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a b s t r a c t

Partial substitution of Ge for Co in Fe44Co44Zr7B5 amorphous alloy is found to have a large influence
on crystallization kinetics and magnetic property of the alloy. Activation energy of nanocrystallization
of FeCo phase (primary crystallization) decreases by 90 kJ/mol with 4 at.% Ge substitution, while that of
precipitations of Zr-type phase from a residual amorphous phase (secondary crystallization) increases by
ccepted 18 September 2010
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106 kJ/mol. The suppression of the secondary crystallizations stabilizes the FeCo nanocrystals embedded
in the residual amorphous phase for the Fe44Co44−xZr7B5Gex until higher temperatures. It is proposed that
the stabilization mechanism is attributed to preferential partitioning of Ge in the residual amorphous
phase revealed by scanning transmission electron microscopy analysis. Microstructure and coercivity for
the annealed alloys are also presented in combination with the effect of the Ge substitutions.
icrostructure
agnetic property

. Introduction

FeCo-based nanocrystalline soft magnetic alloys characterized
y FeCo nanocrystals embedded in a residual amorphous matrix
ave attracted growing attention due to high Curie temperature
f the amorphous phase [1,2] which is responsible for reten-
ion of magnetic exchange coupling between the nanocrystals
p to higher temperatures as compared to Fe-based and FeSi-
ased nanocrystalline alloys. As temperatures rise above the Curie
emperature of the amorphous phase, however, the nanocrys-
als become exchange-decoupled, resulting in magnetic hardening
f the two-phase systems [3,4]. In addition to the intergranu-
ar magnetic coupling, nanocrystalline microstructure is another
ignificant contribution to outstanding soft magnetic properties
or the alloys. Based on the random anisotropy model, mag-
etic anisotropy is averaged out over several small grains when
anograin size (D) is smaller than exchange correlation length.
oercivity (Hc) can be greatly reduced with a decrease of nanograin
ize, following the well-known relationship: Hc ∼ D−6 [5–7]. This
ndicates that thermal stability of nanocrystalline microstructure

s also a prime factor for remaining excellent soft magnetic proper-
ies at high temperatures. Indeed, previous studies have found that

agnetic hardening occurs around secondary crystallization tem-
eratures for FeCo-based alloy, although its residual amorphous
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phase still exhibits ferromagnetic characters [8,9]. The deteriora-
tion of magnetic softness is due to demolition of nanocrystalline
structure in the wake of secondary crystallization. An interesting
observation in our prior work showed an improvement in magnetic
softness at elevated temperatures by only 2 at.% substitution of Ge
for Co in Fe44Co44Zr7B5 (Cu-free Hitperm composition) [10]. We
have further found that the small quantity of Ge substitution has
an influence on both primary and secondary crystallization temper-
atures. The similar result was also reported in Fe78Co5Zr6B10Cu1
alloy [11]. However, effect of the Ge substitution on crystalliza-
tion kinetic for the alloy has not been fully understood, which we
believe, provides an insight to the underlying microscopic origin
behind the above observations.

Since crystallization of amorphous alloys is characterized
by phase transition, one can express the transformation rate
by d˛/dt = kf. Here, ˛ and t represent conversion fraction and
transformation time, while k is reaction rate constant as a func-
tion of temperature T [12,13]. According to Arrhenius equation,
k = A exp(−E/RT), where A, E and R are pre-exponential factor,
activation energy and universal gas constant, respectively. It is
known that f is too tricky and complex to be determined due
to its strong dependence on reaction orders which vary with
different solid-state reaction mechanisms [14]. In addition, crys-

tallization processes for an amorphous alloy generally involve
nucleation, grain growth and/or impingement and exhibit so-called
multiple-step characters [15]. Therefore, conventional model-
fitting approach [16–18] that requires specific kinetic model or
reaction order is not feasible to obtain virtual kinetic parameters
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Fig. 1. Calorimetric measurements at a heating-rate of 20 K/min for the as-spun
Fe44Co44−xZr7B5Gex (x = 0–4 at.%) alloys: (a) DSC and (b) TG curves.
666 Y. Sun, X. Bi / Journal of Alloys an

or a crystallization process. In this respect, an iso-conversional
ethod characterized by model-independence has been summa-

ized by Vyazovkin [19–22]. This approach has proved an effective
ay in obtaining local activation energies corresponding to differ-

nt stages of solid-state phase transformations with no need for
heir respective kinetic models.

The iso-conversional approach was adopted in this work to
nvestigate effect of Ge partial substitutions for Co in Fe44Co44Zr7B5
lloy on its crystallization kinetics in the frame of extended
issinger model. Dependence of microstructure and composi-

ion distribution on Ge substitutions is studied using scanning
ransmission electron microscopy and X-ray diffraction analy-
is. Furthermore, in combination with magnetic property for the
nnealed Fe44Co44−xZr7B5Gex, microscopic origin underlying the
ole of Ge substitutions in thermal stabilization of nanostructure is
iscussed.

. Experimental

Fe44Co44−xZr7B5Gex (x = 0–4 at.%) ingots were prepared using mixture of Fe
99.9%), Co (99.96%), Zr (99.5%), Ge (99.999%) and FeB chips containing 21 wt.% B
y arc-melting in an argon atmosphere. The percentage in parenthesis represents
urity. Ribbons of 1 mm-wide and 20 �m-thick were produced from the ingots by
onventional melt-spinning technique. Crystallization processes were evaluated by
ifferential scanning calorimetry (DSC) (Netzsch Sta 449C) at heating-rates rang-

ng from 5 to 30 K/min in an argon atmosphere. DSC curves were all calibrated by
emoving background signals from original measuring curves. Magnetic variations
uring heating-up processes were evaluated by thermomagnetic gravimetry (TG)
nder a magnetic field of 10 Oe. Microstructural characterizations were investigated
sing X-ray diffraction analysis (XRD) for crystalline structure, transmission electron
icroscopy (TEM) (JEM-2100F) operated at 200 KV for nanocrystal size, selected

rea electron diffraction (SAED) for minor precipitates and scanning transmission
lectron microscopy (STEM) (JEM-2100F) for composition distributions of elements.
sothermal annealing was performed in vacuum for 0.3–20 h, and coercivity of the
nnealed alloys was measured by vibrating sample magnetometer.

. Results and discussion

.1. Calorimetric measurements

Fig. 1 displays DSC and TG curves measured at a heating-rate of
0 K/min for the as-spun Fe44Co44−xZr7B5Gex alloys. For simplic-

ty, Fe44Co44Zr7B5, Fe44Co43Zr7B5Ge1. . . and Fe44Co40Zr7B5Ge4 are
enoted as Ge0, Ge1, . . . and Ge4, respectively. It is seen that all the
lloys exhibit two exothermic peaks in the DSC curves within the
emperature range in concern. As confirmed by XRD analysis, the
eaks stem from formation of FeCo phase and Zr-type phases due to
rimary and secondary crystallizations, respectively. The primary-
rystallized alloys exhibit a typical microstructure characterized
y 10 nm FeCo nanocrystals embedded in a residual amorphous
hase, as observed by TEM. Moreover, there appear two steps in
ach TG curve at temperatures corresponding to the crystallization
nsets as shown in DSC curves. The initial reduction in magnetiza-
ion with increasing temperatures results from increasing thermal
nergy that competes against magnetic exchange interaction of
he amorphous phase, while the subsequent rise in the magneti-
ation obviously arises from formation of the FeCo nanocrystalline
hase. In addition, magnetization of the alloys shows a slight

ncrease at temperatures where the secondary crystallizations
ccur, as also observed in Hitperm alloys [1]. It should be noted
hat the crystallization onsets are strongly dependent on Ge con-
ents. As the Ge contents increase, the primary crystallization onset
ecreases from 775.9 to 766.7 K, whereas the secondary crystal-

ization onset increases from 968.0 to 1002.6 K. The temperature

ange over which the two-phase structure exists is consequently
roadened with the Ge contents. The extension of the secondary
nsets to higher temperatures is beneficial to thermal stability of
he two-phase nanostructure, which in turn contributes to mag-
etic softness at high temperatures.

Fig. 2. DSC exothermic peaks attributed to (a) primary and (b) secondary crystal-
lizations for Fe44Co42Zr7B5Ge2 alloy, depending on variant heating-rates.
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transformation [30]. Crystallization fraction, ˛, is then proportional
to the area of exothermic peaks in the DSC curves, which can be
given by ˛ = �H(T)/�Htotal, where �H(T) and �Htotal represent
partial enthalpy change and total enthalpy change of the whole
transformation process, respectively. Fig. 5(a) and (b) demon-
ig. 3. Kissinger plots of (a) primary (b) secondary crystallizations, and Ozawa plot

.2. Crystallization kinetics

Effect of the partial substitution of Ge on activation energy of
he crystallizations has been studied. It is known that, under a
on-isothermal condition with a constant heating-rate ˇ = dT/dt,
transformation rate can be expressed by differential or integral

quation [23]. However, reaction function and temperature inte-
ral required in the respective expression are too complex to give
ise to an analytical solution. In this respect, the Kissinger [24] and
zawa [25,26] models have been applied with a hypothesis of the
aximum transformation rate occurring at peak temperatures (Tp)

n DSC curves, d[df(˛)/dt]/dt = 0. Based on the Kissinger theory, a
hase transition can be described by,

n

(
ˇ

T2
p

)
= − Ec

RTp
+ ln

AR

Ec
(1)

here Tp, ˇ, R, Ec and A represent peak temperatures in DSC curves,
eating-rates, gas constant, activation energy and pre-exponential

actor (also known as frequency factor), respectively. Fig. 2(a) and
b) display heating-rate dependent DSC curves around peak tem-
eratures, Tp

p and Ts
p, of the primary and secondary crystallizations

or Fe44Co42Zr7B5Ge2. The crystallization peaks are both shifted to
igher temperatures with increasing heating-rates. Similar results
re observed in Fe44Co44−xZr7B5Gex (x = 0, 1, 3, 4) alloys. Table 1
ummarizes the characteristic transition temperatures as a func-
ion of the heating-rates for the alloys. As plotted in Fig. 3(a) and (b),
he ln(ˇ/T2

p )∼1/Tp reveals a linear relationship for both the primary
nd the secondary crystallizations. On the other hand, according to
zawa theory, a phase transition can be described by

1.0516Ec AEc
n ˇ = −
RTp

+ ln
R

− 5.330 (2)

Fig. 3(c) and (d) illustrate the plots of ln ˇ as a function of 1/Tp

or the Ge0, Ge1 . . . and Ge 4 alloys, showing a linear relationship
s well. The Ec values derived from the two models as a function of
primary (d) secondary crystallizations for Fe44Co44−xZr7B5Gex (x = 0–4 at.%) alloys.

Ge contents, as summarized in Fig. 4, are in a good agreement. It
should be mentioned that the results exhibit the same magnitude
of order as those on other FeCo-based amorphous alloys [27–29].
It is also seen that Ep

c of the primary crystallization decreases with
increasing the Ge content, whereas Es

c of the secondary crystalliza-
tion increases.

Concerning multiple-step character of the crystallization pro-
cesses, change of activation energy with degree of crystallization
should be taken into account to reveal variations of kinetic behav-
ior during the processes [29]. Supposing that mechanism of each
step remains unchanged with changing of temperatures, one can
approximately regard the crystallization as an iso-conversional
Fig. 4. Effect of the Ge substituted content on activation energy for primary crystal-
lization (Ep

c ) and secondary crystallization (Es
c), which are estimated from Kissinger

and Ozawa models, respectively.
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ig. 5. Curves of ˛–T for (a) primary and (b) secondary crystallizations for Fe44Co
rimary and (d) secondary crystallizations as a function of ˛ for the alloys.

trate change of crystallization fraction with temperature for
e44Co42Zr7B5Ge2, as a function of heating-rate. The ˛–T curves
xhibit a sigmoid-type character. Based on generalized Kissinger
pproach [24,31], local activation energy Ec(˛) can be given by

n
ˇ

T2
˛ˇ

= −Ec(˛)
RT˛ˇ

+ ln
AR

Ec(˛)
+ ln [−df (˛)

d˛
]
˛p

(3)

here T˛ˇ determined from DSC curves is the temperature cor-
esponding to crystallization fraction and heating-rate. The ˛p
s transformation fraction at the peak temperature Tp. Plots of
n ˇ/T2

˛ˇ
verses 1/T˛ˇ have revealed linear relationships for all the

lloys. The local activation energy as a function of crystallization
raction is then estimated from the plots. As shown in Fig. 5(c)
nd (d), the activation energies for the crystallization processes

able 1
xothermic peak temperatures attributed to the primary crystallization (Tp

p ) and second
eating-rates during DSC measurements.

Fe44Co44−xZr7B5Gex Peak temperature of primary crystalliza

X 5 K/min 10 K

0 773.0 782
1 770.2 780
2 763.2 772
3 760.4 770
4 754.5 682

Peak temperature of secondary crystallization Ts
p (K)

5 K/min 10 K/min
0 959.3 969.2
1 968.7 978.5
2 979.3 990.4
3 982.7 992.7
4 987.1 995.7
5Ge2 alloy; effect of the Ge substituted content on local activation energies of (c)

are both reduced with the fractions. The reduction of Ec(˛) with ˛
indicates that mixed nucleation including site saturation and con-
tinuous nucleation, rather than Avrami nucleation, occurs during
the crystallizations [30,32]. It is interesting to find that Ep

c (˛) for the
primary crystallization tend to decrease with an increase of the Ge
substitution, whereas Es

c(˛) for the secondary crystallization shows
an increase. It can be suggested that Ge act as heterogeneous nucle-
ation agents in the amorphous precursor, which is probably due to
local compositional fluctuations resulting from the introduction of

Ge, as proposed for the effect of Cu in FeSi-based alloys [33]. For the
secondary crystallization, the increase of activation energy with Ge
content indicates that Ge has an effect of hindering the secondary
crystallizations, which becomes more pronounced with increasing
the Ge content.

ary crystallization (Ts
p) for Fe44Co44−xZr7B5Gex (x = 0–4 at.%) alloys as a function of

tion Tp
p (K)

/min 20 K/min 30 K/min

.2 788.3 794.7

.0 787.6 793.9

.1 780.7 787.6

.7 779.8 785.6

.6 774.1 779.8

20 K/min 30 K/min
979.4 987.1
989.8 995.4
999.7 1005.0

1001.7 1007.4
1006.5 1010.3
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ig. 6. (a) STEM image of the Fe44Co42Zr7B5Ge2 alloy annealed at 973 K for 1 h along
arked with bars) correspond to (4 0 0), (3 3 1), (4 2 2), (5 1 1) of (FeCo)3Zr, (1 1 0) of

nd �/�‘-(FeCo) (2 1 1), respectively; (b) and (c) are EDS spectra for the two areas m

.3. Compositional distributions

In order to clarify microscopic origins responsible for the
nhanced thermal stability of two-phase nanocrystalline structure
ue to the partial substitution of Ge, distribution of elements needs
o be analyzed. Up to date, atom probe field ion microscopy (APFIM)
nd three-dimensional atom probe technique (3DAP) have been
pplied to understand the role of Cu in the observed nanocrystalline
icrostructure of FeSi-based and FeCo-based alloys, respectively.

he 3DAP analysis along with TEM reveals that Cu is unnecessary for
eCo-based alloys to form a nanocrystalline microstructure [34,35].
n this work, to understand the role of Ge in FeCo-based alloys,
TEM observations along with EDS analysis were made for the
e44Co42Zr7B5Ge2 annealed at 973 K (higher than the secondary
rystallization onset of the alloy). As shown in the inset of Fig. 6(a),
everal distinct spots identified as Zr-type phase are observed near
iffraction rings stemming from FeCo phase. In addition, the alloy
xhibits large grains with irregular shape. Composition analysis
as further made for two typical areas labeled as “A” and “B”,

espectively, as shown in Fig. 6(b) and (c). It should be noted that
he copper peak is caused by copper clamps and those appearing at
ow energy side caused by carbon. It is seen that area “A” exhibits
maller intensities of the peaks indexed as Ge, Zr and Co, respec-
ively, as compared to area “B”. The relative quantities of Ge, Zr, Co
nd Fe estimated from the peak intensities are listed in the inset
f Fig. 6(c). As can be seen, Co/Fe ratio in area “A” is close to unity,
hile Zr and Ge contents are much lower compared to those in

rea “B”. By contrast, area “B” exhibits Co/Fe ratio of about 2:1 and
igher contents of Zr and Ge. It is evident that the alloy consists of
eCo crystalline (area “A”) and residual amorphous phase (area “B”)
rior to the secondary crystallization. The large content of Co exist-
ng in the residual amorphous phase also explains the fact that Curie
emperature of the amorphous phase is higher than those of Fe or
eSi-based nanocrystalline alloys. The characteristic of composi-
ional distribution indicates that Ge has a tendency of partitioning
n the residual amorphous phase which is enriched with Zr and
AED pattern (inserted). From centre to edge, the rings and spots (their positions are
(FeCo), (4 4 0), (6 2 2), (5 5 1) of (FeCo)3Zr, (2 0 0) of �/�‘-(FeCo), (5 5 5) of (FeCo)3Zr
as “A” and “B”, respectively.

B. The argument is supported from thermodynamic data: Ge has
large negative enthalpy when mixed with Zr and Co [35–37]. On
the other hand, it is generally believed that partitioning layers of
early transition metals are formed across the interface between
nanocrystalline and amorphous phase due to slow diffusion of the
atoms into interior of the residual amorphous phase caused by their
large atomic radii [38]. The Zr-partitioning layer acts as a diffusion
barrier against grain growth of the FeCo phase and consequently
stabilize the two-phase nanostructure [8,39]. However, as Zr con-
tinues to pile up to a critical content, secondary crystallization is
eventually induced during which the Zr-type phase is crystallized
from the residual amorphous phase, leading to grain growth of FeCo
phase. Evidently, the partitioning of Ge in the residual amorphous
phase benefits stabilization of the diffusion barrier, which reflects
extension of the secondary crystallization onset to higher temper-
atures. Coercivity and microstructures for the annealed alloys have
been shown to be consistent with the stabilization effect of Ge.

3.4. Coercivity and microstructures

Fig. 7 shows changes of coercivity with various annealing
parameters. In the temperature range of 723–873 K, coercivity
remains about 1 Oe for the Fe44Co44Zr7B5 and Fe44Co42Zr7B5Ge2
annealed up to 10 h. A clear difference in the coercivity for the two
alloys is observed when annealed at 923 K. The Fe44Co44Zr7B5 with-
out Ge substitution exhibits a dramatic increase in the coercivity
from 1 to 20 Oe when annealed for 5 h. As the annealing holds up to
10 h at 923 K, the Ge-substituted alloy remains smaller coercivity as
compared to Fe44Co44Zr7B5. Microstructure of the annealed alloys
was investigated by TEM observations. As shown in Fig. 8(a) and
(b), it reveals similar microstructures for the two alloys annealed at

923 K for 1 h, characterized by FeCo nanocrystallites of about 10 nm
embedded in a residual amorphous matrix. With the annealing
time increasing up to 10 h, however, the Fe44Co44Zr7B5 alloy dis-
plays a larger grain size with respect to Fe44Co42Zr7B5Ge2 (Fig. 8(c)
and (d)). In addition, a few additional but weak spots adjacent to
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Fig. 7. Dependence of coercivity on annealing temperature and ti

1 1 0) diffraction rings (marked as green circles) are observed in
he SAED patterns for the Fe44Co44Zr7B5 alloy, which arise from
ormation of Zr-type phase identified as (5 1 1), (5 5 1) and (5 5 5) of
FeCo) Zr phase [8]. By contrast, the precipitates are not detected
3
n Fe44Co42Zr7B5Ge2 within the sensitivity of electron diffraction
nalysis. Obviously, grain growth occurs in the wake of the pre-
ipitation of the Zr-type phase. Furthermore, we have investigated
hange of coercivity for the alloys annealed at different tempera-

ig. 8. TEM images and corresponding SAED patterns for the alloys annealed at 923 K: (a
e44Co42Zr7B5Ge2 annealed for 1 and 10 h, respectively.
r (a) Fe44Co42Zr7B5Ge2 and (b) Fe44Co44Zr7B5 alloys, respectively.

tures for up to 20 h. The results are listed in Table 2. It is seen that
coercivity starts to increase for the Ge-free alloy annealed at 883 K
and exhibits a coercivity of 31 Oe at 903K. By contrast, coercivity of
the Fe Co Zr B Ge remains low value of 1.68 Oe after annealed
44 42 7 5 2
at the same temperature, which is evidently attributed to the role
of Ge substitution in retarding the secondary crystallization. It is
noticed that the secondary crystallization temperatures derived
from the variations of coercivity is lower than the crystallization

) and (c) for the Fe44Co44Zr7B5 annealed for 1 and 10 h, respectively; (b) and (d) for
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Table 2
Coercivity of Fe44Co44Zr7B5 and Fe44Co42Zr7B5Ge2 alloys annealed at different tem-
peratures for 20 h.

Annealed temperature (K) Hc (Oe)

Fe44Co44Z7B5 Fe44Co42Zr7B5Ge2

923 45.45 54.96
913 36.90 18.27

o
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[

[
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903 31.01 1.68
893 3.16 1.59
883 2.58 1.33
873 1.30 1.25

nsets measured from the DSC curves, which can be explained by
he fact that crystallization is a diffusion-controlling process.

. Conclusions

We have studied primary and secondary crystallization pro-
esses for Fe44Co44Zr7B5 alloys with partial substitution of Ge for
o by performing a series of non-isothermal processes at variant
eating-rates. Detailed kinetic analysis has been made by applying
echanism-independent iso-conversional approach in the frame-
ork of extended-Kissinger model. It is observed that the Ge

ubstitution facilitates the primary crystallization by reducing its
ctivation energy for Fe44Co44Zr7B5. In particular, the presence of
e is found to enhance thermal stability of two-phase nanocrys-

alline structure by increasing activation energy of the secondary
rystallization. The peculiar effect of Ge on the crystallizations
ecomes more pronounced with increasing the Ge substitution
ontent. The results are suggested to be attributed to the reten-
ion of Ge in residual amorphous phase, which retards occurrence
f the secondary crystallizations. Variations of microstructure and
oercivity with the Ge substitution exhibit that the Ge-substituted
lloys remain small coercivity even after long-time annealing above
73 K.
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