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Using X-ray phase analysis and microanalysis, optical and scanning electron micro-
scopy, and Mossbauer-effect spectroscopy, the influence of sulphidation on the
metallic phase of an Feq, Sig alloy is studied. It has been revealed that three distinct
layers are formed: (a) the outermost one, called the outer scale, is composed of
FeS; (b) the next one, called the inner scale, also contains iron sulphide; and (c)
the one occurring on the metallic core is enriched in silicon and contains an admix-
ture of DO; structure. A possible mechanism responsible for the enrichment and for
the formation of the DO, structure is proposed.

1. Introduction

It is expected that phenomena which occur in
Fe-Si alloys during their sulphidation are dif-
ferent from those occurring due to oxidation of
these alloys, because the affinities of iron and
silicon to sulphur are very similar, while that of
silicon to oxygen is much larger than that of iron
to oxygen. Consequently, one expects that the
process of selection and preferential oxidation of
silicon that takes place during oxidation [1] does
not occur during sulphidation. One can even
expect an opposite effect to occur during sul-
phidation, namely that iron will sulphidize
preferentially leading to enrichment of the sur-
face zone of the core in silicon, assuming the
concentration of the latter is low enough.

The high affinity of iron to silicon seems to be
responsible for a formation of ordered struc-
tures (superstructures) in Fe-Si alloys. In par-
ticular the so-called DQ, structure can be
formed under certain heat treatment if the con-
centration of silicon amounts to 25%.

Its characteristic feature is that there are two

nonequivalent iron sites, Fe; and Fe;. The
former has four iron and four silicon atoms in
the nearest-neighbour shell (NN) and six iron
atoms in the next-nearest one (NNN), while the
latter has only iron atoms in NN and only silicon
atoms in NNN (a more detailed description of
this superstructure will be given in Section 4).
For other compositions of the alloy other
superstructures can be formed, completely or
partially, depending on the actual composition
and heat treatment. Inden and Pitsch [2], for
instance, based on the Bragg-Williams model
explain the occurrence of these superstructures
and determine their stability in terms of the
temperature and composition.

A similar phenomenon of ordering was
recently observed by Werber and Zurek for
Cu-Si alloys [3]. The authors observed that the
surface zone of the core of the sulphidized
samples contained the n’-phase (Cu;Si) which
subsequently decayed into a metallic silicon.

In view of the above study it seems interesting
to investigate the influence of sulphidation on
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Figure | The microstructure obtained from the microsection of the sample sulphided at 7, = 800°C. (a) x 100, (b) x 250.

the metallic phase of the surface zone of Fe—Si
alloys. In the following we present the results of
such an investigation for an Fe,,Si; alloy, using
X-ray phase analysis and microanalysis, optical
and scanning electron microscopy, and
Mossbauer-effect  spectroscopy.  Preliminary
results have been presented elsewhere [4].

2. Experimental details
2.1. Alloy preparation, its sulphuration
and sample preparation

An alloy whose final concentration of silicon
was 6.1at% was prepared by melting appro-
priate amounts of 99.99% purity iron and silicon
in an induction furnace in an atmosphere of pure
argon.

The resulting ingot was cold-rolled to 1.5mm
thickness. From the sheet rectangles of
20 mm x 30mm size were cut out. Before sul-

phidation such samples were hand-ground with
glasspapers of decreasing grains down to 5/0;
they were then cleaned first with ethanol and
next with acetone. Sulphidation was carried out
in a sulphur vapour under a pressure of 1atm
using a set-up described previously [5]. The sul-
phidation lasted for 40min at temperatures
T, = 600, 700 and 800° C, and was followed by
cooling in air.

The morphology of a scale, the outer layer of
the core and the inner part of the surface zone of
the core was studied on microsections obtained
by cutting samples perpendicular to the scale
surface. In order to make grains more visible,
microsections were etched in an alcoholic solu-
tion of nitric acid. Figs. 1 and 2 show the micro-
structure of the above-mentioned regions of
interest for the samples sulphidized at 600 and
800° C respectively.
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Figure 2 The microstructure obtained from the microsection of the sample sulphided at 7, = 600° C (x 100).

For the analysis by means of a scanning elec-
tron microscope the samples were fractured per-
pendicularly to the sulphidized surface, and the
geometry of the analysis was chosen in such a
way that the electron beam was perpendicular to
the area of the fracture. Figs. 3 to 5 present the
microstructures of different layers of interest as
obtained for the sample sulphidized at 800° C.

Distributions of elements in the layers of
interest were obtained by means of the X-ray
microanalyzer SMQ ARL. Towards this end,
the samples were prepared in a similar way to

Figure 3 The microstructure obtained from the fracture of
the outer scale for T, = 800° C. Note well-formed columnar
crystals and a lack of defects.
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those used for the optical analysis. Distributions
of elements in products of the reaction were also
studied. As standards FeS, was used for iron and
sulphur determination and a metallic silicon for
the determination of silicon. Figs. 6 and 7 show
the distribution profiles as obtained for the
samples sulphidized at 600 and 800°C
respectively.

Analysis of the phase composition of the
studied layers was carried out by means of X-ray

Figure 4 The microstructure obtained from the fracture of
the layer occurring on the core for 7, = 800°C (x 600).
Irregular thin plates and spheres with numerous pores and
discontinuities are characteristic features here.



Figure 5 The microstructure obtained from the surface of the
core for T, = 800° C ( x 5200). Note small detached sphere-
like elements forming this microstructure.

diffraction using a molybdenum tube. The outer
layer of the scale had been removed before this
analysis was performed. Reflections obtained
were interpreted based on ASTM Tables [6]. The
X-ray diffraction was carried out on subsequent
layers: starting with the inner part of the scale,
followed by the layer occurring on the metallic
core, and finally with the one of the metallic core
itself.

A particular layer was made accessible by
grinding the preceding one. This procedure was
continued until the diffraction pattern obtained
was identical with that characteristic of the
initial (unsulphidized) sample.

Fig. 8 shows a phase distribution as deduced
from the above study. The kind and relative
abundance of phases occurring in the four layers
studied can be learnt from it.
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Figure 6 Distribution of elements for the sample sulphurized
at T, = 600°C.
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Figure 7 Distribution of elements for the sample sulphurized
at 7, = 800°C.

For the analysis by means of the M&ssbauer
spectroscopy, samples in the form of foils were
prepared from (a) the surface zone of the core
(i.e. the region in contact with the scale), and
(b) the inner part of the core, for all the sul-
phidized samples. In addition, a foil prepared
from the unsulphidized sample was investigated
too. The foils were prepared by hand-grinding
with glasspapers followed by a chemical polish-
ing in a solution of 50g CrO; + 0.45dm’
H;PO,. During the latter process the outer sur-
face of the sample of the surface zone of the core
was covered with a varnish in order to protect it
from dissolution.

’Fe Mossbauer spectra were collected at
room temperature in a transmission geometry.
The 14.4keV monoenergetic y rays were
supplied by a source of *’Co in a chromium
matrix. Its activity was about 20 mCi, and each
spectrum was collected with statistics of 7 to
8 x 10° counts per channel. As a calibration
standard an iron foil of a-Fe was used. Fig. 9
shows the spectra obtained.

2.2. Chemical composition of the layers
of interest
It turns out that in all investigated samples there
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Figure 8 Phase distribution as obtained for the sample sul-
phurized at 7, = 800°C.
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Figure 9 Room temperature Mdssbauer spectra of (A) a
sample cut out of the central part of the core, and (B) a
sample obtained from the surface region of the core for
different T, shown.

is a rather homogeneous distribution of ele-
ments within the metallic core. However, in the
layer occurring on the core one observes a rather
sharp increase in silicon concentration and
simultaneously a decrease in the concentration
of iron. The sulphur content in this layer
increases smoothly when approaching the scale,
and its concentration does not exceed 0.5 to
1.5%. In the inner scale there is silicon whose
concentration is larger than that within the
metallic core, as well as within the layer occur-
ring on its surface. The sulphur content is rather
high, excluding regions where silicon is present.
Here its concentration is significantly smaller. In
the outer scale there is no silicon at all, and the
concentration of iron and sulphur corresponds
to FeS, (see Figs. 6 and 7).

Because of the morphology of the layers, the
above results should be treated only qualitatively.

2.3. Morphology of the layers

The morphology of the studied layers was inves-
tigated by means of metallographic methods as
well as by observing fractures with the scanning
electron microscope.

Three layers could be distinguished in all
cases: (a) an outer layer of scale, (b) an inner
layer of scale, and (c) a layer occurring on the
core. The outer scale, being very distinct from
the others, is characterized by numerous holes,
cracks and pores which must largely be due to
the preparation of microsections. The inner
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scale, being rather thin, looks more compact and
homogeneous, and it is less grey than the outer
scale. Finally, the third layer, being in consis-
tency similar to the inner scale, is characterized
by a metallic lustre. It sticks rather firmly to its
predecessor, but it can become relatively easily
detached from the metallic core (which in fact
occurs in the course of microsection prep-
aration, as shown by Figs. 1 to 3).

The investigation of morphology with the
scanning electron microscope was performed on
perpendicular fractures of all layers of interest.
It turns out that the outer scale is built from
well-formed columnar crystals. No holes, cracks
or pores have been detected in it which confirms
the earlier remark that these defects result from
the preparation of the microsection (Fig. 3).

The morphology of the thin inner scale could
not be observed with this method. This was most
likely due to the fact that it is similar to the
morphology of the much thicker layer occurring
on the core, the latter being composed of
irregular thin plates and spheres and having
numerous pores and discontinuities (Fig. 4). The
surface of the metallic core, investigated after
having removed all previous layers, turns out to
be covered with small detached sphere-like ele-
ments (Fig. 5).

2.4. Evaluation of the Massbauer
spectra

The spectra were computer-analysed on a super-
position principle, i.e. the resultant spectra were
regarded as composed of a number of six-line
subspectra having characteristic hyperfine (hf)
splittings H and isomer shifts 7. Each sub-
spectrum was ascribed to an atomic configu-
ration (m, n) of a probe atom having m silicon
atoms in the first and » silicon atoms in the
second neighbour sheil.

It was further assumed that the influence of
silicon atoms on the hf parameters is additive,
i.e. the following relations hold:

H(m,n) = H(0,0) + mAH, + nAH, (1)
Im,n) = I0,0) + mAl, + nAL (2)

where H(m, n) is the hf field at a ¥ Fe nucleus in
the (m, n) configuration, and AH|, are the hf
field shifts caused by one silicon atom residing in
the first (index 1) and in the second (index 2)
neighbour shell. The meaning of I(m, n) and
Al , is similar.



TABLE I Best-fit parameters* as obtained from the Mossbauer spectra for the studied samples

Sample H@O,0) AH AH, 0, 0) Al Al H, a1 I 0 '
A 337.1 —29.6 —-92  —0.008 004 000 — - - - - -
B (600°C)  341.0 —-320 —100 0000 004 000 315 201 007 024 058 026
B (700°C)  336.0 -325  —10.7 0.003 0.04 001 311 199 008 024 057 023
B (800°C)  338.0 —310 —110 0.000 005 001 314 202 006 025 059 029

*hf fields H are in kOe (10°/4n Am™"), isomer shifts 7 in mmsec™' and quadrupole splittings Q in mm sec™'. Meanings of

the parameters are given in the text.

The resultant spectra were decomposed into
six subspectra corresponding to the six most
probable atomic configurations for that com-
position (assuming a random distribution of
atoms). However, the relative abundances of
these subspectra P(m, n) were parameters to be
fitted, to allow thereby for expected changes in
the atom distribution due to sulphidation.

Using the above procedure one could satisfac-
torily fit only the spectrum of the unsulphidized
sample (labelled A in Fig. 9). The spectra
obtained for the layers of interest of the sul-
phidized samples exhibit additional lines which
could be accounted for by two additional sub-
spectra, possibly related to iron atoms occupy-
ing two different sites in the ordered DO, struc-
ture. It is well known that in this structure there
are two nonequivalent iron sites I and II having
the following atomic configurations: Fe~(4Fe,
48i; 6Fe), Fe—(8Fe, 6Si). Their relative inten-
sities are 2: 1. It has also turned out (see spectra
labelled B in Fig. 9) that in the central part of the
spectra there is still not a well-resolved additional
line which could be well fitted as a doublet.

By means of the least-squares fitting
procedure the spectra could now be well fitted.
The best-fit parameters are displayed in Table 1.
Values of the hf parameters H(0, 0), AH,,,
1(0, 0) and A1, agree well with the correspond-
ing parameters obtained for the unsulphidized
sample. Values of the hf parameters obtained for
the two additional subspectra are within the
error limits identical with those characteristic of
DO, structure [7, 8]. Finally, parameters charac-
terizing the doublet (Q and I) are in agreement
with those characteristic of FeS, [9].

Therefore, in order to gain a more quan-
titative insight into the problem of the develop-
ment of DO, structure under sulphidation we
introduce the following order parameters, Q:

Q = _N"_N

N, — 467 (3)

where N, stands for the average number of sili-
con atoms in the first two neighbour shells as
calculated for a random distribution of atoms,
and N corresponds to the actual distribution, i.c.
N was calculated from the formula

N = Y (m+ n)P(m, n)/(z) P(m, n) (4)
(mon) m,n

The Q parameter is equal to zero for randomly
distributed atoms and to unity if the atoms form
the DO, structure. It has been evaluated for the
whole magnetic part of the sample (i.e. the
doublet was excluded) as well as for the non-
ordered part of the magnetic part of the spectra
(i.e. the doublet and the two subspectra charac-
teristic of the DO, structure were excluded). In
the latter case it has been called Q' (see Table II),
and it measures a departure from a random
distribution of atoms within the non-ordered
phase in terms of the DO, structure. One can
readily see from Table II that in fact & = 0.

Finally, a relative abundance of iron atoms in
the DO, structure, P(DO,), as well as in the FeS,
phase, P(FeS,), have been determined and dis-
played in Table II. This table contains also
values of probabilities P(0, 0) as determined by
fitting the spectra. As can be seen, a decrease of
P(0, 0) is correlated with an enhanced degree of
order Q.

3. Discussion of results
It follows from the X-ray analysis that sulphi-
dation of an Fe,,Si alloy at 600 and 800°C

TABLE II Parameters
spectra. For details see text

evaluated from Moassbauer

Parameter Sample

A B (600°C) B (700°Cy B (800°C)
Q 0.114  0.302 0.408 0.355
Q 0.114 0.124 0.113 0.153
P(DO,) - 0.202 0.332 0.313
P(FeS,) — 0.024 0.046 0.079
P(0, 0) 0.196  0.130 0.110 0.090
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results in the development of three layers on the
metallic core. The outermost one, called the
outer scale, has the phase composition of FeS.
The next one, being very thin and called the
inner scale, could not be fully identified as far as
its phase composition is concerned. When
detached, however, from the outer scale it had a
smell characteristic of H,S. In its X-ray pattern
there were reflections typical of iron sulphide.
Finally, the layer occurring on the core turns out
to be a mixture of the ordered structure DO, as
well as of a nonordered « phase of Fe-Si. No
reflections characteristic of FeS or FeS, have
been detected.

From the analysis of the Mdssbauer spectra it
follows that the actual composition of the layer
on the core depends on the temperature of sul-
phidation 7,. For T, = 700° C, P(DO,) has its
maximum and £ its minimum. For T, = 800°C
the contribution of the DO, structure to this
layer decreases at the cost of the FeS, phase,
whose abundance steadily increases with
increasing T,.

The concentration of silicon in this layer has
doubled in comparison with its value inside the
core, and the concentration of iron has
decreased. There is no simple correlation
between the concentration of silicon and T.,.

The concentration of sulphur, being not larger
than 2%, increases with 7, and for a given T it
increases from the core surface in the direction
of the inner scale.

In the X-ray pattern of the inner scale there
are peaks characteristic of silicon. They may be
due to SiO, which together with H,S is a product
of the disintegration of SiS, in the humid air.
This is also evidenced by the smell of H,S
revealed after having removed the outer scale.

In the outer scale, concentrations of iron and
sulphur are constant over the whole cross-
section of this layer and correspond to iron sul-
phide. There is no evidence for the presence of
silicon in this layer.

4, Interpretation of results

It has been shown that a process leading to the
formation of a layer enriched in silicon and
containing the DO, structure occurs in par-
ticular within the surface zone of the metallic
core. We believe that it has thermodynamic and
kinetic origins. In the following a possible pic-
ture of what occurs is given.
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A standard enthalpy of FeS formation is
smaller than the one needed to form SiS,. In
addition, the activity of silicon in the studied
alloy is diminished by its low concentration.
According to Barin and Knacke [10, 11], stan-
dard enthalpies G for the following reactions at
T = 600 to 800°C are as follows:

GSi+ S, > SiS,)) = —432+¢t0
—50.3 kcalmol ! Q)
G(2Fe + S, — 2FeS) = —70.5 to
—77.7kcalmol ™! ©6)

According to the parabolic law of sulphu-
ration the appropriate constants of a pure iron
and a-FeSi at T, = 600 to 800° C under a press-
ure of latm are equal to 0.6 x 107° to
4.6 x 107° for the former [12] and to
0.6 x 107°t02.77 x 10~ %g’cm“*sec™' for the
latter [13]. In addition, the sulphidation of pure
silicon occurs a few order of magnitudes slower
than that of pure iron [14]. From the above data
it follows that the rate of sulphidation of the
studied alloy is mainly determined by the
reaction of iron with sulphur. Consequently,
from the very beginning of the sulphidation FeS
forms on the surface of the alloy, blocking
thereby a further access of suiphur to the metal-
lic surface. As a result of this, SiS, cannot be
formed and the surface region of the core gets
enriched in silicon. Increase of the silicon con-
centration in Fe—Si alloy leads to ordering of
silicon atoms in the matrix. The solid solution of
Fe-Si has a bcce structure whose atomic con-
figuration can be described in terms of four
sublattices I, II, III and IV having the fce struc-
ture themselves (see Fig. 10). Atoms occupying I
and II sites are the nearest neighbours to those
residing in IIT and IV sites, and vice versa. On
the other hand, atoms occupying I and III sites
are the next-nearest neighbours to the atoms
located at IT and IV sites.

In order to describe a distribution of atoms
within these four sublattices one introduces
three parameters x, y and z defined in the follow-
ing way [2]:

x = 3(Pp + Pr. — PR — PX)
y = 3(Pr — Pr Q]
1(Pt. — Pr.)
where P§, is the probability of having an iron
atom in the ith sublattice ( = I, 11, III, IV).

z =



Figure 10 Spatial arrangement of the sublattice sites I, II, IIT
and IV.

If x = y = z = 0 the lattice is called A2. If
x # 0andy = z = 0,iron atoms preferentially
occupy land Il (x > 0) or T and IV (x < 0)
and the structure is called B2. Consequently,
silicon atoms can occupy Sites III and IV or [
and II, respectively. As a result of this selective
site occupation the number of Fe-Si near-
neighbour pairs increases in comparison with
the situation in A2.

If y # 0 or z # 0 the existing structure is
called DO; and its characteristic feature is that
the number of the next-nearest Fe—Si pairs is
larger than that for B2. (Sites III and IV are
occupied by Fe; atoms, Sites II by Fe, atoms,
and Sites I by silicon atoms.)

As shown in the present study, the sulphi-
dation results in a formation of the above super-
structure in the surface zone of the core.

Because of a high affinity between silicon and
iron which is due to interaction between 3s-3p
electrons of silicon with 3d ones of iron, there
will be a tendency for silicon atoms to “bind”
neighbouring iron atoms. In fact, a strong inter-
action between iron and silicon atoms has been
reported [15, 16]. Consequently, only those iron
atoms which do not participate in the formation
of the superstructures will react with sulphur
atoms forming FeS and causing thereby a rela-
tive increase of silicon content. Its maximum
occurs at the interface metallic core/layer on the
core. At this interface the concentration of sul-
phur is sufficient to react with iron atoms not
participating in the formation of the superstruc-
tures. A flux of vacancies resulting from a trans-
fer of iron atoms from the core into the scale and
flowing in the opposite direction may also help
to form the superstructures; they enhance the
mobility of the atoms, making thereby a forma-
tion of new atomic configurations easier.

The actual abundance of DO,, P(DO,), is
determined by at least two competing phenom-
ena: its formation and its decay. From the corre-
sponding P(DQO,) values displayed in Table II it
follows that (a) for T, = 600 to 700° C the rate
of formation R;is larger than the decay rate Ry,
and (b) for T, = 700 to 800°C R; < R,.

The decay of the DO, structure occurring at
the interface inner scale/layer on the core is due
to the activity of sulphur in this region as well as
to a high mobility of iron atoms in FeS, and of
silicon atoms in the SiS,. Iron atoms in FeS
diffuse faster (Dps = 3.7 x 1077ecm™" [17))
than those in the a-FeSi phase (Dgg = 3.2 X
10~"cm™! [18]), and probably also those in
DO,. As a result of this diffusion, iron atoms
quickly reach the outer scale where after having
reacted with sulphur they increase the thickness
of the outer scale, or react with sulphur originat-
ing from a dissociation of the outer scale, and
finally form FeS which remains in the inner
scale.

The activity of sulphur at the interface metal-
lic core/scale is, in the equilibrium condition,
equal to the decay pressure of the iron sulphide.
When forming superstructures the activity of
sulphur is even larger, because DO, decays into
FeS and SiS, (SiS, can be more easily formed
from DO, than from «-FeSi because the chemi-
cal potential of silicon in DO, is larger than that
in o-FeSi). This is due to the existence of dis-
sociation fissures along which sulphur can
quickly diffuse into the zone of metal consump-
tion [19].

5. Conclusions

Based on the results obtained in the present
investigation and presented in previous sections,
the following conclusions can be drawn:

1. Sulphidation of an Fe,,Si; alloy leads to
enrichment of the surface region of the metallic
core in silicon, and subsequently to a formation
of DO, structure in that region.

2. The main reason for this enrichment is a
selective sulphidation of iron atoms taking place
on the core surface.

3. Vacancies being created on the surface of
the core catalyse ordering of the alloy in the DO,
structure.

4. DO; structure formed at the interface
inner scale/metallic core decays into FeS and
SiS,.
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