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Abstract. The immiscible FexCu100−x alloys have been investigated by x-ray absorption fine
structure (XAFS) and transmission electron microscopy (TEM). The TEM results show that the
smaller size nanocrystalline particles are obtained by milling for 160 h for Fe–Cu alloys with
higher Cu concentration (Fe60Cu40). The XAFS results indicate that the local structure of Fe
atoms in Fe60Cu40 gradually changes from a bcc structure to a fcc one while the Cu atoms
maintain the original coordination geometry. In contrast, the local structures around both Fe and
Cu atoms in Fe80Cu20 alloys which have a larger average grain size indicated a bcc structure
after 160 h milling. This suggests that in a mechanical alloying process the grain size strongly
affects the alloying limit in the immiscible region. Possible mechanisms of bcc-to-fcc change
in Fe60Cu40 are discussed in relation to the interdiffusion and the internal pressure effect as a
result of small grain size.

1. Introduction

Since the work of Benjamin [1], mechanical alloying (MA) has attracted much attention
from viewpoints of applications in magnetooptic thin films and industrial powder metallurgy
[2, 3]. Moreover, it has been found that MA can form amorphous alloys in a wide
composition range starting at binary or ternary crystalline metal powder mixtures using
the solid-state reaction [4, 5], so that one can obtain new amorphous materials with unique
physical properties.

Recently, a new interest has arisen due to the discovery that the MA can make
some immiscible metals to form the metastable phases which is never obtained by normal
metallurgic and quenching method, i.e. Fe–Cu, Cu–Ta, Cu–V, Cu–Ag, Cu–W binary metals
[6–9]. This phenomenon seems to indicate that the solid solubility of these immiscible binary
metals can be greatly extended by MA. The mechanically alloyed FexCu100−x solid solution
is a representative system, its solid solubility and structure have been widely investigated by
Uenishiet al [10], Yavari et al [11], Crespoet al [12, 13] and us [14–16] with differential
scanning calorimetry (DSC), x-ray diffraction (XRD), transmission electron microscopy
(TEM) and Mossbauer spectroscopy techniques. The DSC results have confirmed that there
is a new phase in mechanically alloyed FexCu100−x solid solution, since it showed the
exothermic peak in the 550–700 K region. The XRD patterns show the distinct peaks of
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fcc copper and bcc iron for initial Fe60Cu40 mixture. The bccα-Fe gradually decreases
with the milling time increase. Furthermore, the bccα-Fe peaks fully disappear after
milling for 160 h and only fcc peaks are observed. The bccα-Fe peaks subsequently return
after annealing at 773 K. However, the local structural parameters of Fe and Cu atoms
are not yet clear for the mechanically alloyed FexCu100−x solid solutions: whether or not
the Fe atoms in the bcc lattice are randomly substituted by Cu atoms after a long-time
milling. In more recent studies, we found that the Fe60Cu40 supersaturated solid solution
still keeps the crystalline structure with a medium-range order by extended x-ray absorption
fine structure (EXAFS) and Mossbauer spectroscopy [15, 16]. Three characteristic structures
were observed for the Fe60Cu40(160 h) solid solution, i.e. the bccα-Fe, fcc Fe-rich and fcc
Cu-rich regions.

In this paper, we aim to study 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 for Fe60Cu40(160 h) and
Fe80Cu20(160 h). TEM was used to measure the shape and particle size distribution of
FexCu100−x solid solutions. XAFS has been performed to measure the local structures of
Fe and Cu atoms in Fe60Cu40 and Fe80Cu20 after various degrees of ball milling. Although
x-ray and neutron diffraction techniques cannot distinguish the local structures of Fe and
Cu atoms, XAFS can characterize the local structures of Fe and Cu sites.

2. Experiment

Crystalline iron and copper powders with purity higher than 99.9% and with particle sizes
less than 200 mesh were mixed to the desired composition. 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 10:1. MA was performed in a planetary ball with a rotation
speed of about 210 rpm. The samples were obtained while FexCu100−x mixtures were
milled for 10, 40 and 160 h, they were represented as FexCu100−x(10 h), FexCu100−x(40 h),
FexCu100−x(160 h), respectively. Their XRD patterns are reported elsewhere [15]. The
mechanically alloyed FexCu100−x(160 h) samples were then examined in a Hitachi H-800
transmission electron microscope operated at 200 kV.

The Fe and CuK-edge x-ray absorption spectra were measured at the XAFS station of
4W1B beamline of Beijing Synchrotron Radiation Facility. The electron beam energy was
2.2 GeV and the maximum stored current was 50 mA. Data were collected with a fixed exit
monochromator using flat Si(111) crystals. The energy resolution was about 2 eV by the Cu
foil 3d nearK-edge feature. The x-ray harmonics were minimized by detuning the two flat
Si(111) crystal monochromator to about 70% of the maximum incident light intensity. Data
were collected in a transmission mode using ion chambers with mixed Ar/N2 fill gas at
room temperature. In order to estimate the experimental deviations, the Fe and CuK-edge
absorption spectra of Fe60Cu40(160 h), Fe powder and Cu powder were measured three
times, respectively. The results show that the deviation is smaller than 1% for the XAFS
oscillation signal.

3. Results

The TEM images of Fe80Cu20(160 h) and Fe60Cu40(160 h) are shown in figure 1. It can
be observed that the particles are sphere-shaped and nearly uniform in size. Their average
sizes are 350 and 150̊A for Fe80Cu20(160 h) and Fe60Cu40(160 h), respectively. The result
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Figure 1. TEM images of (a) Fe80Cu20(160 h), (b) Fe60Cu40(160 h).

Figure 2. χ(k)k3 versus k for Fe K-edge of
mechanically alloyed FexCu100−x .

Figure 3. χ(k)k3 versus k for Cu K-edge of
mechanically alloyed FexCu100−x .

indicates that the Fe–Cu mixtures with a higher Cu concentration can make fine particles
after a ball milling process. Smaller particles are expected to have large surface area which
enhances the Fe–Cu interdiffusion.

Figures 2 and 3 demonstrate the EXAFS functionχ(k)k3 of mechanically alloyed
FexCu100−x solid solutions. A sharp peak B atk = 5.22 Å−1 in the χ(k)k3 of bcc α-
Fe powder is characteristic of a bcc structure. This feature gradually decreases for Fe60Cu40

solid solutions with the milling time, and fully disappears when the milling time reaches
160 h. This feature is observed in the Cu EXAFS functionχ(k)k3 of Fe80Cu20(160 h). The
results indicate that the local structure of Fe atoms in Fe60Cu40 gradually transforms from
a bcc-like coordination to a fcc-like one as the MA process proceeds. Second, for starting
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Figure 4. The FT of Fe for mechanically alloyed
FexCu100−x .

Figure 5. The FT of Cu for mechanically alloyed
FexCu100−x .

Fe–Cu mixtures with high Fe concentration, the same milling process (160 h) gives rise to
the bcc-like local structure for both Fe and Cu atoms, which is consistent with these results
observed with XRD [15, 17].

The Fourier transform (FT) of the FeK-EXAFS oscillationsχ(k)k3 for mechanically
alloyed Fe–Cu solid solutions are shown in figure 4. A strong peak around 2.2Å
indicates the first nearest-neighbour atoms. 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 Fe60Cu40(160 h). It is clear that the FT of the FeK-EXAFS for Fe60Cu40(160 h)
become similar to that of CuK-EXAFS for metal Cu in figure 5. The FT of FeK-EXAFS
for Fe60Cu40(160 h) shows that MA changes the local structure of Fe atoms from a bcc-
like structure to a fcc-like one. The magnitude of the first peak decreases on the milling
proceeds, for example the magnitude drops about one third after milling for 160 h. The FT
result of Fe K-EXAFS for Fe80Cu20(160 h) suggests that the local structure of Fe atoms
remains to be a bcc-like structure after 160 h milling. The magnitude intensity of the first
peak is the same as that of its initial Fe–Cu powder mixture, indicating that MA does
not increase the disorder parameter. Using the amplitude|F(k, π)| and phase shiftφ(k)
of standard samples obtained from the bccα-Fe and fcc metal Cu, i.e. Fe60Cu40 powder
mixture, the curve fitting was performed [18]. The results are summarized in tables 1 and 2.

4. Discussion

The MA mechanism is a complicated process and difficult to be described with a simple
model. It has been observed that the resultant products usually consist of nanocrystalline
and amorphous phases after MA [2]. For the solid state amorphization of binary or
ternary systems with a large negative heat of mixing, it is also difficult to interpret the
alloying mechanism in the MA process. However, the mechanism can be attributed to two
microscopic origins. One is that the mixed powders are characterized by highly strained
small particles with various defects [19]. The other is that one element was fast diffused into
the host matrix due to the strong negative heat of mixing [20]. Eckertet al [21] reported



Metastable structures of immiscible FexCu100−x system 11081

Table 1. The structural parameters of FexCu100−x solid solutions fitting for FeK-edge EXAFS
spectra.

First shell Second shell

Sample Bond type R (Å) σ (Å) N 1E0 Bond type R (Å) σ (Å) N 1E0

Fe–Cu powder Fe–Fe 2.48 8.0 Fe–Fe 2.86 6.0
Fe60Cu40(10 h) Fe–Ma 2.48 0.084 7.8−1.0 Fe–M 2.84 0.085 3.4 4.5
Fe60Cu40(40 h) Fe–M 2.50 0.094 9.1 1.5 Fe–M 2.83 0.095 2.0 2.6
Fe60Cu40(160 h) Fe–M 2.56 0.092 11.5 1.0
Fe80Cu20(160 h) Fe–M 2.49 0.079 8.0 2.0 Fe–M 2.85 0.082 5.5 3.8

a (M = Fe,Cu).

Table 2. The structural parameters of FexCu100−x solid solutions fitting for CuK-edge EXAFS
spectra.

First shell Second shell

Sample Bond type R (Å) σ (Å) N 1E0 Bond type R (Å) σ (Å) N 1E0

Fe–Cu powder Cu–Cu 2.56 12.0
Fe60Cu40(10 h) Cu–M 2.55 0.089 11.6 2.2
Fe60Cu40(40 h) Cu–M 2.55 0.090 11.9 2.2
Fe60Cu40(160 h) Cu–M 2.56 0.089 11.8 4.0
Fe80Cu20(160 h) Cu–M 2.50 0.079 8.1 2.0 Cu–M 2.84 0.083 5.5 3.8

that the small negative heat of mixing in the Co–Cr, Co–Mn, Ni–Cr, Ni–Mn systems is not
sufficient for the formation of an amorphous phase via interdiffusion, but the solid solution
can be formed after MA milling.

Although the immiscible systems with positive heat of mixing have not been considered
as promising means of alloy formation from thermodynamical viewpoints [22], Sakurai
et al [9] found that MA can form the normally immiscible Cu30Ta70 amorphous alloys with
positive heat of mixing. Their EXAFS results showed, however, that there are amorphous
features in the FT for Cu30Ta70 sample with 50 h milling, because the magnitude intensity
of the main peak is about 10 times lower than that of their crystalline metal Cu and Ta.

In the early-stage studies of immiscible FexCu100−x systems [14], we reported that the
structures of mechanically alloyed FexCu100−x solid solutions depend on the mixed powder
composition. The FexCu100−x alloys is a single fcc structure forx < 60, a mixed fcc and
bcc structure for 60< x < 80, and a single bcc structure forx > 80. Although many
research works have studied on the MA FexCu100−x solid solutions [10–16, 23, 24], it is not
clear whether the supersaturated Fe60Cu40 solid solution is a homogeneous alloy or not.

In order to study the local structural change of FexCu100−x solid solution during the MA
process, two special compositions Fe60Cu40 and Fe80Cu20 were selected for investigation.
The EXAFS results show that the radial distribution functions of FexCu100−x solid solutions
are different from those of the mechanically alloyed Ni–Mo and Cu–Ta systems which have
amorphous features [5, 9]. The FexCu100−x solid solutions still preserve the polycrystalline
structure after 160 h of milling. Therefore, the MA can drive the FexCu100−x solid solutions
into nanometre grains but it does not greatly destroy their crystalline structure. Furthermore,
we find that the higher Cu atomic concentration in the original Fe–Cu mixture results
in a smaller grain size after milling. When the Cu atomic concentration is decreased
from 40 to 20%, the average grain sizes are significantly increased from 150 to 350Å.
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For Fe80Cu20(160 h), the EXAFS results in figures 4 and 5 demonstrate that the bcc-
structure is maintained for Fe atoms but the fcc-structure Cu atoms changes into a bcc-like
one after milling. The structural parameters in table 1 illustrate that the bond distance
(RCu−M = 2.50 Å) and coordination number (N = 8.1) are 0.06Å shorter and 4 smaller than
those of the metal Cu, respectively. The results indicate that the Cu atoms are incorporated
into the bccα-Fe phase for Fe80Cu20(160 h) by MA. The reason why the Fe local structure
of Fe80Cu20(160 h) does not change into a fcc one is possibly related to the fact that the
lower Cu ratio (20% Cu) results in a larger particle size, but the higher Cu ratio (40% Cu)
can form a smaller particle size.

For Fe60Cu40, it was found that the magnitude of the main peak in the FT of
CuK-EXAFS does not show a noticeable change with the milling time while the main
peak intensity for the FeK-EXAFS decreases by13. This suggests that the local structure
around Cu atoms in Fe60Cu40(160 h) does not change by MA but the local structure of
Fe atoms is seriously modified. Two different interpretations are postulated. In the first
case, Fe atoms are incorporated into the fcc-lattice of Cu because of large surface area
in Fe60Cu40(160 h) as shown in figure 1. In the second interpretation, the bcc-lattice of
Fe undergoes a first-order phase transition from a bcc-like coordination to a fcc-like dense
packing as the internal pressure surpasses a critical pressure. In the former case, the Fe–Cu
alloying is achieved while in the latter case, they form the separated Fe and Cu clusters. If
all Fe atoms were incorporated into a fcc Cu lattice, the Cu lattice is expected to have a large
distortion which would appear as a sharp drop of the Cu main FT peak intensity. Since we
find that the Cu local structure is not changed during the MA, the former case is unlikely.

From viewpoints of interface diffusion, the Cu atoms near the Fe grain boundary are
easier in alloying into a fcc phase. From viewpoints of internal pressure or stress, a smaller
grain size is advantageous for phase change. Doyamaet al [25] and Keavneyet al [26]
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 Fe cluster can stably exist. In
Fe80Cu20(160 h) where Fe particles do not form small size clusters, both Cu and Fe atoms
have bcc-like medium-range order. In Fe60Cu40(160 h), the local structure of Fe atoms
gradually transits to a fcc structure from a bcc one as the particle size become very small.

Summarizing the results, for the mechanically alloyed FexCu100−x solid solution, it is
likely that the resultant products are mixed by small-size Fe and Cu clusters. The internal
core of Fe and Cu clusters may be pure elements and the alloying region is only in the
coherent interface of both Fe and Cu clusters. This conclusion is supported by the results
of Mossbauer spectroscopy [16] where the Fe-rich and Cu-rich were reported, and high-
resolution TEM [27] where it can be observed the clear particle boundary and the particle
sizes are about 20–30̊A.

5. Conclusion

With the XAFS and TEM techniques, we have obtained the quantitative structural parameters
of Fe and Cu nearest-neighbour coordination for Fe60Cu40 and Fe80Cu20 solid solutions. The
EXAFS results revealed that the mechanically alloyed FexCu100−x is an inhomogeneous solid
solution depending on the initial composition. For the higher Cu concentrations in Fe–Cu
mixtures, the MA resulted in small clusters. We found that the local structure of Fe atoms
in Fe60Cu40 gradually changes from a bcc structure to a fcc-like one as the MA process
proceeds, while the Cu atoms still maintain the original coordination geometry. It is likely
that the resultant particles in Fe60Cu40(160 h) consist of mixed small-size Fe and Cu clusters
in which Cu atoms can be dissolved only at the coherent boundary.
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