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Abstract

The fabrication of AIN-(Y,0;) matrix ceramics
reinforced with dispersed TiN or TiB, particles is
described and the resulting specimens are character-
ized by their mechanical properties and thermal
conductivity.

The microstructures of the TiN-reinforced speci-
mens sintered at 1700°C without isothermal hold
show homogeneously distributed TiN particles
(= 1 wm) in the fine-grained (1-2 um) AIN
matrix. In contrast, the coarse TiB, grains (2-3
um) of the specimens sintered at 1750°C for 60 min
are distributed inhomogeneously in the AIN matrix.
Furthermore, the surface of the TiB, grains reacted
to TiN and BN during densification in 0-1 MPa N,.

The mechanical properties of the AIN-(0-5 wt%
Y,0;)/5 wt% TiN composites sintered at 1700°C
without holding time were determined to be 12-5
GPa, 390 MPa and 3-6 MPa m'” for the Vickers
hardness HV, the four-point bending strength oy
and the fracture toughness K, respectively. The
AIN-(4 wt% Y,0;)/25 wt% TiN specimen sintered
at 1900°C for 60 min gave 10:7 GPa for the Vick-
ers hardness and 270 MPa for the four-point bend-
ing strength. The fracture toughness was determined
to be 83 MPa m"?. In addition, the thermal con-
ductivity of the AIN-TIiN composites was of the
order of 65 and 105 W m™ K for composites sin-
tered at 1700°C without isothermal hold and at
1900°C for 60 min, respectively.

The AIN-(2 wt% Y,0;)/10 wt% TiBj,-containing
specimen sintered at 1750°C for 60 min has HV of
9-5 GPa, o5 of 220 MPa and K,, of 3-7 MPa m"”.

The influence of fracture mode and intrinsic
stresses on the mechanical properties is illustrated
and discussed. Finally, the processing of AIN-(4
wt% Y,0;) ceramics without reinforcing particles

*To whom correspondence should be addressed.

coated with the TiN-particle reinforced AIN is
reported. These layered materials exhibit a high
thermal conductivity of 150 W m™" K inside the
body and enhanced hardness, fracture strength and
fracture toughness at the surface. © 1996 Elsevier
Science Limited.

1 Introduction

AIN ceramics are attractive materials for applica-
tion as substrates for electronic devices'? because
of their unique combination of intrinsic properties
such as high thermal conductivity,’ high electrical
resistivity* and a coefficient of thermal expansion
similar to that of silicon. In contrast, AIN exhibits
low mechanical properties with respect to flexural
strength and fracture toughness and has, there-
fore, not been considered as a candidate material
for structural applications. The intention of our
work was to develop particle-reinforced AIN-
(Y,05) ceramics with improved mechanical properties
and high thermal conductivity for use as wear
parts, wear-resistant layers and/or cutting tools.
Reinforcement of ceramics in combination with
high hardness can be achieved, for example, by dis-
persing hard materials in the matrix.’> Therefore,
various powder mixtures including Y,O; as sintering
aid and up to 35 wt% TiN or TiB, addition, com-
bined with two different sintering programmes, were
used to obtain composites with both higher flexural
strength and hardness (1700°C/0 min) and with
higher fracture toughness and thermal conductivity
(1900°C/60 min). The upper limit of hard particle
addition is given by 35 wt% (~30 vol%) to avoid
percolation effects in the electrical conductivity.®®
Additionally, it must be considered that mech-
anical properties of materials are determined by
processes on macroscopic, mesoscopic and micro-
scopic structural levels and that structure separation
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by fracture occurs depending on the starting defect
size and the varying crack expansion resistivity.’
The complexity of fracture-releasing mechanisms
in the different structure levels can lead to differ-
ent trends of strength and fracture toughness as
functions of the main microstructural parameters.
Therefore, the relation between strength and
toughness must be checked for every ceramic separ-
ately. In addition, the influence of the sintering para-
meters, the ceramic composition as well as the crack
path and the resulting fracture mode on the Griffith
criterion'®'? must be analysed. A value of 1-26 is used
for the geometrical function Y of AIN ceramics.'*"*
The development and the course of the micro-
cracks depend on the intrinsic stresses'® derived from
the different thermal expansion coefficients'®!” of
the AIN matrix (5-5 X 10°K™) and the TiB, (4-6
- 64 X 10°K™) or TiN particles (9-4 X 10 K™).1®
These intrinsic stresses can be calculated by using
the relation derived from Wei and Becher," and
are constant inside the particles and decrease
inside the matrix with increasing distance from the
particles. Accordingly, the maximum tangential and
radial stresses exist at the boundary between the
particles and the matrix, where the radius of the
particle is equal to the distance from the particle
centre.

In the present paper, the synthesis of particle-
reinforced AIN matrix composites and coatings as
well as their mechanical and thermal properties
are reported. The results are discussed with
respect to unreinforced AIN-(4 wt% Y,0;) ceramic.

2 Experimental Procedure
2.1 Starting materials

Commercially available AIN powder from
Tokuyama Soda Company (Japan) grade F, with

mean particle size of approximately 0-6 um (d,, <
2-48 um), a specific surface area of 3-2 m? g™ and
an oxygen content of 0-8 wt%, was used. The
employed sintering aid was Y,0; powder from
H. C. Starck with a mean particle size of 0-4 pm
(dgy < 25 um) and a specific surface area of 14 m?
g, As reinforcing particles, TiN and TiB, powders
from H. C. Starck, grade C and grade F respectively,
were used. The particle sizes of TiN and TiB, were
1-0 and 0-9 um and the specific surface areas were
3-7 and 4-1 m? g, respectively.

2.2 Fabrication and sintering

The composite powders were homogenized by
attrition milling of AIN matrix powder, Y,0; sin-
tering aid and TiB, or varying contents of TiN
reinforcing particles in isopropanol for 1 h at
500 rev min~!. The powder to Al,0, milling ball
(diameter < 2 mm) ratio was 1 to 4. The dried
composite powders were cold-isostatically pressed
(KIP 200, Paul Weber, Germany) into bars (15
mm height, 23 mm width, 60 mm length) and
cylinders (23 mm diameter, 22 mm height) with a
pressure of 530 MPa for 3 min. Subsequently, the
green compacts, placed on sintered AIN ceramic
plates, were sintered in a gas pressure furnace
(KCE FPW 100/150-2200-50, KCE, Rodental,
Germany) with graphite heating elements under a
pressure of 0-1 — 0-2 MPa N,. The heating rate
was 10 K min™!, the sintering temperature varied
between 1700 and 1900°C, and sintering times at
the final temperature were 0, 30 or 60 min. The
different powder compositions and their sintering
conditions are listed in Table 1.

The reinforced AIN coatings were fabricated by
two routes (Table 2). In the first route, a cold-
isostatically prepressed AIN-(4 wt% Y,0,) green
body was coated with the composite powder
(25 wt% TiN, 0-5 wt% Y,0,) by cold isostatic

Table 1. Composition and sintering temperature and time of the AIN specimens investigated

Sample Composition Sintering Density
Y,0; TiN TiB, T t Theor Rel.
(wt%) (wt%) (wt2) (°C) {min) (g em™) (%)
TB 2:0 0 10 1750 60 338 96-5
AN 0-5 0-5 0 0 1700 0 327 95-4
AN 2 2.0 0 0 1750 60 328 99-4
TN 2-d 2:0 5 0 1750 30 335 95-0
TN 2-¢ 20 5 0 1700 30 335 95-2
TN 2-b 2:0 5 0 1700 0 3.35 96-2
TN 2-a 2:0 S 0 1650 30 3.35 93-1
TN 0-5-5 05 S 0 1700 0 333 96-4
TN 0-5-15 05 is 0 1700 0 3-46 95-4
TN 0-5-20 0-5 20 0 1700 0 3-53 943
TN 0-5-25 05 25 0 1700 0 3-61 93-9
TN 0-5-30 0-5 30 0 1700 0 3-68 90-8
TN 0-5-35 0-5 35 0 1700 0 3-76 93.7
TN 4 4.0 25 0 1900 60 3-66 99-
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Table 2. Composition and sintering conditions of layered AIN composites

Sample Composition Sintering Hardness"
Bulk Coating Th HV 2
(°C)/(min) (10"-Pa)
A 4 wt% Y,0, 25 wt% TiN/ 0-5 wt% Y,0, 1700/0 1251
B 4 wt% Y,0, 25 wt% TiN/ 0-5 wt% Y,0; 1800/0 1260
c? 4 wt% Y,0, 25 wt% TiN/ 0-5 wt% Y,0, 1800/60 1077

“Hardness measured at the boundary between the AIN inner body and the composite coating.
®In sample C, the bulk was presintered at 1700°C without holding time and 0-1 MPa N,.

pressing with a pressure of 530 MPa for 3 min.
Finally the laminated compact was sintered at
a temperature above 1700°C (specimens A and B)
in a gas pressure furnace {route 1).° In the second
route, the cold-isostatically pressed pure AIN
body was presintered at 1700°C in 0-1 MPa N,
and subsequently coated with the composite pow-
der and densified without pressure at 1800°C for
60 min (specimen C, Table 2). In both cases the
AIN bodies were placed in the silicone pressing
form enveloped with the composite powder.

2.3 Microstructure

The resulting microstructures of the composites
were investigated by X-ray diffraction analysis,
light-optical microscopy, scanning electron micro-
scopy and energy dispersive X-ray analysis (Zeiss
DSM 962 with EDAX, Carl Zeiss, Oberkochen,
Germany; Philips SEM 505, Philips, Eindhoven,
The Netherlands).

2.4 Mechanical properties
The mechanical properties of the samples were
determined as follows. The microhardness HV
(Leco M-400-G2, Kirchheim, Germany) ?' at 2 kg
load (19-61 N) and fracture toughness K;. were
measured by the Vickers indentation method, the
latter being calculated according to the method
of Anstis et al? In addition, K;, was determined
by the single edge notched beam (SENB) method
(Instron 1362) according to DIN 51109.2 Com-
parison of the fracture toughness values calculated
by the indentation method with the corresponding
SENB values leads to a value of 0-022 for the
so-called material-independent constant for Vick-
ers-released radial cracks® for AIN ceramics and
composites. The four-point bending strength
(Instron 1362) was measured according to DIN
51110 Part 1* and the thermal conductivity
(WLM 20/105, Dr. Semmler & Reinhart, Meitingen,
Germany) by the comparative method according
to DIN 51908.%

The strength values represent the average of five
tested samples.

3 Results

3.1 Densification and sintering

The relative green density of the cold-isostatically
pressed samples was about 60%. The densities of
the pressureless-sintered bodies reached >95% of
the theoretical values for the cylinders and >90%
for the bars. The first maximum of the densification
rate was observed between 1400 and 1500°C. In this
temperature range the secondary yttrium aluminate
phases had already been formed. The second max-
imum of shrinkage was obtained at 1700°C.

The TN 2 specimens containing 2 wt% Y,0,
and 5 wt% TiN, sintered under varying tempera-
ture-time conditions (1700 £ 50°C; 0 or 30 min)
(Table 1), had nearly the same mean fracture
strength oy of 322-342 MPa (Table 3). In con-
trast, samples heated to 1700°C without holding
time at maximum temperature showed the lowest
standard deviation of £ 10 MPa (Fig. 1). The
higher standard deviations of + 50 MPa are
mainly caused by the inherent statistical fluctua-
tions, but are also influenced by the low relative
density for samples sintered for 30 min at 1650°C
or by the larger grain-size distribution for samples
sintered at 1700°C/30 min and 1750°C/30 min.

The study of the influence of different amounts of
oxide showed that o increases with decreasing Y,0,
content down to 0-5 wt%. Based on this result and
the fact that the lowest grain-size distribution was
obtained at 1700°C/ 0 min (Fig. 1), further investi-
gations were made with samples containing 0-5
wt% Y,0; and varying TiN additions, which were
heated to 1700°C without holding time and subse-
quently cooled down to room temperature (samples
TN 0-5). This sintering condition was used to min-
imize grain growth and to improve bending
strength, whereas 1900°C and 60 min (sample TN
4-25) was applied to optimize thermal conductivity.

3.2 Density and Vickers hardness (HV 2)

The density of bar samples of TN 0-5 decreases
linearly from about 96% at 0 wt% TiN to 93% at
35 wt% TiN, whereas the HV 2 increases from
10-5 GPa at 0 wt% TiN to 12-5 GPa at TiN
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Table 3. Mechanical and thermal properties of the AIN ceramic composites

Sample d“ HV 2 K, opb A
(um) (107 Pa) (MPa m"?) (MPa) (Wm' K!)
TB 50 954434 3.740-4 222+13 624
AN 05 35 1067+13 3-440-4 262447 86-2
AN 2 38 1070+34 2:620-1 267455 nd.
AN 4 12:3 870484 5-040-9 n.d. 1477
TN 2 ~3-0 1149+18 3-640-2 322440 112-1
TN 2-b 2.0 1206+18 3-440-4 342410 nd.
TN 0-5-5 1-2 1253424 3-640-3 353448 64-9
390+29°
TN 0-5-15 1-2 1257+19 4.0£0-3 n.d. 620
TN 0-5-20 ~3 126510422 4.120-3 333+41 570
6-8 SENB
TN 0-5-25 1-2 1243406 4.240-5 362427 566
TN 0-5-30 1-2 1251424 4-6+0-3 323452 549
TN 0-5-35 1-2 1247431 3.740-2 232446 516
4.0 SENB
TN 4-25 7 107417 83104 268+43 106-8
8-5 SENB

“Mean grain size measured by linear cutting method.
»Mean four-point bending strength of 5 samples.

353 MPa is the mean strength of 10 samples, whereas 390 MPa is the mean of the 5 best samples.
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Fig. 1. Four-point bending strength of TN2 composites (see
Table 1) as a function of sintering conditions. The error bars
show the sample standard deviation.

contents higher than 5 wt%. The relative density
and the microhardness HV 2 of sample TN
4-25 prepared under conditions for high thermal
conductivity are 99% and 10-7 GPa, respectively.

The AIN-TiB, ceramic composite is characterized
by 96-5% of theoretical density and a microhard-
ness of 9-5 GPa.

3.3 Microstructural development

3.3.1 AIN-(Y,0;) ceramics
The X-ray diffraction pattern of all sintered speci-
mens without reinforcing particles can be
assigned to AIN and 3Y,0;ALO,;Y,05;-Al,0,
and/or 2Y,0; Al,0; as the crystalline phases.

The composition AN 0-5 revealed a predominant
intragranular fracture path (Fig. 2) whereas sam-
ple AN 4 showed an intergranular fracture mode.

5lim

Fig. 2. Scanning electron micrograph of a fracture surface of a
pure AIN-(Y,0;) ceramic with a large content of intragranular
fractured grains.

3.3.2 AIN-TiB, composites

The X-ray diffraction pattern of the AIN-TiB,
composites can be assigned to AIN, TiB, and
yttrium aluminate reflections as well as to hexago-
nal BN reflections. TiN and BN are formed
during sintering according to reaction (1):

TiB,+ C + 2 NyTiN+ 2 BN+ CNT T = 525°C (1)

where T means the thermodynamically calculated
transformation temperature.”® Figure 3(a) shows
the microstructure of an AIN-TiB, composite.
The bright TiB, grains in the dark AIN matrix
have been transformed to TiN and hexagonal BN
corresponding to eqn (1). The carbon originates
from the furnace atmosphere and the reaction pro-
ceeds from the surface to the centre of the grains.
The developed BN fibres and plates at the sample
surface are shown in Fig. 3(b).
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(@) (b)

Fig. 3. (a) Light micrograph of a polished microsection (bar =

20 um) of a TiB,~AIN composite. The TiB, grains (bright)

in the AIN matrix (dark) have been transformed to TiN

from the edge to the core of the grains. (b) Scanning electron

micrograph (bar = S um) of BN fibers and plates as result of
the reaction between TiB, and N,.

3.3.3 AIN-TiN composites

The X-ray diffraction pattern of the AIN-TIN
composites can be assigned to AIN, yttrium alumi-
nates and TiN. While in the pattern of the samples
with low Y,0O; contents only the 3Y,0,5Al,0,
reflections can be determined, the Y,0;-rich sample
shows both Y,0; and 2Y,0;-5A1,0, reflections.

A comparison of the microstructures of samples
TN 0:5-25 and TN 4-25, depicted in Figs 4(a) and
4(b), shows that in both cases the dispersed hard
particles (25 wt% TiN) are distributed relatively
homogeneously in the matrix. While grain size
and morphology in sample TN 0-5-25 [Fig. 4(a)]
are similar to those of pure AIN ceramics, the
grains of sample TN 4-25 grew to a higher aver-
age size and formed globular grains [Fig. 4(b)].
The latter observation suggests that TiN took part
in liquid phase sintering.

During sintering at 1900°C for 60 min the TiN
particles transformed to TiC from the sample
surface to the centre up to a depth of 300 um. The
detail in Fig. 4(c) shows that the reaction from
the inner TiN over the intermediate TiCN up to
the outer TiC according to reaction (2) is evident:

2TIN+2C & 2TiC + N, Tr, = 1615°C (2)

According to thermodynamic calculations,?
reaction (2) proceeds at 7 2 1615°C at atmo-
spheric pressure for N,. Due to the applied N, gas
pressure (0-1 MPa) in the furnace atmosphere and
the fact that the TiN particles are shielded from
the atmosphere by the dense sample surface above
1700/1750°C, TiN was stable up to 1800°C.

3.4 Mechanical properties
The mechanical properties of all samples studied
are summarized in Table 3.

(a)

Fig. 4. Light optical micrographs of the polished surface area

of (a) TN 0:5-25 (bar = 20 um) with homogeneously

dispersed TiN in the AIN matrix (grey) and (b) TN 4-25 com-

posite (bar = 40 um), where the TiN grains have reacted to

TiCN and to TiC, respectively, from surface to the centre of
both the grains (c) and the whole sample (b).

3.4.1 Fracture strength

The mean oy values of samples sintered at 1700°C
without holding time are presented in Fig. 5 as a
function of the TiN content (TN 0-5). The AIN
composites containing up to 30 wt% TiN exhibit
improved strength values with respect to the unrein-
forced AIN-(Y,0O;) ceramic although the relative
density of the sintered AIN-TiN material was up to
5% lower. The mean strength increases from 262
MPa to 360 MPa with increasing TiN content.
Composites with more than 30 wt% TiN showed a
decrease in the mean strength to a value of 232
MPa (Fig. 5). The low oy value at 20 wt% TiN is
due to the low relative density, which can be related
to the low amount of sintering aid (0-5 wt% Y,05).
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Fig. 5. Mean and maximum four-point bending strengths of
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Fig. 6. Fracture toughness of the TN 0-5 composites mea-
sured by the Vickers indentation method as a function of TiN
content. Error bars show the sample standard deviation.

3.4.2 Fracture toughness
The K|, value for sample TN 4-25 measured by in-
dentation was 8-3 + 0-4 MPa m'?, while the TN
0-5 samples have a K|, of 3-4 to 46 £ 0-:3 MPa
m'2. The fracture toughness measured by the
indentation method with a Vickers indenter
increases up to 30 wt% TiN approximately linearly
from 34 to 46 MPa m'? and decreases to 3-7
MPa m'? at 35 wt% (Fig. 6). The increase can be
explained by an enhanced amount of crack deflection
with increasing TiN content, while the decrease is
due to the low sintering density as a consequence
of an insufficient amount of Y,0; compared with
the high TiN addition. All composites, TN 0-5
and TN 4, exhibit a higher K|, than the pure AIN
ceramic, AN 2. The K. of AN 2 was determined
to be 2:6 + 0-1 MPa m!” and is in agreement with
the values reported in the literature.'*’

From Figs 5 and 6 it can be recognized that oy
and K|, depend in different ways on the TiN con-

(b)

Fig. 7. Scanning electron micrographs with secondary elec-
tron contrast of the fracture surface (bar = 3 um) of (a) TN
0-5-25 and (b) TN 4.

tent. The reason for this difference, which has also
been reported for other composite systems in the
literature,'? can be explained by the distinct frac-
ture modes of the AIN-TiN composites.

3.5 Microstructure and mechanical properties of
AIN-TiN composites

Figures 7(a) and (b) show the fracture surfaces of
two different sintered samples containing 25 wt%
TiN. Whereas sample TN 0-5-25 consists of fine-
grained AIN and TiN particles with original grain
sizes and a transgranular fracture surface of the
AIN matrix [Fig. 7(a)], the grains of composite
TN 4-25 grew 10 times larger after sintering for 60
min at 1900°C [Fig. 7(b), Table 3]. The difference
between these microstructures is related to differ-
ent Y,0, contents and sintering conditions.

The TiN grains had the globular equilibrium
shape and were enveloped with the resulting
yttrium aluminate phases. Consequently, the TiN
and AIN grains were separated by the yttrium
aluminate phases at the grain boundaries, which
caused an intergranular fracture mode [Fig. 7(b)].
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Fig. 8. Thermal conductivity at room temperature of the
AIN-TiN composites as a function of TiN content.

A comparison of the microstructure with the
mechanical properties revealed that the fine-
grained TN 0-5-25 material with high transgranu-
lar fracture path has the higher microhardness
and op in spite of the lower density. On the other
hand, the coarser microstructure of sample TN
4-25 shows the higher fracture toughness and ther-
mal conductivity (Table 3).

3.6 Thermal conductivity
The thermal conductivities of all samples studied
are listed in Table 3.

The thermal conductivity of the fine-grained
AIN composites decreased from 862 to 51-6 W
m™' K™! with increasing TiN content as shown in
Fig. 8. This result is due to the low Y,0; content
and the low sintering temperature, which is
insufficient to purify the AIN grains from oxygen®
and the whole specimen from the secondary
phases at the grain boundaries.

On the other hand, the AIN-TiN composite TN
4-25 had a thermal conductivity of about 107
W m™ K. This is 75% of the thermal conductivity
of TiN-free AIN ceramics produced by the same
sintering conditions (Y,0; content, time, tempera-
ture), which was measured to be 150 W m™' K.

3.7 Reinforced AIN coatings

Figures 9 and 10 reveal the microstructures of the
inner TiN-free AIN ceramic core and the TiN-rich
thick coating. Figures 10(a) and (b) show the
interface of samples produced according to route
1 (specimens A and B), and route 2 (specimen C)
given in Table 2. In the latter case (sample C), the
thermal conductivity of the inner pure AIN body
is 150 W m™ K'!, whereas the thermal conductiv-
ity of the coating is 65 W m™' K-!. Additionally, it
can be seen in Fig. 10(a) that a mechanically
induced crack crosses the interphase and does not

Fig. 9. Light optical micrograph (bar = 0-5 cm) of sample C

(Table 2). The AIN-(4 wt% Y,0;)/ceramic body was first sin-

tered at 1700°C without holding time and subsequently

coated with the AIN-(0-5 wt% Y,0;)/25 wt% TiN composite
powder.

) o ;.

Fig. 10. Light optical micrographs of the boundary between
the AIN bulk material and the TiN reinforced AIN layer of
sample B (a) and C (b).

follow the way along the boundary. The Vickers
hardness HV 2 of the laminated AIN bodies was
measured to be 1251 and 1260 X 10’ Pa for sam-
ples A and B, and 1077 X 10’ Pa for sample C at
the boundary between the coating and the inner
body (Table 2).
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4 Discussion

4.1 Fracture mode

According to the theory of linear elastic. fracture
mechanics,''? the fine-grained microstructure
with low amount of oxide additive and intergran-
ular TiN particles (TN 0-5-25) will behave oppo-
sitely to the coarse microstructure with high
volume of sintering aid and inter- and intragranu-
lar TiN particles (sample TN 4-25). With regard
to the different fracture mode, the fracture
strength and toughness of both the grain boundary
and the lattice of the matrix forming the
AIN polycrystals have to be considered for an
estimation by the linear elastic fracture mechanics
(Fig. 11).

Assuming that the strength of the grain bound-
aries 0, amounts to 20% of the strength of the
pure lattice o0y, the fracture toughness and
strength of an intragranularly broken material
with nearly no grain boundary phases are con-
trolled by the lattice. Thus the defect size ¢ of a
pore-free microstructure corresponds to the grain
size of the material. In the case of an intergranular
fracture mode, fracture toughness depends on
both the toughness of the grain boundary K;®°
and of dissipation processes D. The strength of
the material is determined by the strength of the
grain boundary and the fracture-released defect
size corresponds to the size of the grain boundary
network. The same rule should be applied to the
microhardness.

The conclusion is that composite materials with
a fine-grained microstructure and nearly no grain
boundary phases lead to high microhardness and
high strength, whereas materials with coarse-
grained microstructure and a high amount of grain
boundary phases lead to high fracture toughness.

4.2 Intrinsic stresses
Crack deflection is one of the dissipation processes
that can improve fracture toughness, and can be
produced by intrinsic stresses developed by differ-
ent thermal expansion coefficients of the distinct
phases. In the temperature range from 20 to
1000°C TiN has a thermal expansion coefficient of
9-4 X 10% K™, in contrast to 5-5 X 10 K™! for
AIN. Consequently, tensile stresses appear inside
the TiN particles and tangential compressive
stresses as well as radial tensile stresses in the sur-
rounding AIN matrix. The calculated path of the
microcracks is represented in Fig. 12(a).!% The
crack deflection caused by the intrinsic thermal
misfit stresses can be seen clearly in the
microstructure of the composite TN 4-25, which
was sintered at 1900°C for 60 min [Fig. 12(b)]."
For the case of direct contact between AIN and

TiN, these stresses were calculated after Wei and
Becher!® and the results are summarized in Table
4. The estimated radial tensile stresses are of the
order of 1000 MPa at the TIN-AIN boundary and
9 MPa at the neighbouring TiN particle for sam-
ples with a TiN content of 25 wt%. This explains
the low mechanical properties. Moreover, the
stresses generated by the superposition of the
radial tensile stresses around the TiN particles
determine the crack path, because the crack is
developed perpendicular to the tensile stresses
[Fig. 12(a)]."”

Experiment
0.5 Wt%YQOS 4 wt% Y203
1700°C /0 min 1900°C/ 60 min
fine grained coarse grained
intergranular TiN inter- and intragranular
low grain boundary contﬁl high
high intragranular intergranular
(a)
Model
porefree samples
Ogp =1/5 0L
intragranular intergranular
Kgb » KL Kgb « KL
Kie =KL Kic = f(Kger)
og =0 og = Cgb |
Vo = KpAY'op) Vo = Kgo/(v*og0)

¢ = grain-boundary

¢ = grain size network

(b)

Fig. 11. (a) Flow diagram of the experimental influence of the
microstructure of the fracture mode. (b)model for the
influence of the fracture mode on the mechanical properties.
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4.3 Reinforced AIN coatings

The results of this study revealed that the fracture
strength oy and fracture toughness K. as well as
the thermal conductivity A cannot be optimized
simultaneously for the same composition. There-

Om), TENSILE

CRACK
PATH

Tm)g COMPRESSIVE

(a)

Fig. 12. (a) Calculated crack path around a globular inclusion

as a consequence of a higher thermal expansion coefficient of

the particles than the matrix (ap>ay) after Wei & Becher.'

(b) SEM micrograph of a crack path of TiN4 induced by
a Vickers indentation.

fore, laminated materials with high thermal con-
ductivity inside the sample and high mechanical
properties at the surface were developed in the
course of this work by the two routes described in
Section 2.2 (see Table 2).

If the sintering temperature of the inner AIN
body is higher than that at the surface, especially
at route 2, the shrinkage of the coating is higher
than that of the inner AIN body. As a conse-
quence cracks can be formed in the coating.
Therefore the laminated presintered AIN body
was sintered at 1800°C for 60 min, 100°C higher
than the sintering temperature of the inner AIN
body (sample C). The crack path shown in Fig.
12(b) implies that the adhesion of the composite
layer (with a thickness of up to 2 mm) to the
inner, pure, AIN core is strong enough to sustain
mechanical load.

The higher Vickers hardnesses of samples A
and B in contrast to sample C can be attributed to
the lower grain size of these samples as a conse-
quence of the lower sintering temperature.

5 Conclusions

The present investigations revealed that TiN is a
thermodynamically suitable, stable, hard material
to reinforce AIN ceramics. In contrast, TiB, reacts
with N, as the sintering atmosphere to give TiN
and hexagonal BN during densification.

The Y,0; and TiN contents as well as the sinter-
ing conditions determine the microstructure, the
intrinsic stresses, the fracture mode and hence the
mechanical properties of the AIN matrix composite,

The four-point bending strength op of the
AIN-TiN composites sintered at 1700°C without
isothermal hold increases with decreasing YO,
content as low as 0-5 wt% and increasing TiN

Table 4. Intrinsic stresses developed by thermal mismatch between AIN matrix and dispersed hard material particles, TiB, and

TiN, calculated according to Wei and Becher!® (+ tensile stresses, — compressive stresses)

Sample v, rp/R IMr = 200 o, =20y
(volts) {AT = 1000 K) {MPa)
(MPa)
TB 7-63 0-083 -270- +270% —0-15- +0-15
TN 2, TN 0-5-5 319 319 +1008 +0-04
TN 0-5-15 9-90 0-110 +1008 +1:34
TN 0-5-20 13-49 0-156 +1008 +3-83
TN 0-5-25 1721 0-208 +1008 +9-07
TN 0-5-30 21-09 0-268 +1008 +19-40
TN 0-5-35 2514 0-336 +1008 +38-24
TN 4-25 17-45 0-211 +1008 +9-47

Vy = volume content of the dispersed hard particles, rp = radius of the particle, R = distance from the particle centre = mean
distance between neighbouring hard material particles at a volume content of ¥y, oz = radial/tangential stresses inside the
matrix at the boundary between the particle and the matrix (rp = R), o4;;t = radial (r)/ tangential (1) stresses in the distance
corresponding to the next particle centre.
“Lowest and highest stresses corresponding to the different thermal expansion coefficients of TiB,.
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additions as high as 25 wt%, whereas the thermal
conductivity decreases with increasing TiN content.

The composite containing 4 wt% Y,0O; and 25
wt% TiN particles and sintered at 1900°C in 0-1
MPa N, exhibits a fracture toughness Kj. of 8
MPa m'2,

Furthermore, AIN/TiN composites with high
fracture strength and toughness at the surface and
high thermal conductivity (150 W m™' K!) at the
interior were fabricated by coating of an AIN-(4
wt% Y,0;) bulk material with a 2 mm thick 25
wt% TiN-particle reinforced AIN layer by pres-
sureless sintering.
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