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preparation of S-Sialon based composites from fly ash
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Abstract: f-Sialon based composites were successfully prepared from fly ash and carbon black under nitrogen atmosphere by
carbothermal reduction-nitridation process. Effects of heating temperature and raw materials composition on synthesis process were
investigated, and the formation process of the composites was also discussed. The phase composition and microstructure of the
composites were characterized by X-ray diffraction and scanning electronic microscopy. The results show that increasing heating
temperature or mass ratio of carbon black to fly ash can promote the formation of f-Sialon. The f-Sialon based composites can be
synthesized at 1723 K for 6 h while heating the sample with mass ratio of carbon black to fly ash of 0.56. The as-received f-Sialon in
the composites exists as granular with an average particle size of 2—3 pm. The preparation process of f-Sialon based composites
includes the formation of O'-Sialon, X-Sialon and $-Sialon as well as the conversion processes of O’-Sialon and X-Sialon to S-Sialon.
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1 Introduction

Sialon includes fS-Sialon (Sig—,ALO.Ng-,, 0<z<4.2),
O'-Sialon (Sip—Al,O1+,:Np—,, 0<x<0.3) and a-Sialon
(M, Si12-minyAlyinOyNig-n, 0<x=<2). p-Sialon has been
gained much attention because it displays many
outstanding properties, such as high strength, fracture
toughness and hardness as well as excellent wear,
corrosion and oxidation resistance, and has been found
many applications involving engineering ceramics,
cutting tools and refractories [1, 2]. p-Sialon can be
synthesized successfully by many technical processes,
such as solid state reaction process, microwave synthesis
[3], sol-gel synthesis [4], combustion synthesis [5], and
carbothermal  reduction-nitridation ~ process [6].
Carbothermal reduction-nitridation process has been
regarded as a potential beneficial method to synthesize
p-Sialon with low cost, using cheap raw materials
containing aluminum and silicon like clay [7],
pyrophyllite [8], bauxite [9], zeolite [10], coal gangue
[11, 12] and rice husks [13].

Fly ash emerges as a by-product from the
combustion of raw coal in thermal power plants. Until

2020, the present accumulating amount of fly ash in
China is approximately three billion tons. The mass
waste causes serious environmental problems. Thus, the
effective and comprehensive utilization of waste fly ash
can provide an important route to solve these problems.
Meanwhile, the high value-added products with low cost
such as mullite and mullite-zirconia-corundum
composites can be produced using fly ash [14, 15].

In the present work, the S-Sialon based composites
were synthesized by carbothermal reduction-nitridation
process, with fly ash and carbon black as raw materials.
The effects of heating temperature and raw materials
composition on synthesis process were investigated, and
the formation process of the composites was also
discussed.

2 Experimental

2.1 Raw materials

Fly ash (mesh size<74 pm) and carbon black (mesh
size<30 pum) were used as raw materials, and the
chemical composition of fly ash (mass fraction) was
Al,053 41.20%, SiO, 48.49%, Fe,0; 3.37%, CaO 3.31%,
TiO, 1.30% and MgO 0.20%. In Fig. 1 the crystalline
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Fig. 1 XRD pattern of fly ash

phases of fly ash mainly include mullite as well as small
amounts of corundum (Al,O;) and quartz (SiO,). In
addition, the mass fraction of C in carbon black and the
volume fraction of nitrogen gas (N,) were 98.0% and
99.99%, respectively.

2.2 Preparation of samples

The overall chemical reaction equation for
synthesizing p-Sialon from fly ash by carbothermal
reduction-nitridation process can be expressed as

AlGSi2013(S)+4Si02(S)+ 1 5C(S)+5N2(g):
28i;AL05Ns(s)+15CO(g) (1)

According to reaction (1), the mass ratio of carbon
black to fly ash (m./mg) was 0.25. Fly ash was mixed
with carbon black in m/m; of 0.28, 0.30, 0.42 and 0.56.
This over-stoichiometry of carbon black was necessary
to promote the carbothermal reduction-nitridation
reaction. Mixing was performed in a ball mill with
anhydrous ethanol for 12 h, and then the mixed powders
were pressed to form the samples with 20 mm in
diameter and 10 mm in thickness under a pressure of 20
MPa. Then the formed samples were dried fully at 393 K
and put into a graphite crucible. The crucible was placed
in an atmosphere-controlled tubular furnace and then
heated up to 1673 K and 1723 K for 6 h, respectively.
During the synthesis process, the N, flow remained at 1.0
L/min. After the predetermined temperature and time
reached, the system was cooled to room temperature.

2.3 Characterization of samples

The samples with different m./m; values synthesized
at 1673 and 1723 K were oxidized in air at 973 K for 2 h
to remove residual carbon. The phase composition and
microstructure of the products were characterized by
X-ray diffractometer (XRD, Cu K, radiation, 30 kV and
30 mA), scanning electronic microscopy (SEM) and
energy dispersive spectrum (EDS).

3 Results and discussion

3.1 Phase composition and microstructure

Figure 2 shows the XRD patterns of the samples
with different m/m; values synthesized at 1673 K for 6 h.
With increasing m./m¢ from 0.28 to 0.30 (Figs. 2(a) and
(b)), the diffraction intensities of mullite and O’-Sialon
phases weaken gradually, and the diffraction intensities
of p-Sialon and corundum phase strengthen. This
indicates that increasing carbon content in a sample can
promote the carbothermal reduction-nitridation reaction.
The samples with m./ms of 0.28 and 0.30 all consist of
mullite and O'-Sialon. In Fig. 2(c), p-Sialon can be
detected in the sample with m./ms of 0.42, and the sample
is composed of mullite, O'-Sialon and f-Sialon. In  Fig.
2(d), corundum can be detected in the higher carbon
content sample (m./m=0.56), and the sample mainly
includes mullite, corundum, O'-Sialon and f-Sialon.

1673 K 4+—('-Sialon
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»—Corundum
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Fig. 2 XRD patterns of samples with different m/ms values

synthesized at 1673 K for 6 h: (a) 0.28; (b) 0.30; (c) 0.42;

(d) 0.56

Figure 3 shows the XRD patterns of the samples
with different m/m; values synthesized at 1723 K for 6 h.
With increasing m./m¢ from 0.28 to 0.56, the diffraction
intensities of mullite and X-Sialon phases weaken
gradually, and the diffraction intensities of S-Sialon and
corundum phase strengthen. In Figs. 3(a) and (b) the
samples with m./m¢of 0.28 and 0.30 all consist of mullite,
corundum and X-Sialon. f-Sialon can be detected in the
sample with m./m¢ of 0.42 (Fig. 3(c)), and the mullite
phase vanishes completely, showing that the sample is
composed of X-Sialon, f-Sialon and corundum. In Fig.
3(d) the diffraction intensity of X-Sialon in the sample
with m¢/m; of 0.56 weakens remarkably, and the main
crystalline phase is f-Sialon. Thus, increasing carbon
content in a sample can promote the decomposition of
mullite and the formation of S-Sialon.

Figures 4(a) and (b) show the SEM images of the
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Fig. 3 XRD patterns of samples with different m./m; values
synthesized at 1723 K for 6 h: (a) 0.28; (b) 0.30; (c) 0.42;
(d) 0.56
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Fig. 4 SEM images of samples with m./m; of 0.56 synthesized
at 1673 K (a) and 1723 K (b), and EDS pattern of point 1 in
Fig. 4(b)

samples with m./ms of 0.56 synthesized at 1673 K and
1723 K for 6 h, respectively. The particles in the
composites exist as granular. The average particle size
synthesized at 1673 K and 1723 K reaches 1-2 pum (Fig.
4(a)) and 2—3 um (Fig. 4(b)), respectively. EDS analysis
(Fig. 4(c)) indicates that the particle (point 1) as shown
in Fig. 4(b) is composed of Si, Al, O and N elements. By
combing with XRD pattern (Fig. 3(d)), point 1 is
f-Sialon.

3.2 Analysis of formation process

The carbothermal reduction-nitridation reaction
process for synthesizing S-Sialon based composites from
fly ash is very complex and involves many chemical
reactions. During the synthesis process, CO, SiO, Si;N,0,
Si3Ny and AIN are regarded as important intermediate
products. With changing heating temperature and raw
materials composition, O'-Sialon, X-Sialon and f-Sialon
may be formed.

Si04(s)+C(s)=SiO(g)+CO(g) )
28i0(g)+C(s)+N,(g)="Si,N,0(s)+CO(g) 3)
28i0,(s)+3C(s)+Na(g)=Si,N,0(s)+3CO(g) (4)
38i0(g)+3C(s)+2Na(g)=Si;Ny(s)+3CO(g) (5)
38i0,(s)+6C(s)+2N,(g)=Si3N.(s)+6CO(g) (6)
38i,N,0(5)+3C(s)+Na(g)=2Si3N4(s)+3CO(g) (7)
ALO5(s)+3C(s)+N,(2)—2AIN(s)+3CO(g) (8)
1.83S1,N,0(5)+0.17A1,05(s)=2Si, 53Al0,1701 17N 53(5)
ALOs(s)+SisNy(s)+AIN(s)—Si3 AL, O3sNs(s) (1( 3;
1/2A1S1,0,5(s)+2Si0x(s)+15/2C(s)+5/2No(g)—
Si;AL;05N5(s)+15/2CO(g) (11)

0.17/6 Al6Si,015(s)+5.32/3Si0,(s)+5.49/2C(s)+
1.83/2N,(g)==Si, g3Al5170;.17N| 83(s)+5.49/2CO(g)
(12)
AlsSir013(8)+S104(s)+3C(s)tNo(g)=
Si3Alg012N,(s)+3CO(g) (13)

The Gibbs free energies of formation of AlgSi,Oys,
Si0,, Al,0O;, CO, O'-Sialon and p-Sialon are listed in
Table 1 [16, 17]. When the partial pressure of N, is equal
to p°(0.1 MPa), the Gibbs free energies for reactions (11)
and (12) as well as the relationship between partial
pressure of CO gas (pco)and temperature can be further
obtained. It is noted that the Gibbs formation free energy
of O'-Sialon (x=0.17) is lack, so it is approximately equal
to that of O'-Sialon (x=0.2) during the process of
calculating relational thermodynamics data.

AGY/(J-mol™") =1527605—844.13T
1g(pco/p®)=5.88—10637.65/T (14)

AGH/(J-mol ™) =338819-293.97T ,
lg(pco/p®)=5.59-6446.46/T (15)
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Table 1 Gibbs free energies of formation of some compounds
in Al,O;—Si0,—C—N, system

AG®/(J'mol ™)
20150-28.55T
—946350+197.64T
—1682900+323.24T
—114400-85.77T

Chemical reaction
AL O3(s)+Si10,(s)=Al6S1,045(s)
Si(L)+Ox(g)=Si0x(s)
2A1(L)+3/20,(g)=Al,05(s)
C(s)+1/205(g)=CO(g)

0.1A1,05(s)+1.8Si0,(s)+2.7C(s)+
0.9N,(g)==Si, 3Al;,0;,N; +2.7CO(g)

—1024776+291.14T

3/2A1,05(s)+3S10,(s)+15/2C(s)+

: ~1537680-858.41T
5/2N5(g)=Si3A;03N5(s)+15/2CO(g)

Figure 5 shows the predomination region diagram
for ALO;—SiO,—C—N, system plotted by the
thermodynamic data as shown in Egs. (14) and (15). It
indicates that when the partial pressure of CO gas (pco)
in the reacting furnace remains constant, with increasing
heating temperature, C in a sample can react with SiO,,
AlLyO; and N, to form O'-Sialon (reactions (2)—(4), (9),
(12)) and further produce S-Sialon (reactions (2), (5)—(8),
(10), (11)). The predomination regions change from
ALO;(s) + SiOy(s) + C(s) to AL,Os(s) + O’-Sialon(s) +
C(s) and ALO;(s) + p-Sialon(s) + C(s), respectively.
When the temperature remains constant, with decreasing
Pco, the predomination regions change from Al,O;(s) +
SiO,(s) + C(s) to ALOs(s) + O'-Sialon(s) + C(s) and
AlLyO;(s) + p-Sialon(s) + C(s), respectively. Thus, proper
partial pressure of CO gas and temperature are key
factors for the synthesis of f-Sialon based composites.

During the carbothermal reduction-nitridation
reaction process, X-Sialon can be formed (reaction (13)).
With increasing synthesis temperature and carbon
content, X-Sialon and O’-Sialon can be nitridized to
produce f-Sialon (reactions (16) and (17)). This can be
confirmed by the XRD patterns as shown in Figs. 2
and 3.

2.0 .
A]203(S)+Si02(s)+C(S)ReaCthn (12
1.5
1.0
E\Q 0.5 AL O(s)+0’-Sialon(s)+C(s)
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= OF
B Reaction (11)
-0.5
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Fig. 5 Predomination region diagram for Al,0;—SiO,—C—N,
system ( p =0.1 MPa)

Si3A16012N2(S)+3 Si02(5)+ 1 2C(S)+4N2(g):

28i;A1;05N5(s)+12CO(g) (16)
Si1A83A10A1701A17N1 A83(S)+0~ 83A1203(S)+ 1 83C(S)+ 0.6 lNz(g)
—0.61Si3A1,0;N5(s)+1.83CO(g) (17)

Additionally, Al,O; and SiO, in fly ash can also
react with C and N, to form O'-Sialon, X-Sialon and
p-Sialon (reactions (18)—(20)):

0.17AL,05(s)+3.668i05(s)+5.49C(s)+1.83N,(g)—

281, g3Al.1701.17N1 83(5)+5.49CO(g) (18)
3A1203(S)+3 SIOZ(S)+3C(S)+N2(g):

Si3Alg01,N,(s)+3CO(g) (19)
3A1L,05(s)+6Si0x(s)+15C(s)+5Na(g)—

28i;ALO;N5(s)+15CO(g) (20)

The formation process of f-Sialon based composites
can be summarized as follows.

1) In a sample with lower carbon content (m./m=
0.28-0.42), O'-Sialon and X-Sialon can be fabricated at
1673 K and 1723 K, respectively. And they can be
further converted into f-Sialon by increasing synthesis
temperature and carbon content.

2) In a sample with higher carbon content (m./m=
0.56), p-Sialon can be directly produced at 1673 K and
1723 K.

4 Conclusions

1) The p-Sialon based composites can be
successfully prepared from fly ash by carbothermal
reduction-nitridation ~ process, and the  proper
technological parameters are m./m¢ of 0.56 and heating
temperature of 1723 K.

2) The as-received f-Sialon exists as granular, and
the average particle size of f-Sialon is 2—3 um.

3) The preparation processes of S-Sialon based
composites includes the formation of O'-Sialon, X-Sialon
and p-Sialon as well as the conversion process of
O'-Sialon and X-Sialon to f-Sialon.
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