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Abstract: The present paper reported a novel approach for the fabrication of a high-aspect
ratio (K, Na)NbO3 (KNN) piezoelectric micropillar array via epoxy gelcasting, which involves
the in situ consolidation of aqueous KNN suspensions with added hydantoin epoxy resin on a
polydimethylsiloxane (PDMS) soft micromold. KNN suspensions with solid loadings of up to
45.0 vol.% have rheological behavior, which was suitable for the gelcasting process. The uniform
green KNN bodies derived from the optimized suspension of 42.0 vol.% solid loading and 15.0 wt.%
resin had exceptionally high mechanical strength (9.14 MPa), which was responsible for the integrity
of the piezoceramic micropattern structure. The square-shaped KNN piezoelectric pillar array with
lateral dimensions of up to 5 µm and an aspect ratio of up to five was successfully fabricated.
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1. Introduction

High-frequency ultrasonic transducers are a promising modality for diagnostic applications
in ophthalmology and dermatology due to their improved spatial resolution [1]. 1–3 piezoelectric
composites, comprising an array of parallel piezoceramic pillars in a continuous polymer matrix,
are ideal materials due to their high electromechanical coupling coefficient and low acoustic
impedance [2]. In the past, the most widely used active piezoelectric elements were lead-based
ceramics, such as lead zirconate titanate (PZT), because of their excellent piezoelectricity. However,
the high content of toxic lead oxide in PZT materials (more than 60 wt.%) restricted its use. It has
recently become urgent and imperative to develop lead-free piezoceramics in order to protect the
environment. Among the lead-free candidates, potassium sodium niobate ceramic (KNN) has been
considered as an alternative to Pb-based piezoceramics, because of its lower dielectric constant and
acoustic impedance [3–5]. However, the development a of high-frequency KNN-based piezoceramic
composite has been limited by the fabrication of the high-aspect ratio micropillar array. The minimal
width of the micropillar was limited to 40 µm using the conventional dice and filling method, due to the
inferior mechanical strength of the KNN ceramic [5]. With such a low-aspect ratio the micropillar array,
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the interference from the spurious mode would greatly reduce the performance of the piezoelectric
composite [6].

The soft mold process was a simple and reliable approach for fabricating micropillar arrays with
arbitrary geometry [7,8]. In the process, soft plastic polymers, such as PDMS, were introduced to
replicate the silicon master mold with the high-aspect ratio (HAR) arrayed pillars. Then, the negative
soft mold was filled with the ceramic slurry prepared by colloidal processing. After drying and
demolding, a green micropillar array could be obtained. To preserve the integrity of the microscale
HAR array, the green strength of the ceramic pillar should be high enough to withstand the shear stress
during the demolding. Among the ceramic colloidal processing techniques, gelcasting was considered
the most promising one, and employed the in situ polymerization of organic monomers to consolidate
the ceramic suspension into green bodies with high mechanical strength [9,10]. Although the commonly
used gelling agent acrylamide (AM) could impart the green bodies with excellent mechanical properties,
its industrial application was limited by its neurotoxicity. Recently, a low-toxicity hydantoin epoxy
resin gelling system was developed [11]. It endowed the green bodies with more excellent properties
than those derived from AM, which ensured the successful fabrication of microscale PZT pillar arrays
with lateral dimensions of <10 µm. Herein, the aim of the present work was to access of the feasibility
of KNN gelcasting using hydantoin epoxy resin as a gelling agent. The effect of the solid loading on
the rheological behavior and gelation process of KNN suspensions and the flexural strength of the
green body were systemically investigated. Moreover, the suitability of fabricating high-aspect ratio
KNN piezoceramic micropillar arrays was evaluated using the soft mold and epoxy gelcasting process.

2. Materials and Methods

2.1. Materials and Procedures

(K, Na)NbO3 (KNN) ceramic powder was synthesized from K2CO3 (99%, Alfa Aesar), Na2CO3,
Nb2O5 by the conventional solid state calcination method at 850 ◦C for 4 h [12], as shown in Figure 1.
The as-synthesized KNN powder used for the preparation of the ceramic suspension with different solid
loadings was ball-milled with 15.0 wt.% aqueous premix solution of hydantoin epoxy resin (Meihua
Chemical Co. Ltd., Wuxi, China). A nonionic dispersant, TDL-ND2 (Nanjing Tansail Advanced
Materials Co. Ltd., Nanjing, China), was added to deflocculate the KNN suspensions. By adding
0.25 mol·eq−1 3,3′-diamimodipropylamine (DPTA) (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan)
as a hardener, the suspensions were cast into the PDMS mold, followed by degassing for 5 min.
After consolidating at room temperature for 24 h and demolding, the green bodies were dried in an
oven at 40 ◦C for 4 h and then 80 ◦C for 8 h.
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2.2. Characterizations

Rheological measurements of KNN suspensions were performed using a rotational rheometer
(AR 2000 EX, TA Instruments, New Castle, NJ, USA) equipped with parallel plate geometry 40 mm in
diameter. Suspensions were sufficiently pre-sheared at 100 s−1 for 30 s before measurements to ensure
the repeatability of data. The viscosities of KNN suspensions were measured in the range from 1 to
1000 s−1 at a constant temperature of 25 ◦C. The gelation of KNN suspensions were monitored by
measuring the time-dependent evolution of the viscosity at a fixed shear rate of 0.1 s−1 for different
temperatures. The flexural strengths of dried KNN green bodies were measured by three-point
bending tests with a load rate of 0.5 mm·min−1 and a span of 30 mm (each group consisted of six
specimens). The fractural surfaces of green KNN specimens, as well as the morphological features of
micropillar arrays, were obtained using scanning electron microscopy (MIRA3 LMH, TESCAN, Brno,
Czech Republic).

3. Results and Discussion

Figure 2 shows the effect of the dispersant addition on the viscosities of 35.0 vol.% KNN suspensions.
The viscosity decreased initially and then increased as the dispersant content increased, and reached a
minimum value of 0.039 Pa·s at the shear rate of 100 s−1 as the dispersant content approached 3.0 wt.%.
This phenomenon might be attributed to the absorption of the nonionic dispersant TDL-ND2 molecules
on the KNN particle surface. When the dispersant content was lower than 3.0 wt.%, the adsorption
coverage was too low to provide sufficient steric repulsive forces to overcome the van der Waals
attractive forces, which resulted in the formation of a strong interparticle network, causing an increase
in viscosity [13]. However, the excessive addition of the dispersant exerted a negative influence on the
viscosity, due to the bridging effect of the residual unabsorbed dispersant molecules withs the increase
in the free dispersant amount in the suspension [14]. Therefore, 3.0 wt.% TDL-ND2 was chosen as the
optimum amount of dispersant.
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Figure 3a shows the effect of the solid loading on the viscosities of the KNN suspensions. It is
intuitive that the solid loading had significant influence on the viscosity of the suspension. The viscosity
increased rapidly from 0.039 Pa·s to 0.522 Pa·s, as the solid loading increased from 35.0 vol.% to
48.0 vol.%. A shear-thinning behavior was observed for the suspensions with solid loadings lower
than 45.0 vol.%. However, the abrupt transition of the rheological behavior to shear thickening was
observed as the solid load further increased up to 48.0 vol.%. The shear thickening behavior might
be attributed to the flow-induced order–disorder microstructure transition in the suspension [15,16].
In other words, the particles with a two-dimensional layered arrangement in the suspension were
abruptly disrupted at the critical shear rate (γonset = 251.2 s−1). A further increase in the shear rate
resulted in the formation of hydroclusters due to the dominant hydrodynamic interactions. Moreover,
the suspension structure changed into a three-dimensional disordered arrangement, which led to
the increase in viscosity. Although the 48.0 vol.% KNN suspension exhibited an acceptable viscosity
value of 0.522 Pa·s at 100 s−1, the shear thickening behavior precluded this suspension for gelcasting.
Since the working shear rate involved in gelcasting was generally high, e.g., the typical procedures
of mixing range from 10 to 1000 s−1 [17], high viscosity at an extremely high shear rate would cause
difficulty in uniform mixing.
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Figure 3b shows the effect of the solid loading on the shear stress of the KNN suspensions.
The shear stress versus shear rate behavior was determined using the generalized Casson model,
which was expressed as follows:

τ1/2 = τy
1/2 + (ηγ)1/2 (1)

where τ is the shear stress, γ is the shear rate, τy is the yield stress, η is the Casson viscosity. The yield
stress, defined as the critical shear stress beyond which the suspension started to flow [18], was estimated
from the intercept of the straight line fitted to experimental data in Figure 4.

A pronounced increase in yield stress occurred from 0.17 Pa to 4.92 Pa as the solid loading
increased from 35.0 vol.% to 45.0 vol.%, as shown in Table 1. The yield stress–solid loading behavior
was unsurprising given that the reduction in the particle distance caused the increase in particle
interaction, resulting in a more interconnected particle network. Moreover, the mechanical strength
of the flocculated colloidal structure of suspensions would be enhanced [19]. The yield stress was
approximated well by a power law function of the solid loading, as shown in Figure 5. The large
exponent value of 12.35 indicated that the degree of particle interconnectedness and aggregation
greatly increased with the increase in the solid loading [20].
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42.0 2.0833 0.0543 0.9991
45.0 4.9203 0.1117 0.9900
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Figure 6 shows the effect of the temperature on the gelation behavior of 42.0 vol.% KNN
suspensions. After adding 0.25 mol·eq−1 DPTA to induce the polymerization reaction, the viscosity of
the suspension were kept nearly constant for a period of time, and then rapidly increased to infinity as
the gelation took place. The inactive period of the low, nearly-constant viscosity is defined as the idle
time [21], representing the handling time available for gelcasting. Since the polymerization reaction of
hydantoin epoxy resin and DPTA was temperature dependent, the rising temperature greatly sped up
the gelation process.
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Figure 6. Semilog plots of viscosity as a function of gelation time for 42.0 vol.% KNN suspensions with
15.0 wt.% hydantoin epoxy resin at different temperatures.

The idle time was dramatically reduced from 2214.1 s to 484.5 s when the temperature increased
from 50 ◦C to 65 ◦C, as shown in Figure 7a. The observed temperature-dependent gelation behavior
provided a means to tailor the processing window of this gelling system. For example, the idle
time could be significantly increased by lowering the temperature before casting. After mold filling,
the rising temperature induced the desired rapid gelation. Therefore, the accurate calculation of the
idle time at different temperatures was important. An Arrhenius equation was used to evaluate the
temperature dependence of gelation kinetic constants [22]:

t ∝
1
r

= AeEa/RT (2)

where r is the reaction rate, R is the gas constant, and Ea is the activation energy. As expected, a linear
inverse relationship (R2 = 0.992) existed between the logarithm of the idle time and the temperature,
as shown in Figure 7b. The activation energy Ea, estimated from the slope of the straight line fitted to
Arrhenius plot, was 90.5 kJ·mol−1. The gelation process of the KNN suspension occurred at a slower
rate due to the high activation energy, which provided sufficient time for the gelcasting process.
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Figure 7. Idle time (a) and Arrhenius plot (b) for 42.0 vol.% KNN suspensions obtained from Figure 6.

Figure 8 shows the effect of the solid loading on the gelation behaviors of KNN suspensions at
55 ◦C. The idle time decreased from 1298.1 s to 1166.2 s as the solid loading increased from 39.0 vol.%
to 45.0 vol.%. The accelerating effect of the ceramic powder on the gelation process was observed in
other studies, which might be attributed to the container effect [23]. As the solid loading increased,
the interstice of the particles decreased and the container was reduced. The shorter polymer chain was
needed to connect the particles and consolidate the suspension, which caused the reduction in the
idle time.
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Figure 8. Semilog plots of viscosity as a function of gelation time for KNN suspensions with different
solid loadings containing 15.0 wt.% hydantoin epoxy resin at 55 ◦C.

Figure 9 shows the effect of the solid loading on the mechanical strength for KNN green bodies.
The green strength first increased with the solid loading and then decreased, and it reached a maximum
value of 9.14 MPa with a standard deviation of 0.61 MPa when the solid loading of the KNN suspension
was 42.0 vol.%. The green body with a more compact microstructure was obtained with the increase
in the solid loading, which enhanced the green strength due to the reduction in the porosity in the
resulting body. However, when the solid loading was more than 42.0 vol.%, the viscosity markedly
increased with the solid loading, and consequently resulted in an increase in defects in the KNN
suspensions. These defects, such as agglomerations, existed in the concentrated suspensions and would
be preserved in the green bodies by in situ polymerization, which greatly degraded the mechanical
properties of green bodies [24]. Therefore, the optimal solid load is 42.0 vol.% for developing KNN
ceramics with high mechanical strength.
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Figure 10 shows SEM images of the fracture surface of the gelcast KNN green body with a
42.0 vol.% solid load. KNN powders were packed uniformly and densely without any obvious defects,
and surrounded by the slender organic binders, which provided the high mechanical strength of the
gelcast green body.
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was 90.5 kJ·mol−1, indicating that the gelation of the KNN suspension proceeded at a slow rate. 
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The green KNN micropillar array was replicated from the silicon master through the PDMS
mircomold via gelcasting, as shown in Figure 11. Perfect square-shaped KNN pillars with lateral
dimensions around 5 µm and aspect ratios of five were obtained after demolding. The densely packed
green KNN pillar with a smooth wall height accurately reproduced the PDMS mold, while maintaining
the structural integrity and stability, which proved the suitability of the developed KNN gelcasting
method based on hydantoin epoxy resin for the fabrication of a high-aspect ratio pillar array for
high-frequency ultrasonic transducer applications. Since the PDMS micromold could be used
repeatedly, the production costs of the HAR micropillar arrays, from an industrial point of view,
should be reduced significantly.
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4. Conclusions

The epoxy gelcasting of the KNN piezoceramic developed in this work proved to be a feasible
approach for the fabrication of high-aspect ratio micropillar arrays. The dispersant TDL-ND2 at 3.0 wt.%
was suitable for the preparation of concentrated KNN suspensions with high fluidity. A well-stabilized
KNN suspension with a high solid load up to 48.0 vol.% and an acceptable viscosity of 0.522 Pa·s
was successfully prepared, although the shear thickening behavior precluded this suspension for
gelcasting. The calculated activation energy Ea for the 42.0 vol.% KNN suspension was 90.5 kJ·mol−1,
indicating that the gelation of the KNN suspension proceeded at a slow rate. Although the gelation
was accelerated by increasing the solid load, the idle time of the 45.0 vol.% KNN suspension was
still 1166.2 s at 55 ◦C, which allowed a sufficient time to handle the suspensions. The green strength
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reached the maximum value of 9.14 MPa when the optimized solid loading of the KNN suspensions
reached up to 42.0 vol.%. The square-shaped KNN micropillar array with a lateral dimension around
5 µm and an aspect ratio of up to five was achieved.
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