
Journal of Alloys and Compounds 388 (2005) 41–48

Microstructural characterisation of Fe–Cr–P–C powder mixture
prepared by ball milling

N. Bensebaaa, S. Allega, F.Z. Bentayeba, L. Bessaisb, J.M. Greǹechec,∗
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Abstract

In an attempt to prepare amorphous Fe77Cr4P8C11 alloy by mechanical alloying, powder mixtures of Fe, Cr, P and C (activated carbon)
with a purity of 99.9% have been ball milled, under argon atmosphere for several periods up to 90 h, in a planetary ball mill (Fritsch P7). The
structure and microstructure of the milled powders have been characterised, as a function of milling time, by X-ray diffraction and Mössbauer
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pectrometry. During the first stage of milling (up to 12 h), detailed analyses of the diffraction patterns and the Mössbauer spectra reve
complete dissolution of the elemental powders and the formation of FexP (1 <x < 2), Fe3P phosphides and Fe3C carbide in addition t

-(Fe,Cr) phase. The amorphous like state is reached after 32 h of milling. Further milling leads to the appearance of new carbid
Fe,Cr)7C3 andε′-Fe2.2C with the phosphide (Fe,Cr)3P type phase embedded in the amorphous matrix.
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. Introduction

Mechanical alloying (MA) has received a great deal of
nterest and inspired numerous researches because of its
romising results, wide possible application and potential
cientific values. It has been used to alloy elemental pow-
ers mixture on an atomic scale to form amorphous powders

1–3] or nanocrystalline phases[4,5]. Amorphous materi-
ls containing carbon such as Fe–C[6,7], Fe–P–C[8] and
e–Cr–C[9] have attracted particular attention due to their

mportance in the steel industry. From the behaviour of the
illed Fe–C system[10,11], it has been shown that the resul-

ant product is not governed entirely by the starting composi-
ion, but might be affected by numerous milling parameters
nd milling conditions in the evolution of the reaction prod-
cts. Thus, Tanaka et al.[10] have carried out an extensive

∗ Corresponding author. Tel.: +33-243833301; fax: +33-243833518.
E-mail address:greneche@univ-lemans.fr (J.M. Grenèche).

investigation of Fe1-xCx powders (graphite,x= 0.17–0.9) by
the use of a conventional ball mill. They have reported
after 2000 h of milling, ferromagnetic carbides such as F3C
and Fe7C3 were formed whenx is ranged from 0.17 to 0.2
and from 0.29 to 0.7, respectively. However, for high
bon content withx ranges from 0.8 to 0.9, fine paramagn
Fe based particles were also detected. In contrast, Leër
and Matteazzi[11] have successfully obtained the equiva
phases in the Fe1−xCx powders (graphite, 0 <x < 0.5) after
milling for only several tens of hours, because of the hig
milling energy of the SPEX 8000 ball mill. According to t
starting compositions, they observed the formation of
alloy andα-Fe forx< 0.15; carbides such as Fe3C and Fe5C2
for 0.15 <x < 0.25 and Fe7C3 for x > 0.3. Campbell et a
[12] have studied the effects of milling in the Fe75C25 powder
mixture (both graphite and activated carbon) in vacuum
periods of up to 285 h using a uni-ball mill. They have
tected an amorphous Fe3C-type phase for milling periods
up to 70 h with the crystalline Fe3C phase formed on furth
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milling time of 140 h. The carbon-rich Fe7C3 phase (graphite)
was observed on extended milling time up to 285 h. Basset et
al. [13] have noted that during milling of Fe–25C powders,
the Fe3C phase was produced after 5 h whereas, a mixture of
ε-F2C andχ-Fe2.5C phases was produced after 10 h. Wang et
al. [14] reported that Fe7C3 phase was produced on milling
an Fe–50C powder mixture for 210 h in a uni-ball mill.

Amorphous (Fe,Cr)–metalloid alloys are currently pro-
duced in ribbon form by melt spinning and planar flow
[15–17] and studied for their favourable magnetic and me-
chanical properties which make them potentially useful in
many industrial applications[18]. During the last decade,
extensive research has been carried out on the mechani-
cal alloying of Fe-based amorphous alloys including binary
FeC[10–12], FeZr [19], FeB [20], ternary FeSiB[21] and
multicomponents FeNiSiP[22] and FeNiSiB[23], since the
nanocrystalline powders produced by MA possess properties
which differ from those of systems prepared by conventional
techniques. Considering that there are about 10–50% of the
atoms located in the grain boundaries, this new solid state
manifests considerable changes in physical and mechanical
properties. Nevertheless, the amorphisation mechanism by
MA is not clearly understood.

The purpose of the present work is to report the alloying
process and therefore the formation of an amorphous quater-
n
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stage of the milling process, M̈ossbauer measurements were
applied. M̈ossbauer spectra, which were taken at room tem-
perature in a transmission geometry using a radioactive57Co
source diffused in a rhodium matrix, were computer fitted us-
ing Mosfit [25], a least-square iteration program. The isomer
shift is given relative to the centre of theα-Fe spectrum at
300 K. Due to the complexity of the M̈ossbauer spectra for
each milling time, different fitting models were used in order
to give a realistic description. Thus, the Mössbauer spectra
of the milled Fe, Cr, P and C powders mixture up to 12 h
were fitted using: (i) theα-Fe component; (ii) a doublet for
the paramagnetic part and (iii) a hyperfine field distribution,
HFD, with a linear correlation between the isomer shift and
the hyperfine magnetic field for the disordered component.
However, the M̈ossbauer spectrum of the powder milled for
32 h was fitted with only HFD using a linear correlation be-
tween the isomer shift and the hyperfine magnetic field. For
the powders milled for at least 32 h, the Mössbauer spectra
were fitted with a doublet and five magnetic components.

3. Results

XRD patterns were taken for the elemental powder mix-
ture and after each milling time in order to follow the mix-
ing process and the structural changes that occur during ball
m
f aks
a od-
u ocess
p e peak
h shift
o ence
o
8 fea-
t ow-
d izes
a

F ime,
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ary alloy with the following composition: Fe77Cr4P8C11.
he process, by which the amorphous state is prod

hrough the structural powder mixture changes, is stu
y means of X-ray diffraction (XRD) and57Fe Mössbaue
pectrometry (MS) as a function of milling time.

. Experimental procedure

A mixture of elemental Fe, Cr, P and C (activated carb
owders with a purity of 99.9% was performed by the
f a planetary ball mill – Frietsch Pulverisette P7 – wit
owder to ball weight ratio of 2/35 and a milling intensity
even. These milling conditions correspond to a kinetic s
nergy and an injected shock power value, respectively,

o 0.79 J/hit, and 18 W/g.
The structural evolution of the milled powders as we

he phase identification have been followed by XRD m
urements using a Siemens D501 diffractometer with Cα
adiation (λ = 0.154056 nm). A numerical procedure ba
n the Rietveld method combined with a Fourier anal

hrough the Maud program[24] was used to analyse the XR
atterns with broadened peaks, allowing us to obtain
ral microstructure parameters like, crystallite size, res
icro strains, lattice parameters, phase proportions and

erred orientation. The accuracy of the results is related t
alue of the quality factor of fitting, GoF, which is close
nity.

In order to monitor the alloying evolution and to insp
he local interaction between the Fe nuclei as well as to
ge the nearest neighbourhood of the iron atoms at
illing. The XRD patterns of the milled powders (Fig. 1) are
ound to contain a significant number of overlapping pe
rising from the formation of crystalline intermediate pr
cts such as phosphides and carbides. As the milling pr
rogresses, one observes a continuous decrease in th
eights of the Bragg reflections of the elements, a slight
f the diffraction peak position and separately the emerg
f two extremely broadened peaks centred at about 45◦ and
0◦, in addition to the appearance of new peaks. Those

ures suggest the formation of a multi-component alloy p
er containing nanocrystalline grains having different s
nd structures.

ig. 1. XRD patterns of the FeCrPC powders as a function of milling t
or 0–90 h.
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Table 1
Lattice parameters (a, b, c) and microstructure parameters (L andσ, crystalline grain size and microstrains, respectively) deduced from the fitting of the XRD
patterns of the milled powders

Milling time (h) Phases a (Å) (±10−3) b (Å) (±10−3) c (Å) (±10−3) L (nm) (±5) σ (±10−3)

3 Matrix α-Fe 2.869 – – 63 3.0
(Fe,Cr) 2.886 – 26 3.1

Phosphide Fe2P 5.87 3.448 91 3

6 Matrix α-Fe 2.869 – – 62 3.1
(Fe,Cr) 2.875 13 9

Phosphides Fe2P 5.879 3.442 83 9
Fe3P 9.187 4.46 127 82

Carbide Fe3C 5.084 6.778 4.547 13 10

9 Matrix α-Fe 2.874 – – 45 9.8
(Fe,Cr) 2.881 – 83 –

Phosphides Fe2P 5.879 – 3.432 7 28
Fe3P 9.116 – 4.45 125 87

Carbide Fe3C 5.107 6.769 4.523 7 8

48 Phosphides (Fe,Cr)3P 9.18 – 4.43 4 10
Carbides (Fe,Cr)3C 5.107 6.748 4.476 15 17

(Fe,Cr)7C3(hexa) 6.92 - 4.525 16 7
(Fe,Cr)7C3(ortho) 9.492 6.889 12.011 13 6

90 Phosphide (Fe,Cr)3P 9.09 4.457 2 1.9
Carbides (Fe,Cr)3C 5.125 6.649 4.514 73 14

(Fe,Cr)7C3(hexa) 6.912 – 4.530 12 6.7
(Fe,Cr)7C3(ortho) 4.520 6.893 12.018 6 6.9

The change in width at half of maximum of the X-ray
peaks as a function of the milling time, gives evidence of
the reduction of the particles down to nanometer scale (see
Table 1), because of large plastic deformation and repeated
fracturing induced during the milling process. Also, high
density of defects is generated with prolonged mechanical
milling duration leading to an increase in micro-hardness of
the powder particles as well as to an increase of internal micro
strains (Table 1).

of the F

After 3 h of milling, the diffraction pattern is consistent
with that of the un-reactedα-Fe, theα-(Fe,Cr) and the phos-
phide phase where the lattice parametersa = 5.87Å andc =
3.448Å, are close to those of the hexagonal Fe2P phase[26].
After 6 h of milling, one observes the appearance of new
diffraction peaks related to phosphides and carbides. The lat-
tice parameters of the new phosphide phase area = 9.187Å
andc = 4.46Å instead ofa = 9.107Å and c = 4.46Å for
the tetragonal Fe3P phase[27] while those of the carbidea=
Fig. 2. Fitted XRD pattern
 eCrPC powder milled for 6 h.
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Fig. 3. Fitted XRD pattern of the FeCrPC powder milled for 90 h.

5.0837Å, b= 6.778Å andc= 4.547Å are close to those of the
orthorhombic Fe3C phase[28]. After 9 h of milling, the same
phases are observed as those of the milled powder for 6 h. One
also notes that the broad peak located at about 45◦ is probably
due to the formation of a highly disordered phase that is su-
perimposed to the crystalline phases peaks. Nevertheless, the
mixing progress is evidenced by the increase of the propor-
tions of both phosphides and carbides with increasing of the
milling time, at the expense of theα-Fe andα-(Fe,Cr) ones.
On further milling time (up to 90 h), the diffraction peaks pro-
file appears to be diffused, so it is rather difficult from broad
and overlapped peaks to distinguish crystalline phase, a dis-
ordered phase and a combination of both. The best refinement
of the XRD patterns is obtained by considering at least four
crystalline phases: tetragonal (Fe,Cr)3P type phosphide, or-
thorhombic type (Fe,Cr)3C; hexagonal type (Fe,Cr)7C3 and
orthorhombic type (Fe,Cr)7C3 carbides. All the XRD results
are listed inTable 1while refined XRD patterns of the FeCrPC
powder milled for 6 h and for 90 h are reported inFigs. 2 and 3,
respectively.

On the basis of the above XRD results, it is clear that the
complete mixing of elemental Fe, Cr, P and C powders leads
to the formation of nanocrystalline phosphides and carbides
embedded in a disordered like amorphous state, above 9 h
of milling. The phosphide phase Fe2P appears after 3 h of
m
m ve
9 af-
t ide
F ing
( sys-
t it is
r is-
s bove

9 h, as evidenced by the change in the lattice parameters (see
Table 1). The presence of the (Fe,Cr)7C3 type phase in the
milled FeCrPC powder mixture, above 48 h of milling (rather
dominant >55%), is somewhat particular, which differs from
the results expected for the FeC system having lower carbon
content (<15%)[11]. Indeed, Fe7C3 phase is formed over
a wide concentration range from 29 to 50% C with much
faster kinetics[30]. On the other hand, it has been estab-
lished that the Fe7C3 phase is usually formed at higher car-
bon content, higher temperature and pressure and for longer
milling time, according to the binary FeC alloy phase diagram
[31] and MA process[10–12], respectively. Thus, the Fe7C3
phase was observed, by transmission electron microscopy,
during the first stage of the crystallisation (T= 410◦C) of the
amorphous Fe77Cr4P8C11 ribbons prepared by melt spinning
[18]. In addition, this phase is known to contain a high den-
sity of defects with three crystallographic structures: hexago-
nal (type Ru7C3); orthorhombic and hexagonal (type Cr7C3)

F
(

illing, as obtained in the Fe92P8 powder mixture (Fig. 4)
illed with high intensity (I = 9) [29], and disappears abo
h of milling. However, the Fe3P phosphide that appears

er 6 h of milling, remains up to 90 h of milling. The carb
e3C, or cementite, is formed at the initial stage of mill

after 6 h) as observed in the mechanical alloyed FeC
em[10–12]independently of the C content. Thereafter,
eplaced by a (Fe,Cr)3C type carbide when the complete d
olution of the mixed elemental powders is achieved a
ig. 4. Comparison of the XRD patterns of the Fe92P8 [29] (a) and FeCrPC
b) powders mixture, milled for 3 h.
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[32]. Those structures may coexist together. Since the final
product of the mechanical alloyed powders in the FeC system
is affected by both the milling parameter conditions and the
starting composition[12], the formation of the (Fe,Cr)7C3
type carbide in a short milling time (48 h) comparatively to
that of the FeC system[10–12], is due to (i) the milling inten-
sity (I = 7); (ii) the powder to ball weight ratio (2/35) and (iii)
the starting elemental powders nature. In summary, since the
final milling product contains only (Fe,Cr) phosphides and
(Fe,Cr) carbides, the FeCrPC powder mixture can be thus
described as a pseudo-ternary (Fe,Cr)PC alloy.

Mössbauer spectra of mechanically alloyed Fe77Cr4P8C11
powders, as shown inFig. 5, exhibit a highly complex hyper-
fine profile especially for longer milling times. The hyperfine
structure is strongly dependent on milling time with a pro-
gressive asymmetrical and important broadening of the sextet
lines and the emergence of a quadrupolar component and low
hyperfine field contributions, due to the formation of carbides
and phosphides as observed by XRD. After 3 h of milling, the
Mössbauer spectrum is consistent with a sextuplet related to
the unreactedα-Fe (86%), a broad magnetic sextet with a
relative fraction of about 6% and a paramagnetic component.
These two late contributions can be considered as the dis-
ordered like amorphous fraction. The paramagnetic doublet
that contains 8% of iron is due to the phosphide site. In ef-
f ed in
t
F hift,
I that
t
p S.
T for-
m ost
i ed

Fig. 6. Comparison of the M̈ossbauer spectra, taken at 300 K, of the Fe92P8

[29] (a) and quaternary FeCrPC (b) powders mixture, milled for 3 h.

by the existence of twoα-Fe components having higher hy-
perfine magnetic fields (B1 = 35.8 T andB2 = 34.6 T). Those
features arise from a very distorted structure because of the
used milling conditions especially the milling intensity (IFeP
=9 > IFeCrPC= 7) and the nature of the starting elemental
powders. On the other hand, knowing that: (i) both FeP and
Fe2P phosphides are paramagnetic at room temperature[33];
(ii) the obtained IS value of the phosphides falls into the same
range as that of the FeP and Fe2P phases (Table 2) and (iii)
the QS value is close to that of FeP phase but greater than
that of Fe2P phase, one can thus assume that the obtained hy-
perfine parameters can be attributed to a non-stoichiometric
phosphide phase FexP with 1<x< 2, which is not yet known,
to our knowledge.

For 6 h of milling, the disordered like amorphous fraction
increases at the expense of theα-Fe component and reaches
a relative proportion of about 47%. After 9 h of milling, one
observes the emergence of a broad lines component in the
centre of the M̈ossbauer spectrum with a significant decrease
of the α-Fe component area, as well as the increase of the
disordered amorphous like fraction. For 12 h of milling, all
elemental powders are mixed at the atomic level. This is con-
firmed by the shape of the M̈ossbauer spectrum which has
changed drastically. Further milling time up to 32 h leads to
the disappearance of the paramagnetic doublet and thus to
t tate.
I at
o s
F The

T
H S cor-
r g,
r

)

F
F
F
F

ect, a similar paramagnetic doublet has been observ
he Fe92P8 powder milled for the same time[29] as shown in
ig. 6. From its hyperfine parameters values: the isomer s

S, and the quadrupolar splitting, QS, it is quite obvious
he phosphide obtained in the Fe92P8 [29] and Fe77Cr4P8C11
owders mixtures (Table 2) have the same IS but different Q
his difference might be attributed to the high plastic de
ation induced during the milling process, which is m

mportant in the binary Fe92P8 milled powders as evidenc

Fig. 5. Mössbauer spectra of the milled powders, taken at 300 K.
he formation of a magnetic disordered amorphous like s
n fact, the shape of the M̈ossbauer spectrum looks like th
btained for the amorphous FeC system[34] and amorphou
ePC alloy[35] prepared by conventional techniques.

able 2
yperfine parameters of the paramagnetic doublet phosphide: IS and Q

espond to isomer shift (respect toα-Fe at 300 K) and quadrupolar splittin
espectively

IS (mm/s) QS (mm/s) Prop (%

e92P8 powder mixture 0.43 0.92 9
e77Cr4P8C11 powder mixture 0.43 0.66 8
eP phase[33] 0.32 0.65 –
e2P phase[33] 0.60 0.43 –
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Table 3
Hyperfine parameters deduced from the fitting of the Mössbauer spectrum of the FeCrPC powder mixture milled for 90 h: IS, QS, 2ε, Bhf andΓ correspond to
isomer shift (respect toα-Fe at 300 K), quadrupolar splitting, quadrupolar shift, hyperfine field and line width, respectively

Phases Sites Bhf (Tesla) (±0.8) IS (mm/s) (±0.05) QS or 2ε (mm/s) (±0.05) Γ (mm/s) (±0.05) Proportion (%) (±2)

ε′-Fe2.2C type carbide Doublet 0 0.26 0.793 0.52 8

Disordered like amorphous phase Site I 9.2 0.44 −0.27 0.58 19
Site II 10.7 0.13 0.46 0.36 6

(Fe,Cr)7C3 type carbide Site III 16.5 0.27 0.29 0.56 45
Site IV 21.6 0.25 −0.17 0.68 11

(Fe,Cr)3P type phosphide Site V 17.3 0.36 −0.86 0.56 11

best fitting model of the M̈ossbauer spectrum of the powder
mixture milled for 90 h is obtained by means of six compo-
nents: a paramagnetic doublet and five magnetic components
(namely site I to site V, shown inTable 3). For the former, the
hyperfine parameters: IS = 0.26 mm/s and QS = 0.80 mm/s
are comparable to those of the superparamagneticε′-Fe2.2C
carbide synthesised in a catalysis reaction at 115◦C: IS =
0.25 mm/s and QS = 0.90 mm/s[36]. For the latter, the site
V can be attributed to the (Fe,Cr)3P type phase, sites III and
IV to the (Fe,Cr)7C3 type phase while the lower hyperfine
magnetic fields (sites I and II) can be related to the Fe atoms
located within the grain boundaries or/and the amorphous
rich (P,C) metalloid environments.

The milling process progress, as a function of the milling
time, can be followed by the evolution of theα-Fe fraction
(Fig. 7) and by the variation of both the average hyperfine
magnetic field,〈Bhf〉, and the isomer shift,〈IS〉 (Fig. 8). The
average hyperfine field decreases linearly up to 12 h of milling
and then remains milling time independent above 32 h of
milling. Meanwhile, the evolution of the average isomer shift
exhibits a different behaviour. In fact,〈IS〉 increases linearly
during the first 12 h of milling, reaches a maximum value of
about 0.27 mm/s after 32 h of milling and then levels off. On
the basis of the above observations, one can conclude that
the decrease of〈Bhf〉 and the increase of〈IS〉 during the first
h ntal
p into
t f one
P rest

F n
o

neighbour: (i) reduces the hyperfine magnetic field,
Bhf , by
about 2[37] and 5.7 T[34], respectively, and (ii) increases
the isomer shift,
IS, by about 0.1 mm/s[37] and 0.04 mm/s
[34], respectively. While, the effect of one Cr atom situated
in the first coordination shell is to reduce both the hyperfine
magnetic field and the isomer shift by about 3 T and 0.2 mm/s
[38], respectively. Hence, the increase of〈IS〉 correlated to
the decrease of〈Bhf〉 may allow us to suppose that the ef-
fect of Cr during the alloying process, which is masked by
those of P and C, can be neglected. Taking into account the
variation of〈Bhf〉 and〈IS〉 with the milling time, one can sug-
gest that the alloying process of the FeCrPC mixture leads
to the formation of a disordered like amorphous state after
32 h of milling since the shape of the M̈ossbauer spectrum
is similar to those obtained for the bulk Fe–C alloys studied
as a function of C content[34] and FePC amorphous alloys
[35]. The average magnetic hyperfine field of about 12.5 T is
found to be lower than that obtained in the amorphous rib-
bons having the same composition (〈B〉 = 20.6 T)[18]. This
difference may be attributed to the thermal history of the two
alloys through their elaboration conditions and especially to
the MA process which leads to the nanometer scale of the
crystallites size and the increase of both the microstrains and
the number of atoms located in the grain boundaries (∼50%).

The hyperfine magnetic field distributions, P(B), of the
d
e the
r ted

F illing
t

ours of milling are related to the mixing of the eleme
owders and therefore to the diffusion of Cr, P and C

he Fe matrix. It is well established that the presence o
and C atom in the vicinity of the Fe atom as first nea

ig. 7. Evolution of the unreactedα-Fe and mixedα-Fe fraction as a functio
f milling time.
isordered amorphous like phase are shown inFig. 9for sev-
ral milling times. Above 6 h of milling, the increase of
elative fraction of the lower hyperfine fields can be attribu

ig. 8. Evolution of the average hyperfine parameters as a function of m
ime: (a):〈Bhf 〉 and (b):〈IS〉.
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Fig. 9. Variation of hyperfine field distributions for several milling times.

to the amorphisation process which takes place as the milling
time increases. After 32 h of milling, the broadening of the
hyperfine field distribution, P(B) curve, can be due to the high
lattice strains, the grain size reduction and the high density of
defects and of increasing grain boundaries. The shift of the
P(B) curve to the lower hyperfine fields is characteristic of
P-based and C-based amorphous alloys and therefore related
to P rich and C rich neighbourhoods in the amorphous struc-
ture. Thus, the FeCrPC powders mixture can be described as
a pseudo ternary (Fe,Cr)PC.

4. Discussion

In order to understand how the alloying process of the
quaternary FeCrPC powders mixture occurs during MA, MS
measurements have been used jointly to XRD since their
patterns are not adequate and conclusive enough to deter-
mine if the phase only results of fine-grained structures with
grain boundaries or contains small crystallites embedded in
an amorphous matrix. Summarizing the structural investiga-
tions, one can describe the mechanism of formation of the
FeCrPC alloy by three stages as following:

Stage I: Up to 12 h of milling and corresponding to the com-
plete mixing of all elemental powders. During this stage, the

and
. In

ual. It

in the
en-
nd

e

hase
ht

it is
vors

the P segregation at the grain boundaries, while its
concentration is C content dependent[39]. It thereby
increases when the global content of C decreases. On
the other hand, P behaves generally as a stabiliser of the
amorphous structure, but by itself it reacts with Fe to pro-
duce phosphides during the first stages of the MA process
[40]. Also, the low melting temperature of P (∼250◦C)
combined to the high energy collision due to the large
amount of plastic deformation and sliding, leads to local
melting which favours thus the alloying of Fe and P. It
consequently originates the formation of P rich-(Fe, P)
environments as evidenced by the paramagnetic doublet
in the Mössbauer spectrum which is attributed to the FexP
(1 <x<2) phosphide phase. Thus, it seems that this latter
has the same crystalline structure than the Fe2P phase as
revealed by the XRD. The Fe3P phosphide phase appears
after 6 h of milling and remains for larger milling duration
where it is then replaced by a (Fe,Cr)3P phosphide after
a total mixing of the elemental powders Fe, Cr, C and P;

3. The formation of the Fe3C carbide, after 6 h of milling,
is obvious according to the binary Fe–C diagram
phase. Indeed, it is well established that the cementite,
Fe3C, is metastable and is obtained for lower carbon
content (less than 6.7%) at lower temperatures. The
high diffusivity of C into the bcc Fe matrix is due to its

olid

like
to
lled
the
may
Fe

like
amag-

rys-
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illing
eing
de-

nifi-
tion,
ergy
tains
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tal
p n
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t ence
o s
formation ofα-(Fe,Cr), FexP (1 < x < 2), Fe3P and Fe3C
phases is certainly due to the separate alloying of Cr, P
C with Fe powders, according to their mixing enthalpy
fact, it seems that the attraction Cr–P is rather moderate[39],
whereas the Cr forms several types of carbides, as us
is well established that:
1. The reaction between Fe and Cr is always observed

early stage of milling because of the negative mixing
thalpy (
Hmix = −1 kJ/mole) and their bcc structures a
similar lattice parameters. Thereby, theα-(Fe,Cr) phas
is formed from the beginning of the milling process;

2. The appearance of the paramagnetic phosphide p
FexP type, in the early stage of milling (after 3 h) mig
arise from the phosphorous properties. Indeed,
well established, that the presence of Cr in steels fa
,

small atomic radius and because it forms interstitial s
solution.

Stage II: Formation of a disordered amorphous
Fe77Cr4P8C11 alloy. Further milling (up to 32 h) leads
the amorphisation through either the diffusion-contro
reaction or by the defect-induced decomposition of
nanocrystalline intermediate products. This hypothesis
be confirmed by the disappearance of the paramagneticxP
doublet.
Stage III: Recrystallisation of the disordered amorphous
state. The appearance of new carbides such as the par
netic doubletε′-Fe2.2C phase as well as the (Fe,Cr)7C3 type
phase, above 32 h of milling, can be related to the rec
tallisation of the disordered amorphous like phase, sinc
presence of large surface area of the mechanically m
powder particles implies a large amount of energy b
stored in the milled particles. Also, the large number of
fects introduced through plastic deformation allows sig
cant diffusion to take place at room temperature. In addi
the slight heating effect due to the transfer of kinetic en
from the highly energetic ball charge enhances and sus
the diffusion process.

. Conclusion

Amorphisation by high energy ball milling of elemen
owders with the overall composition Fe77Cr4P8C11has bee

ollowed as a function of milling time by XRD and MS. In
ial steps in the alloying process are driven by the pres
f α-Fe,α-(Fe,Cr), FexP (1 <x < 2), Fe3P and Fe3C phase
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during the first 9 h of milling which might arise from sepa-
rate mixing and/or segregation of phosphides and carbides.
Over 12 h of milling, the complete mixing of all elemental
powders is reached and then leads to the formation of the
disordered amorphous like state after 32 h of milling. Further
milling gives rise to the formation of phosphides (Fe,Cr)3P
type phase, a dominant (Fe,Cr)7C3 type phase in addition to
the paramagnetic carbideε′-Fe2.2C phase embedded in the
amorphous matrix.
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