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The local structures of the immiscible Fe100-xCux alloys (x= 0, 10,
20, 40, 60, 80 and 100) produced by mechanical alloying have
been investigated by XAFS. For the Fe100-xCux (x≥40) solid
solutions, the local structures around Fe atoms change from bcc
structure to fcc one and the Cu atoms maintain the original
coordination geometry after milling for 160 hours. On the
contrary, the local structures around Cu atoms in both of Fe80Cu20

and Fe90Cu10 alloys appear a transition from fcc to bcc structure.
We found that the Debye-waller factor σ of fcc Fe-Cu phase is
larger than that of bcc Fe-Cu phase, and the σ (0.099 Å) around
Fe atoms is larger than that (0.089 Å) of Cu in the Fe100-xCux

(x≥40) solid solutions. This suggests that the mechanically
alloyed Fe100-xCux supersaturated solid solution is not a
homogeneous alloy, and consists of Fe-rich and Cu-rich regions
for various compositions. A possible mechanism for bcc-to-fcc
and fcc-to-bcc changes in Fe100-xCux solid solutions is discussed
in relation to the interdiffusion and transition induced by the ball
milling.
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1.  Introduction
Recently, mechanical alloying (MA) has been attracted much
attention in the fields synthesizing amorphous alloy, intermetallic
compounds and solid solutions (Huang et al., 1998; Schultz et al.,
1988; Koch et al., 1983).  In particular, MA can drive binary or
ternary immiscible system with positive heat of mixing to form
supersaturated solid solutions which are never obtained with
normal metallurgic and quenching method, i.e. Fe-Cu, Cu-Ta, Cu-
V, Cu-Ag, Cu-W binary metals (Shigu et al., 1990; Fukunaga et
al., 1991; Gaffet et al., 1991; Sakurai et al., 1990). The
mechanically alloyed Fe100-xCux solid solution is an interesting
system due to its electronic and magnetic properties depending on
the composition. Therefore, the solid solubility and structure of
Fe100-xCux have been widely investigated by Uenishi and Shingu
et al. (1990,1992),  Yavari et al. (1992),  Crespo et al. (1993,
1994), Huang et al. (1996, 1998), Shilling et al.(1996, 1990) and
Wei et al. (1994, 1997) with differential scanning calorimetry
(DSC), x-ray diffraction (XRD), transmission electron
microscopy (TEM), Mossbauer spectroscopy and x-ray
absorption fine structure (XAFS) techniques.  On the basis of the
results mentioned above, it has been concluded that alloying at
atomic level occurs in the Fe100-xCux system during milling
process. It is found that a single-phase fcc solid solution is

obtained for x>40, and bcc solid solution is obtained on the Fe-
rich side for x <20, and two phase region with coexisting fcc and
bcc solution for 20<x<40. However, the mechanism responsible
for significantly enhanced solubility is still a subject of debate.
   In this paper, XAFS has been performed to measure the local
structure evolutions of Fe and Cu atoms in Fe100-xCux with the
atomic concentration of x value in a large composition range. We
aimed at studying the local structure around Fe and Cu atoms: to
clarify the effect of the ball milling and investigate whether
immiscible Fe and Cu atoms form a uniformly supersaturated
solid solution alloy or not.

2. Experiment
Crystalline iron and copper powders with purity higher than
99.9% and with particle sizes less than 20 µm were mixed to the
desired composition Fe100-xCux (x= 0, 10, 20, 40, 60, 80, 100).
The mixture and tungsten carbide balls were sealed inside a
cylindrical stainless steel vial filled with argon gas. The weight
ratio of the ball to powder is 10 to 1. MA was performed in a
planetary ball with a rotation speed of about 210 r/min. The
samples of Fe100-xCux were obtained after Fe100-xCux mixtures
were milled for 160 hours.
   The x-ray absorption spectra of FexCu100-x samples at Fe and Cu
K-edge were measured at the beamline of U7C of National
Synchrotron Radiation Laboratory (NSRL) and the beamline of
4W1B of Beijing Synchrotron Radiation Facility (BSRF). The
storage ring of NSRL was operated at 0.8 GeV with a maximum
current of 160 mA, The storage ring of BSRF was run at 2.2 GeV
with a maximum current of 100 mA. The fixed-exit Si(111) flat
double crystals were used as monochromator. The XAFS spectra
were recorded in transmission mode with ionization chambers
filled with Ar/N2 at room temperature. XAFS Data were analyzed
by USTCXAFS1 soft package compiled by Wan and Wei and
UWXAFS3.0 software package according to the standard
procedures (Wan and Wei, 1999; Stern et al., 1995; Sayers et al.,
1988).

3.  Results and Discussions
The Fourier transform (FT) of the EXAFS oscillation function
k3χ(k) at Fe K-edge is shown in Fig. 1(a) for mechanically
alloyed Fe100-xCux solid solutions. A strong peak around 2.2 Å is
the first nearest neighbor coordination shell. The magnitude
intensity of the third peak (R=4.48 Å), which is sensitive to the
coordination geometry, is not observed in the FT for Fe100-xCux (x
≥ 40). In contrast, it is clear that the FT of the Fe K-EXAFS for
Fe60Cu40 becomes similar to that of Cu K-EXAFS for metal Cu in
Fig. 1(b). The FT of Fe K-EXAFS for Fe60Cu40 shows that the
mechanical alloying changes the local structure of Fe atoms from
a bcc-like structure to a fcc-like one. The FT results of Fe K-
EXAFS for Fe80Cu20 and Fe90Cu10 suggest that after 160 hour
milling, the local structure of Fe atom remains to be a bcc-like
structure, and the FT of Cu K-EXAFS changes from a fcc-like
structure to a bcc-like one. Using the amplitude |F(k,p)| and phase
shift f(k) of standard samples obtained from the bcc α-Fe and fcc
metal Cu, i.e, Fe50Cu50 powder mixture, and FEFF7 (Rehr et
al.,1992), the curve fitting was performed (Sayers et al., 1988).
The results are summarized in Table 1 and Table 2.
   In order to study the local structural evolutions of Fe100-xCux

solid solution during the MA process, a series of Fe100-xCux (x=0,
10, 20, 40, 60, 70, 80, 100) samples with various compositions
were selected for investigation. The EXAFS results in Fig.1 show
that the radial distribution functions (RDF) of Fe100-xCux solid
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Table 1
The structural parameters of Fe100-x Cux solid solutions
fitting for Fe K-edge EXAFS spectra

Sample Bond type R(Å) σ(Å) N ∆(�

Fe powder Fe-Fe 2.48±0.01 0.070±0.005 8.0±0.5 2.97
Fe-Fe 2.85±0.01 0.075±0.005 6.0±0.5 5.0

Fe-Fe 2.48±0.01 0.078±0.005 8.0±0.5 -4.01
Fe90Cu10 Fe-Cu 2.48±0.01 0.080±0.005 0.5±0.2 -1.59

Fe-M 2.85±0.01 0.081±0.005 5.5±0.5 5.0

Fe80Cu20 Fe-Fe 2.48±0.01 0.081±0.005 7.4±0.5 -2.01
Fe-Cu 2.49±0.01 0.081±0.005 1.2±0.2 7.31
Fe-M 2.85±0.01 0.081±0.005 5.3±0.5 5.0

Fe60Cu40 Fe-Fe 2.57±0.01 0.099±0.005 8.7±0.5 0.64
Fe-Cu 2.56±0.01 0.099±0.005 3.5±0.3 -4.99

Fe40Cu60 Fe-Fe 2.58±0.01 0.099±0.005 6.9±0.5 4.99
Fe-Cu 2.58±0.01 0.099±0.005 5.6±0.5 2.63

Fe30Cu70 Fe-Fe 2.58±0.01 0.098±0.005 5.7±0.5 4.96
Fe-Cu 2.58±0.01 0.098±0.005 6.4±0.5 2.94

Fe20Cu80 Fe-Fe 2.58±0.01 0.098±0.005 5.0±0.5 4.95
Fe-Cu 2.58±0.01 0.098±0.005 7.1±0.5 3.45

M = Fe, Cu

solutions still preserve the polycrystalline structure after MA
process, since the magnitude peaks of the higher coordination
shell appear. Our previous results have indicated that the MA can
drive the Fe100-xCux x solid solutions into nanometer grains but it
does not greatly destroy their crystalline structure.(Wei et al.,
1997). For Fe90Cu10 and Fe80Cu20, the EXAFS results in Fig. 1 (a)
and (b) demonstrate that the bcc-structure is maintained for Fe
atoms but the fcc-structure Cu atoms change into a bcc-like one
after milling, and the structural parameters in table 2 further
illustrate that the bond distance (RCu-Cu = 2.50 Å) and coordination
number (N = 8.1) are 0.06 Å shorter and 4 smaller than those of
the Cu powder, respectively. In addition, it can be noted that the
magnitude of the prominent peak in the FT of Cu K-edge EXAFS

increases by about 20% for the Fe90Cu10 and Fe80Cu20, compared
with the intensity of Cu atoms in Fe00-xCux (x ≥ 40) solid
solutions. The results indicate that the Cu atoms are incorporated
into the bcc α-Fe phase for Fe100-xCux samples (x<20) by MA.
That the local structures of Fe atoms of Fe90Cu10 and Fe80Cu20 do
not change into fcc-like is possibly related to the fact that of Cu
ratio (Cu <20%).
   For the Fe00-xCux (x ≥ 40) solid solutions, it was found that the
intensity of the main peak in the FT of Cu K-EXAFS does not
show a noticeable change (smaller than 10%) with the x value
while the main peak intensity for the Fe K-EXAFS abruptly
decreases by half. Moreover, the RDF intensity of Fe atoms is
about 30% lower than that of Cu atoms in Fe100-xCux (x ≥ 40)
solid solutions, despite the RDF intensity of Fe powder is slightly
higher than that of Cu powder. This suggests that the MA can
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Figure.1
Radial distribution functions for the MA Fe100-xCux, Fe K-edge (a), Cu K-edge (b).

Table 2
 The structural parameters of Fe100-x Cux solid solutions fitting for Cu K-
edge EXAFS spectra

Sample Bond type R(Å) σ(Å) N ∆E0

Cu-Cu 2.48±0.01 0.078±0.005 2.0±0.3 -3.1Fe90Cu10

Cu-Fe 2.48±0.01 0.073±0.005 6.2±0.5 -5.0
Cu-M 2.84±0.01 0.078±0.005 5.8±0.5 5.0

Fe80Cu20 Cu-Cu 2.50±0.01 0.082±0.005 3.1±0.3 4.8
Cu-Fe 2.49±0.01 0.081±0.005 5.0±0.5 4.0
Cu-M 2.87±0.01 0.082±0.005 5.5±0.5 5.0

Fe60Cu40 Cu-Cu 2.55±0.01 0.089±0.005 7.1±0.5 2.7
Cu-Fe 2.55±0.01 0.087±0.005 4.6±0.5 0.9

Fe40Cu60 Cu-Cu 2.56±0.01 0.089±0.005 8.4±0.5 -3.9
Cu-Fe 2.54±0.01 0.089±0.005 3.3±0.3 -4.3

Fe30Cu70 Cu-Cu 2.55±0.01 0.089±0.005 9.7±0.5 -1.8
Cu-Fe 2.54±0.01 0.089±0.005 2.3±0.3 -3.8

Fe20Cu80 Cu-Cu 2.55±0.01 0.089±0.005 9.8±0.5 -2.1
Cu-Fe 2.54±0.01 0.088±0.005 1.5±0.3 -4.6

Cu powder Cu-Cu 2.55±0.01 0.089±0.005 12.0±0.5 0.4
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drive the local structure around Cu atoms in samples (x ≥ 40) to
produce a smaller defect but the local structure of Fe atoms is
seriously modified. The local neighbor environment around Fe
atoms is evidently different from that of Cu atoms in a MA Fe100-

xCux solid solution. Hence, It can be concluded that the Fe100-xCux

supersaturated solid solution is an inhomogeneous alloy, and
there are Fe-rich and Cu-rich regions in the MA Fe100-xCux solid
solutions. If the Fe100-xCux solid solutions is a homogeneous
alloy, the σ of Fe atoms should be nearly the same as that of Cu
atoms in the Fe100-xCux solid solutions with middle composition,
i.e., Fe60Cu40 and Fe40Cu60 solid solutions. Furthermore, the σ of
Fe atoms (0.099 Å) is larger than that (0.089 Å) of Cu atoms as
shown in table 1 and 2 for Fe100-xCux solid solutions (x ≥ 40). On
the  other hand, The disorder degree σ in fcc Fe-Cu solid solution
is larger than that in the bcc Fe-Cu one. It implies that the lattice
of fcc Fe-Cu alloying phase is expected to have a large distortion,
compared with that of bcc Fe-Cu one.
    The previous results (Wei et al., 1997) have revealed that a
higher Cu concentration is favorable to make Fe100-xCux solid
solution to fine particles with TEM. Their average sizes are 350
and 150 Å for Fe80Cu20 and Fe60Cu40, respectively. From
viewpoints of interface diffusion, the Cu atoms near the Fe grain
boundary are easier to alloy into fcc phase. From viewpoints of
internal pressure or stress, a smaller grain size is advantageous
for phase change. Doyoma et al. (1991) and Keavney et al.
(1995) reported that 11 layers of fcc-phase Fe could be epitaxially
grown on the Cu (001) and CuxAu1-x single crystal. It was
confirmed that the small size of Fe cluster could stably exist. In
Fe80Cu20 solid solution where Fe particles do not form small size
clusters, both Cu and Fe atoms have bcc-like medium-range
order. In Fe60Cu40 solid solution, the local structure of Fe atoms
gradually transits into a fcc structure from a bcc one as the
particle size becomes very small. Huang et al. (1998) and Wei et
al. (1997) have considered that Cu atoms can induce the smaller
Fe particle to produce a structural transition from a bcc structure
to a fcc one.
    Summarizing above results, for the mechanically alloyed Fe100-

xCux solid solution, it is likely that the resultant products are
mixed by Fe-rich and Cu-rich particles with small grain sizes.
The Fe and Cu alloying region is mainly in the coherent interface
of both Fe and Cu particles. The mechanism of mechanical
alloying is likely to that proposed by Ermakov. (1981) Highly
strained small particles with various defects are formed for Fe100-

xCux supersaturated solid solutions after ball milling. This
conclusion is supported by the results of Mossbauer (Li et al.,
1995) where the Fe-rich and Cu-rich region were reported, and
high-resolution transmission electron microscopy (Huang et al.,
1994) where it can be observed the clear particle boundary and
the particle sizes are about 20~30Å.

5.  Conclusion
With the XAFS technique, we have obtained the quantitative
structural parameters of Fe and Cu nearest neighbor coordination
for Fe100-xCux solid solutions. The local structures around Fe and
Cu atoms depend on the initial composition of x value. For the
higher Cu concentration (x≥40), the local structures of Fe and Cu
atoms keep a fcc-like structure. For the low Cu concentration
(x≤20), the local structure of Fe and Cu atoms maintains a bcc-
like structure. We present that Debye-waller factor σ of fcc Fe-Cu
solid solution is larger than that of bcc Fe-Cu one, and the σ of Fe
atoms (0.099 Å) is larger than that (0.089 Å) of Cu atoms for

Fe100-xCux solid solutions (x ≥ 40). The results indicate that the
mechanically alloyed FexCu100-x is an inhomogeneous
supersaturated solid solution, and there are Fe-rich and Cu-rich
regions in the MA Fe00-xCux solid solutions.
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