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Substituting Fe with Co in Fe-based alloys to adjust the composition and optimize properties is a hot
topic. Amorphous Fegs—;Co,Zr7Bg (z = 0,7,14,21,28,35,42) ribbons were prepared and annealed
at their first exothermic peak temperature. The crystallization and magnetic properties of the alloys
can be divided into two regions. The first region corresponds to the Fegs_,Co,Zr7By (z = 0,7,14,21)
alloys, and the second region corresponds to the Fess—,Co,Zr7Bg (z = 28, 35, 42) alloys. There are
four exothermic peaks for Fegs—,Co,Zr7Bg (x = 0,7, 14,21) alloys, and there are three crystallization
exothermic peaks for Fegs—Co,Zr7Bg (x = 28, 35,42) alloys during crystallization. Only a single phase
precipitates from the amorphous matrix for all alloys after annealing. With the increase in Co content,
the lattice constant first increases up to 21 at.% Co and then decreases. The crystallization volume
fraction (Very) and the grain size (D) continue to decrease. When the Co content is 21 at.%, there
is little change in Co concentration between the nanocrystal and the remaining amorphous matrix.
When the Co content is 42 at.%, the Fe content in the remaining amorphous matrix is significantly
less than that in the nanocrystal, and the Co content in the remaining amorphous matrix is slightly
higher than that in the nanocrystal. The content of Fe in the nanocrystal is higher than that of Co in
the nanocrystal. The specific saturation magnetization M of as-quenched alloys and annealed alloys
increases sharply up to 28 at.% Co and then decreases with a further increase in the Co content. The
M, values of annealed alloys are greater than those of as-quenched alloys. The coercivity H. values
of annealed alloys are lower than those of as-quenched alloys. For Fegs—»Co,Zr7Bg (z = 0, 7, 14, 21)
alloys, the higher the Co content, the higher the difference between the H. values of as-quenched and
annealed alloys. For Fegs—;Co,Zr7Bg (x = 28,35,42) alloys, the difference between the H. values of
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as-quenched and annealed alloys is small.

topics: amorphous alloy, Co content, crystallization, microstructure

1. Introduction

Fe(Co)-based alloys have higher Curie tempera-
tures and higher magnetization compared to other
Fe-based alloys without Co, resulting in poten-
tial applications at higher operating temperatures,
which have been widely reported [1-7|. Further-
more, scholars have paid attention to the effect on
structure [4-9], thermal property [9, 10], magnetic
property [10-17], and application [18, 19] of using
Co to replace Fe in the alloys.

For Fegs 20— »C0,B190CsCuq g (where 2z = 0-10) al-
loys [10], the doping of Co can effectively regu-
late the Curie temperature and magnetic properties
of alloys. For (Fe;_,Co,)ssHf7BsCuy (x = 0-1) al-
loys [14], the lattice parameter of nanoscale precipi-
tation decreased with increasing Co content because
of the high solubility of Co in the a(a’)-Fe(Co) solid
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solution. For FeggCo,B14—,SiaP3Cu; (z = 0,2,4,6)
alloy ribbons [16], the addition of Co decreased the
thermal stability of the alloy to crystallization and
expanded the heat treatment temperature region
of this family of alloy. For Fegy4,Co19—2YsW1Bag
(x = 0, 1, 2) bulk amorphous alloys [17], a change
in the Co content resulted in measurable effects on
the Curie temperature and the value of the coercive
field but had little effect on the saturation of the
magnetization. For (Fe;_,Co;)s4Zr3 5Nbs 5sBsCuy
(z = 0.0-0.8) alloys [20], the crystallization temper-
ature T}, of the amorphous alloy decreased with in-
creasing Co content, whereas the Curie temperature
Tc of the amorphous alloy was enhanced by the in-
crease in the Co content.

The magnetic properties of Fe-based amorphous-
nanocrystalline alloys are closely related to their
microstructure. It is very important to explore the
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effect of Co content on the crystallization and mag-
netic properties of Fe-based amorphous alloys. Es-
pecially after adding Co into the Fe-based alloy, the
distribution ratios of Fe and Co in the crystalline
phase and in the remaining amorphous phase are
different, which further affects the crystallization of
the alloys and results in differences in the structure
and properties of FeCo-based nanocrystalline alloys
with different Fe and Co ratios. Substituting Fe with
Co in Fe-based alloys to adjust the composition and
optimize properties is still a hot topic.

In this paper, Fegy_,Co,Zr7Bg (x =0, 7, 14, 21,
28, 35, 42) amorphous alloys were prepared and an-
nealed at their respective first exothermic peak tem-
perature. The thermal behavior, microstructure,
and magnetic properties of alloys have been inves-
tigated. The effect of Co content on the crystalliza-
tion and magnetic properties of FeZrB alloys was
studied in detail. Especially after adding different
Co content into the alloy, the distribution ratios of
Fe and Co in the crystalline phase and in the re-
maining amorphous phase were investigated. The
crystallization and magnetic properties of the Fe-
CoZrB alloys can be divided into two regions. By ex-
ploring the law of the microstructure change of the
primary crystallization phase of the FeZrB amor-
phous alloy caused by the change in Fe and Co con-
tent, we can purposefully guide the research and
development of this kind of alloy materials.

2. Experimental details

Alloy ingots with nominal compositions
Feg4,zCOer7Bg (,T = O, 7, 147 217 28, 35, 42)
were prepared by induction melting the mixtures
of high-purity Fe (99.98 wt%), Co (99.99 wt%), Zr
(99.92 wt%), and B (99.999 wt%). High-purity Ti
as a getter was melted to remove residual oxygen
that might be present in the chamber. The ingots
were remelted 4 times with magnetic stirring under
the protection of a high-purity argon atmosphere
to ensure homogeneity. Amorphous ribbons about
10 mm wide and 30 pum thick produced from the in-
gots were prepared by a single roller melt spinning
with a copper wheel rotating at a surface velocity
of 38 m/s under the protection of a high-purity
argon atmosphere. The amorphous ribbons were
annealed at the first exothermic peak temperature
from differential scanning calorimetry (DSC) traces
in the furnace at vacuum.

DSC traces of amorphous alloys were investigated
by simultaneous thermal analyzer (STA) (STA 449
F5). Structural characterizations of samples were
examined by X-ray diffraction (XRD) (D/max 2500
PC, Cu K,, A = 1.5406 A) and transmission elec-
tron microscopy (TEM) (FEI Talos F200). TEM
and energy dispersive spectroscopy (EDS) were
taken on FEI Talos F200X. A precision ion polish-
ing system (PIPS) (Gatan 695) was used to prepare
TEM samples. The lattice constant and grain size
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Fig. 1. XRD patterns of Fegs—;Co,Zr7Bg
(x = 0, 7, 14, 21, 28, 35, 42) as-quenched
alloys; (1)  FegaZr7Bo, (2) Fer7CorZr7By,
(3) Fe7QCO14ZI“7B9, (4) F6630021ZI‘7B9,
(5) Fe56C023ZI‘7B9, (6) Fe490035ZI‘7B9, and

(7) F642 CO42 ZI“7B9 .

are calculated by MDI Jade 5.0. The specific sat-
uration magnetization (M) was obtained by a vi-
brating sample magnetometer (VSM) (Lake Shore
M7407). Coercivity (H.) was measured by a direct
current (DC) B-H loop tracer (RIKEN BHS-40).

3. Results and discussion

Figure 1 shows the XRD patterns of the
Fegy—Co,Zr7Bg (x = 0, 7, 14, 21, 28, 35, 42) as-
quenched alloys. No crystalline diffraction peaks are
observed, indicating that the as-quenched alloys are
all fully amorphous.

The DSC traces of Fegy_,Co,Zr7Bg (xz = 0, 7,
14, 21, 28, 35, 42) amorphous alloys are shown
in Fig. 2. For Fegy,Co,Zr7By (x = 0, 7, 14, 21)
alloys, there are four exothermic peaks during the
crystallization. For Fegy,Co,Zr7Bg (x = 28, 35,
42) alloys, there are three crystallization exothermic
peaks during the crystallization. With the increase
in Co content, the intensity of the first (7},;) and
the third (Tp3) crystallization exothermic peaks is
slightly enhanced, and the values of a peak temper-
ature shift to the low-temperature direction. The
second (T}2) exothermic crystallization peak tem-
perature decreases up to 21 at.% Co and then in-
creases with the increase in Co content. When the
atomic percent of Co is between 0 to 21, the fourth
(Tpa) crystallization peak temperature shifts to the
high-temperature direction. Three or four exother-
mic peaks were observed in the DSC curves of Fe-
CoZrB series alloys, indicating that the crystalliza-
tion processes of the series alloys were multistage
crystallization.

XRD patterns of Fegy ,Co,Zr7Bg (x = 0, 7,
14, 21, 28, 35, 42) amorphous alloys annealed at
the first exothermic peak temperature are shown
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Fig. 2. DSC traces of Fess_;Co,Zr7Bg (z = 0,

7, 14, 21, 28, 35, 42) amorphous alloys; (1)
F684ZI‘7B9, (2) Fe77CO7ZI‘7B9, (3) Fe700014Zr7B9,
(4) F6630021Z1“7B9, (5) Fe560028Z1"7Bg7 (6)
F€490035ZI‘7BQ7 and (7) Fe4QCO42ZI'7B9.

in Fig. 3. It can be seen that only «a-Fe phase
precipitates from the amorphous matrix for all al-
loys. With the increase in Co content, the diffrac-
tion peak (110) first shifts to the low angle up to
21 at.% Co and then slightly to the high angle. The
crystallization volume fraction (Ve.y) decreases. The
FWHM (full width at half maxima) of the diffrac-
tion peak increases gradually, which indicates that
the average grain size decreases with the increase in
Co content.

Grain size (D) and lattice constant of
Fegq—Co,Zr7Bg (x =0, 7, 14, 21, 28, 35, 42) amor-
phous alloys annealed at their first exothermic peak
temperature are given in Fig. 4. With the increase
in Co content, the grain size of a-Fe continued to
decrease. According to the works by A. Takeuchi et
al. [21], the heat of mixing of Co-Fe is —1 kJ/mol.
The heat of mixing of Co-B (—24 kJ/mol) is close
to that of Fe-B (—26 kJ/mol), but the heat of
mixing of Co—Zr (—41 kJ/mol) is larger than that
of Fe-Zr (—25 kJ/mol). Therefore, substituting Fe
with Co increases the density and viscosity of liquid
atoms, which leads to atom rearrangement. After
crystallization, the distribution ratio of element
atoms in the crystallization phase is different,
which leads to a difference of the lattice constant.
The crystallization phase a-Fe has a body-centered
cubic structure (bee). The lattice constants of pure
a-Fe and pure a-FeCo are 2.8664 and 2.8550 A,
respectively. For Co-free alloys, the lattice constant
of the a-Fe phase is much lower than that of
pure a-Fe. It shows that some B atoms enter the
a-Fe lattice to form the a-Fe(B) solid solution for
Feg4Zr7Bg alloy. With the increase in Co content,
the lattice constant first increases up to 21 at.%
Co and then decreases. The increase in lattice
constants shows that the increase in Co content
inhibits the solid solubility of the B atom in
a-Fe. When the ratio of Co is 21 at.%, the lattice
constant is close to that of pure a-Fe. That is to
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Fig. 3. XRD patterns of Fegs—;Co,Zr7Bg (z = 0,
7, 14, 21, 28, 35, 42) amorphous alloys an-
nealed at the first exothermic peak temper-
ature (a); local area magnification (b); (1)
F684ZI‘7B9, (2) Fe77CO7ZI‘7B97 (3) Fe70C014Zr7B9,

(4) F6630021ZY7B9, (5) F6560028ZT7B97 (6)
Fe490035Zr7B9, and (7)Fe420042Zr7B94
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Fig. 4. Grain size and lattice constant of
Feg4szOzZ1“7B9 (:E = O7 7, 14, 21, 28, 35,

42) amorphous alloys annealed at first exothermic
peak temperature.

say, few Co/B atoms dissolve in a-Fe, and Co/B
atoms are mainly distributed into the residual
amorphous matrix. With the further increase of Co
content, the lattice constant decreases and is lower
than that of pure a-Fe, indicating that some Co
dissolves in a-Fe gradually.
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Fig. 5. TEM images,
HRTEM images of (a, b) FegaZr7Bo,
1:6630021Z1"7Bg7 and (e, f) Fe420042Zr7B9.

SAED patterns,

and
(c, d)

The transmission electron microscopy (TEM)
images, the corresponding selected-area elec-
tron diffraction (SAED) patterns, and the
high-resolution  transmission electron micro-
scope (HRTEM) images of FegqZr;Bg (a, b),
F6630021ZI‘7B9 (C, d), and FG4QCO4QZI‘7B9 (e, f)
alloys after annealing at their first crystallization
peak are shown in Fig. 5. Polycrystalline electron
diffraction patterns confirm that only a-Fe phase
precipitates in three kinds of alloys. As seen from
the TEM images, a-Fe nanocrystals are surrounded
by the remaining amorphous matrix. It can be
seen that the grain size decreases significantly with
the increase in Co content. The HRTEM images
and corresponding diffraction pattern after fast
Fourier transform (FFT) conversion are presented
in Fig. 5b, 5d, 5f. They indicate that the grains are
all a-Fe phase grains.

Figure 6 shows the TEM images (a—c) and
scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy (STEM-EDS)
line-scans (d—f) of FegyZr7Bg, FegzCos1Zr7Byg, and
Fey5Co42Zr7Bg amorphous alloys after annealing.
For Feg4Zr7Bg alloy, Zr is enriched in the remain-
ing amorphous phase. The Zr-depleted region is bce
primary crystals. The primary nanocrystal does not
contain Zr and contains lots of Fe. The other part of
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Fe is distributed in the remaining amorphous ma-
trix. For Feg3Cos1Zr7Bg alloy, Zr is also enriched
in the remaining amorphous phase. The nanocrys-
tal does not contain Zr and contains lots of Fe and
some Co. The Zr and the other part of Fe and Co
are distributed in the remaining amorphous matrix.
There is little change in Co concentration between
the nanocrystal and the remaining amorphous ma-
trix. For Fey oCo42Z17Bg alloy, Zr is enriched in the
remaining amorphous phase. The nanocrystal does
not contain Zr and contains many Fe and Co. The
content of Fe in the remaining amorphous matrix is
significantly less than that in the nanocrystal. The
content of Co in the remaining amorphous matrix is
slightly higher than that in the nanocrystal. This is
similar to the study of the result by Ping et al. [5].
These authors reported that for FeyyCogyZr7;B4Cuy
alloy, Co was preferentially partitioned in the re-
maining amorphous phase, which was attributed to
the large negative heat of mixing between Co and
Zr atoms.

The specific saturation magnetization (M) and
coercivity (H.) of the as-quenched Fegy_,Co, Zr7Bg
(x=0,7,14, 21, 28, 35, 42) alloys and the annealed
alloys are given in Fig. 7. The saturation magnetiza-
tion M of the as-quenched alloys increases sharply
up to 28 at.% Co and then decreases with a fur-
ther increase in the Co content. The variation in
M of the annealed alloys is similar to that of the as-
quenched alloys. All the M, values of the annealed
alloys are greater than those of the as-quenched al-
loys. It is worth noting that a high Co content does
not necessarily ensure a high M, value. The M;
values first increase with increasing Co content and
then decrease with a further increase in the Co con-
tent. Similar results were obtained for other FeCo-
based alloys [15, 22].

The coercivity H. of the as-quenched alloys varies
negligibly with increasing Co content. The varia-
tion in H.of the annealed alloys is remarkably dif-
ferent — H,. decreases rapidly up to 21 at.% Co and
changes only negligibly with further increase in the
Co content. For the amorphous nanocrystalline two-
phase alloy, the intergranular magnetic coupling
between adjacent nanocrystals through the resid-
ual amorphous phase suppresses the magnetocrys-
talline anisotropy, affording excellent soft magnetic
properties. Suzuki et al. [23] revealed that H, is
directly proportional to D?® and Viy. In addition
to grain size D and crystallization volume fraction
Very, the value of H,. is also related to the uni-
formity of grain distribution. For the Feg3Zr;Bg
alloy, D and V., are relatively large. Moreover,
grain agglomeration is evident, and therefore, H,
is large. Both D and V;, decrease with increas-
ing Co content, thereby leading to a decrease in
H.. However, the magneto-crystalline anisotropy
constant of a-Fe(Co) is greater than that of a-
Fe [24]. For Fegy ,Co,Zr7By (x = 28, 35, 42)
alloys, the decrease in H. is small, even if the
grain size continues to decrease with increasing
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Fig. 6. TEM image (a—), and STEM-EDS line-scan (d—f) of three kinds of amorphous alloy after annealing
- (a, d) F884ZI‘7B9; (b, e) F6630021ZI‘7B9; (C7 f) Fe420042Zr7B9.
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Fig. 7. (a) Specific saturation magnetization
(M) and (b) coercivity (H.) of as-quenched
Feg4szOzZ1“7B9 (CE = 0, 7, ].47 21, 287 35, 42)
alloys and the annealed alloys.

Co content. All the H,. values of the annealed al-
loys are lower than those of the as-quenched al-
loys. For Fegy_,Co,Zr7Bg (x =0, 7, 14, 21) alloys,
the higher the Co content, the higher the difference
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between the H. values of the as-quenched and an-
nealed alloys. For Fegy_,,Co,Zr7Bg (x = 28, 35, 42)
alloys, the difference between the H. values of the
as-quenched and annealed alloys changes little.

4. Conclusions

1. FegyCo,Zr7Bg (z = 0, 7, 14, 21, 28, 35,
42) nanocrystalline alloys consisting of bcc
nanograins embedded in the residual amor-
phous matrix were produced by crystalliza-
tion of amorphous alloys. The crystallization
and magnetic properties can be divided into
two regions.

2. There are four exothermic peaks for
Fegy—Co,Zr7Bg (x = 0, 7, 14, 21) alloys,
and there are three crystallization exothermic
peaks for Fegy_,Co,Zr7Bg (z = 28, 35, 42)
alloys during the crystallization.

3. The o-Fe(B) phase precipitates from amor-
phous matrix for FegyZr;Bg alloy after an-
nealing. With the increase in Co content, the
lattice constant first increases up to 2lat.%
Co and then decreases. For Fegy_,Co,Zr;Bg
(x =0, 7, 14, 21) alloys, the increase in Co
content inhibits the solid solubility of B atom
in a-Fe. For Fegy_,Co,Zr7Bg (x = 28, 35, 42)
alloys, Co dissolves in a-Fe gradually. With
the increase in Co content, the crystallization
volume fraction and grain size continue to de-
crease.

4. The grain size decreases significantly with the
increase in Co content observed by TEM.
For Fegy4Zr;Bg alloy, Zr is enriched in the
remaining amorphous phase. The primary
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nanocrystal contains lots of Fe, and the other
part of Fe are distributed in the remaining
amorphous matrix. For Feg3Coq1Zr7Bg alloy,
the nanocrystal does not contain Zr and con-
tains lots of Fe and some Co. There is lit-
tle change in Co concentration between the
nanocrystal and the remaining amorphous
matrix. For Fe 5Co427Zr7Bg alloy, the content
of Fe in the remaining amorphous matrix is
significantly lower than that in the nanocrys-
tal, and the content of Co in the remaining
amorphous matrix is slightly higher than that
in the nanocrystal. The content of Fe in the
nanocrystal is higher than that of Co in the
nanocrystal.

. The saturation magnetization My of both the

as-quenched alloys and the annealed alloys in-
creases sharply up to 28 at.% Co and then
decreases with a further increase in the Co
content. All the M, values of the annealed al-
loys are greater than those of the as-quenched
alloys.

. The coercivity H. of the as-quenched alloys

changes little with the increase in Co con-
tent. H. of the alloys after annealing decreases
rapidity up to 21 at.% Co and changes lit-
tle with the further increase in Co content.
H. values of the alloys after annealing are all
lower than those of the as-quenched alloys. For
Fegy Co,Zr7Bg (x = 0,7,14,21) alloys, the
higher the Co content is, the higher the differ-
ence in H. between alloys as-quenched and af-
ter annealing is. For Fegy,Co,Zr7Bg (x = 28,
35, 42) alloys, the difference in H, between al-
loys as-quenched and after annealing changes
little.
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