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Abstract

Aluminium nitride—titanium nitride (AIN-TiN) composites were prepared to increase the fracture toughness of AIN-based
materials. Two methods were used to achieve particle-reinforced materials; TiN (0.3-3.4 vol.%) was formed in-situ or TiN particles
(0-21 vol.%) were added. The resulting composites were dense and homogeneous, even at high TiN content. The Vickers hardness
and Young’s modulus increased when adding 21 vol.% TiN, about 8 and 5%, respectively. SENB measurements showed a 33%
increase in fracture toughness when 21 vol.% TiN was added. The toughening mechanism was mainly crack deflection around TiN
grains. The fracture toughness was also calculated using various models based on Vickers indentation. The different models
underestimated the Kjc values compared to the SENB method. The electrical resistivity for materials with low TiN content was
high, 108-10'* Q c¢m. In the 21 vol.% TiN material the percolation limit of TiN was reached and the resistivity dropped to 10~

1072 Q cm.
© 2003 Published by Elsevier Ltd.
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1. Introduction

Aluminium nitride (AIN) ceramics have a unique
combination of properties; high thermal conductivity,
high corrosion resistance, low dielectric constant, high
electrical resistance and low density. AIN is therefore
attractive for refractory applications like in metal
handling, as heat sinks, in semiconductor devices and
electronic substrates, and as grinding media, seals, filler
materials, etc. AIN is however a brittle material and for
structural applications an increase in mechanical per-
formance i.e. fracture toughness is necessary. Witek et
al.! reported that fully dense hot-pressed AIN with no
sintering additives have a fracture toughness of 3.6+0.3
MPa m!/? (biaxial testing of disk?). Huang and Jih3
reported 3.5-4 MPa m'/? for hot-pressed AIN without
sintering additives and Hagen et al.* reported 3.64+0.2
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MPa m!? for AIN pressureless sintered with CaO-
Al,O5 additive, both measured by the single edge not-
ched beam method (SENB). Lower values down to 2.0
MPa m'/? have also been reported.>

The strategies applied to increase the fracture tough-
ness of AIN-ceramics have been either to optimise the
sintering additives or to prepare particle reinforced
materials. Terao et al.'® and Tatami et al.® studied
mechanical properties of pressureless sintered AIN with
Al,O3 and Sm»0O3, La,O3 or Y,0s as sintering aids. The
La,O; and Sm,Ojz-added samples showed slightly
increased mechanical performance compared to Y,03-
added samples, i.e. fracture toughness of 3.0-3.1 MPa
m'/? (surface crack in flexure method) and bending
strength of 407-455 MPa. Witek et al.! compared fully
dense hot-pressed AIN with no sintering additives and
AIN with CaO, and found a decreased hardness,
strength and fracture toughness when CaO was added.
The fracture toughness decreased from 3.6 to 2.9-3.1
MPa m!/? (biaxial testing of disk?). Addition of sinter-
ing aids seems to decrease the fracture toughness
for AIN compared to pure materials. AIN particle
reinforced materials have been made with varying
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non-metallic secondary particles, e.g. TiN,”-!1-13 BN, 814
both TiN and BN,? and SiC.3:%-15-20

TiN is for several reasons an interesting candidate to
form composites with AIN. TiN has a higher thermal
expansion coefficient (9-10~¢ °C~"?! than AIN (4-
6-107% °C~1),2! introducing thermal strain in the com-
posites during cooling. Composites can also be designed
to have a wide range of electrical resistivity by control-
ling the microstructure and AIN/TiN-ratio, due to the
large difference in electrical resistivities of the pure
materials (TiN: 2.3-107° Q cm,??> AIN: 2.101'—10!4 Q
cm,?!?%). Tajika et al.” made pressureless sintered AIN—
TiN composites (0-10 vol.% TiN) from the respective
powders with yttria as sintering additive and studied the
effect of different heat treatments. The fracture tough-
ness increased from 2.8-3.5 to 3.7-4.5 MPa m!/> when
10 vol.% TiN was added and the variation was due to
various heat treatments. Tkachenko et al.!' and
Kuzenkova et al.'> made AIN-TiN composites by hot-
pressing and pressureless sintering, respectively. Due to
sintering at high temperatures plate-like or filament-like
AIN polytypoid grains were formed, which highly
influenced the mechanical and -electrical properties.
AIN-TiN composites have also been made in-situ by
Nakahata et al.'* by adding 0.5 wt.% TiO; to an AIN
powder mixture. Lattice strain was observed around the
TiN-grains and titanium was identified in the AIN
matrix. The electric properties of AIN-TiN composites
without AIN polytypoids have not been studied, neither
have the mechanical properties of high TiN containing
composites.

The main goal of this work was to increase the frac-
ture toughness of AIN based materials by preparing
AIN-TiN composites using two different synthesis
routes. First, TiN particles were synthesised in-situ in
the AIN matrix by taking advantage of the chemical
reaction between titanium (III) oxide (Ti,O3) and AIN
according to Eq. (1).

Ti,O3 + 2 AIN = 2 TiN + AL, O3 ()

Further, to increase the TiN content without increas-
ing the Al,O3 content, composites were made by addi-
tion of TiN powder to the AIN powder followed by
liquid phase sintering with Al,O3;—Y»,O3 as sintering aid.
The mechanical and electrical properties of the compo-
sites and their dependence on the microstructure were
characterized. A comparison of fracture toughness
values obtained using the single edge notched beam
(SENB) method and various models based on the
Vickers indentation method are included.

2. Experimental

In-situ formed AIN-TiN composites were prepared
from AIN powder (Tokuyama Soda, Grade F, contain-

ing 0.6 wt.% oxygen on the grain surface) and Ti,O;
(Alfa Aeser, 99+ % purity). The as received Ti,O3
powder was milled to a particle size in the range from
0.1 to 2 pm before use. Y,O5 [H.C. Starck, quality Fin-
est, (0.9-3.4 wt.%)] was added to form sintering aid
together with alumina formed by reaction [1]. The TiN
content of the in-situ composites varied between 0.3 and
3.4 vol.%.

Secondly, to increase the TiN content of the compo-
sites without increasing the sintering aid content, com-
posites were prepared from AIN powder (Tokuyama
Soda, Grade F) and TiN powder (Alfa Aeser, 99.5%
purity). TiN powder in the range from 1 to 2 um was
prepared by sedimentation. Al,O3 [Alcoa, A 16 SG (1.7
wt.%)] and Y,O; [H. C. Starck, quality Finest, (0.9
wt.%)] were added as sintering aid. The TiN content in
the composites varied between 0 and 21 vol.%.

The powders were mixed in 100% ethanol by ball
milling for 4 h using alumina balls. Soft agglomerates
(<500 pum) were formed by sieving before preparation
of bars for mechanical testing. The powder was either
uniaxially pressed into pellets (15 mm®) at 230 MPa or
into bars, which were first uniaxially pressed at 15 MPa
and then isostatically pressed at 200 MPa. Ethyl cellu-
lose (Sigma) (2 wt.%) was used as binder. The green
density of both bars and pellets was approximately
56%.

The samples were sintered in Nj-atmosphere in a
graphite resistance furnace.?* The pellets were sintered
in a molybdenum (Mo) crucible with a Mo lid and the
bars were sintered in a graphite-crucible lined with Mo-
foil. The heating rate was 2000 K/h from 600 °C up to
1650 °C and 1000 K/h up to the sintering temperature
of 1870 °C where the samples were kept for 6 h. The
cooling rate was 1000 K/h from the sintering tempera-
ture to 1650 °C and 2000 K/h to approximately 400 °C.
The density was determined by Archimedes’ method
using isopropanol and the theoretical density was cal-
culated from the law of mixtures. The theoretical den-
sity was not corrected for weight loss during sintering.

The microstructure of the samples was studied by
scanning electron microscopy (SEM) (Zeiss DSM 940),
transmission electron microscopy (TEM) (Philips
CM30) equipped with energy dispersive spectroscope
(EDS) (Edax International) and high resolution TEM
(HRTEM) (JEM-2000F). TEM specimens were pre-
pared by cutting 0.5 mm thick slices from the interior of
the samples and 3 mm diameter discs were cut from
these. The discs were mechanically ground to approx-
imate thickness of 150 um, and further thinned using a
dimple grinder, until the central region of the specimens
were about 30 um thick. Final electron transparency
was obtained by ion beam thinning. Phase composition
was studied by powder X-ray diffraction (XRD) using a
Siemens D5005 X-ray diffractometer. The samples were
ground to powder prior to XRD measurements. Silicon
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powder (10-15 wt.%) was added as an internal standard
for d-value calibration. Lattice parameters were calcu-
lated using the programs Win-Index and Win-Metric
from Bruker axs. The grain size of the sintered samples
was measured on polished surfaces thermally etched at
1600 °C for 0.2 h. About 200-700 AIN grains were
measured using the linear intercept method and 500-900
TiN grains were measured directly.

Bending strength and Young’s modulus (E-modulus)
were measured using a four point bending test. Sample
bars were machined to MIL SPEC 1942 and dimensions
4x3x45 mm?>. All the edges were chamfered. The testing
was performed in a 4-point flexure 40/20 mm span in a
Dartec 20 kN Servohydraulic Universal Testing machine
with a 20 kN load cell. Displacement was measured by a
displacement gauge of the Tesa type, placed in contact
with the specimen in the centre of the span. The displace-
ment gauge was fixed and measured the displacement
relative to the support rollers. Loading point and supports
were free to roll, diameter of these were 4.9 mm. All
measurements were performed in displacement control at
a crosshead rate of 0.5 mm/min. A total of 6-9 specimens
were tested for each composition. The fracture surfaces
were studied by SEM to reveal the fracture origins.

The fracture toughness was determined using the sin-
gle edge notched beam method (SENB). The room
temperature testing was performed in an Instron 1126
Universal Electromechanical Machine using a 250 N
load cell. The fracture toughness at 800 °C in flowing N,
atmosphere (max 230 ppm O,) was measured using a
Cormet 20 kN Electromechanical machine with a 2 kN
HBM load cell and a Sigmatest furnace with Kanthal A
element and nickel radiation shields. A four-point SiC
bending fixture (MTS, 642.85) was used. The sample
bar dimensions for all measurements were 4x3x45
mm?, all machined to MIL SPEC 1942. The depth of
the notches was 1.2 mm and the width about 0.2 mm.
Fracture toughness was calculated using ISO 15732.2° A
total of 3—4 specimens were tested for each composition.

Hardness was measured using the Vickers indentation
method on polished surfaces. Fracture toughness was
also determined from indents at high load to compare
to the values obtained by the SENB method. An Akashi
AVK-C1 Hardness Tester was used for the indentation
and a Reickert MeF3 A optical microscope with a Sony
DXC-930P Colour Video Camera and the program
NIH Image were used for measuring of indents and
crack lengths. Vickers hardness, Hy, was calculated
using the equation reported by Anstis et al.?® and frac-
ture toughness was calculated from various different
equations presented by Ponton and Rawlings.?” Vickers
hardness was calculated from 2.9 N indents and fracture
toughness from 49.05 N indents. Ten indents were
measured for each composition and load.

The electrical resistivity was measured by a four-point
method using silverbased electrodes and a Quadtech

1865 Megohmeter (AIN and 10 vol.% TiN) or a Fluke
Handheld Digital Multimeter (21 vol.% TiN). Mea-
surements were performed in air (AIN) or in flowing
nitrogen (10 and 21 vol.% TiN) up to 550 °C. The
sample dimensions were 4x3x22 mm?3. Three samples
were measured for each composition.

3. Results

All the samples obtained high relative density (>98%
of theoretical) after sintering regardless of TiN content,
which shows that the sintering conditions used are effi-
cient. Yttrium aluminium perovskite (YAP), AIYO;,
were identified by XRD as the secondary phase in all
the pellets and yttria aluminium garnet (YAG),
AlsY301, in the bars for mechanical testing. The sec-
ondary phases identified are dependent on the crystal-
lisation path of the AIN containing Al,O3—Y,0j5 liquid
formed during sintering. According to the quasi-binary
Y,05-Al,05 phase diagram?® the samples were expected
to contain alumina and YAG or, assuming a metastable
situation, alumina and YAP. YAP is stabilised in the
quasi-quaternary AIN-YN-Al,O3;-Y,03 system com-
pared to the quasi-binary system, but the solid solubility
of nitrogen in both YAG and YAP is low.? The
apparent lack of alumina or AION-spinel in all the
samples after sintering and an observed weight loss of
1-2% can be explained by evaporation of Al,O(g)
according to Eq. (2).#

Al,O3 +4 AIN = 3 ALLO(g) + 2 Na(g) 2)

XRD investigations of a layer formed on the inside of
the lid of the Mo crucible used during sintering identi-
fied AIN. This supports the theory of evaporation of
AlO(g) which forms AIN on reaction with N,. The
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evaporation shifted the assumed composition of the
liquid phase 4-8 mol% towards Y,O3. The weight loss
showed no systematic changes with TiN content or
between pellets and bars.

The XRD investigations also showed that the lattice
parameter for TiN decreases towards the theoretical
value (4.24173 A)3° with increasing TiN content of the
composites (Fig. 1). According to Inamura et al.,3! the
TiN lattice parameter decreases linearly with increasing

aluminium content, and aluminium is hence not
responsible for the increased values observed. Both TiO
and YN have the same cubic structure as TiN with lat-
tice parameters of 4.1850 A3? and 4.89440 A,33 respec-
tively. Hence only a solid solution of YN in the TiN can
explain the increased lattice parameter. Nakahata et
al.'* also reported high lattice parameters for TiN, 4.261
A, for a AIN-TiN composite with yttria as sintering
additive.

Fig. 2. SEM images of fracture surfaces and polished and etched surfaces of AIN and AIN-TiN composites. The lighter grains are TiN. (a) AIN, (b)
3.4 vol.% in-situ formed TiN (8 wt.% sintering additive), (¢) 10 vol.% added TiN and (d) 21 vol.% added TiN.
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Fig. 3. Grain size of AIN (filled symbols) and TiN grains (open sym-
bols) in AIN and AIN-TiN composites. The diamonds represent
added TiN-composites and the squares represent in-situ composites.
The error bars represent the variation in grain size.

SEM images of fracture surfaces of AIN and AIN-
TiN composites containing 3.4-21 vol.% TiN are
shown in Fig. 2 together with corresponding SEM ima-
ges from polished and thermally etched surfaces. Both
the fracture surfaces and the polished surfaces show a
homogeneous distribution of inter- and intragranular
TiN-grains. The fracture surfaces show mainly trans-
granular fractures of the AIN-grains. The size of the
AIN grains decreases with increasing amounts of TiN as
can be seen in Fig. 3, where the measured grain sizes for
both TiN and AIN are plotted. The size of the AIN
grains decreases with TiN-addition up to 10 vol.%.
These results show that the larger TiN grains act as
grain boundary pinning centres during sintering. The
smaller TiN grains can not slow down the movement of
AIN grain boundaries and are therefore incorporated
into the AIN grains. Similar AIN grain growth inhibi-
tation and the distribution of large and small TiN grains
were observed by Tajika et al.>* in AIN-TiN composites
with up to 10 wt.% TiN. The TiN grain size increases

Fig. 4. Low magnification TEM images and HRTEM image of AIN-TiN composites. The dark contrast grains are TiN. (a) 3.4 vol.% in-situ formed
TiN (8 wt.% sintering additive), (b) 10 vol.% added TiN (black arrow shows residual strain around a TiN grain, the white arrows show sintering
additive phases at grain boundaries and triple junctions), (c) 21 vol.% added TiN (white arrow shows open pores associated with large intergranular
TiN grains) and (d) HRTEM image showing a grain boundary between an intragranular TiN grain (lower grain) and AIN (upper) in the sample
containing 10 vol.% added TiN. The arrow shows the amorphous grain boundary.
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Fig. 5. Vickers hardness, 4-point bending strength, E-modulus and
fracture toughness (SENB method) of AIN and AIN-TiN composites
versus TiN content. Closed symbols represent composites with added
TiN while open symbols represent in-situ formed composites. The tri-
angles are measurements performed at 800 °C. The dotted line in the
hardness plot is the linear mixing between Vickers hardness for pure
TiN and AIN. The dotted lines in the E-modulus plot are the upper
(Voigt model) and lower (Reuss model) bounds of the Young’s mod-
ulus in composite materials.?>37 The error bars represents standard
deviations.

slightly with increasing TiN content, probably caused
by liquid phase sintering.

Low magnification TEM images of the samples con-
taining 3.4 vol.% in-situ formed TiN and 10 and 21 vol.%
added TiN are presented in Fig. 4. The light contrast
grains are AIN and both TiN and secondary phases
(YAG and YAP) are seen as dark contrast. The second-
ary phases are mainly located at triple junctions and along
some of the grain boundaries (white arrows in Fig. 4b).

The TEM images clearly confirm that the smaller TiN
grains (diameter below 1 pm) are predominately
observed intragranulary whereas larger grains (normally
below 3 um) are situated intergranulary. The TiN grains
give rise to local residual strain contrasts in the sur-
rounding AIN matrix, as shown by the black arrow in
Fig. 4b. The strain is probably generated due to thermal
expansion mismatch between the two different materi-
als. Nakahata et al.!3 also observed strain in the AIN
matrix surrounding TiN grains, but they ascribed this to
Ti-ions dissolved in the AIN lattice. XRD-investigations
showed no significant change in the lattice parameter of
the AIN matrix relative to pure AIN, but a small
amount of titanium was identified in the AIN-matrix by
TEM/EDS. The large intergranular TiN grains were
observed to be associated with open pores and Fig. 4c
shows typical pore regions. These pores might be
formed during cooling from the sintering temperature if
the AIN grains are better wetted by the liquid phase
than the TiN grains. Between the small intragranular
grains and the hosting AIN grains an amorphous layer
was observed as can be seen from the HRTEM image in
Fig. 4d. This amorphous layer is probably related to the
intergranular secondary phase.

Vickers hardness, bending strength, Young’s modulus
and fracture toughness are plotted as a function of
vol.% TiN in Fig. 5. The hardness is increasing by
approximately 8% when adding 21 vol.% TiN. The law

t Pl

20 pms-

Fig. 6. Fracture origins of samples used for bending strength measurements. (a) Open pore inside bar (AIN) and (b) Surface pore extended into the

bar (10 vol.% TiN).
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of mixtures between the two pure materials (TiN:
11.740.4 GPa)?? is included in Fig. 5 and the measured
values show the same trend. There are no significant
differences between the in-situ made samples and the
samples with added TiN. Tajika et al.” observed an
increase in Vickers hardness, from 9.8 to 10.3 GPa when
adding 10 vol.% TiN to AIN.

The bending strength of pure AIN was determined to
be 281+39 MPa, which is in agreement with literature
values.»*%35 The bending strength shows a minimum
for 10 vol.% TiN. The fracture origins from the bending
strength measurements were pores as can be seen from
selected fractographs given in Fig. 6. These pores can
either be formed from volatile contaminations in the
powder or inhomogeneous packing of the green body. A
few areas of high TiN-grain concentration were detected
on the fracture surfaces. However, these areas were far
from the fracture origins, but an influence on the bend-
ing strength can not be excluded. Generally the fracture
strength is expected to increase with decreasing grain
size,3® opposite of the observed trend (Fig. 3). The
bending strength therefore seems to be more determined
by inhomogeneities in the samples than by the material
properties. The fracture surfaces given in Fig. 6 have a
larger part of intergranular fractures compared to the
fracture surfaces presented in Fig. 2, probably caused by
different crack growth during fracture testing and for-
mation of fracture surfaces.

The E-modulus is presented in Fig. 5 together with
the Voigt model (upper bounds) and the Reuss model

(lower bounds) for E modulus of a AIN-TiN compo-
site.?>37 Adding 21 vol.% TiN gave a 5% increase and
the observed values for the AIN-TiN-composites are
closer to the lower bound (Reuss) model. The E-mod-
ulus for pure AIN was found to be 3066 GPa which is
in accordance with data reported in the literature.!#>33

The fracture toughness value for pure AIN measured
by the SENB method was 3.3+£0.1 MPa m'? (Fig. 5)
which is slightly lower than the values reported in the
literature.!3* The fracture toughness increases 33%
when adding 21 vol.% TiN, giving the value of 4.4+0.2
MPa m!/2. This value is significantly higher than values
reported for pure AIN'>* and comparable to other
ceramic materials like SiC (3.0-3.5 MPa m'/?), SizN, (4
6 MPa m'/?) and Al,O5 (3.5-4.0 MPa m'/?) (not in-situ
composites/self-reinforced materials).’® For AIN with
10 vol.% TiN, Tajika et al.” reported 3.7-4.5 MPa m!/%,
which is comparable to the value 3.84£0.3 MPa m!/?
obtained in this study. Tajika et al.® also report
increased fracture toughness, from 2.9 to 4.2 MPa m'/?,
when adding 5 vol.% TiN to AIN-10% BN composites.

The fracture toughness at 800 °C was somewhat
higher than at room temperature. AIN exhibited a 5%
increase in fracture toughness while the composite
containing 21 vol.% TiN showed a 18% increase to
5.140.5 MPa m'/? at 800 °C. AIN also showed a change
from mainly intergranular fractures at room tempera-
ture to mainly transgranular fractures at 800 °C.

The room temperature fracture toughness was also
determined from Vickers indents at high load (49.05 N).

Fig. 7. Optical microscope images showing Vickers indents (49.05 N) in AIN and AIN-TiN composites. The light contrast grains are TiN. (a) AIN,
(b) 3.4 vol.% in-situ formed TiN (8 wt.% sintering additive), (c) 10 vol.% added TiN and (d) 21 vol.% added TiN. 5x enlargement of crack in the

right corner of each image.
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Optical microscope images of selected indents are
shown in Fig. 7. The cracks propagate mainly transgra-
nulary through the AIN matrix as was also seen in
Fig. 2. Also the sample with 8 wt.% sintering additive
(3.4 vol.% in situ formed TiN) have this crack beha-
viour. The cracks are deflected by the TiN-grains
as predicted by the difference in thermal expansion
coeflicient.?!

Several different models for calculation of the fracture
toughness based on cracks from Vickers indents are
gathered and rearranged to a standard form by Ponton
and Rawlings?’ and Fig. 8 shows the fracture toughness
calculated from selected models together with the mea-
sured crack length. The values obtained by the SENB
method are included for comparison. The different
models generally underestimate the fracture toughness
and the values vary much from one model to another.
None of the models gives a clear increase with increas-
ing TiN content. Most the models show a relatively high
value for the pure AIN sample because of the short
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Fig. 8. Fracture toughness calculated from crack lengths of Vickers
indents versus TiN content. SENB results are included. The lower part
shows the average crack length. The open symbols represent models
based on radial-median crack geometry and the filled symbols models
based on Palmqvist crack geometry. All the calculations are based on
the models as they are presented by Ponton and Rawlings. Also the
abbreviations of the different models are obtained from Ponton and
Rawlings.?’

measured crack length for this sample. The short
apparent crack length might be due to formation of
several cracks from the indent (Fig. 7a) and will over-
estimate the fracture toughness.

The electrical resistivity as a function of temperature
for three selected materials is given in Fig. 9. The sam-
ples with <10 vol.% TiN have a high resistivity which
decreases with increasing temperature, and the sample
with 10 vol.% TiN has a resistivity two to three decades
higher than AIN. The resistivity of the composite con-
taining 21 vol.% TiN is low (10~'-1072 € cm) and
increases slightly with temperature.

4. Discussion

All the prepared materials were dense, homogeneous
and had the expected phase composition. The major
microstructural difference between the samples was the
grain size of AIN, which decreased when adding TiN.
The sintering additive phases were similar within the
two groups of materials, pellets and bars. The grain size
of the AIN grains, the TiN content and any possible
inhomogeneities should therefore determine the
mechanical properties.

As shown in Fig. 5, the fracture toughness increases
with increasing TiN in the ceramics. The main reason
for the toughening is crack deflection around TiN grains
caused by the different thermal expansion of TiN and
AIN. The residual strain is clearly observed from the
TEM-investigations. Tajika et al.” refers to a micro-
mechanic approach to explain the improved mechanical
properties for AIN-TiN composites, but do not describe
a mechanism.
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Fig. 9. Electrical resistivity versus temperature for AIN and AIN-TiN
composites. The filled diamonds represent pure AIN, the open dia-
monds 10 vol.% added TiN and the open circles represent 21 vol.%
added TiN composites. Equations of the line fittings: Pure AIN: log
R=2.2-1073T2-0.025-T+10.5; 10 vol.% TiN log R=2.4.10"5T2
—0.032-T +14.1; 21 vol.% TiN log R=1.7-10-%-T2-0.00027-T + 1.4.
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The increase in fracture toughness is not highly influ-
enced by the grain size of AIN as the increase in tough-
ness is linear from 0 to 21 vol.% TiN while the grain
size of AIN decreases when adding up to 10 vol.% TiN,
from where it is rather constant (Fig. 3). The non-
dependence of Kjc on the AIN grain size can be
explained by the transgranular fracture mode. For a
material with transgranular fracture mode, the crack
path will not be lengthened by increasing grain size and
the fracture toughness will not be influenced. A small
increase in Kjc might be seen if the crack path changes
direction from one grain to another, i.c. to follow spe-
cific atomic planes. This behaviour is observed in the
AlN-materials, especially in Fig. 2c. The transgranular
mode of fracture indicates a strong grain boundary
phase.

No deterioration of the fracture toughness was
observed at 800 °C confirming no secondary phase
creep at this temperature (melting at 1816 °C?®). Actu-
ally, an increase in fracture toughness was observed
which might be due to the fact that the high temperature
measurements were performed in nitrogen and the room
temperature measurements in air. Hence, at room tem-
perature humidity might give corrosion during fracture
growth. The fracture mode in the pure AIN material
changes from mainly intergranular at room temperature
to mainly transgranular at 800 °C without a corre-
sponding drop in fracture toughness. These results sub-
stantiate that crack deflection due to preferred crack
growth direction in single grains toughens the pure AIN
material.

The models used in Fig. 8 to estimate room tempera-
ture fracture toughness from indents underestimate the
fracture toughness. For some of the models the values
are only ~1/10 of the values measured by the SENB
method. Some underestimation is expected due to the
higher flaw size in SENB measurements compared to
the indentation techniques and expected R-curve beha-
viour.?* The model giving the best fit to the values
measured by the SENB method, is the model given by
Laugier® based on a Palmqvist crack geometry. In this
model the individual Palmqvist cracks are represented
as semicircles. Generally the models based on the
Palmgqvist geometry give higher Kjc values than most
the models based on penny-like geometry and therefore
give values closer to the ones obtained by the SENB-
method. Most models presented in Fig. 8 show increas-
ing fracture toughness as the TiN content is increased,
but a smaller increase than the SENB-method. The
resulting conclusion of this comparative study is that it
is difficult to obtain reliable fracture toughness values
using the indentation method, at least for this type of
ceramic materials. The indentation method is mostly
predicting the same trend in the fracture toughness as
the SENB method, however some deviations are present
(Fig. 8). It is therefore important to report the method

used for fracture toughness determination and the cal-
culating model used if an indentation method is chosen.
These results also infer that the fracture toughness
measured by SENB in this study and by indentation
techniques by Tajika et al.” are not directly comparable.

The electrical resistivity of AIN-TiN composites can
be described by percolation theory, effective media the-
ories (Bruggeman’s theory)*' and general effective
media (GEM) theories,*> based on the electrical resis-
tivity of the phases, the volume fraction of the different
phases, and geometrical/connectivity parameters. The
critical volume fraction, or percolation limit, is the
volume fraction of the conducting phase when a con-
tinuous framework of the conductive phase is formed.
The 21 vol.% TiN material is close to the percolation
limit of the AIN-TiN system and shows a large decrease
in resistivity compared to the pure AIN and 10 vol.%
TiN material when low resistivity TiN (2.30-107° Q
cm)?? form a continuous framework in the high resis-
tivity AIN matrix (2-10"'-10'* Q ¢m).?!>3 The percola-
tion limit typically varies between 0.01 and 0.6 and the
“basic” value is about 0.16 when the grains of con-
ductive and non-conductive phase are near spherical
and near equal in size.*> The pure AIN samples have
low resistivity at room temperature compared to litera-
ture value however the resistivity is increased by addi-
tion of 10 vol.% TiN. The largest differences between
these two materials are the TiN content and the grain
size. There are no reasons why addition of TiN should
increase the resistivity as TiN has a lower resistivity
than AIN. Due to the smaller grain size in the 10 vol.%
TiN material the continuity of the secondary phase,
YAG, is expected to be lower compared to the pure AIN
material. YAG has an even higher resistivity than AIN,
electrical conductivity of 107! S/m at 386 °C,* i..
resistivity higher than 10'* @ cm at room temperature,
and the YAG distribution can therefore not explain the
unexpected low resistivity of the AIN material. The
resistivity measurements show that it is possible to
design the electrical resistivity of AIN-TiN composites
by modifying the AIN/TiN-ratio and the micro-
structure.

5. Conclusions

Dense and homogeneous AIN-TiN composites were
prepared by pressureless sintering. The larger TiN
grains acted as grain boundary pinning centres during
sintering and were found intergranular, while the smal-
ler TiN grains were found intragranular. The Vickers
hardness and Young’s modulus increased slightly when
adding 21 vol.% TiN, about 8 and 5%, respectively,
and the bending strength of the composite material
showed a minimum for 10 vol.% TiN. The results
obtained by the SENB method showed a 33% increase
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in fracture toughness when 21 vol.% TiN was added.
The toughening mechanism was mainly crack deflection
around TiN caused by different thermal expansions of
AIN and TiN. The electrical resistivity for materials
with low TiN content was high, 103-10'* @ cm, and
decreasing with temperature. When adding 21 vol.%
TiN the percolation limit was reached, hence a con-
tinuous TiN-network was formed and the resistivity
dropped to 107'-1072 Q cm.
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