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Abstract

Self-toughening a-SiAION/6H-SiC composites containing both a-SiAlON and a-SiC elongated grains in the microstructures were previously
fabricated by spark plasma sintering (SPS). In this study, the a-SiAION/6H-SiC composites were heat treated at 1850 °C for 3 h. The effects of the
heat treatment on the phase compositions, microstructures, and mechanical properties were investigated. The results showed M’ phases formed
from crystallization of the intergranular glassy films. No polytype transformation for the SiC phase was observed. Both a-SiAION and «-SiC grains
grow anisotropic in the heat treatment, rather than converted into the brittle equiaxed morphologies. The flexural strength and fracture toughness of
the post heat-treated composites were further increased and the 40 wt% SiC composition reached 907 MPa and 8.5 MPa m'’?, respectively.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

a-SiAION and silicon carbide are advanced structural
ceramics [1-3] that have a potential for applications at high
temperatures up to 1300 °C. Both monolithic ceramics can
form a self-toughening microstructure to yield high flexural
strength and fracture toughness. In a previous study, a-SiAION/
a-SiC composites with 0-40 wt% 6H-SiC were synthesized by
SPS. Similar with the composites fabricated by HP, PLS and
GPS [4-6], adding SiC particles to the a-SiAION ceramics
remarkably reduced the sizes of the «-SiAION grains.
Formation of the bimodal microstructures was prevented [4—
9]. However, both «-SiAION and 6H-SiC grains grew
anisotropic in the SPS composites, in contrast to the equiaxed
grain morphologies in the HP, PLS and GPS materials, hence
higher flexural strength and fracture toughness were obtained in
the SPS materials, due to the self-reinforcement of the
elongated grains.

The anisotropic growth of the 6H-SiC and a-SiAION grains
was partly attributed to the extra liquid introduced by the 4 wt%
Y,0; additive [7,10]. The fast heating rate of SPS [11] (100 °C/
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min) was also suspected of playing a role in forming the self-
toughening microstructures, because a higher concentration of
transient liquid should be preserved during heating up in SPS
than in the conventional sinterings. Therefore, if the formation
of the self-toughening microstructures was determined by the
different sintering techniques, the survivability of the self-
toughening microstructures in a prolonged heat treatment is
under suspicion, i.e., an isothermal annealing may convert the
self-toughening microstructures, into the brittle equiaxed ones.

In this study, the effects of the annealing at 1850 °C for 3 h
on the phase compositions, microstructures and mechanical
properties of the SPS-sintered a-SiAION/a-SiC composites
were investigated.

2. Experimental

The investigated materials were the «a-SiAION/a-SiC
composites with 0 or 40 wt% 6H-SiC (see Table 1). The
fabrication processes, microstructures and mechanical proper-
ties of the materials were detailed in an accompany paper [7].
For brief reference, the designed composition of the a-SiAION
phase was Y,351;0A1,0Nys, i.e., m, n=1.0 in the general
formula RE;/3S112_(4mAlpysnOnNy6_,, for a-SiAION. 4 wt%
Y,0; was used as the sintering additive. Spark plasma sintering
was performed at 1800 °C for 5 min under 20 MPa pressure in a
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Table 1
Composition, density and mechanical properties of the compositions.
Material Starting composition (wt%) Density (g/cm®) Vickers Flexural Fracture
hardness (GPa) strength (MPa) toughness (MPa m'?)
Y1/3Si10A120N15 Y203 a-SiC
0 wt% SiC 96.0 4.0 0.0 3.321 19.8 £ 1.1 742 + 80 7.4+0.6
40 wt% SiC 96.0 4.0 40.0 3.276 22+12 907 + 57 85+09

0.1 MPa nitrogen atmosphere, produced cylindrical samples
with dimensions of 20 mm in diameter and 6 mm in height.

The materials were subsequently heat treated in a gas
pressing equipment at 1850 °C for 180 min in a 0.9 MPa
nitrogen atmosphere. 50 °C/min were applied for both heating
and cooling. After heat treatment, the samples were ground to
4 mm in thickness and then sliced, ground, and polished to
0.5 pm diamond finish.

Densities were measured by the Archimedes’ principle.
Phase compositions were investigated by X-ray diffraction
(XRD) using Cu K, irradiation. Vickers hardness was tested
using 49 N load and dwell time of 15 s. Flexure strength and
fracture toughness were measured by three-point bending and
single-edge-notched beam method, respectively. The dimen-
sions of the three-point bending samples were
4.0mm x 1.5 mm x 18.0 mm, with a 15.0 mm span and
1.5 mm height. The fracture direction was normal to the SPS
pressing direction. The dimensions of the single-edge-notched
beams were 4.0 mm x 1.5 mm x 18.0 mm, using a 16.0 mm
span and 4.0 mm height. A 2.0 mm-deep notch was cut by a
0.2 mm thick diamond wafer. The fracture direction was
parallel to the SPS pressing direction. Three specimens were
tested for each condition. Microstructures and fracture surfaces
were observed by scanning electron microscopy (SEM) with
energy dispersive X-ray spectroscopy (EDXS).

3. Results

The densities of the composites after heat treatment are
shown in Table 1. A very slight weight loss up to 0.3% was
noticed, presumably due to evaporation of some ingredients of
the intergranular phases.

X-ray diffraction patterns of the heat-treated materials are
shown in Fig. 1. «-SiAION and trace M’ (Y,Si;_Al,03,,N4_,)
were detected in the 0 wt% SiC composition and «-SiC was
also evident in the 40 wt% SiC material. The M’ phase should
be formed by devitrification of the grain boundary phases,
similar with the previous report [10].

The «-SiC phase was the same 6H SiC in the as-sintered
materials. The identical X-ray diffraction peak positions
indicated neither SiC solid solutions nor polytype transforma-
tion [12]. The a-SiAION lattices were slightly enlarged to give
a higher calculated composition of m = 1.17 than the m = 1.09
in the as-sintered materials, suggesting more Y>* incorporation
into the a-SiAION lattice during the heat treatment [10,13].
The SiC contents in the composites had no significant effects on
the a-SiAION compositions [5,9], as the a-SiAION phase in
both materials had similar m values.
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Fig. 1. XRD patterns of the post heat-treated a-SiAION/a-SiC composites.

The SEM micrographs of the microstructures are shown in
Fig. 2. No porosity was observed, indicating full densities of the
a-SiAION/a-SiC composites, despite the slight weight losses.
The 6H-SiC, a-SiAION and grain boundary phases, having
dark, gray and bright contrast, respectively, were homoge-
neously dispersed. No large segregations of any phases were
observed. The M’ phase should locate at the multi-grain
conjunctions due to devitrification of the grain boundary liquid
[10]. Considering its thermodynamic persistence, thin glassy
films along the grain boundaries could be expected [14]. The
glassy films shared the same bright contrast with the M’ phase.

The typical bimodal microstructure of the 0 wt% SiC
material, which composed of a few large grains having an
average diameter of ~3.5 wum and aspect ratio of ~10,
dispersed homogeneously in the fine grained matrix with an
average diameter of ~1.2 wm, was in consistency with the
previous observations [7,10,15-17], and thus was of trivial
scientific value, because it has been well established that excess
Y,0; facilitated anisotropy of the a-SiAION grains, and heat
treatment at high temperatures enlarged the grain growth
[10,15].

In the 40 wt% SiC material, the large bimodal a-SiAION
grains were not formed, yielding a normal fine microstructure
[4-9]. The self-toughening microstructures of the as-sintered
composites survived the 1800 °C 3 h annealing. The a-SiAION
and 6H-SiC grains had an average grain diameter of ~0.8 pum
and 1.1 pwm, respectively, both kept the high aspect ratio up to
8.0 as that of the as-SPS-sintered materials.

The goodness of maintaining the self-toughening micro-
structures was evident by the mechanical properties listed in
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Fig. 2. SEM images of the microstructures and fractures of the post heat-treated a-SiAION/a-SiC composites. (a and b) 0 wt% SiC, and (c and d) 40 wt% SiC

composition.

Table 1. Flexural strength and fracture toughness were further
increased after heat treatment, compared to the as-sintered
counterparts [7,10,15-17]. A remarkable combination of
flexural strength and fracture toughness of 907 MPa and
8.5 MPa m'"? were obtained in the 40 wt% SiC composite. The
40 wt% SiC material also had higher hardness because the
hardness of a-SiC is generally 10% higher than a-SiAION.

4. Discussion
4.1. Microstructure development

In the early studies of the a-SiAION/SiC composites, Santos
et al. [4,5] and Wang et al. [6] prepared a-SiAION/SiC with 0—
20 wt% and 0-40 wt% B-SiC by gas pressing at 1950 °C and
hot pressing at 1400-1800 °C, respectively. B-SiAION/SiC
composites with 70-80 vol% o-SiC were also fabricated by
HIP at 1850 °C under 200 MPa in an argon atmosphere [18]
Very fine homogeneous microstructures were obtained in those
materials [4—6,18]. But no elongation of either SiC or SiAION
(o or B) grains were observed.

In comparison, we synthesized a-SiAION/a-SiC compo-
sites with 0-40 wt% 6H-SiC by SPS. The a-SiAION and a-SiC
grains were both elongated [7]. Although the few bimodal o-
SiAION grains were not presented, similar with references [4—
7,18], self-toughening microstructures were formed. Micro-
structure observations in Fig. 2 indicated that the heat treatment
grew the a-SiAION and «-SiC grains by 37% in size in the

40 wt% SiC composite, however, the large aspect ratio of 10
and 8.0 was not changed (Fig. 2c¢).

Therefore it seemed clear that the elongated growth of the a-
SiAION grains in the a-SiAION/a-SiC composites was not
necessarily affected by the coexistent a-SiC particles. Once
formed, the self-toughening microstructures could survive
high-temperature annealing and would not convert to the brittle
equiaxed microstructures.

As reported in the previous sections, a factor benefitting the
elongated growth of the a-SiAlON grains [4—-6] was the chosen
SiAION composition. The investigated «-SiAION with Y-
dopants, m, n=1.0 composition, and 4 wt% Y,O; as the
sintering additive, yielded adequate transient liquids to promote
elongation of the a-SiAlON grains [10,19]. The few percent
Si0, on the SiC particle surfaces which was not compensated
when calculating the starting compositions, should have
increased the liquid concentration. In comparison Wang
et al. [6] chose the Ca-a-SiAION with m=2, n=1.0
composition and obtained an equiaxed microstructure [17]
formed by some large grains homogenously dispersed among
the finer grained matrix.

In Souza et al. [4,5], although the hot pressed monolithic a-
SiAION ceramics produced the self-toughening microstruc-
tures, the elongation of the a-SiAION grains was gradually
diminished with the SiC concentration increase from 5 to
20 wt%. Wang at el and Souza et al. used (3-SiC (cubic or 3C-
SiC) rather than «-SiC (6H-SiC) [4-7]. Thus, whether the
different SiC polytypes (6H vs. 3C SiC) had played a role in the
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elongation growth of the coexistent a-SiAION grains is under
debate, but is not clear.

3-SiC could not develop elongated morphology due to its
cubic crystal symmetry. In SiC ceramic production practice, the
B-cubic to a-hexagonal SiC phase transformation is usually
exploited to introduce elongated (4H polymorph) or plate-like
grains (usually 6H) to the microstructures [20-23]. In the
references on the SiAION/SiC materials, such a phase
transformation was not presented, explaining the equiaxed
SiC grains in the microstructures.

However, when 6H-SiC and SPS were applied instead of 3C-
SiC and conventional HP, HIP, and GPS [4] to synthesize the a-
SiAlION/a-SiC materials, elongation of the SiC grains was
realized without the polytype transformation. During heat
treatment, the further anisotropic growth of the 6H-SiC grains
was presented as shown in Fig. 2c, by Ostwald ripening.
Smaller grains should have dissolved in the surrounding liquid
and further grew the selected grains to lower surface energy by
anisotropic growth.

4.2. Mechanical properties

The benefits of the heat treatment were demonstrated by the
mechanical properties as listed in Table 1. The flexural strength
and fracture toughness of the 0 wt% SiC composition reached
that for a self-reinforced Ca-a-SiAlON, produced by seeding
the starting powders [17]. Higher flexural strength and fracture
toughness up to 907 MPa and 8.5 MPa m'? were obtained in
the 40 wt% SiC composition, compared to 812 MPa and
8.2 MPa m'’? for the as-sintered counterpart.

The mechanical property improvements were partly due to
the enhanced growth of the elongated grains. Larger elongated
grains were more sufficient than smaller ones in deflecting and
bridging cracks, promising higher fracture toughness. Flexural
strength increment was also expectable from the higher load
transfer and bearing abilities by the moderately enlarged grains
[24], but extremely large grains may decrease strength for
possible crack initiations.

Absence of the bimodal a-SiAION grains in the 40 wt% SiC
composition avoided early crack initiation, hence high flexure
strength, with a lower data deviation (Table 1).

Table 1 shows the fracture toughness of the 0 wt% SiC
material increased from 5.6 MPam'? for the as-sintered
material to 7.4 MPa m'’? after heat treatment [7]. The fracture
toughness improvement should also be correlated with an
interfacial bond weakening effect, as evidenced by Fig. 2b
where a much coarser fracture than the as sintered material [7]
was shown. During fracturing, the large a-SiAION grains were
intersected by the advancing cracks in the as-sintered 0 wt%
SiC material, due to lack of the interfacial debonding, resulting
in a rather plane fracture surface [7,10]. However, local residual
stresses from the thermal expansion coefficient differences
between the 6H-SiC and the o-SiAION favored interfacial
debonding to impart a better toughening to the 40 wt% SiC
composition.

The formation of the M’ phase should also contribute to the
interfacial bond weakening effects. Crystallization of the M’

phase should have altered the Y:Al and O:N ratios in the
intergranular glassy films during the annealing. And increases
in the Y:Al and O:N ratios generally promoted interfacial
debonding, similar with the [3-Si;N4 ceramics [25].

5. Conclusions

a-SiAION and «-SiC grains in the o-SiAION/6H-SiC
composites were grown anisotropically by heat treatment at
1850 °C, further optimized the self-toughening microstructures
of the composites. The a-SiAION/6H-SiC with 40 wt% SiC
had a fine self-toughening microstructure to exhibit high flexure
strength and fracture toughness up to 907 MPa and 8.5 MPa m"/
2, respectively. Crystallization of M’ from the intergranular
glassy phases in combination with the local residual thermal
stresses induced by the thermal expansion coefficient differ-
ence between the a-SiAION and the 6H-SiC grains, weakened
interfacial bonding and thus enhanced the toughening
mechanisms.

Acknowledgements

This work was financially supported by the China
Postdoctoral ~ Science  Foundation under Grant No.
20090450957 and the Fundamental Research Funds for the
Central Universities under Grant No. HIT. NSRIF 2010111.

References

[1] A.Uludag, D. Turan, High temperature bending creep behavior of a multi-
cation doped a/B-SiAION composite, Ceram. Int. 37 (2011) 921-926.

[2] D.Bucevac, S. Boskovic, B. Matovic, V. Krstic, Toughening of SiC matrix
with in-situ created TiB, particles, Ceram. Int. 36 (2010) 2181-2188.

[3] Y. Kim, H. Jang, D. Kim, Enhanced sintering of SiC using infiltration of
preceramic  polymer, Ceram. Int. (2011), doi:10.1016/j.cera-
mint.2011.03.018.

[4] C. Santos, C.A. Kelly, S. Ribeiro, K. Strecker, J.C. Souza, O.M. Silva, a-
SiAION-SiC composites obtained by gas-pressure sintering and hot-
pressing, J. Mater. Process. Technol. 189 (2007) 138-142.

[5] J.C. Souza, C. Santos, C.A. Kelly, O.M. Silva, Development of a-
SiAION-SiC ceramic composites by liquid phase sintering, Int. J. Refract.
Met. Hard Mater. 25 (2007) 77-81.

[6] H. Wang, Y.B. Cheng, B.C. Muddle, L. Gao, T. Yen, Microstructure and
mechanical properties of nanoscale SiC/a—SiAION composites, J. Mater.
Sci. 32 (1997) 3263-3269.

[7]1 L. Liu, F. Ye, Y. Zhou, Elongation of a-SiC particles in spark plasma
sintered a-SiAION/a-SiC composites, J. Am. Ceram. Soc. 92 (2011) 336—
339.

[8] A.K.Mallik, K.M. Reddy, N. CalisAcikbas, F. Kara, H. Mandal, D. Basu,
B. Basu, Influence of SiC addition on tribological properties of SiAION,
Ceram. Int. (2011), doi:10.1016/j.ceramint.2011.03.055.

[9] L.O. Nordberg, T. Ekstrom, F.F. Xu, Simultaneously MoSi, and SiC-
reinforced a-SiAION composites, J. Mater. Sci. Lett. 16 (1997) 917-920.

[10] F. Ye, M.J. Hoffmann, S. Holzer, Y. Zhou, M. Iwasa, Effects of the amount
of additives and post-heat treatment on the microstructure and mechanical
properties of yttrium—a-SiAlON ceramics, J. Am. Ceram. Soc. 86 (2003)
2136-2142.

[11] H. Peng, Z. Shen, M. Nygren, Formation of in-situ reinforced micro-
structures in a-SiAION ceramics: Part III. Static and dynamic ripening, J.
Mater. Res. 19 (2004) 2402-2409.

[12] R.I. Scace, G.A. Slack, Solubility of carbon in silicon and germanium, J.
Chem. Phys. 30 (1959) 1551-1555.


http://dx.doi.org/10.1016/j.ceramint.2011.03.018
http://dx.doi.org/10.1016/j.ceramint.2011.03.018
http://dx.doi.org/10.1016/j.ceramint.2011.03.055

L. Liu et al./Ceramics International 37 (2011) 3737-3741 3741

[13] Z.J. Shen, T. Ekstrom, N. Nygren, Homogeneity region and thermal
stability of neodymium-doped o-sialon ceramic, J. Am. Ceram. Soc.
79 (1996) 721-732.

[14] D.R. Clarke, On the equilibrium thickness of intergranular glass phases in
ceramic materials, J. Am. Ceram. Soc. 70 (1987) 15-22.

[15] C.Zhang, K. Komeya, J. Tatami, T. Meguro, Inhomogeneous grain growth
and elongation of Dy-a SiAION ceramics at temperature above 1800 °C,
J. Eur. Ceram. Soc. 20 (2000) 939-944.

[16] M. Zenotchkine, R. Shuba, J.S. Kim, I.-W. Chen, Effect of seeding on the
microstructure and mechanical properties of a-SiAION: I, Y-SiAION, J.
Am. Ceram. Soc. 85 (2002) 1254-1259.

[17] R. Shuba, I.W. Chen, Effect of seeding on the microstructure and
mechanical properties of a-SiAION: II, Ca-a-SiAION, J. Am. Ceram.
Soc. 85 (2002) 1260-1267.

[18] S.M. Dong, D.L. Jiang, S.H. Tan, J.K. Guo, Hot isostatic pressing and
post-hot isostatic pressing of SiC—3-SiAION composites, Mater. Lett. 29
(1996) 259-263.

[19] S. Kurama, M. Herrmann, H. Mandal, The effect of processing conditions,
amount of additives and composition on the microstructures and mechan-

ical properties of a-SiAION ceramics, Eur. Ceram. Soc. 22 (2002) 109—
119.

[20] J.J. Cao, W.J. MoberlyChan, L. Jonghe, C. Gilbert, R. Ritchie, In situ
toughened silicon carbide with Al-B—C additions, J. Am. Ceram. Soc. 79
(1996) 461-469.

[21] D. Cho, Y. Kim, W. Kim, Strength and fracture toughness of in situ-
toughened silicon carbide, J. Mater. Sci. 32 (1997) 4777-4782.

[22] D. Cheong, J. Kim, S. Kang, Effects of isothermal annealing on the
microstructure and mechanical properties of SiC ceramics hot-pressed
with Y,0j3 and Al,O; additions, J. Eur. Ceram. Soc. 22 (2002) 1321-1327.

[23] S.K. Lee, C.H. Kim, Effects of a-SiC versus B-SiC starting powders on
microstructure and fracture toughness of SiC sintered with Al,O3—Y,03
additives, J. Am. Ceram. Soc. 77 (1994) 1655-1658.

[24] P.F. Becher, Microstructural design of toughened ceramics, J. Am. Ceram.
Soc. 74 (1991) 255-269.

[25] PF. Becher, E.Y. Sun, C.H. Hsueh, K.B. Alexander, S.L. Hwang, S.B.
Waters, C.G. Westmoreland, Debonding of interfaces between beta-sili-
con nitride whiskers and Si—Al-Y oxynitride glass, Acta Mater. 44 (1996)
3881-3893.



	Microstructure and mechanical properties of the &alpha;-SiAlON/&alpha;-SiC composites: Effects of heat treatment
	Introduction
	Experimental
	Results
	Discussion
	Microstructure development
	Mechanical properties

	Conclusions
	Acknowledgements
	References


