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Abstract

(Ca,Mg)-a-sialon powders were previously [J. Mater. Chem. 12 (2002) 1199] prepared by Self-propagating high-temperature
synthesis (SHS) technology using slag as a raw material (abbreviated as Slag a-sialon powder). In this study, phase assemblages of
the Slag a-sialon samples hot-pressed from 1450 to 1700 °C were investigated. Results indicated that a-sialon was the main crys-
talline phase in the whole sintering process, however, a small amount of B-sialon appeared in the samples sintered at 1500 °C and
above. In addition, the SHS technique was also used to prepare a-sialon powders using chemical agents as raw materials (named
Chem o-sialon). Samples made from the Chem a-sialon powder were hot-pressed under the same conditions for a comparison.
Similar phase assemblages were obtained for the samples starting from Chem a-sialon powders, except for even more amount of
Bsialon phase contained. Material with a single a-sialon phase could be got in both samples when 10 wt.% additional slag and

CaCOj; were introduced into the Slag a-sialon and Chem a-sialon starting powders respectively.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

SizNy-based sialon ceramics possess outstanding
properties, such as super-wear and corrosion resistance,
good anti-oxidation and thermal shock behavior, as
well as high strength and hardness up to high tempera-
ture.> These make sialon ceramics be applied not only at
high temperature and corrosive environments in metal-
lurgy and chemical industries, but also as cutting tools
and bearings. However, sialon ceramics have not been
extensively applied even after twenty years’ develop-
ment, mainly because its high cost, including the cost of
powder fabrication and ceramic processing, is far
beyond the market expectation. To reduce the cost, sia-
lon powders made by carbothermal reduction and
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nitridation (CRN) method using cheap raw materials,
such as clay,>* kaolinite® and montmorillonite ¢ have
been investigated.

The self-propagating high-temperature synthesis
(SHS) technique was firstly reported by Merzhanov in
1972.7 The SHS process does not require a high-tem-
perature furnace and the reactions can be completed
within seconds instead of hours or days as in the CRN
process. The advantages of high productivity and low
energy consumption have made SHS a favorable tech-
nique to synthesize materials,®* ' such as carbide,
nitride, boride, MoSi, and to recycle industrial
wastes.!!I=13 It was reported in our previous paper! that
(Ca,Mg)-a-sialon powder was successfully synthesized
for the first time by the SHS technology using slag as a
raw material. There is an advantage of the synthesis of
a-sialon powder using slag as the major starting mate-
rial because the composition of slag, consisting mainly
of CaO, SiO,, Al,05 and MgO, can be easily tailored to
form a-sialon if extra nitrogen is incorporated.
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In the conventional sintering of a-sialon ceramics,
a-Si3Ny, AIN and oxides are used as starting materials.
The reaction between the oxides existing on the surfaces
of nitrides and the oxide additives can produce a eutec-
tic liquid phase at a certain temperature depending on
the composition. With the increase of sintering tem-
perature, the amount of liquid phase increases and
a-Si3Ny dissolves in the liquid. The a-sialon phase forms
when the substitution of Al-O and AI-N bonds for
Si-N bonds occurs followed by the stabilizing metal
ions absorbed into the sialon structure, which pre-
cipitates from the transient liquid phase when its con-
centration reaches a limit.!* The formation of Slag
a-sialon completes in seconds and cools very rapidly.
This could result in the Slag o-sialon phase in a non-
equilibrium/meta-stability state.! The meta-stability of
a-sialon powders may have better sinter-ability. This
feature makes the SHS a-sialon powders especially
appealing for production, as a-sialon is known to have
poor sinter-ability. On the other hand, it is expected
that the sintering behavior of a-sialon ceramics made
from the Slag a-sialon powder would be different from
that of the materials made from the synthesized chemi-
cals. It is therefore necessary to explore the reaction
sequence of Slag a-sialon ceramics. The purpose of the
present work is to study the densification and phase
assemblages of Slag a-sialon samples hot-pressed at
different temperatures. As a comparison, (Ca,Mg)
a-sialon powders of the same composition as the Slag
a-sialons were also synthesized by SHS but using che-
mical reagents as starting materials.

2. Experimental

The general formula of (Ca,Mg)-a-sialon is repre-
sented as (Ca,Mg),Siio-n+myAlgn+ mOnNie—,, Where
m(Si—N) are substituted by m(Al-N), n(Si—N) by n(Al-0O),
and the valence discrepancy introduced is compensated
by Ca and Mg. The composition of (Ca,Mg)-a-sialon
used for SHS synthesis was located on the tie line
Si3N4—Ca(Mg)O:3AIN with a formula of (Ca,Mg),
Si;r_3, Al OxNg_y, 1.e. x=m/2=n and designed as
Cag.71Mg0.23S19.18A11.8200.94N 15,06 based on the compo-
sition of slag.! Starting materials for synthesizing Slag
a-sialon and Chem a-sialon powders by SHS included
slag (Baoshan Steel Inc., Shanghai, China), SisN4 (UBE
E10, Japan, 2 wt.%0), AIN (Wuxi, China, 1.3 wt.%0),
Si (Si>98 wt.%, 30 pum), Al (Al>98wt.%, 25 pm),
CaCO3 (=99 wt.%) and MgO (>98 wt.%). The well-
mixed powders were put into a graphite crucible and
covered with a top layer of titanium powders. A tung-
sten heating coil was connected to ignite the Ti powder,
which then induced the spontaneous SHS process. Before
starting the ignition, nitrogen with 50 MPa pressure was
passed into the container. The whole process was held in

a sealed cabin with a high pressure of N, and the reac-
tion can be approximately expressed as:

0.71Ca0 + 0.23MgO + 9.18Si 4+ 7.53N

— Cag71Mgp.23S19.18Al28200.94N 1506 (1)

a-sialon powders synthesized by SHS were attrition milled
for 24 h. Subsequent ball milling of the synthesized Slag o-
sialon powder and Chem a-sialon powder with additional
slag and CaCO; respectively were carried out for 2 h.

The dried Slag a-sialon powders were hot-pressed in
flowing N, at temperatures ranging from 1450 to
1700 °C in an interval of 50 °C for 1 h respectively
under a pressure of 20 MPa in a graphite furnace. The
hot-pressing temperatures of Chem a-sialon were 1450,
1550, 1650 and 1700 °C for 1 h. The compositions used
for extra slag/CaCOj respectively added into Slag/Chem
a-sialon powders are listed in Table 1. The mixtures of
Slag a-sialon plus slag and Chem a-sialon plus CaCO;
were hot-pressed at 1650 and 1550 °C for 1 h, respec-
tively. To make the microstructure of sintered samples
by back-scattered mode under scanning electron micro-
scope (SEM), 2.0 wt.% La,0O3 was added into some of
the Slag a-sialon and Chem a-sialon samples in order to
enhance atomic contrast of their back scattered SEM
images. The reason to add La,05 as a “dye” is because
La could not enter the a-sialon structure under the pre-
sent sintering condition. The compositions of Slag/
Chem a-sialon powders with added La,0Oj; are tabulated
in Table 1 too. The two mixtures were hot-pressed at
1700 and 1650 °C for 1 h respectively.

The bulk densities of the samples were measured
according to the Archimedes principle. Phase charac-
terization of hot-pressed samples was based on X-ray dif-
fraction data from a Guinier-Hédgg camera using Cu K,
radiation and Si as an internal standard. The measure-
ment of X-ray film and refinement of lattice parameters
were completed by a computer-linked line scanner (LS-18)
system'> and SCANPI, PIRUM programs. The micro-
structure observation was performed under scanning
electron microscope (SEM, EPMA-8705) equipped with
an energy dispersive spectrometer (Oxford/LINK ISIS
3.00). The contents of some elements in SHS-ed slag
a-sialon powder was measured by ICP-AES (inductively
coupled plasma-atomic emission spectrum) technique.

Table 1
Compositions used for extra slag/CaO/La,O; added into Slag/Chem
a-sialon powders

Mixtures ~ Composition (wt.%)
Slag a-sialon ~ Chem a-sialon  Slag  CaO  LayO;
| 90 10
11 93 7
111 98 2
v 98 2
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3. Results and discussion

3.1. Characteristics of Slag and Chem a-sialon powders
derived by SHS

The XRD patterns of Slag a-sialon and Chem o-sia-
lon powders are shown in Fig. 1. As seen from the fig-
ure, the final product of both powders is a single
a-sialon phase, indicating that the SHS technique can
synthesize a-sialon powder not only from stoichio-
metrical composition, but also from industrial wastes
through proper compositional tailoring.

It is expected that the a-sialon phase and its related
phase assemblages prepared by SHS and the conven-
tional heating processes, such as hot-pressing and pres-
sureless sintering, should have distinct characteristics. It
was found that monolithic (Ca,Mg)-a-sialon is difficult
to form from the compositions located on the tie line
Si3N4—Ca(Mg)O:3AIN by conventional hot-pressing as
an AlN-polytypoid phase usually co-exists with the
a-sialon phase when the x value in the composition is
higher than 0.6.!%!7 In contrast, no crystalline phases
other than the a-sialon were observed in the SHS-ed
powder. This could be attributed to the high tempera-
ture and accelerated mass diffusion, enabling more
complete reactions for the formation of a-sialon in the
SHS process.

3.2. Hot-pressing of the Slag a-sialon powder

The densities of both Slag a-sialon and Chem o-sialon
samples hot-pressed at different temperatures are shown
in Fig. 2. For Slag a-sialon samples, the density increa-
ses rapidly above 1450 °C, and reaches 3.16 g/cm® at
1550 °C. It keeps almost constant at sintering tempera-
tures above 1550 °C. The Chem a-sialon sample shows a
similar trend in densification to that of the Slag a-sia-
lon, but its density is higher at 1450 °C and slightly
lower above 1550 °C compared to the Slag a-sialon.
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Fig. 1. XRD patterns of (a) Slag a-sialon and (b) Chem o-sialon
powders derived by SHS (e a-sialon).
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Fig. 2. Densities of Slag a-sialon and Chem a-sialon samples sintered
at different temperatures.

This result indicates that the densification process for
both samples has been completed around 1550 °C. The
densities are 3.17 and 3.14 g/cm? for the two samples
sintered at 1700 °C, respectively. The densification of
SHS-ed a-sialons relies on the existence of a glassy
phase in the samples. The softening of the glassy phase
led to significant shrinkage occurred above 1450 °C for
both samples.

SHS is a very rapid heating and cooling process. The
reaction temperature could rapidly reach above 2000 °C
and reaction could cease within seconds. Synthesis of
a-sialon by SHS under a high nitrogen pressure is a
complex process and involves thermal explosion, and
gas- and liquid-phase reactions. Because the SHS com-
bustion process yields very high temperature, the reac-
tants involved are in liquid or gaseous state inside the
combustion chamber and they could react very rapidly.
All these conditions could lead to a meta-stable Slag
a-sialon phase to form!. According to results by Rosen-
flanz and Chen!® and by Shen!® that a-sialon may persist
as a meta-stable phase in systems where thermodynamic
equilibrium varies with temperature and when the true
thermodynamic equilibrium is kinetically retarded. The
results of XRD analysis of Slag a-sialon samples are
listed in Table 2. As shown, a-sialon is the main crys-
talline phase appeared in the entire sintering process,
but a small amount of B-sialon appears when sintering
temperature is above 1500 °C. When the Slag a-sialon
powder was hot-pressed at 1450 °C, a-sialon was main-
tained as the only crystalline phase. It was noticed that
the XRD peaks for B-sialon shifted slightly towards the
higher 26 value, i.e. decreasing in the d spacing, when
temperatures increased from 1500 to 1700 °C, suggest-
ing a decrease in the Al-O solubility in B-sialon with
increase in temperature.

Previous studies?®?! on a-sialon doped by rare-earth
ions showed that o-sialon to B-sialon phase transfor-
mation could occur during heat treatment between 1200
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Table 2
Phase assemblages and cell dimensions of Slag o-sialon samples
sintered at different temperatures

Table 3
Phase assemblages and cell dimensions of Chem a-sialon samples
sintered at different temperatures

Samples Phase Cell dimensions of o- sialon
assemblages®
a(A) e(A)

HP1450 o /s 7.825 (1) 5.696 (1)
HP1500 o s, B'/w 7.827 (1) 5.696 (1)
HP1550 o[s, B /w 7.823 (1) 5.694 (1)
HP1600 o s, B'/w 7.820 (1) 5.693 (1)
HP1650 o[s, B//m 7.820 (1) 5.694 (1)
HP1700 o /s, B'/m 7.818 (1) 5.691 (1)
HP1650° o[s, f//m 7.818 (1) 5.688 (2)

4 of =o-sialon, f' = B-sialon, s=strong, m =medium, w = weak.
® Hot-pressed sample using Slag a-sialon powder plus La,O; as
starting materials.

and 1500 °C, especially in a-sialon systems stabilized by
light rare earth elements. These observations suggest
that some a-sialon phases formed at elevated tempera-
tures (~ 1800 °C) could be thermodynamically unstable
at temperatures lower than the initial forming tempera-
ture and would transform to the more stable B-sialon
phase. In contrast, Ca-a-sialon is found very stable,??
and does not transform to B-sialon even after heat-
treatment at 1450 °C for 200 h.23 The stability of
(Ca,Mg)-a-sialon has not been studied yet.

The starting material in the present work is the SHS-
ed a-sialon powder. The stabilizing cations (Ca, Mg) in
Slag a-sialon phase could be re-distributed through a
dissolution—diffussion-precipitation process during sin-
tering when a sufficient amount of liquid phase exists.
The appearance of small amount of B-sialon phase in
Salg a-sialon ceramics implies that more amount of Ca,
Mg would de-dissolve from o-sialon phase to glassy
phase when the sample was sintered at certain high
temperature, thus resulting in the formation of B-sialon
(see discussion in next section). This analysis is in con-
sistence with the fact that the cell dimensions of the Slag
a-sialon phase decreases with the increasing tempera-
ture, indicating the decrease in the Ca(Mg)>* concen-
tration in the a-sialon phase (Table 2).!'® The decrease of
a-sialon cell size has been found in accompaniment with
the destabilization of Ca a-sialon phases.?

To investigate the cause of meta-stability of SHS-ed
powder at elevated temperature, the contents of some
elements in powder before and after SHS process were
analyzed by ICP-AES technique. The results indicate
that the ratios of Ca?":Mg?":AI*" are 37.40:7.35:100
and 19.23:3.83:100 for the starting powder mixture (i.e.
before SHS) and the powder after SHS process respec-
tively, implying that there is serious loss of Ca®>" and
Mg?* during SHS process, which could be caused by
evaporation of these compounds (CaO, MgO) at cle-
vated temperatures. Most of Ca?* and Mg?>" remained
were incorporated into a-sialon for the balance of electric

Sample  Phase Cell dimensions Cell dimensions
assemblages® of o of B/

a(A) «A) a(A) «(A)

Powder of/s 7.824 (1) 5.692 (1) — -

HP1450 o/s, B'/m, Ajvw 7.825 (1) 5.689 (1) 7.702(2) 2.988 (1)
HP1550 B'fs, o//ms, Ajvw 7.824 (1) 5.684 (1) 7.684 (1) 2.969 (2)
HP1650 B'fs, of/w, Ajvw  7.824 (1) 5.657 (2) 7.661 (1) 2.949 (1)
HP1550° B'/s, o//ms, Ajvw 7.823 (1) 5.685 (1) 7.681 (1) 2.968 (1)

4 o/ =g-sialon, B’ =p-sialon, s=strong, m=medium, vw=very
weak, A = AIN-polytypoids.

® Hot-pressed sample using Chem o-sialon plus La,O; as starting
materials.

charge during SHS process, and restrained in o-sialon
lattice during cooling down. Slag o-sialon phase
decomposes into B-sialon could occur by reacting with
the liquid phase and giving more stabilizing cations (Ca,
Mg) into liquid phase above 1500 °C.

3.3. Hot-pressing of the Chem «-sialon powder

As shown in Fig. 1, the density of Chem o-sialon
sample sintered at 1450 °C is higher than that of Slag
a-sialon sample. It is understood that there were more
impurities in the SHS-ed Slag a-sialon than in the SHS-
ed Chem o-sialon, which could result in more glassy
phases in the final Slag a-sialon product. However, the
Chem o-sialon phase appeared less stable and partially
decomposed at 1450 °C (Table 3) when the Slag a-sialon
was still relatively stable (Table 2). The decomposition
would follow the reaction o + Liquid; — B’ + Liquid,.>*
Liquid phase 2 would contain more Ca’>" and Mg>"*
than Liquid phase 1 due to the o — ' phase transfor-
mation and the amount of liquid phase in the sample
would increase as well. An increased amount of Ca?"/
Mg?*-containing liquid phase would contribute a
higher density for Chem a-sialon at 1450 °C. This can
also explain why the amount of glassy phase in the two
samples sintered at 1700 °C appeared similar although
there was less impurity in the stoichiometrical Chem
a-sialon compositions than in the Slag a-sialon. With
further increase in sintering temperature above 1550 °C,
the difference in the densification behaviour of the two
samples appeared very small. XRD analysis of Chem
a-sialon samples hot-pressed at different temperatures is
shown in Table 3, The phase assemblages consist of
a-sialon, B-sialon and a small amount of AIN-poly-
typoid. The amount of B-sialon markedly increased with
the increase of hot-pressing temperature above 1450 °C.
On the other hand, the unit cell dimensions of a-sialon
phase decreased with sintering temperature. In compar-
ison with Slag a-sialon, the B-sialon contents in the
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Fig. 3. XRD patterns of (a) Slag a-sialon and (b) Slag a-sialon + Slag
samples sintered at 1650 °C (e a-sialon O B-sialon).
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Fig. 4. XRD patterns of (a) Chem a-sialon and (b) Chem o-sia-
lon + CaCOj; samples hot-pressed at 1550 °C (e a-sialon O B-sialon).

Chem a-sialon samples sintered at different tempera-
tures are all higher than that in the corresponding Slag
a-sialons. Although the compositions for both Slag/
Chem a-sialon SHS synthesis are calculated based on
stoichiometry without any extra oxide additive, the
instability of the Slag/Chem a-sialon may suggest an
insufficient stabilizer in the starting composition as dis-
cussed above.

3.4. Effect of addition of cations on the phase
assemblages of hot-pressed samples

Based on the above understanding, extra 10 wt.% slag
and CaCO3(Ca0O) were added into the Slag a-sialon and

Chem a-sialon compositions respectively. XRD patterns
of Slag a-sialon with additional slag and Chem «-sialon
with additional CaCOj5 samples sintered at the different
temperatures are shown in Figs. 3 and 4, respectively.
For a comparison, the figures also include the XRD
patterns of the parent samples with no extra Ca-bearing
additives. As seen from Figs. 3 and 4, B-sialon phase
disappears and the phase assemblages of both sintered
samples consist of only a-sialon phase. As described
above, in reaction of o + Liquid;— ' + Liquid,, Liquid
1 contains less amount of Ca?"/Mg?* than that in
Liquid 2. The added extra slag and CaCOj; respectively
to Slag/Chem a-sialon powders could supply CaO and/
or MgO in Liquid 1, restraining the shift of composition
from o-sialon single-phase region to a-sialon/B-sialon
two-phase region, and the formation of B-sialon, thus
stabilizing ao-sialon structure. The results of cell dimen-
sions of a-sialon phase in hot-pressed both Slag/Chem
a-sialon samples using addition of slag/CaCO; as start-
ing materials are listed in Table 4.

3.5. Microstructure of hot-pressed samples with the
addition of La>0j3

Figs. 5 and 6 are the SEM photographs and EDS
patterns of hot-pressed Slag and Chem a-sialon samples
with the addition of La,Osj, respectively. In order to
know the influence of addition of La,O3 on the phase
assemblages of Slag/Chem a-sialon samples, the results
of XRD analysis before and after addition was com-
pared. As listed in Tables 2 and 3, there is no obvious
change on phase assemblages of hot-pressed samples
and cell dimensions of a-sialon phase before and after
the addition of La,Os; Thus the SEM observation on
the samples by addition of La,O5; might reflect, to some
extent, the microstructure. Grains of different morpho-
logies, namely equi-axed, elongated (grains with rela-
tively low aspects ratios) and needle-like (grains with
relatively high aspect ratios), are seen in both the
photographs. By EDS analysis, as shown in Figs. 5(b)
and (c) and 6 (b) and (c), it has been found that a-sialon
phase possesses both equi-axed and elongated
morphologies. Because of the light cations-doped in
(Ca,Mg)-a-sialon, it is difficult to distinguish «-sialon
and B-sialon phases from the back-scattered SEM mode

Table 4
Phase assemblages and cell dimensions of Slag/Chem a-sialon samples with and without addition of slag and CaCOs as starting materials
Starting Hot-pressing Phase Cell dimensions of o
powders temperature (°C) assemblages®

a(A) (A)
Slag a-sialon 1650 o'/s, f'/m 7.820 (1) 5.694 (1)
Slag a-sialon plus slag o/s 7.818 (1) 5.691 (1)
Chem a-sialon 1550 B’'/s, o /ms, AJvw 7.824 (1) 5.684 (1)
Chem a-sialon plus CaCO; o /s 7.818 (1) 5.689 (2)
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Fig. 5. Microstructure photographs of hot-pressed Slag a-sialon samples with the addition of La,O; at the mode of back-scattered electron
(a) microstructural photograph (b) EDS pattern of equi-axed grains (c) EDS pattern of elongated grains (d) EDS pattern of grain boundary phase.
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Fig. 6. Microstructure photographs of hot-pressed Chem a-sialon samples with the addition of La,O; at the mode of back-scattered electron
(a) microstructural photograph (b) EDS pattern of equi-axed grains (c) EDS pattern of elongated grains (d) EDS pattern of grain boundary phase.
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[see Figs. 5(a) and 6(a)]. However, it is thought that
grains with the needle-like morphology in Figs. 6(a) and
5(a) are B-sialon, as reported by literature.>>->

The areas with white color in Figs. 5(a) and 6(a) are
grain boundary glassy phase containing La, as sup-
ported by EDS patterns in Figs. 5(d) and 6(d). It is also
noted that La atom appears in the a-sialon grains, as
seen in Figs. 5(b) and (c) and 6(b) and (c), with amount
of much less than that in grain boundary.

4. Conclusions

SHS technology can be used to synthesize a-sialon
powder from both stoichiometrical compositions and
some industrial wastes through proper selection of
composition. a-sialon synthesized by SHS is densified
through liquid sintering mechanism, and could decom-
pose to form B-sialon during hot-pressing at 1500 °C
and above, whose amount increases with sitering tem-
perature. However, the addition of extra Ca’" into the
SHS-ed a-sialon powder could improve the stability of
the a-sialon phases. Enlogated a-sialon grains could be
obtained in hot-pressed slag o-sialon materials.
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