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Abstract

Different investigations have been carried out to optimize an ink-jet printing technique, devoted to the fabrication of 3D fine scale ceramic
parts, by adjustment of the fluid properties of the ceramic suspensions and by controlling the ejection and impact phenomena. A 10 vol.% PZT
loaded suspension characterized by a Newtonian behavior corresponding to a viscosity of 10 mPa s and to a ratioRe/We1/2 of 5.98 has been
selected. The ejection and impact phenomena strongly depend on the driving parameters of the printing head, in particular the formation of
the droplet, with satellite or not, as well as its velocity and volume are function of the pulse amplitude. Moreover, the conditions of ejection
(droplet velocity and volume) control the characteristics of the deposit (definition, spreading and thickness uniformity). Green PZT pillar array
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orresponding to the skeleton of 1–3 ceramic polymer composite for imaging probes has been achieved by ink-jet printing with a
qual to 90�m.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Ink-jet printing process has been recently explored as a
olid freeforming fabrication (SFF) technique to produce 3D
eramic parts.1–11Numerous solid freeform fabrication tech-
iques to form ceramic parts have been developed during the

ast decade. They consist in building ceramic parts by deposit-
ng the material, layer by layer, on the basis of computer-aided
esign (CAD) files of the structures. By a simple modification
f the file, it becomes possible to change the configuration of

he component; therefore, these methods are specifically ap-
ropriate to generate 3D complex ceramic structures without
xpensive tooling for prototypes or even for small produc-
ions. The prototyping techniques developed up to now for
eramic parts such as the stereolithography,12–16 the fused
eposition modeling17,18 and the selective laser sintering19

re characterized by definition around 150�m, and do not
llow to deposit different materials on the same layer. In com-
arison, ink-jet printing prototyping process opens the way

∗ Corresponding author. Tel.: +33 5 55 45 22 27; fax: +33 5 55 79 09 98.

to the development of multifunctional 3D fine scale cera
parts.

In fact, ink-jet printing prototyping process consists
the deposition of ceramic system micro-droplets (a few
ejected via nozzles to build the successive layers of th
structures. Consequently, by adjustment of the aperture
printing head and the control of the spreading phenom
of the droplet, one can expect to reach a standard d
tion around 50�m which could finally decrease to 10�m, in
taking into account the tremendous evolution in the prin
field. Moreover, this technique exhibits the additional ca
bility to deposit different materials on the same layer v
multi-nozzle system.

Consequently, thanks to its high flexibility in terms
design because of its capability to deposit different m
rials with a high definition, this technique may be applie
particular to the production of sophisticated microelectr
devices integrating metallic connection network (packag
microactuators or sensors, etc.).

The recent developments concerning the fabrication o
ramic parts by ink-jet printing techniques are carried ou
E-mail address:m.lejeune@ensci.fr (M. Lejeune). cording two routes: (i) the deposition of hot-melted ceramic
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loaded wax,5–7 which solidifies by impact on cold substrate
or (ii) the deposition of ceramic suspensions which dry by
evaporation of the solvent that uses systems initially devoted
to ink-jet printing on paper.1–4,8–11

This paper is focused on the second route, in the case of
a drop-on-demand type technique, which consists to eject an
ink drop at the good place and time by actuating a piezo-
electric element.20 A specific equipment has been achieved
at SPCTS laboratory with a system of printing head displace-
ment characterized by a resolution of 0.5�m, a reproducibil-
ity of 2 �m and an accuracy of 2�m. Added to an optimiza-
tion of the suspension and to an adjusted electric driving of
the printing heads, this equipment is very promising for the
fabrication of ceramic parts with high definition, i.e. corre-
sponding to 10�m in theX/Y plane and to 1�m in theZ
direction. Consequently, in order to reach these objectives,
different investigations have been carried out to optimize the
process through (i) the adjustment of the fluid properties of
the ceramic suspensions; (ii) the control of the ejection and
impact phenomena.

2. Adjustment of the fluid properties of the ceramic
volatile suspensions
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Fig. 1. Ejection images of suspensions showing the effect of the ratio
Re/We1/2.

Fig. 2. Variation of the viscosity and of the ratioRe/We1/2 with the PZT
volume percent.

by capturing stroboscopically backlit images using a CCD
camera system.

The PZT ceramic suspensions, prepared with a volume
percent of binder equivalent to ceramic powder in order to
guarantee a good green mechanical strength, exhibit a New-
tonian behavior.Fig. 2shows the dependence of the viscosity
and the ratioRe/We1/2 with the ceramic loading. A 10 vol.%
ceramic loaded suspension corresponding to a viscosity of
10 mPa s and to a ratioRe/We1/2 of 5.98 has been selected for
the further investigations.

3. Control of the ejection and impact phenomena

As the definition of the ink-jet printed ceramic structures
strongly depends on the velocity, the initial size and the path
of the droplet just before spreading, it is essential to con-
trol these different characteristics as a function of the driving
parameters of the printing head. To obtain this data, this suc-
cessively requires (i) the acquisition of the ejection images
via a CCD camera; (ii) the image treatment; and (iii) the
analysis of the image to extract the position of the droplet as
At first, the particle size distribution of the powder m
e adjusted in order that a ratio of 50 between the ra
f the nozzle aperture and the Ø90 of the powder should b
btained to avoid the blocking of the nozzle. Conseque

n our case, as the aperture of the printing head is equ
0�m, the Ø90 of the PZT powder is adjusted by attriti
illing to 1�m.
Then, the suspension formulation was optimized in te

f the nature and of the content of the different organic c
ounds (solvent, dispersant, binder, etc.) and of the ce

oading, in order (i) to avoid sedimentation; (ii) to cont
he drying phenomenon: the drying rate must be high en
o minimize drop spreading but premature drying of the
ithin the nozzle must be suppressed to avoid clogging

o adjust the fluid properties of the organic/ceramic sus
ions in terms of viscosity and surface tension to be c
atible with the type of printing head, i.e. to 5–20 mPa s
5–40 mJ/N, respectively, in our case and so that the
e/We1/2 would be in the adequate range (1–10) for ejec
f a consistent droplet. In fact successful drop ejection oc
hen the ratioRe/We1/2 has a value ranged between 1 and
ith Re/

√
We = √

σρr/η, whereRe is the Reynolds num
er (vrρ/η); We, the Weber number (v2rρ/σ), ρ, η andσ are

he ink density, viscosity and surface tension, respecti
, the radius of the nozzle andv the fluid velocity. When
his ratio is too low, viscous forces are dominant that imp
arge pressure for ejection; inversely, if this ratio is too h
continuous column is ejected that can lead to the form
f satellite drops behind the main drop.Fig. 1 illustrates the
ifferent cases observed according to the value ofRe/We1/2
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Fig. 3. Variation of the droplet velocity and volume as a function of the
distance between the nozzle and the end of the droplet for a pulse amplitude
of 65 V or 79 V.

Fig. 4. Dependence of the final velocity and droplet volume on the pulse
amplitude.

a function of the time and consequently the corresponding
instantaneous velocity as well as the droplet volume.Fig. 3
shows the instantaneous velocity of the droplet and its corre-
sponding volume as a function of the amplitude of the electric
pulse. This reveals that the increase of the amplitude (up to
79 V) leads to the formation of a satellite droplet,2 which
catches up with the main one later.3 Moreover, this shows
that the final droplet velocity and volume increase with the
amplitude of the pulse (Fig. 4).

Then, we have characterized the impact phenomenon as
a function of the droplet velocity (Fig. 5). The dimensions
of the dried droplet were measured thanks to a laser interfer-
ometer. At first, the minimum diameter of the dried droplet
(i.e. the highest definition) corresponds to the lowest veloc-
ity. However, the spreading factor, corresponding to the ratio
of the dried droplet diameter per the initial droplet diameter,
is minimum for the highest droplet velocity. This can result

F factor
o

Fig. 6. Topography of a dried droplet acquired by laser interferometer.

Fig. 7. Profiles of dried droplets according to the conditions of deposition.

from the variation of the evaporation mechanism and of the
segregation phenomenon of the powder during impact, ac-
cording to the droplet velocity.

Consequently, the topography of dried droplets has also
been acquired by laser interferometer (Fig. 6) in order to con-
trol the morphology of the deposit. One can observe that there
is a gradient of deposit thickness from the edge to the center,
mainly due to the segregation of powder on the edge because
of the high density of PZT (d= 7.65). However, this phe-
nomenon is less pronounced for high droplet velocity (Fig. 7),
which leads consequently to a better thickness uniformity of
the deposit in this case.

4. Fabrication of PZT parts by ink-jet printing

In order to demonstrate the feasibility of 3D fine scale ce-
ramic parts by ink-jet printing, our investigations have been
focused on the case of the PZT skeleton of 1–3 piezoelec-
tric ceramic polymer composite used for medical imaging
probes (Fig. 8). In fact, the ink-jet printing process could
lead to the evolution of medical imaging probes in terms
of performances thanks to the improvement (i) of their spa-
tial resolution by generating fine ceramic structures and
(ii) of their configuration by integration of internal elec-
t ari-
a e the
p

ig. 5. Dependence of the dried droplet diameter and of the spreading
n the droplet velocity.
rodes by direct metal printing and more generally by v
ble size, shape and distribution of ceramic rods insid
robes.
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Fig. 8. 1–3 piezoelectric ceramic/polymer composite.

Fig. 9illustrates the type of green ceramic pillar array, i.e.
the ceramic skeleton of 1–3 composite, built by ink-jet print-
ing of the ceramic suspension defined in the part 2, i.e. cor-
responding to a 10 vol.% PZT loaded suspension. Moreover,
this structure corresponds to a 50 vol.% PZT loading. Ac-
cording to the impact results (part 3), this structure is charac-
terized by a growth rate around 3�m/layer and by a diameter
of the bottom of each pillar equal to 110�m. In comparison,
the mean section of the rods is finer, i.e. around 90�m. Con-
sequently, even if some processing parameters need to be im-

F
s
p

proved to optimize the characteristics of the structure, these
first results are very promising: in particular, the specificities
of our equipment in terms of printing head microposition-
ning allow to avoid the defect of mis-registration observed in
previous printing trials of similar pillar arrays.11

Apart from the fabrication of PZT pillar structures for
medical probes, the ink-jet printing process is also very
promising for the fabrication of other PZT devices, such as
piezoelectric micromotors for in vivo drug delivery or med-
ical diagnosis.21 One can expect, in this case, to substitute
the bulk ceramic piezoelectric element of micromotors by a
multilayer structure via the direct deposition of the metallic
ink thanks to a multi-nozzle system. This will lead to the
reduction of the voltage down to low value (around 10 V)
in order to be compatible with the application as intestinal
capsule.
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ig. 9. Scanning electronic image of a green ceramic pillar array, corre-
ponding to the ceramic skeleton of 1–3 composite, produced by ink-jet
rinting of a volatile suspension.
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de doctorat. Institut National Polytechnique de Lorraine, France,



R. Noguera et al. / Journal of the European Ceramic Society 25 (2005) 2055–2059 2059

13. Hinczewski, C., Corbel, S. and Chartier, T., Ceramic suspensions
suitable for stereolithography.J. Eur. Ceram. Soc., 1998,18, 583.

14. Doreau, F., Chaput, C. and Chartier, T., Stereolithography for manu-
facturing ceramic parts.Adv. Eng. Mater., 2000,2(8), 493.

15. Hinczewski, C., Corbel, S. and Chartier, T., Stereolithography for the
fabrication of ceramic three-dimensional parts.Rapid Prototyping J.,
1998,4(3), 104.

16. Chartier, T., Chaput, C., Doreau, F. and Loiseau, M., Stereolithog-
raphy of structural complex ceramic parts.J. Mater. Sci., 2002,37,
3141–3147.

17. Song, W. Q.et al., Development of metal-polymer composites for
fused deposition modelling. InProceedings of the 7th European Con-
ference of Rapid Prototyping and Manufacturing, 1998.

18. Lous, G. M.et al., Fabrication of piezoelectric ceramic/polymer com-
posite transducers using fused deposition of ceramics.J. Am. Ceram.
Soc., 2000,83(1), 124–128.

19. Tolochko, N. K.et al., Fabrication of micromechanical component
by laser sintering of fine powders. In10th European Conference on
Rapid Prototyping and Manufacturing, 2001.

20. Zoltan, S.I.Pulsed Droplet Ejecting System. U.S. Patent 3,683,212,
1970.

21. Guyomar, D., Mazoyer, T. H., Sauzade, J. D., Gschwind, M., EL
Hassani, C. and Mitsuta, T., High torque rotating motor. InProceed-
ings of the 2nd Japan-France Congress on Mechatronics, 1994, pp.
43–46.


	3D fine scale ceramic components formed by ink-jet prototyping process
	Introduction
	Adjustment of the fluid properties of the ceramic volatile suspensions
	Control of the ejection and impact phenomena
	Fabrication of PZT parts by ink-jet printing
	Acknowledgements
	References


