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bstract

he potential of ternary compound (Al4SiC4) powders as an effective sintering additive to concurrently achieve SiC densification and grain
efinement was evaluated under vacuum. Nearly fully densified SiC ceramic was successfully obtained in the absence of a residual liquid phase at
he grain boundaries using low temperature hot pressing at 1700 ◦C by adding 10 wt% Al4SiC4 as an additive. The main mechanism for obtaining
iC densification was analyzed with changing additive contents. A larger amount of additive content was effective in suppressing the grain growth

f SiC due to the formation of newly generated carbon by the thermal decomposition of Al4SiC4. Regardless of the additive content, sintering
emperature and grain size, the fracture mode of the Al4SiC4-doped SiC mainly consisted of intragranular fractures due to the high interfacial
onding strength.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) ceramic is a promising candidate for
se in applications such as gas turbines, piston engines, and
eat exchangers due to its many advantages such as high melting
emperature, low density, high strength, and good chemical and
xidation resistances.1,2 However, SiC is one of the most difficult
olycrystalline materials to sinter because of the covalent bond-
ng of SiC. Various approaches have been attempted to lower the
intering temperature of SiC by designing a sintering additive
hrough liquid- or solid-phase sintering mechanisms.3,4 When
xide additives4 are added, SiC densification could be easily
chieved at low temperatures with accompanying the formation
f an amorphous interphase at the grain boundaries. On the other
and, the densification of SiC with non-oxide additives3,5 fre-

uently occurs by a solid-state diffusion process, which usually
equires sintering temperatures higher than 2000 ◦C.5 Boron has
een shown to be a very efficient additive for the low temperature
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intering of SiC, but liquid phases such as borosilicate glass6 or
elts of Al8B4C7

7 were reported to form during heating, which
ay decrease the high temperature properties of the sintered
iC. In addition, B additive can induce significant grain growth
f SiC during sintering.8 The fabrication of a fully dense SiC
ith a non-oxide additive in the absence of boron is very difficult

t temperatures as low as 1700 ◦C using hot pressing method.
Recently, a ternary compound (Al4SiC4) has received strong

ttention because it shows outstanding oxidation and corrosion
esistances due to the formation of dual oxide layers.9,10 More-
ver, in a recent study, the present authors analyzed the thermal
ecomposition behavior of Al4SiC4 powders above 1450 ◦C by
eaction (1).11

l4SiC4 → 4Al(g) + SiC(s) + 3C(s) (1)

Al source has been shown to be an effective sintering aid for
iC, and the incorporation of Al into SiC does not strongly affect

he SiC grain growth compared to B additive.12,13 Excess carbon

riginating from reaction (1) is also useful for removing oxygen
mpurities and retarding the grain growth of SiC.14 Therefore, it
s believed to be possible to obtain fine grained SiC as a result.
he above discussion indicates that there is great potential for

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.003
mailto:jslee@kier.re.kr
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Table 1
The relative densities and mechanical properties of the SiC compacts sintered by hot pressing under a pressure load of 60 MPa under vacuum at various sintering
temperatures and Al4SiC4 additive contents.

Sample name Batch composition [wt%] Temperature [◦C] Relative density [%] Hardness [GPa] Fracture toughness
[MPa m1/2]

SiC Al4SiC4

ASC1 90 10 1600 72.4 – –
ASC2 90 10 1700 99.4 22.5 4.4 ± 0.5
ASC3 90 10 1800 99.0 23.6 4.3 ± 0.2
ASC4 90 10 1900 99.9 23.3 4.8 ± 0.4
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l4SiC4 powders as an effective sintering additive for concur-
ently obtaining SiC densification and grain refinement under
acuum.

In the present work, we investigated the effect of Al4SiC4
ompound additive on the densification of SiC ceramics in the
emperature range of 1600–1900 ◦C. Also, the effort to verify
he dominant mechanism for SiC densification was carried out
ith various additive contents.

. Experimental procedure

The synthetic conditions of Al4SiC4 were described else-
here in detail.11 Commercially available nano �-SiC powders

T-1 grade, Sumitomo Osaka Cement Co., Tokyo, Japan) with a
ean particle size of 30 nm containing around 3 wt% free car-

on and 0.45 wt% oxygen were mixed with 2, 5, and 10 wt%
f the as-synthesized Al4SiC4 powder in ethyl alcohol for 24 h
sing a planetary mill. A SiC ball and jar apparatus was used to
inimize contamination during the milling. The slurries were

ried at 60 ◦C for 24 h in a vacuum dryer and then sieved through
150 �m mesh. The powder mixtures were placed into a carbon
old (10 mm in diameter) and the gap between the mold and

he carbon cap was sealed using a BN slurry to minimize vapor-
zation of the metallic gases. Subsequently, the powders were
ot-pressed in the range of 1600–1900 ◦C for 2 h at a heating
ate of 50 ◦C/min under a pressure load of 60 MPa under vacuum
<7 × 10−3 Pa) or in flowing Ar. Table 1 summarizes sintering
onditions such as sintering temperatures and Al4SiC4 additive
ontents for various samples. ASC1 indicates SiC compacts with
0 wt% Al4SiC4 sintered at 1600 ◦C, ASC2 at 1700 ◦C, ASC3 at
800 ◦C, and ASC4 at 1900 ◦C. ASC5 and ASC6 indicate SiC
ompacts with 5 wt% and 2 wt% Al4SiC4 sintered at 1800 ◦C
or 2 h, respectively. In all cases, the consolidated samples were
ooled down to room temperature by turning off the power.

The relative densities of the samples with around 10 mm
n diameter and 3 mm height were calculated by Archimedes’

ethod based on theoretical densities that are determined using
he rule of mixture (SiC: 3.21 g/cm3, Al4SiC4: 3.03 g/cm3).
hase identification of each product was determined by X-
ay diffractometry (XRD, RINT-UltimaIII, Rigaku Co., Tokyo,

˚
apan) using Cu K� radiation (wavelength of 1.54056 A). Quan-
itative measurements of the polytype content in the sintered
iC specimens were simply calculated using the XRD peaks.15

he sintered samples were polished and plasma-etched in a

o
w
c
p

99.2 24.4 4.4 ± 0.3
99.6 23.8 4.4 ± 0.2

ixture of CF4 and 8% O2. The microstructure of the sam-
les was observed through scanning electron microscopy
SEM, JSM-6700F, JEOL Ltd., Tokyo, Japan). The atomic
nd structural natures of the grain and grain boundary phases
ere also examined using high-resolution transmission elec-

ron microscopy (HR-TEM, JEM-4000EX, JEOL Ltd., Tokyo,
apan). Chemical compositions of grain and grain boundary
hases were analyzed by an energy dispersive X-ray (EDX)
pectrometer equipped with a TEM facility. Fracture toughness
as evaluated by using the indentation fracture (IF) method,

n which five indentations were made with a 49 N load on the
olished surface of each sintered sample. The toughness values
ere calculated using the equation proposed by Anstis et al.16

nd were then averaged. The elastic modulus of every ceramic
ample, which was needed to calculate the fracture toughness in
he IF method, was measured by the pulse echo method (5072PR,
anametrics Inc., Massachusetts, USA).

. Results and discussion

.1. Reaction between SiC and Al4SiC4

Fig. 1 shows XRD patterns of Al4SiC4 compacts sintered
t 1700 and 1800 ◦C, and SiC compact with 10 wt% Al4SiC4
intered at 1700 ◦C for 2 h by hot pressing under an applied pres-
ure load of 60 MPa in flowing Ar. For the single-phase Al4SiC4
ompacts (Fig. 1(a) and (b)), there was no phase change after
eat-treatment, which means that Al4SiC4 did not decompose
uring hot pressing at 1800 ◦C in Ar. In contrast to mono-
ithic Al4SiC4, thermal decomposition of Al4SiC4 was observed
uring hot pressing at 1700 ◦C in Ar when mixed with SiC
Fig. 1(c)). This obviously indicates that SiC induces the decom-
osition of Al4SiC4 accompanying carbon generation in the
atrix because carbon could not be formed from SiC decom-

osition due to the high thermal decomposition temperature of
iC (2830 ± 40 ◦C).17

From a crystallographic perspective, Al4SiC4 can be
escribed as an Al4C3-type crystal with hexagonal 4H–SiC-type
tructural units alternatively stacked along the c-direction.18 The
ecomposition of Al4SiC4 originates from breaking the bonds

f the Al4C3-type unit because the Al–C bonds are considerably
eaker than the Si–C bonds in Al4SiC4.18 If Al4SiC4 directly

ontacted SiC during densification, the ternary compound may
referentially decompose according to reaction (1) due to the
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Fig. 1. XRD patterns of single-phase Al4SiC4 compacts sintered at (a) 1700 ◦C,
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b) 1800 ◦C, and (c) SiC compact with 10 wt% Al4SiC4 sintered at 1700 ◦C for
h by hot pressing under an applied pressure load of 60 MPa in flowing Ar.

oncentration gradient of Al between the two materials. In this
ase, the resultant Al resides at SiC grain boundaries or dissolves
nto the neighboring SiC to form a Al–SiC solid solution. This
henomenon will be discussed in detail using TEM analysis.

During the densification of SiC using Al4SiC4 additive, Al is
xpected to induce the densification of SiC. Accordingly, heat-
reatment under vacuum with a lower Al partial pressure should
e more adequate to generate Al sources than heat-treatment
n flowing Ar. Indeed, we found out the thermal decomposition
eaction (reaction (1)) of Al4SiC4 above 1450 ◦C under vacuum
nd the concentration gradient of Al in Al4SiC4–SiC system
s believed to promote the Al4SiC4 decomposition.11 Based on
he above results, the following sintering tests were performed
nder vacuum.

.2. Phase formation and transformation during
ensification

Fig. 2 shows the XRD patterns of a raw powder mixture of �-
iC and 10 wt% Al4SiC4, and dense SiC bodies (ASC1–ASC6).
ccording to the phase identification of a raw mixture (Fig. 2(a))
f �-SiC and Al4SiC4 powders milled with a SiC ball and
ar, a small amount of �-SiC in the raw mixture was caused
y contamination from the SiC ball and jar. All of the sin-
ered specimens consisted of a SiC phase together with residual
l4SiC4 and newly generated C. However, carbon peaks were
ot detected in the raw powder mixture (Fig. 2(a)) and ASC1
ecause a relatively small amount of carbon was formed by
he decomposition of the additive. Compared to the XRD pat-
ern of the raw mixture, all of the sintered SiC bodies show
significant � to � phase transformation. This means that the

ecomposition of the additive induced SiC phase transformation,

n which part of the Al atoms derived from the decomposi-
ion of Al4SiC4 additive dissolved into the SiC lattice.7 Pure
-SiC (3C phase) is a metastable phase, and the temperature

t
o
r

ig. 2. XRD patterns of (a) a raw mixture of SiC and 10 wt% Al4SiC4, (b)
SC1, (c) ASC2, (d) ASC3, (e) ASC4, (f) ASC5, and (g) ASC6.

equired to transform into �-SiC (6H phase) was reported to
e 1800–1850 ◦C.19 AlB2-carbon additives were reported to
ower the transformation temperature to 1800 ◦C,20 whereas
oron and carbon suppress the behavior.21 Accordingly, alu-
inum is believed to significantly lower the transformation

emperature. Phase transformation in ASC1 was around 11%
ithout considering the contaminated �-SiC content, but those

n ASC2–ASC4 were nearly 100% when 10 wt% additive was
sed. Compared to the results of Tanaka et al.20,22 using AlB2-
arbon additives, the onset temperature of phase transformation
n this research was about 200 ◦C lower, presumably due to the
bsence of boron which suppress the transformation.20,21 Phase
ransformations in ASC5 and ASC6 were 93% and 71%, respec-
ively. This clearly indicated that Al4SiC4 promotes the phase
ransformation of SiC.

Al4O4C peaks were detected in the SiC compacts with
0 wt% additive sintered above 1800 ◦C. Oxygen for forming
he oxycarbide compound mainly originated from Al2O3 on
he surface of Al4SiC4 (oxygen content of as-prepared powder:
.83 wt%), because the cases of ASC5 and ASC6 did not show
l4O4C phases. The oxygen content of Al4SiC4 presumably

ncreased during wet mixing and drying process.
Al4O4C seemed to form through reaction with carbon in the

nal products according to the following reaction (2).23,24

Al2O3(s) + 3C(s) → Al4O4C(s) + 2CO(g) (2)

lso, the Al4O4C phases could be formed through reaction
etween Al2O3 and Al4C3. The phase diagram calculated for the
l2O3–Al4C3 system shows that Al4O4C becomes stable from

oom temperature to 1840 ◦C, at which it melts eutectically.24,25

The SiO2 layer on SiC and Al2O3 layers on Al4SiC4 could be
fficiently removed by carbothermal reduction reactions through
he incorporation of excess carbon and vacuum. In particular,

he SiO2 volume fraction in the SiC starting powder (O content
f 0.45 wt%) is relatively low, and the carbothermal reduction
eaction for SiO2 removal starts to proceed at 1300 ◦C, which
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ig. 3. SEM images for the plasma-etched surfaces of (a) ASC2, (b) ASC3, (c) A
mage of an identical sample which clearly indicates a trace of the liquid phase

s 200 ◦C lower than that for Al2O3 removal.23 Moreover, the
egassing of by-product gas species from the carbothermal reac-
ion of SiO2 may even be easy under vacuum through a number
f pore channels because SiC densification does not progress at
300 ◦C.

The above discussions indicate that there is no chance of
orming liquid up to 1800 ◦C, but liquid formation is expected
o occur at 1900 ◦C in this study.

.3. Densification behaviors and microstructures

Table 1 lists the relative densities of ASC1–ASC6. ASC1
howed poor sinterability but densification of SiC with a relative
ensity of >99% was achieved when the temperature reached
700 ◦C and 10 wt% additive was used. All of the SiC bulks
ASC2–ASC4) sintered with 10 wt% Al4SiC4 above 1700 ◦C
howed very high sinterability. The samples with 2 and 5 wt%
dditive sintered at 1700 ◦C had low relative densities (<70%),
ut the densification of SiC was improved with increasing the
mount of the additive.

Fig. 3 shows SEM images for the plasma-etched surfaces
f ASC2–ASC6. All the specimens had nearly fully dense
icrostructures with elongated grains in the absence of pores.
he employment of Al not only initiated densification at substan-

ially lower temperatures, but also enhanced the �- to �-phase
ransformation with the growth of plate-like SiC grains.26,27 In
he samples with 10 wt% Al4SiC4 (ASC2–ASC4), higher tem-
eratures led to significant grain growth but the aspect ratios of
iC grains were not dependent on temperature. The inset image

n Fig. 3(c) presents a highly magnified image of ASC4, which
learly indicates a trace of the liquid phase partially existing at

◦
he grain boundaries after sintering at 1900 C because liquid
ormation by the melt of Al4O4C occurred above 1840 ◦C.25

Larger amounts of Al4SiC4 additive more cause the forma-
ion of carbon particles according to the reaction (1). Generally,

t
o
(
(

(d) ASC5, and (e) ASC6. The inset micrograph in (c) shows a highly magnified
grain boundaries.

arbon blocks the mass transport processes which are effective in
nhibiting SiC grain growth and maintaining proper dispersion of
rains.14 It was clearly observed that larger amounts of Al4SiC4
dditive retarded more efficiently grain growth of SiC, which
s certainly supported by the microstructure of ASC6 in com-
arison with ASC3 and ASC5. ASC6 sintered with the lowest
dditive content in this study had large grain size with significant
rain growth due to the low carbon formation. Even though there
as no clear difference on grain size in ASC3 and ASC5, how-

ver, fine grains were obviously observed in ASC3 and ASC5
ith relatively high additive. This means that Al4SiC4 additive
f 5 wt% was necessary at least in order to effectively prevent
rain growth of SiC at 1800 ◦C by sufficient carbon formation.

.4. Al segregation at grain boundaries

Fig. 4 shows TEM images and EDX spectra for various posi-
ions in ASC3. The EDX spectra for the grain, grain boundary,
nd triple junction reveal that a much larger amount of Al seg-
egates at the grain boundary and triple junction compared to
nside grains. In particular, the Al concentration at the triple
unction (i.e., between three grain boundaries) is almost three
imes higher than at the grain boundary. The Al concentra-
ion (Fig. 4(b)) at each position was not consistent with the
ctual concentration in the Al4SiC4-doped SiC matrix, since
t is very difficult to determine the exact amount of carbon at the
rain boundaries by EDX or electron energy loss spectroscopy
EELS) analysis tools due to hydrocarbon contamination during
EM analysis and the very narrow grain boundary (below 1 nm).
owever, according to the EDX results, most of the Al resided

t interfaces (grain boundary and triple junction), while a rela-

ively small amount of Al dissolved into the SiC lattice because
f its low solubility in SiC.28 The high-resolution TEM image
Fig. 4(c)) of ASC3 definitely shows clean grain boundaries
no amorphous interlayers along the boundaries). This means
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Fig. 4. (a) Typical TEM image and (b) EDX spectra for the grain, grain

hat SiC densification could be obtained without the presence
f a liquid phase at grain boundaries up to 1800 ◦C through the
ncorporation of Al4SiC4 additive in vacuum atmosphere.

SiC densification with Al4SiC4 doping could be achieved
hrough the following mechanism: dissolution–reprecipitation
f SiC in the melts (consequently refer to an amorphous grain
oundary structure), dissolution of Al in the SiC lattice to form a
olid solution, and a decrease in the interfacial energy at the grain
oundaries of SiC by an activator.29 Among the three mecha-
isms described above, grain boundary diffusion is believed to be
he main densification mechanism in this study. The Al derived
rom the decomposition of the Al4SiC4 additive appeared to act
s a sintering activator for SiC densification at low temperatures.

In order to verify the dominant mechanism for SiC densi-
cation, the densification of SiC was also carried out using 2
nd 5 wt% Al4SiC4 additive at 1700 ◦C. The Al concentration
f 1.17 wt% in ASC6 with the lowest additive content in this
tudy was much higher than the solubility limit of Al in SiC
0.26 wt% at 1800 ◦C),28 so the lattice diffusion by dissolution
f the Al into the SiC was not limited for the formation of a
olid solution. However, the densifications in both cases sintered
t 1700 ◦C with 2 and 5 wt% additives were clearly suppressed
ith relative densities of lower than 70% compared to the ASC2

ontaining 10 wt% Al4SiC4. It means that the lattice diffusion
s not dominant mechanism for explaining high densification of
iC at low temperature in the case of Al4SiC4 additive used.

Segregated Al in grain boundaries are most probably reacted
ith a carbon layer coated on the SiC powder to form Al4C3,
hich reaction is reported to occur at around 700 ◦C.30,31 The

l-based material at the grain boundary acts as a sintering acti-
ator for SiC densification at low temperatures, accompanying
o accelerate grain boundary diffusivity.12,32 Although a small

t
c
i
b

Fig. 5. SEM images for crack paths in (a) ASC3, (b) ASC5, and (c
ary, and triple junction regions, and (c) HR-TEM micrograph of ASC3.

mount of Al was detected inside the SiC grain in this study, the
attice diffusion mechanism is not considered to be responsible
or full densification of SiC, especially in Al heavy doping sys-
em. Consequently, a main mechanism responsible for the high
ensification of SiC in the SiC–Al4SiC4 system is believed to
e induced by Al activator which was segregated at the grain
oundaries. The activator most presumably modified the sur-
ace properties of grain boundaries and enhanced grain boundary
iffusion.

Although the triple-junction phases were generally crys-
alline, their extensions into the grain boundaries do not share the
ame structural features, particularly in the as-prepared materi-
ls. Apparently, oxygen ions diffused from the grain boundaries
o triple junctions during the high temperature processing,33

onsequently indicating the formations of Al4C3 phase at grain
oundaries and Al4O4C phase at triple junctions.34

.5. Fracture toughness and crack propagation

Table 1 lists the Vickers hardness (HV) and fracture tough-
ess (KIC) of ASC1–ASC6. It has commonly been accepted that
ardness generally increases with decreasing grain size.35 How-
ver, the samples sintered at different temperatures did not show
large variation in hardness values in this work because grain
oundary properties of the samples were nearly identical. Spec-
mens (ASC3, ASC5, ASC6) sintered at 1800 ◦C also exhibited
lmost the same fracture toughness values regardless of grain
ize (Fig. 3(b), (d), and (e)). This clearly indicates that the frac-

ure resistance of ceramics is more dependent on grain boundary
hemistry than on grain size.5 The two fracture modes, inter- and
ntragranular, can be determined by the properties of the grain
oundaries, which are attributed to different interfacial strengths

) ASC6. Arrows indicate the direction of crack propagation.
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etween the SiC grains. An intergranular fracture mode implies
eak interfaces, whereas an intragranular facture mode indicat-

ng strong interfaces in the ceramics.5 Fig. 5 shows SEM images
or crack paths in ASC3, ASC5, and ASC6. All of the samples
howed intragranular crack propagation regardless of grain size
ue to the strong interfacial strength between the grain and grain
oundary. Intragranular crack growth behaviors in the samples
ndicated that grain boundary structure of Al4SiC4-doped SiC
ntirely differed from that of the ABC-SiC accompanying with
liquid phase sintering.36

The intragranular crack path was even observed in ASC4 with
he highest toughness value by the formation of liquid phases at
rain boundaries, which means that a relatively small amount of
iquid phases at grain boundaries did not seem to affect the over-
ll interfacial strength between the SiC grain and grain boundary.
ccording to the intragranular fracture modes in this study, the
eneficial effects originated from elongated grain morphology
uch as frictional/elastic bridging or crack deflection did not
ontribute to the toughening of the Al4SiC4-doped SiC ceramics.

. Conclusions

The effective sintering additive Al4SiC4 was evaluated for
oth SiC densification and refinement under vacuum as a func-
ion of additive content and temperature. In the mixture of
iC and Al4SiC4, SiC promoted the thermal decomposition of
l4SiC4 due to the difference of Al content between SiC and
l4SiC4 grains. SiC ceramic was almost fully densified without
liquid phase at grain boundaries with 10 wt% Al4SiC4 addi-

ive at 1700 ◦C under an applied pressure of 60 MPa. Increasing
he additive content efficiently retarded the grain growth of SiC
ue to the increasing carbon effect generated from the decom-
osition of the Al4SiC4 additive. Al activators from the additive
ecomposition segregated at the grain boundaries and enhanced
rain boundary diffusion for SiC densification. However, SiC
ensification at 1900 ◦C was partially accompanied by liquid
hase sintering originated from the melting of Al4O4C. All of
he Al4SiC4-doped SiCs presented did not show the improved
oughness due to the characteristics of intragranular crack prop-
gation.
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