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a  b  s  t  r  a  c  t

Fe–Sialon  ceramic  matrix  composite  has been  newly  developed  from  ferro-silicon  alloy  and  commercial-
grade  industrial  alumina  powders  by  reaction  sintering  under  a nitrogen  atmosphere.  The phase
composition,  mechanical  properties  and  impact  erosion  wear  behavior  were  investigated.  The  solid  par-
ticle erosion  tests  have  been  conducted  at  elevated  temperatures  ranging  from  25 ◦C  to  1200 ◦C.  Sharp  SiC
particles  between  325  and  830  �m in  diameter  were  employed  as  impact  abrasives.  The  results  showed
that  Fe–Sialon  ceramic  consisted  of  �-Sialon  and  Fe3Si phases.  The  Z  value  of  the  as-formed  �-Sialon  var-
ied  from  0 to  3.2 with  increasing  the  alumina  content  in  the  starting  powders.  The  bending  strength  and
ialon
erro-silicon alloy
eaction sintering
rosion wear

Rockwell  hardness  gradually  increased  with  raising  the  alumina  addition.  The  erosion  rate  of  Fe–Sialon
ceramic  is  highly  dependent  on the  testing  temperature.  The  minor  erosion  took  place  at  room  temper-
ature  or  1200 ◦C,  while  the  major  erosion  occurred  at 600–1000 ◦C. Fe–Sialon  composites  showed  better
erosion  wear  resistance  than the  control  material  of  alumina  ceramic  at 1200 ◦C, although  having  much
lower  density  and  slightly  lower  bending  strength.

©  2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
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. Introduction

Excellent high-temperature erosion-wear resistance is required
or Sialon based ceramics used as wear resistant linings in the fields
f metallurgical industry, coal-fired power station, cement produc-
ng, mineral exploring, and so forth. A few publications are available
n the sliding and grain abrasive wear behaviors of Sialon based
eramics [1–8], but little work has been done on high-temperature
rosion resistance and associated material removal mechanisms.
he room-temperature erosion behaviors of Sialon ceramics have
een reported and it is demonstrated that the erosion resistance of
ialon ceramics highly depends on their microstructures and some
ey mechanical properties [9–11]. As expected, high hardness and
oughness help to improve the erosion resistance and a proper
mount of intergranular glass phase and interlocking elongated
∗ Corresponding author. Tel.: +86 10 8232 2186; fax: +86 10 8232 2186.
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rains is also beneficial to the erosion resistance. However, the
rosion-wear behavior of ceramics would change to some extent at
igh temperatures. This paper will focus on the high temperature
rosion-wear behavior of a newly developed Sialon matrix ceramic.

In addition, Sialon ceramics are normally fabricated from expen-
ive high quality AlN, Si3N4, SiO2, and Al2O3 powders, and hence
heir applications are limited due to the high cost. Consequently,
he alumina ceramic is still the most extensively used wear resis-
ant lining materials. We  have developed a new metal–Sialon
ystem of Fe/Mo–Sialon by hot pressing [12–14]. The discrete
eMo alloy phase can highly toughen the Sialon based ceramic.
his ceramic matrix composite has good mechanical properties
ut is still high-cost. So this paper aims to develop a Fe–Sialon
eramic composite by nitridation-reaction sintering from low cost
erro-silicon alloy and industrial alumina powders, and character-
ze the phase composition, mechanical properties, microstructure
nd high temperature erosion resistance of the as-fabricated com-
osite.

. Experimental procedure

.1. Raw materials
The main starting materials were as follows: FeSi75 ferro-silicon
lloy powders (chemical composition wt.%, Fe 21.041, Si 76.400,
l 1.230, P 0.012, Ca 1.240, C 0.070, S 0.007, grain size <74 �m),
ommercially �-Al2O3 powders (99.6 wt.% pure, grain size 2–3 �m,

dx.doi.org/10.1016/j.jascer.2013.05.001
http://www.elsevier.com/locate/jascer
mailto:huang118@cugb.edu.cn
dx.doi.org/10.1016/j.jascer.2013.05.001
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Table 1
Batch formula of the starting powders.

Sample code F1 F2 F3 F4 F5 F6
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FeSi75 alloy content, wt.% 100 80 60 40 20 0
�-Al2O3 content, wt.% 0 20 40 60 80 100

luminum Corporation of China, Ltd.), and industrial N2 (99.99 wt.%
ure). The particle sizes of the raw material powders are provided
y the manufacturers and confirmed by the Laser Particle Size Ana-

yzer (Bettersize, China).

.2. Processing details

The sample codes and batch formula are listed in Table 1. The
ominal Z values of �-Sialon in samples F2, F3, F4 and F5 are 0.9,
.9, 2.8 and 4 (with excessive alumina addition). The raw mate-
ial powders were mixed by high-speed ball milling (planetary
all mill) in an � 80 mm × 100 mm high purity alumina ceramic

ar for 2 h. Agate balls of 3–8 mm in diameter were employed as
he grinding medium and water as the milling solvent. Then the

ixtures were dried using a rotary evaporator, and then pressed to
ylinder pellets of 20 mm in diameter and 20 mm in height under
00 MPa  pressure. Then the green bodies were further densified by
old isostatic pressing under a pressure of 200 MPa  for 60 s, dried
t 70 ◦C for 10 h, and finally reaction-sintered in a 0.9 MPa  flow
itrogen-gas in a multifunctional atmosphere sintering furnace
Model No. FVPHP-R-5, Fuji Dempa Kogyo Co., Ltd., Japan). The sin-
ering schedule was 1200 ◦C × 0.5 h, 1350 ◦C × 0.5 h, 1480 ◦C × 0.5 h
nd 1700 ◦C × 3 h. The heating rate was 40 ◦C/min from the room
emperature to 1200 ◦C and 10 ◦C/min from 1200 ◦C to 1700 ◦C.

.3. Characterization

The apparent porosities of the reaction-sintered samples were
easured by the Archimedes’ method. The bending strengths were

etermined by the three-point bending test with a 20 mm span at
 crosshead speed of 0.5 mm/min  at room temperature. In order
o improve the reliability of the test results, all those samples
ere polished with a final surface finish of 1 �m and 6 tests were

onducted for each type of sample. The Rockwell hardness (HRA)
as also measured under a load of 60 kg and holding time of

0 s. The crystalline phases were examined by X-ray diffractome-
er (XRD) (Bruker, D8 Advance, Germany) with Cu Ka1 radiation
� = 1.5406 Å) as X-ray source. To estimate the actual Z values of
he �-Sialon in the as-fabricated Fe–Sialon composites, the crystal
attice constants were calculated by the following equation [15]:

hkl = a√
(4/3)(h2 + hk + k2) + (a/c)2 · l2

here a and c are the lattice parameters of the �-Sialon, dhkl is the
pace distance between the reflection planes (hkl). Parameters a
nd c were calculated using the (2 0 0), (1 0 1) and (2 1 0) reflections.
he Z values of �-Sialon phases in the composites were obtained
rom the mean values of Za and Zc calculated from the following
quation [15]:

 = 7.603 + 0.0296Z Å

 = 2.907 + 0.0255Z Å
As erosion-wear targets, the as-fabricated Fe–Sialon and the
ontrol material of alumina ceramic were machined to 15 mm thick
ollowed by polishing with a diamond abrasive disk and ultrasonic
leaning in anhydrous ethanol. Then erosion tests were performed

s
s
v
t

Fig. 1. Morphology of SiC sand-blasting particles.

y an in-house designed high-temperature (up to 1400 ◦C) solid
article erosion equipment in accordance with ASTM G76-04,
hose schematic diagram is shown in our previous study [16].

he nozzle and target are within the chamber of the furnace. The
ecrystallized silicon carbide erosion chamber is for protecting the
eating unit and furnace lining from erosion damage. Black sil-

con carbide grits (97% of particles are within the size range of
25–830 �m)  were used as impact particles. The grits have angular
orphologies as shown in Fig. 1. The media gas was compressed air
ith a pressure of 0.46 MPa. The particle flux was 60 g min−1. The

mpingement angle of gas-particle stream on the target was 90◦.
he impact velocity was 50 m/s  measured by the rotating double-
iscs method [17]. The impact particles are accelerated in an air
tream down a glass tube (diameter 10 mm)  and corundum ceramic
ozzle (diameter 20 mm)  to impact the targets at 25 ◦C, 1000 ◦C,
200 ◦C and 1400 ◦C. The stand-off distance, from the end of the
ozzle to the surface of the target, was 10 cm.  The duration of
ach test was 5 min  to allow 300 g of SiC particles impacting the
arget surface. The erosion resistance was  characterized with the
olume erosion rate, which was  defined as the volume loss of spec-
men material divided by the total mass of abrasive particles that
mpacted the specimen (mm3 g−1) as shown below [18].

olume erosion rate = average mass loss
test time

× 1
particle flux

× 1
specimen density

In order to analyze the microstructure, alloy phase distribu-
ion and material removal mechanism, the fracture and eroded
urfaces were observed by scanning electron microscope (SEM,
SM-6460, Japan) with an energy dispersive spectroscopy detector
EDS, INCAX-Sigh, Oxford, UK).

. Results and discussion

The XRD pattern in Fig. 2 presents that the main crystalline
hases in ferro-silicon alloy are Si and FeSi2. As shown in Fig. 3,
e–Sialon ceramic composite contains �-Sialon (Si6−ZAlZOZN8−Z)
nd Fe3Si phases. The positions of diffraction peaks of �-Sialon
hase were shifted to the high-angle direction with increasing alu-
ina addition, which was  attributed to the changed interplanar
pace d. It is well known that the Z value of �-Sialon reflects the
ubstitution extent of Si, N atoms by Al, O atoms, and the average
alue of Al N bond (1.87 Å) and Al O bond (1.75 Å) is longer than
he Si N bond (1.74 Å), which is related to the lattice parameters
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Fig. 2. XRD pattern of FeSi75 alloy powders.

nd interplanar space [19]. Thus, the Z value of �-Sialon is in pro-
ortion to the interplanar space d. �-Sialon phases formed in the
amples F2, F3 and F4 have the actual Z values of 1.0, 2.1 and 2.9,
espectively, which are slightly higher than the nominal ones of 0.9,
.9 and 2.8. That is to say, the real substitution extent of Al, O atoms
o Si, N atoms is higher than expected. This phenomenon could be
xplained by the following analysis. The element Si in FeSi2 was
ot totally consumed to form Sialon, as some amount of Si existed

n the new phase of Fe3Si after nitridation-sintering. So the reac-
ant Al/Si ratio is bigger than the nominal one, which resulted in
he mild increase of real Z values compared with the nominal ones.
or sample F5 with excessive addition of alumina, the nominal Z
alue of �-Sialon is 4, but the real one is only 3.2. Thus, for the
resent ferro-silicon alloy and alumina reactant system, the alu-
ina substitution extent is limited and Si2Al4O4N4 (Z = 4) cannot

e generated.
Thermodynamic analysis was carried out to understand the

ormation mechanism of �-Sialon from the nitridation-reaction
intering of ferro-silicon alloy and alumina. The Gibbs energies of
r(1)G� and �r(2)G� are both minus and chemical equations (1)

nd (2) can take place when the reaction temperature is below

223 K (1950 ◦C). So the Si and FeSi2 in ferro-silicon alloy could be
itridized to produce Si3N4, which has been proved in our previous
tudy [20]. Then Si3N4 reacts with Al2O3 and N2 to form �-Sialon

Fig. 3. XRD patterns of Fe–Sialon ceramic composites.
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hen the temperature goes up over 1443 K (1170 ◦C) and �r(3)G�

ecomes minus, taking Z = 3 for example [21]. It has been reported
hat �-Sialon can be produced from Si/Si3N4, Al2O3 and N2 [22–24].
n addition, Si, Al2O3, N2 and O2 (impurity) could directly form an
ntermediate phase of O-Sialon that can transform to �-Sialon [25].
his may  be another possible pathway for �-Sialon formation in
his study. It should be noted that Fe is beneficial to promote the
itridation of Si and the formation of Sialon [26]. So ferro-silicon
lloy powders would be the promising raw materials for fabricating
ndustrial Sialon based ceramic composites.

Si + 2N2 = Si3N4 (1)

r(1)G
� = −744.752 + 0.335T (kJ mol−1)

9/5)FeSi2 + 2N2 = Si3N4 + (3/5)Fe3Si (2)

r(2)G
� = −693.552 + 0.226T (kJ mol−1)

Si3N4 + 3Al2O3 + N2 = 2Si3Al3O3N5 + (3/2)O2 (3)

r(3)G
� = 960.86 − 0.666T (kJ mol−1)

The apparent porosity, bending strength and Rockwell hard-
ess of Fe–Sialon ceramic composites and alumina ceramic were
etermined and the results are displayed in Fig. 4 [21]. As shown

n Fig. 4(a), the apparent porosity of Fe–Sialon ceramic samples
anges from 6% to 12% that is much higher than that (0.5%) of alu-
ina ceramic. Fig. 4(b) and (c) presents that the bending strength

nd Rockwell hardness are close to those (184 MPa  and 85 HRA) of
lumina ceramic and slightly increase with raising the alumina con-
ent. For the Fe–Sialon composites, sample F2 exhibits the highest
ending strength due to its lowest porosity.

Fig. 5 shows the microstructure features of reaction-sintered
e–Sialon ceramic composite mainly containing �-Sialon and Fe3Si
one kind of ferro-silicon alloys) phases. As can be seen in Fig. 5(a)
nd (c), angular Fe3Si alloy particles (white phase) with a diameter
f about 30 �m distribute discretely in the ceramic matrix and are
ocated at the grain boundaries of elongated Sialon crystals. The
ialon grains interlock with each other and vary in size. Note that
pherical Fe3Si alloy particles of 1–3 �m in diameter can be found
n the eroded surface of Fe–Sialon samples, as shown in Fig. 5(d).
t suggests that they were erosion worn by the impact particles
videnced by their shape change from angular to spherical. Fe3Si
lloy is brittle at room temperature, but it will become more duc-
ile at high temperatures below its melting point of 1300 ◦C [27].
n other words, the Fe3Si alloy phase could deform to some extent

hen eroded by the SiC grits at high temperature, which may  con-
ume the impacting energy and reduce the erosion damage to the
e–Sialon composite. Although the micro-cut of the erodent grits
ould make Fe3Si alloy particles smaller, their deformation may

till occur at the same time. The photos of erosion-worn samples
re presented in Fig. 6. Round erosion pits can be found in the sur-
aces. The depths of the erosion pits look different, which indicates
hat there should be various erosion rates for the samples.

Fig. 7 shows the volume erosion rate of Fe–Sialon and Al2O3
eramics as a function of the testing temperature. Except sam-
le F1, the volume erosion rates of Fe–Sialon ceramics mainly
end to increase initially, reach the peak value at 800 ◦C, and then
ecrease with increasing temperature. Sample F4 shows much
igher erosion rate than all the other samples at the tempera-

ure ranging from 25 ◦C to 1200 ◦C. The reason may be related
o the defects (aggregates, macro pores, etc.) resulting from the
on-uniform mixed starting powders. For sample F3 with 60 wt.%

erro-silicon alloy addition, the erosion rate value increases from
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Fig. 4. The effects of alumina mass addition on (a) apparent porosity; (b) 

.46 ± 0.07 mm3/g at room temperature to 1.38 ± 0.10 mm3/g at
00 ◦C, then sharply decreases to 0.64 ± 0.13 mm3/g at 1200 ◦C. It

ndicates that the maximum erosion took place at 800 ◦C. The rea-

on may  be related to the declined hardness of Fe–Sialon ceramics.
he temperature dependence of the erosion rate for some ceramics
as been reported in the literature. Alman et al [28] performed the
rosion tests on Si3N4 and Si3N4–SiO2 ceramics at 25 ◦C, 180 ◦C,

t
s
t
r

ig. 5. SEM images showing the microstructure of Fe–Sialon ceramic: (a) fracture surface;
ith  high magnification; and (d) eroded surface morphology.
ng strength; and (c) Rockwell hardness of Fe–Sialon ceramic composites.

00 ◦C, 700 ◦C and 900 ◦C, and the results show that the erosion
ate for the Si3N4–MoSi2 composite initially increase slightly with
ncreasing test temperature up to 700 ◦C (ie from 4.1 to 4.9 mm3/g),

3 ◦
hen decreased to 2.9 mm /g at 900 C. For Si3N4 ceramic, the ero-
ion rate reaches the highest value at 500 ◦C, and then decreases to
he lowest value at 700 ◦C. Such a variation tendency of the erosion
ate is similar to the findings in this study. Ham et al [29] reported

 (b) the EDS pattern of the area marked by ‘+’ in (a); (c) fracture surface morphology
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Fig. 6. Photos of Fe–Sialon composites (a) F1; (b) F2; (c) F3; (d) F4; (

hat the erosion rate of the SiC continuous fibers reinforced calcium
luminosilicate glass–ceramic composite also presents a tendency
f increasing first (up to the highest value at 400 ◦C) and decreasing
ater versus the test temperature from 20 to 726 ◦C. The volume
rosion rates of Fe–Sialon samples (F1–F3) are all lower than that
f Al2O3 ceramic at 1200 ◦C. In other words, Fe–Sialon ceramics
how better erosion resistance at the high temperature of 1200 ◦C.
he mechanical properties are close to those of commercial Al2O3
eramic as displayed in Fig. 4. Fe–Sialon ceramic based composite
ith good erosion resistance and low cost, could be an alternative

andidate of wear resistant materials used at high temperatures.
In order to understand the material removal mechanisms, the

enters of eroded pits were observed by SEM. Fig. 8 shows typical
roded surface morphologies of Fe–Sialon ceramics at 1000 ◦C. As

an be seen in Figs. 8(a)–(c), there are some cracks in the inter-
ranular phase after impacted by SiC particles. The material was
emoved by fragmenting and chipping due to the continuously

ig. 7. The volume erosion rates of Fe–Sialon and Al2O3 ceramic samples versus the
est  temperatures (25 ◦C, 600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C).
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and (f) Al2O3 ceramic samples impacted by SiC particles at 1000 ◦C.

mpacting of SiC particles. It is obvious that brittle fracture is the
rimary erosion mechanism.

At elevated temperatures, it is also possible for Fe–Sialon ceram-
cs to exhibit plastic erosion features of plastic deformation and
loughing groove as denoted by arrows and circles in Figs. 8(c) and
d). Due to the impurities in the ferro-silicon alloy powder, it is
easonable that glassy phase exists in the as-fabricated Fe–Sialon
eramics. The intergranular glassy phase will soften and show
lastic property to some extent with increasing temperature. And
he Fe3Si alloy phase distributing discretely in the Sialon ceramic

atrix becomes ductile at high temperature. That may  be the
eason why ductile erosion features appear. And the effect of inter-
ranular glass on the erosion resistance of slag �-Sialon ceramic
as been investigated [10]. It is believed that an optimum amount
f intergranular glass may  improve the erosion resistance of �-
ialon ceramics. In this study, the ductile erosion damage is also
esponsible for the material removal.

Fig. 9 shows the erosion morphologies of Sialon crystals in
e–Sialon ceramics and Al2O3 crystals in sample F6 (control
aterial of alumina ceramic) at 1000 ◦C. It is noted that the elon-

ated Sialon crystals are exposed after the intergranular glass
emoved by continuous impacting of SiC erodent particles. The
eak intergranular phase in the edges of the micro pores formed
uring reaction-sintering are easily fragmented and removed
rom the samples. The exposed strong elongated Sialon crystals
an endure the impact of SiC particles and the overall mate-
ial loss through erosion is sequentially reduced. It indicates to
ome extent that interlacing elongated Sialon crystals bond well
ith each other. However it is believed that some Sialon crys-

als were dislodged during the erosion test at room temperature
10].

It can also be seen that Sialon crystals are crack free without
rushing or fracturing after impacted by SiC particles as shown in

ig. 9. On the contrary, as can be seen from Fig. 9(f), Al2O3 crystals
rack and fracture after the erosion test under the same condi-
ions. It has been demonstrated that Sialon crystals show better
he erosion resistance than Al2O3. It can be concluded that the
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Fig. 8. Typical eroded surface morphologies of Fe–Sialon ceramic samples impacted by SiC particles: (a) 25 ◦C; (b) 600 ◦C; (c) 800 ◦C; (d) 1000 ◦C; and (e) 1200 ◦C.
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ig. 9. Typical erosion surface images of Sialon crystals in Fe–Sialon ceramics and A
4;  (e) F5; and (f) F6.

rimary material removal mechanisms are fracture and chipping
f intergranular glass phase, as well as Sialon crystals dislodging.

. Conclusions

A novel ceramic matrix composite of Fe–Sialon has been
uccessfully fabricated by nitridation-reaction sintering from ferro-
ilicon alloy and alumina powders. The composite mainly contains
-Sialon and Fe3Si phases. Fe3Si alloy particles distribute dis-
retely in ceramic matrix and are located at the grain boundaries
f interlocked elongated Sialon crystals. The bending strength and
ockwell hardness gradually increased with increasing the alumina

ddition. The erosion rate of Fe–Sialon ceramic is highly depend-
nt on the testing temperature. The minor erosion took place at
oom temperature or 1200 ◦C, while the major erosion occurred at
00–1000 ◦C. Fe–Sialon ceramic composite shows better erosion

2
F
Z
f

crystals in sample F6 impacted by SiC particles at 1000 ◦C: (a) F1; (b) F2; (c) F3; (d)

ear resistance than Al2O3 ceramic at 1200 ◦C due to the inter-
ocked elongated strong Sialon grains and discrete intergranular
e3Si alloy phase.
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