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FORMATION  OF  SUPERSATURATED  Fe-Li  SOLID
SOLUTION  BY  MECHANICAL  ALLOYING
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Abstract. The mechanical alloying of Li with three kinds of Fe powders was performed under
various milling conditions. Only in the case of using one kind of Fe powder among three, the
formation of Fe-Li supersaturated solid solution was confirmed by X-ray diffraction after 10 h mill-
ing. The detailed investigation by Moessbauer spectroscopy and saturation magnetization mea-
surement supports the result. XPS (X-ray photo-electron spectroscopy) measurements were also
performed to investigate the surface chemistry of samples. The existence of oxide plays an impor-
tant role in effective promoting of mechanical alloying in this system.

1. INTRODUCTION

The formation of supersaturated solid solution pro-
duced by mechanical alloying (MA) has been re-
ported for various systems [1,2] such as Fe-Cu,
Fe-Ag, Ag-Cu and Co-Cu. Among them, the iron
systems are of importance due to their prospects
for application as well as scientific interests. Since
the bcc iron is ferromagnetic, the process of atomic
mixing during milling can be monitored by the
measurement of magnetic properties such as satu-
ration magnetization and Moessbauer spectros-
copy [3].

It is known that lithium (Li) is the only element
that reacts with nitrogen gas at ambient tempera-
ture and under ambient pressure. In order to en-
hance the properties, MA of Li with some elements
has been performed by our group [4,5]. In this work,
MA of Fe-Li alloy was performed to investigate the
possibility of forming a supersaturated solid solu-
tion, where the Fe-Li system is completely immis-
cible in both solid and liquid states.

2. EXPERIMENTAL PROCEDURE

MA of fragmented Li (98% purity) with three kinds
of iron powders, shown in Table 1, was performed

using a high energy vibrating ball mill with water
jacket (Nisshin Giken, Super Misuni NEV-MA8)
under argon atmosphere. No process control agent
was used. The vessel and balls were made of stain-
less steel. The lattice parameter was measured
using Fe (211) plane by X-ray difractometry (Rigaku
RINT2000) with internal Si standard under argon
atmosphere. Chemical analyses of sample were
performed by ICP (Inductive Coupled Plasma)
emission spectrometer. The surface chemistry of
the sample was analyzed using XPS (X-ray photo-
electron spectroscopy), where MgKα (1253.6eV)
was used as X-ray anode under ultra high vacuum.
The 57Fe absorption Moessbauer spectroscopy and
VSM (vibrating sample magnetometery) were per-
formed to study the magnetic properties of iron at-
oms in samples.

3. RESULTS AND DISCUSSIONS

3.1.  MA of Li with three kinds of Fe
powders

The MA of Li with three kinds of iron powders was
performed in the conditions shown in Table 2. The
atomic ratio of Li in the initial sample was kept at
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Label   Average diameter Oxygen contents (wt.%) Nitrogen contents (wt.%)

Fe(a) 4 µm 0.38  
 
1.47

Fe(b)             53 µm 1.46 0.0061
Fe(c)           

 
150 µm 0.04 0.0015

Table 1. Characteristics of three kinds of iron powders.

No.  
 
Fe    Ball to   

 
Sample Recovered sample    Li content in powder

         powders  powder ratio weights (g)      weight ratio sample after 10 h milling
 after 10 h milling

 1         Fe(a)   
 
10 to 1     10             40%       -

 2         Fe(a)    10 to 1      5             50%       -
 3         Fe(a)    20 to 1      5             70%  14 at.%
 4         Fe(b)    10 to 1     10            100% 15.3 at.%
 5         Fe(c)    10 to 1     10            

 
none       -

 6         Fe(c)    10 to 1      5             20%       -
 7         Fe(c)    10 to 1     2.5             20%       -
 8         Fe(c)    20 to 1      5             20%       -
 9         Fe(c)    40 to 1     2.5             50% 10.5 at.%
10        Fe(c)    60 to 1     2.5             70%       -

Table 2. Milling conditions and the results of milling.

Partial FWHM(mm/s)         Area(%) IS (mm/s) QS (mm/s)        IF(T)

    1         0.37            60.0      0.00       0.013 2.85
    2         0.58            35.6      0.01       0.023 0.83
    3         0.86             4.4      0.10       1.42

Table 3. Moessbauer parameters of decomposed spectra. IS, QS and IF means isomer shift, quadrupole
splitting and internal field, respectively.

Fig. 1. SEM images of powder samples after 10 h of milling for Fe(a)-Li (No.3), Fe(b)-Li (No.4) and Fe(c)-
Li (No.9).

15.3 at.%. In the case of Fe (a) (No.1), 40 wt.% of
input materials was recovered as a powder form
after 10h milling and the remaining 60% adhered

to the vessel and ball surface. In the case of Fe (b)
(No.4), 100% of sample was recovered as a pow-
der form after 10 h milling. For Fe(c) (No.5), no
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Fig. 2. X-ray diffraction profiles up to 50 h of mill-
ing for Fe(b)-Li.

Fig. 3. Changes of lattice parameter of Fe(b)-Li
and Fe(b) as a function of milling time.

Fig. 4. 57Fe absorption Moessbauer spectra for
Fe(b)-Li after 50 h of milling.

powder sample was recovered and the vessel and
balls were coated with the sample showing a me-
tallic surface. In order to improve the recovery yield,
the sample amounts were reduced and the ball-to-
powder ratio was increased. The results are shown
in Table 2.

The chemical analyses of powder samples af-
ter 10h milling for No.3, 4, and 9 were performed.
The lithium contents in the powder samples are
also shown in Table 2. Since lithium adheres to the
vessel and balls much more than iron, the Li con-
tents in powder sample for No.3 and 9 are de-
creased. The 2 wt.% of Cr and 1 wt.% of Ni were
detected as contamination from stainless steel
vessel and balls for sample No.9. For samples No.3
and 4, the contamination from container was rela-
tively small. The SEM images of these samples
are shown in Fig. 1. In the case of No.3, the pow-
der is agglomerated. For No. 9, the size of pow-
ders is not homogeneous compared to the other
two samples. The adhered samples are detached
from the surfaces during milling to form larger par-
ticles.

3.2.  Analyses of milling process for
Fe(b)-Li (No.4)

The MA processes for the sample No.4 have been
investigated in details. The X-ray diffraction pro-
files up to 50 h milling are shown in Fig. 2. It is
noted that a small amount of iron oxide is seen in
the case of initial sample and LiFeO

2
 and LiOH are

seen for 1, 5, and 10 h milling. Since the LiOH is
the product of the reaction of Li

2
O with water in air

during the handling, it indicates the existence of
Li

2
O.
Fig. 3 shows the change of lattice parameter of

the sample, compared with that of pure iron, (Fe
(b)) as a function of milling time. MA samples of
pure iron were produced in the same conditions as
those for sample No.4. The lattice parameters for
the Fe(b) and Fe(b)-Li powder increase with mill-
ing time (> 10 h) and the values for Fe(b)-Li are
longer than those for the pure iron. The increase
of lattice parameters for mechanically milled pure
iron is attributed to severe deformation [6,7]. Thus,
the Fe-Li sample forms a solid solution, although
these elements are thermodynamically immiscible
in the solid and even in the liquid state. The lattice
parameter of supersaturated solid solution was
expressed by thermodynamical parameters [8].
Using this expression, the Li content in supersatu-
rated solid solution for the 50-h-milled sample can
be estimated as 1.1 at.% Li. The lattice parameters
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Fig. 5. Saturation magnetization for milled Fe(b)-
Li and Fe(b).

Fig. 6. O (1s) XPS spectra for Fe(b)-Li.

for the other two samples (No.3 and 9) do not show
such increase.

57Fe absorption Moessbauer spectra for 50-h-
milled sample are shown in Fig. 4. The spectrum
can be decomposed into three components. The
existence of Fe atoms that have a smaller hyper-
fine magnetic field compared with pure Fe can be
clearly seen, indicating formation of supersaturated
solid solution. The specific parameters of these
components are shown in Table 3. The result indi-
cates that about 40% of iron atoms exist in the
smaller hyperfine magnetic field.

These results show the formation of the super-
saturated solid solution in the Fe-Li system. Fur-
thermore, it is noted that milling using Fe (b) is the
most effective among the three powders. In order
to investigate the process during milling, the mag-
netizations of these samples were measured by
using VSM. The magnetization at H=10kOe, which
is appropriately assumed to be the saturation mag-
netization of iron in each sample, is plotted with
milling time and shown in Fig. 5. In the case of
Fe(b) sample, the magnetic moment decreases
slightly during milling, which is attributed to the lat-
tice expansion by the severe deformation as seen
in the lattice parameter increase. The decrease of
magnetic moment at early stage of MA is attribut-
able to the formation of FeO or LiFeO (both are

paramagnetic) as a result of the reduction by lithium
of the ferrimagnetic Fe

3
O

4
 layer that covers the

surface of the pure iron core. Further milling should
thus promote the reductive reaction of Fe(b) pow-
der to newly produced pure iron near the powder
surface, resulting in the increase of the saturation
magnetization after 7 h milling. It should then be
followed by the gradual formation of the supersatu-
rated solid solution, reducing the sample magneti-
zation. The events explained above are consistent
with the X-ray results. The reaction of iron oxide
and lithium was also confirmed by XPS measure-
ments as shown in Fig. 6. In the case of 10 min
milling sample, the peak of iron oxide [9,10] around
530 eV, which disappeared after 5h milling, was
clearly observed. The peaks around 533 eV corre-
spond to LiOH [11], which can be produced by ex-
posing Li

2
O in the ambient atmosphere, which in-

dicates also that the iron oxide reacted with lithium
during MA.

The results above can explain the reason why
use of the Fe(b) powder, which has higher con-
centration of oxygen than others (Table 1), leads
to the effective MA. The hard iron oxide on the sur-
face of iron powder promotes the pulverization of
both iron and lithium powders at early stage of mill-
ing. Then, iron oxide reacts with lithium when they
contact with each other. After that, the hard lithium
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oxide promotes the mixing of the sample. Conse-
quently, the supersaturated solid solution was pro-
duced. The oxide film thus plays an important role
for the microstructural modification during MA pro-
cess.

4. CONCLUSIONS

The MA of Li with three kinds of Fe powders was
investigated. It has been concluded that the Fe-Li
supersaturated solid solution can be produced by
MA process and that the existence of oxide as im-
purity plays an important role for promoting MA in
this system.
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