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Abstract

Al 4SiC, bulk ceramics were synthesized by reaction hot-pressing using Al, graphite powders and polycarbosilane (PCS) as starting materi-
als. The present work confirmed that this process was an effective method for the preparati®@i@f @dramics having high relative density
and well-developed plate-like grains. The mechanical, thermal properties and oxidation behaviors ghiBgasramics were also investi-
gated. The flexural strength, fracture toughnégs)(and Vickers hardness at room temperature were 2024 MPa, 3.98t 0.05 MPa m?,
10.6+ 1.8 GPa, respectively. The high-temperature bending strength showed an increasing trend with increasing test temperatures, with
the value of 449.7% 26 MPa at 1300C. The thermal expansion coefficient was &.20°%°C~! in the temperature range from 20D to
1450°C. The isothermal oxidation of ABiC, ceramics at 1200-160C for 10—-20 h revealed that it had excellent oxidation resistance.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction natural graphite and polycarbosilane (PCS) as raw materials.
The purpose of using PCSis thatthe SiC powder coming from

Al4SiCy is a ternary carbide with a low crystal density pyrolysis of PCS has very high activity which can promote

(3.03 g/cnd), a higher melt point (>2700C), and outstand-  the formation of AkSiC4 and its densification. Moreover, re-

ing oxidation resistanck:* Recently, Ak SiC4 powders were action hot-pressing technique was used to integrate the syn-

prepared by Yamamoto with aluminum, silicon and car- thesis of the AISiC, and its densification into one event. As

bon black as raw materiafsinoue et aP synthesized bulk  far as we are aware, the reports of the microstructure analysis

Al4SiC,4 from the mixture of aluminum, silicon, and carbon and the room temperature and the high temperature mechan-

and the mixture of Kaolin, aluminum and carbon as raw ma- ical properties of this material have not been observed in any

terials by a two-step method, namely synthesis ofSAC, other paper. The application prospects fofHlC, ceramic

powders, followed by the pulse electronic current sintering. are also discussed at the end of this paper.

They investigated some of the thermal properties and the

electrical conductivities of this materiat® However, most

properties of this materlgl, such as mechanical prqperﬂes aty Processing

room temperature and high temperatures and detailed oxida-

tion behaviors, have not been well characterized. Bulk polycrystalline AkSiC, ceramic specimens with fi-

o Ill? trllespéesent work, w%c_ievelo_ped Znﬁvel rour:e to Olbta'g nal dimension of55 x 5 mm? were fabricated by means of
ulk Al4SICy ceramics an mvesygate the mechanical and 5 (e ction hot-pressing method based on the overall reaction
thermal properties of such material prepared with aluminum, equation:

* Corresponding author. . )
E-mail address: g.wen@hit.edu.cn (G.W. Wen). 3C + SIiC + 4Al — Al4SiCy 1)
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Commercially available natural graphite powders with an
average particle size of %m, aluminum powders with an
average particle size of 30m and polycarbosilane (PCS,
which purity is above 98%) with an average molecular weight
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The reaction temperature between aluminum and carbon was
about at the melting point of the aluminum, as reported by
Kennedy’ Ifthe reactions were complete, the phases detected
by XRD would be only AkCz and SiC. However, XRD analy-

of about 2000 were used as the starting materials, where PCSis indicated the presence of other phase: C ap@AIAI,O3
was used to pyrolyse into SiC in the high temperature treat- was the product of reaction between Al and oxygen, where

ment. The molar ratio of Al, C, SiC converted from PCS was
4:3:1asrequired by the E(.). Inthe process, the Al, graphite

mixed powders and PCS solution (solved in the tetrahydrofu-
ran (THF) solvent) were firstly homogenized on a magnetic
stirring apparatus for 20 min. The resulting slurry was gently

oxygen came from both the oxide film on the aluminum and
the oxygen impurity of the PCSBecause a small part of Al
was consumed to react with oxygen, excessive graphite was
left in the pre-pyrolysis products.

Al4SiC4 was formed in the sintered ceramiEig. 1b),

heated to remove the solvent. Then the mixture was calcinedwhich was thought to be the reaction product 0f@d and

at 1100°C for 30 min in a tube furnace under flowing argon
to realize the pyrolysis of PCS into SiC. The baked body

was crashed and milled into powders that were placed in aSIC + Al4yCz — AlySiCy

graphite die with aninner diameter of 55 mm for hot-pressing.

The hot-pressing was conducted under flowing argon atmo-
sphere in a graphite heating furnace at the temperature o

1800-1900C. The furnace was firstly heated to 18@at
the rate of 30C min—1, and held for 2 h under a pressure of

25 MPa to realize the reactions, and then was increased to

1900°C, holding for 1 h for densification. The density of the
Al4SiC4 bulk ceramic determined by Archimedes’ method
was 2.89 g/cri, which was 95.4% of theoretical value which
comes from the XRD unit cell.

3. XRD analysis

XRD was used to identify the reaction produdég. 1
shows the X-ray diffraction patterns of the calcined powders
(Fig. 1a) and the sintered specimdrid. 1b). For the prod-
ucts of calcinations, the major products arg@d and SiC,
so the main reactions can be summarized by the following
equations:

4Al + 3C — AlsCs (2)
PCS — SiC + gases 3)
F x  x-ALSIC; 0-ALC,

3 ‘l T-ALOC  8-SiC
g X AALO,  Y-C

g |

o o

.Z} - 1

g | &i % | X

£ (b X ¢ ® "
v vy vy %lh j| v T | H *g vy X v«
bt AP E N e MR AR B
- a @
Z v\_j\n\)\ﬂ r\ ? 3 ©
o (a) o/l A o o o) o
O NI AR LM e P\
20 30 40 5 60 70 8

0 0

2Theta deg.

Fig. 1. XRD patterns of the calcined powders and sintera&il, ceramic:
(a) the calcined powders and (b) the sintereglSAC, ceramic.

SiC:
(4)
The standard Gibbs energy for H¢) changes from posi-

ftive to negative at 1108C. Consequently, ASiC4 ceramic

would form at a temperature above 11@&° Moreover, be-
side ALSiIC4 as a main phase, a second phasgC (The
assessment of quantity of thes&l,C phase was calculated
to be 3-5wt.% on the basis of XRD peak intensity) was also
detected in the sintered materiafsg. 1b). In Inoue’s work®

Al 404C was also found, and was attributed to reduction of
Al,O3 by carbon, as shown in E¢B).

2A1,03+3C — Al404C + 2CO 1 (5)

Based on thermodynamic détahe Eq.(6) could proceed
toward the right. Related reactions were likely to be the fol-
lowing:

4A1,03 + Al4C3 — 3Al4,04C (6)

The content of A]JO4C would decrease when the temper-
ature is above 160CC with the removal of CO gas at this
temperature, as follows:

Al404C + SIC + 6C — Al4SiCy+4CO 4 @)

However, in our experiment, compared the composition
phases of the specimens prepared at different sintering tem-
perature, the decomposed temperature QAC is above
1700°C, corresponding discussion will be made in other pa-
per.

4. Microstructural observation

Fig. 2a and b show the SEM micrographs of the polished
and the thermal etching surface parallel to the pressing
axis of the hot pressed A$iC4 ceramic. The sintered
product achieved about 95.4% relative density. The typical
plate-like grains can be seen froRig. 2o (parallel to the
hot-pressing axiskig. 2c is the fractured surface of £45iCy
ceramic, which shows a rough and flaky surface morphology,
indicating that the A{SiC4 ceramic has a mixture mode of
intergranular and transgranular fracture.
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Fig. 2. SEM micrograph observationss8liC, ceramics: (a) the polished surface, (b) the heat eroded surface and (c) the fractured surface.

Fig. 3a and b show the further microstructure analysis by Al;SiC4 was thought to stack by the three hexagonal lay-
TEM observation on the ABIC,4 grains. One of the most  ers, AbCy, SiC and AbC, alternately along thed[0 0 1] di-
obvious microstructure characteristics is that theSACs rection forming hexagonal close packihgyhich implied
grain has different morphologies on the planes perpendic-that the stacking fault would exist between the layers with
ular and parallel to the hot-pressing axis, from which a plate- the growth of the AISiC4 grains!! Fig. X is the selected

like morphology with straight edges of the /AAiC4 grain area electron diffraction, which indicates that the stacking
was obvious. The formation of plate-like morphology can faults are parallel to the basal pla§@00 1}. It is worth
be attributed to its hexagonal crystal structt@he thick- to make out thafFig. 3 is a selected photo to show the

nesses of the ABIC, grains range from 200 nm tolm morphology of the AlSIC4 grain, the stacking faults in
(Fig. 3) and the length of these grains ar@mB~5um the Al4SiC, grain and the graphite phase. In fact, there is
(Fig. 3a). Defects like stacking faults were observed by only a small amount of graphite phase in the final speci-
TEM in the ALSIC4 grains. The crystal forming of the men.

000
002

[010]

Fig. 3. TEM micrograph observation #/8iC, ceramics: (a) perpendicular to the hot-pressing axis, (b) parallel to the hot-pressing axis (c) corresponding SAED
pattern.



1284 G.W. Wen, X.X. Huang / Journal of the European Ceramic Society 26 (2006) 1281-1286
5. Mechanical properties

The specimens perpendicular to the hot-pressing axis were
cut to various sizes for mechanical property tests. The room
temperature and elevated temperature flexural strength tests
in air atmosphere were conducted by three point bending
method using an Instron instrument with rectangular bars of
3mmx 4 mmx 36 mm (30 mm outer span), and a crosshead
speed of 0.5 mm/min in air. The single-edge-notched-beam
(SENB) method was used for the fracture toughness mea-
surement on notched specimens of 2 m#mmx 20 mm,
with a crosshead speed of 0.05 mm/min. The Vickers hard-
ness was finished at the load of 5 kg on the polished surface.
The properties values are listedTable 1 where each data
point presents an average of five to six measured values.

The room temperature flexure strength of4%iC,; ce- The Vickers hardness of the /8iC4 bulk ceramic was mea-
ramic is 300 MPa. This value is not very high compared sured to be 10.6 1.8 GPa, which is much higher than these
with TizSiC, and TgAIC, (shown inTable 2; the reason- of TizSiCy and others (shown ifiable 3. The lower hardness
able explanation is that the grain is much more anisotropic of TizSiC; is attributed to the planar Silayers linked together
(Fig. 3). So there must exit a high level of interfacial stresses by TiC octahedral, forming a highly deformable basal slip
between grains when cooling from sintering because of the plane’? However, in the crystal structure of /8iCy4, such a
difference between thermal expansions coefficients in dif- weak connective layer may not exist.
ferent directions. The fracture toughness of this material is  Fig. 5shows the elevated temperature bending strengths
3.98 MPant’2. From the fracture surfac€ig. 2c) we cansee  of Al4SiC4 bulk ceramic from R.T. to 130TC in air. It is
the fracture mode displayed mixed inter- and intra-granular interesting to note that the strength is increasing with in-
behavior.Fig. 4 shows the crack propagation path follow- creasing test temperatures. The bending strength at°T300
ing hardness indentation. The transgranular fracture was thewas 450 MPa, which was about 1.5 times that at room tem-
main fracture mode. Slight crack deflection can also be seen.perature (300 MPa). Such increased strength is thought to be

mainly related with the release of the residual thermal stress
as mentioned above, with the same mechanism as occurs in

Fig. 4. The hardness indentation ofs8iC4 ceramic.

;":‘g";lﬁes of ALSIC, ceramic graphite material$3 Another factor should be considered,
P that is the formation of oxides on the surface of the speci-
Al4SiCy Values

mens. As we detected, the surface of the high temperature
Density (g/cr) 297 tested ALSIC, was covered with a layer of aluminosilicate

Relative density (%) . 2935;& - glass, the detailed results will appear in other papers. Obvi-
Flexure strength 1000°C 38544 352 ous]y any micro-cracks on the surface of the_ specimens, a
(MPa) 1200°C 388.34 39.8 main source of fracture, would be healed by viscous flow of
1300°C 449.7+ 26.4
Fracture toughnes(c) (MPa 2 3.98+ 0.05
Vickers hardness (GPa) 1061.8 500
Thermal expansion10-%°C~1) (200-1450C) 6.2+ 0.3
450 | }
Table 2 o a0l /
Comparison of properties of ternary carbides % {/
Al 4SiCy TizSiC Ti3AIC» =
S 350 |

Theoretical density 3.038 453 421 5 I

(glen?) Z b
Relative density (%) 95.4-F7 9918 9916 el

= L

Mechanical properties 5 250

Bending strength (MPa) 297.5 260-666° 37516 - i

Fracture toughness 3.98 8.519 7.2%0

(ch) 200 1 L 1 ' 1 L 1 ' 1 L 1 N 1 L 1

Vickers hardness (GPa) 10.6 18 3.516 0 200 400 600 800 1000 1200 1400

Temperature °C

Thermal expansion 6.2 108 9.216 P

coefficient . . . .

(x10-6°C-1) Fig.5. The bending strength with the room temperature and the high elevated

temperature in air.
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the glass at the test temperature. This is a new mechanism 20

that is not present in graphite, resulting in a large level of in- 18 —=—120 5
crement of elevated temperature strength. The phenomenor - _:_};ggog
that strength increased with increasing temperature was alsc L —w—1600°C
found in SiC, by Keppeler et &f, where the reason was at- v

tributed to a softening and a subsequent stress relief through, 12} —

viscous flow of the grain boundary phase throughout the spec- % 1oL /'

imens. This is not according with the present case, becauses

there was not glass phase in the grain boundary, which was 2 °f v ke
verified using the electron diffraction technology in the TEM °r / Pt :
observation. Surely, the HRTEM would be used to investigate e 1 A
the grains- boundary phase in the next work. 2 -/ g —_— ,,_,_.{—-f-:'f'::’_:
0 I I*.—';_'.;T;.;{_.(-—Alll__—-.;—. 1 " 1
0 5 10 15 20
Time h

6. Thermal expansion coefficient
. . . Fig. 6. Weight change of ABiC4 ceramics as a function of oxidation time.
The thermal expansion coefficient of AiC4 bulk ce-
ramic was measured from 20G to 1450°C with a speci-
men size of 5mnx 5mmx 55 mm, and a temperature rate mass ofthe specimenwas recorded attime intervals of 30 min.
of 10°C/min. The expansion direction was parallel to the hot The accuracy of thermobalance w#6.1 mg. XRD, SEM
press plane of the specimen. To avoid oxidation, the sampleand EDS were used to examine the microstructure of the ox-
was covered with a layer of graphite powders and the whole idized samples.
run process was carried out under Ar. For high-temperature material application, one of the most
In the temperature range of 200-14%0 the average important properties of the materials is its oxidation resis-
thermal expansion coefficient of £6iC4 bulk ceramic was  tance. Therefore, it is necessary and important to study the
measured to be (6:20.3)x 10-6°C~1. This value is lower oxidation behavior of this material at elevated temperatures.
than that of other ternary carbides, for example;SiC, Fig. 6shows the oxidation kinetics curves of the8IC, ce-
(9.1x 10°%°C~1), 15 TizAIC, ((9.0+ 0.2) x 10°6°C1).16 ramic. The weight change was less than %3102 kg/n?
when oxidized for 20 h at 1200-150G. Even at the oxida-
tion temperature as high as 160D, the final gain change
7. Oxidation behavior after oxidation for 10 h is only 12.38 102 kg/m?, indicat-
ing that AlLSIC4 has an excellent oxidation resistance. As
The isothermal oxidation tests were carried out in a high comparison, the weight changes of48IC; ceramics were
temperature furnace in the temperature range 10001800 far less than those of 35iC,,1” indicating that ALSiC4 ce-
for 10-20h. The specimens were cut to the size of ramic has an excellent oxidation resistance. The oxidation
10mmx 4 mmx 3 mm and were suspended with a Pt wire kinetics of ALSIC4 was fitted a parabolic rate law with the
into the furnace assembled with an electronic balance whencalculated activation energy of 22020 kJ mot-1 for the ox-
the temperature reached to the required temperatures. Thédation process from 120 to 1600°C.

L

=

g

0 um ~60 ~125 ~150

Fig. 7. The typical surface and cross-sectional observations of the oxidized samples & 16000 h: (a) the oxide surface and (b) the cross-sectional scale.
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XRD and SEM analysis of phase compositions of the ox- References

ide surface and the oxide morphologies revealed that: (1) for
the specimens oxidized at 1200 and 1400C for 20 h, the
scales of the sample oxidized consisted ofAC,, Al2O3

and aluminosilicate glass, indicating that a very thin layer of
Al4SiC,4 ceramic was oxidized at these test temperatures; (2)
when the specimens was oxidized at 15G0 only Al,O3

and aluminosilicate glass remained on the oxide surface; (3)
for the specimens oxidized at 1600 and above, in addition

to Al20s and aluminosilicate glass, a new phase of mullite
occurred (shown ilfrig. 7a). Fig. 7b shows the typical cross-
sectional morphologies of the /8iC4 ceramic oxidized at
1600°C for 10 h. A three-layer scale was clearly identified:
a reaction layer near to the substrate with a large quantity
of small size pores; a middle layer with a few large-sized
pores and an outer layer with a rather high relative density.
The detailed characteristics of the oxidation scale and the 7.
mechanism of the oxidation of the 8iC4 ceramic will be
discussed in other papers.
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5.

8. Summary and technological importance

In this work, dense AJSiC4; ceramic was prepared
through a reaction hot-pressing route; moreover the mi-
crostructure and properties were characterized. An excellent;g.
oxidation resistance and an increased high-temperature
strength have been found. These merits together with its high
melting point, high chemical stability and its low density,
low thermal expansion coefficient renders8IC, ceramic
a likely candidate for a high-temperature structural material
and for a high-performance refractory material.

Surely, ALSiC, is a relatively new material. The improv-
ing of the mechanical properties and its potential application
has yet to be realized. For example, we noted that the relative, ,
density of the A}SiC4 ceramic was not very high, resulting
in avalue of the R.T. mechanical property which was far from
optimized (for clear comparison of the properties of3iC,
with other ternary carbides, we summarized the properties of
some carbides and listed thenTiable 9. Therefore, once the
formation mechanisms are better understood, it is not unrea-17.
sonable to expect enhancements in the mechanical properties
and others properties. 18.
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13.

15.

19.
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