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Abstract

AIN ceramics are employed in a multitude of applications including large-scale integrated circuit (LIC) packaging substrates,
electrostatic chucks, and transparent ceramics due to their excellent thermal conductivity, insulation and dielectric properties, robust
corrosion resistance, and thermal expansion coefficient nearly identical to that of silicon. Tape casting is the optimal methodology for
the fabrication of large-area, thin, and flat ceramics and components. However, the well-dispersed slurry with high solid loading is
required to obtained the ceramic substrates with excellent properties by tape casting. Therefore, in this study, the effects of dispersant
content, first ball milling time, binder content, and R value (plasticizer/binder) on the rheological properties of aluminum nitride
slurry and casted sheet qualities were investigated. The results indicated that the optimal dispersant formulation was 1.1 wt%, the
binder formulation was 2 wt%, the R value was 1.5, and the solid content was 60 wt%. The utilization of the aforementioned organic

system enabled the preparation of AIN sheet exhibiting favorable morphology, high solid content, and flexibility.
Keywords: Tape casting; AIN; Slurry; Solid loading; Rheological property

1 Introduction

As the microelectronics and integrated circuit
manufacturing field continue to higher integration,
miniaturization, and higher reliability, the unit volume of
the integrated block of electronic components work on
the heat generated by a sharp increase in excessive heat
emitting will inevitably produce irreversible damage to
the electronic components on the substrate, or even lead
to the burnt out of integrated block. Therefore, higher
requirements on the thermal conductivity of electronic
packaging substrates are put forwarded 2. Researchers
have attempted to address this challenge by exploring
emerging materials such as AIN ¥, SiC ¥, BeO P! and
SisN, . Among them, aluminum nitride (AIN) is an
emerging ceramic material with a number of desirable
properties, including high thermal conductivity, low
dielectric constant and dielectric loss, high volume
resistivity, good mechanical properties at room and
elevated temperatures, and a coefficient of thermal
expansion similar to that of silicon. Among these
properties, the theoretical thermal conductivity of
single-crystal AIN is up to 320 Wm™ K™, which is
several times higher than that of Al,O3 as the traditional

substrate material for electronic packages . Additionally,
AIN is chemically stable and nontoxic compared with the
highly toxic nature of BeO, which has attracted a wide
range of attention !,

As the demand for electronic devices continues to
evolve, the size and thickness of aluminum nitride
substrates are becoming increasingly challenging.
Consequently, the urgent need of a suitable casting
method to accelerate the large-scale production of silicon
nitride substrate materials has become apparent.
Currently for the ceramic substrate casting preparation,
there are mainly the following types, including dry
pressure, injection, gel injection molding and tape
casting . The use of dry pressure molding and injection
molding is only suitable for thickness greater than 1mm
thick pieces. For large size, thin-walled pieces, these two
methods are difficult to avoid uneven material density
due to uneven casting pressure, so the parts in the
sintering process is very easy to deformation, or even
cracking, leading to low production efficiency. For gel
injection of ceramic substrates, although it can solve the
problem of deformation and cracking in the sintering
process of the blank, the gel injection of the blank needs
a slow drying and debinding process. Therefore, this
method is inefficient and unsuitable for mass production.
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While tape casting is the best way to prepare large-area,
thin, flat ceramics and components, it is more suitable for
industrialized production owing to the degree of
automation and high efficiency !,

Tape casting is a forming process for preparing the
ceramic substrates that offers numerous advantages. It is
highly automated, requires minimal equipment, and can
be operated continuously. Based on the type of solvent
used, tape casting can be divided into two categories:
water-based tape casting and organic-based tape
casting™*"). The organic-based tape casting, also known as
the traditional casting process, has been studied and
applied for a longer period of time than the water-based
system. Additionally, the application of ceramic substrate
preparation has been relatively mature in the case of the
organic-based tape casting system. The most commonly
used solvents are toluene, xylene, ethanol, and
trichloroethylene. Binary azeotropic solvents such as
ethanol/toluene and ethanol/trichloroethylene are also
commonly used in actual production ™. The organic-based
tape casting offers numerous advantages due to its
compatibility, volatility, low latent heat of evaporation,
low surface tension, and ability to prevent the hydration
of ceramic powders. These advantages include a wide
range of additives, fast solvent volatilization, short
drying times, and the ability to obtain ceramic sheets
with uniform structures, small green body defects, high
strengths, and good flexibility.

In recent years, tape casting has been employed
with increasing frequency in new research fields such as
biomaterials, supercapacitors, and metals. The expansion
of tape casting, especially in the aforementioned fields,
will become one of the most promising areas of
researches in the coming years 3. The tape casting
process was proposed by Howattg ™4 in 1947. The
process involves the mixing and stirring of ball-milled
raw materials with binder and plasticizer to create a
uniform slurry. And then a uniform thickness sheet is
formed, which is discharged and sintered to obtain the
final product. The quality of the casting sheet produced
by tape casting is largely contingent upon the
characteristics of the slurry. This is because the slurry
comprises a multitude of components, including powders,
solvents, plasticizers, binders, and dispersants. Any
alteration to the composition of the slurry will result in a
corresponding change in viscosity and physical rheology.
Furthermore, the individual components of the slurry
will also exert an influence on one another 5 T,
Chattier, E. Streicher, and colleagues *"**! prepared AIN
substrates using the casting method and investigated the
effects of organic components (binders, plasticizers) and
their dosages on slurry and green body machinery. W.
Yin et al. 222 conducted research on the preparation of
AIN substrates by tape casting and discussed the primary
factors influencing the viscosity of casting slurry. Their
findings indicated that the viscosity of the slurry
decreased as the solvent ratio increased, while it
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increased as the plasticizer ratio decreased. Yao et al. [
conducted a study on the types of solvents, specifically
xylene, butanol, isopropanol, n-propanol, and mixtures
thereof (e.g., xylene + butanol, xylene + isopropanol,
n-propanol + butanol, xylene + n-propanol, xylene +
n-propanol). The results demonstrated that the mixed
solvent xylene/isopropanol exhibited the most favorable
wettability for AIN powder, while the slurry displayed
the most optimal rheological properties, rendering it
well-suited for tape casting. Liang et al. * ! prepared an
AIN ceramic slurry using absolute ethanol as a solvent,
polyvinyl butyral ester (PVB) as a binder, oleic acid as a
dispersant, and glycerol as a plasticizer. Huang et al. 1527
used an azeotropic mixture of dibutyl ketone and ethanol,
while polyvinyl butyral ester (PVB) and butyl benzyl
phthalate (BBP) were employed as binders and plasticizers,
respectively, in the preparation of AIN slurries.

In addition to the individual formulations, the ball
milling of the mixing process and the characterization of
the fluid are also of great importance for the ceramic
substrates. For systems with more wear-resistant
components, the slurry is generally prepared by ball
milling, and if there are special requirements, inert
atmosphere or vacuum conditions may be required.
However, vigorous agitation may disrupt the polymer
chain of the binder, and both the binder and the
dispersant need to be adsorbed on the surface of the
ceramic powder, which is competitive !, Therefore, the
ball milling process needs to be divided into two steps.
The purpose of the first step is to make the
agglomeration of powder particles open and fully
dispersed, and only powder particles, solvents and
dispersants are included in the slurry, so that the
dispersant can be fully adsorbed on the surface of
powder particles. The second step is to add other
additives to the slurry ball mill with the aim of
homogenizing the slurry composition. After the ball mill
is completed, there will also be a small amount of air and
residue in the slurry, which requires degassing and
filtration before it can be used for subsequent molding.

Fluids can be divided into several categories according
to their viscosity as a function of the shear rate . The
viscosity of pseudoplastic fluid decreases with the
increase of shear rate, and the viscosity of plastic fluid
increases with the increase of shear rate. In order to keep
the thickness of the cast film with a smooth surface and a
homogeneous microstructure, the slurry used for tape
casting should be a pseudoplastic fluid. After the casting,
the scraper will exert a shear stress on the slurry, and the
viscosity of the slurry decreases under the action of shear
stress, so that a uniform film can be formed on the
substrate. When the scraper passes through the slurry, the
shear stress disappears, the viscosity rises to the initial
state, and the fluidity of the slurry becomes poor. And the
composition of the casting film is kept uniform. In order
to avoid the slurry remaining in a low viscosity state for
a long time after the scraper has passed, the slurry should
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not be thixotropic, i.e., the viscosity increases
immediately after the stress is withdrawn.

The composition of casting slurries includes the
used raw powders, solvents, dispersants, binders,
plasticizers, and other additives. Each of these
components exerts a important influence on the
performance of the slurry, and the interactions among the
individual components within the slurry are also
significant. The complexity presents a significant
challenge to the study of tape casting slurries.
Consequently, it is essential to conduct further in-depth
research and exploration of tape casting technology. In
this study, aluminum nitride was used as the main raw
material, and toluene and anhydrous ethanol were used
as the binary solvents. Toluene was able to dissolve all
the solutes and reduced the drying speed, which could
reduce the volatilization, decrease the viscosity and
increase the solid content. Fish oil, polyvinyl butyral and
dibutyl phthalate were used as dispersants, binders and
plasticizers, respectively, for the preparation of
aluminum nitride ceramic substrates.

2 Experimental
2.1 Starting materials

Aluminum nitride powders (average particle size:
1pm), calcium fluoride powder and yttrium oxide
powder were used as sintering additives, and toluene and
absolute ethanol were selected as solvent systems.
Herring oil (Cas:8002-5-4,Shanghai Macklin Biochemical
Co., Ltd., China) was used as a dispersant, and polyvinyl
butyral (PVB, Cas:63148-65-2, Shanghai Macklin
Biochemical Co., Ltd., China) and dibutyl phthalate (DBP,
Cas:84-74-2,Shanghai Macklin Biochemical Co., Ltd.,
China) were used as binders and plasticizers,
respectively.

2.2 Experimental process

The preparation method of AIN slurries was as
follows. Firstly, mixed powders were prepared according
to the molar ratio of AIN, CaF, and Y,0; of 92:3:5.
Toluene and absolute ethanol were used to prepare
non-aqueous solvents according to the mass ratio of 1/1.
Then, the mixed powders were added into the solvent,
and they were ball-milled for 1-4 h. Dispersant, binder
(PVB) and plasticizer (DBP) were added to further be
milled for 12 h. The height of the scraper was controlled
at 200 ~ 300 pm. The casting speed was 0.3 cm's™.
The tape sheets were dried at 27.5 <C for 12 h to obtain
the final samples.

2.3 Characterization

The viscosity of the slurries was quantified using a
viscometer (NDJ-8S), and the dispersibility of the slurries
was evaluated through the sedimentation method. Prior to
the addition of the binder PVB, it is necessary to prepare a
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precast colloid with toluene and absolute ethanol solvent
in advance, which show a colorless, transparent, and clear
solution at 90<C in an oil bath before using.

3 Results & Discussion

In the tape casting process, the viscosity of the
slurries is a crucial parameter influencing the quality of
the tape sheet. And it, as an essential rheological property,
is a quantifiable characteristic that reflects the friction or
viscosity within the slurry B%. The viscosities are affected
synergistically by multiple factors, including powder
particle properties, slurry composition, mixed ball mill
dispersion time, temperature, etc. The R-value (ratio of
plasticizer to binder) is an indicator that reflecting the
effect of these factors on the dispersion or viscosity of
AIN slurries.

3.1 Effect of dispersant content on the properties of AIN
slurries

Figure 1 shows the viscosity of the slurries with
different contents of dispersant (0~2.6 wt%) after the
first ball milling for 3h, in which the solid content of
slurries is 57.8 wt%.The viscosity of slurries decreases
with the increase of dispersant content. Since the
dispersant is adsorbed on the surface of the particles, the
spatial stability hinders the agglomeration among the
particles and enhances the fluidity of the slurries B%. As
the dispersant content increases from 0 to 2.6 wt%, the
viscosity of slurries first decreases and then increases.
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Figure 1 Effect of dispersant content on suspension viscosity

When the content is 1.1wt%, the viscosity has a
lowest value. It is found that the excess dispersant
content undergoes a cross-linking reaction among the
particles, reducing the dispersion of the particlest®!.
Therefore, it is determined that 1.1 wt% dispersant is the
optimal content.

3.2 Effect of ball milling time on the properties of AIN
slurries

Figure 2 shows the viscosity of AIN slurries with
different ball milling time at the dispersant content of
1.1wt%. It is found that the viscosity of the slurries
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increases with the increase of ball milling time. The
viscosity of the slurries increases because of the
volatilization of the solvent in 0~4h. Meanwhile, it is
seen that the viscosity of the slurries decreases with the
increase of the shear rate, meaning that the prepared slurries
exhibit typical pseudoplastic fluid characteristics®. In the
tape casting process, the scraper function is like a
shearing process, and the shear thinning characteristics
of the pseudoplastic fluid are very advantageous in the
tape casting process. When the slurry passes through the
scraper, the viscosity becomes small, which is conducive
to the slurry passing through the scrape. After that, the
shear rate becomes small and the viscosity of the slurry
increases rapidly, which is beneficial for the forming of
taped green sheets.
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Figure 2 Changes in viscosity of slurries at different ball
milling times

Figure 3 Comparison in the height of the upper precipitated
liquid after standing for 1 h at different ball milling times

As shown in Figure 3, when the rotational speed of
the planetary mill is 300r/min, as ball milling time
increases from 1h to 3h, the height of the upper yellow
liquid after resting 1h gradually decreases. At ball
milling of 3h, the upper yellow liquid after resting 1h is
least height. However, with the further increase of ball
milling time, the precipitate height increases. These
results show that too long ball milling time causes the
instability of slurries. Therefore, appropriate ball milling
time is required to obtain slurries with high performance.

3.3 Effect of binder content on AIN slurries w

In the manufacturing of ceramic green sheets,

Research and Application of Materials Science | Vol. 6 | No.2 | 2024

binders are probably the most important additives in the
overall system B,

Fig. 4 shows the viscosity variation of AIN slurries
with different binder content, in which the solid content
of the slurry is 46 wt.%, the dispersant content is 1.1
wt.%, the binder content ranges from (1.2~3.6) wt.%,
and the mass ratio of plasticizer to binder is 1. With the
increase of binder content, the viscosity of the slurry
increases gradually. In order to obtain the maximum
solid content, the binder should be selected as little as
possible under the condition of maintaining a certain
strength. Meanwhile, it is found that when the binder
content is located at 1~1.5wt%, it has been demonstrated
that the formed film exists micropores. When the binder
content is 2.5wt%, the surface of the formed film is
smooth. And when the binder content is 3.7wt%, the
formed film is not easy to control the thickness,
meanwhile, the high viscosity is not conducive to the
subsequent increase of solid content. Therefore, the binder
content of 2wt% is used for the preparation of slurries.

Figure 4 Effect of binder content on viscosity of AIN slurries
3.4 Effect of R-value on properties of AIN slurries

The R-value, i.e., the ratio of plasticizer to binder, is
an important factor influencing the rheological properties
of cast slurry and the properties of cast green materials.
both of which
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Figure 5 Effect of R value on the viscosity of AIN slurries

Make the cast sheets more flexible. In Figure 5, at
the solid loading of 43wt%, binder content of 2wt%, and
dispersant content of 1.1wt%, with the increase of R
value from 0.72 to 1.5, the viscosity of slurries gradually
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decreases. When the R value is 1.5, the lowest viscosity
of slurries is obtained. With further increase of R,
oppositely, the viscosity increases.

(a)

i

I

Figure 6 The photo images of formed tape sheets at the R
value of (a) 0.72and 1, (b) 1.5

In Figure 6a, when the R value is 0.72 and 1, the
flexibility of the formed tape sheet is insufficient,
causing it susceptible to cracking during the drying
process. An appropriate R-value can reduce the viscosity
of the slurry, thereby facilitating the forming of desired
flexibility. As illustrated in Figure 6b, at an R-value of
1.5, the AIN green sheets exhibits optimal flexibility and
a smooth surface. Accordingly, the R-value of 1.5 is
selected for the subsequent experiments.3.5 Effect of
solids content on rheological properties of AIN slurries

The solid content of AIN slurries is crucial for the
preparation of high density AIN ceramics. Therefore, it is
necessary to prepare the slurries with high solid content
as much as possible while ensuring the dispersion
stability and low viscosity. As shown in Fig. 7, when the
solid loading increases from 42 to 57wt.%, the viscosity
of the slurry increases gradually. However, when the
solid phase increases from 57 to 62wt.%, the viscosity
value increase sharply, and the fluidity of the slurry
become weak, which can not form the green film. The
higher the solid content of the AIN slurry, higher density
of the AIN ceramics can be obtained. Therefore, AIN,
slurries with solid loading of 60wt.% are selected to
prepare the AIN ceramics.
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Figure 7 Effect of solids content on viscosity of AIN slurries

4 conclusions

In this paper, the effects of the dispersant, ball
milling time, binder, plasticizer, and solid loading on the
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properties of AIN ceramic slurries were researched. A
1.1wt% of fish oil as a dispersant for the slurry could
yield a dispersion of AIN with good dispersion stability
and low viscosity. The ball milling time of 3h was
beneficial for the AIN slurry with best dispersion and low
viscosity. Additionally, the binder content of 2wt% was
used to prepare AIN slurries with high solid loading.
Meanwhile, the viscosity of the slurry decreases first and
then increases with the increase of the R value
(plasticizer/binder), and the viscosity of the slurry
reaches the lowest value when R=1.5. Finally, the
slurries with the solid loading of 60wt% were chose to
prepared the AIN ceramic sheets in future research.
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