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Abstract The Micropen™ direct-write technique was used
to fabricate ceramic skeletal structures to develop piezo-
electric ceramic/polymer composites with 2-2 connectivity
for medical imaging applications. A lead zirconate titanate
PZT paste with ~35 vol.% solids loading was prepared as a
writing material and the paste’s rheological properties were
characterized to evaluate its feasibly for Micropen deposition.
A serpentine pattern was designed and deposited in AutoCAD
and with a 100 um pen tip, respectively. After debinding and
sintering, the microstructural analysis showed that the ceramic
structures were fully densified, with good bonding among
layers. Typical single-layer thickness was ~50 pwm, and
sintered line width was ~120 pm. The composites containing
30-45 vol.% PZT were fabricated within 1 cm? area, with
thicknesses ranging from 350 to 380 wm. Their electrome-
chanical and dielectric properties were measured and found
similar to that of composites fabricated by other techniques.
The & was ~0.61, d33 was 210-320, with Q,, of ~6 and
dielectric constant of 650-940.
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1 Introduction

Lead zirconate titanate (PZT) is a widely used piezoelectric
ceramic for transducer applications due to its excellent
electromechanical properties, such as high dielectric con-
stant (K), piezoelectric charge coefficient (d53), and
electromechanical coupling factor (k) [1]. PZT ceramic/
polymer composites have drawn much attention because
they combine the advantages of both ceramics and
polymers, including high k;, acoustic impedance close to
that of issue, reasonably large dielectric constant and low
mechanical loss. In particular, fine-scale PZT/polymer
composites of different connectivities have been designed
and investigated for ultrasonic medical imaging transducers
operating at higher frequencies (1-30 MHz) [2—4].
Currently, PZT/polymer composites are commercially
fabricated by injection molding, dice and fill and lost mold
techniques. Other possible manufacturing methods include
tape casting [5], micro-processing [6], laser cutting [7] and
thermoplastic green machining [8]. However, these techni-
ques are not suitable for building novel and complex
designs within a short period of time. Because of the
flexibility of direct-writing for miniaturization of compo-
sites, as well as the advantage of eliminating many
processing steps such as cutting and mold-making,
fabrication of composites by direct-write techniques has
received increasing attention in recent years. Extensive
research has been devoted to fused deposition of ceramics
(FDC) [9, 10], robocasting [11, 12], stereolithography [13]
and ink-jet printing [14]. These techniques allow depositing
materials only where needed and enable rapid-prototyping
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of novel or complex patterns for cost-effective small-lot
production [15].

Another promising direct-write approach is Micropen™
system (Ohmcraft, Honeoye Falls, NY). It is a computer-
automated device for precision printing of fluid slurries or
pastes. The printed feature size is determined, although not
exclusively, by pen tip sizes (inner diameter from 50 to
2,500 um). A unique “dynamic pen control” feature enables
writing on cambered or uneven substrates [16]. The Micro-
pen direct-write provides the ability to fabricate multifunc-
tional, multimaterial integrated ceramic components in an
agile and rapid way. The original work on Micropen started
in Sandia National Laboratories around 1997. Using
commercially available screen printing thick-film slurries,
Dimos and King et al. investigated the effects of paste
rheology on print resolution and topography, and fabricated
integrated, multilayer ceramic components (e.g. filter,
inductors and voltage transformers) [17, 18]. Later, rheo-
logically tailored, cofireable thick-film pastes for capacitor
and varistor applications (e.g. lead zirconate niobium
titanate and zinc oxide) were developed in Lewis’ group
[19, 20]. Previous work in our group was focused on direct-
write of PZT and barium strontium titanate (BST) thick
films for ferroelectric and capacitor applications [21-23].

Although Micropen™ direct-write has proven to be well
suited for the deposition of thick films and multilayer devices,
its capability of creating micro-scale three-dimensional (3D)
structures has not been reported. The objective of our work is
to utilize the Micropen technique to fabricate piezoelectric
composites (300-400 pm in thickness) for transducers
including medical imaging applications, bypassing the dicing
or molding process. In what follows, the processing issues
appertaining to Micropen™ direct write are discussed, and
dielectric and piezoelectric properties of composites are
provided.

2 Experimental

PZT pastes with 35, 40 and 45 vol.% solids loading were
prepared for Micropen™ direct-write. Similar to our
previous work [22], 5 vol.% ethyl cellulose was first
dissolved in «-terpineol, to which a commercial PZT
powder (TRS 610, TRS Ceramics) was gradually added
into the terpineol-ethyl cellulose solution. The PZT powder
was already coated with stearic acid in order to increase
ceramic powder loading with having lower paste viscosity.
After stirring for 20 min, the mixture was three-roll milled
for 20 min to break agglomerates, by which paste
uniformity was improved. Then, the paste was transferred
into a syringe, and centrifuged to eliminate air bubbles
generated during the preparation and handling. Finally, the
syringe was loaded to Micropen for deposition.
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A two-layer film was deposited as a bottom layer prior to
depositing the PZT paste on an as-pressed PZT disc (as
base), so as to promote co-densification during sintering. The
PZT skeletal structure was deposited in a layer-by-layer build
sequence to obtain the desired thickness. Underlying layers
were dried under a lamp (15-30 min) before direct-writing
on top of them. Two sizes of pen tips were used in our study
(250 or 100 pum in inner diameter), for which Micropen
direct-writing parameters (such as “cross section”, “writing
speed”) were adjusted accordingly to achieve the required
dimensions for the structures of interest.

The green PZT skeletal structures were debinded at 550°C
with 1°C/min heating rate, followed by sintering at 1250°C
for 1 h with 3.5°C/min heat rate in an excess-PbO
atmosphere. The ceramic structures were then infiltrated
with epoxy. The epoxy used was Epotek 301 (Epoxy
Technology, MA, USA). Two different components of the
epoxy were mixed in the weight proportion recommended by
the manufacture. After magnetic stirring for 20 min, the
epoxy was poured into a small plastic dish containing the
sintered PZT structures. Vacuum deairing was performed by
cycling between atmospheric pressure and ~—10 kPa several
times until no bubbles generated from the samples. Then the
samples were left in the vacuum chamber for 30 min under
~—10 kPa, followed by curing the epoxy at room temperature
overnight. Upon curing the polymer, the infiltrated structures
were polished to remove the PZT base. After electroding the
composites by gold sputtering on both sides, poling was
accomplished using 30 kV/cm for 15 min at 50°C.

The viscosities of the 35, 40 and 45 vol.% PZT pastes
were measured with an AR1000-N rheometer (TA instru-
ment) with a concentric cylinder, having conical end
geometry. Line width and height of one-layer as-deposited
PZT structure were measured with a profilometer (alpha-step
200, TENCOR Instruments). Thermogravimetric analysis
(TGA) of the coated PZT powder and the 35 vol.% PZT
paste was performed on Perkin-Elmer TGA?7, in the range of
50-600°C at a heating rate of 10°C/min in air. The fracture
surface of sintered structures was examined by field emission
scanning electron microscopy (LEO-ZEISS, Gemini 982).
Sintered density was evaluated by the Archimedes method.

The relative dielectric constant (K) and dielectric loss
(tan §) were determined with an impedance grain/phase
analyzer (HP4194A, Hewlett Packard) at a frequency of
1 kHz at room temperature. The piezoelectric charge coeffi-
cient (d33) was measured with a Berlincourt ds3-meter at
100 Hz (Model CPDT 3300, Channel Products, Chesterland,
OH). The reported d3; values were an average of the
composites since the probe covered the entire area of the
samples. The electromechanical coupling factors (k, k31)
were determined by the resonance method [24], while the
mechanical quality factor (Q,,) of the devices was evaluated
by the bandpass method [25].
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Fig. 1 Log-log plots of the apparent viscosity as a function of shear
rate for the 35, 40 and 45 vol.% PZT pastes

3 Results and discussion

A key similarity with most direct-write techniques, which is
also the case for Micropen deposition, is the importance of
paste rheology. Figure 1 depicts the apparent viscosity as a
function of shear rate for the 35, 40 and 45 vol.% PZT
pastes. It is clear that all three pastes exhibited shear
thinning behavior, and the viscosity increased as increasing
solids loading in the shear rate range studied here. Shear
thinning (or likewise shear thickening) behavior can be
described by an empirical power law equation as [26]:

n, =Ky (1)

where 7, is the apparent viscosity, ¥ is the shear rate, K is
the consistency index, and m is the power-law index, which
indicates the departure from Newtonian behavior. If m<1,
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Fig. 2 TGA curves of the coated PZT paste and the 35 vol.% PZT paste

Eq. I describes shear thinning. From Fig. 1, it is seen that K
increased from 13.3 to 77.3 and to 741.3 with increasing
solids loading, while m values were approximately 0.5, 0.4
and 0.6 for the 35, 40 and 45 vol.% pastes, respectively.
The closeness of m values indicate that the degree of shear
thinning for the three pastes were similar. As proposed by
Dimos et al., the typical Micropen writing range corre-
sponds to high shear rates (20-85 s '), while the material
settling range corresponds to low shear rates (<1 s ') [17].
For the 35 vol.% PZT paste used in our Micropen
deposition, the viscosities were 45 and 2 Pa's in the settling
range (0.1 s~ ") and writing range (85 s~ '), respectively. The
relative high viscosity values in the settling range indicate
that this paste can be used for writing high definition
patterns. For the pastes with higher solids loading (e.g. 40
and 45 vol.%), problems due to possible agglomeration
were encountered, although they exhibited higher viscosi-
ties. Therefore, the 35 vol.% paste was used in our current
work, and the deposition using higher solids loading pastes
was deferred to a future study.
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Fig. 3 The variations of (a) line width, line height and (b) actual cross
section as a function of “input cross section (CS)”
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TGA curves of the coated PZT powder and the 35 vol.%
paste are plotted in Fig. 2. For the coated powder, it is found
that approximately 1.3 wt.% stearic acid (as a dispersant)
was absorbed onto the powder surface, which helped to
avoid agglomerates. For the paste, the 84 wt.% residue at
600°C agreed with the calculated value (~81 wt.%) for the
designed 35 vol.% paste. In addition, the weight losses below
200°C (~13 wt.%) and between 200-400°C (~3 wt.%)
should be attributed to the solvent removal and the
decomposition of the dispersant and binder, respectively.

To achieve uniform and consistent writing quality,
various Micropen writing parameters should be optimized.
For example, “cross section” (CS) of a printed line is one of

Fig. 4 (a) Image of the as-
deposited ceramic structure for

a composite A; (b), (¢) and (d)

FESEM micrograph of fracture 11 4
surface of a sintered PZT plate; T
(e) image of the composite A '1 ELLE] i
after polymer infiltration, pol- ‘ {11
ishing and electroding
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the important parameters. It determines the amount of
material delivered by a pen tip at a given writing speed, or
can be simply defined as CS=line width (LW)xline height
(LH) for an ideally rectangular cross-sectional line. Figure 3
plots the variations of LW, LH and actual cross section
(ACS) as a function of “input CS”. The test samples were
one-layer deposition on glass slides, using a 100-pm
diameter pen tip. The actual cross section (ACS) was
automatically calculated from the deposited lines by a
profilometer. Figure 3 illustrates LH, LW and ACS
increased with increasing “input CS”. And the relationship
can be expressed using a linear fit equation of y=A+Bx
(shown in Fig. 2). Here, 4 and B give the slope and

Sem r
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Fig. 5 (a) Impedance and phase angle spectra and (b) admittance and
phase angle spectra of the composite A

intercept values, respectively, and R (correlation coefficient)
representing the degree of linearity (the more R is closer to
“1”, the more the linearity). In detail, for the plot of LW, the
values for A, B and R were 134.13, 0.014 and 0.99527,
respectively; whereas for the plot of LH, 4, B and R were
10.00, 0.0021 and 0.99194, respectively; While for the plot
of ACS, 4, B and R were —716.47, 0.72 and 0.99818,
respectively. The nearly linear relation has been observed
previously for thick films deposited by the Micropen,
namely the film thickness linearly increased with CS [17,
21]. These results show that CS is a crucial parameter for

controlling line dimensions. In addition, LH increased at
the expense of increasing LW, which indicates that an
optimal cross section should be chosen for a desired aspect
ratio of PZT skeletal structures.

Figure 4(a) shows an as-deposited PZT skeletal structure
for a 2-2 composite (composite A, deposited using a 100-
um pen tip). Although the Micropen deposition exhibits
relatively good consistency and uniformity during writing
in the “stationary” region, it is challenging to obtain high
quality line starts and ends in the “#ranmsient” region.
Therefore, a serpentine pattern was designed instead of
separated lines. The same issue has been addressed in FDC
and robocasting techniques [9, 12]. In addition, the
sintering shrinkage of the ceramic plate width (~17%) was
found to be similar to that of plate height (~19%). The similar
tendency was also observed for the composites fabricated by
thermoplastic green machining and FDC [8, 9]. Such
shrinkage needs to be incorporated into the AutoCAD design
in order to obtain required composite dimensions.
Figure 4(b), (c) and (d) show the FESEM micrographs of
sintered five-layer PZT plates (deposited using a 250-pum
pen tip). First, FESEM reveals the typical cross section of
ceramic structures in Micropen deposition. Similar to all
solid freeform fabrication techniques, such feature originates
from the layer-by-layer direct writing of cylindrical filament-
based materials [9, 11, 12]. Secondly, multilayers were found
to be bonded well and no delamination among layers after
sintering. And the deposited layers were attached well on the
substrate. Thirdly, a fully densified ceramic microstructure
was obtained with grain size of 2-3 um. Finally, for this
sample, ~7% variation in line width and ~6% variation in
line height were observed. Here, the typical single-layer
thickness was ~60 um, and the average maximum line width
was ~200 pum. In general, deposited line dimensions are
determined by a specific pen tip, paste material and writing
parameters. The final composite A after polymer infiltration,
polishing and electroding is shown in Fig. 4(e). After
adjusting Micropen writing parameters, ~120 um in line
width and ~50 um in line height were achieved for the
typical one-layer sintered PZT structure using a 100-pum pen
tip. The advantages of using a smaller pen tip are obtaining a
higher aspect ratio (line height/line width) and finer scale,
which is desirable to avoid lateral resonant waves and to
increase ds3 [8, 9]. However, dimension variations of
ceramic plates and misalignment between layers may

Table 1 Comparison of dielectric and piezoelectric properties of a PZT disc and the two composites fabricated by Micropen.

Sample PZT (vol.%) Thickness (mm) K tan ¢ (%) dy; (pC/N) k¢ k31 Om Density (g/cm®)
Bulk 100 0.93 2880 630 0.56 -0.38 20 7.77
Composite A 30 0.38 650 210 0.60 -0.36 7 3.18
Composite B 45 0.35 940 320 0.62 —0.34 6 4.20
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become problems when using smaller pen tips mainly due to
“agglomerates”, which could be improved by optimizing
paste processing [9].

Impedance and admittance spectra of the fundamental
thickness mode resonance for the composite A are shown in
Fig. 5. In this figure, sample A had a clean thickness mode
resonance, with a resonant frequency of 4.1 MHz and an
anti-resonant frequency of 5.0 MHz. Thus the thickness
mode coupling coefficient (k) of ~0.60 was calculated
according to the IEEE standard (listed in Table 1) [24]. In
Fig. 5(b), the mechanical quality factor (Q,,) of ~7 was
calculated.

Table 1 summarized the dielectric and piezoelectric
properties of the two representative composites A and B
(deposited using a 100-um pen tip), along with a PZT bulk
sample for comparison. The 31 mode coupling factors (k3;)
of the composites were calculated from the resonance and
anti-resonance frequencies of the lowest frequency reso-
nance mode [24]. The planar mode coupling factors (k) of
the composites could not be measured due to the rectangu-
lar geometry. The ceramic fractions were ~30 vol.% for
composite A and ~45 vol.% for composite B. The ceramic
volume fraction plays an important role in determining
optimum efficiency both in transmitter and receiver modes
for ultrasound transducers [27]. An attractive advantage of
the Micropen direct-write is the design flexibility using
AutoCAD software, thus desired volume fractions can be
easily fabricated. The composite A had a k; of 0.60 and Q,,
of 7, while the values for the composite B were 0.62 and 6,
respectively, which are comparable to what reported in
literature using other techniques [5, 8, 9]. Compared to the
bulk sample, the enhancement of k; for the composites
should be mainly caused by the partial relief of the lateral
clamping in the polymer environment [28]. And the lower
On, values obtained suggest that such composites are suited
for the broad bandwidth applications, which is due to the
partial damping of the ceramic plate’s vibration by the
surrounding polymer [29]. Table 1 also shows that
the dielectric constant (K) of the composites was propor-
tional to the ceramic volume fraction, as expected, because
K does not depend on coupling between ceramic and polymer
phases [30]. Furthermore, the d33 values were found to be
210 and 320 pC/N for the two volume fractions, indicating
an increase with increasing ceramic volume fraction in our
study. Different trends in the d33 variation with ceramic
volume fraction have been observed [7, 12]. Because the ds3
of composites is also affected by other factors such as the
thickness of composites, the aspect ratio of the ceramic and
the bonding between the ceramic and polymer phases,
which all affect the stress transfer between the two phases
[29, 31]. For the composites A and B, the thickness were
about 380 and 350 wm, and the separation between the
ceramic plates were about 260 and 170 pum, respectively.
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4 Conclusions

PZT ceramic/polymer composites with 2-2 connectivity
have been fabricated using Micropen™ direct-write tech-
nique. A 35 vol.% PZT paste was prepared for the
Micropen deposition, which exhibited shear thinning
behavior with a viscosity of ~45 Pa-s at lower shear rates
(0.1 S, It is found that “cross section”, the Micropen
writing parameter, is crucial for the dimensional control in
deposition.

The deposited ceramic skeletal structures were fully
densified, with good bonding among layers. The composites
(thickness=350-380 um) had resonance frequencies at
~4 MHz, and satisfactory electromechanical properties (k=
60-62%, O0,=6-7, d33=210-320, K=650-940 and tan ¢=
2.1-2.4%). Such results indicate that the Micropen direct-
write has the potential to fabricate miniaturized 2-2
composites and other novel composites for medical imaging
applications.
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