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Abstract

Reverse microemulsions (RMs) were applied to preparing ceramic inks for jet-printing forming. First of all, different RM systems
were chosen and optimized in order to obtain high concentration ceramic inks. Triton X-100/co-emulsifier/oil/water RM system
was systematically investigated. Different kinds and different amounts of co-emulsifier and oil phase were selected and mixed to
form RM after intensively stirring. RM region in the quasi-ternary phase diagram of the system was determined. It was shown that
Triton X-100/n-hexanol/cyclohexane/water RM system exhibited an excellent behavior in enhancing water-dissolving amount. The
best composition for the maximum water content was given. Zirconium oxychloride solution and ammonia solution were then
added to the above system respectively. After stirring intensively, two clear RMs were obtained. Then ZrO, ceramic inks were
readily prepared by reaction after mixing the two RMs uniformly. The physicochemical properties of ZrO, ceramic inks, such as
viscosity, surface tension, conductivity, stability etc. were determined. The particle size and morphology of ZrO, nanoparticles in

the RM were observed by TEM. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Solid freeform fabrication (SFF) has become one of
the new forming technologies of advanced ceramics
since the 1990s. It can meet the special design ideas for
composite materials and multifunctional materials. SFF
includes selective laser sintering,!— laminated object
manufacturing,*® fused deposition of ceramics,’
stereolithography,'®~!'2  3D-printing!3>~'® and ink-jet
printing,'®~'® each of which has its own advantages and
potential applications.

Ink jet-printing forming is a novel method for shaping
advanced ceramics, in virtue of the modern office com-
puter system. The ceramic powder to be formed must be
well suspended into a liquid, which is called a ceramic
ink. The ink is printed onto a carrier through an ink jet-
printer, just like printing an article on paper. The size
and shape of the body can be easily controlled by the
computer. The key point to realize in this forming is to
prepare ceramic ink suitable for printing in both the
aspects which now are still left to be solved: its own
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physicochemical properties and the match to the hard-
ware of the printer. Therefore there are two basic
requirements for ceramic inks. One is stability, dis-
persivity and homogeneity of the suspension. The other
is that the physicochemical properties of the ceramic
inks should meet the requirements of the commercially
available printer because there are no dedicated printers
available for this usage at present. There are two types
of ink-jet printers: continuous and drop on demand,
which have different requirements for ink as listed in
Tables 1 and 2.1%?° The preparation methods for cera-
mic inks include dispersion method,?!~2> sol method?%-2’
and reverse microemulsion (RM) method,?®=3! each of
which has its own advantages and disadvantages as
mentioned in Ref. 28.

This paper focuses on the RM method, which was
widely used to prepare nanoparticles of ceramic powder
several years ago.3>*> RM refers to a system composed
of water/oil/emulsifier and/or co-emulsifier, which is
located in a limited region of the ternary phase diagram
of water/oil/emulsifier and/or co-emulsifier. In this
region, water is spontaneously suspended into the con-
tinuous oil matrix in nanometer size (8—80 nm) with the
help of emulsifier and/or co-emulsifier after stirring the
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Table 3
Composition of zirconium oxychloride reverse microemulsion

Table 1

Ink properties for a continuous ink-printer

Conductivity (mS/m) > 100
Viscosity (mPa-s) 1-10
Surface tension (mN/m) 25-70

Particle size Micron meter, no agglomerate

Table 2

Ink properties for a drop on demand ink-printer
Viscosity (mPa-s) (25 °C) 1-30
Surface tension (mN/m) 35-60
pH 7-12

Particle size Micron meter, no agglomerate

mixture intensively. Theoretically, this reverse micro-
emulsion system is thermodynamically stable and
transparent or translucent. The transparency of a real
system will change a little with the suspended particle
size. The water particles, also called water pools, pro-
vide reaction spaces for the formation of ceramic nano-
particles. Due to its high stability and good dispersion
in nanometer sizes, this system has superiority to the
other two methods with a great potential in preparing
ceramic inks. According to these unique characteristics,
it is worth trying this new way to prepare ceramic inks.

However, a reverse microemulsion system usually had
a very low water-dissolving amount in previous reports.
The authors mainly paid attention to producing well-
dispersed nanoparticles using this method, rather than
to its low water-dissolving amount, which is closely
related to the solid content in the RM. When it is used
to make a ceramic ink, the first task is to increase the
water-dissolved amount so as to enhance the solid con-
tent as high as possible. Only then does the ceramic ink
become practical for ink-jet printing forming. Unfortu-
nately, there is an obstacle when the water amount
increases according to the phase diagram. That is, when
the water amount exceeds a certain extent, the reverse
microemulsion will not exist any more and consequently
transforms to another state. The way to solve this
problem includes correct choice of a proper reverse
microemulsion system, use of co-surfactant and opti-
mization of preparation conditions. Another measure
we can take is to use a bicontinuous structure, which is
in a transition stage from the reverse microemulsion to
macroemulsion. In this system, large amounts water can
be dissolved. In this paper, the work on the choice of a
proper reverse microemulsion system and use of co-sur-
factant is focused on. The authors have already con-
ducted elementary investigations on this method.?’~%°
This paper will further report the latest results.

No. Triton X-100/ n-hexanol/ Cyclohexane/ ZrOCl,-8H,0%/

wt.% wt.% wt.% wt.%
1 34.4 23.0 42.6 60
2 344 23.0 42.6 70

2 Total oil phase is 100% and zirconium oxychloride solution is
added as a percentage of the oil phase.

Table 4
Composition of ammonia reverse microemulsion
No. Triton X-100/ n-hexanol/ Cyclohexane/ NH,OH?/
wt.% wt. % wt. % wt. %
1 34.4 23.0 42.6 80
2 344 23.0 42.6 70

2 Total oil phase is 100% and ammonia solution is added as percentage
of the oil phase.

2. Experiment
2.1. Determination of reverse microemulsion system

The RM was prepared at 20 °C, using Triton X-100
(iso-CsH;7—( )—(C>Ha)osH, FARCO, Chemical

Supplies) as emulsifier, n-butanol, n-pentanol, n-hexanol
(all made in China) as co-emulsifier respectively, cyclo-
hexane, n-heptane, n-octane (all made in China) as the
oil phase and deionized water. Triton X-100 and co-
emulsifier were combined in the ratio of 1:0, 4:1, 3:2 and
1:1 respectively, intensively stirred for 5 min and then
sealed. This mixture is referred to as S+A. The oil
phase was combined with the above liquid S+ A in the
ratio of 5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4 and 1:5, and
strongly stirred for 10 min for later use. Different
amounts of deionized water were added to the above
mixture. They were strongly stirred again for 30 min
and settled for 2 days. Then the formation of reverse
microemulsion was determined through visual observa-
tion, conductivity measurement and centrifugal separa-
tion, which revealed the phase transformation or phase
separation of the ternary system. Finally, the quasi-
ternary phase diagrams of the systems were given and
the maximum water content for each system was
determined.

2.2. Preparation of ZrQO, ceramic inks and
determinations of their physicochemical properties

Different concentrations of zirconium oxychloride
(ZrOCl,-8H,0) solution and ammonia (NH3-H,O)
solution were separately prepared, and the water in the
above optimized reverse microemulsion system of Triton
X-100/n-hexane/cyclohexanol/water was replaced with
an equivalent volume by these two solutions respec-
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Table 5
Composition of ZrO, ceramic ink at 20 °C
Ink  Triton n-hexanol/ Cyclohexane/ Water/ ZrO, pH
X-100/ wt.% wt.% wt.%  Solid load/
wt. % wt. %
A 22.2 14.8 27.5 33.6 1.9 9
B 24.0 16.1 29.8 28.0 2.1 6

tively, giving rise to two reverse microemulsions, whose
compositions are shown in Tables 3 and 4. These two
reverse microemulsions were then mixed homo-
geneously and the reaction of zirconium oxychloride
with ammonia in the water pools happened and
Zr(OH); nanoparticles formed. The process of the
reaction was controlled by the pH value through adding
different amounts of the ammonia reverse micro-
emulsion. The resulting microemulsion was referred to
as ZrO, ceramic ink listed in Table 5. Its rheological
characteristics, surface tension, conductivity, transpar-
ency and stability were determined by rheometer (WCR
300 SN 357142), surface tensiometer (self installed
based on the maximum bubble pressure method), con-
ductivity meter (DDS-11A), ultraviolet/visible spectro-
photometer (750MC), respectively. The particle size in
the reverse microemulsion was observed by TEM
(100CX-II). Phase separation was determined by visual
observation.
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3. Results and discussion
3.1. Determination of the reverse microemulsion system

The quasi-ternary phase diagrams of the RM systems
of Triton X-100/co-emulsifier/oil/ water with different
ratios at 20 °C are shown in Fig. 1, where S+ A repre-
sents the total mass of Triton X-100 and co-emulsifier,
O is the mass of oil phase, and W is the mass of water.
Lines a, b, c and d in each diagram represent the ratio of
Triton X-100 to co-emulsifier (in mass) 1:0, 3:1, 3:2 and
1:1, respectively. The reverse microemulsion lies in the
upper region of the boundary line.

It was shown from the above diagrams that the Triton
X-100/co-emulsifier/oil/water reverse microemulsion sys-
tems all had a large region of the reverse microemulsion,
whose area decreases with the ratio of Triton X-100 to
co-emulsifier in the sequence of 3:2, 1:1, 3:1 and 1:0 for
whatever combinations of co-emulsifier and oil. The
maximum reverse microemulsion area, and conse-
quently the maximum water-dissolving amount were
simultaneously obtained when the ratio of Triton X-100
to co-emulsifier was 3:2. In addition, we can also see
that Triton X-100/n-hexane/cyclohexane/water reverse
microemulsion system had the maximum area of all
the reverse microemulsions and the maximum water-
dissolving amount (44%) resulted according to our
experiments.
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Fig. 1. Quasi-ternary phase diagrams of the reverse microemulsion systems. (1) Triton X-100/n-hexanol/cyclohexane/water; (2) Triton X-100/n-
butanol/n-heptane/water; (3) Triton X-100/n-butanol/n-octane/water; (4) Triton X-100/n-pentanol/n-heptane/water (5) Triton X-100/n-hexanol/n-

octane/water (6) Triton X-100/n-pentanol/cyclohexane/water.
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Fig. 2. Solubility limit of the reverse microemulsions.
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Fig. 3. The effect of pH on conductivity of the ceramic inks.
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Fig. 4. The effect of pH on surface tension of the ceramic inks.

3.2. Solubility limit of zirconium oxychloride solution
and ammonia solution in the system of Triton X-100/n-
hexane/cyclohexanol at 20 °C

The effect of different concentrations of zirconium
oxychloride solution and ammonia solution on the
solubility limit in the system of Triton X-100/n-hexane/
cyclohexanol at 20 °C was shown in Fig. 2. It can be seen

from the figure that a large amount of zirconium oxy-
chloride solution and ammonia solution can be dissolved
into the system, with the maximums 46 and 49%,
respectively, which was equivalent to or larger than that
of the pure water. However, water content decreased
with increasing the concentration for both the solu-
tions, and the solubility drop was more severe for
zirconium oxychloride solution due to the existence of
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Fig. 5. The rheological characteristics of the ceramic inks.

1
( )IOO- (2)100"
X sk X 8o
~ ~
> >
2 60 2 6ok
o 2
3 <
? 40 F o 4o
< <
£ 20F = 20
1 1 1 1 1 JJ 1 1 1 1 I
300 400 500 600 700 800 300 400 500 600 700 800
A/ nm A/ nm
(3) 100
< sl /’____/\__s/»———
>
2 60f
L
&
o 40
=
<
= 20
IJ 1 1 i i 1

300 400 500 600 700 800
A/ nm

Fig. 6. The transparency of the ceramic inks. (1) Triton X-100/n-hexanol/cyclohexane/water reverse microemulsion; (2) ink; (3) ink B.

Zr**. The mixing of the two reverse microemulsions
caused the formation of numerous Zr(OH), pre-
cipitates, which destroyed the interface of oil-water to
some degree, led to the reduction in transparency and
the enhancement in viscosity. Therefore, the concentra-
tion of zirconium oxychloride solution and ammonia
solution should be lowered a little to ensure satisfactory
quality. According to this, two ceramic inks named A
and B were prepared and listed in Table 5.

3.3. The physicochemical properties of ZrO; ceramic inks

3.3.1. Conductivity

When pH value of the ceramic inks was lower than 8§,
their conductivity did not change remarkably, remain-
ing at 16-24 and 28-32 mS/m for inks A and B, respec-
tively (see Fig. 3). It is obvious that this conductivity
value is lower than that required for the continuous ink-
jet printer. This is mainly because the oil phase is the
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Fig. 7. The size and morphology of particles in the ceramic inks observed by TEM.

continuous one. These solutions exhibited a good state
of RM. When the pH value exceeded 9, the RM was
partly destroyed. Oil and water phases were mixed with
each other, resulting in an increase in conductivity.

3.3.2. Surface tension

As shown in Fig. 4 the variation of surface tension
was relatively small when the pH value of the ceramic
inks changed. For ink A, it is only about 16-22 mN/m,
lower than that required for the continuous printer. The
surface tension of ceramic ink B lies in the range sui-
table to the printer’s requirement in a wide range of pH
value, but close to the lower limit. It is only 35 mN/m
when the pH=09.

3.3.3. Rheology

From the relation between viscosity and shear rate of
the ceramic inks (Fig. 5), it is found that no effect of
shear thickening was observed for ink A, but this effect
occurred in a slight extent for ink B, which is no benefit
to printing forming. It is seen that the viscosity of the
inks A and B met the demand of the printer.

3.3.4. Transparency

The comparisons of transparency among the inks A
and B and the pure system of Triton X-100/n-hex-
anol/cyclohexane/water reverse microemulsion were
shown in Fig. 6. It can be obviously seen that the
patterns of these spectra were basically identical except
that the peak shifted backwards and transparency
decreased a little with an increase in the concentration
of the inks and increasing pH value. This demon-
strated that inks A and B were very good reverse
microemulsions. The inner structure of the three had
nearly no difference.

3.3.5. TEM observation
Fig. 7 showed that the morphology and particle size
of both inks were almost same. The particle size is about

7-10 nm. The photographs showed that these inks
exhibited a very good dispersivity. No agglomerates
were observed.

4. Conclusions

1. Triton X-100/n-hexanol/cyclohexane/water reverse
microemulsion system was chosen and opti-
mized from several other systems of reverse
microemulsion to prepare ZrQO, ceramic ink
because it exhibited an excellent behavior in
enhancing water-dissolving amount.

2. The best composition for the maximum water
content of the above system was 19.1% Triton
X-100/12.8% n-hexanol/23.7% cyclohexane/44.4%
water in mass determined by its quasi-ternary
phase diagram.

3. Two clear reverse microemulsions were obtained
by replacement of the water in the system with
equivalent volume of zirconium oxychloride
solution and ammonia solution, respectively.

4. ZrO, ceramic inks prepared by reaction after
mixing the two reverse microemulsions uni-
formly demonstrated excellent stability, dis-
persivity and homogeneity.

5. They were suitable for ink-jet printing forming
by a drop on demand ink-jet printer through
determinations of the physicochemical properties
of the inks, such as viscosity, surface tension and
transparency etc.

6. Their conductivity was not sufficiently high
according to the requirements of the printer due
to the continuous phase of oil.

7. The particle size in the reverse microemulsions
was about 7-10 nm and very well dispersed by
TEM observation.

8. It is still necessary to increase the solid load in
the suspension further.
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