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a  b  s  t  r  a  c  t

Microstructure,  revealed  by  transmission  electron  microscopy  and  conventional  Mössbauer  spec-
troscopy,  magnetization  versus  magnetizing  field  induction  and  temperature  and  isothermal  magnetic
entropy  changes  in the  as-quenched  and  subjected  to  annealing  at Ta1 = 723  K for  2  or  3  h  and  at  Ta2 =  743  K
for  2.5  h  of Fe90Zr7B3 amorphous  alloy  are  studied.  In the  as-quenched  state  the  medium  range  ordered
regions  are  observed.  The  annealing  at Ta1 leads  to early  stages  of  crystallization  and  nanograins  with
different  diameter  embedded  in amorphous  matrix  are  formed.  At  the  Curie  point  of the  amorphous
phase  they  are  magnetically  decoupled  and  behave  like  superparamagnetic  particles.  The  Curie  point  of
the residual  amorphous  phase  shifts  towards  higher  temperature  as  compared  to  the  as-quenched  state
due to  the  Invar  like  effect.  The  peak  of the  isothermal  magnetic  entropy  changes  appears  at  the  Curie

temperature  of  the  main  amorphous  phase.  Their  values  at  the  maximum  applied  field  of  0.75  T equals
to 0.32  J/kg  K−1 in  the  as-quenched  alloy  and  remain  almost  unchanged  after  early  stages  of  nanocrystal-
lization.  After  the  annealing  at Ta2 the  peak  of the  entropy  changes  distinctly  decreases.  Such  behavior
is  ascribed  to the  biphasic  character  of the  sample.  The  main  amorphous  phase  and  ordered  one,  which
in  some  circumstances  can be  treated  as  an  assembly  of  superparamagnetic  particles,  contribute  to  the
total  magnetic  entropy  changes.
. Introduction

Magnetic entropy changes during the isothermal magnetiza-
ion process and the magnetocaloric effect understood as the
emperature change during adiabatic magnetization or demagne-
ization have been extensively investigated in magnetic materials
ue to their potential application as refrigerants [1].  The maxi-
um  of the magnetic entropy changes occur at the temperature of

he ferromagnetic–paramagnetic phase transition [2],  so searching
or magnetic materials with the Curie point near room temper-
ture is essential for application of these materials in refrigerant
ppliances. The large magnetic entropy changes near the ambient
emperature have been found in several compounds: Gd5Ge2Si2
3],  MnAs [4] and MnFe(P,As) [5]. These changes arise from the first
rder magnetic–crystallographic phase transition which is, how-
ver, accompanied by significant thermal and magnetic hysteresis
roducing irreversible magnetic entropy changes. Contrary to this,
n soft magnetic materials these irreversible entropy changes can be
voided owing to the low coercivity. Among soft magnetic mate-
ials the transition metals based amorphous and nanocrystalline
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alloys have gained the greatest attention due to their excellent
magnetic properties and high electrical resistivity [6–12]. Although
the magnetic entropy change in these, exhibiting the second order
phase transition, materials is not as large as in materials with the
first order phase transition, the magnetic entropy change peak is
broader which enables the higher refrigerant capacity.

NANOPERM-type Fe–M–B–(Cu) (M = Zr, Hf and Nb) amorphous
alloys are known as precursors of extremely soft nanocrystalline
magnetic materials obtained by conventional heat treatments [13].
The nanocrystalline material consists of nanometric crystalline
�-Fe grains embedded in the residual amorphous matrix. The mag-
netic properties of this material depend on both the volume fraction
of the crystalline phase and temperature. When the amount of
the crystalline phase is small (less than 20%) and the matrix is
in the paramagnetic state the superparamagnetic relaxations take
place [14,15].  Averaging out of the crystalline anisotropy in the
material containing 60–70% of the crystalline phase leads to the
excellent soft magnetic properties. The magnetic entropy changes
in nanocrystalline materials, usually measured near the Curie tem-
perature of the amorphous matrix [10,11],  are smaller than in

amorphous precursors and depend on the volume fraction of the
crystalline phase. The peaks of magnetic entropy changes show dis-
tinct broadening comparatively to these peaks for the amorphous
material.

dx.doi.org/10.1016/j.jallcom.2011.07.033
http://www.sciencedirect.com/science/journal/09258388
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Recently, the magnetic entropy changes in two series of the
morphous Fe90−xZr10Bx (3 ≤ x ≤ 9), Fe93−xZr7Bx (0 ≤ x ≤ 13) alloys
16] and independently in Fe90Zr7B3 alloy [17] in the as-quenched
tate have been reported.

The goal of this paper is to study the microstructure, the tem-
erature and field dependence of the magnetization and magnetic
ntropy changes at early stages of nanocrystallization in the amor-
hous Fe90Zr7B3 alloys subjected to the conventional annealing in
acuum.

. Experimental

The amorphous Fe90Zr7B3 alloy in the form of ribbons, 20 �m thick and
5  mm wide, was prepared by a rapid quenching on a single roller. The square
5  mm × 15 mm,  and disc 3 mm in diameter specimens were subjected to anneal-

ng at temperature Ta1 = 723 K for 2 h or 3 h and at Ta2 = 743 K for 2.5 h in vacuum
f 1.33 × 10−3 Pa. The microstructure of the as-quenched and annealed samples
as investigated by the transmission electron microscopy and the Mössbauer spec-

roscopy. A JEM 3010 microscope working in the high-resolution regime was  used.
he  transmission Mössbauer spectra were collected at both liquid nitrogen (77 K)
nd room temperatures (300 K) by means of a conventional constant acceleration
pectrometer with a 57Co(Rh) radioactive source of 100 mCi in activity. The spec-
rometer was calibrated and the isomer shift (IS) was determined with respect to
he  polycrystalline �-Fe foil. Spectra fittings were carried out using the NORMOS
ackage written by Brand [18]. Due to the closeness of the Curie temperature of
he  residual amorphous matrix after annealing at Ta1 = 723 K to the ambient tem-
erature and spectra sensitivity to temperature changes special care was  taken to
aintain the temperature at the same level (300 ± 1) K during spectra recording. The
agnetization versus temperature at the magnetizing field of 0.75 T was measured

y  a force Sucksmith’s type magnetometer for samples consisting of 5 discs 3 mm
n  diameter arranged along the ribbon edge. The isothermal magnetization curves
s  a function of the magnetizing field induction in the range 0–0.75 T were recorded
or the same samples by a vibrating sample magnetometer (VSM) in the temper-
ture range 77–300 K and by mentioned above Sucksmith’s type magnetometer in
he range 300–450 K. All magnetization measurements were done for samples in
he  as-quenched state and after annealing.

. Results and discussion

The transmission electron microscopy image of the as-quenched
e90Zr7B3 ribbon is shown in Fig. 1a. The corresponding electron
iffraction pattern is shown as an inset in the left top corner of
his figure. The microstructure and selected area diffraction pattern
re characteristic of amorphous state, although the high-resolution
egime reveals the medium range ordered (MRO) regions denoted
y white rings in Fig. 1a. MRO  regions become the nuclei of the crys-

alline grains during primary crystallization. More detail analysis of

RO  regions is reported in [17]. Fig. 1b displays the microstructure
mage and electron diffraction pattern for the samples annealed
t Ta1 = 723 K for 2 h. The crystalline grains with diameter in the

ig. 1. Transmission electron microscopy images and selected area diffraction patterns fo
or  2 h (b).
d Compounds 509 (2011) 9340– 9345 9341

range 6–34 nm embedded in the amorphous intergranular phase
can be clearly seen. The average distance between adjacent grain
boundaries is about 60 nm.  The electron diffraction pattern, beside
broad rings coming from amorphous phase, contains very bright
reflexes which distances from the centre of pattern are related to
the reciprocal of the interplane distances in �-Fe phase. Compar-
ing the MRO  regions to �-Fe grains (Fig. 1a and b) it can be seen
that MRO  regions exhibit continuous order–disorder space struc-
tural transition, whereas the abrupt grain boundaries are visible.
No distinct changes in the microstructure and electron diffraction
pattern for the sample subjected to the heat treatment at Ta1 = 723 K
for 3 h occur as compared to the structure of the specimen shown
in Fig. 1b. The grain size range does not change but the average
distance between adjacent grain boundaries decreases to 50 nm.

The transmission Mössbauer spectrum obtained at 300 K for
the as-quenched Fe90Zr7B3 alloy is presented in Fig. 2a. The spec-
trum typical of amorphous paramagnet is asymmetric indicating
the correlation between IS and quadrupole splitting (QS). The QS
distribution shown in Fig. 2b is derived assuming the linear depen-
dence of IS on QS. Not vanishing value of probability for QS = 0
indicates the existence of a single line form component in the
spectrum decomposition [17]. The spectra recorded for the sam-
ples subjected to the annealing at Ta1 = 723 K for 2 h and 3 h are
depicted in Fig. 2c and e, respectively. The best results of fitting
are obtained when the spectra are decomposed into two compo-
nents; a subspectrum with QS distribution related to the residual
amorphous matrix (PP) and a single sextet corresponding to the
crystalline phase (CP). The derived QS distributions for the samples
annealed at Ta1 = 723 K for 2 and 3 h are displayed in Fig. 2d and f,
respectively. Some parameters of the fittings are listed in Table 1.
One can see that the hyperfine magnetic induction of the crystalline
phase corresponds to �-Fe ferromagnetic phase, which is consis-
tent with the discussed above electron microscopy observations.
Moreover, the sextets areas take only 7 and 10% of the total spec-
trum areas for specimens heat treated at Ta1 = 723 K for 2 and 3 h,
respectively (Table 1). These quantities are lowered in comparison
with the area taken by the subspectrum related to the MRO  regions
in the as-quenched state, which equals to about 8% of the total
spectrum area [17]. In Fig. 3 the transmission Mössbauer spectrum
obtained at 77 K for the specimen annealed at Ta1 = 723 K for 3 h and
its decomposition into a single sextet and a subspectrum with mag-

netic hyperfine field distribution corresponding to the crystalline
�-Fe and ferromagnetic amorphous phase, respectively, are shown.
Moreover, the relative sextet area of the crystalline �-Fe phase is
larger when the spectrum is recorded at 77 K. For example, the area

r Fe90Zr7B3 alloy in the as-quenched state (a) and after the annealing at Ta1 = 723 K
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a  and b), after the annealing at Ta1 = 723 K for 2 h (c and d) and 3 h (e and f), and
aramagnetic amorphous phase, FP – ferromagnetic amorphous phase, IF interface

f the subspectrum corresponding to the crystalline phase after the
nnealing at Ta1 = 723 K for 3 h is about 15% of the total spectrum
rea (Fig. 3 and Table 1). It is worth noticing that the hyperfine field
nduction, Bcr, and IScr for the crystalline phase are typical of �-Fe
hase at the liquid nitrogen temperature. Because of the fact that

n the “thin-absorber” approximation the relative area of the sub-
pectrum is proportional to the relative number of 57Fe atoms in
he particular phase, the similar results for the relative area of the
ame phase should have been expected for the spectra recorded at

7 and 300 K. In order to elucidate this discrepancy the superpara-
agnetic behavior can be considered. After the heat treatment at

a1 = 723 K for 2 and 3 h the crystalline grains of �-Fe phase with
iameters in the range 6–34 nm,  embedded in the paramagnetic
the annealing at Ta2 = 743 K for 2.5 h (g and h). CP denotes crystalline phase, PP –

amorphous phase can be treated as an assembly of non interacting
or weakly interacting particles if small dipolar interaction is taken
into account. The critical diameter of a single magnetic domain �-
Fe spherical particle is about 50 nm [19], so differing in size non
interacting �-Fe grains are single domain particles. The relaxation
time of the magnetization in a particle with BCC structure is given
by the relation [20]:

� = �0 exp
(

KV
)

(1)

4kBT

where �0 is of the order of 10−10 s, K – the positive anisotropy con-
stant, V – the volume of the particles, kB – Boltzmann constant and
T – the temperature. Taking into account the time scale of Möss-
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Table  1
Some hyperfine parameters of the spectra decompositions shown in Figs. 2 and 3; QS – the average value of the quadrupole splitting in the paramagnetic phase, �QS –
standard deviation of QS, B̄hf – the average value of the hyperfine magnetic induction, �Bhf – the standard deviation of Bhf , Bcr – the hyperfine induction of the crystalline

phase,  IS – the mean value of the isomer shift related to the polycrystalline bulk �-Fe at room temperature, IScr – the isomer shift of the crystalline phase, A – relative area of
the  subspectrum in the total spectrum area. Uncertainties for the last significant figure are given in brackets.

Thermal history
of the sample

Subspectrum QS (mm/s) �QS (mm/s) B̄hf (T) �Bhf (T) Bcr (T) IS (mm/s) IScr (mm/s) A (%)

As-quenched Doublets distribution 0.38(1) 0.20(1) −0.080(1) 100
723  K/2 h Doublets distribution 0.47(1) 0.32(1) −0.077(1) 93(1)

Sextet 33.05(2) −0.004(3) 7(1)
723  K/3 h Doublets distribution 0.45(1) 0.29(1) −0.080(1) 90(1)

Sextet 33.03(1) −0.002(2) 10(1)
723  K/3ha Sextets distribution 21.25(1) 7.07(1) 0.037(5) 85(1)

Sextet  34.10(1) 0.098(2) 15(1)
743  K/2.5 h Doublets distribution 0.70(1) 0.14(1) −0.07(6) 2(1)

Sextets distribution 7.35(1) 4.68(1) −0.093(3) 49(1)
29.2
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Sextets distribution
Sextet  

a Measurements carried out at 77 K.

auer spectroscopy �M = 5 × 10−9 s [15], the anisotropy constant
or �-Fe K = 5 × 104 J/m3 [19] and assuming the spherical shape
f the particle one can calculate the critical diameter of 14 nm.
t means that the particles with higher diameter (� longer than
M) contribute to the subspectrum in the form of a sextet and
he particles with lower diameter (� shorter than �M) participate
nly in a single line formation. In other words, no every grain
f �-Fe formed during heat treatment contributes to the single
extet subspectrum shown in Fig. 2c and e. In this way  the esti-
ation of the crystalline phase volume fraction from the relative

reas of the subspectra may  be misleading. At the temperature of
7 K the exchange coupling of the grains via ferromagnetic amor-
hous matrix takes place and collective magnetism occurs. One
an believe that each grain participates in the single sextet forma-
ion depicted in Fig. 3a. The Mössbauer spectrum recorded at 300 K
or the samples subjected to annealing at Ta2 = 743 K for 2.5 h and
orresponding hyperfine parameters distributions are displayed in
ig. 2g and h. The complicated spectrum is decomposed into four
ubspectra according to the procedure described in details in [21]:
ingle sextet related to the crystalline �-Fe phase (CP), the sub-
pectrum with sextet distribution connected to the interface (IP),

he subspectrum with sextet distribution corresponding to ferro-

agnetic phase in amorphous matrix (FP) and the subspectrum
ith QS doublets distribution related to the paramagnetic phase

n the residual amorphous matrix (PP). Some parameters of such
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ig. 3. Transmission Mössbauer spectrum taken at 77 K, its decomposition (a) and corr
e90Zr7B3 alloy annealed at Ta1 = 723 K for 3 h.
5(1) 3.46(1) 0.02(1) 14(1)
33.14(1) 0.0006(3) 35(1)

decomposition are also listed in Table 1. The area of the single
sextet related to the �-Fe phase takes 35% of the total spectrum
area. For the best fitting the block of hyperfine magnetic induction
distribution in the interfacial zone is necessary to introduce. The
mean value of B̄hf at 57Fe nuclei occurring in the interface between
crystalline grains and amorphous matrix is about 29.25 T and is
somewhat lower than in �-Fe grains (Bcr = 33.14 T). The crystalline
grains of the �-Fe phase seem to be magnetically coupled via almost
ferromagnetic intergranular phase exhibiting the average magnetic
hyperfine induction of B̄hf = 7.35 T at room temperature (Table 1).

In Fig. 4 the magnetization, at the constant magnetizing field
induction of 0.75 T as a function of temperature in the range
77–670 K for Fe90Zr7B3 alloy samples in the as-quenched state,
after annealing at Ta1 = 723 K for 2 and 3 h and after annealing at
Ta2 = 743 K for 2.5 h Fe90Zr7B3 samples is presented. In all cases the
magnetization decreases monotonically with temperature exhibit-
ing the curves proper for biphasic systems. The Curie temperatures
of the amorphous phases can be derived from the temperature
dependence of magnetization at temperatures lower but close to
the Curie point:

( )ˇ
M(T) = Mo(0) 1 − T

TC
(2)

where M is the magnetization, Mo(0) – the critical amplitude,
T – temperature, TC – Curie point and  ̌ = 0.36 is the critical
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or  2.5 h (curve 4). The black solid lines are magnetization versus temperature
ccording to Eq. (2) dependences for Curie temperatures determination.

xponent for a Heisenberg ferromagnet. The relations given by
he Eq. (2) are represented by solid black lines in Fig. 4. The
erived Curie temperatures of the amorphous phases are equal to:
C1 = (257 ± 2) K in the as-quenched state, TC2 = (281 ± 3) K after the
nnealing at Ta1 = 723 K for 2 h, TC3 = (292 ± 3) K after the anneal-
ng at Ta1 = 723 K for 3 h and TC4 = (424 ± 4) K after the annealing at
a2 = 743 K for 2.5 h. The formation of �-Fe crystalline phase dur-
ng heat treatment results in amorphous matrix poorer in iron
han the parent amorphous alloy. The average distance between Fe
toms increases strengthening the exchange interaction as Fe–Fe
istances are around the critical one of about 0.254 nm,  somewhat

arger than the Goldschmidt Fe diameter (0.248 nm)  [22]. This invar
ike effect seems to be the origin of the Curie temperature changes
n the amorphous residual matrix. It is worth pointing out that
C changes are influenced not only by composition changes but
y the exchange field penetration from BCC-Fe nanocrystallites

nto residual amorphous matrix, as well [23–25].  At early stages

f nanocrystallization after the annealing at Ta1 = 723 K the Curie
oint of the amorphous phase shifts towards room temperature but
emains far below the Curie temperature of the crystalline phase (TC
f �-Fe phase equals to 1041 K). Fig. 5 displays for instance isother-
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ig. 5. Unit mass magnetization versus the magnetic induction of applied field for
e90Zr7B3 alloy annealed at Ta1 = 723 K for 3 h.
the maximum of magnetizing field induction of 0.75 T for Fe90Zr7B3 alloy in the
as-quenched state (curve 1), after the annealing at Ta1 = 723 K for 2 h (curve 2), 3 h
(curve 3) and after the heat treatment at Ta2 = 743 K for 2.5 h (curve 4).

mal  magnetization curves versus magnetizing field induction �0H
(�0 is the vacuum magnetic permeability and H – the magnetizing
field strength) for a few temperatures from the range 80–360 K and
for the sample of Fe90Zr7B3 alloy heat treated at Ta1 = 723 K for 3 h.
Similar behaviors are observed for the sample in the as-quenched
state and after the annealing at Ta1 = 723 K for 2 h and at Ta2 = 743 K
for 2.5 h. From the isothermal magnetization curves the magnetic
entropy changes, �SM, can be calculated according to the Maxwell
thermodynamic relation [2]:

�SM = �0

∫ Hmax

0

(
∂M(T, H)

∂T

)
H

dH =
∫ Bmax

0

(
∂M(T, B)

∂T

)
B

dB (3)

where B is the magnetizing field induction. �SM is computed using
the numerical approximation of this equation described in details in
[17]. The isothermal magnetic entropy changes versus the temper-
ature for Fe90Zr7B3 alloy in the as-quenched state, and after heat
treatments are shown in Fig. 6. The maximum magnetizing field
induction is Bmax = 0.75 T in all cases. The maxima of −�SM(T) occur
at the Curie temperature of the amorphous phase. It can be seen that
the maximum value of −�SM is about 0.32 J/kg K−1 for the samples
in the as-quenched state and remains almost unchanged after the
annealing at Ta1 = 723 K, i.e. −�SM equals to 0.31 J/kg K−1 after the
annealing for 2 h and 0.30 J/kg K−1 for 3 h, respectively. After the
heat treatment at Ta2 = 743 K the maximum of −�SM remarkably
decreases to the value of 0.26 J/kg K−1. It is also visible that the
width of the −�SM(T) curves increases with the time and tempera-
ture of annealing. The specimens in the as-quenched state and after
heat treatments at Ta1 = 723 Kcan be considered as biphasic systems
consisting of �-Fe MRO  regions and the amorphous medium, and �-
Fe crystalline phase in the residual amorphous matrix, respectively.
The total field induced magnetic entropy changes for biphasic sys-
tems is the algebraic sum of the particular phases contributions
[26]:

�SM = �SC
M + �SA

M (4)

where �SC
M and �SA

M originate from the MRO  regions or crystalline
phase and from the amorphous phase, respectively. The magnetic
entropy changes of the main amorphous phase decreases when

additional ordered phase appears in the material. Moreover, if at
the Curie point of the amorphous phase the magnetic decoupling
between grains takes place and they behave like non interacting
superparamagnetic particles, �SC

M may  be enhanced [27] especially
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t �SM peak temperature leading only to the slight decrease of
axima entropy changes in the samples subjected to the anneal-

ng at Ta1 = 723 K as compared to this behavior for the as-quenched
tate (curves 1–3 in Fig. 6). It is interesting to note that in these
ases over the Curie point of the amorphous phases no irreversible
agnetic entropy changes are produced because the magnetiza-

ion without magnetic hysteresis occurs. The almost unchanged
SM maxima shifted towards room temperature makes Fe90Zr7B3

lloy be interesting as the magnetic refrigerant. The ribbons in the
s-quenched state and after the annealing at Ta1 = 723 K for 2 and

 h working in a layered system can effectively “cover” a wide range
f temperature near ambient one during magnetic refrigeration.

After annealing at Ta2 = 743 K for 2.5 h the magnetic coupling
etween crystalline grains does not vanish even at the Curie tem-
erature of the residual amorphous phase and domain structure

s present. The magnetization process in crystalline grains and in
he interfacial zone causes only negligible �SC

M changes [10,11]
ndicating the decisive role of the amorphous phase in behavior
f magnetic entropy changes and in this way �SM shows lower
aximum comparatively to the as-quenched state (curves 1 and 4

n Fig. 6).

. Conclusions

From the investigations performed the following conclusion can
e drawn:

The high-resolution electron microscopy displays that MRO
regions occur in the as-quenched Fe90Zr7B3 alloy.
After the annealing at Ta1 = 723 K for 2 h the �-Fe crystalline grains
with diameter in the range 6–34 nm embedded in the amorphous
matrix are present. The average distance between the boundaries
of the adjacent grains is about 60 nm.
The transmission Mössbauer spectrum at 300 K in the as-
quenched state of Fe90Zr7B3 alloy, typical of amorphous
paramagnets, can be presented as doublets distribution with
not vanishing probability for QS equal to 0. After annealing at
Ta1 = 723 K for 2 and 3 h spectra at 300 K can be decomposed
into single sextets corresponding to �-Fe crystalline phase and
doublet distributions related to paramagnetic amorphous matrix.
Due to the grain diameter distribution and superparamagnetic
relaxation some grains contribute to the total spectrum in the
form of a single line and other in the form of a single sextet.
For the best fitting of the spectrum obtained at 300 K for the
sample of Fe90Zr7B3 alloy heat treated at Ta2 = 743 K for 2.5 h a
subspectrum related to the interfacial zone should be introduced.
The Curie temperature of the amorphous phase TC1 = (257 ± 2) K
in Fe90Zr7B3 alloy shifts to TC2 = (281 ± 3) K and TC3 = (292 ± 3) K
after the annealing at Ta1 = 723 K for 2 and 3 h, respectively. The
Curie point of the residual amorphous matrix, TC4, in the sample
subjected to the heat treatment at Ta2 = 743 K for 2.5 h equals to
424 ± 4 K. The increase of TC with time and annealing tempera-

ture is connected with invar like characteristics of the material.
The tuning of the Curie point can be achieved not only by minor
compositional change, but by proper annealing of the material,
as well.

[

d Compounds 509 (2011) 9340– 9345 9345

• The peak of entropy changes occurs at the Curie temperature of
the amorphous medium in all samples. The width of −�SM(T)
curves depends on temperature and time of the sample anneal-
ing.

• The values of the maximum entropy changes after the annealing
at Ta1 = 723 K, which lead to early stages of nanocrystallization
remain almost unchanged in comparison to the as-quenched
Fe90Zr7B3 alloy and can be ascribed to the existence of ordered
phase consisting of non interacting single magnetic domain
particles and exhibiting superparamagnetic relaxation at temper-
atures higher or equal to the Curie point of the main amorphous
phase.
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