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Coercivity and its thermal dependence in microsized magnetic particles:

Influence of grain boundaries
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Fe;3.55113.5sBoNb3Cu; powder particles have been obtained by gas atomization. Magnetization
curves and coercivity were studied for particles ranging in size up to 1000 um. The overall
magnetic behavior of such material is a consequence of compositional heterogeneity of the
microstructure as a whole. Anomalous temperature variation of coercivity (H.) (i.e., a decrease in
H. with decreasing temperature) together with a decrease of saturation magnetization has been
observed for less than 25 um size. The origin of this behavior has been ascribed to metastable FeCu
and FeNbSi phases in combination with an Fe-rich one. Making magnetic powders with coercive
fields of the order of mOe remains a challenge for researchers. Our experiment has allowed us, at
low temperature, achieving a coercive field of 9 Oe, much lower than those observed so far in this
type of materials. This behaviour has been related with a FeCu phase present on grain boundaries.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788808]

. INTRODUCTION

In the last decades, nanocrystalline and nanogranular
magnetic materials have attracted a great deal of interest due
to their non-conventional physical, chemical, and magnetic
properties.'~ Microstructural design can be done by means of
composition, preparation procedure, and annealing tempera-
ture. The size of the grains and the distance between them are
factors determinant of sample magnetic behavior when they
are embedded in a matrix formed by a different phase.*”"* In
these alloys, the exchange coupling between the crystals is
mediated through the grain boundaries. The impurities and the
impurity-containing phases are generally concentrated in the
interface between grains'*'? but it is usually a very difficult
task to separate those impurities from the grain boundaries.
These factors affect the magnetic behavior of granular nano-
structures, which are the source of surface anisotropy but also
essentially modulate, as stated above, the couplings between
the grains that occur across the interface. In particular, a spin-
glass-like freezing of the grain boundary region was indicated,
in nanocrystalline Fe, as the main responsible for the change
from the high-temperature regime, exchange interaction con-
trolled, to the low-temperature glassy state, where exchange
interactions are not transmitted to adjacent grains.'” In other
cases, the low temperature coupling between grains gradually
disappears as temperature rises as the local Curie temperature
of the boundary is approached.*

In this article, we have studied the magnetic behavior of
microsized powders of Fe;;551135B9Nbs;Cu; obtained by gas
atomization. The study focuses on the influence of grain bounda-
ries nature, modified by cooling rate and thermal treatments, on
coercivity. Previous works show how the coercivity of this
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composition is much larger for powders than that for melt-spun
ribbons, although the saturation magnetization is the same.'®
This behavior has been ascribed to the absence of the inter-grain
amorphous ferromagnetic phase, characteristics of annealed rib-
bons, resulting in a weakening of the exchange coupling between
the nanogratins.‘H6 Prior powder particles of Fe;3 5Si;35BoNbs;Cu;
have been obtained using two methods (gas atomization and ball
milling of melt-spun ribbons) in order to show the analogies and
differences between both materials.?’ Furthermore, gas atomized
Fe;3.55115.5BoNbsCu; and Feos Si; were investigated to study the
influence of alloying elements.?' Moreover, it was observed that
for the same powder particle size and similar grain size the coer-
cive field of Fes; 55113 sBoNbsCu; was almost one order of mag-
nitude higher than those of the Feys Si; alloy.22

The experimental results shown in this article, analyzed
in combination with previous observations on the particle size
dependence of coercivity,” illustrate the importance of micro-
structure, phase coexistence, and grain boundaries on the mag-
netic behavior of microsized powders. The previous work to
which Ref. 23 shows how, when powder particle size is
smaller than the domain size, coercivity should decrease with
increasing particle volume, v, as 1 N2, Such experimental ob-
servation was explained by assuming a constant grain size and
a single magnetic phase. The present article analyzes the con-
sequences, on magnetization and coercivity behavior, of the
coexistence of several phases.

ll. EXPERIMENTAL
A. Sample preparation

Atomized powder particles of composition Fe,35Si;5 5
BoNb;Cu;, expressed in atomic percent, were obtained by
means of the CENIM gas atomizer from Fe-Nb and Fe-Si
master alloys and B and Cu pure elements. The alloy was
melted and superheated 200°C above the liquid temperature

© 2013 American Institute of Physics
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in a magnesia crucible, the superheated melt was poured into
a tundish, and atomisation of the melt was achieved at the
tundish exit by an annular jet of argon at 2.3 MPa giving a gas
flow rate of 3.7kg min '.***' The powder is collected and
sieved into different powder particle sizes: —25 um (sample
A), 25-50 um (sample B), 50-125 um (sample C), 125-
250 um (sample D), 250-500 um (sample E), 500-1000 um
(sample F). This work is focused on the small, less than
25 pm, samples, denominated A, and the largest 500—-1000 yum
samples, denominated F, size ranges. In order to study the
evolution samples A and F have been annealed 1 h at 700 °C,
and denominated sample A-A and sample F-A, respectively.

B. Sample characterization

The powder was studied by X-ray diffraction (XRD) using
Cu-Ku radiation as shown in Fig. 1. The microstructure of the
powder was observed by scanning electron microscopy (SEM)
equipped with X-ray energy dispersive analysis unit (EDX).
Contrast images of electron channeling have been taken, which
are produced from electrons with channel down the crystal
planes, and, thus, are sensitive to crystallographic orientation.
Hysteresis loops temperature dependence and magnetization
versus temperature were measured using a Physical Property
Measurement System vibrating sample magnetometer (PPMS-
VSM). Quantum Design for the temperature range comprised
between 4 and 300K and with a maximum field of 4T, on
encapsulated samples.

lll. RESULTS
A. Microstructural characterization of the samples

X-ray patterns of as-atomized powder as a function of
particle size are shown in Fig. 1. An iron-rich phase with the
main peak positioned in 20 =45.1° in combination with a
ternary Fe¢NbgSi; phase with a weak trace positioned in
20 =43.89° can be distinguished in the diffractogram corre-
sponding to sample A. The observation of patterns associated
with other particle sizes leads to the following conclusions.
The trace in 20 =43.89°, Fe cNbgSi; signal, becomes less
important as particle size increases, and even disappears in
the diagrams associated with samples E and F, which show
only the Bragg peaks corresponding to the Fe-rich phase.
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The X-ray diagram obtained for powders A-A and F-A is
also included. In the case of small particle size (sample A-A),
the high intensity peak in the position 20 =45.1° is found in
combination with signals of Fe;sNbgSi; and Fe,Si phases and
pure Si and pure Cu traces. Sample F microstructure is more
stable. This is evidenced by thermal treatment that keeps it
almost unchanged.

The main peak of the iron rich phase is shown in detail
in the inset. A clear displacement of this peak to the right,
accompanied by an intensity decrease, is observed as particle
size increases. The 20 diffraction angles, associated to the
main Bragg peak, are in a range between 45.05° and 45.58°.
These differences should be connected with lattice distortion
due to alloying elements diffusion. In fact, the main Bragg
peak associated with Fe;Si should be found at 45.337°. This
is exactly the peak position observed for samples with parti-
cle size in the range 250-500 um. The silicon presence in the
lattice decreases with particle size and seems to be connected
with cooling rate.

Fig. 2 shows the main peak position as a function of par-
ticle size for the as-atomized and annealed powder. In the
case of the small powder, we would have a supersaturated
solid solution of «—Fe, Si, B, Nb, and Cu in solution. Cu has
little affinity with other elements and, as indicated by map-
ping, it is rejected to the grain boundary. By increasing the
size of dust, cooling process would be slower and, therefore,
the crystallization of the magnetic Fe;Si phase would be pos-
sible decreasing the single elements in solid solution.

Figure 3 shows the influence of annealing on sample A
in detail. The small trace, indicated with “a” found in
20=43.89° for sample A, coexists with the o-Fe(Si) and
FesNbgSi; phases. The position of this peak is between
fce-Cu (20 =43.47°) and bece-Fe (20 =44.67°) main dif-
fraction peaks. The possibility of having an FeCu metasta-
ble phase should be considered. This pattern suffers a clear
evolution upon annealing as shown in Fig. 3, sample A-A.
The trace initially found at 20 =43.89° has been unfolded
in two peaks. One more left to be identified with pure fcc-
Cu and a second one in the right that fits with Fe,Si. Pure
silicon trace (20 =47.3°) is also observed.

Fig. 4 shows backscattered SEM micrographs of cross
sections of as atomized powder of size below 25 um (sample
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FIG. 1. Influence of particles size on X-ray
diffraction patterns for 20 between 20° and
100° (a) and first Bragg peak detail (b) for
as-atomised powder: —25um (A), 25—
50 um (B), 50-125um (C), 125-250 um
(D), 250-500 um (E), 500-1000 um (F),
and annealed at 700°C-25 um (A-F) and
500-1000 um (F-A). Phases identification:
v FegNbiSi;, D a—Fe(Si), FesSi, a
o—Fe(Cu), 1 Cu, | Si, v Fe,Si.
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FIG. 2. Main diffraction peak position as a function of particle size for as-
atomized (M) and annealed at 700 °C samples ([J).

A) and over 500 um (sample F), respectively. In the first
case, a homogeneous and fine microstructure of grains, of
around 5 um in size, of different contrast is observed. The
500-1000 um (sample F) particles show a structure of den-
drite grains of around 25 um in size.

Fig. 5(a) shows a micrograph of as-atomized powder
under 25 ym (sample A), where a Cu segregation at the grain
boundaries can be speculated from Electrons Dispersive Scat-
tering (EDS) signals. Fig. 5(b) shows a micrograph of a parti-
cle in the same size range annealed 1h at 700°C (A-A). In
this sample, bright precipitates at the grain boundaries are
clearly seen. EDS analysis of these precipitates, Fig. 5(c)
shows that they are Cu-rich in good agreement with the X-ray
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FIG. 3. Details of X-ray diffraction pattern for under 25 um powder: as-
atomised (sample A) and annealed at 700 °C (sample A-A). Phases identifi-
cation: v Fe1gNby6Siy, D a—Fe(Si), FesSi, a a—Fe(Cu), (] Cu, | Si, v Fe,Si.

diffractograms shown in Fig. 1. It is important to remark that
for largest particles no similar Cu aggregates were observed
for neither as-atomized nor annealed samples for both SEM
and X-ray diffraction techniques. This difference becomes
crucial as concerns magnetic behaviour, as outlined below.

B. Magnetic properties

We report hereafter the main results obtained on the
magnetic properties. The first point under consideration has
been powder particle size influence on hysteresis loop. Fig. 6
shows RT positive branch of the loop for different powder
sizes under study. The corresponding coercivity field and
magnetization are shown in the inset. The influence of 700 °C
annealing on samples A and F is also included. A decrease of

FIG. 4. SEM micrographs of as-atomized
under 25, (a), and above 500 um, (b) powder.
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coercivity when particle size increases is observed and found
to be in agreement with previous works on size dependence
of coercivity in single—phase magnetic particles.'® The differ-
ence between coercivity of smaller and largest particle is
incremented after annealing. The reduction of particle size
results in a decrease of saturation magnetization. This behav-
ior should be ascribed to microstructural features related with
the presence of Fe¢NbgSi; and Fe(Cu) phases. The annealing
has, also, some influence on these parameters. The heat treat-
ment performed on sample A leads to a clear saturation mag-
netization increase probably connected with Cu precipitation
and formation of Fe,Si phase. The effect on sample F is simi-
lar but weaker and probably related with Fe;Si grains growth.

To further analyze the magnetic behavior of these sam-
ples, it has been chosen the larger, above 500 um (sample F),
and smaller, below 25 ym (sample A), to be studied at low
temperature. Fig. 7 shows coercivity evolution with tempera-
ture for samples A, F, A-A, and F-A, respectively. The analy-
sis of this figure yields to the following considerations. While
the coercive field of the large sample (F) decreases with
increasing temperature the smaller sample (A) behaves con-
versely presenting much lower coercivities at low tempera-
ture. Moreover, sample F after heat treatment keeps the same
tendency for coercivity with temperature and the only differ-
ence observed in the curve is a displacement of 10 Oe to lower
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FIG. 6. Influence of particle size on magnetization curves. The correspond-
ing coercivity field (@) and magnetization () for as-milled and annealed at
700 °C (coercivity (O) and magnetization ([])) are shown in the inset.
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FIG. 5. SEM micrographs of under 25 um
powder (a) as-atomised, (b) annealed at
700 °C, and (c) spectrum of a bright precipi-
tate in (b).

coercivity field but sample A turns its behavior after annealing
presenting a decrease of coercivity with measuring tempera-
ture. It should be noted how, in this case, the coercivity values
obtained are 40 Oe larger than those of sample F-A.
Saturation magnetization as a function of temperature for
samples A, F, A-A, and A-F is shown in Fig. 8. When com-
paring the as-atomized samples, an almost constant difference
of 25emu/g is observed over the whole range of tempera-
tures. Sample F is the one with higher value of saturation
magnetization. Annealing leads to an increase in the satura-
tion magnetization values for both samples but keeps a differ-
ence between the values of samples A and F of 12 emu/g.

IV. DISCUSSION

The anomalous behavior of coercivity with the tempera-
ture for the as-atomized powder with size under 25 ym (sam-
ple A) should be justified by means of powder microstructure.
The high cooling rate associated to these small particle size
has resulted in a metastable structure where a supersaturated
bce Fe(Si), single domain phase, coexists with an FeNbSi
phase and with other Fe rich phases distorted by Cu presence
in the lattice. The grain structure can be envisaged as an as-
sembly of monodomain crystallites, i.e., the grains, embedded
in a matrix that is formed by the grain boundaries.* It can be
considered that, as metastable Cu diluted in bce-Fe segregates
through a process of spinodal decomposition, the rapidly
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FIG. 7. Thermal dependence of the coercive field for powder under 25 and
500-1000 pm: as-atomised and annealed at 700 °C.
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FIG. 8. Thermal dependence of the magnetization, measured at 1T, for as-
atomised powder under 25 and 500—-1000 um: as-atomised, A and F, respec-
tively, and annealed at 700 °C, A-A and F-A, respectively.

solidified powders contain at the grain boundaries a spectrum
of Feich-Cupoor local compositions.24 As reported in Refs. 25
and 16, for low temperatures the different Fe-Cu regions are
ferromagnetic with a wide range of Curie temperatures
depending on the particular composition. Therefore, at low
temperatures the grain boundaries are mainly ferromagnetic
allowing the coupling between the bcc nanocrystals. Such
inter-grain coupling should increase the exchange correlation
length, reducing the wall pinning forces, and decrease the
coercivity, as shown in Fig. 7. However, as the temperature
rises some local spinodal phases gradually reach its Curie
temperature and become paramagnetic. This magnetic trans-
formation reduces the strength of the inter-grain exchange
yielding progressive magnetic decoupling between single do-
main bee Fe-rich particles.*

After annealing, the Cu is totally segregated from bcc-Fe
and precipitates forming at the boundaries clusters with size
sufficiently large as to be clearly detected by x-ray diffraction
and SEM as illustrated in Figs. 1 and 5(b), respectively. By
the effect of these Cu precipitates the grain become magneti-
cally isolated and the low temperature coercivity increases as
shown in Fig. 7. Moreover, the thermal dependence of the
coercivity turns out to be now completely normal as can be
observed in Fig. 7. The experimentally found Cu segregation
should also be connected with the increase of saturation mag-
netization, from 112 up to 131 emu/gr, achieved after anneal-
ing as shown in Figs. 6 and 8.

Note that for powders, F, with higher particle size and
characterized by slower cooling rates Cu is not observed.
The thermal dependence of coercivity is that expected for
both as-atomized and annealed F samples. However, the sat-
uration magnetization also increases with annealing from
130 up to 145 emu/gr. (Fig. 8). The modification of the satu-
ration magnetization should be associated with the phase dis-
tribution in the as-atomized and annealed particles. Subtle
modifications of the Fe-rich magnetic phase are suggested by
the shift of the corresponding X-ray diffraction peak
depicted in Fig. 2(a) as a function of the particle size. The
effect of the annealing is also shown for samples A and F in
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the same figure. A clear correlation is appreciated between
the diffraction peak position and the room temperature mag-
netization measured at 1 T and shown in Fig. 6.

V. CONCLUSIONS

The observed differences in phases and the correspond-
ing modifications detected after annealing are correlated
with the measured changes of the magnetization and coerciv-
ity. The dramatic influence of Cu content on the coercivity
and its thermal dependence in smallest size sample contrasts
with the absence of Cu influence hints in the magnetic
behavior of large size powders. The trend to approach a large
magnetization Fe rich phase might presumably account for
the large differences of experimental magnetization. Finally,
we suggest as a tentative overall explanation that the nomi-
nal atomic composition of the particles seems to be depend-
ent on the particle size. Cu rich local regions of liquid could
break farther during cooling giving rise to small particles
with richer Cu content. This suggestion would explain the
presence of Cu rich large aggregates in sample A and its sub-
sequent important effect on the magnetic behavior.
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