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Abstract

Aluminium nitride—silicon carbide (AIN-SiC) composites were prepared to increase the fracture toughness of AIN-based ceramics. The
composites (0-30 vol.% SiC) were made by pressureless sintering &t@87§ng AbOs—Y, 03 (2 Wt.%) as sintering additive. The solubility
of SiC in AIN was determined to be between 10 and 15 vol.% at 187@articulate AIN composites were formed for >10 vol.% SiC and the
SiC grains acted as grain boundary pinning centres during sintering. Vickers hardness and Young’s modulus increased monotonically when
adding SiC, 65% for 30 vol.% SiC and 13% for 20 vol.% SiC, respectively. Both bending strength and fracture toughness m22%sed
when 20vol.% SiC was added. The toughening of the composites is mainly caused by residual strain due to thermal expansion or elastic
modulus mismatch between SiC grains and the AIN-SiC matrix. Elonga® grains were observed for >15-vol.% SiC materials, which
increased the toughening of the materials. The fracture toughness was also calculated using various models based on Vickers indentation, anc
most models underestimated the fracture toughness compared to the single edge notched beam (SENB) method.
© 2003 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction respectively, using the single edge notched beam (SENB)
method. Mariano et a[5] reported 29 + 0.7 MPa ni/2 for
Aluminium nitride is a ceramic material with high ther- hot-pressed AIN, measured by the single edge pre-cracked
mal conductivity combined with high electrical resistance, beam (SEPB) method. Lower fracture toughness val-
low thermal expansion, high corrosion resistance and low ues down to 2.0MPah? have also been reported
density. Due to the rare combination of properties, AIN [6-13].
is attractive for refractory applications such as metal han- To increase the fracture toughness of AIN, two different
dling, in semiconductor devices and as heat sinks, elec-strategies have been used: optimisation of the sintering addi-
tronic substrates, grinding media, seals, filler materials, etc.tives and particle reinforcement. Particle-reinforced AIN ce-
Enhanced mechanical performance, i.e. improved fractureramics have been made with various non-metallic secondary
toughness of AIN will allow new uses in structural appli- particles, e.g. TiN8,9,14-17] BN [9,18,19]and both TiN
cations. Witek et al[1] reported a fracture toughness of and BN[9].
3.6 + 0.6 MPant/? for fully dense hot-pressed AIN (biax- The by far most used secondary phase in particle rein-
ial testing of disk[2]), Huang and Jii3] and Hagen et al.  forced AIN is silicon carbide (SiC), although most studies
[4] reported 3.5-4 MPak? for hot-pressed AIN without  have been performed on SiC-rich materials. AIN-SiC mate-
sintering additives and.8 + 0.2 MPani/2 for pressure- rials are mainly prepared by hot press[B8¢b,11,12,20-27]
less sintered AIN with CaO-AD;3 sintering additives,  but also pressureless sinterifid),28—30]is reported. A ten-
tative phase diagram for AIN-SIC is presented by Zangvil
* Corresponding author. Tek:47-73-59-40-02; fax:-47-73-59-08-60.  &nd RUN[31] showing a large composition range of solid
E-mail address: Mari-Ann.Einarsrud@material.ntnu.no solution above 1950C. Particulate AIN composites can
(M.-A. Einarsrud). be prepared either directly or by spinodal decomposition
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of AIN-SIC solid solution by annealing in the two-phase as sintering aids. The SiC content in the composites varied
region. between 0 and 30 vol.%.

The hardness of AIN-SiC composites increases strongly The powders were mixed in 100% ethanol by ball milling
with increasing SiC content, both in particulate com- for four hours using alumina balls. Soft agglomerates
posites [3,10,12,27—29]and in solid solution materials (<500p.m) were formed by sieving before preparation of
[11,24,26] The strength of the AIN-SIiC composites bars for mechanical testing. The powder was either uniaxi-
show no unambiguous trends, neither for particulate com- ally pressed into pelletg(15 mm) at 230 MPa or into bars,
posite [3,5,10,12,21,22]nor for solid solution AIN-SIiC which were first uniaxially pressed at 15MPa and then
[11,20,24,26] The variation in reported strength is large, isostatically pressed at 200 MPa. Ethyl cellulose (Sigma)
due to the strong dependence of fracture strength on mi- (2 wt.%) was used as binder. The green density of both bars
crostructure and measuring methods. Young's modulus isand pellets was approximately 56%.
reported to increase with increasing SiC contentin AIN-SIC ~ The materials were sintered inMtmosphere in a
solid solution material§l1,25] graphite resistance furnace described by Herstad and

The fracture toughness of particulate AIN-SIC ma- Motzfeldt [32]. The AIN-SIC pellets were sintered in a
terials generally increases with increasing SiC content molybdenum (Mo) crucible with a lid and the AIN-SIiC
[3,5,10,12,27,28]Li and Watanabd10] report a fracture bars in a SiC-crucible with lid and a coarse SiC powder
toughness increase from 2.01 to 3.83 MP&mvhen form- bed. For the bars sintered in SiC crucibles the heating and
ing 30-vol.% SiC materials, in contrast to an increase from cooling rate was 300K/h. The heating and cooling rate
~3.5 t0~3.7 MPan¥/? reported by Lee and W¢§28], both for the pellets was 2000 K/h below 1650 and 1000 K/h
for liquid phase sintered materials. The fracture toughnessabove 1650C. All the materials were kept at the maximum
in particulate composites is significantly higher compared temperature of 1870C for 6 h. Details for the sintering of
to solid solution materials with the same phase content the pure AIN bars are described elsewh@r8. The density
[3,28,29] The toughening mechanism of SiC particles is was determined by Archimedes’ method using isopropanol.
not well established. Both crack deflection around SiC par- The theoretical density was calculated from the law of mix-
ticles [3,28] and transgranular fractures of the SiC grains tures and was not corrected for weight loss during sintering.
[3,29] have been reported. Huang and J#} suggested The microstructure of the materials was studied by scan-
that formation of a solid solution layer between SiC and ning electron microscopy (SEM) (Hitachi S3500N), optical
AIN grains lowers the tendency for crack deflection. Resid- microscopy (Reickert MeF3 A) and transmission electron
ual strain due to thermal expansion and elastic modulus microscopy (TEM) (Philips CM30) equipped with energy
mismatch is also proposed to cause the reinforcing effectdispersive spectroscope (EDS) (Edax International). TEM
[3,29] specimens were prepared from the interior of the samples

Even though a large number of studies have been per-as described elsewhe4]. Phase composition was studied
formed in the AIN-SIC system, the emphasis has been onby powder X-ray diffraction (XRD) using a Siemens D5005
SiC-rich materials and little knowledge about mechanical X-ray diffractometer. The ceramics were ground to powder
properties is presented on AIN-based composites. The majorprior to XRD measurements. Silicon powder (10—15 wt.%)
goal of this work was to study the toughening effect of SIC was added as an internal standard devalue calibration.
in pressureless sintered AIN-SiC particulate composites. ToLattice parameters were calculated using the programs
achieve knowledge of the toughening mechanism, low SiC Win-Index and Win-Metric from Bruker axs. The grain size
containing composites were prepared and carefully charac-of the sintered materials was measured on polished surfaces
terised. The phase relations and microstructure and their in-thermally etched at 160 for 0.2 h. About 300-500 AIN
fluence on the mechanical properties were investigated andgrains were measured using the linear intercept method.
the solid solubility limit for SiC in AIN at 1870C was deter- Bending strength and Young’'s modulus-ihodulus) of
mined. A comparison study was performed between fracturethe SiC containing materials were measured using a four
toughness measured by the SENB method and calculatechoint bending test. Bars were machined to MIL SPEC 1942
by various different models based on a Vickers indentation and dimensions 4 mmx 3mm x 45mm and all the edges
method. were chamfered. The testing was performed in a 4-point

flexure 40 mmx 20 mm span set-up in an electromechan-

ical test machine (Cormet) with a 20 kN uniaxial actuator
2. Experimental (Cormet digital control) and a 2kN HBM load cell was

used for data recording. The load signal was recorded by a

AIN-SIC composites were prepared from AIN powder FLUKE logging system. High temperatuseSiC push-rods
(Tokuyama Soda, Grade F, containing 0.6 wt.% oxygen on (MTS 602.81) were attached to water-cooled grips. The
the grain surface) and SiC powder (Norton, F120phase). sample was mounted in a high-temperature bend fixture
SiC powder in the range from 1 to3n was prepared by  (MTS 642.85), constructed @f-SiC and designed to com-
sedimentation. AlO3 (Alcoa, A 16 SG) (1.6-1.7wt.%) and ply with ASTM Standard C1211-92 for high-temperature
Y203 (H.C. Starck, quality Finest) (0.9wt.%) were added bend testing. The fixture was fully articulating to minimise
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high contact stresses. The rollers were designed to both roll - 100 P S e
and pivot to ensure a line contact on the specimen. The S 98 ¢ 3
calculation of Young’s modulus was based on an equation 2 9L E
of deflection described by Sass et [@3]. The deflection g 9%r % E
was measured during bending strength tests using an MTS 5 %2 E
bend bar extensometer (632.70-03). The deflection of the f 92 jm T
sample was measured using thee8iC rods extended from s p - $ 3
the extensometer up to the test specimen. The two outer 2 3 LA
rods were spaced to correspond with the location of the g 4 3 . ¢ E
two upper rollers, and the deflection of the centre rod with § 2 % ¢ 3
respect to the outer rods was measured. All measurements 0 Bt ol @ L 3

0 5 10 15 20 25 30 35

were performed in displacement control at a crosshead rate vol% SiC

of 8um/s. A total of 8-10 specimens were tested for each

composition. The fracture surfaces were studied by SEM , . ; . . .

to reveal the fracture origins. The mechanical testing of the composites. Thg filled diamonds re_present_pellgts smtgred in Mo—crgubles

; . - and the open diamonds are bars sintered in SiC-crucibles or graphite cru-

pure AIN materials is described elsewhété]. cibles lined with Mo-foil. The error bars represent the standard deviation.
The fracture toughness of the SiC containing materials

was determined using the single edge notched beam method

(SENB). The testing was performed in the same mechani- variations in relative density. The weight loss during sinter-

cal testing rig as described above. The testing bar dimen-ing increased with increasing SiC content. The weight loss

sions used were 3mm 4 mm x 45mm. The depth of the ~ was found to be considerably lower for bars sintered in the

notches was 1.2 mm and the width about 0.2 mm. Fracture SiC crucibles, because the SiC crucible assembly was tighter

toughness was calculated using 1ISO 15734. A total of than the Mo crucibles/linings used for pellets and pure AIN

3-4 specimens were tested for each composition. The frac-bars.

ture toughness was also determined for all the specimens in AIN, various «-SiC polytypes and yttrium aluminium

flowing N>-atmosphere (max 230 ppmyDat 800°C (both garnet (YAG), AkY 3012, or yttrium aluminium perovskite

pure AIN and AIN-SiC composites). The mechanical test- (YAP) AlYOs, were identified by XRD in the AIN and

ing rig was fitted with a split single phase Kanthal A heat- AIN-SIC materials. YAG or YAP are formed from the

ing element (SIGMATEST Materialpriiftechnik GmbH) and AIN containing AbOs-Y203 liquid phase during cool-

Ni radiation shields and was mounted inside a water-cooled ing, dependent on the crystallisation path. According to

vacuum chamber connected to a rotary pump and a gas supthe quasi-binary AlOs3—Y>03 phase diagram37], ei-

ply system. ther YAG or YAP can be stable. Studies in the ternary
Hardness was measured using the Vickers indentationAIN-Al203-Y,03 system show nitrogen stabilisation of

method on polished surfaces. Fracture toughness was alséhe YAP phase[38]. Traces of SIAION were also ob-

determined from Vickers indents at high load to compare served for materials containing >10vol.% SiC. SiC was

to the values obtained by the SENB method. An Akashi not identified in the 10-vol.% SiC material, but a shift in

AVK-C1 Hardness Tester was used for the indentation the diffraction peaks of AIN was observed. The AIN lattice

and a Reickert MeF3 An optical microscope with a Sony parametersgandc) are plotted inFig. 2 together with the

DXC-930P Colour Video Camera and the program NIH lattice parameters for the AIN-SIC solid solution assum-

Image for measuring of indents and crack lengths. Vickers

hardnessHy, was calculated using the equation reported by

Fig. 1. Relative density and weight loss during firing of AIN and AIN-SiC

Anstis et al.[35]. Fracture toughnes¥c, was calculated 3.116 T T T T T
from various different equations presented by Ponton and ‘\. . .
Rawlings[36]. Vickers hardness was calculated from 2.9 N <3108 £ — E
indents and fracture toughness from 49.05N indents. Ten ® a \
indents were made for each composition and load. 3.100 £ ;
:_|H\|‘:H{:“1|1 f f f E

_ 4995

3. Results < -

© 4985 ¢
Relative density and weight loss during firing of AIN 1975 . T
and AIN-SIiC composites are plotted Fig. 1L AIN and ‘ 0 5 10 15 20 25 30 35

AIN-SiC composites with<25vol.% SiC obtained a high vol% SiC

; 0 ) i .
den5|ty (>99 % of theoretical depsﬂy). When the SiC content Fig. 2. Lattice parameters of AIN in AIN-SiC composites vs. SiC content.
was further increased the density decreased to2%. The The lines are the linear mixing between lattice parameters for pure AIN
different sintering conditions for bars and pellets gave no and SiC (Vegard's law]39,40]
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Fig. 3. SEM images of fracture surfaces of AIN and AIN-SIiC composites: (a) AIN, (b) 10vol.% SiC, (c) 20vol.% SiC and (d) 30vol.% SiC.

ing Vegard’s law[39,40] Up to 10vol.% SiC, thea andc in Fig. 4 and this area has about the same grain size as
parameters are consistent with the lattice parameter of thethe 10-vol.% SiC material. FrorkRigs. 3 and 4it is clear
solid solution, but above 10vol.% SiC both cell parameters that SiC grains significantly inhibits grain growth of AIN
are independent of the SiC content. in AIN-SiC composites.

SEM images showing fracture surfaces of AIN and Low magnification TEM images of the composites are
AIN-SIC composites containing 10, 20 and 30vol.% SiC given in Fig. 5 confirming the decrease in grain size with
are given inFig. 3. No contrast between AIN and SiC grains increasing SiC content. The SiC grains are seen as smaller
is observed due to similar average atomic number. The medium dark contrast grains. No SiC grains were ob-
materials show mainly transgranular fracture mode, exceptserved in the 10-vol.% SiC material. The dark contrast
the pure AIN where the fraction of intergranular fractures Y03—Al»O3 sintering additive is located at triple junctions
is high. The grain size of AIN decreases with SiC content. and grain boundaries. From EDS analysis, solid solution of
This decrease is also demonstrate&ig. 4where the grain ~ SiC in AIN and vice versa were detected, which explains
size of AIN versus SiC content is plotted. The grain size the apparent lack of SiC in the 10-vol.% SiC material. In
of a small area without SiC-grains (due to inhomogeneous the high SiC containing materials (>15vol.% SiC) elon-
distribution of SiC) in the 25 vol.% SiC-material is included gated SiC grains were found on the AIN grain boundaries,
as shown irFig. 5d These grains were identified as various
«-SiC polytypes such as 4H, 5H and 6H.

s T [ R Vickers hardness, bending strength, Young’'s modulus and

6 + E fracture toughness of AIN and the AIN-SIiC composites
- ] are presented ifrig. 6. The fracture toughness at 80D

5F = is also included. The Vickers hardness increases strongly

with increasing SiC content as is also observed both for
solid solution material§l1,24] and particulate composites

Grain size [um]
EN
T
|

3L E [3,10,12,27-29]Adding 30 vol.% SiC gives a 64% increase
i {’ ] in Vickers hardness. The hardness of the composites is some-
2 F { 3 ] what higher than calculated by the linear mixing rule using a
: ¢ ] literature value for pure Si3], but comparable to interpo-
1 (‘)‘ - ; ' '1'0‘ = '1'5‘ = '2'0' = '2'5‘ = '3‘0‘ s lated hardness of particulate AIN-SiC composites reported
vol% SiC previously[3,10,12,27-29]

Fia 4. Grain size of AIN in AIN_SIC ies. Th i g The bending strength of the 10-vol.% SiC material is
ig. 4. Grain size 0 in AIN-SIiC composites. The open diamon . R o
represents the grain size in an area of the 25-vol.% SiC sample withoutSllghtly IOV\ger Fhan for pure AIN, but a (;slgnl_flcant m_
SiC grains. The error bars represent the variation in grain size (standard Cr€ase (21%) is observed for the 2(_)'V0|- % SIC mate_”ala
deviation). giving 359+ 19 MPa. Compared to interpolated bending
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Fig. 5. Low magnification TEM images of AIN-SiC composites. The dark contrast grains are SiC: (a) 10vol.% SiC, (b) 20vol.% SiC, (c) 30vol.% SiC
and (d) elongated 5H SiC-grain in the 20-vol.% SiC material.

strength in particulate AIN-SiC composites in the literature [3,5,10,12,27,28]The fracture toughness of the 20-vol.%
[3,5,10,12,21,22fhe obtained bending strength is relatively SiC material is significantly higher than reported for pure
low. The major types of fracture origins for all materials AIN [1-12] The fracture toughness increases somewhat
are large (50-10Qm) internal pores or pores located at (~0.2 MPant/?) for all the materials from room tempera-
the surface. Generally, the pores are formed either from ture testing in air to 800C and N-atmosphere. For pure
volatile contaminations or from inhomogeneous packing of AIN the fracture mode changes from mainly intergranular
the green body. In the 10-vol.% SiC materials the surface at room temperature to mainly transgranular at 800
of the pores is covered by yttrium rich phases, caused by The room temperature fracture toughness was also mea-
agglomeration of the YOz during powder mixing. The  sured by an indentation technique using a Vickers indenter
fracture surfaces from mechanical testing have a largerat high load. Different models for calculation of fracture
fraction of intergranular fractures compared to the fracture toughness using this method are rearranged to a standard
surfaces formed for SEM analysiBi¢. 3), probably caused  form by Ponton and Rawlind86] and inFig. 7the fracture
by a differing fracture growth. toughness calculated from selected models are presented

The Young’'s modulus is presented together with the Voigt together with the measured crack length. The fracture
model (upper bounds) and the Reuss model (lower bounds)toughness obtained by the SENB method is included for
for Young’s modulus of composite materials based on pure comparison. The different models generally underestimate
AIN and SiC[41,42] The measure@-modulus is consid-  the fracture toughness compared to the SENB method.
erably higher than the theoretical values and also high com-For some models, the underestimation is quite large. Most
pared to theE-moduli reported for AIN-SiC solid solution  models give a fairly good approximation to the shape of the
materials[11,25] A 13% linear increase is observed up to SENB fracture toughness curve.
344+ 12 GPa for the 20-vol.% SiC material.

The fracture toughness is not significantly changed
by addition of 10vol.% SiC, but a 22% increase up to 4. Discussion
4.14 0.2 MPant/? is obtained for the 20-vol.% SiC mate-
rial. The results are in agreement with interpolated values The weight loss during firing is caused by reaction be-
from results presented for particulate AIN-SiC materials tween the AIN or SiC and the oxides (&3 and SiQ)
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found on the powder surface according to reaction (1) and
(2) [43].

4AIN(s) + Al203(1) = 3A120(g) + 2N2(9)
SiC(s) + 2SiOx(l) = 3SiO(g) + CO(g)

(1)
(2)

According to Hager{43], psio > pai,o, which explains
the increasing weight loss with increasing SiC content. In
the high SiC content materials, >20vol.% SiC, a consider-
ably increase in weight loss is observed accompanied by a
decrease in density. To achieve a high density for high SiC
materials (independent of weight loss) higher sintering tem-
peratures or smaller particle size are needed.

Based on the XRD investigations and microstructural
studies the solid solution range of SiC in AIN at 181D
can be determined. In the material containing 10 vol.% SiC
only AIN-SIC solid solution is formed; however, in the
15-vol.% SiC composites, grains of SiC are formed. Above
10vol.% SiC the lattice parameters also show no change
with composition Fig. 2). Investigations of the AIN-SiC
solid solution show that Vegard's law is obeyed in the
single-phase arefl1,28] The solubility limit of SiC in
AlIN is therefore between 10 and 15vol.% at 1870 The
solubility is low compared to the tentative phase diagram
presented by Zangvil and RUB1]. Both the temperature
and composition limits of the solubility range have been
discussed by various groups without reaching a definitive
agreemenf21,26,28,31]

Due to the solid solution of SiC in AIN the 10-vol.% SiC
material is not a particulate composite material and is there-
fore expected to behave similarly to pure AIN rather than the
particulate composites. Both Vickers hardness and Young'’s
modulus show a nearly linear increase with increasing SiC
content. Both hardness and elastic modulus are dependent
on the strength of the atomic bonds and seem not to be
dependent on the phase distribution. Bending strength and
fracture toughness on the other hand show a small decrease
from AIN to 10vol.% SiC and a large increase from 10 to
20vol.% SiC. The bending strength of a material is highly
dependent on the grain size, the strength decreasing with
increasing grain sizgt4]. In this study the fracture origins
are identified as large pores, several times larger than the
grain size. It is therefore likely that the bending strength is
dependent on the flaw size, not the grain size. The increase
in bending strength is also explained by the corresponding
increase in fracture toughness for the 20-vol.% SiC material

The fracture mode of pure AIN materials changes from
mainly intergranular at room temperature to mainly trans-
granular at 800C without a corresponding decrease in frac-
ture toughness. This fact substantiates the view that crack
deflection due to crack growth in preferred atomic planes

indents versus SiC content, compared with SENB results. The lower part toughens AIN. Corresponding toughening is also observed

shows the average crack length. The open symbols are models based o
a radial-median crack geometry, the filled symbols are models based on a
Palmguvist crack geometry. All the calculations are based on the models as

n liquid phase sintered AIN-TiN compositgist]. The frac-
ture toughness increases with formation of particulate SiC,

presented by Ponton and Rawlings. Also the abbreviations of the different €v€N With a decreasing grain size, which demonstrates that

models are obtained from Ponton and Rawlifigg].

the SiC grains are responsible for the observed reinforce-
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ment of the AIN-SiC materials. The toughening effect of SIC a 65% increase in Vickers hardness and 20 vol.% SiC gave a
grains is most likely due to residual strain caused by ther- 13% increase ifE-modulus. Both bending strength and frac-
mal expansion or elastic modulus mismatch. The presenceture toughness showed a slight decrease when a 10 vol.% SiC
of elongated SiC graind=(g. 50, increases the toughening solid solution was formed, but a total addition of 20 vol.%
effect further due to their anisotropy. Elongated SiC grains SiC gave 21 and 22% increase, respectively, compared to
in AIN-SiC composites were previously only reported for pure AIN. The toughening of the composites was due to
materials containing >50% Sif20,11,30] The liquid phase  residual strain due to thermal expansion or elastic modu-
sintering is assumed to be an important factor in the for- lus mismatch between SiC grains and the AIN-SIC ma-
mation of the elongated grains analogous to the elongatedtrix. Elongateda-SiC grains were observed for >15-vol.%
plate-like SiC grains which is a requirement for high frac- SiC materials and increased the toughening effect of the
ture toughness in in-situ toughened SiC ceramics. materials.

The fracture toughness of both AIN and AIN-SiC mate-
rials increased from room temperature to 800 A corre-
sponding effect was observed in AIN-TiN composites when acknowledgements
increasing the temperature and the reason was assumed to be
the concurrent changing atmosphere from air fo The air The Research Council of Norway is acknowledged for
has a higher humidity, which might cause corrosion during financial support.
fracture growth[14]. Mariano et al.[5] reported the frac-
ture toughness to be unchanged between room temperature
and 700-800C in AIN and 15% SiC-materials, but did not
report the atmosphere used. References
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