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Rheological behavior of coextruded

multilayer architectures

D. R. BEEAFF, G. E. HILMAS
Department of Ceramics Engineering, University of Missouri-Rolla, Rolla, MO 65409, USA
E-mail: dbeeaff@umr.edu

Utilizing a thermoplastic extrusion process, a multilayered architecture was fabricated.
Thermoplastic blends of 55 vol% X7R dielectric and 50 vol% nickel powder were prepared
by high shear mixing. Sheets pressed from this material were cut, stacked, and laminated
to produce multilayered blocks. The blocks were extruded through a slotted spinneret to
reduce layer thickness. The relation between viscosity and shear rate is relatively well
understood for two- or three-layered polymer coextrusion. This behavior has not been
studied for heavily loaded multi-component systems, such as might be used for MLCCs and
other multilayered devices. A correlation was observed between the flow behavior during
extrusion and that observed during mixing. Results show how control of the rheological
behavior of highly loaded systems can control extrusion defects.
C© 2002 Kluwer Academic Publishers

1. Introduction
The drive towards smaller dielectric layers in capacitors
is driven by the volumetric energy density equation:

Ed(J · m−3) = 1/2ε0 K [V/t]2 (1)

where, ε0 = 8.85 × 10–12 F · m−1, K = dielectric con-
stant, V = applied potential, t = dielectric thickness.

The equation states that the volumetric energy den-
sity, Ed, is proportional to 1/t2. That is, as the dielectric
layer becomes thinner, the ability to hold an electric
charge increases. However, an additional consequence
of this reduced layer thickness is that the electric field
across the layer increases as well, leading to increased
chance of dielectric breakdown. Therefore, high en-
ergy density storage devices rely on thick dielectric
layers. Current methods for the manufacturing of mul-
tilayer ceramic capacitors (MLCCs) typically involve
tape casting technologies [1–7]. To fabricate thick di-
electric devices via tape casting requires the lamination
of multiple layers until a sufficient thickness is reached.
As the requirement for dielectric layer thickness in mul-
tilayer capacitors becomes more stringent, the ability
to fabricate devices with micron sized layers becomes
correspondingly more difficult using traditional tape
casting techniques.

To address these issues, researchers at UMR have
developed a coextrusion process for the fabrication of
multilayer architectures with offset electrodes. The pro-
cess utilizes high shear blending of ceramic powders, as
the dielectric layers, and metal powders as the electrode,
with a thermoplastic polymer. Sheets of the materials
are cut to size and alternately stacked in the desired
geometry. These stacks are then coextruded until the
desired dielectric layer thickness is achieved. The pro-

gram has focused on base metal electrode MLCCs, uti-
lizing doped barium titanate for the dielectric material
along with nickel for the electrode.

The first step in achieving these results is to blend
the ceramic powder with a thermoplastic binder using
a high shear mixer. Rheological properties can be influ-
enced by powder characteristics such as particle size,
shape and surface chemistry as well as effects of dis-
persants, mixing rate and temperature [8–11]. Sheets
of the resulting material are cut and stacked to form a
multilayer feedrod, which is then extruded to reduce
layer thickness.

Multilayer flow through a die is sensitive to extru-
sion rate. In addition to typical extrusion flaws such as
melt fracture and stick-slip, multilayer flows may ex-
hibit instability at the layer interfaces [12]. This results
from the tendency of the lowest viscosity material to
migrate towards the region of highest shear, i.e. the die
wall [13]. In simpler, two layer extrudates this can re-
sult in an “encapsulation” defect in which one material
surrounds the other [14]. Since the relation between
shear rate and viscosity is material dependent, the ma-
terial that migrates toward the die wall can vary with
extrusion rate. The object of the present study was to
investigate this phenomenon for extrudates containing
a large quantity of multilayers.

2. Experimental procedure
2.1. Starting materials
The doped BaTiO3 (APS 1 µm) powder was
TAMTRON X7R292N (Ferro Corp., Niagara Falls,
NY). The nickel powder (APS 1 µm) was Cerac N-2003
(Cerac, Inc., Milwaukee, WI). The binders used were
poly(ethylene-co-butyl acrylate) (Aldrich Chemical
Company, Milwaukee, WI), poly(ethylene ethyl
acrylate) (Union Carbide Corp., Danbury, CT), and
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T ABL E I Binder formulations for dielectric and electrode layers

Material Density (g · cm−3) Vol%

Barium titanate 5.50 52.5
PEBA (7 wt% butyl acrylate) 0.92 32.5
Microcrystalline wax 0.80 11.0
Heavy mineral oil 0.89 4.0
Nickel 8.90 50
PEBA (35 wt% butyl acrylate) 0.93 32.5
Poly(ethylene ethyl acrylate) 0.90 7.5
Microcrystalline wax 0.80 10.0
PEG-dioleate 0.89 <1

microcrystalline wax (ExxonMobile, Irving, TX).
Thermoplastics have been typically used for injection
molding applications and the process of blending the
binders and powders is well established for common
structural ceramics such as alumina [15–19].

2.2. Mixing
A Brabender high-shear mixer (C.W. Brabender,
Hackensack, NJ) was used to blend the powders and
thermoplastic binders according to the formulations
given in Table I. The mixer was heated above the ther-
moplastic softening point, typically 130◦C. Binders
were added and allowed to blend for 10 minutes. The
powder was added slowly, along with a plasticizing
agent. The volume of the mixture was formulated to be
42 cc (70% of the total mixer volume), with the compo-
sition being about 50 vol% solids. After all ingredients
had been added the material was removed and mixed
again for one half hour at 25 RPM and a temperature
of 150◦C to improve homogeneity and reduce particle
agglomeration.

2.3. Lamination
The mixture from the Brabender was placed between
two Mylar® sheets, which in turn were placed between
two steel caul plates, and set on a 50-ton hydraulic
press with heated platens (Wabash, Model No. G50H-
18-CX). Using steel shims to maintain thickness, the
material was pressed to 0.254 mm thickness sheets.
The material can be pressed to thinner sheets, but
for the purpose of these experiments, the thickness
remained 0.254 mm. The X7R sheets were cut into
25.4 mm × 63.5 mm and 6.35 mm × 63.5 mm strips and
the nickel sheets were cut into 19.05 mm × 63.5 mm
strips. The strips were then stacked by hand as shown
in Fig. 1. Each offset nickel layer is separated by two
dielectric layers. This process was repeated until a
25.4 mm × 25.4 × 63.5 mm square rod was fabricated.
These layers were then heated in a die to 140◦C and
pressed at 700 lbs force to laminate the layers and pro-
duce a solid feedrod.

Figure 1 Schematic of multi-layered feedrod assembly.

Figure 2 Schematic of extrusion die used to coextrude multilayer
feedrod.

This step is currently the most time consuming of
the entire process as it relies on hand lay-up. Other
researchers have developed coextrusion processes uti-
lizing manifold dies and other schemes to allow for
semi-continuous coextrusion, bypassing much of the
manual labor [20–23]. While this approach is fully ap-
plicable to the process presented here, the tooling costs
associated with a manifold capable of offset electrodes
was outside the scope of the program.

2.4. Coextrusion
Fig. 2 shows a schematic of the die used to ex-
trude the BaTiO3/Ni system. The multilayer block pro-
duced during the lamination process was placed into
an extrusion die and heated. A 5-ton piston extruder
was used to extrude the laminated feedrod through a
24.4 mm × 2.54 mm rectangular spinneret. Extrusion
was performed at 120◦C with a ram speed of 0.1 to
4 mm/min. A load cell mounted between the motor
drive shaft and the brass piston recorded the force
required for extrusion. From this data, a linear plot
could again be obtained of extrusion rate (shear rate)
vs. extrusion load (shear force). The extrudate was cut
to 25.4 mm squares, with a thickness approximately
2.54 mm. Die swell caused a 8% linear increase in
thickness relative to the die orifice size.

3. Results and discussion
3.1. Mixing
Each batch was mixed twice to improve homogeneity
and mixed for 30-minute during the second batching.
Agglomerates are known to increase the torque dur-
ing mixing, primarily by increasing the relative vol-
ume fraction of solids [24]. However, the high shear
experienced during mixing can cause the breakdown of
agglomerates [25, 26], which is reflected as a decrease
and stabilization in torque readings. It should be noted
that a decrease can also be attributed to thermal scis-
sion of the polymer binder at higher temperatures [27],
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so temperature stability is important during the mixing
step. Most polymeric flow behavior can be modeled
using a non-linear (e.g., non-Newtonian) power law re-
lation between shear stress, τ , and shear rate, γ̇ , given
by the equation:

τ = K γ̇ n (2)

where K and n are rheological constants. It can be
shown that there is a relation between the shear stress,
the torque moment, Mt, of the mixer blades and the vol-
ume of mixture. Combining this relation with the above
equation yields:

Mt = 3

2
V K γ̇ n (3)

Furthermore, the shear rate can be calculated from the
velocity of the mixer blade edge, u, and the space, h,
between the blade edge and the mixer wall. This is given
by the equation:

γ̇ = u

h
= dπ R

60h
(4)

in which R is the mixer rate in revolutions per minute
and d is the blade diameter. Substituting this equation,
taking the log of both sides and rearranging gives:

log M = log

(
3

2
VK

)
+ n log

(
πd

60h
R

)
(5)

If we define a new rheological mixing constant, Cm,
such that:

Cm = log

(
3

2
V K

)
+ n log

(
πd

60h

)
(6)

Then the equation further simplifies to:

log M = n log R + Cm (7)

This equation is practical because it allows one to plot
the logarithm of torque versus the logarithm of mix-
ing speed, providing a linear relationship with a slope
of equal to the power law exponent, n. It is possible
also to calculate the apparent viscosity, since ηa = τ/γ̇ .
For a power law fluid, this mean apparent viscosity can
be found from ηa = K γ̇ (n − 1). However, the approach
taken simplifies the complex shape of the mixing blades
by replacing them with a cylindrical approximation.
In reality, there is a distribution of viscosities within
the mixing chamber [28]. Calculation of apparent vis-
cosity also requires an estimation of the parameter K ,
which in this case is an empirical constant. The Hershel-
Bulkley model (τ = τy + K γ̇ n) [29] is simply a power
law model which incorporates a yield stress and some
researchers have derived semi-empirical expressions to
replace the empirical K parameter [30, 31], which have
proven useful for fluids which exhibit Newtonian flow
at low shear rates. It is also important to note that a sim-
ple power law relationship fails at high solids loadings

Figure 3 Torque-shear rate plot for X7R powder at various solids load-
ings at 150◦C.

(>62 vol%) in many systems due to particle-particle
interactions and other models must be applied [32].
However, for our purposes, in which the solids load-
ing is ∼50 vol%, such an empirical Hershel-Bulklely
model is suitable.

Fig. 3 shows the log(torque) vs. log(rate) graph for
the PEBA-7/Wax binder at various loading of X7R
powder. Power law exponents can be determined by
fitting a line to the data points and calculating the
slope. The graph demonstrates that the barium titanate/
thermoplastic material is shear thinning. Nickel-loaded
batches were determined to be shear thinning as well,
with n approximately 0.1, a point which will become
important in the discussion that follows.

3.2. Coextrusion
The technique is based on coextrusion of a multi-
component material system consisting of thermoplastic
binders and ceramic powders [33, 34]. The ability to
coextrude bi- or multi-material systems is inherently
dependent on the relative viscosity of each component
[12–14, 35, 36]. Any variation will result in rearrange-
ment of the interface and instability during extrusion
[14]. In this program, the most common defect that
results from such a mismatch is the “hourglass” ef-
fect, in which the barium titanate material migrates
toward the corners of the extrusion die drawing elec-
trode material with it. This flow initiates a migration of
material from the edges of extrudate towards the cen-
ter. This results in an hourglass appearance of the off-
set electrode configuration in cross-section, as shown
in Fig. 4.

To explore the origin of these defects, batches of
both materials were produced and separately extruded
through the slotted extrusion die. In this arrangement,
the piston extruder functions in a similar fashion to
a capillary rheometer. The flow mechanics of capil-
lary rheometry have been studied in depth and it is
the method typically used to characterize fluid flow
[37–42]. The same power law relationship exists be-
tween the shear rate and the shear force, in this case the
ram load. The nickel material required a greater load to
extrude material at an equal rate to the barium titanate
material. Fig. 5 shows a plot of the logarithm of load
versus the logarithm of extrusion rate.
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Figure 4 Cross-section of extruded ribbon showing progressively displaced electrodes. Vertical symmetry gives the appearance of an hourglass shape
as indicated by inset schematic.

(a)

(b)

Figure 5 Load-extrusion rate plot for (a) X7R and (b) nickel powders at
various temperatures.

The nickel material is exceptionally shear thinning
(the power law exponent, n, is ∼0.1) whereas the
dielectric material is only moderately shear thinning
(n = 0.3). This becomes an issue since the shear rate
during extrusion is ∼0.05 sec−1 while the shear rate
during mixing is on the order of ∼50 sec−1. Based
on this flow behavior, the difference of three orders of
magnitude between shear rates observed between the

mixer and the extruder could be expected to produce
the deleterious effects observed during coextrusion.

The cause of the “hourglass” defect is thus found to be
due to the comparatively low viscosity of the barium ti-
tanate material at the reduced shear rate observed during
extrusion. As shown in Fig. 5, the shear-thinning behav-
ior of the dielectric and electrode binders is dissimilar.
At a low extrusion rate (typically <1 mm · sec−1 ram
speed), the shear rate at the die wall is not sufficient
to cause the barium titanate to migrate. However at
slightly higher rates (>2 mm · sec−1 ram speed), the
hourglass shape begins to form, increasing in severity
with even higher extrusion rates. At the proper extru-
sion rate (<1.5 mm · sec−1 ram speed), spreading of
the near-surface layers is not observed nor is there any
significant dielectric binder migration towards the die
corners.

From this, we can explain the origin of the coextru-
sion defects. The lowest viscosity material will flow
to the region of highest shear rate. In this case, dur-
ing extrusion the barium titanate material is the lowest
viscosity material and flows towards the corners. This
causes material along the edges to compress and flow
towards the center. The result is the “hourglass” effect
and low viscosity material accumulation in the corners.
This is shown schematically in Fig. 6.

Figure 6 Schematic of cross sectional mass flow during extrusion, which
results in layer displacement shown in Fig. 4.
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Figure 7 Cross section of successfully coextruded ribbon showing non-displaced electrode layers.

An extrusion rate of <1 mm · sec−1 crosshead speed
results in a low enough shear rate that spreading of the
barium titanate material does not occur. As shown in
Fig. 7, the offset electrode edges are not displaced while
the dielectric layer thickness remains constant.

4. Summary
Coextrusion of highly loaded, multi-component sys-
tems is a novel approach to forming multilayered struc-
tures. The rheological behavior of the composite system
during extrusion is fundamental importance. An under-
standing of the rheology of each system constituent was
vital in eliminating or controlling detrimental defects
introduced during the coextrusion process. Controlling
the relative viscosities of the constituents is important
in complex multilayer structures. Large dielectric layer
thickness was used for these rheological experiments.
The method is limited primarily to the particle size of
the starting powders, as the technique has been used to
produce green dielectric and electrode layer thickness

as thin as 10 µm, simply by using thinner sheets during
the lamination stage [43].
The process is time consuming only for the fact that
a portion relies on intensive hand pressing, cutting,
and lay-up. This could be avoided through the use of
continuous extrusion processes. Additionally, the final
process step of cutting the extrudate leaves the electrode
edges exposed (no pullback), which will lead to com-
ponent failure under high fields. Concurrent research
suggests that this can be alleviated by coating the part
with a high dielectric strength polymer or glass [43].
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