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Effects of Cu and Co additions on the crystallization and magnetic
properties of FeNbB alloy

Wan-Qiu Yu(-F 53 #)", Bo Tian([H1#), Ping-Li Zhang(5K°F-}), Jia-Hui Wang(Ff£E), and Zhong Hua(*E+H)
College of Physics, Jilin Normal University, Siping 136000, China

(Received 7 March 2023; revised manuscript received 23 April 2023; accepted manuscript online 12 May 2023)

The nanocrystalline-forming element Cu and magnetic element Co are commonly used as additive elements to
tune the structure and improve the properties of alloys. In this study, four kinds of amorphous alloys, Fe7,Nb{,B ¢,
Fe75Nbi2B5Cu;, Fe3sCo36Nbj7B g, and FezgCo3sNb12B5Cu;, were prepared by melt-spinning and annealed at vari-
ous temperatures to investigate the effects of Cu and Co additions, individually and in combination, on the crystalliza-
tion and magnetic properties of Fe7pNbi,B ¢ alloy. The four kinds of alloys exhibited different crystallization behaviors
with different primary crystallization phases observed. For the Fe7,Nb,B ¢ alloy, only the o-Mn-type metastable phase
formed after annealing. The addition of 1 at.% Cu and 36 at.% Co led to the observation of the o-Mn-type and -
Mn-type metastable phases, respectively, and a reduction in the crystallization volume fraction in the metastable phase.
The FesCo36Nb12B5Cu; alloy only exhibited o-Fe(Co) phase as a primary phase, and the addition of both Cu and Co
completely inhibited the precipitation of the metastable phase. Cu clusters were found in energy dispersive spectroscopy
elemental maps. Compared with other alloys, Fe3Co36Nb12B5Cu; alloy with both Cu and Co exhibited a lower coercivity

(H.) below 973 K.

Keywords: alloys, nanocrystalline, Cu addition, Co addition

PACS: 81.07.-b

1. Introduction

Fe-based nanocrystalline soft magnetic alloys have at-
tracted considerable attention, as they exhibit better synthetic
soft magnetic properties than that of traditional soft magnetic
materials and display excellent energy-saving and environ-
mental protection characteristics.!'~”) The composition design
and microstructure control of Fe-based nanocrystalline soft
magnetic alloys are important.

Fe-based nanocrystalline soft magnetic alloys can be di-
vided into five main categories: FeCuNbSiB (Finemet),®!
FeMB(Cu) (M = Zr, Nb, Hf; Nanoperm),” FeCoMB(Cu)
(M = Zr, Nb, Hf; Hitperm),HO] FeSiBPCu (Nanomet),[“] and
FeSiBPCCu (HBNAs).[!?] For these five types of alloys, the
alloy elements are typically divided into three categories ac-
cording to their roles in the alloys: magnetic elements (Fe, Co,
and Ni), amorphous-forming elements (such as B, Si, P, and
C), and nanocrystalline-forming elements (such as Cu, Ag,
and Au). The nanocrystalline-forming element Cu and mag-
netic element Co are common and important additive elements
that are used to tune the structure and improve the properties
of alloys.

The influence of Cu addition on the microstruc-
tures and properties of Fe-based alloys has been widely
investigated.!'>~2!) Cu clustering forms prior to the onset of
the primary crystallization reaction and serves as a heteroge-

neous nucleation site for o-Fe for many Fe-based alloys. "]
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For most Fe-based alloys, 1 at.% Cu can completely play the
role of heterogeneous nucleation.

Replacing Fe with Co in Fe-based soft magnetic al-
loys can affect the crystallization processes,!”?! improve the
high temperature soft magnetic properties!'’! and saturation
magnetization, [23] increase the Curie temperature,[24] and im-
prove the plastic deformation ability of the Fe-based alloy.>!
Research on the effects of Co substitution of Fe on the struc-
ture and properties of such alloys is of considerable scientific
interest.

Hitperm series alloys FeCoMB(Cu) (M = Zr, Nb, Hf) can
be seen as the development of partially substituting Co for Fe
in Nanoperm FeMB(Cu) (M = Zr, Nb, Hf) alloys. However,
the addition effect of Cu on the two kinds of alloys is different.
For FeZrB alloys without Co, [26] the substitution of 1 at.% Cu
for Fe in both low- and high-boron-content alloys has signifi-
cant effects on the microstructure and magnetic properties. For
FeCoZrBCu alloy with high Co content,”” 1 at.% Cu addi-
tion is unnecessary (Hitperm composition Fe44Co44Z1r7B4Cu;
alloy). It is thus clear that not all Cu undergoes heterogeneous
In this study, Fe7;Nbj»Big, Fe7aNb2Bs5Cuy,
Fes6Co36Nb12B 6, and FesgCo3gNbj2B5Cu; amorphous and

nucleation.

nanocrystalline alloys are prepared. The effects of Cu and Co
addition, individually and in combination, on the crystalliza-
tion and magnetic properties of the Fe;oNb>B ¢ alloy are in-
vestigated. The research in this paper will further supplement
the research on the effect of 1 at.% Cu addition on the FeNbB
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and FeCoNbB alloys.

2. Experiment

Ingots with the nominal compositions Fe7;;,Nbj2Bg,
Fe72Nb12B 15Cu1 . F636C036Nb12B 16> and Fe36C036Nb12B 15Cll1
were produced by arc melting mixtures of high-purity
Fe (99.98 wt%), Co (99.97 wt%), Nb (99.9 wt%), B
(99.999 wt%), and Cu (99.99 wt%) in a high Ar gas atmo-
sphere. To ensure the homogeneity of the compositions, the
ingots were remelted four times with magnetic stirring. The
as-quenched ribbons with thicknesses of approximately 30 pm
and widths of approximately 1 cm were prepared via a melt-
spinning method with a copper-wheel rate of 38 m/s. These
as-quenched ribbons were annealed at 823 K, 848 K, 873 K,
923 K, 973 K, and 1023 K for 40 min under vacuum.

Differential scanning calorimetry (DSC) traces of amor-
phous alloys were investigated by a simultaneous thermal an-
alyzer (STA, STA 449F5).
loys were characterized via x-ray diffraction (XRD, D/max

The microstructures of the al-

2500/PC) with Cu-K « radiation and transmission electron mi-

croscopy (TEM). The grain size was determined using the
Jade 5.0 software. TEM imaging and energy dispersive spec-
troscopy (EDS) were performed using an FEI Talos F200X.
The grain size distribution was obtained using a nano mea-
surer. Coercivity (H.) was determined using a vibrating sam-
ple magnetometer (VSM, Lake Shore M7407).

3. Results and discussion

XRD patterns of the Fe;pNbiyBig, Fe7nNb12Bi5Cuy,
F636CO36Nb12B16, and F636C036Nb12B15CU1
quenched are shown in Fig. 1(a). No crystalline peaks can

alloys as-

be observed in the XRD patterns of the as-quenched alloys,
implying that they are all in the amorphous state. The corre-
sponding DSC traces are shown in Fig. 1(b). A heat treatment
interval of 25 K was set at a lower temperature to observe the
initial crystallization phase more carefully. Within the range of
873 K-1023 K, heat treatment was carried out every 50 K to
observe and compare the crystalline phases of different alloys

at the same temperature.

(a)
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Fig. 1. (a) XRD patterns and (b) DSC traces of the Fe7Nbj2B ¢, Fe70Nb 2B 5Cuy, FezsCo3sNbi2B g, and Fe3sCo36Nbj2B15Cu; alloys as-quenched.

XRD patterns of the Fe7;NbiyBig, Fe7nNbiaBi5Cuy,
Fe36Co36Nb12B 16, and FezgCo3sNbiyB15Cu; alloys after an-
nealing at various temperatures are shown in Fig. 2. With in-
crease in the annealing temperature, some crystalline phases
precipitate from the amorphous matrix.

The primary crystallization phases of the four kinds of
The fitting spectra of four kinds of
For the
Fe7;;,Nbj2Byg alloy, only the a-Mn-type structure phase pre-

alloys are different.
alloys annealed at 848 K are shown in Fig. 3.

cipitates as the primary phase. For the Fe;pNb,B5Cu; al-
loy, two types of crystalline phases are observed: the «-
Mn-type structure phase and the ¢-Fe crystalline phase. For
the Fe3sCo36Nb12B ¢ amorphous alloy, the crystalline phases
consist of small amounts of the B-Mn-type structure phase

and large proportions of the o-Fe(Co) phase. The o-Mn-

type structure and -Mn-type structure phases are also des-
ignated as y-phase and 7-phase, respectively.!”l The compo-
sitions of a-Mn-type!>?72°1 and B-Mn-type!®3°! structure
phases do not include Mn and are common metastable phases
in the early crystallization stage of Fe-based amorphous al-
loys. They possess structures relate to tetrahedrally close-
packed (TCP) structures, comprising mainly coordination
Frank—Kasper polyhedra (= 12, 14, 15, 16).”] The crystal-
lization volume fraction of the metastable phase is reduced at
the primary crystallization stage when 1 at.% Cu and 36 at.%
Co are added, respectively. For the FeNbB(Cu) alloys without
Co, it is easier to generate the a-Mn-type phases, while for
the FeCoNDbB alloys with high Co content, it is easier to gen-
erate the B-Mn-type phase. For FessCo3zsNb2B5Cu; alloy,
the primary crystallization phase is only ¢-Fe(Co) phase.
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Fig. 2. XRD patterns of (a) Fe7pNb2B¢, (b) Fe7oNb12B5Cuy, (¢) Fe3sCossNb2B6, and (d) FezsCossNbi2B5Cu; alloys after annealing at
various temperatures.
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Fig. 3. Fitting spectra of (a) Fe7oNb2B g, (b) Fe70Nb12B5Cuy, (¢) Fe3sCo36Nb12B g, and (d) Fe3sCo3Nbj2B15sCu; amorphous alloys annealed

at 848 K.
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With higher annealing temperatures, the volume fraction
of the metastable phase decreases and transforms into an a-Fe
solid solution phase for the Fe;pNb2Bg, Fe7oNbj2B1sCuy,
and Fe3sCo36Nbj2B g alloys. With the increase of anneal-
ing temperature, the crystallization volume fraction (Vry) of
crystallization phases gradually increases. When the anneal-
ing temperature is 973 K, no metastable phases can be ob-
served and the grain size [¢-Fe/a-Fe(Co)] of the three kinds
of alloys is 14.4 nm, 7.9 nm, and 9.8 nm, respectively. For
Fe36Co36Nb 2B 5Cu; alloy, only a-Fe(Co) phase can be ob-
served below 973 K. With the increase of annealing temper-
ature, the crystallization volume fraction (Vry) and grain size
(D) of a-Fe(Co) phase gradually increase. The grain size of
the alloy annealed at 823 K, 848 K, 873 K, 923 K, 973 K,
and 1023 K is 6.1 nm, 6.3 nm, 6.9 nm, 7.8 nm, 10.2 nm, and
39.4 nm, respectively. After annealing at 1023 K, a large num-
ber of compounds form for the four kinds of alloys.

Transmission electron microscopy (TEM) is one of
the most important testing methods for observing the mi-
crostructure of materials.31-3?! Figure 4 shows the TEM
images, the corresponding selected area electron diffrac-
tion (SAED) patterns, the high-resolution transmission elec-
tron microscope (HRTEM) images and the corresponding
fast Fourier transforms (FFTs) patterns of Fe7pNb2Bg (a,
a’), Fe72Nb12B15Cu1 (b, b/), Fe36C036Nb12B16 (C, C/), and
Fe36Co36Nb12B15Cu; (d, d’) alloys annealed at 848 K. The
TEM images of the alloys show that the nanocrystals embed-
ded in the residual amorphous matrix distribute uniformly and
display almost no grain agglomeration. For the Fe7;oNb2B¢
alloy, only the a-Mn type phase is confirmed by the diffrac-
tion rings [Fig. 4(a)]. The high-resolution image is shown in
Fig. 4(a’). The corresponding diffraction pattern after FFT
conversion (upper right corner) shows that the grain is an -

Snm

Mn phase grain and that the crystal band axis is [311]. The
SAED analyses confirm that the metastable phases can be ob-
served in the images for the Fe;pNb1,B5Cu; [Fig. 4(b)] and
Fe36Co36Nb12B ¢ alloys [Fig. 4(c)]. The HRTEM image of
Fe7,Nb»B5Cu; alloy and diffraction pattern after FFT con-
version [Fig. 4(b")] indicates that the large grain is an a-Mn-
type phase grain and that the crystal band axis is [311]. The
HRTEM image of Fe3sCo3sNb;2B ¢4 alloy and diffraction pat-
tern after FFT conversion [Fig. 4(c’)] indicates that the large
grain is a B-Mn-type phase grain with an irregular shape and
that the crystal band axis is [331]. For FesCo36Nbj2B15Cu;
alloy, TEM results further reveal that no other phase can
be observed than a-Fe(Co). The high-resolution image and
the corresponding diffraction pattern after FFT conversion
[Fig. 4(d")] indicate that the grain is an a-Fe(Co) phase grain
and that the crystal band axis is [111].

According to Figs. 4(a)-4(d), 200 grains are measured
from every image. The grain size distributions of the four
kinds of alloys annealed at 848 K are provided in Figs. 5(a)—
5(d). The grain size distributions are fitted by a log-normal
function. >3] The mean grain sizes are shown in the upper right
corner. The addition of 1 at.% Cu decreases the grain size and
the addition of 36 at.% Co has little impact. The grain size
of the Fe3sCo36Nb12B15Cu; alloy with both Cu and Co is re-
markably refined.

Figure 6 shows the TEM morphology and the correspond-
ing EDS elemental maps of the Fe;sCo36Nbi;B5Cu; alloy
annealed at 848 K. The EDS elemental maps show that the
distribution of Cu is different from that of the others elements.
The distribution of Cu is inhomogeneous and there are Cu-rich
areas, which can be considered as Cu clusters. According to
the previous study, the Cu clusters may serve as heterogeneous
nucleation sites for ¢-Fe(Co).H?]

Fig. 4. TEM images, SAED patterns, HRTEM images, and FFTs patterns of the four kinds of alloys annealed at 848 K: (a), (a’) Fe7oNb»Bj¢,
(b), (') Fe7oNb 2B 15Cuy, (¢), (¢/) Fe3sCo3sNb 2B 6, and (d), (d') Fe3sCo3sNbi2B5Cu;.
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Fig. 5. Grain size distributions of (a) Fe7pNbj2B¢, (b)Fe72Nbj2B5Cuy, (c) FezCo36Nbj2B 16, and (d) Fe3sCo36Nb12B15Cu; alloys annealed

at 848 K.

Both XRD and TEM show that the primary crystallization
phase of Fe7pNb>B ¢ is an a-Mn-type metastable phase. The
addition of 1 at.% Cu mostly changes the initial crystallization
phase of the alloy. Cu is insoluble in ¢-Fe nanocrystals and
serves as a heterogeneous nucleation site in Nanoperm.**! In
this study, Cu addition decreases the volume fraction of the
a-Mn-type metastable phase during crystallization. However,
the addition of 1 at.% Cu cannot completely inhibit the pre-
cipitation of the metastable phase. When adding 36 at.% Co,
the addition of Co has a significant influence on the crystal-
lization because the mixing enthalpy of Co—Nb (—25 kJ/mol)
is larger than that of Fe—Nb (—16 kJ/mol).!3! Co addition re-
sults in the redistribution of Nb and affects the crystallization
behaviors. Moreover, Cu clusters serve as heterogeneous nu-
cleation sites for the formation of a-Fe(Co) form when the
FescCo36Nb12B5Cu; alloy is annealed at 848 K.

Coercivity (H,) values of the Fe;NbpByg,
Fe72Nb12B15Cu1 s Fe36C036Nb12B16, and Fe36C036Nb12B15Cu1
alloys depend on the annealing temperature (7,, Fig. 7). Be-
cause of the different crystallization behaviors of the four
kinds of alloys, the change in H. values with annealing tem-
perature also varies.

For the Fe7;,Nbi;Bj¢ alloy, H. has little change be-
low 848 K and continuously increases with the increase of
annealing temperature. Both H. of Fe3sCo3sNbi2B1g and
Fe7;»,Nbj2B16Cu; alloys increase initially, decrease, and ulti-
mately increase with increasing annealing temperature. At the
initial stage of crystallization, heat treatment of the amorphous
alloys can reduce the internal stress produced during their

preparation, thus reducing the H, value of the alloy. However,
HC of Fe72Nb12B16, Fe72Nb12B15Cu1, and F€36C036Nb12B16
alloys annealed at 823 K does not decrease. The large H,
values at the beginning of crystallization are owing to the
formation of the metastable phase. Later, the decrease of
H. of Fe7;Nbj»B5Cu; and Fe3sCo36Nb12Bg alloys is due
to the disappearance of the metastable phase. At 973 K,
HC values of the Fe72Nb12B15Cu1, Fe36C036Nb12B16, and
Fes6Co36Nb12B5Cu; alloys are similar. In the whole anneal-
ing temperature range, Fe;oNbjoBg and Fe3sCoszsNbioBig
possess relatively high H.. Both large H, values in the early
stage of crystallization are attributed to the metastable phase.
The content of the -Mn-type metastable phase is significantly
greater than that of the a-Mn-type metastable phase. How-
ever, the H, of Fe3sCo3sNb2B ¢ alloy is greater than that of
Fe7,Nb ;B¢ alloy. It should be that the -Mn-type metastable
phase has a greater magnetocrystalline anisotropy. At 973 K,
the H, of Fe7oNb1,B ¢4 alloy is greater than that of other alloys.
This is attributed to the larger grain size of the o-Fe phase. Be-
low 973 K, the H,. values of the Fe3Co36Nbj2B5Cu; alloy are
lower than those of other alloys. For the Fe3Co36Nb1,B5Cu;
alloy, the low H, value is related to the formation of a dual-
phase [amorphous + o-Fe(Co) nanocrystalline] structure. For
the dual-phase alloys, when the grain size (D) of the nanocrys-
talline is smaller than the ferromagnetic exchange interac-
tion length,*®] magnetocrystalline anisotropy is effectively
evened out and H, obeys a D® power law. The H, is also
related to the uniformity of grain distribution. According to
Figs. 4(d) and 5(d), the distribution of the nanograins is uni-
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form and the mean grain size is fine. Therefore, the H. of
the Fe3cCo36Nb12B15Cu; alloy is lowest at the initial stage of
crystallization. D of the Fe3sCo36Nb12B5Cu; alloy increases
with the increase of annealing temperature. Therefore, the H.
value of the Fe3sCo36Nb12B5Cu; alloy increases gradually
above 848 K. At 1023 K, the precipitation of numerous inter-
metallic compounds leads to the rapid increase in H, for the
four kinds of alloys.

Fig. 6. TEM image and the corresponding EDS elemental maps of the
FescCo36Nb12B5Cu; alloy annealed at 848 K.

240 —e- FegqCo36Nb;,B15Cu,
220r FegqCo36Nb15B 14
200 -=-Fe;3Nb;,B,5Cu;
180 Fe;o,NbyB 4
< 1601
C 140}
y - =
60
401
20 —E
!—I/— I~ 1 !::—.—‘f_: 1 1
305 750 850 950 1050
T, (K)
Fig. 7. Dependence of H. of Fe;NbipBjg, Fe7nNbaBisCuy,

FescCo36Nb12B g, and FeszsCozsNbi2B5Cu; alloys on annealing tem-
perature (7).

4. Conclusion

Four kinds of amorphous and nanocrystalline al-
loys, Fe72Nb12B16, Fe72Nb12B15Cu1, Fe36C036Nb12B16, and
Fe35Co36Nb12B5Cuy, were prepared. The effects of Cu and
Co addition alone and those of Cu and Co addition in com-
bination on the crystallization and magnetic properties of the
Fe;yNb»B ¢ alloy were investigated.

(1) The four kinds of alloys have different crystallization
behaviors. The primary crystallization phases are notably dif-
ferent. Metastable phases are observed for the Fe;oNb2B g,
Fe7oNb»B5Cuy, and Fe3sCo3sNb2B¢ alloys. The primary
crystallization phase of the Fe3sCo3sNbi2B5Cu; alloy with
both Cu and Co additions is the a-Fe(Co) crystalline phase.

(i) At the initial stage of crystallization, for the
Fe7;oNb;B ¢ alloy, the addition of 1 at.% Cu decreases the
grain size of the crystals, and the addition of 36 at.% Co has
little impact. The grain size of the Fe3sCo3sNbi2B5Cu; al-
loy is markedly refined when both Cu and Co are added. The
EDS elemental maps show that Cu clustering occurs. The
SAED analysis and HRTEM image further indicate that the
co-addition of Cu and Co completely inhibits the precipitation
of the metastable primary phase.

(iii) Compared with other alloys, Fes3sCo3sNbi2B5Cu;
alloy exhibits a lower H; below 973 K. The co-addition of Cu
and Co decreases H; on the whole.
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