
mainly single phase according to the x-ray diffraction investigation
in Fig.1. The XRD pattern indicates the presence of residual traces of
the pseudo-binary cubic Fm3m compound (Mn,Fe)3 Si with the
composition Mn1.49Fe1.35 Si as minority impurity phase. The P-62 m
(#189) space group symmetry for Mn1.32Fe0.71P0.5Si0.56 could be
confirmed. It is worth recalling that earlier published studies also
reported the difficulty to synthesize the pure compound [19,21].
The refined unit cell parameters for Mn1.32Fe0.71P0.5Si0.56 are
a ¼ 6.099(X) Å and c ¼ 3.446(X) Å, which are in good agreement
with previously reported values [20,21,32,33].

The BSE image in Fig. 2a) shows the porosity of the samples. The
black spots in the BSE image correspond to the pores which are
occurring during the formation of the Fe2 P-phase from the initial
powder mixture and they are remaining during the rest of the
production route. This porous structure is inevitable and could not
be overcome by comparable powder metallurgical routes that are
regularly used as described in literature [33]. Therefore, it is hin-
dering a direct application of the material in bulk-like regenerator
structures, like plates or channel structures because of their
brittleness.

The density of the Mn-Fe-P-Si sample was determined to be

Table 1
List of samples discussed in the article. The sample names and their corresponding stoichiometry from EDX are given in the first two columns. Eventual secondary phases as
well as their weight fractions are in columns three and four. In the last column the M/NM ratios are shown.

Sample ID Composition main-phase Composition secondary-phase wt% secondary phase M/NM

Sample 1 (S1) Mn1.32Fe0.71P0.5Si0.56 Mn1.49Fe1.35Si 5 1.93
Sample 2 (S2) Mn1.24Fe0.70P0.5Si0.58 e 0 1.80
Sample 3 (S3) Mn1.19Fe0.68P0.5Si0.57 Mn1.32Fe1.21Si 3 1.75
Sample 4 (S4) Mn1.13Fe0.59P0.5Si0.52 Mn1.33Fe1.16Si 6 1.67
Sample 5 (S5) Mn1.20Fe0.68P0.5Si0.66 e 0 1.62
Sample 6 (S6) Mn1.22Fe0.59P0.5Si0.59 e 0 1.73

Fig. 1. Room temperature XRD pattern of Mn1.32Fe0.71P0.5Si0.56 crystallized in the Fe2 P
structure with traces (<3 wt%) of a (Fe,Mn)3 Si secondary phase.
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