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The low dielectric constant and thermal expansion coefficient of cordierite are two
attractive properties for the material to be used in electronic applications. However,
compared to some other materials such as alumina, aluminum nitride (AIN), and beryllium
oxide, it has a much lower mechanical strength and thermal conductivity. In the present
work, AIN-cordierite composite systems are fabricated using different AIN contents, and
the effect of AIN content on the mechanical, thermal, and dielectric properties of the
AlIN-cordierite system are investigated. It was observed that there exists an optimum AIN
content for the mechanical and thermal properties while the dielectric property decreases
with an increase of AIN content. An explanation for the observed data trend is offered
based on an effective void concept. © 2000 Kluwer Academic Publishers

1. Introduction of silica were first formed by solid state reactions.
Cordierite and cordierite-based composites have refhe formed powders were then milled and sieved by
ceived much attention during the past decades. Its lova 45 m ASTM mesh. X-ray diffraction (XRD) was
dielectric constant has made it an attractive alternativeised to confirm the cordierite powder produced. AIN
to alumina in micro-electronic packaging. In addition, powders of 10, 20, 30, 40 and 50 wt% were added to
it offers a coefficient of thermal expansion (CTE) closethe cordierite powder by wet milling with 3 wt% of
to that of silicon. If used together with silicon in lay- polyvinyl-acetate solution for 3 hours at 300 rpm. The
ered systems, thermal stresses associated with powsrixture was then dried, crushed and sieve with a88
cycling will be reduced. However, cordierite has a rela-mesh. The compaction of the AIN-cordierite compos-
tively low mechanical strength and thermal conductiv-ite powders with different weight percents of AIN were
ity compared to other ceramics such as alumina, thus itarried out by dry pressing at 18 tons in a 50 mm- diam-
has relatively shorter service life under thermal fatigueeter stainless steel die. Sintering of the compacts was
and its ability to dissipate heat is relatively low. On thefinally performed in a vacuum furnace at 1400for
other hand, in the demand for higher speed in electrord hours. The densities of the fired compacts were then
ics products nowadays, high thermal conductivity hasneasured.
become an important criterion for electronic materials Three-point-bend flexural tests of sintered samples of
to dissipate heat more efficiently. As a result, it will dimensions 3 mmx 4 mm x 45 mm were carried out
be of great advantage if the mechanical strength andn an Instron Tester. Fracture toughness of the sintered
thermal conductivity of cordierite can be improved. compactwas obtained by micro-indentation method us-
Although a number of works [1-5] have shown thating Vickers hardness tester (HSV-20). Thermal diffu-
cordierite can be toughened to enhance its mechanicalvity of sintered compacts with different weight per-
properties, little attention has been given to the effect ofent of AIN were measured using a NETZSCH Laser
toughening on the thermal and dielectric properties [6] Flash Analyzer. Thermal conductivity of the materials
It is noted that aluminum nitride (AIN) possesses verywas calculated using the thermal diffusivity obtained
high thermal conductivity. However, the disadvantagesand the specific heat capacity measured by a differen-
of using AIN alone as a structural material are its hightial scanning calorimeter (NETZSCH DSC 404). The
sintering temperature and cost. In the present work, thdielectric constants of the compacts were measured by
effects of adding different amount of AIN to cordierite using a Hewlett Packard Impedance Analyzerat1 MHz.
on the mechanical, thermal, and dielectric properties of
AIN-cordierite composites are studied. Some of the ob-
served behavior is explained using a micro-mechanica3. Mechanical properties

model. 3.1. Variation of flexural modulus
with AIN content
2. Experimental procedures The variation of the flexural modulus of the AIN rein-

Cordierite powders containing 34.9 weight percentforced cordierite composites with AIN contentis shown
(wt%) of alumina, 13.7 wt% of magnesia and 51.4 wt%in Fig. 1. The flexural modulus of the composite rises
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100 it also reveals the trends in strength, fracture tough-

T ness, and thermal conductivity, as will be discussed in
o 80 subsequent paragraphs. Here we will illustrate the idea
ERp of evaluating the effective void content by using a mi-
§ cromechanics model by Ju and Chen [7]. The effective
€ 40 - bulk modulusk, of a two-phase composite with spher-
% ical, non-interacting, elastic isotropic inclusions is
3 20
>~
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Figure 1 Variation of Young's modulus with AIN content, the line con- wherek,, andv, are the bulk modulus and Poisson’s
necting data points showing possible trends. ratio of the matrix;k; and ¢, are the bulk modulus
and volume fraction of the inclusion, respectively. If all
inclusions are voids, we ha¥g,, the bulk modulus of

non-linearly with an increase in the AIN content to @ ihe matrix with void:

maximum of about 40 wt%. After which there is an
abrupt drop of the modulus at 50 wt% of AIN. It is be- 3(1— vo)é
lieved that this nonlinear rise-drop patternisinfluenced k., = ko[l + ° ] (2)
by a number of factors such as interactions between 3(1~vo) = (1 = ¢)(L + vo)

particles, residual stress, dispersion of particles, and ] , ] ] )
the sintering temperature. Now ¢ is the void content in the matrix. Knowing the

If a particle is only partially “bonded” (mechanically Pulk elastic modulusk, the effective void content,

or chemically) to its neighbors, the unbonded portiont@n be evalua‘ged by su.bstitu.ting Equation 2into 1. The
is acting like a pseudo void because there is no interc@lculatedelativeeffective void contentare 85%, 77%,

action between itself and other particles. The pseud@3?7e; 0%, and 90% for AIN composites with 10%, 20%,

voids of the partially bonded particles and the physica30% 40%, and 50% AIN contents, respectively. If the

void between particles can be treated collectively as th&ffective void model can reasonably explain the trend in
effectivevoid of the material. the elastic modulus, it may also alluding to the trend of

The nonlinear increase in the modulus of the compostracture toughness and strength of the composite, since
ite results from the reinforcing effect of the stiffer AIN these quantities are intimately linked.
particles (the modulus of pure phase AIN is 318 GPa,
about 1.5 time that of the cordierite, which is about
140 GPa) and enhanced AIN-cordierite interaction.3.2. Variation of Kic and flexural strength
At lower AIN content (below 40 wt%), the enhanced with AIN content
AIN-cordierite interaction (as compared to cordierite- The variation of fracture toughness of the AIN-
cordierite interaction) is attributed partly to the in- cordierite composites with AIN content is shown in
creased particle size of the AIN. Also, the possibleFig. 2. Similar to that of the elastic modulus, the trend
presence of residual stress may also strengthen the AINY fracture toughness also exhibits a rise-drop pattern
cordierite interaction [4]. The enhanced AIN-cordierite with increasing AIN content.
interaction, mechanical interlocking the most part, re- Wadsworthet al. [4] reported a similar rise-and-
sults in a reduction of the effective void content of thedrop trend for Zr@-2 mole % Y,O3 composites. The
material. Increasing the content of the stiffer AIN phasefour-point bend fracture strength of the composite in-
in the composite increases the stiffness of the composreased to a maximum at about 20% (by weight) of
ite so long as the AIN particles are well dispersed and
bonded in the cordierite matrix. At 50 wt% AIN con-

tent, however, the AIN particles begin to aggregate. As 0.4
aresult of a lower sintering temperature (1400com- I
pared to sintering of pure phase AIN, which is 130}, 03 L

the AIN-AIN particle interaction in the aggregates is
weaker than that of the AIN-cordierite particles. The [
effect of this reduction in particle interaction is equiv- Ke 0.2 1
alent to an increase in the effect void content of the (MPam®®)

composite. 01}

No practical models accounting for the observed data
trend are currently available. However, by using mi- 0 , . ,
cromechanics models for effective modulus of multi- 0 20 40 60
phased composite, the effective void contents can be AN (%)

estimated for composites with different reinforcement

Cor_]tents- This single parameter not only provides in_diFigure 2 Variation of fracture toughness with the AIN content. The con-
cations on the trend of the modulus of the compositenecting line indicates data trend.
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ZrO,-2 mole % Y>O3. They attribute the toughening Figs 1 and 2. The flexural strength of the composite
and strengthening mechanisms to stress-induced trangses with an increase in the AIN content to a maxi-
formation toughening and the presence of residuainum of about 40 wt%. After which there is an abrupt
stress between different particles, and the reduction idrop of the strength at 50 wt% of AIN.
fracture strength to the heterogeneous dispersion of zir- An explanation can be made along the same line as
conia inclusions. Nieszergt al. [5] also showed that for the trend in the elastic modulus. The increased flex-
the flexural strength and fracture toughness of Zo®© ural strength may be attributed to the enhanced AIN-
Y-TZP (Y,0g3-stabilized tetragonal zirconia polycrys- cordierite interaction and the strengthening effect of
tals) reinforced cordierite composites exhibit similarthe AIN particles. The mismatch between the thermal
rise-and-drop pattern with increasing Zror Y-TZP ~ and mechanical properties, as well as the geometry
content to about 30 wt% of the reinforcement. of the cordierite and AIN particles introduces resid-
The toughened AIN-cordierite composites (up toual stresses within the composite, thereby strengthen
40 wt% AIN) can be explained by the reinforcing effect the AIN-cordierite interaction and thus enhances the
of the AIN phase [8]. If the density of the reinforcement strength of the composite.
is p, the frictional stress between the reinforcementand The strength enhancing effect continues until the
the matrix isz, then the average surface force resistingcontent of AIN increased to 40 wt%. Beyond 40 wt%
crack propagation isAp, whereA is the surface area AIN content, however, larger aggregates of the AIN
of contact between the matrix and the reinforcementparticles is seen (Fig. 3a and b), results in lowered flex-

The stress intensity factor around a crack is ural strength. As the sintering temperature (1400s
insufficient to promote significant sintering within the
Ka= Kic + Kp (3) AlNaggregates, the densification within the aggregates

is reduced, results in a weaker composite. In addition,
it is seen from Fig. 4a and b that the composite with

where K, is applied stress intensity factdf,, is the . S .
stress intensity factor resulting from the crack process-50 wt% AIN has larger voids, resulting in lowering the
fracture strength of the system.

ing zone (arise from the stress resisting crack propa
gation), andKc is the known fracture toughness of
the matrix. It can be shown that [8], = o'(8d / 7)/?,
whered is the length of the processing zone anid the 4. Thermal and dielectric properties

stress resisting crack opening. The toughening effect i js jmportant that both the thermal and dielectric prop-

then given by [8] erties remain favourable as the mechanical property im-
proves. The effect of AIN contents on both the thermal
K- — oA @ 12 4 and dielectric properties of the AIN-cordierite system
p=TP 4 are shown in Figs 5 and 6.
It is noted that the thermal conductivity values in-
Both the AIN-cordierite interaction ternt, and the Ccreasealmost5times asthe percentage of AIN increases

reinforcement density,, increase with an increase of from 10 to 40 wt%. This increase in the thermal prop-
AIN content (below 50 wt% AIN), give rise to a non- €y of the composite is attributed to the higher ther-
linear increase in the fracture toughness. At 50 wteghal conductivity of AIN, where the heat dissipation

AIN content, however, although is increased, the in- network of the composite is enhanced as the AIN per-

teraction term¢) has drastically dropped, resulting in C€ntage increases_. However, it is also noted that when
a reduction of resistance to crack propagation. the content of AIN increases to 50 wt%, an abrupt drop

The variation of the flexural strength with AIN con- ©f the conductivity occurs. This phenomenon has been
tent of the AIN-cordierite composite is shown in Fig. 3. 0bserved earlier in mechanical properties, where mate-

The data trend is very similar to those presented iffial properties were initially improved with an increase
of a second phase, and then begin to decrease after a

threshold percentage. In the case of thermal conductiv-
200 ity, this is attributed to the aggregation of AIN particles

at high AIN content which results in a relatively poor
75+ dissipation network of the AIN, and hence a drop in the
150 | thermal conductivity of the composite.

125 | The result on the dielectric constant measurement is

° 100 L shown in Fig. 6. It can be seen that the addition of AIN
(MPa) to the cordierite matrix does not increase the dielectric
&N, constant. In fact, the values dropped as the AIN additive
50 t increases from 10 to 50 wt%. It is noted that in the case

25 | of dielectric constant, the degradation in property of

0 . , . . . the composite is not observed when the AIN content

0 20 40 60  Increases from 40 to 50 wt%. This is attributed to the

fact that increase in the effective void content benefits
the dielectric property of the composite. As a result, for

Figure 3 Variation of flexural strength with AIN content. Connecting di€l€ctric property, the abrupt drop in property is not
line indicates data trend. observed.

AIN (%)
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Figure 4 (a) SEM micrograph of cordierite with 10 wt% AIN; (b) SEM micrograph of cordierite with 50 wt% AIN.
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Figure 5 Variation of thermal conductivity with AIN content. Connect-
ing line indicates data trend.
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Figure 6 Variation of dielectric constant with AIN content, connecting
line indicated data trend.

5. Concluding remarks

It is found that by adding appropriate amount of AIN

reinforcement content appears to be at 40 wt% AIN
content. The dielectric constant of the cordierite-AIN
composite has shown a 30% decrease as AIN was in-
creased from 10 to 50 wt%. The thermal conductivity
of the AIN-cordierite composite has also demonstrated
a five-fold increase in magnitude as the percentage of
AIN added increased from 10 to 40 wt%. It is observed
that further addition of AIN to 50 wt% has resulted
in lowering of the thermal conductivity and mechani-
cal properties. This is attributed to the aggregation of
AIN particles at high AIN content and the reduction of
sintering. The rise-drop data trend in stiffness, fracture
toughness, fracture strength, and thermal conductivity
of the composite with varying reinforcement content
may be explained using an effective void content con-
cept. Qualitative trends in the mechanical and thermal
properties of the composite can be estimated based on
the effective void content. The effective void content
is shown to be a critical parameter that is indicative
of the mechanical and thermal properties of the AIN-
cordierite composite.
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