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The effect of the heat treatment on the magnetism, magnetocaloric effect and microstructure formation has
been systematically studied in Fe-rich (Mn,Fe),(P,Si) melt-spun ribbons (1.80 < y <2.00). XRD, SEM and EDS
measurements demonstrate that a metal deficiency prompts the stable (Mn,Fe)Si phase, whereas in the
metal-rich region the (Mn,Fe)sSi phase is formed. It is found that the annealing temperature influences the
composition and lattice parameters of the (Mn,Fe),(P.Si) alloys, which greatly affects the Curie temperature
(T¢). For the optimal metal/non-metal ratio y the magnetic entropy change (|AS,|) is found to increase from
5.5 to 15.0 Jkg"'K™! in a magnetic field change of 2 T by varying the annealing temperature from 1313 to
1433 K, indicating an enhancement of the first-order magnetic transition (FOMT). The presented results
reveal that the secondary phase and magnetic properties in the (Mn,Fe),(P,Si) system can be tuned by
varying the annealing temperature and by adjusting the metal/non-metal ratio y.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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1. Introduction

The magnetocaloric effect (MCE), discovered in 1917 by Weiss
and Picard [1], is a phenomenon that corresponds to a change of
temperature caused by the exposure of a material to an externally
applied magnetic field. Although the giant magnetocaloric effect
(GMCE) was first observed in Fe-Rh alloy by Annaorazov and co-
workers [2], the interest in the application of magnetocaloric ma-
terials (MCM) in magnetic cooling started from the discovery of the
GMCE in GdsGe,Si, by Pecharsky and Gschneidner [3]. This break-
through research was followed by another milestone: the demon-
stration of near room-temperature magnetic-refrigeration prototype
by Zimm and co-workers [4]. In comparison to traditional cooling
technologies, magnetic cooling provides a significantly higher effi-
ciency, and the environmental impact is reduced due to the elim-
ination of hazardous, toxic and ozone-depleting refrigerants [5].
Materials exhibiting a first-order magnetic transition (FOMT) attract
special attention due to the presence of a GMCE, usually associated
with it [6-8]. Until now, many promising families of MCMs for the
near-room temperature refrigeration have been studied intensively,
eg: Fe-Rh [9-11], Gds(Si,Ge)s [3,12,13], LaFeis,Si [14-16],
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(Mn,Fe),(PX), (X = As, Ge, Si) and its doped compounds [8,17-20] and
Heusler alloys [21,22].

Among the mentioned magnetocaloric materials, the
(Mn,Fe),(P,Si) family of compounds that exhibit a large MCE in low
magnetic fields near room temperature have drawn considerable
attention. The Fe-rich region of the (Mn,Fe),(P,Si) system is espe-
cially of interest due to its large magnetic moment and low costs of
starting materials [20]. It has recently been reported that in this
family of compounds, the metal/non-metal ratio (M/NM) has a sig-
nificant impact on the final performance of the material [6,23].
Additionally, the magnetocaloric response of the (Mn,Fe),(P,Si)
system appears to be highly sensitive to the synthesis route, parti-
cularly to the heat treatment conditions [24-26]. In order to reduce
the annealing time and avoid oxides impurities, all samples in this
study were prepared by melt spinning. Notwithstanding extensive
studies on the impact of optimization and annealing, the effect of the
heat treatment for different M/NM ratios on the final performance of
the material and formation of impurity phases was not investigated
yet. Therefore, the main objective of this work is to study the effect
of the metal content and the heat treatment on the magnetic
properties, microstructure and impurity phase formation in Fe-rich
(Mn,Fe),(P,Si) melt-spun ribbons.

0925-8388/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Experimental methods

Mﬂo'ngey_0'53P0_565i0_34 (y =2.00,1.95,1.90, 1.85, 180) COmpOUHdS
were prepared by melt spinning and subsequent annealing. These
compounds will for simplicity in the following be denoted as
(Mn,Fe),(P,Si), where y then also corresponds to the M/NM ratio in
the (Mn,Fe),(P,Si) system. Appropriate amounts of the starting ma-
terials (powders): Mn (99.9 %; Alfa Aesar), Si (99.7 %; American
elements), MnP (99.8 %; BASF), Fe,P (99.9 %; BASF), were weighed,
mixed and ball milled together for 1 h at 350 rpm. The purity of
starting materials was determined on a metals basis. Powders were
pressed into pellets and put into a quartz tube with a nozzle at the
bottom. The as-spun ribbons were obtained by melting and ejection
of the alloy through the nozzle on a rotating copper wheel. Prepared
ribbons were placed in quartz tubes and sealed under 200 mbar Ar
atmosphere before utilizing various heat treatments. All samples
were annealed for 2 h at different temperatures. In order to mini-
mize the formation of the metal-rich (Mn,Fe)3Si impurity phase, the
oven was set to a target temperature before inserting the samples. In
the first part of this study, we focussed on the optimization of the M/
NM ratio. Therefore, the as-spun ribbons were annealed at 1373 K,
which was found to be the optimal annealing temperature in an
earlier report by Thang and co-workers [26]. In the second part of
this study, we investigate the effect of the heat treatment by com-
paring samples from the first part of this study with melt-spun
ribbons annealed at 1313 and 1433 K.

X-ray diffraction patterns were collected using a PANalytical X-
pert Pro diffractometer with Cu-K, radiation. Structural parameters
and phase fractions were obtained by Rietveld refinement using the
Fullprof program [27]. Magnetic measurements were conducted
using superconducting quantum interference devices (SQUID)
MPMS-XL and MPMS-5S magnetometers in the reciprocating sample
option (RSO) mode, in the temperature range of 5-370 K with a
constant sweep rate of 2 K/min. Differential scanning calorimetry
(DSC) measurements were conducted using a TA-Q2000 DSC with a
constant sweep rate of 10 K/min. Scanning electron microscopy
(SEM, JEOL JSM 6500 F, Japan) coupled with energy-disperse X-ray
spectroscopy (EDS) was used to characterize the microstructure and
the composition of the primary and secondary phases in selected
melt-spun ribbons.

3. Results and discussion
3.1. Optimization of the metal content

XRD patterns for all samples were collected at 348 K to ensure
that measured lattice parameters are derived for the same magnetic
state. The refinements of the XRD data revealed that all compounds
crystallize in the hexagonal Fe,P-type structure (space group P-
62 m), as presented in Fig. 1. Upon decreasing the M/NM ratio, the
amount of metal-rich impurity (Mn,Fe)sSi (space group: Fm-3 m)
decreases. The lattice parameters derived in the PM state indicate
the inflection point for the alloy y = 1.90, with a lattice parameter a
= 6.01636(4) A, and c = 3.44518(3) A, as depicted in Fig. 2. Further
reduction of the metal content contributes to the occurrence of the
non-metal rich impurity (Mn,Fe)Si (space group: P2;3). The phase
fractions of the two impurity phases are presented in Fig. 3, in-
dicating a minimum total impurity content near y = 1.90. It should be
noted that the minimum of two impurity phases can be found be-
tween 1.85 and 1.90. The refinements for the y = 2.00 and 1.80
samples are shown in Fig. 4. It is worth recalling that in the non-
metal rich region of the (Mn,Fe),(P,Si) family of compounds, the
hexagonal (Mn,Fe)sSis impurity phase (space group: P63/mcm) is
expected [6]. The unexpected formation of the (Mn,Fe)Si phase is
most likely related to an instability of the Fe-rich (Mn,Fe)sSi3 phase,
which decomposes at temperatures below 800 °C [28,29]. This
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Fig. 1. XRD patterns measured for the (Mn,Fe),(PSi) alloys annealed at 1373K
(y=1.80, 1.85, 1.90, 1.95, 2.00).
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Fig. 2. Lattice parameters a and c of the (Mn,Fe),(P,Si) compounds, derived from the
XRD patterns measured at 348 K. Error bars are within the size of the markers.
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Fig. 3. Fraction of the secondary phase as a function of the M/NM ratio y.
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Fig. 4. Observed and calculated XRD patterns of a) (Mn,Fe), 0o(P.Si), b) (Mn,Fe); go(P.Si) in the paramagnetic state.

behaviour also implies an Fe-rich and Si-rich composition of this
impurity phase in the investigated region of the (Mn,Fe),(P.Si)
system.

In Fig. 5 the temperature dependent magnetization (M-T) in an
applied magnetic field of 1 T and the field dependent magnetization
(M-H) at a temperature of 5K are presented for the compounds
annealed at 1373 K. The ferromagnetic transition temperature Tc was
determined from the maximum in the temperature derivative of the
magnetization |dM/dT|, as shown in Fig. 6a. The highest value of |dM/
dT]| is observed for y = 1.95, suggesting the largest magnetic entropy
change |AS,,|. Decreasing y from 2.00 to 1.90 initially results in an
increase in T¢ from 251.3 to 310.1 K and a decrease in thermal hys-
teresis (ATpys) from 33.3 to 8.3K. A further decrease in the metal
content y results in a decrease in T¢ and a significant increase in
hysteresis; by lowering y from 1.90 to 1.80 the value of T is reduced
to 178.5K and the thermal hysteresis is enhanced to 75.7 K. These
pronounced changes in T¢ and ATy, upon decreasing the metal
content might be a consequence of a significant Si depletion caused
by the occurrence of the non-metal rich (Mn,Fe)Si impurity phase.
The values of |AS,,| were calculated from the isothermal magneti-
zation curves using the Maxwell equation:
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The values of |AS,,] in a magnetic field change of 2 T are as fol-
lows: 0.8,10.9,13.2,17.4,9.9 Jkg 'K ™! for y = 1.80, 1.85, 1.90, 1.95, 2.00,
respectively (see Fig. 6b). The highest T¢ and the smallest thermal
hysteresis ATy is observed for y =1.90, which is also the composi-
tion that shows the lowest amount of impurity phases. However, the
largest value of |AS,,| is observed for y=1.95, which is due to a
steeper transition and an almost equally large magnetization com-
pared to y=1.90. Similar observations were recently reported by Li
and co-workers [6]. The shift of the optimal y towards a lower value
(y < 2.00) can be due to possible losses of non-metals (P, Si) occur-
ring during the sample preparation. Previous reports show a similar
trend for compounds prepared using various methods [6], [23].
Therefore, we expect that the main reason responsible for a shift of
the optimal M/NM ratio is ascribed to a prompt formation of the
(Mn,Fe)sSi impurity phase, which forms when y = 1.95. By reducing
secondary phases, the composition of the main phase is close to the
nominal ratio.

The (Mn,Fe),(PSi) compounds are known to undergo a ferro-
magnetic-to-paramagnetic (FM-PM) transition upon heating. The M-
H curve for y = 1.80 shows a broad magnetic hysteresis accompanied
by a peculiar magnetic behaviour when the magnetic field is applied
for the first time. It is noticeable that in low magnetic field (<1T),
the M-H curve exhibits a typical FM-like behaviour and at higher
magnetic fields, a metamagnetic transition occurs, which is in-
complete even at 5T. As seen in Fig. 7, this behaviour is not observed
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Fig. 5. a) Temperature dependent magnetization M-T measured in an applied field of 4oH = 1T and b) field dependence of magnetization M-H at a temperature of T=5 K for the

(Mn,Fe),(P.Si) alloys annealed at 1373 K.
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Fig. 6. a) Temperature derivative of the magnetization (-dM/dT) as a function of temperature measured in a field of 1T, b) magnetic entropy change (-AS,,) as a function of the

metal/non-metal ratio for the (Mn,Fe),(P,Si) alloys.
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Fig. 7. Isothermal magnetization versus magnetic field (M-H) curves for y=1.80
measured at 5K.

in decreasing field or in subsequent re-applied increasing magnetic
field, which indicates that the initial (metastable) magnetic state is
not restored. The metamagnetic transition originates from an in-
complete first-order transition caused by kinetic arrest. A kinetic
arrest has been reported in many materials, including the Fe,P fa-
mily of compounds [30-34]. The presented results show that the
observed metamagnetic transition might occur as a result of the off-
stoichiometry in (Mn,Fe),(P,Si) compounds.

3.2. Influence of the annealing temperature

The amount of the (Mn,Fe)sSi impurity phase is slightly affected
by the heat treatment conditions and shows a decreasing trend upon
increasing annealing temperature, as shown in Fig. 8. As seen in the
inset of Fig. 8, the diffraction peaks become sharper and narrower
with increasing annealing temperature, which is attributed to en-
hanced homogeneity and a larger particle size. For y=2.00 the
amount of the (Mn,Fe)sSi impurity phase fraction reduces from 7.7 to
5.5 wt.% when the annealing temperature rises from 1313 to 1433 K.
The observed decrease in the (Mn,Fe)sSi impurity phase shows a
different trend than observed for the V-doped (Mn,Fe),(P,Si) system,

12
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1 20000 —1433 K
104 i ‘( k —unk| o 1373K
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Fig. 8. Impurity phase fraction as a function of the metal/non-metal (M/NM) ratio y at
different annealing temperatures. The inset shows the XRD patterns for y =2.00 an-
nealed at 1313, 1373 and 1433 K.

reported by Lai and co-workers [35]. For y = 1.80 the amount of the
(Mn,Fe)Si impurity phase is hardly affected by the annealing tem-
perature and corresponds to roughly 5 wt.%.

Fig. 9a shows that an increase in the annealing temperature from
1313 to 1373 K hardly affects the value of the ¢/a ratio. Consequently,
the changes in T¢ for samples annealed at 1313 and 1373 K should
mainly originate from variations in the main phase composition
caused by the presence of an impurity phase. The most pronounced
difference appears for alloys y=1.90, 1.95 and 2.00, annealed at
1433 K. As shown in Fig. 9b, the change in the c/a ratio is reflected by
the opposite behaviour for Tc. The impact of a change in lattice
parameter should be reflected most reliably by alloys containing the
lowest amount of secondary phase. With increasing annealing
temperature, the lattice parameter a increases by 0.08 % and lattice
parameter ¢ decreases by 0.2 % in the compound y = 1.90. An increase
in the lattice parameter a leads to an increase in the distance be-
tween Fe and Si atoms in the a-b plane, which results in weakened
chemical bonding. An opposite behaviour of the lattice parameter ¢
causes a decrease in the distance between the interlayers of Mn and
Fe atoms. These changes are expected to result in enhanced
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Table 1

Collected data of T, ATpys, L and M for (Mn,Fe),(P,Si) annealed at 1313, 1373 and 1433 K. The latent heat L of the sample with y =1.80 was not measured because the transition

temperature occurs below the calibrated range of the DSC.

y 1313K 1373K 1433K
Te(K)  ATws(K)  L(g")  M(Am’kg™)  T.(K) ATy (K)  LOg") M (Am’kg)  Te(K) ATy (K)  LUg")  Ms(Am’kg™)
1.80 1716 718 - 36.1 1785 757 - 52.6 1754 792 - 613
185 2350 190 1.9 148.4 2398 221 438 151.2 2496 316 5.3 156.8
190 2936 19 11 146.6 3101 83 6.5 157.8 3256 9.9 7.4 167.5
195 2617 5.8 29 154.8 2755 121 5.7 156.7 2779 18.3 6.6 158.7
200 1979 221 0.4 1337 2513 333 5.1 138.8 2422 399 3.8 152.8

magnetic interactions [36,37]. As a result, in Fig. 10a an increase in T¢
and in saturation magnetization (M;) is found upon an increasing
annealing temperature. A sharper magnetic transition and an in-
crease in M leads to an increase in |AS,;|, as depicted in Fig. 10b. This
highlights the positive impact of the highest annealing temperature
but it should be noted that exceeding the temperature of 1433 K
might result in melting of the alloy [7]. From Table 1 it can be ob-
served that ATpys and latent heat (L) increase simultaneously with
annealing temperature in compounds containing a relatively low
amount of secondary phases (y=1.85-195), indicating an

enhancement of the FOMT for these compounds. These changes are
accompanied by an increase in Ms which is caused by improved
homogeneity and changes in the interatomic distances, as previously
discussed. As can be seen for y=1.90 in Fig. 10b, |AS,;| increases
greatly from 5.5 to 15.5 Jkg'K™, whereas ATy, increases from 1.9 to
9.9 K. The presence of a broad double peak in |AS,;| indicates that an
annealing temperature of 1313 K is insufficient to provide homo-
geneity. In the (Mn,Fe),(P,Si) alloys, the FOMT originates from an
electronic redistribution around the 3f site. Hence, the enhancement
of the FOMT upon increasing annealing temperature can be linked to
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Table 2
Refined occupancies of Fe at the 3f and 3g site for (Mn,Fe),(P,Si) annealed at 1313, 1373
and 1433 K. It is assumed that Mn exclusively occupies the 3g site [38].

y 1313K 1373K 1433K
3f(Fe) 3g (Fe) 3f(Fe) 3g (Fe) 3f(Fe) 3g(Fe)
1.80  0216(1)  0.049(1) 0221(2) 0.057(1) 0222(1)  0.059(1)
185  0182(2) 0.048(1) 0191(3) 0.051(2) 0193(1)  0.071(2)
190  0222(1) 0.068(2) 0236(1) 0.076(2) 0246(2) 0.073(1)
195  0180(1)  0.056(3) 0.197(1)  0.051(2) 0.268(1)  0.072(1)
200 0208(2) 0.091(1) 0.256(1) 0.066(1) 0.264(1)  0.084(1)

changes in the lattice parameters and an increased Fe occupation at
the 3f site [35], as indicated by XRD refinements. The refined occu-
pancies of Fe are summarized in Table 2. An unexpected change in
latent heat can be observed for y=2.00; the highest value of the
latent heat is observed for the alloy annealed at 1373 K. This result
indicates the strongest FOMT at the annealing temperature of
1373 K, which is most probably related to changes in the composi-
tion of the main phase.

3.3. Microstructure and impurity phase formation

To investigate the effect of the annealing temperature and metal
content on the microstructure, the impurity phase formation and its
influence on the magnetic properties, SEM/EDS analysis was per-
formed for 6 samples: y = 1.80 and 2.00, annealed at 1313, 1373 and
1433 K.

In the (Mn,Fe),(P,Si) system grain boundaries are preferred places
for the formation of the (Mn,Fe);Si impurity phase. Secondary
phases tend to collect at grain boundaries, which lowers the inter-
facial energy between neighbouring crystallites [39,40]. As shown in
Fig. 11a-c, the (Mn,Fe)Si impurity phase segregates in the form of
oval-shaped inclusions in the grain interior. The effect of the
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annealing temperature on the formation of this impurity phase is
found to be negligible. However, a reduction in the number of
smaller inclusions (<1pum) is noticeable, most probably due to a
coarsening into larger particles as the total amount of the impurity
phase remained constant according to the XRD refinements. In ad-
dition to this, the composition of the (Mn,Fe)Si phase does not sig-
nificantly change for increasing annealing temperatures. Therefore,
the observed increase in the Fe content for the main phase might be
ascribed to an enhanced homogeneity. The Si content shows the
opposite trend, which in consequence, leads to minor changes in Tc.
Alternatively, the rise in Fe content might indicate the presence of an
amorphous Fe-rich impurity (not visible with XRD), which decreases
with increasing annealing temperature. The compositions of the
primary and impurity phases are collected in Table 3. It can be no-
ticed that the observed M/NM ratio of both the main and the im-
purity phase show some deviation from the expected composition.
As the Mn/Fe ratio is in good agreement with the expected values,
the obtained metal-rich compositions result from a deficiency of the
non-metal that could possibly occur during sample preparation and/
or as a result of the impurity phase formation. The Fe-rich and Si-
rich composition of the impurity phase confirms that this phase is a
product of FesSi; degradation, as indicated in Section 3.1. In the
(Mn,Fe),(P,Si) family of compounds Tc increases and the hysteresis
decreases with increasing Fe and Si contents [20,41]. Therefore, the
occurrence of this impurity phase might contribute to a significant
decrease in Tc and an increase in hysteresis, which is observed for
y=1.85 and 1.80.

Contrary to the non-metal-rich region, it appeared that the an-
nealing temperature had a notable impact on the formation and the
composition of the metal-rich (Mn,Fe)s;Si impurity phase. It can be
seen in the inset of Fig. 12a, that after the annealing at 1313 K the
compound is still inhomogeneous, as demonstrated by the presence
of dendritic structures [24], which is in agreement with previously
discussed magnetization results. As depicted in Fig. 12a-c, upon a
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Fig. 11. SEM images of (Mn,Fe); go(P,Si) annealed at a) 1313 K, b) 1373 K, c¢) 1433 K.

Table 3
Compositions of the main and secondary phases in (Mn,Fe); go(P,Si) and (Mn,Fe), oo(P,Si) alloys annealed at 1313, 1373 and 1433 K.
Alloy Main phase (at.%) Secondary phase (at.%) M/NM ratio
Main phase Secondary phase
y=2.00 - 1313K Mnye oFe47.0P19.0Si71 Mn;s oFeg19P46Siis 5 2.83 333
y=2.00 - 1373K Mnys gFe4s 7P15.2Si7s Mn 4 9Fess 5PosSiz0 s 2.89 3.63
y=2.00 - 1433K Mnye 1Fes79P15.7Si73 Mn; sFess sPo.4Siz0 3 2.84 3.83
y=180-1313K Mn,75Fe46.5P19.2Si71 Mng 3Fesq3P12Sia12 2.81 136
y=1.80 - 1373K Mnyg 7Fe47.4P193Sis6 Mng 7Fesg3P21Sis09 2.86 133
y=1.80 - 1433K Mnyg ¢Fe4s 3P1g.7Sis.4 Mng 4Fes; 3P13Sia10 2.98 136

Experimental uncertainties: Mn: + 1.7 at.%, Fe: + 1.2 at.%, P: 0.2 at.%, Si+ 0.2 at.%.
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Fig. 12. SEM images of (Mn,Fe), 0o(P,Si) annealed at a) 1313 K, b) 1373 K, c) 1433 K. The insets show BSE images of a) dendritic-like structures, b) grain boundary region. Grain

boundary precipitates are indicated by arrows.

further increase in the annealing temperature, grain growth can be
observed, while the dendritic structures disappear. The grain size of
the y=2.00 sample annealed at 1313 K does not exceed 5pm and
grain boundaries are pronounced, indicating an accumulation of the
metal-rich impurity in this region. The increase in annealing tem-
perature to 1373 K caused an enlargement of grains to about 30 um.
This grain growth is accompanied by a decrease in their number
density, which also reduces the number of possible sites for the
precipitation of the impurity phase. Hence, the reduction in grain-
boundary density might contribute to a decreasing amount of the
(Mn,Fe)sSi phase, as reported in Section 3.2. After annealing at the
highest temperature (1433 K), only fragmentary grain boundary
precipitates are observed (indicated by arrows). Slight changes in
composition of this impurity phase are observed, unlike the pre-
viously discussed (Mn,Fe)Si phase. It can be seen that with in-
creasing annealing temperature, the amount of Fe in the impurity
phase increases and the content of P decreases. Both the decrease in
the amount of the secondary phase and the change in its composi-
tion directly impacts the composition of the main phase and thus,
the magnetic properties. The highest Tc is observed for the alloy
annealed at 1373 K, as an increase in Fe and Si content leads to a rise
in Tc. Likewise, the lowest T is found for the alloy annealed at 1313 K
as the Fe and Si content in this compound is the lowest. It is worth to
recall that the difference in the c/a ratio for alloys annealed at 1313
and 1373 K is negligible. It is also worth emphasising that despite a
linear decrease in the amount of the (Mn,Fe)sSi phase, this trend is
not observed for T¢ due to changes in the composition of the sec-
ondary phase. The presented results show that optimization of the
heat treatment in the (Mn,Fe),(P,Si) requires a careful consideration
of the secondary phases and their transformation behaviour during
the annealing process.

4. Conclusions

The effect of the annealing temperature and the optimization of
the metal/non-metal ratio was investigated in Fe-rich (Mn,Fe),(P.Si)
melt-spun ribbons. While y decreases from 2.00 to 1.90, a reduction
in the metal-rich impurity phase (Mn,Fe)3Si, an increase in the Curie
temperature (Tc) and a decrease in thermal hysteresis (ATpys) is
observed. A further decrease of metal content from 1.90 to 1.80
caused a decrease in Tc and a significant increase in ATpys.
Additionally, in the metal-deficient region of (Mn,Fe),(P,Si), the for-
mation of the (Mn,Fe)Si phase is observed, which is assigned to a

degradation of the unstable and primary formed FesSi; compound.
With increasing annealing temperature, an increase in |AS,,|, Tc and
ATy is observed in the optimized compound (y = 1.90), indicating an
enhancement of the FOMT. It was found that the annealing tem-
perature hardly influences the formation and the composition of the
(Mn,Fe)Si impurity phase. On the other hand, the amount of the
(Mn,Fe)sSi impurity phase slightly decreased with increasing an-
nealing temperature, which might be assigned to grain growth and a
reduced number of grain boundaries. A decrease in the (Mn,Fe);Si
impurity phase content was accompanied by changes in the main
phase composition, which was directly reflected in the magnetic
properties of the prepared compounds.
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