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Abstract

In the first part of this paper, this special issue gives us the opportunity to overview systems which have been
mechanically synthesized. In the second part, we report on the far from equilibrium phase transitions induced
by mechanical alloying and post-milling isothermal annealing in the Fe-Si system. The end-product structures
were characterized using X-ray diffraction patterns. Specific attention was paid to two particular phases exhibiting
some very interesting physical properties: Fe(Si) (a crystalline phase exhibiting a magnetic effect) in which
extension of the solubility limit of silicon of the crystalline Fe(Si) phase (up to 16 wt.% silicon) was observed,
and B-FeSi, (a semiconductor-type phase exhibiting a direct optical gap and a thermoelectric power) crystalline

phases.

1. Introduction

The crystalline to amorphous phase transition induced
by ball-milling was first reported by Yermakov et al.
[1] and Koch et al. [2] for the Co-Y and Ni-Nb systems
respectively. This method of synthesis was previously
used by Benjamin and coworkers to obtain dispersion
strengthened alloys [3-7]. Subsequently, this amorphi-
zation process has been observed in many other alloy
systems starting from the elemental crystalline powders
and/or from a mixture of the intermetallic compounds.
To our knowledge, thére is no extensive summary in
tabular form of such a large body of work to be found
in the literature. In the context of this special issue
of The Journal of Alloys and Compounds, such an overview
is useful. Table 1 lists the various systems which have
been synthesized by various mechanical methods. The
crystalline to amorphous phase transition occurring in
powders due to mechanical alloying (MA) was assumed
to require certain conditions: a negative heat of mixing
and the presence of a fast diffuser. Such a phase
transition was claimed to be analogous with amorphi-
zation by solid state diffusion in multilayer systems such
as Au(La, Ti, Y, Zr), Co(Sn, Zr), Cr-Ti, Fe-Zr, Ni(Ce,
Si, Ti, Zr), Si-Ti (for a review see refs. 158-160).
Nevertheless, MA amorphization was reported for the
V-Zr [73, 148] system for which no fast diffuser is
known. Recently, the crystalline to amorphous phase
MA transition was reported for binary systems exhibiting
a positive heat of mixing: Si-Sn [157], Si-Zn [157],
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Cu-W [86], Cu-V [85], Cu-Ta [43, 74, 80, 81]. In our
previous works, we reported on amorphization induced
by milling of diamond cubic phases such as pure silicon
[155], pure germanium [99], GaAs [38] and Ge,_,Si,
[52, 103] phases. This crystalline to amorphous phase
transition was attributed to instability in the crystalline
lattice in relation to a decrease in grain size of the
diamond cubic phase, leading to expansion of the
crystalline lattice.

Another interesting point is the specific power which
is injected into materials under mechanical straining
(ball-milling) or irradiation conditions [161]. According
to the just reported work, the injected power ranges
from 107% to 1072 eV s~ per atom, leading to an
analogy between the phase transitions induced by ir-
radiation (107'°-10"' eV s~! per atom) and those
induced by ball-milling.

In addition, attention should be given to the milling
parameters which will determine the structure of the
end-product, i.e. the energy and the frequency of the
shocks as well as the mean temperature of the milling
container. Indeed, a crystalline to amorphous phase
transition (E, V, T) parameter window has been revealed
by recent papers [135]. This so-called window should
be compared with the temperature window allowing
solid state amorphization induced by diffusion [158].
In spite of the large number of alloys which have been
tested (according to the papers listed in Table 1), the
mechanisms leading to the phase transition under me-
chanical straining (mechanical alloying, ball-milling, cold
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rolling) are still not well understood. Nevertheless, from
a practical point of view, these mechanical methods
allow the production of new amorphous phases or
crystalline phases with extended composition domains.
The processes are used for the production of bulk
materials such as composite materials which are rein-
forced by intermetallic compounds at the nanometer
scale (for a recent review see ref. 162).

Based on analysis of X-ray diffraction (XRD) patterns,
we report on the solid-state phase transition induced
by mechanical alloying and/or post milling annealing
in an Fe-Si powder mixture. The first part of the work
deals with the influence of composition on the structure
of the as MA end-product. By analogy with amorphi-
zation induced by solid-state diffusion occurring during
annealing of multilayer systems, the second part deals
with the structure of the end-product produced by
annealing MA powders for a short duration and with
the influence of the grain size and residual strain of
the as-milled iron and silicon crystalline phases on the
structure of isothermally annealed MA powders. Specific
attention was paid to two particular phases exhibiting
interesting physical properties: Fe(Si) (a crystalline
phase exhibiting a magnetic effect) and pB-FeSi, (a
semiconductor-type phase exhibiting a direct optical
gap and thermoelectric power) crystalline phases.

2. Experimental details

2.1. Milling conditions corresponding to determination
of the influence of composition on the stationary end-
product structure

The MA processes corresponding to determination
of the influence of composition on the stationary end-
product structure were carried out using a classical
Fritsch planetary high energy ball-milling machine (Pul-
verisette P5/2). The chosen intensity setting will be
referred to later as P5/2(10). Q (rev min~') is the
rotation speed of the disc on which the vial holders
were fixed. The vial holders turned at a rotation speed
. The () rotation radius was equal to R,. Therefore
the shock kinetic energy was proportional to Q°Rq,.
The value of €1 was checked by a tachometer. The
specific parameters are given in Table 2.

10 g of a mixture of pure iron powder (Prolabo, R.P.
Normapur) and of pure silicon (hyperpure polycrys-
talline silicon, Wacker Chemitronic, GmbH, 300 £ cm
n-type and 3000 @ cm p-type) pieces with the com-
positions listed in Table 3, were introduced into a
cylindrical tempered steel container of capacity 45 ml.
This procedure was performed in a glove box filled
with purified argon. Each container was loaded with
five balls (diameter 1.5 cm, mass 14 g). The containers
were sealed in the glove box with a Teflon O-ring and

TABLE 2. Mechanical alloying parameters corresponding to the
various milling conditions

MA 4 Rn (4] QzRﬂ
conditions  (rev min~') (x1072m) (rev min~!) (m s7?)
P5/2(10) 340 12 765 153.8
G7(Q/w/At* 700 6.75 250 3624
600 6.75 250 266.2
500 6.75 250 184.9

At corresponding to the MA duration is noted in the end product
table.

the milling thus proceeded in a stationary argon at-
mosphere. In order to study the influence of the initial
state on the end-product (i.e. a mixture of elemental
component powders or a pre-alloyed powder), some
experiments were performed starting from melt spun
ribbons. Table 4 lists the initial compositions and the
related phase structure corresponding to the as-melt-
spun ribbons.

2.2. Post-milling annealing induced end product

study

By analogy with the solid-state phase transition oc-
curring during the annealing of a multilayer Fe/Si system
[163-170], the purpose of this study was to analyse the
effect of isothermal annealing on a mixture of iron and
silicon crystalline phases which had been obtained by
a short duration milling process. Furthermore, the
influence of the residual strains and the ranges of grain
size of the as-milled iron and silicon crystalline phase
on the end-product annealing structure was investigated.
In order to obtain such specific powder mixtures, a
special high energy planetary machine (hereafter re-
ferred to as the G7 machine) was used. Indeed, the
frequency and energy of the shocks occurring during
the process may be selected independently. This machine
was previously used to determine the parameter phase
diagram of the ball-milled Ni,;Zr, phase [135]. In the
present work, the energy (i.e. the value of (1) was the
experimented parameter (see Table 2).

Durations of the mechanical process were chosen to
avoid the formation of a large silicide phase, i.e. the
end-product MA structure should be a mixture of iron
and silicon crystalline phases. Thus, short MA duration
processes (1 up to 6 h), depending on the selected
energy and frequency conditions were performed (see
Table 6).

The post-milling annealing procedure was carried
out invacuum (8 X 10~ # Torr) for 24 h and the isothermal
annealing temperatures were 300 °C, 500 °C and 800
°C.
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TABLE 3. End product characterization as a function of the initial composition, starting from a mixture of the elemental powders
corresponding to the P5/2(10) milling condition and a process duration of 168 h; determination of the end-product composition,
the container contamination (expressed in chromium content) and the end product phase mixture (crystalline and amorphous phases)

Initial Si End-product Cr content End-product structure
content Si content (wt. %)
(wt.%) Crystalline phases Amorphous phases (at.%)
(related lattice parameter in nm) (first halo position in nm)
5 6.6+0.5 <0.5 a-Fe(Si) (a=0.2863 £ 0.0001) FeqsSis (d=0.1997 (wt.%)
10 10.6+0.3 <03 a-Fe(Si) (a=0.2853 +0.0001) FegSiyy (d=0.2012) (wt.%)
15 16.1+0.5 <02 a-Fe(Si) (a=0.2846 +0.0002) FegsSiys (d=0.2007) (wt.%)
16 16.1+0.5 <0.1 a-Fe(Si) (a=0.2837+0.0002) FegSiys (d=0.2011) (wt.%)
17 17.6 £0.5 <03 Fe;Si (a=0.565510.0001) Fe4sSips (d =0.2000)
18 179+0.1 <03 Fe,Si (@ =0.5653+0.0001), 7-FesSis Fe,5Siys (d=0.2000)
20 212425 <0.5 Fe,Si (a=0.56471+-0.0001) FeysSiys (d =0.2000)
30 247+1.0 n.d. FeSi (a =0.454 +0.006) FesSisy or Feg,sSisys (d=0.2005)
n-FesSi;, Fe,Si, Fe,Si
40 23.6+3.5 <0.7 FeSi, n-Fe;Si; FeqSisp or Feg,sSiyys (d=0.1994)
50 31.6+0.2 n.d. FeSi (0.4493 +0.0001), n-FesSi, FesSisy or Feg,sSizs (d=0.1985)
60 80.0+£2.0 <0.1 a-FeSi,, Si, X(?) a-Fes;3Siges (d=0.1843), (?) (d=0.4193)
70 715+1.0 <0.1 a-FeSi,, B-FeSi,, Si a-Fes;3Sig6 (d=0.1871), Si (d =0.3369)
B-Fes3;3Sige s (d=0.4938)
80 82.2+2.0 <0.2 a-FeSi,, Si, X(7) a-Fes;3Sigs (d=0.1887, (7) (d=0.4233)
85 86.4+0.2 n.d. a-FeSi,, Si, X(?) a-Fey;38igs (d=0.1732), (?) (d=0.4178)
90 88.6+1.5 <02 a-FeSi,, FeSi, Si a-Fes;38ig s (d=0.1875), (?) (d=0.3907)
95 96.8+0.2 <0.1 a-FeSi,, Si a-Fes;3Sigeq (d=0.1820)

n.d., not detectable.

TABLE 4. End-product structure corresponding to the milled melt-spun ribbons

Initial Si End-product Si Cr content Initial structure End-product phases

content content (Wt.%)

(wt. %) (wt.%) Crystalline Amorphous

10 95+0.5 <05 Fe;Si (a=0.564) a-Fe(Si) Fe(Si)

30 229+0.1 <0.8 n-FesSis, Fe,Si, FeSi Fes,Sisg
FeSi (a=0.446) a-FeSi,

50 30.6+0.5 <09 FeSi (a=0.446) FesSi;, FeSi FesoSisy or
B-FeSi, Fegy sSisrs

70 68.7+0.5 <01 B-FeSi,, Si a-FeSi,, Si -

2.3. Chemical microanalyses (EDX/SEM)

In order to evaluate possible container contamination
or depletion of elements which may have occurred
owing to friction of the particles on the balls and the
walls of the container, EDX analyses were performed
using an Si-Li detector and a TRACOR EDX analyser
in conjunction with a scanning electron microscope
(ZEISS DSM 950). A semi-quantitative program with
internal references (SQ from TRACOR) was used to
analyse the EDX/SEM spectra.

2.4. X-ray investigations

After continuous milling, a small amount of the MA
powder was extracted from the container and glued
onto a silica plate for further X-ray investigations. The
XRD patterns were obtained using a (6-26) Philips
diffractometer with Co Ka radiation (A=0.17889 nm).

The acquisition conditions were A(26)=0.1°, and At/
step(20)=40 s.

The Bragg expression was applied to determine the
d value corresponding to the diffraction peak position
0:

A=2d sin 0

The effective diameter of the particles ¢ was cal-
culated from the Scherrer expression:

®=0.911/(8B cos 6)

where B is the linewidth (expressed in 26) of the
considered crystalline peak.

A numerical method, the ABFfit program (for an
explanation of the use and details of the deconvolution
based on this program see ref. 155), was used to analyse
the XRD patterns and to obtain the position and the
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full width at half-height (FWHH) of the various peaks.
As shown by Gaffet and Harmelin [155], such a de-
convolution does not depend qualitatively on the chosen
peak shapes (i.e. gaussian, Lorentz or Cauchy). There-
fore, the gaussian type peak deconvolution was selected
to analyse the XRD patterns. It is obvious that this
XRD deconvolution method does not allow the grain
size and the strain effects, which are well known to
contribute both to the shape and to the width of the
diffraction peaks, to be distinguished.

Therefore, in the particular case of the post-milling
annealing experiments, another deconvolution method
was used to analyse the XRD patterns and to char-
acterize the end-product structure, the automated pow-
der diffraction method (so-called APD method, de-
veloped by Philips). This numerical APD method was
able to analyse the XRD peak concerned in terms of
grain size and strain effects. Nevertheless, this method
works as a “blind black box” and particular attention
was paid to the interpretation of the deconvolution
results. Taking into account the mentioned caution,
the results were used to characterize effectively the
effect of the milling energy (i.e. the value of £2) on the
grain size and the strain contribution of the iron and
silicon crystalline phases.

In particular cases, the presence of an amorphous
phase was detected as a component of the end-product
mixture. This was detected using both deconvolution
methods.

3. Results and discussion

3.1. Milled end-product structure as a function of the
initial composition

Table 3 lists the end-product compositions and the
related structures as a function of the initial mean
composition corresponding to the P5/2(10) milling con-
ditions and an initial mixture of elemental iron and
silicon powders. Table 4 lists the end-product corre-
sponding to the same milling conditions for an initial

state corresponding to melt-spun ribbons. The exper-

imental XRD patterns and the corresponding APD and
ABFfit deconvolution results are available by writing
directly to the authors.

311 0<S8i (wt.%)<16

In this composition range, a mixture of a crystalline
b.c.c. phase and an amorphous phase is observed by
XRD pattern analyses. According to Fig. 1 which pre-
sents the equilibrium Fe-Si phase diagram, it is worth
noting that the domain corresponding to the crystalline
b.c.c. Fe(Si) has been considerably enlarged: up to 16
wt.% silicon. The end product corresponding to the
various initial states (i.e. a mixture of the elemental
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Fig. 1. Fe-Si equilibrium phase diagram (from ref. 171).

components or pieces of melt-spun ribbons correspond-
ing to a composition equal to 10 wt.% silicon) are
identical.

3.1.2. 17<S8i (wt.%) <50

A mixture of distinct crystalline phases and an amor-
phous phase(s) was detected (see Table 3). The presence
of the metastable phase (at least at room temperature)
n-FesSi; is observed.

Furthermore, it is worth noting that silicon depletion
is detected in the initial silicon composition range 30-50
wt.%. This depletion is observed for both initial states
(a mixture of elemental powder or melt-spun ribbons).

The position of the diffuse halo which is related to
the presence of the amorphous phase corresponds to
the crystalline peak position of some crystalline phases.
Therefore, the composition of the amorphous phase
was assumed to correspond to that of the related
crystalline phase.

3.1.3. 50<Si (wt.%) <100

The structure of the end product essentially corre-
sponds to a mixture of the crystalline metastable a-
FeSi, and crystalline silicon phases added to an amor-
phous phase. As observed in Table 3, in some cases
the crystalline FeSi (initial silicon content equal to 90
wt.%) or B-FeSi, (initial silicon content equal to 70
wt.%) compounds may be detected. In the case of the
melt-spun ribbons, destabilization of the initial (silicon,
B-FeSi,) phase mixture occurs leading to an end-product
corresponding to a mixture of the silicon and a-FeSi,
phases (see Table 4).
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3.2, Supersaturated Fe(Si) phase formation by
mechanical alloying

3.2.1. Crystalline lattice parameter and grain size as

a function of the milling duration

Figures 2-4 exhibit the crystalline lattice parameter,
the ranges of grain size as well as the grain size lattice
parameter as a function of the milling duration and
the initial composition corresponding to the formation
of MA amorphous and crystalline Fe(Si) phases. The
figures detail the resuits which are listed in Table 5.

From these figures, one may observe the following.

The silicon content in the crystalline Fe(Si) phase
increases as the MA process evolves. Indeed, after 12
h, some silicon crystalline peak contributions are ob-
served on the XRD patterns, but no crystalline silicon
peak remains after 24 h.

Amorphization may occur before the complete dis-
solution of silicon into the iron crystalline lattice.

The grain sizes decrease as a function of the milling
duration (Fig. 4(b)).

The milling process induces an expansion of the
crystalline lattice parameter compared with the cor-
responding equilibrium Fe(Si) phase (Fig. 2).

As the milling duration increases, the silicon content
inside the Fe(Si) crystalline phase increases leading to
a decrease in the lattice parameter (Fig. 4(a)).

For the shortest milling duration (12 h), and for a
given initial concentration, the lower the crystalline
lattice parameters, the lower the crystalline grain sizes
(Fig. 3(a)).

For the longest milling durations (24, 168 h), for a
given initial concentration (with the exception of the
compositions equal to 16 wt.% (24 h) and 15 wt.%
(168 h) — this exception will be discussed below), the
larger the crystalline lattice parameters, the smaller
the grain sizes and vice versa (Figs. 3(b) and 3(c)).
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components. (The silicon concentration is expressed in weight
per cent.)

3.2.2. Mechanism of the Fe(Si) crystalline to

amorphous phase transition

(i) For the shortest milling duration (12 h), the
experimental results show that the lower the crystalline
lattice parameter is, the lower is the crystalline grain
size. For a silicon content of 5 wt.%, the ductility of
the crystalline Fe(Si) phase is zero (at least at room
temperature) [172]. Therefore, during the initial stages
of the milling process, the iron grains into which the
silicon atoms enter become brittle, leading to a decrease
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Fig. 4. Evolution of (a) lattice parameter and (b) grain size classes corresponding to the crystalline C.C. Fe(Si) phase as a function
of the initial composition (expressed in weight per cent) starting from a mixture of the elemental components.

in their size range. Thus, owing to the inhomogeneity
of the milling process at the beginning, partition of the

iron grains is observed (the grains corresponding to

the largest silicon content exhibit the smallest size,
while those corresponding to the lowest silicon content
exhibit the largest grain size). Furthermore, grains with
the largest silicon content exhibit the lowest lattice
parameter. These results are observed in the XRD
patterns corresponding to 12 h milling duration.

(2) For the longest milling durations (24, 168 h), the
larger the crystalline lattice parameter is, the smaller
is'the grain size (and vice versa). For such long milling
durations and for a given initial concentration, the
silicon atoms are assumed to be homogeneously dis-

tributed inside the crystalline iron grains. In other
words, the lattice parameter should statistically be the
same. It is worth emphasizing that the higher the initial
silicon content, the lower the value of crystalline Fe(Si)
lattice parameter. This observation is in agreement with
the results reported by Tenwick and Davies [172] who
reported on the formation of rapidly solidified Fe-Si
alloy.

Nevertheless, taking into account the experimental
results which show that the longest milling durations
produce the lowest grain size and the highest lattice
parameter (and vice-versa), one may propose that the
effects of the milling process (i.e. the shock efficacy)
are not well distributed: some of the grains have been
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TABLE 5. End-product structure as a function of the milling duration (12, 24 and 168 h)
The chosen compositions correspond to the supersaturated Fe(Si) domain. It is worth noting that for the milling duration of 12 h
and for all the investigated compositions, some silicon crystalline phase traces were detected by the presence of the corresponding

XRD peak contributions

353

Initial composition, Milling duration Grain size Crystalline lattice Amorphous peak
Si content (wt.%) (h) (nm) parameter (nm) position d (nm)
5 12 6.1<P<22.2 0.2867 +0.0001 0.1999
5 24 5.6<P<18.6 0.2865 +-0.0002 0.2000
5 168 38<P<214 0.2862 +:0.0001 0.1997
10 12 5.T7<®<12.6 0.2859 +0.0004 0.1991
10 24 44<P<94 0.2853 +0.0001 0.1998
10 168 44<P<102 0.2852 4+0.0001 0.2012
15 12 5.6<P<31.6 0.2865 +0.0015 0.1989
15 24 42<P<80 0.2845 £0.0003 0.2009
15 168 45<®<9.1 0.2847 +0.0003 0.2007
16 12 53<P<354 0.2863 +0.0013 0.1984
16 24 1.9< PS5 0.2840 +0.0002 0.1995
16 168 48<P<95 0.2837+0.0002 0.2011

submitted to a larger number of shocks than others.
Therefore, owing to the brittleness of the crystalline
Fe(Si) lattice, the inhomogeneity of the shock process
leads to a stronger refinement of the former grains
than of the latter.

Based on our previous work on the crystalline to
amorphous phase transition induced by ball-milling in
the pure silicon and germanium systems [99, 155], one
may propose that the refinement of the crystalline
Fe(Si) grains leads to a lattice expansion as the milling
process evolves. This can also explain Fig. 2 which
shows that the lattice parameter of the Fe(Si) crystalline
phase obtained by MA is larger than the corresponding
value obtained under equilibrium thermodynamic con-
ditions [172]. Therefore, the expansion of the lattice
parameter due to a critical refinement of the crystalline
grain explains the observations of long milling duration
experiments, i.e. the lower the crystalline grain size,
the higher the value of the lattice parameter.

The expansion of the lattice parameter was explained
previously as being a method of compensating for the
surface energy by a volume energy. Indeed, the surface
energy becomes the dominant factor when the lattice
grain size reaches a critical value. Furthermore, the
lattice expansion may explain the supersaturated crys-
talline Fe(Si) phase domain. Such an effect of the
lattice expansion on the existence of a supersaturated
crystalline phase domain has been previously reported
in our work on the crystalline to amorphous phase
transition induced by MA in the immiscible Si-Sn and
Si~Zn systems [157].

As the milling process evolves, the continuous re-
finement of the crystalline grain which is accompanied
by silicon supersaturation is no longer compensated for
by a lattice expansion. Therefore, as the crystalline
phase grains reach a critical value, the crystalline phase

becomes unstable and the amorphous phase forms.

Furthermore, it is worth noting that the position of
the amorphous peak does not change as a function of
the milling duration and that the ratio of the intensity
of the crystalline [110] Fe(Si) peak to the first amorphous
halo intensity decreases from 12 to 168 h. That means
that the crystalline to amorphous phase transition is
a polymorphous phase transition.

It is worth noting that for the silicon content cor-
responding to the limit of composition of the crystalline
Fe(Si) phase domain (i.e. 15-16 wt.%) and for long
milling durations (168 and 24 h respectively), the effect
of inhomogeneity of the milling process may explain
the apparent particular relation between the grain size
and the lattice parameter: the lower the grain size, the
lower the lattice parameter value. This inhomogeneity
is well reinforced by the fact that the concentrations
concerned correspond to the limits of the Fe(Si) domain.

3.3. Structure of the end-product as a function of
milling conditions and annealing temperature for the
initial Fes; 3Sis s (At.%) composition

Table 6 lists the results of the as-mechanically milled
powder corresponding to the initial composition
Fe,; 35166 (€xpressed in atomic per cent). The short
milling durations were chosen to obtain a large mixture
of the initial iron and silicon phases. Nevertheless,
according to the reported results, it is worth noting
that the a-FeSi, and FeSi phases have formed during
this process of short duration.

3.3.1. As-mechanically milled end-product for the

initial composition Fes; ;Sis s (at. %)

As mentioned above, the end-product phases cor-
responding to the various chosen energetic milling
conditions are reported in Table 6.



E. Gaffet et al. | Solid state reaction in the Fe-Si system

354

(@Q)X+18+°1+ Ugo -0 + aga 0 +
(@)X +1S + 189 + 4S9 d4-¢ USG90 + 1S9 + USod-g 1S9 + 4a!S + 449 1S3 + 4xIS + 424 STFv e 9/0S2/008
(s1€0)
()X + (yased-o + @)X + (18299 + sseyd snoydiowe +
1S +1S9 + 44518948 «IS + kIS + 44 HISOI 1S90 + 44IS + 4x2d #+IS +4u2d 01FTCE €/0SZ/00S
(01£0)
(L)X + (y1sed o + (&)X +()s°d-d + oseyd snoydiowe +
1S+ USa 00 + 1S54 #IS + xaISO + 44 TS0 1S9 + xS + 552 #xIS + 452 LOFS6T T/0S2/008
(S1£°0)
(yEIS5 Tl + 1S + (@)x+ Uga o + aseyd snoydrowe +
USOT-0 + 1S9 + 41826 ASd-¢ + 1S9 + 4471940 wxIS9 + 4alS + 4404 USOAP + 44 IS + 4424 9'0F 0S¢ £/057/009
(&)x +G1sfog-b + (s8'1) oseyd snoydiowe + (91€£°0)
ago -0 +1S%d + ()X + (IS +()asadd + aseyd snoydiowe +
IS +189d + 4,A1S8°d-¢ 1S9 + xx71S94-0 B (5 ST ()18 + 4, IS + 4,0 LOFSSE 7/052/009
Q)X +18%d + (@)X +1S+o1+ ($1€°0) oseyd (r1¢°0) oseyd
a89g-g + 1S + 41834 UGOq-0 + US98 + wx1S2d SNOYAIOWR + ., IS + 442 SnOYdIOW. + , 1S + 4o 0zF9sT 1/052/009
(881'0)
@IxX+ (&)X + (- 1sedo + (-)182d-9 + aeseyd snoydiouwe +
1S9 + IS + 44182 1S + 9 + 1S9 + ##4182d-d 1S9 + 5, 4S2d-0 1S + 189 + 4 xS + 4.0 orFoee £/0S7/00L
(¥1€£°0)
@)X+ Ygo -0 + aseqd snoydiowe +
@)X +1S+ .a893-d UG-R + 1599 + »471834-¢ 1S9 + xa!S + a2 189 + USOTP + 44 IS + k0 01F9ee 2/0S7/00L
(68°'1) oseyd snoydrowe +
Q)X+ (f1s%eg-L (ro£0)
(OIX + (8240 + +()ISTd + (- 1Sed + 1524 + oseqd snoydiowe +
IS + 4 x 1S9 + s IS Od +1S + x4182d-¢ USIA® + xS + 442 1S9 + US40 + 1S+ 9 01FSTE 1/052/00L
(%1®) (4 ;_uyw a2z
saseyd U200 IS /;-UIu A21)
Do 008 ‘4 $T Do 00S ‘U #T Do 00€ ‘U ¥ pa[iu A[[edfueydouwr sy 1onpoid-pug w/e0

‘wx PIOU 2IB P330239p soseyd Jofewr ayj,

(suraned

X)) a1m30n1s Jonpoid-pus 5y3 JO UONEIYHUSP! pue (soskfeue WHS~XH) 1U93U02 Uwodyls jonpoid-pus 9y) JO UOHBUNIISIIP ‘suonIpuod Sunpu (7y/®/)LO 241 pue (9'18)
99919€¢€0,1 uonisodwod [enur 2y} 03 Suipuodsorrod ainjeradwo; Suleouue [EWLIAYIOSI Oy} PUB SUONIPUOO [EOIUBYIIW 9Y) JO UOTOUN] B St 2Injoni)s jonpoid-pug ‘9 HIAV.L



E. Gaffet et al. | Solid state reaction in the Fe-Si system 355

Crystalline phases. In the case of the highest energy
milling conditions (i.e. =700 rev min~') and for all
process durations (i.e. 1, 2, 3 h), the end-product
corresponds to a mixture of the iron, silicon, FeSi and
a-FeSi, crystalline phases added to an amorphous phase.
The presence of crystalline phases which are distinct
from the elemental phases is observed for the milling
processes corresponding to the lower energetic con-
ditions but for longer milling durations.

Furthermore, particular attention should be paid to
the a-FeSi, phase formation induced by ball-milling,
Indeed, this phase formation is observed under ther-
modynamic equilibrium conditions for temperatures
higher than 967 °C (Fig. 1): the B-FeSi, phase decom-
poses peritectoidally into the FeSi and a-FeSi, phases
above 967 °C. No trace of B-FeSi, was detected in the
XRD patterns.

Further, more detailed APD deconvolution analyses
of the XRD patterns lead to determination of the iron
and silicon grain sizes, as well as the iron and silicon
lattice parameter and the crystalline lattice strains
corresponding to the as-milled powders (Table 7).

Amorphous phases. Two types of amorphous phase
were observed: one corresponding to a (0.31040.006
nm) first halo position, the other corresponding to a
0.188 nm amorphous peak position. The first phase
may be assumed to correspond to an amorphous silicon
based phase. Indeed, such an amorphous phase has
been detected in our previous work [155] which deals
with the crystalline to amorphous phase transition in-
duced by ball-milling of pure silicon powder. The amor-
phization transition was attributed to a lattice instability

which is the consequence of a decrease in grain size
accompanied by expansion of the lattice parameter.

3.3.2. Structure corresponding to a 300 °C 24 h

isothermal anneal

Table 8 details the results which are listed in Table
6. It is worth noting that the same deconvolution
conditions were chosen for the APD XRD pattern
analyses. In other words, no artefact has been introduced
by such a method and direct comparison is possible
between the results corresponding to the as-milled and
the 300 °C isothermal annealed structures.

The major effect of the annealing is that both the
iron and silicon crystalline phases exhibit a larger range
of grain size than the as-milled powders. Indeed, to
analyse the [111] silicon and the [110] iron peaks, two
crystalline contributions are required to fit each peak.

3.3.3. Structure corresponding to a 500 °C 24 h isothermal
anneal

B-FeSi, phase. For all the investigated milling con-
ditions, the major effects of a 500 °C isothermal annealing
process occurring during 24 h are the formation of the
B-FeSi, phase and the decrease in the fractions of
elemental iron and silicon phases. The B-FeSi, phase
is the major phase formed for the 500 °C annealed
(700/250/1, 2, 3, h) and (500/250/6 h) milled powders.
However, it is worth noting that the «-FeSi, phase is
the major phase formed for the 500 °C annealed (600/
250/2, 3 h) and (500/250/2, 3 h) milled powders.

Amorphous phase (700/250/1 h, 600/250/2 h). 1t is
worth noting that for the just reported MA conditions,
500 °C isothermal annealing leads to the formation of

TABLE 7. Determination of the silicon and iron lattice parameters, grain sizes and lattice strains corresponding to the as-milled

powders

Qlw/At Si lattice Si grain size Si strain Fe lattice Fe grain Fe strain

(rev min~Y parameter (nm) parameter size

rev min~!/h) (nm) (nm) (nm)

700/250/1 0.5443 34.6 0.701 0.2869 42.0 0.355

700/250/2 0.5453 31.0 1.031 0.2869 31.9 0.560

700/250/3 0.5315 11.6 - 0.2839 18.8 0.745

600/250/1 0.5442 127.4* 0.403 0.2870 169.0* 0.267

600/250/2 0.5442 39.2 0.603 0.2870 58.2 0.295

600/250/3 0.5436 20.9 0.964 0.2869 46.7 0.356

500/250/2 0.5432 46.5 0.564 0.2867 75.0 0.307

500/250/3 0.5421 18.6 1.36 0.2866 71.8 0.328
0.5428 127.4° 0.313

500/250/6 0.5433 48.4 0.532 0.2868 71.8 0.239

250/250/2 0.5445 132.3 0.277 0.2871 160.0° 0.240

250/250/3 0.5443 197.9* 0.236 0.2870 21.0 0.256

250/250/6 0.5441 132.3 0277 0.2870 208.1* 0.239

*Owing to the instrumental width of the diffraction peak (which corresponds to an equivalent grain size of about 100-500 nm), the

results of APD which lead to determination of a grain size of more than 500 nm have no physical significance.
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TABLE 8. Determination of the silicon and iron lattice parameters, grain sizes and lattice strains corresponding to the 300 °C

isothermally annealed MA powders

Q/w/At Si lattice Si grain Si strain Fe lattice Fe grain Fe strain
(rev min~Y parameter size parameter size
rev min~'/h) (nm) (nm) (nm) (nm)
700/250/1 0.5440 1747 0.332 0.2870 282.2° 0.219
0.5441 24.3 1.164 0.2839 334 0.524
0.2860 10.6 1.618
700/250/2 0.5446 341.9* 0.422 0.2873 703.2° 0.233
0.5448 22.8 1.268 0.2840 45.5 0.522
700/250/3 No more Si - - No more Fe - -
phase phase
600/250/1 0.5447 211.8* 0.394 0.2872 4077.1* 0.162
0.2848 29.8 0.657
0.2874 146.0° 0.252
600/250/2 0.5444 177.52 0.411 0.2872 202.2 0.225
0.5446 18.2 1.910 0.2839 315 0.448
600/250/3 0.5414 44.1 0.574 0.2863 254.6° 0.239
0.5409 8.4 2.846
500/250/2 0.5441 514 0.150 0.2871 3011.4* 0.220
0.5439 154 0.855 0.2847 28.0 0.832
500/250/3 0.5440 57.6 0.139 0.2870 820.7* 0.222
0.5437 17.0 0.762 0.2847 155 0.730
500/250/6 0.5450 46.1 0.857 0.2873 653.7* 0.216
0.2844 317 0.706

*Owing to the instrumental width of the diffraction peak (which corresponds to an equivalent grain size of about 100-500 nm), the
results of APD which lead to determination of a grain size of more than 500 nm have no physical significance.

an amorphous phase for which the first diffuse halo
corresponds to a d value equal to 0.187+0.002 nm.
Therefore this experimental result can be compared
with what happens in the case of solid state amor-
phization induced by diffusion starting from a multilayer
system. Amorphization induced by annealing has been
reported previously for the Ti/Si [173-175], Rh/Si [176],
and Zr/Si [177] multilayer systems. To our knowledge,
this is the first time that such an amorphization induced
by post-milling annealing has been reported in the
Fe-Si system.

3.3.4. Structure corresponding to an 800 °C 24 h iso-
thermal anneal

Decrease in a-FeSi, For all the investigated milling
conditions, the 800 °C isothermal annealing process
leads to a decrease in the a-FeSi, content. In particular
cases (700/250/3 h, 600/250/1 h), no more trace of such
a phase was observed.

FeSi, B-FeSi,, silicon end-product. In fact, according
to the results listed in Table 6, the end product cor-
responding to an 800 °C isothermal annealing process
tends to correspond to a mixture of FeSi, B-FeSi, and
silicon crystalline phases.

4. Conclusion

Based on X-ray diffraction patterns, the structures
of end-products corresponding to far from equilibrium
phase transitions induced by mechanical alloying and
post-milling isothermal annealing in the Fe-Si system
have been characterized.

(i) As milled powder. For an initial powder composition
corresponding to the iron-rich side of the (Fe, Si) phase
diagram, the major result of the study related to the
influence of the composition on the P5/2(10) milled
powder is the possibility of expanding the solubility
limit of silicon in the crystalline Fe(Si) phase up to
16 wt.%. Furthermore, in this related composition range
the crystalline to amorphous phase formation corre-
sponds to a polymorphous phase transition. For an
initial composition located in the silicon-rich side of
the phase diagram, it is worth noting that the chosen
milling conditions lead to the formation of the meta-
stable high temperature o-FeSi, phase instead of the
stable B-FeSi, phase. Furthermore, in the case of the
melt-spun ribbons for which the initial state corresponds
to a phase mixture containing the B-FeSi, phase, des-
tabilization of this phase is observed.

(ii) Post milling annealed powder. The structure related
to the as-milled Fes;3Sigs (at.%) composition corre-
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sponds to an iron, silicon, FeSi and a-FeSi, crystalline
phase mixture added to an amorphous phase. The
annealing firstly leads to the disappearance of the iron
phase and of the metastable crystalline a-FeSi, com-
pound, as well as the amorphous phase which was
formed during the milling process, and secondly leads
to the formation of the B-FeSi, phase. Therefore, the
end-product of isothermal annealing tends to be a
mixture of FeSi, B-FeSi, and silicon phases. Another
interesting feature is the fact that under specific milling
conditions, a 500 °C isothermal anneal of short duration
of MA (Fe, Si) powders leads to the formation of an
amorphous phase.
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