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bstract

irect inkjet printing (DIP) of ceramics as a novel solid freeform fabrication (SFF) method has been subjected to extensive research in the recent
ears. The studies have focused either on the simulation of the drop ejection or the production of demonstration objects. The aim of this study was to
lose the gap between the simulation results and product oriented studies. 3Y-TZP inks of 24 vol.% solid content were prepared and characterized in

erms of physical properties as well as dimensionless quantities (Re, We, Ca, and Oh). The drop volume and velocity were estimated by considering
constant ejection pressure but varying physical properties of the ejected inks. A thermal inkjet printer was used to eject arrays of single drops as
ell as three-dimensional 3Y-TZP demonstration objects. The drop arrays were analyzed to determine the relation between the ink properties and

he drop formation. The demonstration object was sintered close to the full density.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

The increasing demand of individually shaped ceramic com-
onents, especially in small batch sizes, resulted in an intensive
esearch in the field of solid freeform fabrication (SFF) technolo-
ies in the recent years. Numerous techniques were developed
ut a specific group of SFF methods can be distinguished by
he use of colloidal units as building blocks.1 Using these meth-
ds, the final object is produced by the accumulation of particle
arrying drops next to or on top of each other. The direct inkjet
rinting (DIP) process provides the generation of precisely sized
rops and their selective deposition. DIP can be described as the
onversion of a data file into a three-dimensional object by layer
ise deposition of particle carrying droplets using an ink deposi-

ion nozzle.2 In comparison to other SFF techniques, DIP offers
he production of not only precise (picoliter sized drops) but also

ensely compacted (high solid content of inks) complex three-
imensional objects, which could include cavities3 or reveal a
raded composition.4 Furthermore, the production rate is high
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drop generation frequencies >10 kHz) and the sintered objects
eveal good mechanical properties.5

The studies on DIP of ceramics were mainly performed using
rop-on-demand (DOD) printers, which eject individual drops
y generating a pressure wave in each separate nozzle. The pio-
eering studies used both piezoelectric3,4,6–9 and thermal10,11

OD printing systems to print solvent-based or aqueous ceramic
uspensions. Low viscosity inks with low solid contents were
rinted because of ink-printer compatibility reasons. However,
rinting suspensions of low solid content lowers the production
ate due to long drying period needed and low thickness of the
eposited layers.

In order to increase the solid content, wax-based inks (up to
0 vol.%)12–15 were printed using piezoelectric printers, which
an eject drops independent of the ink composition.16 These
nks were heated above the melting temperature of the wax
nd printed on a substrate of lower temperature. The solidified
tructures revealed a low green density due to the high wax
ontent. Furthermore the top surface had to be flattened after

ach printing cycle to ensure a parallel surface prior to depo-
ition of the next layer.13 Parallel studies on DIP of aqueous
r solvent-based suspensions with limited solid content focused
n enhancing the drying rate of the printed layers using a hot

mailto:oezkol@ghi.rwth-aachen.de
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.004


1 an C

a
l
f
t
a
a
d
m
t

s
t
w
t
t
H
t
T
t
n
o
v
T
a
a
i
v
p
c
t
t
a
a
t
c
p
t
t
v
r

n
T
p
e
y
i
r
i
d
W
s
w
b

R

W

w
a
r

w
d
b

O

H
1
d
a
h
a
b
t
f
s
a
l
t
o
i
b
i
e
o
m

c
i
t
e
T
t
e
v
s
t
b
f
s

2

670 E. Özkol et al. / Journal of the Europe

ir blowing system17–19 or a drying device.5 As a result, mil-
imetre scaled ceramic structures were produced and sintered to
ull density without deformation.5,17 Small scale ceramic struc-
ures like micro-pillars20 or thin layers21 were fabricated without
ny drying assistance. In both cases, the printed structures had
large surface and small volume, which ensured a complete

rying when lower printing rates were applied. All these experi-
ental studies showed that, DIP is a feasible fabrication method

o produce ceramic structures.
In order to develop the DIP process further, a detailed under-

tanding of drop ejection is inevitable. In thermal inkjet printing,
he driving force for drop ejection is provided by a pressure
ave, which is generated by explosive evaporation of the ink in

he nozzle chamber.22 The phenomenon of explosive evapora-
ion cannot be explained using terms of conventional boiling.
igh heating rates are applied to the resistor element in order

o suppress the boiling of the thin ink film over the resistor.
hus, the ink film can be superheated up to the superheat limit

emperature (TSL), which is also known as the homogeneous
ucleation temperature.23,24 TSL is defined as 90% (at 1 atm)
f the critical fluid temperature.25 At this temperature a liquid-
apour phase transition occurs through explosive evaporation.26

he reproducibility of drop ejection with a definite drop volume
nd velocity is ensured by the homogeneous bubble nucleation
t the TSL, which is provided by the aforementioned high heat-
ng rates.23,24 When the fluid/heater interface reaches the TSL, a
apour bubble of definite volume and pressure is formed, which
ushes the ink through the nozzle. A reproducible ejection of
eramic inks using a thermal printer can be ensured by setting
he TSL value of the ceramic ink equal to the TSL value of a
ypical thermal inkjet ink. At atmospheric pressure, water and
typical thermal inkjet ink reveal TSL values of about 312 ◦C22

nd 330 ◦C23, respectively. The TSL shifts by addition of fur-
her fluids27 or solutes,28 which means that each additive in the
eramic ink influences the TSL. Therefore, the chemical com-
osition of the liquid phase of the ceramic ink must be similar
o that of a conventional thermal inkjet ink. Last but not least,
he physical properties of ceramic inks, such as the particle size,
iscosity, and surface tension must be adjusted to the printer
equirements.

The ejection of a certain amount of ink through a nozzle does
ot ensure the formation of perfectly shaped single droplets.
he drop formation depends on the structure of the nozzle, the
hysical properties of the ink, and the velocity and amount of the
jected ink. Numerous studies performed a fluid dynamical anal-
sis of the relation between the ink properties and drop formation
n piezoelectric inkjet printers. The pioneer work analyzed this
elation numerically using the Navier–Stokes equations for an
ncompressible fluid flow with a free surface.29 The ink and
rop properties were summarized using the Reynolds (Re) and
eber (We) numbers. It was stated that drop formation was pos-

ible when the Re/We ratio (the inverse of Capillary (Ca) number)
as >2.29 The dimensionless quantities Re, We, and Ca are given

y

e = ρua

η
, (1)

2
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e = ρu2a

σ
, (2)

Re

We
= 1

Ca
= σ

uη
, (3)

here ρ is the ink density, u is the droplet velocity, a is a char-
cteristic length, η is the viscosity, and σ is the surface tension,
espectively.

This approach was refined by a further numerical study in
hich the influence of ink properties on the drop formation was
efined by the inverse of the Ohnesorge (Oh) number30 given
y

h = (We)1/2

Re
= η

(σρa)1/2 (4)

ere, the range of droplet formation was defined as
< Oh−1 < 10. Beyond the upper limit a formation of satellite
rops (secondary droplets following the primary drop) occurred
nd below the lower limit the viscous forces dominated, which
indered the drop formation.30 Experimental studies confirmed
lower limit of the Oh−1 value31 and shifted the range of feasi-
ility to 4 < Oh−1 < 14.32 Moreover, numerous studies explained
he relation between the ink properties and a satellite free drop
ormation by defining various limitations either for the dimen-
ionless quantities or the ink properties. These independent
pproaches reported various conditions to eliminate the satel-
ite drop formation such as setting Re < 5,33 We > 9,34 adjusting
he physical ink properties,35,36 ensuring the ink homogeneity,36

r applying low ejection pressures.36,37 All the mentioned stud-
es demonstrated that the drop formation could be manipulated
y adjusting the ink properties for a given printer. A contrar-
ly study on novel concepts for nozzle design suggested that an
limination of satellite drops would be only possible in case
f reengineering the whole nozzle structure,38 but structural
odifications of the printer was not considered in our work.
In this study, aqueous 3Y-TZP suspensions of high solid

ontent (24 vol.%) were prepared and characterized as ceramic
nks for the DIP method. A thermal inkjet printer was used
o print arrays of single drops of various inks. The ink prop-
rties were represented by the Re, We, Ca, and Oh numbers.
he drop volume and velocity, which are needed to calculate

he dimensionless quantities, were estimated using Eq. (5). This
quation considered the steady and unsteady inertial forces, the
iscous resistance, and the capillary forces acting on an ejected
ingle drop. The dimensionless quantities were compared with
he shapes of the printed drops, in order to analyze the relation
etween the drop formation and the ink properties. Finally, the
easibility of the DIP method was shown by producing a 3Y-TZP
tructure, which was sintered to full density.

. Experimental procedure
.1. Materials

A nanocrystalline 3Y-TZP powder (TZ-3YS-E, Tosoh Corp.,
apan) with respective primary and mean particle sizes of 40 nm
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ig. 1. SEM micrograph (top view) of the printing mechanism (HP51645A).

nd 600 nm was used. The specific surface area and the den-
ity of the powder were 7 m2 g−1 and 6.05 g cm−3, respectively.
olapix CE64 and Dolapix PC75 (Zschimmer&Schwarz Inc.,
ermany), which are commercial alkali-free dispersants, were
sed to disperse the ceramic particles in aqueous media.

Commercial inkjet inks include various types of func-
ional additives, such as humectants, surfactants, dispersants,
efoamers, etc.36 These functions were fulfilled with addi-
ion of a group of organic chemicals, which are listed as:
,6-hexanediol, 2-pyrrolidone, e-caprolactam, ethylene glycol,
rea (all from Merck Chemicals, Germany), and 1,1,1-
ris(hydroxymethyl)propane (TMP) (Fluka Chemical Corp.,
ermany). The decision criteria for choice of additives were

xplained elsewhere.21

.2. Properties of the thermal inkjet printer

The printing unit was an HP DeskJet 930c©, which uses the
th generation thermal HP print cartridges. The black ink car-
ridge (HP51645A) was used, which has 300 nozzles spaced at
/600 in. (∼42 �m) providing a spatial resolution of 600 dpi.39

n order to visualize the printing mechanism, a SEM micro-
raph of the top view of the print-head without the orifice plate
s given in Fig. 1. The orifice plate, which in fact is adherent to the
tructure in Fig. 1, was removed for a better system observation.

In the printing experiments, new cartridges, which were emp-
ied and ultrasonically cleaned, were used in order to exclude
ny possible irregularities concerning the nozzles. Prior to each
rinting experiment, 40 ml of ceramic ink was filled into the
artridge and the residual air was evacuated.

.3. Preparation and characterization of the ceramic inks

Two basic suspensions each having 40 vol.% of solid con-
ent and 0.5 wt.% (related to solids) of either Dolapix CE64
CE64) or Dolapix PC75 (PC75) were prepared and attrition

illed (30 min, 1200 rpm) in aqueous media using ZrO2 milling

eads. The basic suspensions were diluted in order to achieve
eramic inks with final solid, dispersant, and additive contents of
4 vol.%, 1 wt.% (related to solids), and 10 wt.%, respectively.

o
s
l
o

ramic Society 30 (2010) 1669–1678 1671

he inks were homogenized using a mechanical dispersing tool
Ultra-Turrax T25 Basic, IKA Works Inc., Germany).

The particle size distribution was measured according to
he full Mie theory using the low angle laser light scattering

ethod (Mastersizer 2000, Malvern Instruments, UK). A rota-
ional rheometer (Viscolab LC 10, Physica, Germany) with a
ouble gap concentric measuring system was used to determine
he viscosity at a shear rate of 1000 s−1. The surface tension was

easured according to the bubble pressure method (proline t15,
ita Corp., Germany) for a bubble lifetime of 0.5 s. The viscos-

ty and surface tension of all inks were determined at 20 ◦C and
0 ◦C.

.4. Calculation of the dimensionless quantities

The drop size and velocity were needed to calculate the
imensionless quantities. In order to calculate these, a model,
hich calculates the total pressure needed to eject a drop of

ny ink with defined density, viscosity, surface tension, charac-
eristic length (radius of the ejected drop), and drop velocity,
as used.40–42 A drop is ejected when the total pressure in the
ozzle chamber (pT) overcomes the sum of the ambient pressure
pA), steady and unsteady inertial forces, viscous resistance, and
apillary forces. The total pressure in the nozzle chamber was
alculated by

T = pA + ρu2

2
+ ρLn

du

dt
+ 8πηLnu

An
+ 2σ cos θ

rn
(5)

here Ln is the nozzle length (∼60 �m), An is the nozzle area,
nd rn is the nozzle radius (∼30 �m), θ is the wetting angle
espectively. Cos(θ) is equal to 1 at the nozzle exit with sharp
dges.40

.5. Thermal inkjet printing of the ceramic inks

.5.1. Printing arrays of single drops
An MS Word© file containing a square shaped figure

10 × 10 mm2), which was coloured in light gray (RGB:
48/248/248), was prepared. The print order was sent in
onochrome mode using the driver software of the printer and an

rray of single drops was printed. The drop formation behaviour
f each ink was analyzed for the lowest, normal, and highest
nk volume settings of the driver software. A glass object plate
as used as substrate. The printed substrates were dried at room

emperature and subsequently sputtered with Au to analyze the
rop shape by SEM (440, Leo, Germany).

.5.2. DIP of three-dimensional ceramic structures
An MS Word© file containing a structure of concentric stars

Figs. 8 and 9) was printed on a graphite substrate (SGL Carbon,
ermany), which was positioned on the printing path. The small

tars had a height and width of 1.25 mm and were filled with
lack colour (RGB: 0/0/0). The large stars had a height and width

f 3.12 mm and 3.35 mm, respectively. The space between the
mall and large stars was unfilled and the wall thickness of the
arge stars was ∼90 �m. The highest ink volume was set and the
ther print settings were unchanged.
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The ceramic ink used to print three-dimensional structures
ontained 24 vol.% 3Y-TZP, 10 wt.% (∼20 vol.%) ethylene gly-
ol, and 1 wt.% (related to solids) PC75. The ceramic structure
Figs. 8 and 9) was obtained by overprinting 200 layers. A sim-
le multi layer structure of 75 layers (Fig. 10) was printed as
ell, which was held 6 h at 80 ◦C and was sintered 2.5 h at
450 ◦C. This structure was achieved by printing a rectangle
f 5 × 10 mm2, which was filled with black colour. The sintered
ample was fractured to analyze the microstructure and a section
f the fracture surface is shown in Fig. 10.

. Results and discussion

.1. Characterization of the inks

The particle size distribution of the HP45 ink and the two
asic suspensions with 40 vol.% solid content and 0.5 wt.% dis-
ersant were analyzed. The HP45 ink revealed a narrow particle
istribution with d50 and d90 values of 65 nm and 81 nm, respec-
ively. The suspensions dispersed with CE64 and PC75 revealed
broader particle size distribution with respective d50 values of
80 nm and 380 nm. In spite of the relative fine particle size of
he HP45 ink, the ceramic inks were printable and no nozzle
logging due to the particles or agglomerates was detected. The
act that the d50 values of both suspensions are >75 times smaller
han the nozzle diameter suggests the printability.14,20

The temperature of the ink and the nozzle chamber is nomi-
ally equal to the ambient temperature. A long printing process
an increase the temperature of the nozzle chamber and the ink
y ∼35 ◦C.43 A temperature shift influences the ink properties.
ome commercial thermal inkjet printers avoid the tempera-

ure fluctuation of the ink by setting the nozzle temperature
onstant (∼60 ◦C).43 The temperature of the ink in the nozzle
hambers of the printer used in this study was unknown. Unless
he dimensionless quantities were calculated for the operating
emperature, a reliable comparison to previous studies was not
ossible. Hence, these were calculated at both 20 ◦C and 60 ◦C
n order to cover the possible temperature range.

High solid content inks are needed for the DIP process
ut increasing the solid content increases the viscosity. Previ-
us work set a viscosity limit of <20 mPa s for the ink-printer
ompatibility.14 The viscosity range of the ceramic inks (Table 1)
as between 3 mPa s and 10.2 mPa s. The HP45 ink had the low-

st viscosity among all inks due to the low solid content and the
C75 inks revealed a lower viscosity compared to the CE64 inks.

The drop size and velocity as well as the surface tension of all
nks are tabulated in Table 1. The inks contain 1 wt.% (related
o solids) and 10 wt.% of the notated dispersant and additive,
espectively. The sample abbreviation consists of the first two
etters of the dispersant and the additive. The surface tension of
he HP45 ink was ∼50 mN m−1 and the ceramic inks revealed
alues in the range of ∼40–70 mN m−1. All the PC75 inks except

he ink PC-Ur revealed a lower surface tension than the CE64
nks. The 40 K temperature shift decreased the average surface
ension of the ceramic inks about 9.1%. The surface tension of
he HP45 ink was decreased by 6.5%.

0
d
t
I

eramic Society 30 (2010) 1669–1678

The measurement errors of the viscosity and surface tension
alues (Table 1) were calculated for a 95% confidence inter-
al. Using Eq. (5), the accumulated errors (Table 1) of the drop
elocity and radius were calculated as well. Similarly, the accu-
ulated errors of the dimensionless quantities are tabulated in
able 2.

.2. Calculation of the dimensionless quantities

The inkjet printing process involves a free surface flow, which
s simultaneously influenced by many different forces. Instead
f analyzing each force separately, their relative importance was
efined using dimensionless quantities. The relevant dimension-
ess quantities are given by the Eqs. (1)–(4). In order to calculate
hese, the physical ink properties as well as the drop volume
nd velocity were needed. The ink properties were determined
nalytically and the drop properties were estimated using Eq.
5).

While using Eq. (5) the following aspects were assumed: (a)
he compositional similarity of the liquid phases of the HP45
nd ceramic inks, which were both water based with comparable
mounts of additives, ensured a similar reaction at the resistor
lement. This resulted in generation of identically sized vapour
ubbles of equivalent pressure. (b) The ceramic inks contained
higher solid content compared to the ∼3 vol.% solid content
f the HP45 ink. This was considered as a density deviation by
he Eq. (5). (c) Each ejection resulted in generation of a single
rop without any satellite drops. The calculated drop volume and
elocity were valid for this single drop. (d) The drop velocity
as assumed equal to the ejection velocity, which was calcu-

ated as the amount of ink ejected through the nozzle (>the drop
olume33) during the duration of ejection.

In order to calculate the total pressure generated in case of
rinting the HP45 ink, the ejection velocity of the HP45 drop
as needed. The drop ejection cycle of a HP51645A print-head

s ∼80 �s (12 kHz). During the first 3 �s, the resistor element is
eated and bubble nucleation begins. The bubble is generated at
he 3rd �s and it reaches the final volume at the 10th �s. Mean-
hile the ink is being ejected through the nozzle, which defines

n ejection period of 7 �s. Before the 20th �s, the bubble col-
apses and a 35 picoliter drop separates from the liquid volume
jected. The drop volume is less than the amount of ink pushed
hrough the orifice33 and the excess ink contracts by surface ten-
ion and flows back after the drop release. At the 80th �s refill
s completed and the ink air meniscus at the orifice is stable.44

alculating the amount of ink pushed through the orifice for
nit time gave a drop velocity of 7.88 ms−1 for the HP45 ink.
sing the drop velocity and ink properties of the HP45 ink as
ell as the Eq. (5) respective total pressures of ∼0.3 MPa and
0.25 MPa at 20 ◦C and 60 ◦C were calculated. Setting the total

ressure generated by all inks equal and using Eq. (5), the ink
pecific drop sizes and velocities were calculated (Table 1).

Eq. (5) assumed a relative low chamber pressure (0.3 MPa and

.25 MPa at 20 ◦C and 60 ◦C, respectively), which was constant
uring the whole ejection period. This was not a realistic presen-
ation of the pressure distribution inside a thermal inkjet nozzle.
n fact, the bubble pressure initially peaks up to 5–10 MPa and
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Table 1
Ink and drop properties.

Ink sample Additive + dispersant At 20 ◦C At 60 ◦C ρ (g cm−3)

η (mPa s) σ (mN m−1) u (m s−1) rdrop (�m) η (mPa s) σ (mN m−1) u (m s−1) rdrop (�m)

CE-He CE64 + 1,6-hexanediol 9.75 ± 0.03 46.7 ± 0.2 4.37 ± 0.04 16.68 ± 0.05 4.38 ± 0.03 42.9 ± 0.2 4.46 ± 0.04 16.80 ± 0.05 2.17
CE-Py CE64 + 2-pyrrolidone 10.17 ± 0.03 57.2 ± 0.1 4.17 ± 0.04 16.43 ± 0.05 4.52 ± 0.03 48.6 ± 0.1 4.29 ± 0.04 16.59 ± 0.05 2.26
CE-Ca CE64 + E-caprolactam 8.15 ± 0.02 48.6 ± 0.1 4.65 ± 0.03 17.04 ± 0.05 4.00 ± 0.02 41.7 ± 0.1 4.54 ± 0.03 16.89 ± 0.05 2.19
CE-Et CE64 + ethylene glycol 9.94 ± 0.02 60.5 ± 0.3 4.22 ± 0.03 16.49 ± 0.05 5.03 ± 0.03 55.6 ± 0.3 4.18 ± 0.04 16.43 ± 0.05 2.24
CE-TMP CE64 + TMP 9.05 ± 0.02 56.8 ± 0.3 4.40 ± 0.03 16.73 ± 0.05 4.52 ± 0.03 51.2 ± 0.3 4.32 ± 0.04 16.62 ± 0.05 2.23
CE-Ur CE64 + urea 6.29 ± 0.01 46.8 ± 0.2 4.99 ± 0.01 17.44 ± 0.05 3.56 ± 0.02 41.4 ± 0.2 4.54 ± 0.02 16.91 ± 0.05 2.27

PC-He PC75 + 1,6-hexanediol 9.49 ± 0.02 43.5 ± 0.1 4.40 ± 0.03 16.72 ± 0.05 4.06 ± 0.02 41.2 ± 0.1 4.53 ± 0.03 16.88 ± 0.05 2.19
PC-Py PC75 + 2-pyrrolidone 9.74 ± 0.02 54.4 ± 0.1 4.26 ± 0.03 16.55 ± 0.05 4.31 ± 0.03 50.7 ± 0.1 4.35 ± 0.04 16.66 ± 0.05 2.25
PC-Ca PC75 + E-caprolactam 7.63 ± 0.02 46.6 ± 0.3 4.76 ± 0.03 17.17 ± 0.05 3.45 ± 0.02 41.8 ± 0.3 4.67 ± 0.03 17.06 ± 0.05 2.2
PC-Et PC75 + ethylene glycol 8.96 ± 0.02 58.6 ± 0.2 4.41 ± 0.03 16.73 ± 0.05 4.09 ± 0.03 53.8 ± 0.2 4.40 ± 0.04 16.73 ± 0.05 2.24
PC-TMP PC75 + TMP 8.14 ± 0.02 51.7 ± 0.3 4.61 ± 0.03 16.99 ± 0.05 3.75 ± 0.02 46.7 ± 0.3 4.54 ± 0.03 16.90 ± 0.05 2.22
PC-Ur PC75 + urea 5.55 ± 0.01 69.4 ± 0.1 5.11 ± 0.01 17.58 ± 0.05 2.98 ± 0.02 64.5 ± 0.1 4.63 ± 0.02 17.01 ± 0.05 2.26
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P45a – 5.17 ± 0.02 52.6 ± 0.1 7.88

a The u and rdrop values were calculated using printer specifications, because

ecreases to the ambient pressure rapidly.45–47 In order to test
he consistency of Eq. (5) with related studies, the influence of
he surface tension (Fig. 2a), viscosity (Fig. 2b), and density
Fig. 2c) on the drop velocity were separately calculated. The
roperties of the HP45 ink were used and for each calculation
single property was varied in a reasonable range and the rest
ere kept constant. According to Eq. (5) the drop velocity was

olerant to a change in the surface tension, while an increase in
he viscosity or density lowered the drop velocity significantly.
hese results were consistent with the previous experimental37

nd numerical29,45,46 work. This consistency confirms that the
stimated values for the drop size and velocity were in realistic
imensions.

The dimensionless quantities of all inks (Table 2) were cal-
ulated according to the measured ink properties (Table 1) and

alculated drop properties. In order to include the drop proper-
ies in the calculation of the dimensionless quantities, the drop
adius, which was estimated using Eq. (5), was set as the charac-
eristic length in the Eqs. (1), (2) and (4). Previous studies used

a
p
w
h

able 2
imensionless quantities of the inks.

nk sample At 20 ◦C

Re We Ca−1 Oh−1

E-He 16.3 ± 0.2 14.8 ± 0.3 1.10 ± 0.01 4.24 ± 0.0
E-Py 15.2 ± 0.2 11.3 ± 0.2 1.35 ± 0.01 4.53 ± 0.0
E-Ca 21.3 ± 0.1 16.6 ± 0.2 1.28 ± 0.01 5.23 ± 0.0
E-Et 15.7 ± 0.1 10.9 ± 0.1 1.44 ± 0.01 4.76 ± 0.0
E-TMP 18.2 ± 0.1 12.7 ± 0.2 1.42 ± 0.01 5.09 ± 0.0
E-Ur 31.4 ± 0.1 21.0 ± 0.2 1.49 ± 0.01 6.84 ± 0.0

C-He 17.0 ± 0.1 16.3 ± 0.2 1.04 ± 0.01 4.21 ± 0.0
C-Py 16.3 ± 0.1 12.4 ± 0.2 1.31 ± 0.01 4.62 ± 0.0
C-Ca 23.6 ± 0.2 18.4 ± 0.2 1.28 ± 0.01 5.50 ± 0.0
C-Et 18.4 ± 0.1 12.4 ± 0.2 1.48 ± 0.01 5.23 ± 0.0
C-TMP 21.4 ± 0.1 15.5 ± 0.2 1.38 ± 0.01 5.43 ± 0.0
C-Ur 36.6 ± 0.2 15.0 ± 0.1 2.45 ± 0.01 9.46 ± 0.0

P45 32.8 ± 0.7 25.4 ± 0.1 1.29 ± 0.01 6.51 ± 0.0
31 2.43 ± 0.02 49.2 ± 0.1 7.88 20.31 1.06

s no error terms were included.

he nozzle radius29–34 or diameter21 or the drop diameter35,36 as
characteristic length. The nozzle and drop radii are of similar
agnitude, but the quantities calculated using the nozzle or drop

iameters were recalculated to provide comparability.

.3. Evaluation of the printed drop arrays

Although the drop ejection was not observed directly, the
rop integrity as well as possible satellite drop formation was
nvestigated via SEM analysis of the printed drop arrays. This

ethod was not capable to detect the occurrence of satellite
rops, when these were merged with the primary drops during
he flight or on the substrate. Each array included a large number
f drops, which provided a statistical evaluation of the drop
haracteristics of various inks. The SEM micrographs of drop

rrays (Figs. 3–7) were used to investigate the influence of the ink
roperties on drop formation. In Figs. 3–7, the printing direction
as from right to left, which means that the drops on the same
orizontal line were printed from the same nozzle. In each figure,

At 60 ◦C

Re We Ca−1 Oh−1

2 37.2 ± 0.4 16.9 ± 0.3 2.20 ± 0.03 9.05 ± 0.07
2 35.6 ± 0.4 14.2 ± 0.2 2.50 ± 0.03 9.44 ± 0.07
2 41.9 ± 0.3 18.2 ± 0.2 2.30 ± 0.02 9.82 ± 0.05
2 30.6 ± 0.3 11.5 ± 0.2 2.65 ± 0.03 8.99 ± 0.06
2 35.4 ± 0.4 13.5 ± 0.2 2.62 ± 0.03 9.64 ± 0.07
2 49.0 ± 0.4 19.1 ± 0.2 2.56 ± 0.02 11.20 ± 0.07

1 41.4 ± 0.3 18.4 ± 0.2 2.25 ± 0.02 9.66 ± 0.05
1 37.8 ± 0.4 14.0 ± 0.2 2.70 ± 0.03 10.11 ± 0.07
2 50.8 ± 0.4 19.6 ± 0.3 2.60 ± 0.03 11.48 ± 0.08
2 40.4 ± 0.5 13.5 ± 0.2 2.99 ± 0.03 10.98 ± 0.08
2 45.5 ± 0.4 16.6 ± 0.2 2.74 ± 0.03 11.16 ± 0.07
2 59.7 ± 0.5 12.8 ± 0.1 4.68 ± 0.04 16.71 ± 0.12

3 69.8 ± 1.4 27.2 ± 0.1 2.57 ± 0.02 13.39 ± 0.11
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Fig. 4. SEM micrographs of printed drop arrays of the (a) CE-He, (b) CE-Ur,
and (c) PC-Ca inks.

Fig. 5. SEM micrographs of printed drop arrays of the (a) CE-Et, (b) PC-Py,
and (c) PC-Et inks.
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ig. 2. The relation between the drop velocity and (a) surface tension, (b)
iscosity, and (c) density of the HP45 ink according to Eq. (5).
hree different partial arrays are shown, in order to provide a
omparison of inks with similar properties.

Fig. 3 shows the SEM micrographs of the printed HP45
Fig. 3a), PC-Et (Fig. 3b), and PC-Ur (Fig. 3c) arrays. The HP45

ig. 3. SEM micrographs of printed drop arrays of the (a) HP45, (b) PC-Et, and
c) PC-Ur inks.
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ig. 6. SEM micrographs of PC-Ur drop arrays printed using the (a) lowest, (b)
ormal, and (c) highest ink volume settings.

nd PC-Ur inks were printed without satellite drops independent
f the ink volume settings. Ejection of the PC-Et (Figs. 3b and
c) ink with the normal ink volume setting rarely resulted in for-
ation of satellite drops. In case of printing the other ceramic

nks, formation of satellite drops was always observed. In order
o identify the properties of inks, which ensure a proper ejec-
ion; these three inks (Tables 1 and 2) were thoroughly analyzed.

−1
he HP45 ink revealed a surface tension of ∼50 mN m and the
owest density and viscosity values. The PC-Ur ink had also a rel-
tive low viscosity but the highest surface tension among all inks.
he PC-Et ink had a high surface tension and an average vis-

ig. 7. SEM micrographs of PC-Et drop arrays printed using the (a) lowest, (b)
ormal, and (c) highest ink volume settings.
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osity. The densities of PC-Ur and PC-Et as well as all ceramic
nks were similar. The relative magnitudes of the properties of
hese inks were comparable at both 20 ◦C and 60 ◦C.

Viscosity was considered to be a guide for the ink
rintability.35 The term printability should include the ejection
f reproducible single drops. In order to test the influence of
he viscosity on drop integrity, the SEM micrographs of ceramic
nks having relative low viscosity values (CE-Ur (Fig. 4b) and
C-Ca (Fig. 4c)), were analyzed as well. Satellite drops were
resent in both drop arrays, which showed that only viscosity
as not a suitable indicator for the ejection of single drops using
thermal inkjet printer.

Fig. 3 shows that the drop sizes of the HP45, PC-Et, and PC-
r inks were different. In fact a comparison of the drop sizes
as not reliable because of the dissimilar wetting behaviours of

he inks. In Fig. 3, the dot sizes of the ink drops of low viscosity
ere considerably larger than the ink drops of average viscosity.
his would agree with Eq. (5), which predicted an increase in

he drop size with decreasing viscosity. The large size the PC-
r and HP45 drops would support previous work, which stated

hat a low viscosity and high surface tension would increase
he primary drop size.37 The drop size is a key parameter to

anipulate the resolution. The small sized PC-Et drops (Figs.
b and 5c) showed that the resolution of a thermal inkjet printer
ould be increased by adjusting ink properties.

The relative high surface tension values (>50 mN m−1) of the
P45, PC-Et, and PC-Ur inks could be a criterion for ejecting

ingle drops. This was tested by comparing these with ink drops
f low surface tension. Fig. 4 shows SEM micrographs of the
E-He, CE-Ur, and PC-Ca drops. These inks revealed surface

ension values <50 mN m−1 and different viscosities. The satel-
ite drop formation in Fig. 4 showed that a minimum value of
urface tension should be satisfied for the ejection of single drops
f ceramic inks.

The CE-He drops (Fig. 4a) were larger than the CE-Ur
Fig. 4b) and PC-Ca (Fig. 4c) drops, although the viscosity of
he CE-He ink was higher. This situation could not be explained
sing Eq. (5), because it does not consider the compositional
spects during drop ejection. These aspects would cover the
nteraction of the drops with the orifice plate during ejection,
he influence of the high solid content of ceramic inks on drop
ormation, and deviation from the constant total pressure in the
ozzle chamber. Furthermore, the estimated drop velocities of
he most ceramic inks were <5 m s−1, which would cause a loss
n the directionality of printed drops due to the variable wet-
ing forces at the nozzle exit.48 Similarly, the drop shape and
ntegrity could be affected by the wetting forces at low drop
elocities.

Although the CE-Et, PC-Py, and PC-Et inks revealed surface
ension values >50 mN m−1, satellite drops were observed in the
EM micrographs shown in Fig. 5. Here, several single drops
ere present and the total number of satellite drops was lower

ompared to Fig. 4. On the other hand, in spite of the lower

urface tension of the HP45 ink, no satellite drops were formed
Fig. 3a). In fact, the HP45 ink was designed for this specific
rinter and should not be directly compared to the ceramic inks.
onsidering the ceramic inks, it could be concluded that the

i
p
n
p

ramic Society 30 (2010) 1669–1678 1675

ossibility of satellite drop formation was lower for the high
urface tension inks.

All the ceramic inks revealed the same solid content and
imilar values of density, which was more than twice of the
P45 density. According to Eq. (5), the higher the density, the

ower would be the drop volume and velocity. In Figs. 3–5,
ll ink drops except the PC-Ur drops (Fig. 3c) were smaller
han the HP45 drops (Fig. 3a). This exception indicated that
he drop size depends particularly on viscosity rather than den-
ity.

The influence of the dimensionless quantities (Table 2) on
rop formation was investigated as well. Especially the HP45,
C-Et, and PC-Ur inks, which did not form satellite drops, were
nalyzed. The Re and Oh−1 values of the HP45 and PC-Ur inks
ere high, while the PC-Et ink had average Re and Oh−1 values.
he HP45 ink revealed a high We value, while the PC-Et and PC-
r inks had average We values. Defining specific intervals for
e, We, and Oh−1 to distinguish these inks from the others were
ot possible. Considering the Ca−1 values, especially at 60 ◦C,
he PC-Et and PC-Ur inks revealed the highest values. A high
a−1 (Eq. (3)) is achieved, when the inks reveal a high surface

ension and low viscosity at a given ejection velocity. Although
high Ca−1 value could be an indicator for ejection of single

rops, it would not consider the aforementioned compositional
spects.

In previous studies, the ink properties and the printability con-
itions were defined according to some of the aforementioned
imensionless quantities. These conditions were compared with
he quantities calculated in this study. A numerical study inves-
igated the effects of the Re number and stated that setting Re < 5
hould allow an ejection of single drops.33 This condition was
ot applicable, because all the inks revealed Re values (Table 2)
bove this limit and the ejection of single drops was realized as
ell.
Previous studies defined a printability range of 1 < Oh−1 < 10

or wax-based particulate inks.30,31 In fact, all ceramic inks were
rintable and revealed Oh−1 values (Table 2) in the ranges of
.2 < Oh−1 < 9.5 and 9 < Oh−1 < 16.7 at 20 ◦C and 60 ◦C, respec-
ively. Assuming an operating temperature between 20 ◦C and
0 ◦C, the Oh−1 value of the ceramic inks could fit in the range
f 4 < Oh−1 < 14, which was defined as the printable region for
queous solutions in a numerical study.32 The formation of satel-
ite drops was reported for inks having Oh−1 values beyond the
pper limit.30–32 Contrarily, the ejection of single drops was
ossible in case of printing inks with the highest Oh−1 values
Fig. 3) and formation of satellite drops were observed when
ow Oh−1 inks were printed (Figs. 4 and 5). The mentioned
tudies used piezoelectric print-heads and set the upper Oh−1

imit either by increasing the surface tension30,31 or reducing
he viscosity.32 In comparison to the piezoelectric print-heads,
he ejection pressure in thermal inkjet print-heads is consider-
bly high.40,45–47 This difference in the ejection pressure could
xplain the successful thermal ejection of high surface tension

nks, which revealed high Oh−1 values. This showed that the
redefined printability ranges according to Oh−1 value could
ot explain the ejection of single drops using a thermal inkjet
rinter. It can be concluded that ceramic inks with an Oh−1 value
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ig. 8. SEM micrograph of a green printed ceramic structure and the downscaled
ross section.

imilar to or higher than the HP45 ink were more likely to form
ingle drops.

Another study reported setting We > 9 and Oh−1 = 10 would
rovide ejection of single drops.34 This condition was true for
ost of the inks at 60 ◦C, but it was actually not an indicator for

rop integrity.
A pioneer study using a piezoelectric print-head operating

t room temperature suggested Ca−1 > 2 for drop ejection.29 At
0 ◦C even the HP45 ink revealed Ca−1 < 2, which showed that
his criterion was not applicable. The higher ejection pressure
f thermal inkjet print-heads allowed the ejection of inks having
a−1 < 2. On the other hand, the PC-Ur ink revealed the highest
a−1 value at 60 ◦C, which could set this quantity as a guide for
jecting single drops.

In order to analyze the influence of the actuation conditions
n the drop formation behaviour, the ink volume setting of the
rinter driver was varied. The HP45 and PC-Ur inks formed
ingle drops for all settings. In case of printing the PC-Et ink in
he highest ink volume mode formation of satellite drops were
bserved. The SEM micrographs of drop arrays of the PC-Ur and
C-Et inks printed with the lowest (a), normal (b), and highest
c) ink volume settings are shown in Figs. 6 and 7, respectively.
ccording to the SEM micrographs, varying this setting did
ot significantly affect the primary drop size. This showed that
he primary drop size depended on ink properties rather than
he actuation conditions. On the other hand, the actuation could
nfluence the drop integrity as shown in Fig. 7. The satellite
rops could be reduced or eliminated by adjusting the actuation
onditions. The relation between actuation, primary drop size,
nd drop integrity agreed with previous experimental work as
ell.37

.4. Producing ceramic structures via DIP
In order to demonstrate the feasibility of the DIP process for
eramic materials, a simple structure (Figs. 8 and 9) was pro-
uced. In both figures the printing direction was from upper left

o
e
p
t

ig. 9. SEM micrograph of a green printed ceramic structure (tilt angle = 30◦)
nd the downscaled cross section.

o bottom right. The secondary or satellite drops on the sub-
trate, which appeared on the right next to the printed structure,
howed that the satellite drop formation was not totally elimi-
ated. The reason was printing the PC-Et ink using the highest
nk volume setting. During the experiments, it was observed
hat printing in high ink volume mode provided longer printing
eriods without nozzle clogging. In order to prevent the defor-
ation of the printed structure, each printed layer must be dried

efore the deposition of the following layer. This was realized
y slowing the printing rate, which means the application of
onger drying periods between printing the layers. The longer
he time needed for drying the longer is the total printing time
nd a longer printing time would increase the risk of nozzle
logging.

Fig. 8 shows a SEM micrograph of the top view of the printed
tructure. It was observed that the precision and thickness of the
arge stars depended on the directional alignment of the figure.
he print-head was driven only in the x direction, which was
efined as the printing direction and the nozzle rows were per-
endicular to the printing direction. The highest precision was
bserved when the printed lines were aligned parallel to the
rinting direction (wall thickness ∼230 �m) and a minimum
hickness of ∼160 �m was achieved when the lines were perpen-
icular to the printing direction. This behaviour can be explained
y the number of active nozzles needed to print a line. In case of
rinting lines parallel to the printing direction, a small group of
ozzles would eject many drops while the print-head keeps mov-
ng. In order to print perpendicular lines, many nozzles would
ject drops simultaneously while the print-head waits. Such a
irectional dependence of the printed structures always occurred
hen multi nozzle printers were used.5,18,19,21 In case of print-

ng pillars with multi nozzle printers this behaviour was not
bserved, because the pillars did not reveal a real cross section
nd they were built up through the accumulation of single drops
n top of each other.17,20 On the contrary, no directional differ-

nce in the structure was observed, in case of using single nozzle
rinters, which were controllable in x and y directions.12–15 Here,
he print-head was driven in the direction of the printed line,
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of printability according to the Oh−1 number and above this
ig. 10. SEM micrograph of the fracture surface of a sintered specimen.

hich ensured the parallelism of the printing direction and the
rinted line.

According to Fig. 8 the size of the small stars was ∼5% larger
han the intended size defined by the cross-sectional data. On the
ther hand, the wall thickness of the large stars (160–260 �m)
as 80–190% larger than intended depending on the directional

lignment. In fact, the printer ejected the exact amount of ink
rops to print the defined data. In case of printing on paper, a
ingle layer of drops is deposited and the resolution is defined by
he lateral infiltration of porosity. If the substrate is nonporous
he ink spreads before it dries, which reduces the resolution.
onsidering a layer wise deposition, all the layers except the
rst one are printed onto an already solidified porous structure,
hich partially absorbs the liquid part of the ink and stabilizes

he deposited layer at the intended location. This effect does
ot provide an instantaneous solidification of the deposits, espe-
ially at realistic printing rates. Hence, it can be concluded that
he drying should be assisted in order to produce precise struc-
ures of well defined shape. The mismatch between the intended
nd real wall thickness (Fig. 8) could be explained by the spread-
ng of the deposited layers in absence of forced drying. The
rinted ink did not solidify instantaneously at the top surface of
he already deposited structure, instead it spread to the sides of
he structure and dried, which increased the wall thickness.

Fig. 9 shows the three-dimensional construction of the printed
tars. Here, it was seen that the small stars and the corners of
he large stars were higher than the edges of the large stars. This
ould be explained by a relative spreading behaviour through-
ut a deposited layer. When relatively large areas are printed, the
preading of the ink drops located in the central part is limited.
n the other hand, the drops deposited onto the exterior region
f such areas or onto thin sections can freely spread unless these
re dried instantaneously. Thus, an accumulation of material as
ell as an increased height especially in the central region of the

arge areas printed was observed. It was also seen that the small

tars did not reveal sharp edges and corners. This inaccuracy was
aused by improper drying of the printed structures. During dry-
ng, the volatile components of the deposits evaporate and leave
ramic Society 30 (2010) 1669–1678 1677

he structure through the top and lateral surfaces. Therefore, thin
ections or pillars dry faster than structures with large bases. In
ase of printing complex shaped objects, the accuracy can be
ptimized by setting the drying rate according to the slowest
rying part of the whole object. The drying rate applied was not
ptimized, which resulted in inaccurate edges and corners of the
rinted small stars. These facts on spreading and drying empha-
ized the importance of instantaneous drying of the deposited
ayers. Previous studies, tried to solve this problem by assisting
he drying with hot air blowers17–19 or drying devices.5

Fig. 10 shows the fracture surface of a sintered structure.
uniform thickness of ∼300 �m was observed, which defined
thickness of ∼4 �m for sintered single layers. The fracture

urface revealed a homogeneous microstructure without any pro-
ess related defects. No traces of the printed single layers were
bserved. Except the few pores on the top of the fracture sur-
ace, the porosity was low and the structure revealed almost full
ensity. Achieving such a dense and homogeneous microstruc-
ure demonstrated the feasibility of the DIP process to produce
eramic components of good mechanical properties.

. Conclusions

Aqueous ceramic inks having different physical properties
ere printed using a thermal inkjet printer. The ink properties

Table 1) were varied within the printable region using different
ypes of dispersant and organic additives, in order to analyze
he influence of these on the drop formation. The volume and
elocity of the ejected drops were estimated using a model (Eq.
5)), which calculated the total pressure needed to eject a single
rop of a given ink. The magnitude of the estimated drop proper-
ies were realistic and comparable to previous studies.29,37,47,48

he Re, We, Ca−1, and Oh−1 numbers (Table 2) were used to
haracterize the inks. A comparative investigation of the drop
hape and integrity of inks of different ink properties and dimen-
ionless quantities was performed by analyzing arrays of printed
ingle drops with SEM. The following facts were concluded after
valuation of the printed arrays:

The drop size was maximum in case of printing low viscosity
inks (∼5 mPa s).
Formation of satellite drops was not eliminated by using low
viscosity inks.
The number of satellite drops was higher in case of printing
low surface tension inks (<50 mN m−1). An increase in the
surface tension (>50 mN m−1) reduced the number of satel-
lite drops. Moreover, in some cases no satellite drops were
present.
A relation between the drop integrity and the dimensionless
quantities Re, We, and Oh−1 could not be identified.
A high Ca−1 (>3 at 60 ◦C) number could indicate the drop
integrity of the ceramic inks.
Studies using piezoelectric print-heads defined an upper limit
limit formation of satellite drops should occur.30–32 This could
not be confirmed by this study, because the inks having the
highest Oh−1 values did not form any satellite drops. This
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showed that, the printability limitations valid for piezoelectric
inkjet printing, especially according to Oh−1, did not apply
to thermal inkjet printing.
The actuation conditions of drop ejection influenced the drop
integrity.

The feasibility of thermal DIP of aqueous ceramic sus-
ensions to produce ceramic objects of complex shape was
emonstrated by producing a multilayer ceramic structure (Figs.

and 9). SEM analysis of this structure showed that the
eposited layers must be dried instantaneously, in order to
ptimize the accuracy of the printed objects. Another printed
tructure was sintered to almost full density. The microstructure
Fig. 10) was homogeneous and it revealed no orientation of
eparate layers or any process related defects. This showed that
IP of particulate suspensions was a promising method to pro-
uce densely compacted and low porosity ceramic components
ith good structural properties.
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