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a b s t r a c t

Multicomponent Fe70−x(Co, Ni)xZr10B20 (x = 0, 7, 14, 21, 28) alloy powders are prepared by
mechanical alloying (MA). Co retards the amorphisation of alloy powders while Ni enhances
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the amorphisation. The crystallization processes of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy pow-
ders are as amorphous + nanocrystalline → CoFe + remaining amorphous → CoFe + ZrO2 + Fe3B + unknown
phase and amorphous → FeNi + remaining amorphous → FeNi + ZrFe2 + FeB. The coercivity (Hc) of
Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy changes with the annealing temperature (Ta) as
decrease → increase → decrease.
morphisation
canning electron microscopy

. Introduction

Mechanical alloying (MA) is a solid-state powder processing
echnique involving repeated welding, fracturing, and rewelding
f powder particles in a high-energy ball mill [1]. This technique is
n inexpensive method which can be performed to prepare large
uantities of nanomaterials and amorphous materials at room tem-
erature using a simple equipment. However, oxygen is always
onsidered as a contamination source for MA experiments, and
ifferent kinds of measurements are taken to prevent the oxygen
ontamination [2].

Extensive studies have been carried out on the mechanical
lloying of Fe-based alloys in recent years [3–14]. Magnetic prop-
rty [3–5], structural characterization [6–11,3] and crystallization
ehavior [12–14] of Fe-based alloys prepared by MA are investi-
ated. However, the underlying physics of the effects of the content
f element on particle size, as well as the annealing temperature
Ta) on the coercivity (Hc) is still unclear and the detailed inves-
igations are necessary. In this work, Fe70−x(Co, Ni)xZr10B20 (x = 0,
, 14, 21, 28) alloy powders are prepared by MA. The preparation,
rystallization process and magnetic property of alloy powders are
iscussed.
. Experimental

Samples with nominal composition of Fe70−x(Co, Ni)xZr10B20 (x = 0, 7, 14, 21, 28)
lloy powders were prepared by MA. Premixed powders were sealed in a cylindrical

∗ Corresponding author. Tel.: +86 434 3293501; fax: +86 434 3294566.
E-mail address: Huazhong196110@163.com (Z. Hua).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.138
© 2010 Elsevier B.V. All rights reserved.

stainless steel vial together with stainless steel balls and milled under an argon
atmosphere. Milling procedure was carried out at room temperature by mounting
the vial in a GN-2 planetary. The ball-to-powder weight ratio was 40:1. Fe70Zr10B20

alloy powders milled for different times and Fe70−x(Co, Ni)xZr10B20 (x = 7, 14, 21, 28)
alloy powders milled for 50 h were collected. Fe42Co28Zr10B20 and Fe42Ni28Zr10B20

alloy powders milled for 50 h were annealed at 300, 450, 600 and 750 ◦C for 1 h at a
heating-up rate of 10 ◦C/min under Ar atmosphere, respectively.

The structure of samples was monitored by X-ray diffraction (XRD, D/max-
RA, Cu-K�, � = 1.5418 Å). Grain size (D) was calculated by Scherrer formula
D = 0.89�/ˇ cos� (ˇ indicates the width of half-height diffraction peak, � is Bragg
angle, � is X-ray wavelength, D is grain size). The morphology of samples was char-
acterized by scanning electron microscopy (SEM, S-570). The magnetic property was
measured by vibrating sample magnetometer (VSM, Lake Shore M7407). The crys-
tallization temperature was investigated by differential thermal analysis (DTA, PE
TG/DTA-6300).

3. Results and discussion

XRD patterns of Fe70Zr10B20 powders milled for different times
are shown in Fig. 1. After 2 h only the peaks of �-Fe phase are
observed. After 5 h the characteristic peaks of �-Fe broaden and
shift to smaller angles, indicating the refinement of the grain size
as well as an increase in the lattice strain [15]. When milling
Fe70Zr10B20 powders for 50 h, XRD shows a crystal peak superim-
poses on a broad halo peak, indicating a mixture of nanocrystalline
and amorphous.

Fig. 2 shows the XRD patterns of Fe70−x(Co, Ni)xZr10B20 (x = 0, 7,
14, 21, 28) powders milled for 50 h. Fe70−xCoxZr10B20 (x = 7, 14, 21,

28) powders milled for 50 h are still the mixtures of nanocrystalline
and amorphous. However, the peak intensity and angle increase
with increasing Co content. The (2 0 0) and (2 1 1) diffraction peaks
are also observed. These mean that Co retards the amorphisation of
alloy powders. Fe70−xNixZr10B20 (x = 7, 14, 21, 28) powders milled
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Fig. 1. XRD patterns of Fe70Zr10B20 powders milled for different times.

or 50 h form amorphous completely. Ni enhances the amorphisa-
ion of alloy powders.

After 50 h Fe70Zr10B20 powders experience a characteristic
hange in particle size and shape as shown in Fig. 3(a) and (b).
orphologies of Fe70−x(Co, Ni)xZr10B20 (x = 7, 14, 21, 28) pow-

ers milled for 50 h are shown in Fig. 3(c–j). The particle size
f alloy powders is found to be very sensitive to the contents
f Co and Ni. Along with the increase of x, the powder parti-
le size of Fe70−xCoxZr10B20 (x = 7, 14, 21, 28) decreases while it
ncreases for Fe70−xNixZr10B20 (x = 7, 14, 21, 28). The particle size

f Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 powders milled for 50 h
s about 5 and 50 �m, respectively. The variation of powder par-
icle size can be ascribed to the welding between elements. Co is
ess ductile than Fe, and Co substitution for Fe enhances the work
ardening and the fracture of powder particles. Ni is more ductile

ig. 3. Morphologies of Fe70Zr10B20 premixed powders (a) and Fe70−x(Co, Ni)xZr10B20 (x = 0
d) Fe56Co14Zr10B20, (e) Fe49Co21Zr10B20, (f) Fe42Co28Zr10B20, (g) Fe63Ni7Zr10B20, (h) Fe56N
Fig. 2. XRD patterns of Fe70−x(Co, Ni)xZr10B20 (x = 0, 7, 14, 21, 28) powders milled
for 50 h.

than Fe, and Ni substitution for Fe enhances the welding of powder
particles.

XRD patterns of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy
powders after annealing are shown in Figs. 4 and 5, respec-
tively. Fe42Co28Zr10B20 powders milled for 50 h is a mixture of
nanocrystalline and amorphous. The diffraction peak inten-
sity of Fe42Co28Zr10B20 alloy powders annealed at 300 ◦C
decreases, which may be related to the structure relax-
ation of the amorphous phase. After annealing at 450 ◦C, the

diffraction peak intensity increases and CoFe phase forms.
The crystallization process of Fe42Co28Zr10B20 alloy powders
is as amorphous + nanocrystalline → CoFe + remaining amor-
phous → CoFe + ZrO2 + Fe3B + unknown phase. Grain size of

, 7, 14, 21, 28) alloy powders milled for 50 h (b–j). (b) Fe70Zr10B20, (c) Fe63Co7Zr10B20,
i14Zr10B20, (i) Fe49Ni21Zr10B20, (j) Fe42Ni28Zr10B20.
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ig. 4. XRD patterns of Fe42Co28Zr10B20 powders milled for 50 h and annealed at 300,
50, 600 and 750 ◦C. The insert shows the DTA curve of Fe42Co28Zr10B20 powders
illed for 50 h.

e42Co28Zr10B20 alloy powders annealed at 750 ◦C is about
05 nm.

Fe42Ni28Zr10B20 powders milled for 50 h forms amorphous.
fter annealing at 300 and 450 ◦C, the structures of alloy
owders are still amorphous. After annealing at 600 ◦C, the
iffraction peak intensity increases and FeNi phase forms. The
rystallization process of Fe42Ni28Zr10B20 alloy powders is as amor-
hous → FeNi + remaining amorphous → FeNi + ZrFe2 + FeB, which

s different from that found by Liu et al. [10]. This may be due to the
ifferent annealing conditions. Grain size of Fe42Ni28Zr10B20 alloy
owders annealed at 750 ◦C is about 100 nm.

XRD pattern of Fe42Co28Zr10B20 alloy powders annealed at
50 ◦C shows the precipitation of ZrO2 and the precipitation is not
bserved in the Fe42Ni28Zr10B20 alloy powders. It is possible that
he O2 content in as-milled Fe42Co28Zr10B20 alloy powders is higher
han that in as-milled Fe42Ni28Zr10B20 alloy powders.

Fig. 6 shows the coercivity (Hc) of Fe42Co28Zr10B20 and
e42Ni28Zr10B20 alloy powders as a function of annealing temper-
ture (T ). H of Fe Co Zr B alloy powders is larger than that
a c 42 28 10 20
f Fe42Ni28Zr10B20 alloy powders at every annealing stage, which
s related to the O2 content of alloy powders.

Hc of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy powders both
how the change as decrease → increase → decrease. The decrease

ig. 5. XRD patterns of Fe42Ni28Zr10B20 powders milled for 50 h and annealed at 300,
50, 600 and 750 ◦C. The insert shows the DTA curve of Fe42Ni28Zr10B20 powders
illed for 50 h.
Fig. 6. Coercivity (Hc) of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy powders as a
function of annealing temperature (Ta).

of Hc in the initial annealing stage is ascribed to the structure relax-
ation of amorphous phase. Fe42Co28Zr10B20 and Fe42Ni28Zr10B20
alloy powders show the different annealing temperature for struc-
ture relaxation. Hc of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy
powders decreases to the minimum value at 300 and 450 ◦C,
respectively. Nanocrystallines precipitate and a great deal of
interfaces form with increasing annealing temperature. The con-
tinuous increase of interfaces hinders the movement of magnetic
domain walls, causing the rapid increase of Hc [16]. Grain sizes
of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy powders annealed at
750 ◦C are very large, which meets the classical rule that Hc is in
inverse ratio to D [17]. Fe42Co28Zr10B20 and Fe42Ni28Zr10B20 alloy
powders show the decreased Hc when annealed at 750 ◦C.

4. Conclusions

(1) Fe70−xCoxZr10B20 (x = 7, 14, 21, 28) alloy powders milled for
50 h are the mixtures of nanocrystalline and amorphous. XRD
diffraction peak intensity and angle increase with increasing Co
content. The (2 0 0) and (2 1 1) diffraction peaks are observed.
Fe70−xNixZr10B20 (x = 7, 14, 21, 28) alloy powders milled for 50 h
form amorphous phase completely.

(2) Along with the increase of x, the powder particle size of
Fe70−xCoxZr10B20 (x = 7, 14, 21, 28) decreases while it increases
for Fe70−xNixZr10B20 (x = 7, 14, 21, 28). The variation in powder
particle size can be ascribed to the welding between elements.

(3) The crystallization processes of Fe42Co28Zr10B20
and Fe42Ni28Zr10B20 alloy powders are as
amorphous + nanocrystalline → CoFe + remaining
amorphous → CoFe + ZrO2 + Fe3B + unknown phase and amor-
phous → FeNi + remaining amorphous → FeNi + ZrFe2 + FeB.

(4) The coercivity (Hc) of Fe42Co28Zr10B20 and Fe42Ni28Zr10B20
alloy powders as a function of annealing temperature both
show the change as decrease → increase → decrease. The
decrease of Hc in the initial annealing stage is ascribed to the
structure relaxation of amorphous phase. The increase of Hc is
related to magnetic domain wall pinning. Grain size (D) of alloy
powders annealed at 750 ◦C meets the classical rule, and Hc of
alloy powders annealed at 750 ◦C decreases at last.
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