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Abstract

Thermal decomposition of AIN-SiC(-TiB,) systems during densification was analyzed, and effects of B, B,C and C on the densification behavior
of the systems were studied. SiO, impurity in the powder mixture was nearly completely removed by carbothermal reaction at 1500 °C in vacuum,
while Al,O3 remained and affected the densification behavior of the system. The onset temperature of densification of a AIN-SiC-TiB, system
decreased from 2050 to 1850 °C by the addition of carbon, which decreased further (1680 °C) by adding both B,C and carbon. Dense AIN-SiC-TiB,
specimens were obtained after the hot pressing at 2000 °C by the application of carbon and boron or B,C. Young’s modulus, hardness, fracture
toughness and thermal conductivity of a AIN-SiC-TiB; system sintered with B4C and C were 313 GPa, 18.2 GPa, 3.7 MPa m'? and 22.9 W/(m °C),

respectively.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon-based non-oxide ceramics have been intensively
investigated for the application at elevated temperature. How-
ever, in the combustion environments, the practical application
temperature of the ceramics has been limited to ~1100 °C due
to the corrosion and evaporation of protective SiO, layer by
the reaction with humidity, Na/K ions and sulfur.'=3 On the
other hand, more corrosion resistant mullite has been reported
to survive up to 1300 °C at the same condition.*

Although oxidation and corrosion resistance of AIN-SiC
systems are worse than those of Sic? TiB, additive has been
reported to improve the properties significantly due to the pro-
motion of protective mullite layer formation during oxidation
above 1000 °C.57

* Corresponding author. Tel.: +81 29 859 2432; fax: +81 29 859 2401.
E-mail address: LEE.Seahoon@nims.go.jp (S.-H. Lee).
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Al,O3, SiO;, TiO; and B,0O3 which are contained in the
AIN-SiC-TiB, powder mixture produce liquid phases dur-
ing densification due to the low eutectic temperature (e.g.,
Al,03-Si0,-TiO,: 1480 C’C),g‘ thus decrease high temperature
properties of the system. Rafaniello et al. reported that AIN-SiC
specimens exhibited creep resistance comparable to solid state
sintered SiC above 1425 °C by adding C source (starch) in order
to remove inherent silicate.® The result indicates that thermal
decomposition analysis is required to improve high temperature
properties of the AIN-SiC-TiB; system.

For the fabrication of dense AIN-SiC(-TiB,) materials
without sintering additives, application of high temperature
(>2000°C) and pressure are generally required.'® Boron, B4C
and carbon have been widely used as sintering additives of SiC.!!
However, their effects on the AIN-SiC(-TiB,) systems have not
been well understood.

Here we report the effects of boron, B4C and carbon
on the densification, microstructure and phase formation of
SiC-AIN—(TiB;) systems. Thermal decomposition reactions
of the system were analyzed, and the mechanical proper-
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Table 1

Chemical composition of the systems

Abbreviation Weight (g)

AIN SiC TiB, B B4C Phenolic

resin

AS 9.78 3.16 0 0 0 0

AST 9.78 3.16 0.68 0 0 0

ASTC 9.78 3.16 0.68 0 0 0.73

ATB4C 12.94 0 0.68 0 0.14 0.73

STB4C 0 12.94 0.68 0 0.14 0.73

ASTBC 9.78 3.16 0.68 0.14 0 0.73

ASTB4C 9.78 3.16 0.68 0 0.14 0.73

ties and thermal conductivity of the sintered systems were
measured.

2. Experimental

Table 1 shows the composition of starting materials. In the
abbreviation, A, S, T, B, B4 and C represent AIN (Type E,
Tokuyama Corp.), a-SiC (UF-15, H.C. Starck), TiB, (Grade
PF, Japan New Metals Co.), boron (Amorphous boron, H.C.
Starck), B4C (Grade HD20, H.C. Starck), and carbon which
was derived from a phenolic resin (Phenolite J-325, Dainippon
Ink Inc., ceramic yield: 37.4%), respectively.

The mole ratio between AIN and SiC was fixed to 3:1 so that
the oxidized material has stoichiometric composition of mul-
lite (3A1,03-2Si0,). 5wt% TiB, was added to the AIN and
SiC mixture in order to enhance the formation of mullite during
oxidation,” except for the AS system.

The AS and AST systems informed the densification behavior
of AIN-SiC(-TiB;) powder mixture without additives. Effects
of carbon, boron and B4C were analyzed by the ASTC, ASTBC
and ASTB4C systems. ATB4C and STB4C systems, which did
not contain either SiC or AIN, were applied to analyze the com-
ponent which governed the densification behavior.

The raw materials were mixed intensively by planetary mill
with ethyl alcohol at 150 r.p.m. for 4h using SiC jar and SiC
ball. The powder mixtures were dried at 70 °C with stirring
and screened through a 120-mesh sieve. In order to analyze
the decomposition behavior during densification, thermal gravi-
metric analysis (TGA, STA 409CD, Netzsch) was performed
up to 1800 °C in flowing Ar using graphite crucibles (flow rate:
100 ml/min, heating rate: 10 °C/min up to 1000 °C, 3 °C/min
above 1000 °C, holding for 30 min at 1500 °C).

The surface oxides on SiC, AIN and TiB, powder may induce
liquid phase sintering of the AIN-SiC(-TiB») system. In order to
reduce the amount of the oxides, the powder mixtures were held
at 1500 °C for 30 min in vacuum (pressure: <10~2 Pa) during the
temperature increasing stage for hot pressing. The change of sur-
face area and oxygen content of the powder mixture before and
after heat treatment at 1500 °C was measured using Brunauer,
Emmett, Teller method (BET, Autosorb-1, Quantachrome) and
inert gas carrying melting-infrared absorptiometer (TC-600,
Leco), respectively.

The powder mixtures were hot pressed (FVHP-1-3, Fuji
Dempa Kogyo Corp., heating rate: 75 °C/min up to 1500 °C,
30 °C/min above 1500 °C, pressure: 20 MPa) at 1950-2200 °C
for 1h in Ar atmosphere with in situ monitoring of the shrink-
age. The microstructure and chemical composition of the
ATBA4C system sintered at 1930 and 2010°C were analyzed
by a transmission electron microscope (TEM, JEM-2000EX,
Jeol).

After the densification, density of the sintered bodies was
analyzed using Archimedes’ method. The density value used
for a-SiC, AIN, TiB», boron and amorphous carbon was 3.16,
3.26, 4.52, 2.34 and 1.95 g/cm?, respectively.'>13

The effects of sintering temperature and additive composition
on the phase formation of the systems were analyzed by X-
ray powder diffraction (XRD, JDX-3500, JEOL) with Cu K«
radiation.

Young’s modulus, hardness and fracture toughness of the
specimens were measured by the pulse echo method (5072PR,
Panametrics, sample thickness: 3 mm) and Vickers indentation
method (AVK-A, Akashi, loading condition: 10kg, 15s, 5 mea-
surements per sample), respectively.'*!3 After indentation test,
crack propagation behavior was observed using scanning elec-
tron microscopy (SEM, JSM-6700F, JEOL).

Thermal conductivity of the ASTB4C system sintered at
2100 °C was measured at room temperature using a flash dif-
fusivity instrument (LFA 447, Netzsch). In order to minimize
the effect of porosity on the thermal conductivity, the specimen
was hot pressed with high pressure (45 MPa).

3. Results
3.1. Thermal decomposition

Fig. 1 shows TGA data of the systems in Ar atmosphere. The
weight loss of the AS system occurred at and above 1250 °C,
which continued during annealing at 1500 °C. A rapid weight
loss started at about 1700 °C. TGA data of the AST system were

100
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T T T T T T T T
1000 1200 1400 1600 1800
Temperature (°C)
Fig. 1. TGA data of (a) AS (b) STB4C (c) ATB4C and (d) ASTB4C in Ar

atmosphere (heating rate: 3 °C/min. Holding for 30 min at 1500 °C, Ar flow
rate: 100 ml/min).
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Table 2
Surface area and oxygen content of the AST and ASTC powder mixture before
and after the heat treatment at 1500 °C in vacuum for 30 min

Properties Powder condition

AST ASTC

Raw After Raw After

powder treatment powder treatment
Surface area (m?/g) 6.25 4.74 380.9 7.23
Oxygen content (Wt%) 1.1 0.76 1.6 0.63

similar to those of the AS system, thus were not described in
Fig. 1.

The STB4C system had strong mass loss above 1250°C,
which was completed at 1380 °C. Additional weight loss did
not occur during annealing at 1500 °C for 30 min. In contrast to
the STB4C system, the ATB4C system lost weight at 1500 °C.
The weight loss of the ASTB4C system was similar to that of
the ATB4C system, except a large weight loss below 1380 °C.

Table 2 shows the surface area and oxygen content of the AST
and ASTC powder mixture before and after heat treatment at
1500 °C in vacuum for 30 min. The oxygen content in the ASTC
system was lower than that of the AST system. The surface area
of both the AST and ASTC systems decreased after annealing
at 1500 °C. The surface area of the ASTC system was very high
(380.9 m%/g).

3.2. Densification and phase analysis

Shrinkage of the AS system occurred above 1600 °C, which
stopped at 1850°C (Fig. 2a). Additional shrinkage was not
clearly observed above this temperature during hot pressing
at 2100°C for 1h. However, differentiation of the shrinkage
curves (Fig. 2b) indicated the presence of a minor shrinkage
at 1970-2060 °C. The AS system densified during hot pressing
at 2000 °C for 1h (Table 3), while the behavior was strongly
suppressed at 2100 °C (Fig. 2a, Table 3). Relative density of
the specimens sintered at 2000 and 2100 °C was 91 and 67.7%,
respectively.

Table 3
Relative density of samples with different composition and sintering conditions

Sintering Relative Sintering condition Relative density (%)
condition density (%)

AS, 2000°C, 91.0 STB4C, 2100°C, 96.9
1h, HP 1h, HP

AS, 2100°C, 67.7 ASTBC, 1950°C, 91.3
1h, HP 1h, HP

AST, 89.2 ASTBC, 2000 °C, 98.3
2100°C, 1h, HP
1h, HP

ASTC, 98.2 ASTBC, 2100°C, 97.8
2100°C, 1h, HP
1h, HP

ATBAC, 97.7 ASTB4C, 2100 °C, 98.9
2100°C, 1h, HP
1h, HP
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Fig. 2. (a) Shrinkage and (b) differentiation of shrinkage of samples with tem-
perature in Ar (—: AS, [J: AST and +: ASTC). The samples were heat treated at
1500 °C for 30 min in vacuum before hot pressing at 2100 °C for 1 h in Ar. The
vertical lines represent densification at 2100 °C, and subsequent shrinkage can
be observed during cooling (heating rate: 30 °C/min).

XRD data informed the formation of AIN-SiC solid solu-
tion after the sintering of the AS system at and above 2000 °C
(Fig. 3a—c). The peak intensity of a-SiC (6H) at 35.2-35.6°
decreased and the peak shifted toward that of AIN (2H) at 36°
with the formation of a AIN-SiC solid solution.'® Minute resid-
ual peak of a-SiC was observed in the AS system sintered at
2000 and 2100 °C. In spite of the formation of solid solution,
densification of the AS system did not occur at 2100 °C under
20 MPa pressure.

Addition of TiB; in the AS system induced shrinkage above
2050 °C (Fig. 2b), which was clearly different from the AS sys-
tem. Formation of solid solution was completed after the hot
pressing of the AST system at 2100 °C (Fig. 3e). XRD analysis
also informed the formation of BN in the AST system.

The first shrinkage at 1600 °C shown in the AST system did
not occur when adding carbon (ASTC system, Fig. 2a). Sintering
shrinkage of the ASTC system started at 1850 °C. Densification
did not intensively occur at 1950 °C (relative density: 74.7%),
but a dense specimen was obtained at 2100 °C (Table 3).

Fig. 4 shows densification of the ATB4C, STB4C, ASTB4C
and ASTBC system. In contrast to the specimens without addi-
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Fig. 3. XRD patterns of sintered samples (a) AS, raw powder mixture; (b) AS,
2000 °C; (c) AS, 2100 °C; (d) AST, raw powder mixture; () AST, 2100 °C and
(f) ASTC, 2100 °C (H: AIN, @: «-SiC, ¢: TiB,, [J: AIN-SiC solid solution, {:
BN and O: unidentified peaks).

tives, densification of the AIN-SiC-TiB, system was completed
during heating stage at 2030 °C by the application of carbon and
boron or B4C additives, and dense samples were obtained after
the hot pressing at 2000 °C for 1 h (Table 3).

Differentiation of the shrinkage curve showed a three-step
sintering behavior of the ASTBC and ASTB4C system (Fig. 4b).
The same behavior occurred in the ATB4C system. On the other
hand, the shrinkage behavior of the STB4C system was different
from those of the above systems. Addition of SiC to the ATB4C
system decreased the onset temperature of each step.

S.-H. Lee et al. / Journal of the European Ceramic Society 28 (2008) 1715-1722
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Fig.4. (a) Shrinkage and (b) differentiation of shrinkage of samples with temper-
ature in Ar (—:ATB4C, B: STB4C, {: ASTB4C and x: ASTBC). The samples
were heat treated at 1500 °C for 30 min in vacuum before hot pressing at 2100 °C
for 1h in Ar (heating rate: 30 °C/min).

Fig. 5 shows TEM images of the ATB4C system sintered at
1930 and 2010 °C. TiB, was mostly placed between the bound-
aries of AIN grains. Intensive grain growth occurred at 2010 °C.

Fig. 6 shows the XRD data of the ASTBC and ASTB4C
system after the sintering at different temperatures. Formation
of solid solution did not strongly occur up to 1950 °C, while

(b)

Fig. 5. TEM image of the ATB4C system hot pressed at (a) 1930 °C and (b) at 2010 °C (black: TiB,, gray: AIN, white: pores formed during the sample preparation).
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Fig. 6. XRD patterns of sintered samples (a) ASTB4C, raw powder mixture; (b)
ASTBC, 1950°C; (c) ASTBC, 2000 °C; (d) ASTBC, 2100 °C and (e) ASTB4C,
2100°C (H: AIN, @: «-SiC, ¢: TiB, and [J: AIN-SiC solid solution).

the peaks of a-SiC disappeared nearly completely at and above
2000 °C.

3.3. Mechanical properties and thermal conductivity

Table 4 lists some mechanical properties of the dense spec-
imens (>98% relative density). Among the tested systems, the
ASTC system had the highest Young’s modulus, hardness and
fracture toughness. The addition of up to Swt% TiB, did
not have strong effect on the mechanical properties of the
near-stiochiometric AIN-SiC solid solution. Crack deflection
occurred near TiB, grains (Fig. 7).

The thermal conductivity of the ASTB4C system hot pressed
at 2100 °C under 45 MPa pressure was 22.9 W/(m °C). Relative
density of the tested specimen was 99.9%.

4. Discussion
4.1. Thermal decomposition

Because Al,O3 and SiOj, which present at the surface of
AIN and SiC powder, form liquid phase and may promote den-
sification of AIN-SiC system by liquid phase sintering, their
decomposition may directly affect the densification behavior and
high temperature properties of AIN-SiC system.

The weight loss of the AS system below 1500 °C (Fig. 1a)
was partly due to the decomposition of SiO» by the reaction with

carbon compound originated from the crucible and furnace.!’
Si0ys) + 3Cs) = SiCs) +2CO¢y). (1)
Table 4

Young’s modulus, hardness and fracture toughness of dense samples

Sintering Young’s Hardness (GPa)  Fracture toughness
condition modulus (GPa) (MPam'?)

ASTC, 2100°C 3242 19.5 4.2

ASTBC, 2000°C  320.5 18.7 3.8

ASTBAC, 3129 18.2 3.7

2100°C

3,000 Tum

SEI 50kV  X10,000 1um

WD 26mm

Fig. 7. Crack path in the ASTC system sintered at 2100 °C (A: solid solution,
B: TiB», A: crack branching, ® : intergranular fracture).

The onset temperature of reaction (1) was reported to be at
around 1200 °C.'® The reaction was completed at 1380 °C dur-
ing slow heating (heating rate: 3 °C/min) when sufficient amount
of carbon was added (Fig. 1b). The difference of weight loss
between the ATB4C and ASTB4C system also originated from
the reaction of SiO;, with carbon, thus the disparity did not occur
above 1380°C (Fig. Ic and d). However, due to the lack of
carbon, presumably reaction (2) occurred in the AS system dur-
ing annealing at 1500 °C, the onset temperature of which was
reported to be ~1500 °C.?

28i0x(s) + SiCs) — 3SiO(g) + COyg). 2)

The weight loss of the ATB4C system at 1500 °C (Fig. 1c)
was mainly due to the reaction between Al,O3 and carbon.20

Al O3(5) +2C5) = Al O(g) +2COyy), 3)
2A103(5) + 3C(s) = Alg04Cs) +2CO¢y). (@)

Zhang and Yamaguchi reported that both reactions actively
occurred at 1500 °C in Ar.* Inoue et al. reported that formation
of Al4O4C, which is thermally stable up to 1890 °C, became
intensive at and above 1500°C in vacuum.?! In fact, certain
amount of oxides remained in the AST and ASTC system after
annealing at 1500 °C (Table 2), although TGA data informed that
SiO; at the surface of SiC powder should be mostly removed
after the annealing when carbon is contained in the powder mix-
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ture (Fig. 1b). The result indicated the formation of Al4O4C after
annealing at 1500 °C. Decomposition of Al,O3 by the reaction
with AIN becomes intensive above 1750 °C,%2 thus the reaction
did not contribute to the weight loss during annealing of the AST
and ASTC system at 1500 °C.

The decrease of the surface area of the AST and ASTC system
after the annealing at 1500 °C (Table 2) implies that for the den-
sification of the annealed powder mixture, a higher temperature
and/or pressure will be required compared to the case without
the treatment. The surface area of the ASTC system was very
high due to the decomposition of phenolic resin and the forma-
tion of porous carbon having high surface area during drying at
150 °C in vacuum before BET measurement.

4.2. Densification and phase analysis

The densification of AIN-SiC system generally requires high
temperature and pressure (hot pressing at 2000-2300 °C).?* In
the present study, weight loss due to the decomposition of AIN
was strongly enhanced at 2200 °C in Ar (2-3% at 2000 °C,
3.5-4.5% at 2100 °C and 8.3-9.2% at 2200 °C).>* Consequently,
the sintering temperatures applied in the following experiments
were set at and below 2100 °C.

The first shrinkage of the AS system (Fig. 2b) is mainly due
to the formation of a liquid phase composed of Si—Al-O-N.
The onset temperature of the first shrinkage was similar to
the eutectic temperature of Al,O3-SiO; system (1595 °C).»
In addition, Al,O3 on the surface of AIN powder was reported
to enhance the densification of AIN above 1500-1650°C by
forming oxynitrides.”® On the other hand, SiO, in the lig-
uid phase decomposed strongly above 1700°C by reaction
(2). Aluminum oxynitride also decomposed by the reaction
with carbon species.?’” Consequently, densification of the AS
system became sluggish above 1750°C. The first shrinkage
should be suppressed when SiO; and aluminum oxynitride
are removed below the onset temperature of initial shrinkage,
which did occur in the ASTC system by the addition of carbon
(Fig. 2a).

The second shrinkage of the AS system at 1970-2060 °C
(Fig. 2b) was presumably due to the formation of a liquid phase
mainly composed of Al,O3. Impurities such as carbon might
slightly decrease the melting temperature of Al,03 (2053 °C).!2
AlpO3 was reported to decomposes by the reaction with SiC
above 17002000 °C as follows;!?

SiCs) + Al O3(5) — SiO(g) + Al2O(g) + CO(y). 5)

Consequently, the second shrinkage diminished above
2060 °C due to the lack of a liquid phase. The above discus-
sion explains why the densification of the AS system occurred
at 2000 °C, while the shrinkage was not observed at 2100 °C.

Pan et al. reported that the reaction mechanism between AIN
and SiC to form solid solution was mainly governed by evapora-
tion and condensation of AIN.?® Since the mechanism does not
induce shrinkage of the specimen in spite of large mass trans-
fer, formation of solid solution was nearly completed in the AS
system without densification.?

The relative density of the AST system was much higher than
that of the AS system after hot pressing at 2100 °C. A possible
mechanism to explain the difference is liquid phase sintering by
the melt of A1203.12 AIN reacts with BoO3 on TiB; to form
Al O3 and BN.*

2AIN() +B2030) — AlOj3(5) +2BNy). (6)

The reaction presumably increased the amount of Al O3, thus
enhanced liquid phase sintering of the AST system. Formation
of BN by reaction (6) was observed in the AST system (Fig. 3e).

The low shrinkage of the ASTC system up to 1850°C
(Fig. 2a) was due to the decomposition of SiO, and aluminum
oxynitride during heating. The densification above 1850 °C was
presumably dominated by a liquid phase composed of alu-
minum, oxygen and carbon. Inherent Al,O3 in AIN reacted
with carbon to form Al4O4C. The eutectic temperature of
Al O3-Al404C system was reported to be 1850 °C,3! which
was the same with the onset temperature of shrinkage of the
ASTC system (1850 °C, Fig. 2b).

The three-step sintering behavior shown in Fig. 4(b) indicated
that boron, B4C and carbon additives induced the shrinkage of
AIN, thus promoted the densification of AIN-SiC-TiB system.
TEM images of the ATB4C informed that growth of the AIN
grains was enhanced at the third step during the densification
(Fig. 5).

4.3. Mechanical properties and thermal conductivity

While Young’s modulus (E) and Vickers hardness (Hv) of
AIN-SiC solid solutions have been reported to be nearly propor-
tional to the mixing ratio of AIN (E: 275 GPa, Hv: 14 GPa) 1332
and SiC (E: 401 GPa, Hv: 33 GPa), their fracture toughness
did not have clear relationship with mixing ratio.>> The Young’s
modulus, fracture toughness and hardness of near-stoichiometric
AIN-SiC solid solution (AIN content: 65.4—74 wt%)>*33 was
reported to be 30734-352GPa,3? 3.323-57MPam!2,3 and
17-21 GPa,?>3¢ respectively.

Reports about the mechanical properties of the
AIN-SiC-TiB; system are scarce. The results of the present
research indicate that the addition of up to 5wt% TiB; did
not have strong effect on the mechanical properties of near-
stiochiometric AIN-SiC solid solution, in spite of the fact that
the Young’s modulus and hardness of TiB, (367, 34 GPa)® are
higher than those of the solid solution.

Crack deflection occurred in the ASTC system due to
the presence of residual stress induced by the different CTE
value between the solid solution (4.6 x 107¢/°C) and TiB,
(6.39 x 1076 /°C).1333 The fracture toughness of AIN and SiC
has been reported to be improved by the incorporation of
TiB2.37’38 In both cases, crack deflection was enhanced by the
residual stress originated from the difference of CTE between the
matrix and TiB,. Fracture toughness of the AIN-SiC solid solu-
tion is also expected to be improved in case sufficient amount of
TiB; is incorporated, but the addition did not distinctly improve
the property when the amount was fixed to 5 wt%.
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The thermal conductivity of the ASTB4C system was similar
to that of AIN-SiC solid solution reported by Rafaniello et al.
(20 W/(m °C), AIN content: 75 wt%).?* The thermal conductiv-
ity of AIN and SiC were reported to be 200 and 41.7 W/(m °C),
respectively, but rapid decrease of the value has been observed
in the solid solution.>**? Landon and Thevenot attributed the
reason to the self collision of phonons and interactions of
phonons with defects in the solid solution.> Addition of up
to Swt% TiB, did not strongly improve the thermal conduc-
tivity of the AIN-SiC solid solution although the value of
TiB; (100 W/(m °C)) was much higher than that of the solid
solution.*!

5. Summary and conclusion

SiO; and Al>O3 induced densification of the AIN-SiC sys-
tem above 1600 °C. The former phase could be removed by
carbothermal reduction process, while the latter one remained
and affected the densification behavior of the system. Densifica-
tion of the AIN-SiC system did not intensively occur at 2100 °C
with 20 MPa pressure in case the temperature range of the second
shrinkage (1970-2060 °C) passed rapidly during heating. TiB2
induced densification of the AIN-SiC system above 2050 °C.
Dense specimens with high relative density (>98%) could be
obtained at 2000 °C by the application of C and B or B4C as
sintering additives. The additives promoted the densification of
AIN in the systems. Young’s modulus, hardness, fracture tough-
ness and thermal conductivity of the AIN-SiC-TiB; system
containing 5 wt% TiB; were similar to those of the AIN-SiC
system.
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