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Mechanical alloying and phase transformation in Fe-Si alloy
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Abstract: The Fe-Si mechanical alloying and its transformation
are investigated to evaluate whether mechanical alloying is a
useful process for producing Fe-Si alloy. The mechanical
alloying process of Fe-Si powders is studied by SEM( scanning
electron microscopy), EDS(energy dispersive spectrometer) and
XRD(X-ray diffraction). The results show that the ball milling
process first makes tough Fe powder a lump structure and brittle
Si powder a small particle, and then as the mill power increases,
the tough powder of iron with a lamellar structure forms and the
Si particles lies on or between the Fe lamellas. Finally, the Fe
and Si powders are mechanically alloyed through atom diffusion.
So the Fe and Si powders can be alloyed by 15 h ball milling at a
speed of 400 r/min and with a ball-to-powder ratio of 40 : 1.
After heating at 1 243 K for 1 h, the milled powders transform to
o-FeSi,, and after heating at 1 243 K for 1 h, then cooling to
1073 K for 1 h, the milled powders transform to (-FeSi,.
Therefore, the monophase a-FeSi, or B-FeSi, can be obtained by
heat treatment of mechanically alloyed Fe-Si powders.
Key words: Fe-Si alloy; mechanical alloying;
transformation; «-FeSi,; B-FeSi,
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wing to the combination of a low magnetostriction and

a high saturation magnetization, Fe-Si alloys have
been attracting much attention''™ . The crystalline alloys of
the Fe-Si system are suitable for the construction of trans-
formers. Especially, the magnetic properties of B-FeSi,
have semi-conducting transport properties. B-FeSi, has re-
ceived considerable attention as a very attractive material for
light detectors, photovoltaic applications, and thermoelectric
applications” "', Unfortunately, due to its slow solidifica-
tion rate, it usually takes a long time to obtain a simplex (3-
FeSi, with a coarse eutectic structure in the conventional
casting process. The amorphous alloys of the Fe-Si system
allow the control of magnetic anisotropy. Therefore, the
high effective quenching rate of the melt spinning process is
necessary for amorphizating the Fe-Si alloy'”. In this
sense, mechanical alloying seems to be a promising method
for producing an Fe-Si amorphous phase.

A considerable number of studies on various alloy systems
by mechanical alloying have been carried out. It has been
reported that metastable phases, amorphous phases, nano-
crystalline phases and supersaturated solid solutions can be
formed by milling elemental powders. To study whether
mechanical alloying is a useful process for producing an Fe-
Si alloy, the Fe-Si mechanical alloying and its transforma-
tion are investigated.
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1 Experimental

Elemental powders of Fe and Si, used as the starting ma-
terials, were mixed together to form a nominal composition
of Fe,Si,; The powders were loaded and sealed in a cylin-
drical stainless-steel container under an Ar atmosphere, and
eight drops of methanol were used to prevent excessive
welding in the chamber. The mechanical alloying was per-
formed on a QM-BP planetary ball mill. The ball-to-powder
ratio(BPR) was 40 : 1 or 80 : 1, and the speed of the ball
mill was 300, 400 or 450 r/min. The milled powders were
pressed on a CMT5350 press and heated in a VAF-5 annea-
ling furnace. The scanning electron microanalyzing was ob-
tained by SIRION 200 scanning electron microscopy
(SEM). The qualitative analyzing for the milled powder
was done by an EDAX energy dispersion spectrometer
(EDS). The X-ray diffraction patterns were obtained using
CuK « radiation with a graphite monochromator by an XD-
3 A X-ray diffractometer( XRD) .

2 Results

In order to analyze the mechanical alloying process of the
Fe-Si powders, SEM and EDS are used. The analysis re-
sults for Fe-Si powders are shown in Figs. 1 to 4. Fig. 1
shows that the SEM/EDS results for the powder sample
milled for 5 h at a speed of 300 r/min (BPR 40 :1). From
the SEM metallograph and the EDS results, it can be seen
that the powders are lumps and particles. The lumps are
composed of Fe and the particles are composed of Si, so in
this case, the powders are not alloyed. Fig.2 shows analysis
results for the powder sample milled for 5 h at a speed of
400 r/min(BPR 40 :1). From the SEM metallograph, it
can be seen that as the milling speed increases, the powders
become smaller. The EDS results show that the powder is
composed of Fe and Si, so the powder might be partly al-
loyed. The powder is magnified highly to observe the de-
tails as shown in Fig. 3, where the small particles lie on the
layered particles. As the milling time increases from 5 to 10
h, the powders become smaller and the layered particles be-
come smaller and thinner( see Fig. 4).

In order to study the mechanical alloying of the Fe-Si
powders further, the X-ray diffractometer is used. Fig.5
shows the X-ray diffraction pattern of the Fe-Si powders. It
can be seen from Fig. 5(a) that when the powders are milled
for 5 h at the speed of 300 r/min(BPR 40 : 1), the peaks of
the elements Fe and Si can be observed, so in this condition
the powders are not alloyed. As the milling speed reaches
400 r/min, the intensity of the elements Fe and Si peaks de-
creases and the peaks of «-FeSi,, B-FeSi, and g-FeSi are
observed( see Fig.5(b)). When the speed of the mill in-
creases from 300 to 400 r/min, the Fe-Si powders are al-
loyed partly. From Fig. 5(c), it can be seen that as the mill-
ing time increases to 15 h, the peaks of the elements Fe and
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Fig.1 SEM/EDS for the powder milled for 5 h at a speed of 300 r/min (BPR 40 : 1). (a) SEM metallograph; (b)EDS of the lump

powder in (a); (c)EDS of the particle powder in (a)
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Fig.2 SEM/EDS for the powder milled for 5 h at a speed of 400 r/min (BPR 40 : 1). (a)SEM metallograph; (b)EDS of

the powder in (a)
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Fig. 3 The SEM metallograph of the powder with high mag-
nification
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Fig. 4 The SEM metallograph of the powder milled in
Fig. 2(a) for 15 h at a speed of 400 r/min (BPR 40 :1)
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Fig.5 The X-ray diffraction analysis results of the powder
samples for Fe-Si milled. (a) Milled for 5 h at 300 r/min (BPR 40
:1); (b) Milled for 5 h at 400 r/min (BPR 40 :1); (c) Milled for 15

h at 400 r/min (BPR 40 :1); (d) Milled for 15 h at 450 r/min (BPR
80:1)

Si disappear and the intensity of the peaks of B-FeSi, in-
creases, and the peaks of «-FeSi, and g-FeSi can also be
seen. Therefore, as the milling time increases from 5 to 15
h at 400 r/min(BPR 40 : 1), all the powders are fairly al-
loyed. Fig. 5(d)shows the X-ray diffraction analysis results
for the powders milled for 15 h at a speed of 450 r/min
(BPR 80 :1). Compared with the XRD pattern of the pow-
ders milled for 15 h at a speed of 400 r/min (BPR 40 :1),
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the intensity of «-FeSi, peaks decreases, while the intensity
of B-FeSi, and g-FeSi peaks increases. Therefore, as the
milling power increases, the powders are mechanically al-
loyed and the phase transformation occurs.

The alloyed Fe-Si powders are pressed to a pellet and
then heated. Fig. 6(a) shows the X-ray diffraction analysis
results of the sample heated at 1 243 K for 1 h. It can be
seen that only when the peaks of a-FeSi, are observed, the
monophase «-FeSi, can be obtained. Fig. 6 (b) shows the
X-ray diffraction analysis results of the sample heated to
1 243 K, cooled to 1073 K and then held for 1 h. It can be
seen that only when the peaks of 3-FeSi, are observed, can
the monophase 3-FeSi, be obtained.
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Fig. 6 The X-ray diffraction analysis results of the milled
Fe-Si powder samples heated. (a)l 243 K for 1 h; (b)1 243 K
for I h, and then 1 073 K for 1 h.

3 Discussion

Mechanical alloying is a novel solid alloying process. It
is developed as a high-energy milling process for producing
composite metallic powders with a fine, controlled structure
from a mixture of pure elemental powders.

In this research, the mechanical alloying is performed in
the ball mill. The Fe and the Si powder particles trapped by
the colliding balls are subjected to severe mechanical de-
formation, cold weld and fracture. In this case, the ball
milling process first produces tough powders of Fe with a
lump structure and brittle powders of Si of small size. As a
result of the ball collision, the tough powders of iron with a
lamellar structure form; the brittle powders of silicon turn
into fine particles and the Si particles lie on or between the
Fe lamellas. So the nuclei of the Fe-Si alloy form between
the Si particles and the Fe lamellas. The mechanical allo-
ying of Fe-Si powders is completed by the diffusion of Fe
and the Si atoms between the Fe lamellas and the Si parti-
cles. As the milling intensity increases, the Fe lamellas and
Si particles refine and the size of the crystalline grain de-
creases. Thus, the new surface between the lamellas and
the particles increases and the new grain boundaries in-
crease. Further, the high intensity of the milling introduces
severe plastic deformation into the particles, which gener-
ates many point defects and lattice defects ( vacancies, in-
terstitials and dislocations etc. ). The large number of de-
fects, the new surfaces between the lamellas and the parti-
cles and the new grain boundaries create many more paths
for the diffusion of Fe and Si atoms and accelerate the dif-

fusion rate. Therefore, as the milling power increases, the
true alloying and the phase transformation of Fe-Si powders
occur. So the Fe-Si alloy composed of «-FeSi2, B-FeSi,
and e-FeSi can be prepared by mechanical alloying, but no
monophase Fe-Si alloy is obtained.

The metastable alloy is often obtained by mechanical al-
loying, so the designed composition of the Fe,, Si,, alloy
prepared by mechanical alloying is composed of «-FeSi,,
B-FeSi, and g-FeSi. When the alloy is heated at 1 243 K
for 1 h, the Fe and Si atoms in the alloy can sufficiently
diffuse and the phase transformations occur. Then the
monophase «-FeSi,is obtained. From the Fe-Si binary
phase diagram, it can be seen that the a-FeSi, phase is a
phase that only exists stably at high temperature, so the a-
FeSi, phase is a metastable phase. The transformation from
an «-FeSi, phase to a 3-FeSi, phase depends on the atom
diffusion through the ( solid phase. Compared with the
atom Fe, the size of the atom Si is not small enough to dif-
fuse easily. The B phase is an intermediate phase, so it is
difficult for the Fe and Si atoms to diffuse through the 3
solid phase. For the above reasons, the transformation from
the «-FeSi, phase to the B-FeSi, phase must take a long
time. Because the rate of the cooling from 1 243 K is rap-
id, the metastable phase of the «-FeSi, is kept at room tem-
perature. When the anneal is held at 1 073 K for 1 h, there
is an intrinsic thermodynamic driving force for the «-FeSi,
phase to transform into the single B-FeSi, phase. There-
fore, it transforms into the B-FeSi, phase.

4 Conclusions

The mechanical alloying of Fe, Si powders is investiga-
ted. SEM, EDS and XRD are used to analyze the mechani-
cal alloying and phase transformation of the Fe-Si powders.

1) The Fe, Si mixed powders can be alloyed by milling
for 15 h at a speed of 400 r/min(BPR 40 :1);

2) The monophase a-FeSi, is obtained by treating the Fe-
Si alloy at 1 243 K for 1 h;

3) The monophase B-FeSi, is obtained by heating the Fe-
Si alloy to 1 243 K for 1 h, cooling to 1 073 K and then
holding for 1 h.
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FEE: o TRITIRE LA & Fe-Si &2 89 AR, AR T Fe-Si 9 A2 A LA T, Aiafs T 2
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