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magnetic materials
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Mechanically alloyed FexNi77-xCu1Nb2P14B6 soft magnetic
materials have been prepared with different atomic compositions.
The alloy structures are investigated by X-ray absorption fine
structure (XAFS). The results show that mechanical alloying
(MA) can drive the FexNi77-xCu1Nb2P14B6 powder mixture to
produce amorphous alloy while the atomic concentration of Fe
element is about and over 40%. On the contrary, the MA FexNi77-

xCu1Nb2P14B6 is a solid solution with a fcc-like structure in the
region of lower Fe atomic concentration (<22%), preserving a
medium-range order around Ni and Fe atoms. Moreover, we have
found that the local structure geometry of Fe atom is similar to
that of Ni atom for all the MA FexNi77-xCu1Nb2P14B6 samples. It
indicates that the local structures of Fe and Ni atoms in a FexNi77-

xCu1Nb2P14B6 sample only depend on the x value of element Ni
after ball milling.
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  Recently, more and more effort has been devoted to search some
better soft magnetic materials that not only possess high magnetic
permeability and low coercive force but also have high saturation
flux density in high magnetic field (Inoue et al., 1998; Idzikowski
et al., 1998; Fragman et al., 1998). The Fe-based amorphous
alloys are promising materials with good soft magnetic
properties. Yoshizawa et al. (1998) have found that a
homogeneous, nanocrystalline phase of α-Fe(Si) with typical
grain diameter of 10∼15 nm was present in the amorphous Fe-Si-
B-M (M: Cu, Nb, Mo, W, Ta, etc) alloy ribbon after thermal
annealing. The nanocrystalline Fe-Si-B-M alloy exhibits higher
value of saturation magnetization and permeability as compared
with  those of conventional Fe-Cu-Nb-Si-B alloys (Hezer, 1992).
More recently, we have found that FexNi77-xCu1Nb2P14B6

amorphous soft magnetic materials can be produced by
mechanical alloying (MA), and their properties were greatly
influenced by the atomic concentration x of element Fe. In order
to explain the magnetic properties of the MA alloys, it is very
important to determine the local structures around Fe and Ni
atoms (Wu et al., 1999; Chen et al., 1999; Eric et al., 1999).
   In this work, X-ray absorption fine structure (XAFS) was
employed to investigate the effect of Ni content on the local
structures of Fe and Ni atoms in FexNi77-xCu1Nb2P14B6 sample. A

metastable solid solution with fcc-like structure was observed for
the MA FexNi77-xCu1Nb2P14B6 soft magnetic materials in the
region of a lower Fe concentration. In contrast, an amorphous
alloy was produced for MA FexNi77-xCu1Nb2P14B6 soft magnetic
materials in the region of a higher Fe concentration (> 40%). This
result indicates that the property and structure of FexNi77-

xCu1Nb2P14B6 soft magnetic materials are easily controlled by the
atomic concentration of Ni.
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    The precursor materials, Fe, Ni, Cu, Nb, P and B powders with
the composition of FexNi77-xCu1Nb2P14B6 were mixed together,
and then the mixture and tungsten carbide balls were sealed
inside a cylindrical stainless steel vial filled with argon gas. The
weight ratio of the balls to the powder was 40:1. MA was
performed in a planetary ball mill with a rotation speed of about
210 r/min and the milling time of 120 hours. The XAFS spectra
of the Fe and Ni K-edges were measured at the U7C beam-line of
National Synchrotron Radiation Laboratory (NSRL) and the
4W1B beam-line of Beijing Synchrotron Radiation Facility
(BSRF). The monochromator is two flat Si (111) crystals with a
fixed exit. Data were collected in transmission mode at room
temperature. The XAFS data were analyzed by USTCXAFS1.0
software package (Wan, et al., 1999). The results display that the
experiment deviation of the main peak intensity of radial
distribution curve obtained from NSRL and BSRF was within 3%
for a sample.
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Figure 1
Fe and Ni K-edge XAFS spectra of FexNi77-xCu1Nb2P14B6 alloys
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  The XAFS spectra of Fe and Ni K-edge of FexNi77-xCu1

Nb2P14B6 alloys were shown in Figure 1 (a) and (b). It can be
observed that the magnitude of the oscillation peak strongly
decreases with the increase of Fe content. Particularly, the large
difference occurs at the x value between 40 and 22. There are six
oscillation peaks in the range of 400 eV above the Fe and Ni K-
edge for the MA Fe12Ni65Cu1Nb2P14B6 and Fe22Ni55Cu1 Nb2P14B6.
However, only four weak oscillation peaks can be found in the
region of 400 eV beyond Fe and Ni K-edge for
Fe62Ni15Cu1Nb2P14B6 and Fe40Ni37Cu1Nb2P14B6. The result
indicates that the disorder degree around Fe and Ni atoms
significantly increases after the MA while the Fe atomic
concentration is about and over 40%.

Figure 2
Radial distribution curves of Fe (a) and Ni (b) atoms in
FexNi77-xCu1Nb2P14B6 alloys

  The results of Fourier transformation of EXAFS oscillation
function k3χ(k) (kmin=25 nm-1, kmax=160 nm-1) for samples
representing the radial distribution curves F(r) are displayed in
Figure 2 (a) and (b). A different feature is easily found from the
curves of bcc structure Fe foil and fcc structure Ni foil. A
stronger amplitude peak responding to the fourth coordination
shell appears at 0.444 nm for bcc Fe, but two weaker amplitude
peaks of the third and fourth coordination shell emerge at 0.396
and 0.46 nm for fcc Ni, respectively. The shapes of radial
distribution curves of Fe and Ni powders are similar to those of
their foils, except for the intensity being a little lower. However,
the radial distribution curves of Fe atoms in the MA
Fe62Ni15Cu1Nb2P14B6 and Fe40Ni37Cu1Nb2P14B6 show that only

the main amplitude peak can be observed and the higher distance
amplitude peak fully disappears. Furthermore, the first peak
intensity decreases by three times as well as the position of the
first peak contracts by 0.020 nm when Fe atomic concentration is
beyond 40%. The ultrafine Fe-Ni alloy particle for Fe rich phase
is tended to form amorphous metastable phase with element P
and B just as the conclusions of Liu et al. (1999) and
Garciaarribas et al. (1999).

Table 1
Local structure parameters of Fe atoms from XAFS data of
FexNi77-xCu1 Nb2P14B6 sample

Sample Bond Rj R0 σT σs N • E0

(x%) type  (nm)  (nm)  (nm)  (nm) eV

Fe foil Fe-Fe 0.248 8.0

62 Fe-M# 0.272 0.240 0.0075 0.032 10.6 0.9

40 Fe-M 0.265 0.241 0.0075 0.025 10.5 1.6

22 Fe-M 0.250 0.244 0.0076 0.006 11.0 1.5

12 Fe-M 0.249 0.244 0.0074 0.005 11.4 2.0
# M=Fe, Ni; Errors of Rj, R0,σT, σS and N are ±0.002 nm, ±0.002 nm,
±0.0005 nm and ±0.8, respectively.

Table 2
Local structure parameters of Ni atoms from XAFS data of
FexNi77-xCu1Nb2P14B6 sample

Sample Bond Rj R0 σT σs N • E0

(x%)  Type (nm) (nm) (nm)  (nm) eV

62 Ni-M# 0.262 0.239 0.0079 0.023 10.8 3.0

40 Ni-M 0.260 0.240 0.0080 0.020 11.0 4.0

22 Ni-M 0.253 0.245 0.0078 0.008 11.5 1.0

12 Ni-M 0.251 0.246 0.0075 0.005 11.2 0.5

Ni foil Ni-Ni 0.249 12.0
# M and errors are the same as those in Table 1

   In order to obtain the local structure parameters of Fe and Ni
atoms in the MA FexNi77-xCu1Nb2P14B6 alloys, the convolution of
Gaussian function PG and exponential function PE was used to
describe the asymmetric atom distribution function around Fe and
Ni atoms for these disorder system (Wei et al., 2000; Sayers et
al., 1988). The fitting results of the sample (x=40) show that the
average bond length R, closed packing bond length R0

(R=R0+σS), the coordination number N around Fe atom, thermal
disorder factor σT and static disorder factor σS are 0.265±0.002
nm, 0.241±0.002 nm, 10.5±0.8, 0.0075±0.0005 nm and
0.025±0.0005 nm, respectively. The structural parameters
indicate that the average bond length RFe-M (0.265 nm) for the
first coordination shell of Fe atom in the MA
Fe40Ni37Cu1Nb2P14B6, is about 0.017 nm larger than that of Fe
foil (R=0.248 nm) or Ni foil (R=0.249 nm). The σS value is about
3.5 times as large as the σT. The results imply that there is an
amorphous character around the Fe atoms in the MA
Fe40Ni37Cu1Nb2P14B6. In contrast, the local structures of Fe atoms
in the MA Fe22Ni55Cu1Nb2P14B6 and Fe12Ni65Cu1Nb2P14B6 are
evidently different from that of the MA Fe40Ni37Cu1Nb2P14B6. No
bond length R contracts for the MA Fe22Ni55Cu1Nb2P14B6 as
shown in Figure 2 (a). On the other hand, we have noted that the
stronger peak located at about 0.444 nm disappears, while the two

300

600

900

0.40.2

Fe foil

(a)  Fe K edge

x=12

x=22

x=40

x=62

0.50.30.1

F
(r

) 
(A

rb
. 

un
its

)

Distance (nm)

300

600

900

0.40.2

Ni foil

(b)  Ni K edge

x=12

x=22

x=40

x=62

0.50.30.1

F
(r

) 
(A

rb
. 

un
its

)

Distance (nm)



J. Synchrotron Rad. (2001). 8, 889±891 Received 31 July 2000 � Accepted 8 November 2000 891

magnetic materials

weak peaks located at 0.396 nm and 0.46 nm appear in the radial
distribution curve of Fe atom for Fe22Ni55Cu1Nb2P14B6 and
Fe12Ni65Cu1Nb2P14B6 samples. Two different interpretations are
postulated. In the first case, Fe atoms are incorporated into the
fcc-lattice of Ni because of large surface area in
Fe22Ni55Cu1Nb2P14B6 and Fe12Ni65Cu1Nb2P14B6 samples. In the
second interpretation, the bcc-lattice of Fe undergoes a first-order
phase transition from bcc-like coordination to fcc-like dense
packing as the internal pressure surpass a critical pressure. In the
former case, the Fe-Ni alloying is achieved while in the latter
case, they form the separated Fe and Ni clusters. If all Fe atoms
were incorporated into a fcc Ni lattice, the Ni atoms is expected
to have a large distortion which would appear as a sharp drop of
the Ni main FT peak intensity. Since we find that the Ni local
structure is not changed during MA, the interpretation of Fe
atoms incorporating into the fcc-lattice of Ni is unlikely. It reveals
clearly that the MA can drive the local structure of Fe atom in the
MA Fe22Ni55Cu1Nb2P14B6 sample to change from the initial bcc
structure into the final fcc structure. The fitting results of the
sample (x=12) show that R, R0, N, σT and σS are 0.251±0.002
nm, 0.246±0.002 nm, 11.2±0.8, 0.0075±0.0005 nm and 0.0050±
0.0005 nm, respectively. The average bond length R (0.251 nm)
and the coordination number N (11.2) are well identical to those
of fcc structure Ni foil (R=0.249 nm, N=12). The XAFS result of
Fe22Ni55Cu1Nb2P14B6 seems to suggest that the element Fe and Ni
have formed fcc structural Fe-Ni solid solution during the MA
process. From viewpoints of internal pressure or stress, a small
grain size is advantageous for phase change. In the previous
study, We have reported that the MA can drive the bcc structural
Fe and fcc structural Cu in a Fe and Cu powder mixture to form
nanocrystalline solid solution with the fcc structure (Wei et al.,
1997). The radial distribution curves obtained from Ni XAFS
spectra were demonstrated in Figure 2 (b). We found that the
local structure geometry of Ni atoms is the same as that of Fe
atoms in the MA FexNi77-xCu1Nb2P14B6 sample. As long as the
local structure of Fe atoms in the MA Fe40Ni37Cu1Nb2P14B6 is
amorphous, the local structure of Ni atoms in this sample is
amorphous too. If the Ni atoms in the MA Fe22Ni55Cu1Nb2P14B6

keep fcc structure with a medium-range order, the local structure
of Fe atoms is changed from bcc into fcc structure and the solid
solution is formed.
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   The XAFS results of Fe and Ni atoms in the MA FexNi77-x

Cu1Nb2P14B6 samples have clearly showed that after ball milling
the bcc structure α-Fe and fcc structure Ni disappear while the
atomic concentration of Fe element is about and over 40%. It
means that the MA can drive Fe40Ni37Cu1Nb2P14B6 or
Fe62Ni15Cu1Nb2P14B6 mixtures to form amorphous alloys. With
the x value (Fe concentration) decreasing, the local structures
around Fe and Ni atoms possess fcc structural geometry with a
medium-range order for the MA Fe22Ni55Cu1Nb2P14B6 and P14B6

samples. Therefore, we consider that in the lower Fe Fe12Ni65Cu1

Nb2 concentration region (smaller than 22%), elements Fe and Ni
are preferred to produce fcc-like Fe-Ni solid solution during the
MA process. The Fe-Ni solid solution for Ni rich phase is
difficult to further form amorphous alloy with element P and B by
MA. In the higher Fe concentration region (> 40%), the Fe-Ni
alloy for Fe rich phase is tended to form amorphous metastable
phase with element P and B after milling for 120 hours. These
results indicate that the structure of the MA product can be
controlled by the composition of FexNi77-x Cu1Nb2P14B6 mixture.
It opens a new way for preparing FexNi77-xCu1Nb2P14B6 soft
magnetic materials with nice performances by using the MA
method.
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