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bstract

he corrosion resistance of sialons made from commercial powders (AlN, Al2O3 and Si3N4) and from powder precursor produced by carbothermal
eduction and nitridation of raw aluminosilicate (pyrophyllite) in molten steel were investigated. The corroded zone in sialon made from raw

yrophyllite (P1) is more then two times deeper compared to the corroded zone of sialon made from commercial powders (C1). The corrosion zone
f sample P1 is on the average 610 �m deep, while in sample C1 it is only 260 �m. The main corrosion products are �-Al2O3 and iron silicides.
he phase compositions were estimated by neutron Rietveld refinement.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Recently the application of advanced ceramics increases
lso in the metallurgical industry, consequently the knowl-
dge of their corrosion behaviour is essential.1,2 �-Sialon
Si6−zAlzOzN8−z; 0 < z < 4.3) ceramics are frequently used
aterials in the industry owing to their good mechanical prop-

rties and reasonable price. For engineering application in steel
ndustry the knowledge of corrosion behaviour in molten steel is
mportant. However, a search in commonly available literature
uickly revealed that the data on this subject are rather scarce.
mong them, the wettability of sialon-based ceramics by molten

teel has been investigated by Amadeh et al.,3 who reported
good corrosion resistance of carbon doped �-sialon against
olten steel. Interaction and reaction mechanism of Si3N4 with

arbonyl iron in nitrogen or argon atmosphere was discussed
y Shimoo et al.4 They found that Fe–Si solid solutions were

ormed both in nitrogen and in argon. With increasing tempera-
ure the corrosion products were iron silicides in the following
rder of occurrence: Fe3Si, Fe5Si3 and FeSi.
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�-Sialon ceramics are usually prepared by reactive sinter-
ng of appropriate mixtures of Si3N4, Al2O3 and AlN powders.
he aim of present paper was to test the corrosion resistance of

wo types of �-sialons against molten steel: the first prepared
rom commercial powders, and the second one from precursors
ynthesised by carbothermal nitridation of pyrophyllite. Model
xperiments were also carried out to reveal the phase composi-
ion of corrosion products.

. Experimental

Two types of bulk sialon-based ceramic materials with
arameter z = 3.7 were prepared: �-sialons made from com-
ercial powders (AlN, Al2O3 and Si3N4) and from powder

recursor produced by carbothermal reduction and nitridation
f raw aluminosilicate, pyrophyllite with ideal composition
l2Si4O10(OH)2. The powder materials used in this work were
yrophyllite (P-I, Envigeo s.r.o., Slovakia), �-Al2O3 (Martox-
de PS-6, Martinswerk, FRG), �-Si3N4 (Siconide-P, Permascand
eramic, Sweden), �-Si3N4 (Tschernogolovka, Russia), AlN
Grade C, H.C. Starck, Germany) and carbon black (Stickstof-
werk Piesteritz, Germany). The chemical compositions of the
yrophyllite according to Envigeo s.r.o., are given in Table 1.
he pyrophyllite powder was ground in planetary mill for 0.5 h
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Table 1
Chemical composition of pyrophyllite P-I (according Envigeo, s.r.o.)

P-I wt.%

SiO2 78.23
TiO2 0.59
Al2O3 15.85
Fe2O3 1.65
CaO 0.23
MgO <0.01
MnO 0.02
Na2O 0.02
K2O 0.03
P2O5 0.10
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oss of ignition 3.11

2O 0.29

nd sieved through 70 �m screen. The compositions of starting
owder mixtures are summarised in Table 2. The appropriate
mount of dry powder materials was homogenized on a roller in
PE bottle for 4 h using alumina balls. The homogenized pow-
er mixture was poured into the static graphite reactor, which
as inserted into a graphite resistance furnace. The reactor was
ept under vacuum up to 600 ◦C, above this temperature nitro-
en gas was introduced through a diffuser into the reactor. The
emperature was measured by W5Re/W25Re thermocouple up
o 1100 ◦C. A two-colour pyrometer (Ircon, USA), calibrated by
old (1063 ◦C), diopside (1392 ◦C) and alumina (2045 ◦C) was
sed for the temperature measurement of the reactor surface
bove 1100 ◦C. The final temperature of carbothermal reduc-
ion and nitridation (CRN) was 1510 ◦C with 8 h dwell at this
emperature. The nitrogen flow (100 cm3 min−1) was controlled
y means of calibrated flowmeter. The products of CRN were
nalyzed by XRD (Stoe STADI-P, Co K�1) and SEM (Jeol JSM
5) methods.

The powder products of CRN were pressed into pellets in a
teel die at 100 MPa. The compacted samples were hot-pressed
HP) in a graphite die at 1750 ◦C for 2 h in 0.1 MPa of nitrogen
nd mechanical load of 30 MPa (sample P1). For a compari-
on, the mixture C1 with parameter z = 4 was prepared from
ommercially available Si3N4, AlN and Al2O3 powders and
ot-pressed under the same conditions. The XRD and SEM
ethods were used to analyse the samples after high temperature

reatment. The z value as the mean of za and zc was calculated
ccording to the following equations (standard deviations within
arentheses)5:
(Å ) = 7.603(6) + 0.0297(4)za

(Å ) = 2.907(8) + 0.0255(6)zc

U
m

fi

able 2
omposition of starting mixtures

ample Pyrophyllite P-I (wt.%) Carbon black (wt.%) �-Si3N

1a 53.5 25.8 5.2
1

a Theoretical composition corresponds to the value z = 4 after addition of 37.7 wt.%
ig. 1. The microstructures of samples C1 (up) and P1 (down) after chemical
tching.

he subscripts indicate the z value calculated from a and c lattice
arameters of the hexagonal sialon, respectively.6 Microstruc-
ure of sintered samples were analyzed by SEM after chemical
tching by 85% solution of H3PO4.

For corrosion test sialon cuboids (samples C1, P1) were
laced into a corundum crucible and dusted with an excess of
teel sawdust (CSN 11523), and annealed in graphite resistance
urnace. After heat treatment at 1700 ◦C for 2 h in Ar atmo-
phere polished cross-sections of the corroded samples were
repared, and analyzed using SEM (Leica Cambridge, S360,

K) equipped with EDX (INCA Energy 300, Oxford Instru-
ents Analyt., UK).
Model corrosion tests were also carried out to find the

nal corrosion products. Samples C1S (i.e. C1 + steel) and P1S

4 (wt.%) �-Al2O3 (wt.%) �-Si3N4 (wt.%) AlN (wt.%)

15.5
47.9 32.9 19.2

of �-Al2O3 to the 62.3 wt.% of P1 after carbothermal reduction and ntiridation.
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Fig. 2. The cross-section of the sialon sample P1 after static corrosion at 1750 ◦C for 2 h in argon with visible corrosion regions.
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P1 + steel) were prepared by homogenization of C1 and P1
ialon powders and 20 wt.% of steel sawdust (CSN 11523) in
planetary ball mill. The mixtures were compacted by cold iso-

tatic pressing (CIP) and heat treated at 1700 ◦C for 2 h in Ar
tmosphere.

All four samples (C1, P1, C1S, P1S) were crushed and ana-
yzed with STOE Stadi P diffractometer (10–80◦ 2Θ) equipped
ith a linear PSD and a curved Ge(1 1 1) primary beam
onochromator. Neutron diffraction patterns of all samples
ere collected on the R2D2 diffractometer installed in the Neu-

ron Research Laboratory, Studsvik, using the wavelength of

.5518 Å. The samples were placed into vanadium containers.

Phase analysis was done by Rietveld refinements based on
he following crystal structures: �-sialon (space group P63/m),7

e
t

Fig. 3. Detailed SEM micrograph of th
eramic Society 27 (2007) 2137–2143

-Al2O3 (R−3c),8 SiC (F−43m),9 �-Al2O3 (Fd−3m),10 Fe5Si3
P63/mcm),11 Fe3Si (Fm3m)12 and FeSi (P213).13 All Rietveld
efinements were done using the FullProf program.14 The strat-
gy of all refinements was based on a stepwise addition of
elevant phases starting with the most abundant and proceeding
owards the phase with the smallest expected weight fraction.
ue to complexity of the system the atomic parameters were
ot relaxed.

. Results and discussion
The microstructures of samples C1 and P1 after chemical
tching are shown in Fig. 1. Samples were etched by 85% solu-
ion of H3PO4, which react preferentially with the silicate rich

e corrosion regions of sample P1.
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rain boundary phases. From the microphotographs in Fig. 1
s visible that sample P1 have more etched grain boundary and
hus more grain boundary phases compared to sample C1.

The polished cross-section of the sialon samples after static
orrosion at 1700 ◦C for 2 h in argon is shown in Figs. 2–4. Sam-
le P1 has more than two times thicker corroded zone compared
o sample C1. Sample P1 shows a corroded zone noticeably
hicker than sample C1 (∼610 �m versus ∼260 �m). More-
ver, macrocracking accompanied the corrosion of sample P1
Fig. 2a).

.1. Sample P1

The corrosion region of sample P1 can be divided into three
reas (Fig. 2). The sample surface is covered by a compact 70 �m
hick layer, region A. This layer consists of two different phases,
he continuous grey matrix and a globular white minor phase.
he region B is up to the depth of 230 �m, and is characterized
y a large porosity. This region contains small white spheres in
he upper part of the porous area. In the last region C, the porosity

ontinuously decreases. Finally, in the depth of 610 �m only the
riginal sialon can be observed.

A more detailed study of the boundary between the sialon
nd region C (Fig. 3c) showed, that the grains keep their orig-

l
p
d

Fig. 4. The cross-section of the sialon sample C1 after static corrosio
eramic Society 27 (2007) 2137–2143 2141

nal needle-like shape. The microstructure looks like the one
ormed after chemical etching and thus it can be argued that the
orrosion starts along the grain boundaries (Fig. 3c). A micro-
raph taken from the upper part of region B (Fig. 3b) shows
hat elongated grains are vanishing due to the corrosion and the
orosity increases. In this region even the sialon grains were
artly dissolved. Towards the surface of the sample the porosity
ncreased and the white spheres appeared, probably as a result
f the corrosion reactions. The largest pores are visible just
eneath the dense layer. The relatively dense continuous surface
ayer (region A) contains white separated areas. The boundary
etween the grey and white phase is sharp, without any visible
nterphase. On the outermost surface of the sample individual
reas of white phase are visible.

EDX analysis of the upper continuous layer revealed that the
hite spots contained iron and silicon (with high probability iron

ilicides), and the grey layer consisted of aluminum and oxygen.

.2. Sample C1
Fig. 4a shows the cross-section of sample C1. The corrosion
ayer can be again divided into three parts. Contrary to the sam-
le P1, region C is smaller; region B is similar in size (up to
epth of 170 �m), but from the compositional point of view it

n at 1750 ◦C for 2 h in argon with depicted corrosion regions.
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eems to be more complex. Region A is thinner (30 �m) and
ontains lower amount of white phase compared to sample P1.
he grain boundary phase was etched out and the original �-
ialon grains are clearly visible in this region. EDX analysis
gain suggested that the white spheroids, mainly in the region B
re most probably iron silicides and the upper continuous grey
ayer is alumina. Within the region B, except for Al, O elements,
n increased intensity of C peak was detected (Fig. 4b), in con-
rast to the sample P1. However, the quantification of carbon is
ifficult, because the samples were coated by carbon before the
DX analysis.

.3. Model experiments

In order to simulate the corrosion process two more samples,
1S and P1S, were prepared. Both compositions were treated

t the same conditions as the static corrosion tests were per-
ormed. The aim of these experiments was to check the phase
omposition of corrosion products by means of XRD and neu-
ron diffraction.

ig. 5. Rietveld fit of the neutron pattern of P1 and C1 sialons after HP at 1750 ◦C
or 2 h in nitrogen atmosphere with fixed atomic parameters. The markers of the
ragg positions below the X-ray pattern from top to bottom correspond to �-

ialon in sample C1 and �-sialon, �-Al2O3 and �-SiC in sample P1.

Fig. 6. Rietveld fit of the neutron pattern of corroded model mixtures (sample
P1S and C1S) after corrosion test at 1700 ◦C for 2 h in argon atmosphere with
fixed atomic parameters. The markers of the Bragg positions below the X-ray
pattern from top to bottom correspond to �-Al O , Fe Si, Fe Si , FeSi, �-SiC
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nd �-Al2O3 in sample C1S and �-Al2O3, Fe5Si3, Fe3Si, �-SiC and �-Al2O3

n sample P1S.

Fig. 5 shows the neutron diffraction patterns of P1 and C1
ialons before the corrosion test. Sample C1 is in fact a pure
-sialon, while sample P1 contains also some amount of �-
lumina and �-SiC. �-Al2O3 is a residuum of non-reacted �-
lumina from the starting mixture, and SiC is formed during the
arbothermal reduction and nitridation of pyrophyllite powder.6

he neutron diffraction patterns of corroded model mixtures are
hown in Fig. 6. It is seen, that in both cases sialon is not present.
he major phase detected in the C1S sample was �-Al2O3. This
hase is probably the grey phase in the surface layer of sample
1S after corrosion test (Fig. 4). Moreover, �-SiC, FeSi, Fe3Si,
e5Si3 phases and minor amount of �-Al2O3 were identified.
nalysis of the sample P1S, with the exception of FeSi, revealed

he same phases as in the C1S case. The amount of �-Al2O3 and

-SiC was however higher, as they were already present in the
tarting material. The quantitative phase analysis of all samples
btained from neutron diffraction patterns by Rietveld analysis
re given in Table 3.
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Table 3
The quantitative phase analysis obtained from the neutron diffraction patterns by Rietveld analysis

Sample �-Sialon (wt.%) �-Al2O3 (wt.%) �-SiC (wt.%) �-Al2O3 (wt.%) FeSi (wt.%) Fe3Si (wt.%) Fe5Si3 (wt.%) Rwp

C1 100 – – – – – – 0.20
P 1
C 2
P 7
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1 60 – 9 3
1S – 53 5
1S – 42 11 1

.4. Discussion

On the basis of the obtained results we propose that the
orrosion of �-sialon by steel proceeds in two steps. Step 1:
eaction between the liquid steel and the silicate-based grain
oundary phase of �-sialon. The main products of these reac-
ions in graphite resistance furnace and in the graphite crucibles,
here the activity of carbon must be also taken into account, are

ron silicides and �-SiC. This step might be responsible for the
ppearance of �-sialon grains located on the interface between
he original �-sialon bulk and corroded region C.

Step 2: the �-sialon grains also start to react with the liquid
teel. Reaction between sialon (Si2.3Al3.7O3.7N4.3) and liquid
teel produces �-Al2O3, iron silicides and small amount of �-
l2O3 as solid products. Some gaseous species like Al2O, CO

nd N2 are also evolved due to the presence of carbon in the
eaction system. The formation of gaseous species can be docu-
ented by the round shaped pores; their size increased towards

he surface of the sample.
From the micrographs in Figs. 3 and 4 it can be seen that in

he region B in both P1 and C1 samples, the system was molten
nd from this melt spheroids of iron silicides were formed.
he eutectic temperatures of iron silicides are in the range of
196–1215 ◦C, well below the temperatures used during the cor-
osion tests. The top layer consists of continuous �-Al2O3 layer,
hich was probably formed from the melt mentioned above dur-

ng cooling. In the case of sample P1 the corroded layer contains
everal cracks perpendicular to the surface. Moreover, parallel
racks beneath the corroded region are present (Fig. 2). All that
racking is probably caused by the difference in thermal expan-
ion coefficients of �-sialon and �-Al2O3.

. Conclusions

The �-silaon prepared from commercial powders (C1)

howed better corrosion resistance compared to pyrophyllite
erived one (P1). The corroded zone P1 sialon is more then
wo times deeper compared to the corroded zone of C1 sialon.
he average thickness of corrosion zone is 610 �m (P1) and

1

1

– – – 0.14
9 11 21 0.17
– 15 15 0.15

60 �m (C1), respectively. The corroded zone can be divided to
hree different regions in both samples with different porosity
nd phase composition.

The solid products of the model corrosion experiments of
ialon composite made from raw pyrophyllite (P1S) are �-
l2O3, Fe3Si, Fe5Si3, �-SiC, and �-Al2O3. The same corrosion
roducts were observed in the case of sialon made from commer-
ial powders (C1S), although in different quantities. In addition,
% of FeSi was detected.
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