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Abtract

The co-extrusion process involves the simultaneous extrusion of multiple materials, such as ceramic—thermoplastic feedstocks that can be used
to manufacture fine-scaled piezocomposites, for both structural and functional applications. The primary step in the development of the feedstocks
is the selection of the optimal thermoplastic binder with the function of providing plasticity as well as proper rheological behavior to the ceramic
material during processing. The objective of the present work was to investigate the effects of different commercially available thermoplastic
binders (polystyrene, low-density polyethylene, poly(ethylene-co-ethyl acrylate) and a blend of poly(ethylene-co-ethyl acrylate) and poly(isobutyl
methacrylate)) on the processability of highly loaded lead zirconate titanate (PZT) feedstocks, suitable for the co-extrusion process. After
characterizing the thermal behavior of the binders by means of TG and DSC analyses, the flow behavior of the unfilled polymers was analyzed and
compared with the corresponding PZT-filled mixture (58 vol.% PZT) applying torque rheometry. Using an Arrhenius relation, the temperature
dependency of viscosity was determined and the energy of activation for the viscous flow calculated. Due to the fact that the polyethylene presented
a low viscosity with a high solid loading, no indication of degradation, a strong polymer—particle interaction as well as a comparatively low die
swell, this thermoplastic binder was used in the formulation of PZT feedstocks to successfully produce thin solid (240 pm diameter) and hollow

(800 wm diameter) PZT fibers by the co-extrusion technique.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The principle of the ceramic co-extrusion technique consists
of assembling a macro-scaled preform composite and after-
wards extruding it using an appropriate barrel and die [1,2].
Assembling the first extruded structures the process can be
repeated until that the desired scale is achieved, limited by the
particle size of the starting powder. Alternatively, a complex die
in which multiple materials flow together into the desired
structure can be used for the reduction [3]. The co-extrusion
method is dependent on the flow properties of the different
materials. To achieve co-extruded composites identical in their
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geometry and composition to the original preform, albeit with
reduced cross-sectional dimensions, tailoring the rheology of
the different materials being co-extruded is essential in
preventing flow-related failures [2]. The ceramic co-extrusion
technology has been proven to be effective to fabricate fibrous
monolithic composites [4], multi-material multifunctional
fibers [5], spiral-shaped piezoelectric actuators [6] as well as
helical-shaped piezoelectric ultrasonic motors [7].

The whole process chain includes the following steps: (a)
feedstocks compounding, which involves the mixing of a
ceramic powder with an organic vehicle, (b) preform fabrication
and co-extrusion, (c) removal of the organic vehicle (debinding)
and, finally, (d) sintering of the body to near full density [1,2].
The first requirement for the high-performance ceramic co-
extrusion process, as well as the extrusion and injection molding
techniques, is to attain a feedstock with the desired plasticity. To
accomplish this condition, the organic vehicle often used is a
thermoplastic binder [1,2,4,6-10]. In addition to provide the
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plasticity and modify the rheological behavior of the ceramic
feedstock, the thermoplastic binders confer handling strength
and perform as a backbone material to the as-shaped ceramic
bodies. Their presence, however, creates significant challenges,
especially for components such as filaments and thin structures.
The binder must show thermal stability under mixing and
shaping conditions because binder degradation can drastically
change the flow behavior of the feedstocks and therefore
influence the geometrical properties of the final product. For
practical reasons, it must exhibit high flexibility and a relatively
low melt viscosity, particularly when mixed with high solid
loading of ceramic powders (50-65 vol.%).

However, not only the viscous part of the composition will
be relevant for the co-extrusion process. The elastic forces
performing on the materials during co-extrusion also have a
significant effect. For example, a common viscoelastic effect is
the die swell (or extrudate swell) [11], which happens due to a
partial recovery of the elastic deformation that a viscoelastic
fluid undergoes during flow through a capillary [12]. Moreover,
the thermoplastic binder must confer adequate strength to the
body during the initial stage of binder removal and thermally
decompose at a relatively low temperature in order not to affect
the densification of the ceramic. After shaping, the binder must
be removed before the sintering of the ceramic takes place,
which is often complex and time consuming. For example,
carbon residue from the organic species or uncontrolled
decomposition reactions may generate defects like cracks or
may entrap air and/or CO, during binder removal [13].

Considering the aforementioned challenges, the first step in
the development of the thermoplastic co-extrusion process is
the selection of the optimal organic binder additives. However,
some pre-requisites must be taken into account before the
selection. An extensive literature on polymers as binders for
ceramics is available [8,13-16], although most of it concerns
the binder removal from the green body. As discussed, the
foremost criterion for binder selection is that it should provide
suitable rheological properties to the ceramic feedstock during
processing. How do the polymer properties such as transition
temperatures affect the processing behavior of the feedstocks to
be co-extruded? How do the interactions between the
thermoplastic binders and the ceramic particles affect the
processability of the feedstocks? The influence of the binder in
the processability of the feedstocks might be predicted by a
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systematic characterization of the thermoplastic binders and
their corresponding filled system. The objective of the present
study is to discuss the effects of different thermoplastic binder
characteristics on the processing behavior of lead zirconate
titanate (Pb(Zr, Ti;_,)O3; PZT) feedstocks prepared for the co-
extrusion process. The motivation for studying PZT-based
feedstocks is the increased use of this ferroelectric material in
the fiber form to manufacture smart ceramic—polymer
composites [17,18]. With the use of the co-extrusion process,
PZT fibers with diameter down to 20 wm might be achieved
without increasing the extrusion pressure dramatically [2]. PZT
thin fibers are desired for such smart composites as they can be
operated with increased actuation and magnification.

2. Experimental

2.1. Selection of the thermoplastic binders to be
investigated

There are a large number of polymers that could be used for
the thermoplastic shaping process of ceramics. The binders
selected to be investigated within this study (Fig. 1) have been
extensively used in the thermoplastic extrusion field. Addi-
tionally, those binders are commercially available at an
adequate price. Polystyrene (PS) has been applied as the
organic vehicle for the preparation of extruded zirconia plates
[19]. Low density polyethylene (LDPE), a polyolefin contain-
ing a highly branched chain structure [11], has been
successfully used for the extrusion of polycrystalline ceramic
fibers, such as PZT, silicon carbide, and lanthanum strontium
manganate [9,10,20]. The poly(ethylene-co-ethyl acrylate)
(EEA) copolymer has been mixed with conductive fillers to
form electrically conductive polymer composites [21]. The
poly(isobutyl methacrylate) (PiBMA) resin was selected with
the function to blend the EEA binder. The reason for blending
the EEA is based on the fact that its high flexibility can be
modified by incorporating a brittle thermoplastic polymer [22].
This blended system has been commonly used for the
thermoplastic processing of ceramics by co-extrusion [6,7].

It is worthwhile to mention that several previous investiga-
tions with hydrophilic thermoplastics, such as polyamide (PA)
and polymethylmethacrylate (PMMA), showed that those
materials are not useful for our compounding process, as they
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Fig. 1. Thermoplastic binders investigated in this study.
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decompose under shear and heat around 10 °C above their
melting temperatures. Due to this effect, the property
comparison between the unfilled and the ceramic-filled
polymers would not be feasible after introducing shear and
temperature during compounding. Therefore, only the four
aforementioned thermoplastic binders were investigated within
this study.

2.2. Materials and methods

Table 1 gives further information on all of the polymers
studied within this work. The density values were obtained by
helium pycnometer (AccuPyc 1330, Micromeritics Instrument
Corporation). The melt flow index (MFI) data were supplied by
the manufacturers. The EEA copolymer is composed of
85 wt.% ethylene and 15 wt.% ethyl acrylate. The composition
of the analyzed blend is 75 vol.% EEA and 25 vol.% PiBMA.
The selection of this composition for the blend was based on the
fact that greater amounts of PIBMA lead to stiffer blends, which
are more suitable for the large dimensions co-extruded
products. On the other hand, for thin co-extruded filaments,
highly flexible compounds are desired, such that the filament
can resist fracturing by stretching [22].

Table 1
Selected information of the organic binders investigated.
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The glass transition temperature (7,) and the crystalline
melting temperature (7,,,) of the pure thermoplastic materials
were determined by differential scanning calorimetry (DSC;
DSC 7, Perkin-Elmer). The analyses were carried out from
20 °C to 160 °C, with a heating rate of 20 °C/min, under a
nitrogen atmosphere. The measurement procedure included
heating the sample up to 160 °C, subsequently cooling it
down to 20 °C and finally re-heating it up to 160 °C. The
second heating curve is the one presented here because this is
the most appropriate for interpretation, as the thermal history
of the polymer is then known. The heat flow curves were
normalized for the mass of the samples. Thermo-gravimetric
analyses (TGA; TGA/SDTA 851° STAR® System thermo-
balance, Mettler Toledo) were performed by heating the
samples in an alumina crucible at 3 °C/min up to 600 °C. The
TG scan was conducted in air to simulate the behavior of the
sample under actual processing conditions.

The ceramic powder used was a commercially available lead
zirconate titanate material (PZT/SKN-P505, CeramTec AG).
When working with high solid loading ceramic-filled thermo-
plastic compounds, the degree of dispersion of the powder in
the molten thermoplastic binder has a remarkable effect in
obtaining homogeneous feedstocks and, as a result, defect-free

Organic binder (Product — source) Repeat unit

M,? [g/mol] Density [g/cm’] MFI® [¢/10 min]

PS (Styron™ 648 — Dow Plastics) %CH2 _CH % 104.15 1.05 13
PiBMA (Acryloid B67 — Lascaux) CHg 142.20 1.04 ¢
I
—{CH,-C -
I
c=0
|
¢}
I
CH,
|
H3C — C|)H
CHy4
LDPE (PEBD 1700MN 18C — Lacqtene EIf Atochem S.A.) «6 CH, — CH, 5, 28.05 0.92 70
EEA (Elvaloy® 2615 AC — DuPont™) —(CH, ~CH, Y{ CH, ~CH - 128.17 0.93 6
X y
I
c=0
|
¢}
|
CH,
|
CHj3
Stearic Acid (93661, Fluka Chemie AG) 284.48 0.85 -

HoC~{ CHz-)- COOH

? Molecular weight of repeat unit.
® Melt flow index: 2.16 kg at 190 °C (ASTM D1238-ISO 1133).
¢ Value not supplied.
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sintered bodies [23]. In view of that, the as-received PZT
powder was initially coated with stearic acid (Table 1) as a
surfactant. For this step, the appropriate amount of surfactant
was firstly dissolved in toluene [20,23]. Afterwards, PZT
powder was added and subsequently milled in a jar mill
containing YSZ milling balls for 20 h. With the goal to ensure
dispersion, the particle size distribution (PSD) of the as-
received (uncoated) and of the coated powders was measured
using a laser diffraction particle size analyzer (LS230,
Beckman-Coulter Inc). Prior to the measurements, uncoated
and coated PZT powders were dispersed in a toluene media and
homogenized through ultrasonic treatment (HD 2070, Bandelin
Sonopuls). The physical characteristics of the uncoated and the
coated PZT powders are listed in Table 2. The specific surface
area (SSA) was determined from a five-point N, adsorption
isotherm obtained from BET (Brunauer—Emmett-Teller)
measurements (SA3100, Beckman-Coulter Inc). Referring to
Table 2, a decrease in the PSD is observed in the presence of the
stearic acid (coated PZT), emphasizing the effectiveness of the
surfactant used.

A torque-rheometer (HAAKE PolyLab Rheomix 600,
Thermo Fisher Scientific) was used to compound and record
the rheological data of the as-received polymers (unfilled
systems) and of the ceramic feedstocks (filled systems). After
mixing the compositions at 10 rpm until the torque reached
steady-state conditions, equilibrium torque values were
recorded at rotor speeds ranging from 10 to 100 rpm with
steps of 10 rpm at different temperatures. Table 3 describes the
different systems analyzed, the mixing conditions and the
temperatures used for the rheological characterizations. The
equilibrium torque represented is the average value for the last
5 min of steady-state. The temperatures indicated in Table 3 are
the temperatures measured inside the mixing chamber. A solid
loading of 58 vol.% was selected for all the PZT-filled
thermoplastic composites because it should provide a viscosity
within a reasonable working range for the co-extrusion process
[2] as well as a sufficient sintered density [24]. The stearic acid
represents 7.7 vol.% of the ceramic feedstocks.

PZT green fibers were produced by extruding the different
investigated feedstocks vertically through a die with a 300 pm
diameter orifice using a capillary rheometer (RH7 Flowmaster,

Table 3

Table 2

Physical characteristics of the PZT/SKN powder.

PZT/SKN powder Density [g/cm3] SSA [mz/g] PSD [pm]

As-received (uncoated) 8.10 1.97 + 0.01 dig=1.35
dso=2.66
dg() = 428

Coated with stearic acid 7.25 1.90 + 0.03 dio=0.57
d5() = 085
dog=2.07

Rosand Precision Limited). The velocity of the piston was
constant during the extrusion step (Vpigion = 0.176 mm/min).
The die swell (S,,) of the extruded fibers was calculated as the
ratio of the extrudate diameter to the orifice diameter of the die.
The extrudate diameter was measured using an optical
microscope (Wild M3Z, Leica) equipped with a micrometer
(Mikrometer Mitutoyo 25 mm).

In order to produce PZT solid and hollow fibers by means
of the co-extrusion process, a macro-preform composite
formed by two different feedstocks was used. The primary
feedstock contained the PZT-based ceramic which was to be
micro-fabricated. The secondary one (fugitive feedstock)
contained carbon-black as the fugitive material (BP™ 120,
Cabot Corporation, USA). The fugitive feedstock functions
as space filler between the green filaments, provided that it
can be completely removed after the micro-fabrication. For
the solid-fiber production, in order to obtain the primary
preform, the primary feedstock was extruded vertically
through a 7.77 mm diameter die using the capillary rheometer
mentioned before. The velocity of the piston was 5.0 mm/min
at a defined temperature (temperature based on the
characteristics of the thermoplastic binder used). To obtain
the fugitive preform, the fugitive feedstock was uniaxially
pressed (OPUS, Romheld) into a cylinder shaped feedrod
(diameter = 24 mm, length =45 mm). A hole with the same
diameter of the primary preform was drilled in the center of
the fugitive cylinder in order to structure the preform
composites. The details of the co-extrusion process for solid-
fiber production are described elsewhere [2]. The preform
geometry for the hollow-fiber production was the opposite

Mixing parameters and temperatures used for the rheological tests for the unfilled polymers and their feedstocks (58 vol.% PZT).

Systems Mixing (at 10 rpm) Rheological characterizations temperature, 7 [°C]
Temperature [°C] Maximum Equilibrium Tl T2 T3 T4
torque [Nm] torque [Nm]

Unfilled PS 150 43.10 15.89 £ 0.20 150 160 170 180
Unfilled LDPE 120 8.90 3.30 £ 0.01 120 130 140 150
Unfilled EEA 120 17.14 7.11 £ 0.08 120 130 140 150
Unfilled blend 120 17.00 6.52 +£0.21 120 130 140 150
PZT + PS 180 53.08 11.00 £ 0.43 150 160 170 180
PZT + LDPE 120 20.04 8.75+£0.21 120 130 140 150
PZT + EEA 120 37.24 13.00 £ 0.30 120 130 140 150
PZT + blend 120 38.14 1331 £0.14 120 130 140 150

Note: PZT corresponds to PZT coated with stearic acid.
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than the preform geometry for the solid-fiber production, i.e., the
primary feedstock was uniaxially pressed into a cylinder-shaped
feedrod (24 mm diameter), and the fugitive feedstock was
extruded through a 7.77 mm diameter die. The preform
composites were then structured drilling a hole in the center
of the primary preform with the same diameter as the fugitive
preform. The co-extrusions were carried out using the
aforementioned capillary rheometer. The temperature was
defined based on the characteristics of the thermoplastic binder
material selected to prepare the feedstocks. A die with a half cone
angle of 60°, 1 mm diameter and 16 mm length was used, so that
the first extrudate was 24 times smaller than the initial preform
(reduction ratio =24:1). After binder and fugitive material
removal and sintering of the ceramic (1100 °C, for 2 h), thin solid
and hollow PZT fibers were attained. Scanning electron
microscopy (TS5136MM, Tescan) was used to obtain cross-
sectional micrographs from the fibers.

3. Results and discussion

3.1. Unfilled thermoplastic binders: thermal behavior
analyses

Fig. 2 represents the thermograms of unfilled thermoplastic
binders, and Table 4 lists the information derived from these
measurements. With reference to the amorphous polymers, the
values of T, indicated in Table 4 correspond to the averages
between the onset and the final temperatures of the inflection
from the baseline. Hence, the shift from the baseline verified
between 106 and 115 °C for the PS, and the inflection between
52 and 70 °C for the PIBMA, correspond to the ranges of their
T,. For the LDPE and EEA copolymer, the peak temperature
occurring at 107 and 104 °C is assigned to their Ty,
respectively. The studied polymer blend (EEA + PiBMA) is
determined to be compatible because the transition tempera-
tures are slightly shifted when compared with the correspond-
ing pure components. An incompatible blend would only show
the characteristic DSC responses of the individual components
[25]. The importance in determining the transition temperatures
of the organic binders relies on the set-up of the processing
temperatures. The mixing (feedstocks compounding) and the
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Fig. 2. DSC thermograms of the unfilled thermoplastic binders.

Table 4
Information derived from the DSC and TGA measurements of the organic
binders.

Material Tm [°C] Ty [°C]  Tonset [°Cl1 Tso [°C]  Trax [°C]
PS Amorphous 111 260 315 315
PiBMA Amorphous 61 226 269 271
LDPE 107 - 275 382 363
EEA 104 - 270 386 359
Blend 102 68 230 409 387
Stearic acid 62 - 150 215 223
Coated PZT - - 220 275 280

co-extrusion steps should be performed above the T;, and the T,
values for semi-crystalline and amorphous polymers, respec-
tively, in order to facilitate the wetting of the powder.

The TGA of the organic systems is shown in Fig. 3. We
derived from the TG curves the temperature at which weight loss
onset occurs (Tynsey), the temperature that corresponds to the
maximum decomposition rate (7,,,x) and the temperature for
50% weight loss (Ts), listed in Table 4. Additionally, Table 4
represents the parameters for the pure stearic acid and for the PZT
powder coated with stearic acid. The parameters of the coated
PZT were determined after normalizing the TGA results for the
amount of stearic acid. Considerable differences in the thermal
decomposition of the thermoplastic binders are observed in terms
of both degradation temperature (Table 4) and pathway (Fig. 3).
While the decomposition of the amorphous polymers (PIBMA
and PS) occurs in a continuous stage, the semi-crystalline binders
(EEA and LDPE) show distinct degradation steps. The addition
of the amorphous PiBMA to the EEA polymer leads to a
decreased T, of the blend when compared with the pure EEA;
however, Tsy and Ty,,x increase. Additionally, as for the semi-
crystalline binders, the blend shows distinct degradation steps.
The amorphous binders present a lower final decomposition
temperature than the semi-crystalline thermoplastics, which,
depending on the sintering temperature of the ceramic used,
would be of advantage.

The study of the thermal performance of the organic
compounds stems from the need to correlate their degradation
behavior to the processing steps. Processing (feedstocks
compounding, preforms fabrication and co-extrusion) should
be carried out at temperatures significantly below the binder
Tonset to avoid drastic changes in the flow behavior of the
feedstocks due to degradation of the thermoplastic material. For
the case of the thermoplastic binders investigated within this
study, the limiting temperature for processing is the T, Of the
coated PZT (lowest Tj,s; When compared with the thermo-
plastic binders, Table 4). The retention of the stearic acid during
processing is necessary for the consistency of ceramic powder
volume loading. In addition, if a degradation of the stearic acid
during processing does occur, a change in the flow behavior of
the composition might happen. It is noteworthy that the pure
stearic acid starts decomposing at 150 °C, but an increase in
70 °C on the T, is measured when this molecule is adsorbed
onto the particle surface of the PZT (Table 4). This is attributed
to the strong physical bond between the stearic acid head group
(COOH, Table 1) and the ceramic surface [23].
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Fig. 3. Decomposition profiles of the unfilled organic binders.

TGA is additionally important in identifying temperature
regions of rapid mass loss (7},,.x), Which can be used as an initial
guide in the set-up of the debinding process of the as-shaped
ceramics. As previously discussed, the binder should be
completely removed before sintering of the ceramic starts. It is
verified that no residue was left for any of the investigated
binders at 600 °C (Fig. 3), the temperature at which PZT starts
sintering in case of PbO excess [26].

3.2. Unfilled and filled thermoplastic binders: rheology
and processability

It is well known that the polymers provide the rheological
properties required for ceramic feedstocks. However, the
interactions between the thermoplastic binders and the ceramic
particles also affect the flow behavior, and, as a result, the
processability of the feedstocks is influenced. In this context,
this section discusses the rheological behavior of the unfilled
polymers in comparison with the corresponding filled mixtures.

Table 3 indicates the temperatures at which the mixing
(feedstock compounding) and the rheological characterizations
were carried out. The mixing and the first temperature for the
rheological tests (T1) were set as low as possible to suppress
thermal degradation of the organic materials (T, T, <
T1 < Tonser) and T4 was set to be lower than the 7, of the
thermoplastic binder (T4 < Tyn). For the case of the filled
systems, the Ty Of the surface-modified PZT (coated PZT) was
the limiting working temperature (Table 4). For the polystyrene-
containing systems, elevated temperatures (T1> T,) were
required due to the high torque values observed for the unfilled
PS, an indicative of a highly viscous binder. Besides the
equipment imposes a limit for maximum torque reading, high
torque values may result in an elevated applied pressure during
co-extrusion, fact that may lead to phase separation during
extrusion. In addition, Table 3 gives the maximum and the
equilibrium torque during the mixing step. Both parameters are
dependent on the melt viscosity of the thermoplastic binder. It

can be seen that LDPE reveals the lowest viscosity (lowest
torque), whereas PS shows the highest one (highest torque). The
addition of PIBMA to the EEA co-polymer does not significantly
influence its behavior. For the unfilled polymers, the maximum
torque corresponds to the heat transfer necessary to completely
melt the thermoplastic material. For the case of the filled
polymers, the maximum torque value is indicative of the energy
necessary to fill voids between particles and cover their surface.

Besides determining the aforementioned parameters during
mixing, the torque-rheometer is, in addition, useful in providing
information on the flow behavior of the materials. This can be
attained when considering the torque-rheometer measuring
head acting as two adjacent concentric-cylinder rheometers
[27,28]. Neglecting end effects, the following equation is
applied in concentric-cylinder rotational rheometers:

M

napp :§k (1)

where 1, is the apparent viscosity, M the torque moment, £2 the
angular velocity and k is a constant that depends on the dimen-
sions of the rheometer (internal and external radius, R; and R,,
respectively, and cylinder length L). A schematic representation
of a torque- and a concentric-cylinder-rheometer and the corre-
sponding analogy are given in Fig. 4. In view of this representa-
tion and considering Eq. (1), the torque moment (M) can be
related to the imposed shear stress (t) and the rotor speed (V) to
the shear rate (y):

T=kM 2)
Yy =kN (3)
therefore,

T k[M

= - = — 4
napp )/ k2N ( )

The melt viscosity of a polymer depends on the temperature
used, which in turn has a pronounced effect on the processing
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Fig. 4. Schematic representation of (a) concentric-cylinder and (b) torque-rheometers and, (c) the torque-rheometer analogy to a concentric-cylinder rheometer.

step. The temperature—viscosity relationship can be defined
using an Arrhenius type equation [12]:

®)
where 7, is the apparent viscosity at temperature T(K), A is
the frequency term depending on the entropy of activation for
flow, E;is the energy of activation for viscous flow and R is the
universal gas constant (8.314 J/mol K). Combining (4) with (5),
derived from the rheological characterizations performed using
torque-rheometry, Fig. 5 represents Arrhenius-type plots of

torque/rpm-temperature data for the unfilled polymers and their
corresponding feedstocks.

Referring to Fig. 5, with respect to the temperature effect, all
unfilled thermoplastic binders and feedstocks obeys an
Arrhenius relation. Additionally, as expected, Fig. 5 points
out that all measured systems exhibit pseudoplastic behavior
for the temperature and shear ranges analyzed, as the apparent
viscosity (torque/rpm) decreases with increasing shear rate
(rpm). Filling the polymers increases the resistance to flow. The
addition of ceramic particles to the system, besides decreasing
the effective volume of polymer, leads to a reduction in the
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Fig. 5. Temperature dependence of viscosity (torque/rpm) for the unfilled polymers and their corresponding feedstocks (58 vol.% PZT). Note: temperature axes are
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polymer chain mobility. The usefulness of Arrhenius repre-
sentations is related to the potential correlation between the
feedstock preparation and the co-extrusion steps: by determin-
ing the torque at a given temperature during compounding, the
pressure necessary to co-extrude can be estimated. For
example, in this study, equilibrium torque values down to
3Nm at 10rpm were an indication of very low viscous
compositions, allowing the material to flow by gravity during
the co-extrusion process when using a capillary die with 1-mm
diameter. On the other hand, for feedstocks with equilibrium
torque values higher than 30 Nm at 10 rpm, the pressure during
co-extrusion through a 1-mm diameter die increased drama-
tically. The aforementioned correlation is of great importance
for the co-extrusion technique, in which mixing and extrusion
should be carried out at the same temperature [2], due to the
sensitivity of viscosity to the temperature changes that
polymers display. Accordingly, the Arrhenius representation
is also functional in determining the accurate temperature in
which different compositions can be co-extruded due to their
similar viscosity.

Moreover, from Arrhenius plots it is feasible to determine
the activation energy of viscous flow (Ef), a measure of the
resistance to flow of a given material. Fig. 6, derived from
Fig. 5, shows the activation energy of viscous flow for the
unfilled polymers and their corresponding feedstocks. The
results found for the unfilled polymers (Fig. 6) are in good
agreement with values for E, previously reported in the
literature [27,28]. When comparing the unfilled polymers with
their corresponding feedstocks, an increase in E; with the
presence of the ceramic is observed for the PS and LDPE
feedstocks, due to the fact that fillers lead to a decrease in the
polymer chain mobility. However, for the case of the EEA and
the blend, this assertion is not applicable. One possible
explanation could be the presence of the ester functional group
(-RCOOR’-) in the EEA and PiBMA binders (Table 1). This
fact confers a polar character to the aforementioned binders,
which would allow them to perform as dispersants, enabling a

O Unfilled Polymers
B PZT Feedstocks

60

50

40

E; [KJ/mol]
8
T

20 -

PS LDPE EEA Blend
Systems
Fig. 6. Activation energy of viscous flow for the unfilled polymers and their

corresponding feedstocks (58 vol.% PZT) at rotor speeds ranging from 10 to
100 rpm.

better wetting of the inorganic filler. However, the compatibility
of stearic acid (free and adsorbed) with polymer binder might
also play an important role.

We consider that the energy barrier for viscous flow reflects the
contributions of polymer—particle and particle—particle interac-
tions. For all PZT feedstocks, the particle—particle interaction
should be similar due to equal conditions of PZT powder and
surfactant. Therefore, it is reasonable to correlate the Ef values of
the feedstocks with the polymer—particle interaction; for a
comprehensive comparison, the Evalues of the unfilled polymers
should also be taken into account. Thus, referring to Fig. 6, a
strong interaction of LDPE chains with PZT particles is assumed
due to the abrupt change in the flow activation energy observed
from the unfilled polymer and its feedstock. The PZT + PS
compound also displays a high E; however, so does the unfilled
polystyrene. This can be explained by the low MFI of this binder
(Table 1), what is an indicative of a high molecular weight
polymer. The higher the molecular weight of a thermoplastic
material, the greater the chain entanglements, which results in an
increase in the melt viscosity, an occurrence that decreases
processing ease. The feedstocks containing the EEA and the EEA
blend do not show a strong polymer—particle interaction, as
observed in the similar values of Ef for the unfilled polymers and
their feedstocks (Fig. 6). During the ceramic—thermoplastic co-
extrusion process, a strong polymer—particle interaction is desired
in order to avoid phase separation. This phenomenon leads to an
increase of the effective solid loading of the system, which results
in modified flow properties. Taking into account the huge
standard deviation verified for those aforementioned feedstocks
(average Ef values for PZT + EEA = 15.59 & 40%; average E;
values for PZT + blend = 23.84 4+ 39%), it is reasonable to
assume that at a particular shear rate (10, 50 and/or 100 rpm) the
ceramic feedstock presented a lower Ey than its corresponding
unfilled polymer. This lower Ef value might be attributed either to
the presence of ester functional group in the EEA and PIBMA
binders, as previously discussed; or to degradation of the
thermoplastic binder, most likely occurred in the presence of the
ceramic powder. It is important to mention that a change in color
was observed after compounding those feedstocks, what is an
indication of the degradation phenomena (results not shown).
During mixing, high shear stresses in the particle-crowded
condition may break the polymer into lower molecular weight
fragments [29]. The decrease in the molecular weight of the
binders decreases the activation energy of viscous flow.

Assuming that Ej reflects the contributions of polymer—
particle and particle—particle interactions, the PZT + LDPE
feedstock shows the strongest polymer—particle interaction.
This might be mainly attributed due to its greatly branched
chain structure, which increases the probability to form multi-
adsorption sites on the ceramic particles.

3.3. Filled thermoplastic binders: extrusion and co-
extrusion

After studying the rheology and processability of the unfilled
and filled systems, the next logical step in the process was to
extrude the filled thermoplastic binders to produce PZT fibers.
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Fig. 7. SEM images of as-sintered (a) solid and (b) hollow PZT fibers obtained by the thermoplastic co-extrusion process using LDPE as the thermoplastic binder.

Due to the drawbacks of the polystyrene feedstock discussed to
this point, such as its high apparent viscosity values (Fig. 5), this
composition was not extruded. Table 5 points out the extrudate
diameter and the die swell values for the PZT extruded fibers. It is
observed that the PZT + LDPE feedstock presents the lowest S,
value, whereas the PZT + EEA shows the highest one. The
addition of PIBMA to the EEA co-polymer (blend feedstock)
decreases the S,, result of the EEA feedstock.

The die swell effect is an important parameter to be taken
into account for composites shaped by co-extrusion. Besides
the fact that feedstocks presenting high die swell may generate
stress between the different co-extruded materials, this
parameter is also essential for achieving final structures with
geometries identical to the original preform.

In view of the results attained, based on the fact that the
selection of the ideal binder for co-extrusion process requires
consideration of parameters such as degradation during
compounding of the feedstocks, the flow behavior as well as
the final product dimension desired, the low-density poly-
ethylene was selected within this work as the thermoplastic
binder for the co-extrusion of thin PZT solid and hollow fibers.
Under the investigated processing conditions, this binder
exhibits low viscosity with a high solid loading, no indication of
degradation, a strong particle-polymer interaction as well as a
comparatively low die swell. Given that, successful co-extruded
solid and hollow PZT fibers were obtained with the use of
LDPE as the thermoplastic binder for both primary and fugitive
feedstocks. Processing (feedstocks compounding, preform
fabrication and co-extrusion) was carried out at 120 °C,
temperature defined based on the results discussed for the
LDPE binder. The debinding step was based on the TGAs of the
feedstocks. Fig. 7 presents the cross-sectional micrographs of
the sintered co-extruded solid (~240 pwm diameter) and hollow

Table 5
Extrudate diameter and die swell of the fibers extruded through a 300 wm
diameter capillary at 120 °C.

Feedstock (58 vol.% PZT) Extrudate diameter [pm] Die swell S, [%]

PZT + LDPE 321 £5 7
PZT + EEA 359+ 6 20
PZT + blend 330+ 4 10

Note: PZT corresponds to PZT coated with stearic acid.

(~800 wm diameter) PZT fibers. These ferroelectric fibers find
their use as sensors and actuators.

4. Conclusions

In this work, the essentials criteria to be considered for the
selection of the proper thermoplastic binder for the formulation
of ceramic co-extrusion feedstocks were presented. In order to
ensure those discussed requisites, four pre-selected organic
binders (polystyrene, low-density polyethylene, poly(ethylene-
co-ethyl acrylate) and a blend of poly(ethylene-co-ethyl
acrylate) and poly(isobutyl methacrylate)) were analyzed and
their properties compared with lead zirconate titanate (PZT)-
filled feedstocks. The analyses of the thermal behavior of the
thermoplastic binders were fundamental in determining the
optimum temperature range for processing (feedstocks
compounding, preform fabrication and co-extrusion). The
use of torque-rheometry to characterize both the unfilled and
the filled thermoplastic binders was essential in verifying the
thermal stability of the binders under processing conditions.
With the use of an Arrhenius relation, the temperature
dependency of viscosity could be determined and the energy
of activation for viscous flow calculated. Arrhenius representa-
tion showed to be functional in estimating the co-extrusion
behavior of the compounds at a given temperature. The flow
activation energy results could retrospectively help to gain
insight into the polymer—particle interactions.

Finally, the low-density polyethylene, due to its relatively
low viscosity with a high solid loading, no indication of
degradation, strong particle—polymer interaction as well as
comparatively die swell, was used as the thermoplastic binder
for efficiently producing thin solid (240 pm diameter) and
hollow (800 wm diameter) PZT fibers by means of the co-
extrusion technique. This research may function as the basis of
further studies to select the optimal thermoplastic binder
system to suit the processing conditions, which is indispensable
information for successful co-extrusion.
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