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The microstructure and magnetic properties of Feq0Co49ZrgB190Ge; (Mo-free) and Feq9Co40ZrsMoysB19oGe; (Mo-
containing) nanocrystalline alloys, prepared using an amorphous crystallization method, were investigated. Mo addition
affects the crystallization of the Fe49Co49ZrgB19Ge; amorphous alloy and decreases the grain size of the a-Fe(Co) phase
below 650 °C. For the Mo-free alloy annealed at 600 °C and the Mo-containing alloy annealed at 575 °C, with a single
a-Fe(Co) crystallization phase and approximately similar crystallization volume fractions, the Mo-containing alloy showed
smaller, more regularly shaped grains and a significantly narrower grain-size distribution than the Mo-free alloy. The Fe and
Co contents in the nanograins of the two alloys also differed. For the Mo-free alloy, a higher concentration of Co distributed
in the residual amorphous matrix. For the Mo-containing alloy, a higher concentration Co dissolved in the nanograins. The
specific saturation magnetization and coercivity of the Mo-free alloy were 1.05- and 1.59-times higher than those of the

Mo-containing alloy, respectively.
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1. Introduction

Fe-based soft magnetic alloys with a dual-phase
nanocrystalline—amorphous structure are often prepared us-
ing a rapid solidification (melt spinning) method to achieve
the amorphous phase, followed by controlled heat treatment.
Excellent soft magnetism is realized when fine ferromag-
netic nanocrystallites are exchange-coupled with a surround-
ing amorphous matrix. (Fe, Co)-based soft magnetic alloys
have been extensively studied for use as a viable alternative
to Si steels. Considerable efforts have been devoted to im-
proving their magnetic properties to achieve high saturation
magnetic induction (Bs) and low core loss, thereby increas-
ing the efficiency of electrical machines and saving energy.!!!
(Fe, Co)-based soft magnetic alloys are important Fe-based
nanocrystalline soft magnetic materials, and they have gained
considerable attention because of their excellent soft mag-
netic properties. These alloys are prepared by partially sub-
stituting Fe with Co, resulting in high saturation magnetiza-
tion and Curie temperatures (7;).!”! Our research group has
extensively investigated an FeCo-based soft magnetic alloy
system. 3-8 The crystallization of FeCoZrB system alloys, [+-]
as well as the effect of heat treatment!®! and the addition of dif-

[6-8] on the microstructure and magnetic prop-

ferent elements
erties of FeCoZrB alloys, have been examined. The magnetic
properties of nanocrystalline ribbons are significantly affected

by structural and compositional variations.”! The doping of

fCorresponding author. E-mail: yuwanqiu2004@ 126.com

CSTR: 32038.14.CPB.ad5a77

FeCo-based alloys significantly affects the structure and per-
formance of the adjusted microstructures and improves the
properties of FeCo-based alloys.!'-18] Understanding the ef-
fect of element doping on microstructural features and soft
magnetic behavior is crucial.!'!

For Fe-based nanocrystalline soft magnetic alloys, Cu-
rich clusters are considered the key factor in achieving smaller
grain sizes.?*2# To extend the flexibility of applications for
Fe-based nanocrystalline alloys, elements other than Cu that
promote nanocrystalline formation must be assessed. How-
ever, for Zr-containing HITPERM [Fe(Co)-M-B-Cu (M =
Nb, Zr, Hf, etc.)]-type alloys with an a-(Fe, Co) crystalliz-
ing phase, there is no significant difference in grain size be-
tween samples with and without Cu.[>! For Zr-containing
HITPERM-type alloys, additional elements (other than Cu)
The effects
of Nb and Mo contents on the microstructures and proper-

must be identified to reduce the grain size.

ties of an Feq9Co40Zr9B10Ge; alloy were investigated and
compared.!?®! With increasing Nb or Mo content (1 at.%—
4 at.%), the primary crystallization temperature, grain size of
the a-Fe(Co) phase, and coercivity decreased. Moreover, the
thermal behavior, grain size, and coercivity of the alloys were
more significantly affected by the addition of Mo than that
of Nb. For the Fes9Co49Zr9B19Ge; alloy, the addition of 4-
at.% Mo yielded the best results. Introducing 4-at.% Mo as
a nanocrystalline-forming element serves as an effective ap-
proach for designing FeCoZrB alloy systems. However, the
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crystallization, elemental distribution, and magnetization of
the Feq0Cos9ZrsMosB1oGe; alloy require further investiga-
tion.

To this end, in this study, Fe40Co40ZroB19Ge; (Mo-free)
and Fes9Cog9ZrsMosB9Ge; (Mo-containing) alloys were
prepared, and their microstructure and magnetic properties
were examined. The change in elemental distribution induced
by Mo addition was studied through scanning transmission
electron microscopy—energy dispersive spectroscopy (STEM—
EDS). The microstructure, elemental distribution, and mag-
netic properties of the two types of alloys were studied and
compared.

2. Materials and methods

Ingots with nominal compositions of Fe40Co40Zr9B10Ge;
and Fey9Co40ZrsMosB19oGe; were prepared by arc melting
mixtures of pure elements (99.98-wt% Fe, 99.99-wt% Co,
99.92-wt% Zr, 99.95-wt% Mo, 99.99-wt% B, 99.99-wt% Ge).
The mixtures were remelted four times with magnetic stir-
ring in a pure argon atmosphere to ensure homogeneity. The
corresponding amorphous ribbons of approximately 30-pm
thickness and 1-cm width were prepared via single-roller melt
spinning (with a copper-wheel rate of 38 m/s) and isother-
mal annealing in a vacuum. Differential scanning calorime-
try (DSC) of the amorphous alloys was conducted using a si-
multaneous thermal analyzer (STA, 449F5). According to the
DSC curves, the as-quenched Mo-free alloy was annealed at
540 °C, 575 °C, 600 °C, 650 °C, 675 °C, and 725 °C, and
the as-quenched Mo-containing alloy was annealed at 480 °C,
540 °C, 575 °C, 615 °C, 650 °C, and 715 °C. The struc-
tural characterization of the alloys was performed using x-
ray diffractometry (XRD, Rigaku D/max 2500/PC, Cu-Ka,
A = 1.5406 A, 40 kV, 200 mA, scan speed: 4 °/min) and trans-
mission electron microscopy (TEM, FEI Talos F200). The
grain size of a-Fe(Co) was calculated using Jade 5.0. STEM-
EDS was performed to determine the elemental concentration.
Digital Micrograph (Version 3.5.2, Gatan) was used to analyze
the TEM images. The grain-size distributions were obtained
using the Nano Measurer tool (version 1.2). Hysteresis loops
were measured using a physical property measurement system
(PPMS, Dynacool-9T) to obtain the specific saturation mag-
netization (Ms). The coercivity (H.) was obtained using a DC
B—H loop tracer (Riken Denshi BHS40).

3. Results and discussion

The DSC curves of the Fey9Co40ZroBigGe; (Mo-
free) and Fe40Co49ZrsMoygB19Ge; (Mo-containing) alloys are
shown in the following Fig. 1. The Mo-free alloy exhibits
three exothermic peaks and three stages of crystallization. The
addition of the 4-at.% Mo reduces the primary crystalliza-

tion temperature. Two exothermic peaks are subsequently ob-
served in the DSC plot of the Mo-containing alloy, indicating
a two-stage crystallization process.
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Fig. 1. DSC curves of the Mo-free and Mo-containing alloys as-
quenched.
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Fig. 2. XRD patterns of the (a) Mo-free and (b) Mo-containing alloys
as-quenched and after annealing.

Furthermore, the XRD patterns of the as-quenched Mo-
free and Mo-containing alloys, and those annealed at different
temperatures, are shown in Fig. 2. The XRD patterns of the
two types of as-quenched alloys exhibit a unique broad and
diffuse amorphous peak, indicating that they are amorphous in
the quenched state. Compared with the as-quenched alloy, the
XRD pattern of the Mo-free alloy annealed at 540 °C did not
significantly change. At 575 °C and 600 °C, the o-Fe(Co)
phase can be clearly seen. When the temperature is above
650 °C, ZrCo3B; and FesZr phases form in addition to an -
Fe(Co) phase. For the Mo-containing alloy, only the o-Fe(Co)
phase precipitates from the amorphous matrix at 480 °C, and
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the volume crystallization fraction increases with the anneal-
ing temperature. At 715 °C, CoyZr and CoMoB phases form
in addition to the a-Fe(Co) phase.

Figure 3 shows the grain size of the a-Fe(Co) phase as
a function of annealing temperature (7). Below 650 °C, the
grain size of the o.-Fe(Co) phase of the Mo-containing alloy is
smaller than that of the Mo-free alloy.

Figure 4 shows the high-resolution transmission electron
microscopy (HRTEM) and corresponding fast Fourier trans-
form (FFT) images of the Mo-free alloy annealed at 540 °C.
Using Digital Micrograph, the distance and angle between
each diffraction spot and the center spot were measured to de-
termine the crystal structure and obtain the crystal plane index
corresponding to the diffraction spot. Thus, we determined
the small grain to be a B-Mn type phase grain with a crystal
band axis of [411]. The metastable §-Mn type phase was also
observed in other Fe-based alloys.[?7-28]

60F —— Fe4ocO4QZr9B10G61
—_— Fe4()CO40ZI‘5MO4B10G61

Grain size (nm)
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Fig. 3. Grain size of the a-Fe(Co) phase as a function of annealing
temperature (7;).

2 1/nm

Fig. 4. HRTEM and FFT images of the Mo-free alloy annealed at
540 °C.

From the before mentioned analysis, it can be inferred
that the three exothermic peaks in the DSC curve of the Mo-
free amorphous alloy correspond to the formation of the a-
Fe(Co) and B-Mn-type phases, the growth of an o-Fe(Co)
volume fraction at the expense of the 3-Mn and residual amor-
phous phases, and the precipitation of ZrCo3B, and FesZr in-
termetallic compounds. The two exothermic peaks in the DSC

curve of the Mo-containing amorphous alloy correspond to
the formation of a-Fe(Co), the growth of the a-Fe(Co) vol-
ume fraction at the expense of the residual amorphous phase
and the precipitation of CoMoB and Co,Zr intermetallic com-
pounds.

Figure 5 shows the XRD patterns of the Mo-free alloy an-
nealed at 600 °C (a) and the Mo-containing alloy annealed at
575 °C (b). Both crystallization phases were a single o-Fe(Co)
phase with approximately similar crystallization volume frac-
tions. Therefore, the Mo-free alloy annealed at 600 °C and the
Mo-containing alloy annealed at 575 °C were selected for fur-
ther experiments. Their microstructure, elemental distribution,
and magnetic properties of the two kinds of alloys with ap-
proximately similar crystallization volume fractions are stud-

ied and compared.
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Fig. 5. XRD patterns of the Mo-free alloy annealed at (a) 600 °C and (b) the
Mo-containing alloy annealed at 575 °C.

Figure 6 shows the TEM images and corresponding
selected-area electron diffraction (SAED) patterns, as well as
the HRTEM images and corresponding FFT patterns of the
Mo-free alloy annealed at 600 °C and the Mo-containing al-
loy annealed at 575 °C. The SAED patterns only display the
a-Fe(Co) phase, and the TEM images illustrate the a-Fe(Co)
nanocrystals distributed in the residual amorphous phase of
the two alloys. Some grain aggregation occurs in the Mo-
free alloy. For the Mo-containing alloy, the grains are uni-
formly distributed, the grain size is small, and the shape is
uniform. The a-Fe(Co) nanocrystal is uniformly embedded
in the remaining amorphous matrix. The grain distribution of
Mo-containing alloys is more uniform than that of Mo-free
alloy. The FFT images indicate that both grains possess the
a-Fe(Co) phase. In both HRTEM images, no other crystalline
phases are observed. Two hundred spots were collected from
the TEM images (Figs. 6(a) and 6(b)); the grain-size distri-
butions are shown in Figs. 6(a3) and 6(b3). The grain-size

distributions were fitted using a log-normal function.*"!
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Fig. 6. TEM images, SAED patterns, HRTEM images, FFT patterns, and grain-size distributions of [panels (a), (al), (a2), (a3)] the Mo-free
alloy annealed at 600 °C, and [panels (b), (bl), (b2), (b3)] the Mo-containing alloy annealed at 575 °C, respectively.

Based on the fitting results, the mean grain size of the
Mo-free alloy is 12.3 nm, and that of the Mo-containing alloy
is 7.1 nm. The width of the grain-size distribution can be de-
termined by the geometric standard deviation (5).[*"! The o
value of the Mo-containing alloy is significantly less than that
of the Mo-free alloy. The uniformity of grain-size distribu-
tion of Mo-containing alloys is higher than that of FeCo-based
alloys reported in the literature. 337!

The partitioning behavior of the alloying elements was
evaluated through EDS line-scan analysis. The EDS line
scans for the Mo-free alloy annealed at 600 °C and the Mo-
containing alloy annealed at 575 °C are shown in Fig. 7. For
the Mo-free alloy, grain aggregation was clearly observed. The
EDS results correspond to the straight line in the TEM im-
ages. The remaining amorphous matrix was rich in Zr. The
nanocrystals contained Fe and Co, with the content of Fe being
higher than that of Co. The Co content of the remaining amor-
phous phase was higher than that of the nanocrystals. This
finding is consistent with the results reported by Ping et al.,[>!
who found that for the Fe44Co44Zr7B4Cu; alloy, Co was pref-
erentially partitioned in the remaining amorphous phase. For
the Mo-containing alloy, the remaining amorphous matrix was
rich in both Zr and Mo. The grains contained Fe and Co, and
the Fe and Co contents of the nanocrystals or remaining amor-
phous matrix were similar. Furthermore, the Fe and Co con-
tents of the remaining amorphous phase were lower than those
of the nanocrystals.

The Fe and Co contents in the grains of the Mo-free
and Mo-containing alloys differed significantly. For the Mo-
free alloy, Co was preferentially partitioned into the remaining
amorphous phase owing to the strong pair interaction between
Co and Zr. However, for the Mo-containing alloy, Co was pref-
erentially partitioned in the nanocrystals owing to the 4-at.%

Mo substitution of Zr.
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Fig. 7. (a), (b) TEM images and (a’), (b") STEM-EDS line scans of the [(a),
(@)] Mo-free alloy annealed at 600 °C and [(b), (b')] Mo-containing alloy
annealed at 575 °C.

Fig. 8. Enthalpy of mixing (in units of kJ/mol) between Zr/Mo and
other elements.
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Figure 8 shows the enthalpy of mixing Zr/Mo with other
elements. [38] Compared to Zr, Mo had a smaller negative en-
thalpy when mixed with other elements.

Zr and Mo underwent slow diffusion in the amorphous
matrix and exhibited low solid solubility in ¢-Fe(Co), inhibit-
ing grain growth during initial crystallization. For the Mo-free
alloy, because of the large negative mixing heat among Zr, Co,
and B, a ZrCo3B; phase was easily formed at high annealing
temperatures, as confirmed by the XRD pattern of the Mo-free
alloy above 650 °C (Fig. 2(a)). Zr distributed in the remaining
amorphous phase can inhibit grain growth. The precipitation
of the ZrCos3B, phase decreased the Zr content of the amor-
phous matrix, resulting in a faster increase in grain size at high
temperatures. For the Mo-containing alloy, a rapid increase in
grain size at high annealing temperatures was observed owing
to the precipitation of compounds containing Zr and Mo.

For Zr-containing HITPERM-type alloys, the addition of
Mo is instrumental in refining grain size, similar to the effect
of Cu in other Fe-based alloys. The difference is that for Cu-
containing Fe-based alloys, the Cu clusters serve as heteroge-
neous nucleation sites for the initial ct-Fe particles. %]

As shown in Fig. 9, the specific M value (163.8 emu/g)
of the Mo-free alloy annealed at 600 °C was slightly higher
than that of the Mo-containing alloy (155.7 emu/g) annealed
at 575 °C. The H. of the Mo-containing alloy (62.8 A/m) was
lower than that of the Mo-free alloy (100.2 A/m). Further-
more, M; of the Mo-free alloy was 1.05 times higher than that
of the Mo-containing alloy, and H, was 1.59-times higher than

—

Mo-free
—— Mo-containing

that of the Mo-containing alloy.

-1000 -500 0 500 1000
H (O¢)

Fig. 9. Hysteresis loops of the Mo-free alloy annealed at 600 °C and the
Mo-containing alloy annealed at 575 °C. The unit 1 Oe=79.5775 A-m~!.

According to the Slater—Pauling curve,?*#°! the high-
est saturation magnetization occurred in the FegsCoss alloy.
Miiller et al.'*!! found that in the FeCoZrBCu system, a max-
imum B of 1.67 T was obtained at about 35-at.% Co. Subse-
quently, as the Co content of the alloy increased above 35 at.%,
the magnetic moment decreased. Furthermore, the M also de-
pends on the crystalline volume fraction through the propor-
tion of the different phases contributing to the total magneti-
zation of the sample,*?! as expressed below:

My = Mam (1 —x) + Mc,(x),

where Many, and Mc, are the saturation magnetization of the
amorphous and crystalline phases, respectively. In this study,
the Mo-free alloy annealed at 600 °C and the Mo-containing
alloy annealed at 575 °C have similar crystallization volume
fractions.

The proportion of Co in the Fe(Co) nanograins was ap-
proximately 44% for the Mo-containing alloy and approxi-
mately 53% for the Mo-free alloy (according to Fig. 7). The
saturation magnetization of the crystalline phase of the Mo-
free alloy was higher than that of the 4-at.% Mo-containing
alloy. The magnetization of Man, is known to be lower than
that of Mc,. Thus, the saturation magnetization of the alloy
was determined by Mc;. Furthermore, the crystallization vol-
ume fraction of the crystalline phase was larger than that of
the amorphous phase. Therefore, the saturation magnetization
of the Mo-free alloy was slightly higher than that of the 4-at.%
Mo-containing alloy. For the nanocrystalline—amorphous two-
phase alloy, based on the random anisotropy model,!*>#4 the
intergranular magnetic coupling between adjacent nanocrys-
tals through the residual amorphous phase suppresses the mag-
netocrystalline anisotropy in the range D < Lex, where Lex is
the exchange—correlation length. Bitoh er al.BY suggested
that the log-normal distribution function can be expressed as
follows: (K) ~ K{(D)%exp(603)/(9®A2), where K is the
magnetocrystalline anisotropy constant, ¢ is the parameter
that reflects the symmetry of (K;) as well as the total spin ro-
tation angle over the exchange-correlated coupling chain, A,
is the exchange stiffness constant, (D) is the mean grain size,
and op is the geometric standard deviation of the distribution.
The mean grain size of the Mo-free alloy is larger than that of
the Mo-containing alloy. The o value for the Mo-containing
alloy is significantly less than that for the Mo-free alloy. Fur-
thermore, the grains of the Mo-containing alloy are distributed
more uniformly. Therefore, the H. of the Mo-containing alloy
is lower than that of the Mo-free alloy.

4. Conclusion and perspectives

(1) Mo addition affects the crystallization of the
Fe40Co49Zr9B9Ge; amorphous alloy. There are three stages
in the crystallization of the Fesq9Co40Zr9B10Ge; (Mo-free)
amorphous alloy, and there are two stages in the crystallization
of the Feq9Co40ZrsMosB10Ge; (Mo-containing) amorphous
alloy.

(i1) Below 650 °C, the grain size of the -Fe(Co) phase
of the Mo-containing alloy is smaller than that of the Mo-free
alloy.

(iii) Both the Mo-free alloy annealed at 600 °C and the
Mo-containing alloy annealed at 575 °C have a single a-
Fe(Co) crystallization phase with approximately similar crys-
tallization volume fractions.
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(iv) Grain aggregation was observed in the Mo-free al-
loy. Small and uniformly distributed grains with uniform
shapes were observed in the Mo-containing alloy. The geo-
metric standard deviation of the Mo-containing alloy was sig-
nificantly lower than that of the Mo-free alloy.

(v) The Fe and Co contents in the nanograins of the Mo-
free and Mo-containing alloys significantly differed. For the
Mo-free alloy, the Fe content in the nanocrystals was higher
than the Co content. The Co content in the remaining amor-
phous phase was higher than that of the nanocrystals. For the
Mo-containing alloy, the Fe and Co contents of the nanocrys-
tals were similar. The Fe and Co contents of the remaining
amorphous phase were lower than those of the nanocrystals.

(vi) The specific saturation magnetization and coercivity
of the Mo-free alloy were 1.05- and 1.59-times higher than
those of the Mo-containing alloy, respectively.

(vii) The conclusions [(iv)—(vi)] are based on the compar-
ison of two alloys with similar crystallization volume fractions
in the experiment; other experimental research and theoretical
investigation are needed to supplement the effect of Mo sub-
stitution in the future.
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