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In this work, the relaxation of the amorphous structure of mechanically alloyed FeyoZrsp powders has been
analyzed through interrupted heating ramps below the devitrification temperature. As a result of such thermal
treatment, Curie temperature and temperature at maximum magnetic entropy change curves shift to higher
temperatures as the temperature of heating treatment increases. This effect can be attributed to both the release
of the stress accumulated in the amorphous powder during the milling process and to the initiation of nucleation

of a-Fe crystallites, as it has been shown by Mossbauer spectroscopy.

1. Introduction

Magnetic properties of Fe-rich amorphous alloys have received sig-
nificant attention in the research community from both fundamental
and technological perspectives [1,2]. These materials present atypical
magnetic phenomena, such as magnetoelastic behavior [3] or double
transition behavior [4], depending on Fe content [5] and the local
atomic order [6]. Moreover, these systems can be also considered as a
precursor for the development of different intermetallics [7]. Further-
more, these amorphous soft ferromagnetic alloys have received
considerable attention in the research community focused on magne-
tocaloric effect, MCE, and magnetic refrigeration at temperatures close
to room temperature [8]. Soft magnetic amorphous alloys can be clas-
sified as magnetocaloric materials with a second order magnetic tran-
sition (SOPT). Although the MCE exhibited by these systems is not really
in competition with Gd (paradigmatic material for magnetic refrigera-
tion at room temperature [9]) or systems with a first order magnetic
transition, such as Ni-based Heusler alloys [10], they exhibit a really
reduced magnetic hysteresis and an easily tunable Curie temperature
with small compositional changes [11,12]. Furthermore, the field
dependence of MCE for these systems is well established [13].

Although amorphous alloys are typically produced by rapid
quenching techniques, the existence of two eutectic points in the Fe-Zr
phase diagram [14,15] restricts the capability of this technique to
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produce amorphous alloys to specific compositions, close to FeysZrys
and FeggZryo. Thus, other techniques have been proposed to prepare
amorphous Fe-Zr compounds in a broader range of compositions, such
as mechanical alloying or sputtering techniques, which expand the
production of amorphous samples for a Fe content of 30-80 at.% [16]
and 20-90 at.% [17], respectively.

The mechanical alloying technique has been employed to produce
many amorphous alloys [18] and, generally, leads to strongly disordered
systems. Consequently, the milled amorphous samples are in a meta-
stable state, which can induce different transformations during thermal
treatments, even at temperatures lower than those corresponding to the
devitrification process. Although some works pay attention to the
FeyZrsp at.% amorphous alloy [5,19-21] and its devitrification process
[7], including some previous works of the authors [22-24], the study of
the effect of the relaxation phenomena on the magnetic behavior of this
alloy has not yet been performed.

The purpose of this study is to analyze the effect of the relaxation
phenomena of amorphous Fe;¢Zrzy powders prepared by mechanical
alloying on their magnetic behavior. Therefore, to shed some light on
the metastable character of these samples, the present work is devoted to
analyze the thermal dependence of the magnetic properties of the alloy
submitted to different thermal treatments at temperatures below the
devitrification temperature.

The results obtained in this study are complementary to earlier works
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Fig. 1. XRD patterns at room temperature of Fe;oZrso as-milled amorphous
alloy and after heating up to the marked temperatures. Inset shows DTA curves
of the devitrification of the as-milled amorphous alloy under a constant heating
rate of 10 K/min. Characteristic temperatures, onset, T,ns:, and peak temper-
atures, Ty, have been indicated.

of the authors on the Fe-Zr amorphous alloys prepared by mechanical
alloying in which several aspects have been investigated: i) the evolu-
tion of Fe environments and the phase composition during mechanical
amorphization process [25]; ii) the kinetics of the mechanical amorph-
ization [26]; iii) the influence of milling time on the magnetic properties
[27]; and iv) the thermal stability and the kinetics of crystallization [7].

2. Experimental

Amorphous alloy with FeygZrso at.% composition was synthesized by
mechanical alloying. Details on preparation and a detailed analysis of
the microstructure of the synthesized powders can be found in ref. [25].
After 50 h of milling, mechanical alloying results in the alloy with
amorphous structure. To explore the effect of heating on the amorphous
structure, powder samples were heated, at 10 K/min up to different
maximum temperatures in a differential thermal analysis (DTA)
Perkin-Elmer DTA7 unit under Ar flow. Three different maximum tem-
peratures were reached in the experiments performed: 473, 573 and
673 K. Subsequently, the samples were cooled down to room tempera-
ture inside the oven.

Two techniques confirmed the amorphous character of the powder:
X-ray diffraction using Cu-Ka radiation in a Rigaku MiniFlex diffrac-
tometer and DTA. Transmission Mossbauer spectra were measured using
a %’Co(Rh) source at room temperature and fitted with NORMOS pro-
gram [28]. Isomer shift has been given relative to an a-Fe foil at room
temperature. Samples for Mossbauer spectroscopy were prepared by
spreading powder on a Fe-free adhesive tape in such a way that the
thickness of the sample is of the order of that of the Fe thin foil standard
used for calibration. Therefore, thin absorber approximation was used
for the fitting of the spectra.

Temperature and magnetic field dependent magnetization were ob-
tained using the vibrating sample magnetometer standard option of a
Physical Properties Measurements System (PPMS, Quantum Design)
between 100 and 400 K in the applied field range of +1.5 T. Loose
powder was packed in the VSM powder Sample Holders. Effect of
demagnetizing factor has not been considered in this study.
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Fig. 2. Mossbauer spectra at room temperature for amorphous samples after
heated up to the marked temperatures.

3. Results and discussion

Fig. 1 depicts the XRD patterns taken at room temperature from
powders heating up to the indicated temperatures below the devitrifi-
cation temperature, as observed in the inset. This inset shows the DTA
scans of the as-milled powder at 10 K/min, where an onset temperature
~920 K can be observed. The two peaks detected correspond to the
formation of the FeoZr and FegsZrg intermetallics [7]. Despite of the
heating treatment, the amorphous structure is retained, as can be
inferred by the existence of a broad halo at 20 ~43° in all the studied
conditions. In the case of 573 and 673 K annealing temperatures, a small
diffraction peak begins to develop located at around 26 ~45°, associated
with the (110) maximum diffraction peak of the a-Fe phase. Although
the XRD pattern of the as-milled and 473 K annealing temperature do
not exhibit the presence of a-Fe crystallites in the sample, it has been
shown the existence of residual a-Fe nanocrystals by Mossbauer spec-
troscopy at low temperatures in the as-milled powders (~3% phase
contribution) [27]. The ferromagnetic character of the amorphous ma-
trix at temperatures below room temperature allows for a ferromagnetic
coupling between the residual o-Fe crystallites and the visible
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Fig. 3. Probability distribution of quadrupole splitting for the studied powders.

Table 1

Hyperfine parameters of the studied thermally treated amorphous samples. Area
(%) is the relative contribution of the component, and By¢ and § are the values of
the hyperfine magnetic field and the isomer shift of the ferromagnetic site,
respectively. <Q;> is the mean value of the quadrupolar shift.

Annealing Component Area Byt 6+0.02 <Qs>+£0.05
temperature (%) (mm/s) (mm/s)
+0.1
)
(M
473 Quadrupolar 94 - —0.15 0.49
distribution
a-Fe site 6 31.6 0.06 -
573 Quadrupolar 90 - -0.14 0.47
distribution
a-Fe site 10 325 0.04 -
673 Quadrupolar 88 - -0.14 0.52
distribution
a-Fe site 12 32.6 0.02 -

contribution by Mossbauer spectroscopy. Therefore, the appearance of
the (110) maximum diffraction peak in the case of 573 and 673 K
annealing temperature correspond to an increase of the crystal size of
those remaining crystallites in the amorphous matrix.

Fig. 2 presents Mossbauer spectra taken at room temperature of the
alloy powders heated up to the marked temperatures. As the annealing
temperature increased, an increase of the peaks around +4 and +6 mm/
s can be observed, indicating the development of a magnetically-ordered
phase at room temperature. Consequently, two components have been
employed to fit the spectra, a quadrupolar distribution and a ferro-
magnetic sextet. While the first paramagnetic contribution can be
ascribed to the amorphous phase, the ferromagnetic site can be associ-
ated with the formation of the a-Fe phase, characterized by a hyperfine
field of about 33 T. The quadrupole splitting distributions, P(QS), are
displayed in Fig. 3, which exhibit the same behavior for all the samples,
with a non-zero probability for QS=0 mm/s. The obtained hyperfine
parameters from the spectra fitting have been collected in Table 1. The
mean value of quadrupole splitting, (QS), is close to the values previ-
ously reported for as-milled Fe;¢Zrsp alloy (QS)=0.53+0.07 mm/s [25].
Despite the development of the a-Fe phase and the corresponding Fe
impoverishment of the amorphous alloy, no significant effects on the
quadrupolar distribution have been detected.

From these fits, an evident increase of the ferromagnetic contribution
with the increase of the temperature of treatment can be observed,
reaching a value of 12% of the total Fe atoms in a-Fe sites for the case of
the annealed powder at 673 K (assuming pure o-Fe, this yields 8.5
atomic fractions for the crystalline phase). Even though the a-Fe phase
was not detected by XRD, the existence of this phase is evident by the
Mossbauer spectra of the analyzed powders. The formation of the a-Fe
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Fig. 4. a) Temperature dependence of the specific magnetization of Fe;oZr3( as-
milled amorphous alloys and after heating up to the marked temperatures
under an applied magnetic field of 100 Oe. b) Corresponding dM/dT curves.
Inset shows the evolution of the Curie temperature obtained as the minima of
dM/dT curves. The corresponding data for the as-milled sample has been
included for comparison.

phase at temperatures lower to the crystallization temperature of the
amorphous alloy is due to the existence of residual a-Fe crystals after the
amorphization process. Although these nanocrystals can not be detected
by XRD technique at room temperature, their existence is clearly
confirmed when the samples are analyzed by Mossbauer spectroscopy at
temperatures below room temperature. In fact, at room temperature, the
paramagnetic character of the amorphous matrix prevents the coupling
of the disseminated a-Fe nanocrystals. Moreover, it is well known that
Mossbauer spectroscopy is a more precise technique than XRD to iden-
tify Fe-rich phases [25], particularly in such cases as the one analyzed
here, where the amorphous halo can jeopardize the presence of tiny but
broad crystalline maximum. On the other hand, an increase of the hy-
perfine field of the sextet assigned to the a-Fe phase have been also
determined. This evolution can be associated with the decrease of Zr
atoms in the neighborhood of the a-Fe phase. It has been shown that the
hyperfine field of Fe is strongly affected by the presence of other atoms
as a near neighbors (e.g. ABps ~—3 T for a non-magnetic atom in the two
first shells [29]).

Fig. 4a illustrates the magnetization dependence on the temperature
of the studied powders when an external magnetic field of 100 Oe is
applied. On cooling, the thermomagnetic curves are characterized by a
sudden increase of the magnetization around 240 K, corresponding to
the paramagnetic to ferromagnetic phase transition of the amorphous
phase. It indicates the paramagnetic behavior of the amorphous powder
at room temperature, in agreement with the Mossbauer spectroscopy
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Fig. 5. Magnetic hysteresis loops, taken at different temperatures from 100 K to
300 (100, 150, 200, 220, 240, 250, 260, 280 and 300 K) of the mechanically
alloyed powders after heating up to the indicated temperatures. Insets show the
low field region of the hysteresis loops at 100 and 300 K.

results. It has been shown that a significant change in the magnetization
of as-milled powders occurs only when the powders are heated up above
800 K [7,30]. No more transitions have been observed in the range of
temperature and magnetic fields applied to the powders. However,
significant variations in the magnetization can be observed with the
increase in the temperature of the thermal treatments. In this sense,
magnetization does not fall to zero in none of the cases analyzed due to
the existence of a certain a-Fe phase contribution, which has a much
higher Curie temperature than those of the amorphous one (specific
magnetization at 400 K increases from 4 to 13 kA/m as annealing
temperature increases from 473 to 573 K in agreement with the increase
observed in the ferromagnetic area from Mossbauer spectroscopy). As
the annealing temperature increases, the drop of the magnetization at
the Curie temperature decreases because of the growth of the a-Fe
fraction, i.e. the difference between the magnetization before and after
the Curie transition of the amorphous phase is reduced with the thermal
treatment, in agreement with the evolution of the Mossbauer fits.
Accordingly, the magnetization at low temperatures decreases due to
the Fe depletion of the amorphous phase as the annealing temperature
increases.
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Fig. 6. Parameters obtained from the approach to saturation of the magneti-
zation curves of Fig. 5 of the powders heated up until the indicated tempera-
tures. a) Specific saturation magnetization and dMs/dT curves (inset), where
Ty corresponds to the minimum. b) Paramagnetic susceptibility curves from
the law of approach to saturation. Lines are guide for the eyes.

The applied field of 100 Oe (to measure the curves presented in
Fig. 4a) is high enough to exceed the coercive field but low enough to
allow the observation of a sufficiently pointed magnetic transition at the
Curie temperature, Tc. This parameter has been estimated as the
inflexion point of the magnetization as a function of temperature,
(minimum in dM/dT curves, see b). Although the range of temperature
at which dM/dT deflects from zero is considerable, typical for systems in
which a Curie temperature distribution exists, a clear tendency can be
observed: T¢ increases with the increase of the annealing temperature.
In fact, it is well known that T is strongly dependent on Fe content and
the local atomic order in Fe-Zr amorphous compounds [31,32]. In this
sense, it has been reported that in Fe-based amorphous alloys, with
non-magnetic atom substitution, T¢ increases as Fe content decreases in
the alloy [30]. The increase of T¢, in this composition range, is due to a
drop of the interatomic distances or to an increase of the Fe content.
However, the thermal treatment of the sample involves an increase from
6 to 12% of a-Fe phase, as determined by Mossbauer spectroscopy (see
Table 1). Therefore, the amorphous matrix of the annealed powders
exhibits a slight impoverishment of the Fe content. It is verified by the
enhancement of the magnetization remaining above the T¢ of the
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Fig. 7. Variation of ASy with temperature (calculated for 1 T field change) for
the studied amorphous alloys close to Curie temperature. Inset shows the
evolution of maximum of ASy; with temperature.

amorphous structure (see Fig. 4a). Moreover, with the increase of the
annealing temperature, the dM/dT curves become narrower. This fact
could be ascribed to the release of the stresses accumulated in the
amorphous powder during the milling process and the reduction of the
impurities due to the nucleation of a-Fe crystallites.

Fig. 5 shows the hysteresis loops of the studied powders recorded at
different temperatures from 100 to 300 K. As expected, all the samples
exhibit a similar trend, characterized by a quick increase of the
magnetization at low fields. This behavior of the hysteresis loops agrees
with the expected soft-magnetic nature of the studied alloys.

The extracted values of saturation magnetization, Ms(T), and the
paramagnetic susceptibility, y,(T), of the hysteresis loops are displayed
in Fig. 6. These parameters have been determined by fitting the exper-
imental high-field magnetization curves (u,H >1 T) to the linear version
of law of approach to saturation [33]. Ms(T) curves fall with the evo-
lution of the temperature due to the ferro-paramagnetic transition of the
amorphous phase. The growth of Mg as the annealing temperature in-
creases is in agreement with the gradual rise of the a-Fe phase in the
sample, with a higher magnetization than that of the amorphous
structure. These results are in agreement with those obtained by
Mossbauer spectroscopy. The inset of the Fig. 6a depicts the dMs /dT
curves, whose minimum, Ty, is usually approximated to the Curie

temperature. On the other hand, ;(p(T) curves exhibit a maximum, ngak,

that slightly shifts to higher temperatures with the increase of the

annealing temperature. The divergence between Tj; and T? found in

P
peak
our results indicates the presence of a distribution of transition tem-
peratures [34]. Although a method to determine the parameters of this
distribution was recently proposed using Ty and T;f’;ak [34], both pa-

rameters need to better defined, avoiding a quantitative analysis of the
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distribution.

Fig. 7 presents the magnetic entropy change, ASy, of the studied
samples as a function of temperature for a maximum applied field
change of 1 T. The M(T,H) data were obtained on cooling cycles as a
function of temperature at each magnetic field, being a temperature
interval of 1 K and the ASy was determined using a numerical approx-
imation to the Maxwell relation. Demagnetizing field has not been taken
into account and a negligible effect on ASy(T) curves is assumed [22].
No significant differences can be observed between the different sam-
ples, reaching a maximum value of about 0.45 Jkg 'K~ at 233 K for the
sample as-milled. This maximum value slightly shifts to higher tem-
peratures with the increase of the annealing temperature, in agreement
with the results presented above. Although the obtained values of ASy
are similar to those found in the literature for samples with the same
compositions obtained by mechanical milling, the observed values are
modest when they are compared with amorphous ribbon samples of a
similar composition produced by rapid quenching techniques (see table
2) [35,36]. It is also noted that the width of ASy(T) curves decreases for
rapidly quenched samples, suggesting a stronger inhomogeneity in the
samples prepared by milling [37]. Recently, the C-doping of Fe-Zr
amorphous alloys have been investigated in order to improve the mag-
netocaloric response of these materials through tuning the Curie tem-
perature close to room temperature and achieving an enhancement of
ASpr [38].

4. Conclusions

Relaxation of the amorphous structure of Fey¢Zrsy amorphous alloy
prepared by mechanical alloying has been investigated by means of
annealing at temperatures below the devitrification temperature. The
annealing treatments retain the amorphous structure of the alloy,
detected by X-ray diffraction. However, they induce the initiation of
nucleation of a-Fe crystallites, as estimated by Mossbauer spectra, which
need one ferromagnetic and one paramagnetic contribution to be suc-
cessfully fitted. Consequently, the amorphous alloy suffers a depletion in
Fe content. This fact is verified by the augmentation of the magnetiza-
tion persisting above the amorphous alloy’s ferromagnetic-
paramagnetic transition and the Curie temperature increase. Finally,
the narrowing of the derivative curves of the magnetization with the
annealing treatment suggests that, despite the partitioning of Fe to the
nucleation of the a-Fe phase, the amorphous phase of the annealed
samples is more chemically and structurally homogeneous than that of
the original precursor.
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