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Processing aspects of glass—nicalon fibre and
interconnected porous aluminium nitride ceramic
and glass composites
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Glass matrix-fibre and glass infiltrated ceramic composites with interconnected phases have
been shown to have the potential for displaying optimum thermal conductivity and dielectric
constant at 1 MHz making them useful as substrates for electronic packaging. Ceramic
(Nicalon and silicon carbide grade (SCS)) fibre-borosilicate glass composites were
fabricated using tape casting processes combined with pressure and pressureless sintering
techniques. Experiments were also conducted to process AIN ceramics with interconnected
porous channels which were then hot infiltrated with borosilicate glass. Results of optical
characterization of the composites indicate that infiltration of Nicalon cloth with glass is

achieved by hot pressing, while the tape casting and lamination approach followed by
sintering is useful for fabricating composites of glass and Nicalon tows. The sintered
aluminium nitride ceramics are comprised of ~28% (volume fraction} interconnected pores.
Hot infiltration yielded ~100 pm penetration of borosilicate glass into the pores of the
nitride ceramic. The paper discusses the various scientific aspects involved in processing the
glass-fibre and porous AIN composites containing 3-d interconnected pores. Results of
the microstructural characterization of these composites are discussed particularly in
regards to the desired microstructure essential for these composites to be useful as

substrates in electronic packaging.

1. Introduction
Advancement in integrated circuit technology has lead
to the miniaturization of devices. This has caused
a rapid increase in the device density which has placed
stringent requirements on substrate technology. The
subsirates therefore need to possess adequate thermal
dissipation characteristics as well as be able to provide
good signal transmission with minimum loss and de-
lay. At present, in the ceramic packages used in micro-
electronic packaging, the main heat dissipation mech-
anism is by thermal conduction through the substrate,
while signal propagation is based on the velocity (v) of
the electric signal which is inversely related to the
relative dielectric permittivity of the material (). Thus,
the substrate materials need to possess excellent ther-
mal conductivity and minimum dielectric constant.
These criteria restrict the choice of the materials main-
ly to ceramics and polymers. The role of ceramic
materials as substrates in several packages such as
dual-in-line packages, chip carriers, pin grid arrays as
well as the recently developed ball grid arrays and the
low LTCC and high temperature co-fired ceramics
HTCC is well known [1-8]. Ceramic packaging is
therefore becoming one of the most actively pursued
areas of research.

Ceramics have dielectric constants ranging from
4-10000, thermal expansion coefficients matching
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silicon, and display a range of thermal conductivity
behaviour making them one of the best insulators and
heat conductors. Some of the materials even exhibit
better heat conduction than aluminium metal at room
temperature [1]. They are also highly refractory ma-
terials exhibiting excellent thermal and chemical stab-
ility at room temperatures making them good mater-
ials to be used in electronic applications requiring
a good hermetic seal. The main drawback of ceramics
possessing high thermal conductivity with respect to
packaging is their moderate to high dielectric constant
and the high processing temperatures. In view of the
current focus of the electronics industry to fabricate
high power and high speed packages, research in the
development of materials for packaging application
has been focused mainly at achieving objectives which
include lower dielectric constant, lower processing
temperatures, good thermal expansion match to sili-
con, improved thermal conductivity, improved mater-
ials design for power dissipation, multilayer process-
ing, and high mechanical strength. The materials that
have been identified and studied extensively for these
purposes are AIN, BeO, SiC, and diamond, because of
their high thermal conductivity [9-18]. Table I lists
the crystalline ceramic materials of interest for elec-
tronic packaging. In a level one package containing
devices mounted on a crystalline ceramic substrate,
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the heat dissipation is primarily from the bottom of
the device through the substrate.

Glass-ceramics exhibit a low dielectric constant
around 5 and an excellent thermal expansion match to
silicon. They also co-sinter very well with copper or
gold, which make them potentially one of the best
candidate substrate materials for high-performance
multilayer ceramic packages [19]. In addition, thin
film metallization layers as well as dielectric materials
could be easily deposited onto the surface of these
substrates, therefore making them amenable for high
performance application. Thus there has been
considerable interest in studying glasses and glass-
ceramics for electronic packaging [19]. The major
disadvantage of glass-ceramics are their low thermal
conductivity which make them poor materials for heat
dissipation in packaging application where the chip is
bonded to the substrate with the active end facing up.
However, in the case of the application where the heat
dissipation occurs from the back of the chip, such as in
the flip-chip technology, this limitation is largely over-
come by the use of external vias involving complex
water cooling designs as in the thermal conduction
module of IBM [20]. Table II lists some of the glass-
ceramics, glass and ceramic materials that have been
studied for packaging applications.

In the flip-chip technology, the active end of the
device is bonded to the glass-ceramic while heat is
extracted from the back of the chip. This configuration
is very conducive for achieving high device densities
although, requiring the implementation of expensive

TABLE I Properties of selected ceamic substrate materials

external cooling modes for heat dissipation as men-
tioned above. This is essential due to the poor thermal
conductivity of the glass-ceramic substrate. As a re-
sult, there are basically two different types of packag-
ing technologies to cope with the limitations of the
substrate material. One geared towards high power
devices employing crystalline ceramics possessing
high thermal conductivity and the other directed to-
wards high speed devices utilizing glass-ceramics exhi-
biting low dielectric constant. Considerable expenses
are therefore incurred for fabricating the different
packages and implementing the various package de-
signs to maintain high quality performance. The need
for these two technologies could be obviated by
a composite with suitable thermal and dielectric prop-
erties. While the concept of composites has been re-
searched extensively for high temperature structural
applications, very little work has been concentrated in
the area of electronic packaging [21]. This paper dis-
cusses the preliminary results on fabrication of two
types of composites. One is a porous composite con-
sisting of a thermally conducting ceramic as the pri-
mary matrix phase with interconnecting porous chan-
nels being the second phase. The porous channels are
infiltrated with glass, the rationale for which will be
discussed later. The second is a fibre and glass com-
posite, the microstructural design of which will also be
described later. The paper discusses the characteriza-
tion of these composites which have been fabricated
using existing processing techniques. The paper also
provides a discussion pertaining to the rationale

Substrate properties AIN SiC BeO Glass-ceramics 90% Alumina  Cubic Diamond
BN

Thermal conductivity* 230 270 290 5 25 250 2000
(Wm 1K™

Coefficient of thermal expansion 43 37 68 30-42 67 48 35
20-200°C(x10°7°C™Y)

Dielectric constant at 1 MHz 8.9 42 6.8 50 94 7.1 5.6

Flexural strength (MPa) 350 420 250 210 280 - -

*measured values at room temperature

TABLE II Properties of glasses, glass plus ceramics, and glass-ceramics

Materials Dielectric constant Coefficient of thermal expansion
10—7 chl

Glasses

B,0;-8i0,-Al1,05-Na,0 4.1 32

Glass + Ceramics

PbO + B,0; + Si0; + (Al,03) 7.5 42

MgO + Al,O; + SiO; + B,Os5 + ALO; 4.5 30

B,0O; + SiO; + (Al,O3) 5.6 45

2MgO- 2A1,05- 5810, + (Al,O3) 5.5 30

CaO + Al,O; + SiO; + B,0; + (A1,03) 7.7 55

Li,O + SiO; + MgO + AL, O3 + SiO; + (Al,O5) 7.3 59

Li,O + ALO; + SiO, + (Al,O3) 7.8 30

Glass-Ceramics

MgO-Al,0;3-8i0,-B,0,3-P,05 5.0 30

Li,O-Al,05-S8i0,-B,0; 6.5 25

B,03-P,05-Si0, 3944
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behind fabrication of these composites and the type of
microstructures necessary so that they can display the
optimum dielectric and thermal properties.

2. Materials selection and methodology

As mentioned above, fabrication of the two types of
composites and their effectiveness is dependent on the
selection of the materials, the design of the composite
and its microstructure. The formation of the fibre and
glass composite is contingent upon selection of glass
as the matrix and judiciously selecting the fibre for the
second phase material. This identification and selec-
tion is very strongly dependent upon the dielectric
constant and the thermal conductivity of the material
since these are the two most important parameters
relevant for electronic packaging. It is therefore desir-
able to select the two materials, one with the lowest
dielectric constant and the other having a high ther-
mal conductivity. In the low dielectric constant cat-
egory, the materials that have received the most atten-
tion are cordierite and borosilicate glasses and glass-
ceramics as shown in Table II. Other glasses have also
been developed which show potentially lower dielec-
tric constants such as borophosphosilicate glasses re-
searched by Macdowell and Beall and the present
authors [22-247. However, since borosilicate glasses
have been well studied and considerable information
is available in the literature in regards to processing,
electrical and thermal properties, its selection seemed
appropriate for the current study. From the list pro-
vided in Table I, the choice of electrically insulating
materials displaying high thermal conductivity are
limited to AIN, SiC, BeO and diamond. Aluminium
nitride (AIN) is a good choice over beryllia for high
performance packages. Diamond on the other hand is
an excellent material but the difficulty in synthesizing
fine particles and sintering them to obtain a continu-
ous phase limits its choice.

Silicon carbide as seen from Table I has a thermal
conductivity of 270 Wm ™ * K ~!. In the fibre form SiC
based (Nicalon) fibre has been extensively studied for
composite applications and is commercially available.
The ceramic fibre grade however has oxygen impu-
rities and is known to be an oxycarbide with a thermal
conductivity of only 12 Wm™ 'K ! along the fibre
axis at room temperature, and a dielectric constant of
9 at 1 MHz, as reported by the manufacturers (Dow
Chemicals). Nicalon was therefore selected as the sec-
ond phase for these preliminary studies despite its
rather poor thermal conductivity mainly to demon-
strate the connectivity issue which will be discussed
later in the section on microstructural design. The idea
could then be used to fabricate composites employing
fibres of high thermal conductivity such as AIN. There
has been considerable amount of work reported in the
literature as regards to processing and studying the
mechanical properties of borosilicate glass and
Nicalon composites [25,26]. While there have been
significant developments in regard to processing of
glass and fibre composites for structural application,
there has hardly been any work related to the applica-
tion of these processing techniques to fabricate and

design composites and test their applicability for elec-
tronic packaging.

As discussed above, the main goal of the study was
to fabricate composites with a suitable microstructure
so that the composite would display optimum thermal
conductivity and dielectric values for applications as
substrates in electronic packaging. The properties of
such a composite can be predicted to some extent
based on certain mathematical models. There are sev-
eral models that exist, the one that is most well known
is based on volume fraction additions [27-29]. Ac-
cording to the empirical rules set by the models, it can
be seen that a certain volume fraction of two different
phases could result in an optimum thermal conductiv-
ity and dielectric constant. However, what is impor-
tant for thermal conductivity is the interconnectivity
which the models do not take into account. Thermal
conductivity and dielectric constant in a particular
direction are influenced more by connected rather
than dispersed phases. Thus, using ceramic fibres hav-
mg high thermal conductivity and adjusting the ori-
entation and geometry could serve to be quite effective
in achieving the desired optimal thermal and electrical
properties. In such cases, the effective dielectric and
thermal conductivity are more realistically predicted
by the percolation theory and the effective medium
theory [30]. Currently, commercially available
Nicalon fibres do not possess the high thermal con-
ductivity as displayed by the bulk material. However,
the availability of high purity SiC or AIN fibres in the
future would make the concept very viable.

Percolation theory [30] was initially originated to
study the effect of cluster size of randomly connected
solids and was particularly important for predicting
the properties of materials resulting from polyfunc-
tional polymerization and condensation of hydro-
lyzed metal alkoxy groups occurring in sol-gel
reactions. The principal basis for this theory is the
non-applicability of a simple linear-mixing law to pre-
dict the effective general physical properties for com-
posite media. Thus, the effect of particle size, shape and
distribution; and wetting propetties of the component
phase are extremely important in addition to the vol-
ume fraction. The theory takes into account the volume
fraction of the different phases and is based on a thre-
shold value. At this transition value the phases would
become interconnected, and the thermal properties for
example, are dictated by the phase that has the higher
value. Thus, in the present case if the fibre-glass com-
posite is fabricated such that the fibres are interconnec-
ted and stacked to represent a 0-90 orientation, the
thermal properties would be very well dictated by the
fibres since they possess a higher thermal conductivity.

Button et al. [30] have indicated that for systems
which have extreme variations in the values of proper-
ties such as thermal conductivity and dielectric con-
stant, the effective-medium-theory (MET) provides
a more accurate representation of the percolation the-
ory. This has been verified by calculations and simula-
tions in the literature [31,32]. In fact Webman et al.
[31] have shown that it can successfully predict mor-
phological dependence. The EMT approach in sum-
mary consists of replacing a continuous composite by
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a homogeneous, effective medium that has identical
macroscopic and physical properties as the original
composite. The effect of variations in the form and
shape as well as in the volume fractions are then
evaluated by replacing a small portion of the effective
medium by one of the starting materials of the com-
posite. A set of self consistent equations can then be
derived by setting the volume fractions of the two
phases, which effectively represent the weighted chan-
ges in the fields to zero. These equations are known as
the EMT equations which relate the effective values of
the physical properties to the volume fractions, and
the individual values of the two component phases. In
the case of a composite containing a fibre such as the
present case, the principal symmetry directions are
along the c-axis (the longitudinal (I} direction) and the
direction normal to the c-axis which is the transverse
direction (t) or the a-axis direction. The physical prop-
erties can thercfore be evaluated along these two
directions as reported by Button et al. [30]. The cor-
responding EMT equation for a certain physical prop-
erty X;(j =/ or 1) (such as dielectric constant, k and
thermal conductivity, K) in the two directions is

[1—Fi(@]X5 + {X([File) = /1]
+ X5 [File) — 21} X; — X X, Fi(e) = 0

where f; and f, are the volume fractions and X, and
X, the isotropic physical properties of the two starting
materials, respectively. The function F(e) is a function
that is related to the geometry of the individual com-
ponents and depends on the eccentricity, e which in
turn depends on the aspect ratio ¢/a where ¢ is the
major axis and a is the minor axis of a spheroid. In the
case of the fibre along the longitudinal direction which
is important for the present case, F; = 0 and F, = 0.5
since F, = (1 — F)/2. Using this relation one can ob-
tain a variation of the effective thermal conductivity
(K) and dielectric constant (k) with the volume fraction
of the fibre or filler material. Thus a 60% volume
fraction of Nicalon as the filler material would yield an
effective thermal conductivity of 10 Wm 'K ™! along
the fibre-axis. The effective thermal conductivity of the
composite is therefore largely dependent on the ther-
mal conductivity of the fibre material. However, the
concept can be clearly exploited for the fabrication of
substrates in electronic packaging.

In regards towards connectivity, one can also envis-
age the use of thermally conducting aluminium nitride
as a composite material if it is possible to intentionally
introduce continuous pores. This would essentially
involve fabricating a two phase material having inter-
connected pores as one phase and thermally conduct-
ing aluminium nitride as the second phase. Initial
experiments on sintering of aluminium nitride by
Prochazka and Bobik [33] have indicated that during
heat treatment of the green bodies there is essentially
coarsening in absence of densification. This suggests
that the geometry of the interconnected structure re-
mains unchanged while the grain size increases with
temperature. They also performed surface area
measurements which indicate an effective surface to
surface transport process operating at relatively low
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temperature. Aside from the these preliminary studies
by Prochazka and Bobik, very little work has been
reported on the processing and use of porous AIN for
electronic packaging [21].

The effective thermal conductivity of such a com-
posite could be easily predicted using the Maxwell-
Eucken (M~E) relationship [27]. If we assume that the
composite has a ceramic phase whose volume fraction
and thermal conductivity are denoted as K, and
V. respectively, then the effective thermal conductivity
of such a composite could be given as

K~ Ko [(1 =Vl + Va)]

where V4 is the volume fraction of the pores and K, is
the effective thermal conductivity of the composite.
For the present example comprising of AIN as the
matrix phase, if we assume that 70% of the fabricated
composite in AIN and 30% of the volume fraction is
comprised of pores that are interconnected then one
can expect the effective thermal conductivity of the
composite from the M-E equation to be =100
Wm 'K L It should be mentioned that the above
prediction from the M-E relations does not take into
account the nature of the porous channels (thickness,
length and the tortuosity). These are of course vari-
ables that will determine the effective thermal con-
ductivity. The effective vatue of K determined by the
M-E equation is solely governed by the continuous
nature of the major ceramic phase. Nevertheless the
M-E relationship still provides a conservative esti-
mate of the effective thermal conductivity. The porous
nature of such a composite would make it very vulner-
able to humidity and moisture which would limit its
applicability as a substrate material. However, infiltra-
tion of a glass into the pores to a small depth would
ensure a good hermetic seal making it viable as a sub-
strate for packaging.

The present paper discusses the results of prelimi-
nary experiments conducted on two aspects. One
based on the fabrication of glass matrix—Nicalon fibre
composites using concepts reported by Button et al.
[30]. They had fabricated laminate composites of
polymer resins reinforced by AIN fibres and had dem-
onstrated the possibility of controlling the geometry
to achieve the desired connectivity. Using similar con-
cepts, if a glass-fibre and porous ceramic composite
exhibiting the desired microstructure can be fabri-
cated it could potentially exhibit good optimal dielec-
tric constant and thermal conductivity as predicted
above, and could be used for both low (room temper-
ature) and high temperature ( 700 °C) devices. This
paper discusses only the processing aspects of fabricat-
ing the two composites. The fibre-glass composites
were fabricated using hot pressing, and infiltration of
the glass slurry into the fibre tows followed by lamina-
tion of the tape-cast glass. Porous aluminium nitride
compacts were fabricated using standard sintering
procedures. Borosilicate glass was then infiltrated into
the pores of the compacts to fabricate a porous glass
and ceramic composite. The paper also discusses the
results of the microstructural characterization con-
ducted to evaluate the nature of the composites. This
included evaluating the chemical stability, fibre glass



interface structure and the interconnectivity of the
fibres in the case of the fibre-glass composites while
analysing the porous AIN compacts for presence of
continuous pores. The paper does not focus on the
electrical and thermal measurements which is current-
ly ongoing and will form a part of a subsequent
publication.

3. Experimental procedure

The experimental section will be divided into two
parts one related to the fabrication of glass-fibre and
the other related to the processing of porous alumi-
nium nitride composites.

3.1. Processing of glass-fibre composites
Since the thermally conducting phase is the fibre as
discussed above, good interconnectivity in three di-
mensions could be envisioned by using a 3-d inter-
woven cloth. However, considering the preliminary
nature of the work, in order to test the feasibility of the
concept, it was decided to use a plain weave Nicalon
2-d woven cloth (Nippon Carbon Co. Ltd., Japan).
The matrix material chosen was a 7760 grade borosili-
cate glass commercially obtained from Corning. The
properties of both these materials relevant for the
present work, supplied by manufacturers are shown in
Table TIL

Experiments were designed in order to identify the
most economical and viable process. Accordingly, two
different approaches were followed mainly based on
(I) sintering laminates of tape-cast glass and fibre and
(IT) hot pressing the glass and fibre compacts.

3.1.1. Tape casting and sintering (l)

In this case, the borosilicate glass powder was initially
dispersed into solution using Fish oil as the disper-
sant. The dispersed glass was then mixed with a binder
(Butvar B-76) and a plasticizer (Santicizer S-160) to
blend the glass with the binder. The resultant colloidal
dispersion was then cast into a 8 mil tape [34]. The

TABLE III Characteristics of materials selected for the glass-fibre
composite.

I. Glass System
Borosilicate glass (Corning grade 7760)
Composition:
silica 70-80%
boron oxide 10-20%
sodium oxide 1-10%
alumina 1-10%
arsenic oxide <1%
potassium oxide 1-10%

Properties
Dielectric constant: 4.5 @ 1 MHz, 20°C

II. Fibre
Nicalon (2-d) cloth (Plain weave 1 sq.m.,
Nippon Carbon Co. Ltd., Japan)

Properties
Dielectric constant: 6.2 @ 1 MHz
Thermal conductivity: 12 Wm 1K !

tapes were then stripped from the tape casting bench
and then laminated with the Nicalon cloth. Four dif-
ferent routes based on the tape casting and sintering
approach were followed in order to ascertain the best
process to fabricate these composites. Fig. 1 shows a
schematic of the different routes which are discussed
below.

3.1.1.1. Method 1 In this route, the tapes were
laminated directly with the Nicalon cloth at a temper-
ature of 15°C for 15-30 min. The laminated tapes
were then sintered using a controlled heat treatment
cycle. The first cycle consisted of heating the tapes to
a temperature of 500°C at the rate of 2°Cmin ™! in
flowing oxygen at a pressure of 3.4 x 10* Nm ™2, and
holding the samples at the temperature for 1 h. After
the 1 h hold, the samples were then heated in vacuum
to 880°C (=50°C above the softening point) at
5°Cmin~ " and held for 1 h and 20 min to initiate and
complete the sintering processes involved in fabricat-
ing the composite. The atmosphere was then switched
to argon and the samples were cooled to room tem-
perature using a cooling rate of 2°Cmin ~ 1. At the end
of this step, the composites were sectioned and the
cross-sections observed using optical microscopy.

3.1.1.2. Method 2 In this route, the slurry used for
tape casting was vacuum infiltrated into the Nicalon
cloth whose sizing was earlier removed by soaking the
cloths at 600°C in air for 5-15min. The vacuum
infiltrated specimens were then laminated between six
8 mils thick tape cast tapes at a temperature of 15°C
for 30 min. The laminated tapes were then heated at
2°Cmin~ ! to 500 °C in flowing oxygen to remove the
organics. A graphite slab weighing 120 g was arbitrar-
ily selected as a dead weight in order to facilitate the
glass to flow into the tows of the cloth. After a hold of
80 min, the samples were then heated in vacuum to
1000°C at 10 °Cmin~* and held for 80 min. The com-
posite specimens were held at 1000 °C for 80 min after

l

Method 1 Method 2 Method 3

Vacuum

Method 4

Lamination| | infiltration of
with cloth cloth
Lamination with Lamination with
Laminate SCS-0 and dip coated nicalon
SCS-6 fibre tows
r \ Y
fa Sinter

Figure I Flow sheet showing the different paths followed in the tape
casting and sintering approach.
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which the samples were cooled very slowly at
2°Cmin~* under an atmosphere of argon to 500°C,
and were held at this temperature for 3-5 h before they
were cooled down to room temperature at 2°C min .
In another sampie, a load of 100 g was placed on the
laminated specimens, while placing two layers of the
Nicalon cloth between tapes for lamination. The sam-

ples were then analysed using optical microscopy.

3.1.1.3. Method 3 In this route instead of the 2-d
woven Nicalon cloth experimental trials were conduc-
ted using SCS-0 and SCS-6 fibre as the second phase.
The fibres were inttially rolled onto aluminium foils at
an interfibre distance of 8 mils to form a pre-preg. The
pre-pregs were then laminated using 3.2 mm tape cast
tape at 93°C initially for 5 min and then applying
a very slight load for 10 min. Four pre-pregs were
laminated each between two layers of tape in 0-90
orientation so that a configuration similar to the 2-d
woven cloth could be attained. A final lamination was
performed at 121 °C for 15 min initially and then ap-
plying a slight load for an additional 15 min. The
laminates were then subjected to a similar heat treat-
ment as described above in methods 1 and 2. Identical
procedures were also followed using the SCS-6 fibres.

3.1.1.4. Method 4 In this procedure commercially ob-
tained Nicalon tows whose sizing was removed were
used as the second phase. The procedure consisted of
initially removing the sizing from the fibre tows by
heating them in air at a temperature of 600°C for
15 min. The tows were then dip coated with the slurry
containing the borosilicate glass powders used for
tape casting. The dip coated tows were then dried in
air and then laminated between four layers of tape
using similar procedures as described in methods
1 and 2. The tapes containing the dip coated tows were
then subjected to an initial burn out at 500 °C and
then sintered in vacuum at 900°C according to
methods 1 and 2. A similar procedure was also fol-
lowed using dip coated Nicalon tows placed in 0-90
orientation except that the sintering was conducted at
a temperature of 1000 °C.

3.1.2. Hot pressing (/1)

This procedure was followed only using the 2-d woven
Nicalon cloth along with the borosilicate glass powder
(7760 grade from Corning). The detailed experimental
procedure consisted of the following steps. The 2-d
woven cloth was initially treated for removal of sizing
at 600°C for ~8-12h. The cloths were then vacuum
infiltrated with the slurry used for tape casting. Im-
mediately following vacuum infiltration, the wet cloth
was placed between two 8 mils or 16 mils thick tapes
and then dried in air. The dried tapes were then
laminated once again between two 8 mils or 16 mils
thick tapes at 15°C for 10min initially and then
with a load at 15°C for an additional 10 min. The
laminated samples were then placed in an ashing fur-
nace (Fisher Scientific) for removal of organics and
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binder. The samples were heated at the rate of
2°Cmin"" to 500°C and kept for 80 min after which
the temperature was brought down at 2°Cmin ! to
room temperature. After this treatment, these samples
were then loaded into a die and packed with the glass
powder after placing graphoil foils at the bottom and
top of the die cavity. Fig. 2 shows the sequence fol-
lowed in processing these samples. A stacking se-
quence consisting of placing alternate layers of glass
powder and Nicalon cloth was used. Initial experi-
ments consisted of using just the laminated cloth with-
out packing any additional glass powder. The experi-
ments were then modified with two layers of cloth
alternating with glass powder. Finally, five layers of
laminated cloths were stacked in the die with alternat-
ing layers of glass powder in order to minimize the

Sizing removal

'

Vacuum infiltration

Lamination with cloth

Pack glass powder
and cloth

Hot Press at 1000 °C and
10-14 MN m2

Characterization using
optical microscopy

Figure 2 Flow sheet showing the steps followed during hot pressing
to form the glass-fibre composite.



distance between the cloth layers and to enhance the
connectivity.

After the samples were stacked into the die, the die
was loaded into the hot press (GCS Corporation,
Vacuum Industries, Somerville, MA). The system was
then pumped down to 4.665 x 10° Nm~2. The die was
then heated to 1000 °C in vacuum and then a pressure
of 10-14 MNm ™2 was then applied to the samples.
The load was kept constant for ~ 30 min after which
the samples were cooled down to room temperature.
The samples were then recovered from the die and
observed for penetration of glass into the fibre using
optical microscopy.

3.2. Processing of porous aluminium nitride
The experimental procedure consisted of using com-
mercially obtained aluminium nitride from Starck
chemicals in Germany. The as-received powders were
mixed with acetone and cold pressed into pellets
(6 mm thick) and 13 mm in diameter by application of
pressure =~ 1000 psi. The cold pressed pellets were
dried overnight and then cold isostatically pressed at
~240 MNm~? to a final dimension of 5.6 mm thick-
ness and 11 mm diameter. The pellets were then
placed in a closed graphite crucible covered with loose
aluminium nitride powder. The hot press chamber
was evacuated and back filled with nitrogen. The
pellets were then sintered in this static nitrogen atmo-
sphere of 1.013x10° MNm 2 Initial experiments
were conducted by hot pressing the cold isostatically
pressed powders at 1800-1880°C for 1 h. Another set
of experiments were conducted on powders that were
ball milled in ethanol for 24 h and then cold pressed
followed by a cold isostatic press to form green com-
pacts. This procedure was followed to see the effect of
particle size on the nature of the porous composite.
These compacts were then sintered under identical
conditions except at a temperature of 1900-1920°C
for 1 h. After the sintering experiments, the samples
were polished and observed under an optical micro-
scope. Meanwhile, glass infiltration experiments were
conducted on both the pellets using the borosilicate
glass. The infiltration was conducted by placing the
pellets in a graphite die covered with the 7760 grade
glass commercially obtained from Corning that was
used in Section 3.1. The loaded die was then heated to
1000°C and a pressure of 10-14 MNm ™2 was then
applied for 30 min. The samples was then recovered
and the cross-sections observed under an optical
microscope to observe the infiltration of glass into the
porous ceramic.

4. Results and discussion

The results of the experimental work will be presented
in three sections. Section 4.1 will discuss the results of
the experiments conducted primarily on tape casting,
lamination and sintering of plain Nicalon tows,
Nicalon 2-d cloth, the SCS-0 and SCS-6 fibres.
Section 4.2 will discuss the results of the work conduc-
ted on hot pressing of the Nicalon cloth infiltrated

with the glass slurry and borosilicate glass powder.
Section 4.3 will then discuss the results of processing
the porous aluminium nitride compacts and also de-
scribe the results of the preliminary trials conducted
on infiltration of borosilicate glass into the porous
aluminium nitride ceramic.

4.1. Tape casting and sintering
4.1.1. Method 1: Tape casting and
lamination of 2-d Nicalon cloth
followed by sintering

In order to fabricate the composite, initial trials were
conducted to observe the feasibility of direct lamina-
tion of the Nicalon cloth placed between two 8 mil
cast tapes of borosilicate glass. The tapes with the
cloth were laminated and then sintered following the
schedule described above in the experimental section.
The resuiting composite on removal from the furnace
was extremely fragile and would peel off at several
places. This provides indication that the glass was not
properly adhering to the fibré surface due to inad-
equate wetting. There were noticeable surface cracks
probably due to thermal stresses generated within the
glass matrix during cooling. The cracks could not
have arisen due to variations in thermal expansion
since the thermal expansion coefficients of the Nicalon
fibre (4 x 10~ °°C 1) and 7760 grade borosilicate glass
(3.7x107¢°C™ 1Y) are similar. The samples were cut
and mounted on epoxy and then polished following
standard ceramic polishing procedures. The optical
micrograph obtained on the cross-section of the
sample is shown in Fig. 3. The micrograph clearly
shows that only the surface of the fibre tows have been
wet by the glass without resulting in any penetration
at all. This could be because of several reasons. First,
the temperature of 880 °C is not adequate to cause the
glass to be sufficiently fluid (1 ~ 107 poise) enough to
penetrate the fibres [35]. Second, the fibre spacing
~ 10 pm is too small requiring extremely high capil-
lary pressures to cause penetration of the glass
through the fibre spacing. For example, assuming that
the glass possesses a surface energy of 3Jm™? the
capillary pressure amounts to 6 MNm ™2 [36]. This

Figure 3 Optical micrograph showing the polished cross-section of
glass-fibre (2-d cloth) composite obtained using the tape casting and
sintering approach.
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itself suggests the need for significant amount of ex-
ternal pressure to be provided on top of the composite
during sintering to obtain any reasonable penetration
of the glass into the fibre spacing. Hence, a series of
experiments were performed to ascertain the effects of
Increased temperature and pressure.

4.1.2. Method 2: Effect of increased
temperature, vacuum infiltration
and pressure

Based on the above results, it was decided to penetrate
the glass into the Nicalon fibre spacing by vacuum
infiltration. This would help to promote wetting of the
fibre by the glass. Hence, the Nicalon cloth was ini-
tially pretreated to remove the sizing and then vacuum
infiltrated with the borosilicate slurry. After infiltra-
tion, the cloth was placed between two tapes and then
laminated. The laminated tape was then heated to
a higher sintering temperature of 1000 °C and after the
initial hold of 80 min was then subjected to a slow cool
(2°Cmin ') to 500 °C. The composite was held at this
temperature for at least 3 h before cooling down to
room temperature. This thermal schedule was fol-
lowed in order to minimize the surface cracks that
were seen on the glass in the earlier experiments dis-
cussed above. In order to induce penetration, an arbit-
rary dead weight of ~120g was placed on top of the
composite. Modification of the initial conditions ap-
peared to cause visible changes in the composite.
Fig. 4 shows the cross-section of the composite ob-
served under an optical microscope after routine grin-
ding and polishing of the composite samples. The
micrographs clearly show an improvement over the
earlier case in terms of penetration of the glass into the
fibre spacing. However, the glass had still not com-
pletely penetrated into the fibre tows. Since the two
layers of the cloth were laminated after infiltration, the
micrographs also show the longitudinal cross-section
of the fibres. Although, some improvements can be
seen in terms of penetration of glass into the fibre

Figure 4 Optical micrograph showing the polished cross-section of
glass-fibre (2-d cloth) composite processed using vacuum infiltration
and sintered at a higher temperature using a dead weight of 120 g.
The micrograph shows improved penetration of the glass into the
fibre tows.
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spacing, there still appears to be regions of porosity in
the glass matrix due to possible loss of adsorbed water
from the glass. Pretreatment of the fibres and the glass
frit and the use of anhydrous solvents during the
synthesis of the slurry could help in minimizing the
porosity. Repeating the procedure using a dead weight
of 100 g however once again showed considerable por-
osity in the glass although, there were regions wherein
the glass had penetrated into the fibre spacing.

These experiments therefore suggest that vacuum
infiltration combined with a higher temperature and
use of a dead weight helped to improve the penetra-
tion of the glass melt into the fibre spacing. However,
the concept of tape casting and sintering seems to be
quite inadequate on its own to result in a good com-
posite with complete wetting of the glass and the fibre
cloth. As mentioned, one of the main reasons is the
high viscosity of the glass melt and the tremendous
capillary pressures that consequently need to be over-
come to cause penetration into the fine fibre spacing.
On the other hand, it should be mentioned that the
glass powder is quite coarse with an average particle
size¢ of ~10pm. Thus, vacuum infiltration of the
coarse glass particulate slurry does not result in ad-
equate penetration into the fibre spacing. However,
the use of a sol-gel derived sol of a glass powder
consisting of much finer particle sizes could result in
improved wettability enhancing the quality of the
composite.

4.1.3. Method 3: Tape casting and
lamination of SCS-0 and SCS -6
fibre followed by sintering

These experiments were conducted since the tape cast-

ing'and sintering approach failed to provide an ad-

equate quality composite on which the electrical and
thermal properties could be measured. Initial experi-
ments were conducted using the SCS-0 grade fibre
which is essentially non stoichiometric SiC with excess
carbon and some oxygen. The fibres were initially
rolled onto a pre-preg as described in the experimental
section and then laminated onto the borosilicate
tapes. Similar sintering procedures were followed as
with the 2-d Nicalon cloth. Four layers of the fibres
were placed in 0-90 orientation and laminated follow-

ing identical procedures as in the case of the 2-d

Nicalon cloth. The composites were heated to 1000 °C

for sintering and cooled down at 2°Cmin~* to 500°C

at which temperature it was kept for almost 4 h before
cooling down to room temperature. The composite
however, was not at all transparent and appeared
dark and unclear indicating the presence of possible
unburnt binder trapped inside the composite. The
cross-section of the composite also revealed the pres-
ence of considerable porosity visible to the naked eye
suggesting fibre degradation. This could possibly be
because of a chemical reaction occurring at the glass-
fibre interface. A possible reaction could be the forma-
tion of sodium silicate due to the migration of Na™
ions from the glass to the fibre as has been observed
using the SCS-0 fibres with sodium containing
glass [37]. A detailed microchemical analysis of the



fibre-glass interface would be necessary to verify this
hypothesis.

In the case of the SCS-6 fibres, once again similar
sintering procedure reported for the Nicalon cloth was
followed. Four layers of the fibres were laminated in
0-90 orientations and then subjected to sintering at
1000 °C after burning out the binder at 500 °C. Fig. 5
shows the cross-section of the composite observed
under an optical microscope. The micrographs clearly
indicate fibre swimming that has occurred during the
sintering process. At the same time considerable poro-
sity is seen particularly close to the fibres. The SCS—6
fibres are chemically made up of a central carbon core,
an inner coating covering the core, four SiC layers
deposited on the inner coating, and an outermost
coating whose composition has long been a contro-
versy [ 37-40]. However, recently Ning et al. [38] have
reported the results of microchemical analysis of the
SCS-6 fibre. Their studies indicate that the outermost
layers are made up of four different layers of SiC, the
Si to C ratio not being exactly stoichiometric. The
porosity could arise from the reaction of the outer core
with the glass. A possible reaction being that of carbon
with sodium oxide to form CO which escapes from the
glass resulting in the porosity as seen in Fig. 6. An-
other possibility is the loss of adsorbed water from the
fibre and the glass through the viscous melt leading to
the formation of pores.

4.1.4. Method 4: Tape casting and
lamination of Nicalon fibre tows
followed by sintering

All the above processes with the cloth as well as with

pre-pregs of SCS—0 and SCS-6 seemed to indicate

problems of inadequate penetration. In the case of the
fibres, there was also degradation due to reaction with
the glass. It was therefore decided to study and apply
the tape casting and sintering approach to commer-
cially obtained Nicalon tows. The sizing was stripped
off from the tows by heating in air at 600 °C. They
were then dipped into the borosilicate glass slurry.

The dip coated tows were laminated and sintered
following identical processes as those discussed earlier
in method 1. Two sets of experiments were conducted
using the dip coated tows, one in which the com-
posites were heated to 900°C and the other in which
the composites were heated to 1000 °C with the tows
arranged in 0-90 orientation. Fig. 7 shows the cross-
section of the composites observed under an optical
microscope. The micrographs clearly indicate very
good wetting of the fibre with the glass in contrast to
the composites fabricated employing the Nicalon
cloth, although some random porosity is evident.
In the case of the tows arranged in the 0-90 orienta-
tion also, it can be seen that there is good wetting
obtained. Thus this appears to be a viable process
for processing glass-fibre composites for electronic
packaging,

4.2. Hot pressing of the glass and the
Nicalon cloth

From the discussion above it can be seen that the tape

casting and sintering approach shows some promise in

Figure 6 Optical micrograph showing the polished cross-section of
glass-SCS—6-fibre composite. The micrographs show fibre swim-
ming as well as porosity near the fibre possibly due to degradation
of the outer fibre coating.

Figure 5 Optical micrograph showing the polished cross-section of
glass-SCS-6-fibre composite. The micrographs show fibre swim-
ming and possible degradation of the outer carbide coating.

Figure 7 Optical micrograph showing the polished cross-section
of glass and Nicalon fibre tows dip coated in glass slurry.
The micrograph shows good penetration of glass into the fibre
spacing.
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the case of fabrication of composites using vacuum
infiltrated Nicalon tows. On the other hand, it is
extremely difficult to achieve good penetration of the
glass into the fibre tows using the Nicalon 2-d cloth.
The close spacing of the weave prevents the glass from
entering the fibre tows both at the vacuum infiltration
and sintering stages. It was clear that in order to
achieve adequate penetration there is need for applica-
tion of pressure in addition to increasing the sintering
temperature. Hot pressing was therefore seen as a
solution to the problem. Several sets of samples were
hot pressed in order to obtain the right combination
of processing parameters of temperature (1000 °C) and
pressure ( ~ 10-14 MNm~2). The samples were hot
pressed for 30min and then cut, mounted and
polished to be observed under the optical microscope.
Fig. 8 shows the cross-section of a representative com-
posite. The micrograph clearly shows regions where
the glass has completely penetrated the fibre tows in
a uniform fashion. There are very few regions where
the glass has not penetrated into the fibre spacing.
Another noticeable effect is the densification of the
glass with very minimum porosity. Thus, it was pos-
sible to fabricate uniformly penetrated glass-
fibre composites using the hot pressing technique
at a temperature of 1000°C and pressure of
7MNm™ 2 Future experiments will be directed at
processing composites using this approach and evalu-
ating them for their dielectric constant and thermal
conductivity.

4.3. Processing of porous aluminium nitride
The as-received aluminium nitride powders were cold
pressed and then isostatically pressed to form a green
pellet. The resulting pellets were then sintered in nitro-
gen at 1900 °C for'l h. The samples were polished and
observed under an optical microscope. Fig. 9 shows
the optical micrograph of the polished specimen. The
micrographs clearly indicate the presence of connec-
ted pores continuous to the surface. The densities of
the sintered porous samples were also measured using

Figure 8 Optical micrograph showing the polished cross-section of
hot pressed glass-fibre (2-d cloth) composite processed at 1000°C
and 10 MNm ™2 pressure. The micrograph shows good penetration
of the glass into the fibre spacing. The glass is also visibly dense with
no porosity.
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a pycnometer which indicated the densities to be
3.257gem™! very close to the theoretical density
(3.26 gem ™). At the same time the apparent density of
the samples was calculated to be 2.32 gecm ™ *. A com-
parison of the two therefore indicates presence of
~28% porosity in the samples. The porous nature of
the samples coupled with the pycnometric studies
yielding theoretical density suggests the interconnec-
ted nature of the pores. These results are extremely
promising particularly for the application of these
composites as substrates in electronic packaging since
the interconnected nature of the pores could provide
for optimum dielectric constant and thermal conduct-
ivity as discussed earlier in Section 2. These measure-
ments are currently in progress.

Following these encouraging results, it was decided
to infiltrate the nitride ceramic with borosilicate glass.
The hot infiltration was conducted at 1000°C using
a pressure of 10 MNm ™2, The resulting composite
was mounted, sectioned, polished and observed under
the optical microscope. Fig. 10 shows the cross-
section of the polished samples. The micrograph
indicates that the glass has penetrated only to a dis-
tance of 75-100 um. These results therefore suggest

Figure 9 Optical micrograph showing the polished cross-section of
the sintered aluminum nitride pellet. The micrograph shows the
presence of well connected porosity.

Figure 10 Optical micrograph showing the polished cross-section
of sintered aluminum nitride hot infiltrated with borosilicate glass.
The glass has penetrated to a distance of ~100 pm into the poresin
the nitride ceramic.



the potential of these experiments for obtaining
porous AIN ceramics that would satisfy both the elec-
trical and thermal requirements. The low penetration
distances of the glass into the ceramic in fact could
provide a good hermetic seal which is important
for the ceramic to be useful as a substrate material.
Future work will be directed towards measuring
the thermal and electrical characteristics of these
composites.

5. Conclusions

The results of the preliminary studies conducted on
processing of glass-fibre composites indicate the ex-
treme difficulty encountered in employing the tape
casting and sintering approach particularly, in the
case of the 2-d woven fibre cloth. Nevertheless, the
results of the work suggest the potential of this ap-
proach for processing composites using slurry coated
Nicalon tows where successful penetration of the tows
with the glass was achieved. Hot pressing of borosili-
cate and Nicalon cloth at 1000°C and 10 MNm™?
also resulted in the formation of good composites with
successful penetration of the fibre tows with glass.
Substantial fibre degradation was however observed
in the case of the SCS-0 fibre due to a possible chem-
ical reaction of glass with the fibre. At the same time
preliminary sintering studies conducted on commer-
cially obtained AIN powders resulted in a ceramic
with ~28% connected porosity. Hot infiltration of
the ceramic provided =75-100um penetration of
the glass into the connected pores. These results
particularly, those with the AIN are therefore quite
encouraging in terms of demonstration of its potential
as a composite material for electronic packaging.
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