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A B S T R A C T

Magnetocaloric properties of the intermetallic DyCo2 compound (in the form of reduced size particles) and its
correlations with the itinerant electron metamagnetism (IEM) phenomenon and structural disorders are in-
vestigated and discussed. Micrometric-sized particles were prepared by a mechanical milling technique for two
low milling times (4 and 8 h) and characterized by means of X-ray diffraction, scanning and high-resolution
transmission electron microscopy as well as magnetic measurements as a function of an applied external mag-
netic field and temperature. The results show that the particles have irregular-shaped and amorphous “edges/
ledges” with embedded randomly oriented DyCo2 nanocrystallites. The average particle size practically does not
change with increasing milling time, whereas the average crystallite size is slightly diminished. In contrast,
microstrain values that indicate lattice deformation degree were rather increased after the milling processes.
Structural disorders and surface effects, features resulting from mechanical impact, disturb the Dy-Co sublattice
coupling and weaken the IEM mechanism responsible for the high magnetocaloric effect found for the DyCo2
bulk sample. For the milled samples, it was observed reductions in the peak intensity of the magnetic entropy
change (−ΔSM) and substantial broadenings of the distribution profiles which have contributed to an increase of
the working temperature range of the investigated magnetocaloric material.

1. Introduction

Since the discovery of the magnetocaloric effect (MCE) by Weiss in
1917 [1], both theoretical and experimental aspects of the MCE have
been extensively studied. Particularly in the last decades, this subject
has attracted great attention after the discovery of materials with giant
MCE near room temperature [2–4]. From experimental point of view,
new compounds synthesis have always been a fundamental step in
searching for materials with improved magnetocaloric properties, and
has provided remarkable results for different families of intermetallic
compounds [5–9]. In this way, to explore and develop materials with
high MCE at low magnetic field is one interesting research goal in the
area. On the other hand, despite the importance of high peak values of
isothermal magnetic entropy change (−ΔSM) and adiabatic tempera-
ture change (ΔTad); a narrow −ΔSM peak profile is a limiting cooling
efficiency factor, since a real magnetic refrigerator must be able to

operate in a wide temperature range. Therefore, an important magne-
tocaloric parameter is the full width half-maximum (δTFWHM) of the
−ΔSM peak, which estimates the operating temperature range of a
magnetocaloric compound [10]. Enhanced δTFHWM values are fre-
quently observed in materials with multiple magnetic phase transitions,
composites and multi-layered compounds [11–13]. Recently, magne-
tocaloric measurements of GdAl2 milled samples have shown a broa-
dened −ΔSM peak profile that was assigned to a distribution of Curie
temperature (TC) values due to the structural disorders induced by a
milling process [14]. Moreover, several experimental results point out
the mechanical milling as a process capable of providing an improve-
ment in different aspects of the magnetocaloric effect. Hu et al. ob-
served in the milled La0.7Ce0.3Fe11.6Si1.4C0.2 compound a dependence of
hysteresis loss on particle size [15]. Pires et al. reported an increase of
≈23% in the −ΔSM magnitude after short milling times for Tb5Si2Ge2
sample that was attributed to the coupling between magnetic and
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structural transitions characteristic of the R5Si2Ge2 family [16].
The RM2 (R = rare earth, M = transition metal) family of alloys is

one of the most studied concerning the MCE [17]. High angular mag-
netic moment J values associated with the R ions, the presence of first
or second order magnetic phase transitions and low hysteresis are the
main aspects related to the remarkable magnetocaloric properties ob-
served for this family. In particular, cobalt-based alloys (RCo2) are in-
teresting since a magnetic instability of the Co sublattice leads to a
metamagnetic first order transition for some compounds of this family
[18,19]. The field dependent character of the metamagnetic transition
is a consequence of the net magnetic moment induced in the Co 3d
itinerant electrons by an applied magnetic field larger than some cri-
tical value. The exchange coupling between both magnetic sublattices
(R sublattice and Co coupling) gives rise to the itinerant electron me-
tamagnetism (IEM) phenomenon that is the origin for first order tran-
sitions with high −ΔSM values exhibited by RCo2 compounds [20].
Despite the magnetic and magnetocaloric properties of RM2 compounds
are well known for bulk material, few studies of these compounds in the
form of particles with reduced size (micro or nanoparticles) were con-
ducted. Therefore, a more complete understanding on the changes
provided by reduction of particle size and its impact on the magnetic
and magnetocaloric properties are still an ongoing interesting research
subject.

In this work, we report on the material synthesis of DyCo2 micro-
particles obtained by the mechanical milling technique in low milling
times (4 and 8 h), as well a detailed structural, morphological, magnetic
and magnetocaloric characterizations. In particular, high-resolution
transmission electron microscopy was employed as a direct observation
tool to provide a consistent picture of the correlation between structural
and magnetic properties. Notably, the results show that the micro-
particles have irregular-shaped with some amorphous “edges/ledges”
and are formed by embedded randomly oriented DyCo2 (single phase)
nanocrystallites. The average particle size remained practically con-
stant with increasing milling time, whereas the average crystallite size
is slightly diminished. On the other hand, microstrain values (when
compared to the bulk sample) were considerably increased. Such a
structural disorder induced by the mechanical milling is presented and
discussed. In short, the occurrence of lattice deformation disturbs the
Dy-Co sublattice coupling and as a result, weakens the IEM mechanism
that diminishes the −ΔSM peak intensity and extends remarkably the
MCE temperature range.

2. Experimental details

A DyCo2 ingot (≈6 g) was prepared by arc melting of high purity
elements (Dy = 99.9% and Co = 99.95%, both acquired from Sigma-
Aldrich S.A.) in an argon (Ar) atmosphere. Subsequently, the alloy was
annealed at 800 °C for five days. The material was then crushed and
milled in a planetary ball mill (Fritsch Pulverisette7) at a rotation speed
of 200 rpm using a hardened steel container also under Ar atmosphere.
The milling was carried out in a sequence of 30 min milling and 10 min
resting. The every 2 h the container was opened to uncompressing the
powder. Amounts of material were collected after 4 and 8 h of milling
for the undertaking of studies.

Powder X-ray diffraction (XRD) measurements were performed at
room temperature by using a Rigaku Miniflex II diffractometer with Cu-
Kα1 (1.5406 Å) radiation. The diffraction patterns were obtained in the
2θ range between 20° and 80° with steps of 0.02° and acquisition time
of 2 s. Crystalline phase was identified through the Rietveld refinement
using the GSAS program [21]. The morphology and structure of the
powders were analyzed and characterized by scanning electron mi-
croscopy (SEM) observations (Philips XL30 Electron Microscope - op-
erated at an accelerating voltage of 20 kV) and by high-resolution
transmission electron microscopy (HRTEM) images (JEOL JEM-2100
operating at 200 kV). SEM samples were prepared by directly spreading
the powders over a conducting carbon double-sided tape and coated

with Au by sputtering. TEM samples were prepared by dropping iso-
propanol sample suspensions on 400 mesh copper grid coated with a
collodion film.

A superconducting quantum interference device magnetometer
(MPMS SQUID magnetometer from Quantum Design Inc.) was

Fig. 1. X-ray diffraction and Rietveld refinement patterns of the DyCo2 samples: (a) bulk
(0 h) and milled (b) for 4 h and (c) for 8 h. All reflections belong to cubic MgCu2 FCC
structure. (d) Evolution in detail of the 311 reflection peak (normalized) with increasing
milling time. (e) Crystallographic phases identified in the XRD patterns: DyCo2, DyCo3
and Dy2O3.
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employed to measure the magnetization in the temperature range be-
tween 2 and 300 K under applied magnetic fields up to 50 kOe. The
temperature dependences of magnetization M(T) were obtained fol-
lowing measurement protocols: zero-field-cooling (ZFC) and field-
cooled-cooling (FCC). In the former, the samples were cooled down
starting from room temperature under zero magnetic field. After sta-
bilizing the temperature at 2 K the magnetic field was applied and then
M(T) curves were recorded as a function of the increasing temperature
(ZFC protocol). In the FCC protocol, the M(T) data were acquired while
sweeping down the temperature from 300 to 2 K under an external
magnetic field.

3. Results and discussion

Fig. 1(a) and (b) and 1(c) show the XRD patterns obtained for three
DyCo2 samples: the unmilled (referred to as bulk or 0 h) and the milled
for 4 and 8 h, along with the calculated patterns using Rietveld re-
finement. Table 1 summarizes the lattice parameter, unit cell volume,
average crystallite size, microstrain and the refinement reliability fac-
tors obtained for each sample. The analysis confirms that all the sam-
ples crystallize in the cubic MgCu2 FCC structure and no evidence of
contamination from the milling materials or oxidation was detected by
X-ray diffraction. Nevertheless, a few peaks with very low intensity
appear in the XRD patterns (bulk and milled samples) and correspond
to small amounts of the DyCo3 (≈4%) and Dy2O3 (≈1%) extra phases.
The identified crystallographic phases in the studied system are ex-
hibited in Fig. 1(e). The lattice parameter (a = 7.194 Å) and the unit
cell volume (V = 372.3 Å3) obtained for bulk sample are in agreement
with the values found in the literature [22] and no significant change
was observed for the milled samples as shown in Table 1. However, the
diffraction peak intensity decreases along with the corresponding
broadenings; highlighting the structural changes induced by the milling
process. The inset (Fig. 1(d)) depicts in detail the peak associated with
the 311 reflection for the bulk and milled for 4 and 8 h samples. The
peak intensities were normalized for a better visualization. The ob-
served considerable increase in peak width as milling time increases
(inset) suggest a decrease in crystallite size. On the other hand, the
decrease in peak intensities and the increase in the background con-
tribution point to an amortization process. Therefore, the XRD results
indicate that the mechanical impact produces both, a reduction of
crystallite size and an amorphization degree in the DyCo2 samples.
From XRD Rietveld refinement analysis the average crystallite size has
decreased with the mechanical milling: from 156 nm ± 12 nm (bulk
sample) to 30 nm ± 3 nm and 24 nm ± 2 nm for the 4 and 8 h
samples, respectively. In contrast, the microstrain - a measure that in-
dicates the lattice deformation degree were greatly increased: from
0.08% (bulk sample) to 0.53% and 1.2% for the 4 and 8 h samples,
respectively. These results reflect the occurrence of a large lattice de-
formation (structural disorder). It is well known that a decreased
crystallite size and an increased microstrain are commonly micro-
structural changes caused by milling processes [23–25].

Fig. 2 depicts SEM images of the DyCo2 powders after milling for (a)
4 and (b) 8 h. As can be noticed, the powders consist of irregular-shaped
microstructures. Because of their irregular-shaped microstructures and

agglomerates, the average particle size distributions were manually
measured from the SEM images. In the measurements the Image-Pro
Plus software (Media Cybernetics, Inc.) was used by considering the
particles size as an approximation of diameter, and choosing the par-
ticles with loosely edges. Table 2 shows the quantitative results ex-
tracted from histograms analysis of the SEM images. The histograms
were better fitted using the lognormal density function. The average
particle size estimated for the sample milled for 4 h (Fig. 2(a)) is about
2.43 μm ± 1.18 μm, ranging from 0.79 to 9.46 μm, while for the
sample milled for 8 h (Fig. 2(b)) is about 2.46 μm ± 0.91 μm, ranging
from 0.48 to 5.79 μm. Although the lognormal fitting for the 4 h sample
data have provided a slightly smaller value in average particle size than
that of 8 h sample, their dispersion have shown to be slightly larger. In
addition, the average sizes of the larger and smaller particles have
decreased with increasing milling time. In summary, the histogram
results demonstrate a very slight tendency of decreasing particle size
with increasing milling time.

Bright-field TEM images of the samples milled for 4 and for 8 h in
low magnification are show in Fig. 3(a) and (b), respectively. Micro-
metric-sized particles very dark (because of their size and thickness)
can be observed. Even after the samples were dispersed in isopropanol,
the particles were somewhat agglomerated, but the size and mor-
phology of the particles could still be inferred. For statistical reasons, it
was considered the size distribution from the SEM analysis, for which
the population counted was about 300 particles. It is very hard to
measure the same amount by means of TEM. Even though, was esti-
mated a particle size distribution, reaching a mean size of 2.30 μm ±
0.90 μm (N = 11) and 1.91 μm ± 0.50 μm (N = 26) for the 4 and 8 h
samples, respectively. The average size is a little smaller than the en-
countered by SEM because the measured population is very small for
the TEM images as mentioned before.

Fig. 4 exhibits HRTEM images taken along the “edges/ledges” of
particles shown in Fig. 3. The microscopies of the samples milled for 4 h
(Fig. 4(a)) and for 8 h (Fig. 4(b)) reveal representative features of both
samples. The high resolution of the technique makes it possible to de-
tect several amorphous features produced by mechanical milling and in
some cases to observe randomly oriented nanocrystalline grains. The
amorphous thicknesses are not homogeneous along the edges/ledges of
the particles. A larger single grain than those of same particle analyzed
in Fig. 4(b) is shown in Fig. 4(c) and where a Fourier analysis was
performed (Fig. 4(d)). The indexing of the fast Fourier transform (FFT)
pattern obtained of the selected area matches with the DyCo2 FCC
structure (Fd3m space group). The respective zone axis (B) is depicted
in Fig. 4(d). Therefore, the microparticles are constituted by embedded
DyCo2 nanocrystallites and by amorphous edges/ledges of in-
homogeneous thickness.

Temperature dependence of magnetization following the ZFC and
FCC protocols are exhibited in Fig. 5(a). For the sake of simplicity, only
two representative sample curves are shown. The magnetization curves
obtained from the sample milled for 4 h exhibited a similar behavior to
that of the 8 h sample. DyCo2 bulk sample presents ferromagnetic (FM)
phase transition with Curie temperature (TC) around 140 K. The mag-
netization derivative as a function of temperature, shown in Fig. 5(b),
indicates that the milling process induces a very small broadening in
the FM transition. No expressive alteration in the TC value was observed
even for the higher milling time. The coincidence between ZFC and FCC
curves depicted in Fig. 5(c), as a zoom around TC for bulk and 8 h
samples, confirms the absence of thermal hysteresis for both samples.

Fig. 6 shows the field dependence of magnetization for the samples
studied. The magnetic hysteresis at T = 2 K is significantly increased
with milling process whereas, the saturation magnetization (MS) is re-
duced as the milling time increases. The MS decrease can be explained
by a weakening of long-range magnetic interaction caused by the lattice
deformation (structural disorder) and surface effects, i.e. the reduction
in the particles size leads to an increase in the surface magnetic ions
number without nearest neighbours for establishing a long-range

Table 1
From Rietveld refinement: lattice parameter, unit cell volume, average crystalline size,
microstrain, R factors (Rwp and Rp) and goodness of fit (S) for each sample.

Milling
time [
hours ]

Lattice
parameter
[ Å ]

Unit cell
volume [
Å3 ]

Average
crystallite
size [ nm ]

Microstrain
[ % ]

Rwp

[ %
]

Rp

[
%
]

S

0 7.194(1) 372.3(2) 156 ± 12 0.08 8 6 1.1
4 7.196(2) 372.6(3) 30 ± 3 0.53 11 9 1.2
8 7.197(2) 372.8(3) 24 ± 2 1.20 9 7 1.1
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interaction. The remanent magnetization (MR) increases from 1.68 μB/
u.f. (bulk sample) to 3.32 μB/u.f. and 3.45 μB/u.f. (4 and 8 h samples,
respectively) evidencing increments in the degree of spin alignment
after removing the applied field in comparison to the bulk sample. The
coercivity, the required field to remove MR, gradually increases with
the milling time increase: from 1.5 kOe (bulk sample) to 5.9 kOe (4 h
sample) reaching 8.7 kOe for the 8 h sample.

Magnetic systems with small particles can present an enhanced
anisotropy due to several factors such as: i) strong magnetic interaction

(dipole-dipole and exchange interaction among neighbour particles)
and ii) surface and shape of the particles, leading to an alteration of the
anisotropy energy barriers [26–31]. The increasing in MR values for the
milled samples are possibly caused by different extra contributions of
anisotropy. This anisotropy arises from the particles surface with fairly
irregular shapes, surface disorders and interblock interaction effects in
the ferromagnetic behavior that avoids the spins disorder to exhibit the
same remanence observed for bulk sample. However, as temperature
increases the MR values are strongly decreased. For instance, the re-
manent magnetization for 8 h sample goes down to 0.74 μB/u.f. at
T = 137 K (Fig. 6(b)) suggesting that thermal effects overcome aniso-
tropic effects. The temperature dependence of MR for the 8 h sample is
shown in Fig. 6(c). Small remanent magnetization values around TC are
important for magnetic refrigeration applications once, hysteretic losses
lower efficiency in the thermomagnetic cycles.

Magnetization isothermal curves M(H,T) as a function of applied
magnetic field (0–50 kOe) measured around TC (140 K) for the bulk and
milled for 8 h samples are presented in Fig. 7(a) and (c), respectively.
The magnetizations increase monotonically with the decrease of T as

Fig. 2. SEM micrographs of the DyCo2 powder
milled for different times: (a) 4 h and (b) 8 h. The
corresponding histograms are shown in (c) and
(d), respectively.

Table 2
Values of average particle size, standard deviation and minimum and maximum size of
the particles population obtained from histograms of the SEM images.

Milling time
[ hours ]

Particles
[number
analyzed ]

Average
particle size [
μm ]

Standard
deviation [ μm ]

Min./max.
size [ μm ]

4 305 2.43 1.18 0.79/9.46
8 296 2.46 0.91 0.48/5.79

Fig. 3. Bright-field TEM images in low magnification of the DyCo2
powders milled for different times: (a) 4 h and (b) 8 h.
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expected for a ferromagnetic material. The isothermal magnetization
variation obtained for the 8 h sample is less pronounced in comparison
to the bulk sample ones. In addition, the correspondent Arrot plots
shown in Fig. 7(b) and (d) suggest changes in the nature of the FM
transition. According to Banerjee criterion [16], a negative (positive)
slope of Arrot plots is evidence of first-order (second-order) magnetic
phase transition. Therefore, the negative slope on Arrot plot observed
for bulk sample indicates first-order ferromagnetic transition, in
agreement with the literature [5,10]. On the other hand, the 8 h sample
shows a positive slope consistent with a second-order transition, which
demonstrates that the milling process weakens the IEM mechanism
responsible for the first-order ferromagnetic transition on DyCo2.

The magnetocaloric effect, in terms of a magnetic entropy change
(−ΔSM) was calculated from the isothermal magnetization curves by
numerical integration of the Maxwell's relation [32]:

∫= ⎛
⎝

∂
∂ ⎞

⎠
dΔS (T, ΔH) M

T H.M
H

H

H
i

f

(1)

The temperature dependence of −ΔSM for all DyCo2 samples (bulk
and milled for 4 and 8 h) calculated for different magnetic field changes
(ΔH) varying up to 50 kOe is shown in Fig. 8. The magnetic entropy
change curves for the bulk sample (Fig. 8(a)) display a positive peak

Fig. 4. HRTEM images of the DyCo2 powders milled for different
times: (a) 4 h and (b) 8 h (c) A single grain of the same particle in
detail. (d) Fast Fourier transform (FFT) analysis of the selected area
in (c). The FFT-pattern corresponds to the DyCo2 FCC structure.

Fig. 5. (a) Temperature dependence of magnetization for DyCo2 bulk and milled for 8 h
samples following the zero-field-cooling (ZFC) and field-cooled-cooling (FCC) protocols.
(b) Magnetization curve derivative for both samples. (c) ZFC and FCC curves in detail
around TC for a better visualization.

Fig. 6. (a) Magnetic hysteresis loops measured at 2 K for the DyCo2 samples studied: bulk
and the milled for 4 and 8 h. (b) Magnetization at 137 K as a function of magnetic field for
the 8 h sample (increasing and decreasing) and (c) Remanent magnetization (MR) as a
function of temperature for the 8 h sample.
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centered on TC and that asymmetrically and substantially broadens to
higher temperatures than 142 K as magnetic field change increases. For
the milled samples, the −ΔSM peak extends more symmetrically and its
maximum shifts to higher temperatures with the increase of the ex-
ternal applied field. Furthermore, the shift and peak broadening are
more pronounced for the 8 h sample as indicated by the hachured re-
gion in Fig. 8(c). Significant decreases in the peak intensities with the
increase of the milling time are also observed.

Fig. 9(a) exhibits in particular a comparison between the −ΔSM
curves as a function of temperature for ΔH = 50 kOe. The maximum
value (peak) of magnetic entropy change (ΔSMmax) for the bulk sample
is about 14.2 J/kgK. This value decreases to the milled samples: 8.2 J/
kgK (4 h) and 5.1 J/kgK (8 h). Indeed, the −ΔSM peak value decreases
with decreasing crystallite size. Moreover, a peak profile broadening
(δTFHWM) as the milling time increases is clearly observed in the curves.
Similar feature is also remarked for lower ΔH curves (see Fig. 8). Both

Fig. 7. Isothermal magnetization curves M(H,T) as a function of
applied magnetic field (0–50 kOe) measured around TC (140 K) for
the DyCo2 samples: (a) bulk and (c) milled for 8 h. The corre-
sponding Arrot plots are shown in (b) and (d), respectively.

Fig. 8. Magnetic entropy change (−ΔSM) as a function of the
temperature for different magnetic field changes for the DyCo2
samples: (a) bulk and milled (b) for 4 h and (c) for 8 h.
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ΔSMmax decrease and distribution-width increase suggest a second-order
FM transition for the milled samples, consistent with Arrot plots results.

Let us explore the soundness of the statement that the first order
metamagnetic transition of the bulk sample originates from the in-
stability of the magnetic states associated with the Co sublattice. When
the compound is cooled through the TC, the molecular field (λM)
coming from Dy ions induces the appearance of magnetic moments in
Co ions, establishing a magnetic sublattice of 3d itinerant electrons. The
presence of a critical external magnetic field (of the order of 4 kOe)
induces an exchange coupling between both Dy-Dy and Co-Co magnetic
sublattices characterized by a first order metamagnetic phase transition
(IEM mechanism) in the DyCo2 bulk sample. Several studies suggest
that molecular field, ordering temperature, spin fluctuations and mag-
neto-volume effects produced by chemical or mechanical pressure are
critical parameters that govern the IEM mechanism in the mentioned
compound [33–36]. For the milled samples, our case, the structural
disorders (lattice deformation, atomic defects, amorphized regions,
etc.) and surface effects (increase in the surface atoms number that do
not participate on the long range interaction) straightly affect the long
range RKKY interaction [37–39] and the molecular field. Hence, the
change in the molecular field disturbs the coupling between Dy and Co
magnetic sublattices and weakens the IEM mechanism. But how do the
structural disorder and increased surface affect RKKY interaction? The

structural disorder causes different crystallites to be ordered at tem-
peratures slightly different from each other. Thus, the macroscopic TC

ceases to be a delta function (nor is it in the bulk sample, since it is not
defects free, i.e. the magnetic lattice is not continuous throughout the
sample) and becomes the result of a TC distribution and λM distribution.
Surface atoms, however, decrease the amount of interacting magnetic
ions causing a reduction in the RKKY strength. Therefore, the decrease
of −ΔSM observed for milled samples when compared with the bulk is
understood as a result of both the weakening of long-range magnetic
interaction caused by surface effects as well by the weakening the IEM
mechanism caused by structural disorders.

The full width half-maximum (δTFHWM) as a function of ΔH for each
analyzed sample is presented in Fig. 9(b). There are quasi-linear de-
pendencies, but the broadening magnitudes are rather different. For
instance, the δTFHWM broads about 113 and 358% when ΔH = 10 kOe
and about 59 and 110% when ΔH = 50 kOe for the 4 and 8 h samples,
respectively in comparison with the bulk δTFHWM values (see Table 3).
Nevertheless, reasonable decreases were estimated in the relative
cooling power (RCP) for the same samples at 10 and 50 kOe. The RCP is
considered as an important parameter to quantify the heat transferred
between the hot and cold sinks in an ideal refrigeration cycle. The RCP
was obtained by using the following approach [40]:

=RCP ΔS δT .M
max

FWHM (2)

One notes that although there may be a decrease in the ΔSMmax peak
value, a large broadening of the distribution can cause an increase in
the RCP value. A RCP around 43 J/kg was obtained for the bulk sample
at ΔH = 10 kOe. The bulk value has decreased to approximately 34 J/
kg for both the milled samples. At ΔH = 50 kOe, about 334 J/kg was
obtained for the bulk and≈300 and 252 J/kg for the 4 and 8 h samples,
respectively. The largest broadening of the distributions and the smal-
lest decreases in RCP values (both in terms of percentage) occur at
lower magnetic fields change (ΔH = 10 kOe). Such result seems very
interesting, since in principle the relationship of peak intensity versus
broadening of the −ΔSM distribution can be appropriately controlled
by the milling process time.

In an ideal Ericsson cycle the magnetic material must operate in an
optimal temperature range around ordering temperature, since its
maximum efficiency is reached when the magnetocaloric effect exhibits
constant temperature dependence. Such condition is not achieved using
first-order bulk magnetic materials that present high values of magnetic
entropy change; because most of these compounds exhibit a relatively
narrow −ΔSM peak. In this way, a controlled milling process can pro-
vide a better ΔSMmax versus δTFHWM correlation, improving the re-
frigerant material efficiency. In the present case, alterations in the
ferromagnetic ordering induced by structural disorders and surface ef-
fects play a primary role in the δTFHWM. On the other hand, the
weakening of both IEM mechanism and the long range interaction are
determining factors to reduce the intensity of ΔSMmax.

By comparing the DyCo2 results obtained here to other reported for
mechanically milled intermetallic compounds, all suggest that the
milling technique can be used as a versatile tool to synthesize new
materials or to reduce dimensionality by providing improvements in
magnetocaloric properties (decrease hysteresis, increase in –ΔSM peak
intensity, increase in δTFWHM and RCP, etc.). High values of –ΔSM were
demonstrated for the Pr1-xDyxFe9 [41] and DyxLa1-xNi5 [42] compounds

Fig. 9. Milling time effects on the magnetic entropy change (−ΔSM) curves for the DyCo2
samples: bulk and milled for 4 and 8 h. (a) Magnetic entropy change as a function of
temperature for ΔH = 50 kOe. The Hatching regions correspond to the area below the
−ΔSM curve in the full width at half-maximum (δTFHWM). (b) δTFWHM parameter as a
function of magnetic field changes (ΔH) obtained from Fig. 8 data.

Table 3
ΔSMmax, δTFHWM and RCP values evaluated for two different magnetic fields change (ΔH):
10 and 50 kOe.

ΔH [ kOe ] 10 50

Sample Bulk 4 h 8 h Bulk 4 h 8 h
ΔSMmax [ J/kgK ] 6.5 2.4 1.1 14.2 8.2 5.1
δTFHWM [ K ] 6.7 14.3 30.7 23.5 37.4 49.4
RCP [ J/kg ] 42.9 34.3 33.7 333.7 300.1 251.9
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synthetized by mechanical milling. A table-like magnetocaloric effect
between 30 and 165 K along with an enhanced magnetic entropy
change below 30 K (related to a superparamagnetic behavior) were
observed in GdAl2 samples (microparticles with average size ≈ 1.3 μm)
after 9 and 13 h of milling [14]. In Tb5Si2Ge2 milled for 150 min
(particles size ≈ 3.5 μm) an increase of ≈23% in the −ΔSM peak in-
tensity was achieved due to coupling between magnetic and structural
transitions arising from internal strains promoted by the milling process
[16]. A hysteresis loss reduction of ∼61% was observed when
La0.7Ce0.3Fe11.6Si1.4C0.2 sample is ground from bulk to small particles
(20–50 μm). Such a decrease was attributed to the increased surface
area and decrease of internal strain and grain boundaries of the sample
[15]. Decreases were also obtained in both thermal and magnetic
hysteresis for MnAs0.97P0.03 alloys [43]. The results were discussed in
terms of microstrain and partial amorphization induced by milling
process. Gd5Si1.8Ge1.8Sn0.4 alloy submitted to a milling process also
presented a decrease substantial in the thermal hysteresis as well as a
RCP increase of ∼35% (495 J/kg) when compared with the as-cast
alloy (366 J/kg) [44]. Moreover, mechanical milling has also been used
to produce DyCu2 flakes [45] and decrease particle size of ErCo2 [46].
Both compounds exhibited considerable broadening of the −ΔSM peak
and decrease in intensity. For the Pr2Fe17 compound, broadening of
≈60% in δTFWHM and increase in RCP were observed (430 J/kg for
bulk sample and 573 J/kg for sample milled for 10 h) [47].

4. Conclusion

Mechanically milled DyCo2 samples were studied by means of X-ray
diffraction (XRD), scanning (SEM) and high-resolution transmission
electron microscopy (HRTEM) as well magnetic measurements as a
function of applied external magnetic field and temperature. SEM
analyses combined with HRTEM observations revealed irregular-shaped
microparticles with amorphous edges and/or ledges of inhomogeneous
thickness, whose are constituted by embedded DyCo2 nanocrystallites.
The average particle size practically does not changed with increasing
from 4 to 8 h the milling time, while the average crystallite size was
slightly reduced. In contrast, there was a remarkable increase in lattice
deformation degree pointed out by microstrain measurements.
Increments in coercivity and remanence at low temperatures are as-
cribed to extra anisotropies contribution. The decrease of saturation
magnetization is strongly correlated with structural disorders and sur-
face effects, which among other factors weaken the long-range mag-
netic ordering and essentially disturb the R-Co sublattice coupling. As a
result, the IEM mechanism responsible for high MCE values in DyCo2
bulk is diminished for the milled samples. On the other hand, the−ΔSM
peak broadening induced by the milling process contributes to an in-
crease of the working temperature range of DyCo2 compound.

Summing up, the mechanical milling process can provide interesting
changes in the intrinsic magnetic properties of bulk materials. In par-
ticular, the findings presented here can be an encouragement for further
studies on the controlled milling effect in other first order magnetic
systems, aiming a deeper understanding of the role played by the me-
chanical impact on the magnetocaloric properties and the improved
efficiency of the refrigerant material.
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