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ABSTRACT

PZT suspensions for photo-curable 3D printing were fabricated and their characteristics were evaluated. After mixing the PZT,

photopolymer, photo-initiator, and dispersant for 10 min by using a high-shear mixer, the viscosity characteristics were investi-

gated based on the powder content. To determine an appropriate dispersant content, the dispersant was mixed at 1, 3, and 5 wt%

of the powder and a precipitation test was conducted for two hours. Consequently, it was confirmed that the dispersibility was

excellent at 3 wt%. Through thermogravimetric analysis, it was confirmed that weight reduction occurred in the photopolymer

between 120? and 500?, thereby providing a debinding heat treatment profile. The fabricated suspensions were cured using UV

light, and the polymer was removed through debinding. Subsequently, the density and surface characteristics were analyzed by

using the Archimedes method and field-emission scanning electron microscopy. Consequently, compared with the theoretical den-

sity, an excellent characteristic of 97% was shown at a powder content of 87 wt%. Through X-ray diffraction analysis, it was con-

firmed that the crystallizability improved as the solid content increased. At the mixing ratio of 87 wt% powder and 13 wt%

photo-curable resin, the viscosity was 3,100 cps, confirming an appropriate viscosity characteristic as a stereolithography suspen-

sion for 3D printing.
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1. Introduction

ZT is a typical piezoelectric ceramic and has a per-

ovskite structure that shows polarization characteris-

tics at below the Curie point. Moreover, it has high

dielectric and piezoelectric characteristics at the morphotro-

pic phase boundary, which is a phase boundary region of

tetragonal and rhombohedral phases. PZT has excellent

piezoelectric characteristics and is used in various piezoelec-

tric devices such as piezoelectric sensors, actuators, and

power generation devices.1-5) Particularly, when a composite

is formed by mixing PZT ceramic and polymer, d13 and d23

values approach 0 and consequently, a high value of dh, a

piezoelectric constant, can be obtained. Furthermore, the

content ratio of PZT can be reduced to 20% in the composite

because a polymer is mixed in, and consequently, a low

acoustic impedance value can be obtained. Such a piezoelec-

tric composite is produced in a desired shape by performing

heat treatment at high pressure and temperature after

pouring the sludge made by mixing PZT ceramic and binder

in the pre-fabricated mold, or processing the sintered body

or green body through micromachining. In the case of fabri-

cating a piezoelectric composite by using a mold, as the

mold is fabricated in advance according to the shape, the fol-

lowing limitations exist: the process is complex and the fab-

rication requires a large amount of time and cost. Further-

more, in the case of using the micromachining process, a

loss occurs during the process and it is limited to the fabri-

cation of actuators having various structures.6-8)

Recently, studies have been actively conducted on tech-

niques to fabricate various shapes of ceramic products by

using the 3D printing method. Ceramics are fabricated in

various shapes by using the stereolithography-based 3D

printing method, which cures a photopolymer using UV

light and deposits it one layer at a time because it is difficult

to apply the direct printing method, which melts it by using

laser. This is because ceramics have excellent temperature

stability.9-13) In the case of performing 3D printing by mixing

ceramic powder and photopolymer, the process and sinter-

ing characteristics of ceramic suspensions used in the stere-

ography-based 3D printing are determined based on the

viscosity and solid content. If the viscosity is too low, the

deviation between the densities of upper and lower parts

becomes large after printing because precipitations are pro-

duced during the printing. If the viscosity is high, a problem

may occur in the fluidity of the suspension. In the case of

ceramic products prepared using stereolithography-based

3D printing, as a photo-sensitive polymer is mixed in for

photo-curing, a high-density ceramic sintered body can be

fabricated by optimizing the binding process and sintering
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process.14-18) This study fabricated high-density sintered

bodies through heat-treatment process after fabricating

ceramic suspensions by changing the ceramic powder and

photopolymer ratio. To investigate the fluidity using the

mixing ratio of the suspension, the viscosity was evaluated,

and to investigate the density characteristics, the sinterabil-

ity was evaluated by using the Archimedes method and

scanning electron microscopy (SEM). To investigate the

crystallizability of the PZT sintered body, X-ray diffraction

(XRD) analysis was performed based on the powder content.

2. Experimental Procedures

As shown in Fig. 1, PZT-5A powder (Kyungwon Ind. Co.,

Korea) and 1,6-hexanediol diacrylate (HDDA, Sigma-Aldrich,

US) were used as source materials to fabricate the PZT sus-

pensions, and to improve the dispersity, BYK-142 (BYK,

Germany) was used as a dispersant. As for the photo-initia-

tor, 2,4,6-trimethylbenzoyl-phosphineoxides (TPO, Sigma-

Aldrich, US) were used, which react in the UV wavelength

range 350 nm–430 nm. The mixing ratios of the PZT powder

and photo-curable resins were selected as 80:20, 82:18,

85:15, 87:13, and 88:12 (photopolymer, photo-initiator, dis-

persant). Moreover, to determine the dispersant content,

the dispersity was evaluated by changing the dispersant

content to 1, 3, and 5 wt%. After weighing the source mate-

rials according to the mixing ratio, premixing was per-

formed and by using a high-shear mixer (Thinky Mixer,

Japan), they were mixed at 1,500 rpm for 10 min. The vis-

cosity was measured for each mixing ratio by using a vis-

cometer (Viscometer dv-ii+, Brookfield, US) to evaluate the

fluidity of the ceramic suspensions. After curing the mixed

PZT suspensions with 385 nm UV LED, the debinding tem-

perature was measured using thermogravimetric analysis

(TGA 4000, PerkinElmer, US) to select the heat-treatment

condition; subsequently, debinding was conducted by heat-

ing at a rate of 1oC per min from 280oC to 500oC, and they

were sintered at 1,200oC for 2 h. The density of the fabri-

cated sintered body for different mixing ratios was mea-

sured by using the Archimedes method, and the surface of

the sintered body for different mixing ratios was examined

by using SEM (Nova NanoSEM230, FEI, US). The crystal-

lizability was investigated by using XRD (D2 PHASER,

Bruker, Germany). 

3. Results and Discussion

3.1. Evaluation results of viscosity according to

changes in PZT powder content

The ceramic suspensions should be mixed with an appro-

priate viscosity that ensures sufficient fluidity in order to

apply them to the photo-curable 3D printing process. Table

1 shows the mixing ratios used for the fabrication of suspen-

sions according to the PZT and resin contents. When the

ratio of PZT and resin was 80:20, vol% was 34.1%. As the

PZT content increased, vol% also increased and became

48.7% at 88:12. Fig. 2 shows the result of measuring the vis-

cosity of the suspensions to check the mixing ratio providing

the appropriate viscosity for printing. In the results of mea-

suring the viscosity by increasing the PZT powder content,

the viscosity was approximately 800 cps at 82 wt%, but the

viscosity increased to 3,100 cps at 87 wt% and 4,700 cps at

88 wt%. This confirms that the viscosity increases rapidly

as the solid content increases.

Fig. 1. Process flow for the experiments of PZT suspensions.
Fig. 2. Viscosity changes for the PZT powder contents of 80,

82, 85, 87, and 88 wt%.

Table 1. Suspension Mixing Ratio According to PZT Contents

PZT
Photopolymer,

Initiator
Dispersant Vol%

80 17 3 34.1

82 15 3 37.1

85 12 3 42.3

87 10 3 46.4

88 9 3 48.7
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3.2. Dispersion test based on the changes in disper-

sant content

Figure 3 shows images of the dispersion test based on the

changes in dispersant content. By fixing the powder content

at 87 wt% and changing the dispersant content to 1, 3, and

5 wt% of the powder, the dispersion test was performed. 

After mixing, the suspension was maintained at room

temperature for 2 h, and then, the occurrence of dispersion

of the powder was checked. In Fig. 3(a), where the disper-

sant content was the lowest at 1 wt%, the powder and the

resin was not dispersed. When the suspensions were fabri-

cated with the dispersant contents of 3 and 5 wt% of the

powder, confirmed that the powder was well dispersed in

the resin at room temperature for 2 h, as shown in Fig. 3(b)

and (c), respectively. The viscosity was measured according

to the amount of dispersant. When the dispersant was not

mixed, the slurry was not mixed. When the dispersant

amount was 1 wt%, the viscosity was 6475 cps. As the

amount of dispersant was increased to 3 wt%, the viscosity

was about 3100 cps, and when added 5 wt%, the viscosity

was about 2495 cps. The viscosity improvement effect was

less than 3 wt% at 5 wt%, and the amount of dispersant was

selected to be 3 wt%. Therefore, they were confirmed to be

appropriate suspensions as it was predicted that no phase

separation would occur during the 3D printing process. As

the photopolymer content would decrease and a problem

would occur in the photo-curing if the dispersant content

became too high, the dispersant content was fixed at 3 wt%.

3.3. TG-DTA analysis results of suspensions

In the PZT suspensions, inorganic PZT and organic resins

such as photopolymer and dispersant are mixed, and the

resin, which is a polymer type, must be completely removed

through heat treatment so that only the inorganic PZT

remains after sintering. To establish the debinding process,

which removes the polymer when sintering, the suspension

mixed with 87 wt% PZT and 13 wt% resin was used and the

weight reduction was measured according to changes in

temperature using the TG-DTA equipment, as shown in

Fig. 4. The weight started to decrease at 120oC and the resin

was sufficiently removed at 500oC. As a result of the DTA

measurement, the exothermic peaks of the polymer were

observed at 323oC and 488oC, and a heat treatment profile

was required to ensure a sufficient holding time at this tem-

perature range. In the TGA measurement results, there

was a flat section at about 500oC.

3.4. Suspension density evaluation and surface

analysis results according to mixing ratio

Figure 5 shows the density measurement graph according

to the PZT powder content. The sample with 80 wt% powder

content showed a density of approximately 6.35 g/cm3.

Moreover, as the powder content increased, the density

improved to 7.15 g/cm3 at 85 wt%, 7.46 g/cm3 at 87 wt%, and

7.56 g/cm3 at 88 wt%. The theoretical density of PZT was 7.7

g/cm3, and the relative density was 97% for 87 wt%, and

98% for 88 wt%.

Figure 6 shows the result of investigating the porosity

shapes of the sintered body by performing the SEM analysis

between 80 and 88 wt% of the powder content. Fig. 6(a)

shows an image of the surface of the sample having 80 wt%

powder content. It shows that many open channels of pores

have been formed. Fig. 6(b) shows an image of the sample

having 82 wt% powder content, and confirms that, although

the porosity decreases as the solid content increases, the

density is still low. Figs. 6(c) and (d) show the samples hav-

ing 87 and 88 wt% powder content, respectively. They show

Fig. 3. Dispersion test results while changing the amount of
dispersent to (a) 1 wt%, (b) 3 wt%, (c) 5 wt%. 

Fig. 4. TG-DTA analysis for the PZT/polymer ratio of 87:13.
Fig. 5. Density changes for the PZT powder contents of 80,

82, 85, 87, and 88 wt%.
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excellent density characteristic with almost no porosity and

no channels. They show identical characteristics as the

results of the density measurement in Fig. 5.

A specimen having a UV-cured PZT: resin ratio of 87:13

was sintered to measure the shrinkage before and after sin-

tering. The X × Y × Z size of the test piece before sintering is

5 × 5 × 1 mm and the size after sintering is 4.03 × 4.07 ×

0.79 mm. The contraction rate is 19.4% for X, 18.6% for Y,

and 21% for Z. The volume shrinkage was measured as

49%.

3.5. PZT Crystal structure analysis of sintered sam-

ples 

Figure 7 shows the XRD patterns according to the PZT

powder content. All the samples had perovskite crystal

structures without any different secondary phase. When the

PZT powder content was changed from 80 wt% to 88 wt% in

the slurry, the crystallinity of the sintered body increased

from 32% to 92% of the theoretical value. Crystallinity

increased proportionally with increasing solids content, but

crystal saturation was observed above 87 wt%. 

4. Conclusions

This study fabricated PZT suspensions for photo-curable

3D printing and evaluated their characteristics. Using a

high-shear mixer, the PZT, photopolymer, photo-initiator,

and dispersant were mixed, and the viscosity characteristic

was investigated according to the changes in powder con-

tent. To determine an appropriate dispersant content, the

dispersant was mixed at 1, 3, and 5 wt% of the powder and

the dispersion test was conducted for 2 h. Consequently, it

was observed that the precipitation did not occur at 3 wt%

or higher. Through the TGA analysis, it was confirmed that

the photopolymer showed weight reduction between 120

and 500oC, thereby providing a debinding heat-treatment

profile. The fabricated suspensions were cured using UV

light and the polymer was removed through debinding. Sub-

sequently, the density and surface characteristics were ana-

lyzed by using the Archimedes method and SEM.

Consequently, compared with the theoretical density, an

excellent characteristic of 97% was obtained at a powder

content of 87 wt%. Through the XRD analysis, it was con-

firmed that the crystallizability improved as the solid con-

tent increased. At the mixing ratio of 87 wt% powder and 13

wt% photo-curable resin, the viscosity was 3,100 cps, con-

firming an appropriate viscosity characteristic as a stereoli-

thography suspension for 3D printing.
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