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Segregation in multicomponent ceramic colloids during drying of droplets
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Studies of drying of colloidal droplets focus on unary particle systems. We report here the drying of binary
and ternary powder suspensions. When multicomponent ceramic suspensions are deposited in the form of small
drops (5 ul), particle segregation can occur on drying so that the upper surface of the powder residue does not
match that of the bulk composition. We show that the segregation effect and the shape of the droplet residues
are both related to the participation of particles in two types of flow during drying; radial flow toward the rim
where the three-phase boundary becomes locked by a pile up of particles and secondly, recirculation flows in
the remaining liquid driven by Marangoni stresses. Methods to control both shape and segregation are de-
scribed. The phenomenon described is general and independent of the method of preparing the drops but the
motivation is to obtain uniform drop shape and composition in thick film ceramic libraries in combinatorial

ink-jet printing.
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I. INTRODUCTION

There are three stages of drying for a pure water droplet
placed on a smooth polymer surface [1]. The contact diam-
eter first remains constant while drop height and contact
angle decrease. Then both the drop height and diameter de-
crease, maintaining a small contact angle. Finally, height,
diameter and contact angle all decrease as the droplet volume
diminishes to zero.

When the liquid contains fine particles this sequence is
not followed. The three-phase boundary of a droplet of sus-
pension is pinned by the rapid deposition of particles at the
boundary on all but smooth, very low energy surfaces [2]. As
a consequence, the radius remains constant and the drop
shape loses sphericity or the cap recedes to the center leaving
a “foot” as shown by Parisse and Allain [3]. Nonuniformities
may develop in the spatial distribution of precipitated salts
[4] and, as shown here, colloidal particles.

Maenosono et al. [5] describe a colloidal system in which
a ring-shape multilayer formed at the drop periphery, with
the ring width depending on the particle volume fraction.
This lateral transport of carrier liquid has been observed di-
rectly by magnetic resonance microscopy during the drying
of emulsion paints [6]. The process has been modeled by
Routh and Russel [7] for a front of closely packed particles
building up at the drying edge.

There is general agreement that radial flow occurs and is
caused by the higher ratio of surface area to underlying lig-
uid at the droplet edge. Even if the evaporating drop is
placed on a pedestal surrounded by a liquid bath, the “foot”
still develops [2]. Thus, lateral flow takes place in a sessile
drop with a fixed periphery due to the geometrical require-
ments for volume depletion even if the mass transport coef-
ficient is constant across the liquid-vapor boundary.

Haw et al. [8] observing unary powder systems, find that
as the pile up at the edge grows, vertical circulation flows
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develop in the undried central region of the droplet followed
by convectionlike cells in the horizontal plane. The packing
of particles in the “foot” does not become fully dense until
the liquid-rich cap has dried. The radial flow of liquid con-
tinues to supply the foot with liquid lost by evaporation.
Only when the cap disappears and no replacement is avail-
able does the foot become well packed. Very recently, the
circulation flows have been analyzed by Hu and Larson [9]
in terms of the Marangoni stresses that result from surface
tension gradients in an evaporating droplet.

Control of the geometry and compositional distribution of
droplet residues is required in thick-film combinatorial li-
braries. These can be made by ink-jet printing methods that
both mix multicomponent inks and dispense individual drops
of discrete composition [10,11]. Likewise uniformity is
needed in functional gradient materials produced by printing
methods [12] and in any droplet based direct write method
employing multicomponent suspensions.

II. EXPERIMENTAL DETAILS

The a-Al,O5 was Alcoa (Germany) A16-SG with average
particle diameter 0.5 wm and density 3987 kgm™. Anatase
TiO, (A-HR Tioxide Europe SA, France) was 99.0% purity
with average particle diameter 0.15 um and density
3850 kgm™3. ZrO, (Pi-kem, Shropshire, UK) was free from
stabilizing oxides (99.5%) with particle diameter 0.9 um and
density 5750 kgm™. This ternary was chosen because the
x-ray Ko energies are easily distinguished by energy disper-
sive x-ray spectrometry (EDS). The dispersant, Dispex A40
(Allied Colloids, Bradford, UK) is a solution of an ammo-
nium salt of an acrylic polymer in water widely used to sta-
bilize oxides in aqueous media.

A drop-on-demand printer (ProSys 4510, Cartesian Ltd,
Huntingdon, Cambridge) quantitatively aspirates and dis-
penses ceramic suspensions to create different compositions.
The process sequence for preparing ceramic compositions is
illustrated in Fig. 1. The detail process has been described in
Ref. [11]. Four compositions in the Al,053-TiO,-ZrO, system
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FIG. 1. The process of creating a ceramic mixture using the
ink-jet printer.

(Table I rows 4 to 7) were made by mixing from three single
component inks (Table I rows 1 to 3) and ink-jet deposition
of aliquots of 5 uL on silicone release paper. After air drying
for 3.6 ks, they were removed for EDS analysis without fir-
ing.

Drops in the ternary system were first deposited by ink-jet
printing, but in order to show that the segregation is a gen-
eral physical phenomenon and is independent of the printing
process, all experiments were repeated by manual placement
of the drops using dip wires. Manually deposited ceramic
mixtures of the same nominal composition were mixed and
subjected to ultrasonic disruption by an ultrasonic probe
pulsed at 0.5 Hz and 50% amplitude for 1 ks to disperse
clusters. This avoids contamination by milling media. Drops
were placed on silicone release paper using a fine wire and
treated thereafter as for the printed drops so that nominally
identical printer-built and manually prepared compositions
could be directly compared.

Both types of residue had a radius of 1-1.3 mm. The top
surfaces, the lower surfaces and the cross sections were ana-
lyzed after coating with carbon as illustrated in Fig. 2. The
microscope (SEM; Model 6300, JEOL, Tokyo, Japan) was
equipped with an EDS system (Model eXL II, Oxford Instru-
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FIG. 2. Schematic plan for EDS analyses of droplet residues.

ments, Bucks, UK). Measurements were taken over an area
approximately 150 um X 150 um for the surfaces and
50 um X 50 pum for the cross section for a period of 100 s.
These large dimensions avoid the spurious effects of agglom-
erates. The conditions were 20 kV acceleration voltage and
15 mm working distance. The data were corrected using
INCA software (Oxford Instruments). Cobalt was used as a
standard for calibration of the analyzer.

The viscosities were measured at 25 °C using a reverse
flow U-Tube viscometer following BS 188:1977. The par-
ticle size distributions of powders were measured by Sedi-
graph (5100, Micromeritics Instrument corporation, Nor-
cross, USA). Three 10 g Al,O;, ZrO,, and TiO, single
component ceramic suspension (Table I rows 1 to 3) were

TABLE 1. The composition of ceramic suspensions.

Ink Planned composition Al,O3 powder TiO, powder ZrO, powder DispexA40 Distilled water
No. (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
A ZrO, 100 38.83 1.52 59.65
B TiO, 100 29.93 70.07
C Al,05 100 30.46 0.77 68.77
D Al,03 50-ZrO, 50 17.07 17.07 1.1 64.76
E Al,03 50-TiO, 50 15.1 15.1 0.38 69.42
F TiO, 50-ZrO, 50 16.9 16.9 0.66 65.54
G  Al,O3 25-TiO, 25-ZrO, 50 8.49 8.49 16.98 0.88 65.16
H Al,03 50-ZrO, 50 17.07 17.07 10 55.86
I TiO, 50-ZrO, 50 16.9 16.9 10 56.2
I AlLO3 25-TiO, 25-ZrO, 50 8.49 8.49 16.98 10 56.04
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TABLE II. Analysis by EDS of printer (P) and manually pre-
pared (M) ceramic mixtures deposited on silicone release paper

EDS analysis (wt. %)*

Planned Top surface  Lower surface Cross section
Ink Composition
D (wt. %) P M P M P M
D 71O, 50 83+5 73+9 51+2 52+1 52+3 52+2
Al,O53 50 17£5 27+9 49+2 48+1 48+3 48«2
E Al,O3 50 84%13 81x16 533 50+3 S51+3 49«3
TiO, 50 16+13 19+16 47+3 50+3 49+3 51+3
F TiO, 50 1619 10+21 47+2 48«1 52+6 471
710, 50 84+19 90+21 53+2 52+1 48+6 53=%1
G Al,O3 25 26+14 12+11 26+x1 26+1 28+3 25+2
TiO, 25 67 9+12 24+2 24+0 24+2 24+2
7r0, 50  67+21 79+£22 50+2 50+1 48+3 51+3

*Average for five arrays at different positions shown in Fig. 2 with
95% confidence limit.

mixed and subjected to ultrasonic disruption by an ultrasonic
probe at 0.5 Hz and 50% amplitude for 1 ks. Each suspen-
sion was diluted using 50 mL distilled water to reduce the
concentration of powder to fit the requirements of the Sedi-
graph.

III. RESULTS

The EDS analyses of samples (Table II) show that
whether the drops were mixed and printed automatically by
the combinatorial printer or mixed by manual weighing and
deposited using a fine wire, the EDS results for the lower
surfaces and cross sections agreed with the planned compo-
sitions. For unpolished surfaces the agreement is within the
error associated with the analysis method [13]. The top sur-
faces, on the other hand, were significantly different. Segre-
gation of powders occurred in the upper surface region dur-
ing drying.

The residues of these droplets formed ‘doughnut’ shapes
and sometimes there was a through-thickness hole
[Fig. 3(a)]. Although cracking of the residue sometimes oc-
curred, EDS was only carried out on whole intact samples.
The EDS results summarized in Table II are averaged from a
positional array of assays systematically conducted along ra-
dial paths on the upper and lower surfaces and along the
depth profile in cross sections (Fig. 2).

In each mixture, the EDS results at position 1 of the top
surface (edge part) were consistently in better agreement
with the planned composition than the results at positions 2,
3, and 4, a result which will become relevant when the seg-
regation is interpreted. Tables III and IV (rows 1) give only
two examples of the positional array but this effect was gen-
eral. The analysis of large area scans of the cross section
does not disclose how deep the surface nonuniformity is.
Therefore, Fig. 4 provides a micrograph of the cross section
of a residue prepared from ink F (TiO,-ZrO, system) with
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(b)

FIG. 3. The shape of droplet residues of ceramic inks: (a)
doughnut shape (ink G); (b) dome shape (ink J), and (c) flat dough-
nut shape (ink F without dipsersant).

elemental mapping from regions at the drop centre to the
edge. It shows ZrO, enrichment to a maximum depth of
about 20 um and the segregation layer became less thick
towards the edge (see Table III, row 1).

Compositional nonuniformity and the “doughnut” shape
with a possible hole at the center present serious problems
both for thick film combinatorial studies of ceramics and for
forming functionally graded products using direct ceramic
ink jet printing. Interventions to solve these problems were
launched and the interpretation of their results provides an
explanation for the effects.

Deposition on porous substrates. In previous work [14],
there was no segregation when droplets were deposited on
dried, preplaced, porous layers of ink. Droplets were there-
fore manually placed on plaster of Paris which is used in slip
casting and provides rapid separation of powder from its sus-
pending fluid. Table V shows that all regions of these manu-
ally prepared ink mixtures deposited on this porous substrate
agreed with the planned composition, although slightly larger
errors were encountered for the analysis of the upper surface.

Similar enhancement of compositional uniformity by cap-
illarity was obtained by placing drops on microporous cellu-
lose nitrate membranes. Figure 5 compares the pore structure
of plaster of Paris [Fig. 5(a)] with that of cellulose membrane
[Fig. 5(b)]. Drops of inks F and G (Table I) were mixed and
deposited manually onto cellulose nitrate membrane and
samples were also printed thereon. These results confirm that
fast drying by capillary flow into the substrate improves
compositional homogeneity (Table VI); segregation is asso-
ciated with slow drying by evaporation.

Effects of particle size and density. The simplest explana-
tion for segregation is the selective sedimentation of either
larger or more dense particles according to Stoke’s law
which gives the terminal velocity V,, as
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TABLE III. EDS analysis for droplet residues of ink composition F with different dispersant conditions, placed on silicone release

paper.
EDS analysis (wt. %)
Planned Top surface (edge — center) Lower surface (edge — center) Cross section (top — bottom)
Ink composition
designation (wt. %) 1 2 3 4 5 1’ 2/ 3’ 4’ 5’ A B C D E

F with dispersant TiO, 50 36 1 1 3 9

7r0O, 50 64 99 99 97 91

F without dispersant TiO, 50 67 66 53 53 50

7r0O, 50 33 34 47 47 50

Dispersant on TiO, TiO, 50 65 60 56 54 57

7r0O, 50 35 40 44 46 43

Dispersant on ZrO, TiO, 50 35 5 5 5 5

7r0O, 50 65 95 95 95 95

47 48 49 49 48 46 47 48 48 47
53 52 51 51 52 54 53 52 52 53

33 28 38 39 28 47 5220 11 17
67 72 62 61 72 53 48 80 89 83

29 13 24 19 26 67 43 24 17 18
71 87 76 81 74 33 57 76 83 82

27 28 32 29 27 20 48 81 84 20
73 72 68 71 73 80 52 19 16 80

_gd*(p-p")

Vi
0 187

: (1)

where d is the particle diameter, p is particle density, p’ is the
fluid density, and % is fluid viscosity. However, considering
the average particle size and density of powders, it is clear
that there is no evidence of preferred sedimentation; indeed
there are examples where larger and denser particles ascend
to the upper surface.

Using the particle size distributions shown in Table VII,
47% ZrO, powder but only 2.7% TiO, is greater than
0.7 um. ZrO, also has much higher density (5750 kg m™3)
than TiO, (3850 kg m~3). For the 50% ZrO,-50% TiO, ink,
710, should be depleted on the upper surface due to prefer-
ential sedimentation but as shown by EDS (Table III, row 1),
TiO, almost disappeared on the upper surface of the residue.
This segregation cannot be explained by preferential sedi-
mentation. The same conclusion can be drawn from the other
three compositions in Table II. There is no indication of
coarser or denser particles settling out.

Effect of dispersant. In order to assess the effects of dis-
persant, compositions D and F (described in Table I) were
prepared without dispersant (which was replaced by the same
amount of distilled water). These suspensions were manually
prepared and mixed for 1 ks with the ultrasonic probe and
deposited on silicone release paper.

The results for composition F (TiO,-ZrO, system) with
and without dispersant are compared in Table III rows 1 and
2. The difference in these composition scans is striking.
Without dispersant, the upper surface, instead of showing
excess zirconia, now presents a slight deficit. No effect of
radial distribution can be detected. This implies that the seg-
regation of ZrO, to the upper surface seen before, was asso-
ciated with the presence of dispersant. In contrast, the lower
surface is now rich in ZrO,: an effect that can indeed be
attributed to preferential sedimentation. Such sedimentation
is clearly seen in the cross section which has a steady in-
crease in ZrO, from top to bottom.

The results for ink D (ZrO,-Al,O5 system) with and with-
out dispersant are compared in Table IV rows 1 and 2. In the
case of the ink with dispersant, ZrO, is richer on the upper

TABLE IV. EDS analysis for droplet residues of ink compositions D placed on silicone release paper.

EDS analysis (wt. %)

Planned Top surface (edge — center)

Lower surface (edge — center) Cross section (top — bottom)

Ink composition
designation (wt. %) 1 2 3 4 5

1’ 2! 3’ 4’ 5! A B C D E

D with dispersant Zr0O, 50 69 75 75 82 65

Al,O3 50 31 25 25 18 35

D without dispersant ~ ZrO, 50 52 51 51 50 51

Al,O3 50 48 49 49 50 49

Dispersant on Al,O3 7r0, 50 33 18 25 25 26

AlL,O3 50 67 82 75 15 74

Dispersant on ZrO, 710, 50 42 51 52 52 53

Al,O3 50 58 49 48 48 47

51 53 52 52 51 52 52 55 51 51
49 47 48 48 49 48 48 45 49 49

51 50 51 51 51 52 52 53 52 51
49 50 49 49 49 48 48 47 48 49

59 62 62 58 50 23 17 34 82 80
41 38 38 42 50 71 83 66 18 20

38 47 45 43 42 41 38 37 42 56
62 53 55 57 58 59 62 63 58 44
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FIG. 4. (Color online) Elemental mapping showing the depth of
the segregated ZrO, layer on the upper surface of residue from ink
F. (a), (b), and (c) are taken from positions identified on Fig. 2(a) as
5, 3, and 1, respectively.

surface. Without dispersant, there is no segregation; the up-
per surfaces, cross sections, and lower surfaces of residues
agree well with the planned composition. In this case, there
is no preferential sedimentation. This result is further confir-
mation that segregation on the upper surface is associated
with the presence of dispersant.

Removal of excess dispersant. When dispersant is added
to a suspension it tends to adsorb strongly on the solid sur-
face until saturation is reached and the excess remains in
solution. The excess can be removed by centrifuging the sus-

TABLE V. Average EDS results for ink mixtures deposited on
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(b) SEM picture of cellulose nitrate membranes

FIG. 5. Porous substrates used for rapid separation of powder
from suspending fluid; (a) plaster of Paris and (b) cellulose nitrate
membrane.

pension, removing the supernatant, and redispersing the
powder in the same mass of liquid. The amount of dispersant
in solution can be found by drying and weighing.

TABLE VI. Average EDS results for manually prepared (M) and
machine mixed and printed (P) ink mixtures deposited on micro-
porous cellulose nitrate membrane.

EDS analysis (wt. %)*

plaster of Paris. Planned Top surface Lower surface  Cross section
Ink composition
Planned EDS analysis (wt. %)* ID (wt. %) P M P M P M
Ink  Composition
ID (wt. %) Top surface Lower surface Cross section F TiO, 50 50 438 53 51 49 47
Zr0O, 50 50 52 47 49 51 53
G Al,05 25 22+5 23+1 23+2
TiO, 25 255 26+0 282 G ALO3;25 25 23 27 26 26 25
7r0, 50 53+10 501 4942 TiO, 25 24 24 26 26 25 22

*Average for five arrays at different positions shown in Fig. 2 with
95% confidence limits.

7Zr0O, 50 51 53 47 48 49 54

*Average for three arrays at different positions.
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TABLE VII. Particle size distributions for the three powders.

Cumulative mass coarser (%)

PHYSICAL REVIEW E 73, 021501 (2006)

TABLE VIII. EDS analysis of droplet residues of multicompo-
nent ceramic colloids containing excess dispersant showing uniform
composition.

Low diameter

(um) 710, AlLO; TiO,
3 1.2 3.7 0.0
0.7 47.0 20.6 27
0.4 63.8 45.0 239
0.3 70.1 60.4 46.5
0.2 76.9 777 733
0.1 85.5 91.2 92.4

Using ink F, TiO, powder was first mixed with half the
amount of water and the full amount of dispersant. The re-
sulting TiO, ink contained 1.31 wt. % Dispex. After centri-
fuging for 30 min, gravimetric analysis showed that half the
dispersant remained in the supernatant which was replaced
with the same mass of distilled water into which TiO, was
redispersed. ZrO, powder, mixed with the other half of water
without dispersant was then added. This produces a mixed
ink with 50 wt. % TiO,—-50 wt. % ZrO, in which the dis-
persant is initially adsorbed on the TiO,. EDS analysis of
residues (Table III, row 3) show ZrO, depletion on the upper
surface and evidence of preferential sedimentation of ZrO, in
the cross section and on the lower surface.

The ZrO, powder in ink F was then treated with dispers-
ant instead. The results (Table III, row 4) show TiO, deple-
tion on the upper surface. However, preferential sedimenta-
tion of ZrO, was also found in the lower surface. This
combined effect is due to the wider particle size range of the
ZrO, powder; larger particles are still able to sediment.

This selective procedure was then followed with ink D
(50 wt. % Al,05-50 wt. % Zr0O,). Dispersant was first
added only to the Al,O5 and the excess removed before add-
ing ZrO, free from dispersant. The results (Table IV row 3)
indicate ZrO, depletion on the upper surface and evidence of
preferential sedimentation of ZrO, on the lower surface and
in the cross section.

Then the dispersant was added to ZrO, powder first, ex-
cess was removed and Al,O; ink without dispersant added.
The results (Table IV, row 4) show that for this mixture, the
upper surface is close to the as-planned composition with
only slight excess of ZrO,, but there are signs of Al,O5 sedi-
mentation on the lower surface not picked up in the large
area scans for the cross section.

Removing excess dispersant does not provide a general
solution to the segregation problem but it illustrates the sen-
sitivity of segregation to preferential adsorption on specific
powders; an effect that can over-ride preferential sedimenta-
tion under Stoke’s law. The important observation was that
the powder to which dispersant was preferentially attached
was always richer on the upper surface of dried droplets and
this general observation helps to explain the phenomenon of
separation (vide infra).

Use of excess dispersant. The inks used in these experi-
ments contain around 1 wt. % dispersant; sufficient to
achieve stability during the period of printing. In the next
step, inks H, I, and J (Table I) were prepared with large

EDS analysis (wt. %)*

Planned
Ink Dispex  Composition Top Lower Cross
No. (wt. %) (wt. %) surface  surface  section
H 10 Al,05 50 50+3 52+1 512
Zr0O, 50 50+3 48+1 49+2
I 10 TiO, 50 50+4 461 47+2
Zr0O, 50 50+4 54+1 53+2
J 10 Al,05 25 25+1 26+0 24+1
TiO, 25 25+1 23+0 24+1
Zr0O, 50 50+1 51+0 52+1

*Average for five arrays at different positions shown in Fig. 2 with
95% confidence limits.

amounts of dispersant (10 wt. %). These were manually
prepared, mixed for 1 ks with the ultrasonic probe and de-
posited on silicone release paper. EDS analysis of these resi-
dues, described in Table VIII, show neither sedimentation
nor segregation, the whole body of the residues has uniform
composition as planned.

These inks presented another difference. The residues of
ink H, 1, J retained a dome shape [Fig. 3(b)] without the
lateral movement of powder to the periphery. No cracking
was found in such residues. The large amount of dispersant
increased the kinematic viscosity of these inks (from 1.5 to
3.7 mm? s~! for inks D and H and from 1.4 to 11.4 mm?s~!
for inks F and I). Adding a larger amount of dispersant pro-
vides a generally sound solution to the segregation problem
based on formulation rather than substrate selection, achiev-
ing a uniform residue of the planned composition. Further-
more, the shape of residue was a simple guide to composi-
tional uniformity.

IV. DISCUSSION

The final compositional distribution in residues is set up
during drying. For a particle in a droplet of ceramic suspen-
sion, there are at least four types of particle motion: (i) sedi-
mentation due to gravity, (ii) Brownian motion due to colli-
sions with fluid molecules, (iii) lateral migration of particles
to form a “foot” at the periphery of the drop, and (iv) fast
recirculation flows that occur in the remaining liquid part of
the drop. In unary suspensions, these have been observed by
Haw et al. [8], modeled by Hu [9] and can easily be seen in
the optical microscope using oblique illumination and have
the appearance of vigorous stirring with an element of chaos.
These movements can be restricted by surrounding particles,
by dispersant, and by flocculation behavior. On the basis of
(iii) and (iv), we interpret both the shape and the segregation
effects described here.

From the particle size distributions in Table VII, the par-
ticle size increases for the series TiO,, Al,Os, and ZrO,.
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FIG. 6. Schematic representation of the observed drying process
for droplets from suspensions containing ~1 wt. % dispersant.

Table II indicates that in the Al,O5-TiO,, ZrO,-TiO,,
Al,03-Zr0O,, and TiO,- Al,03-ZrO, systems, powder with
the larger particle size is concentrated on the upper surface.
Preferential sedimentation fails to explain the segregations
seen on the upper surfaces in these experiments.

In a well-dispersed suspension, particles participate in the
radial flow, piling up at the periphery and forming a foot
which grows as drying proceeds and leaving a hollow central
region which may even produce a hole. A similar situation
prevails in the spray drying of ceramic slurries; discrete
droplets from well-dispersed slurries in which particles retain
mobility during drying, form irregular shaped agglomerates
with a central hole. Suspensions with a tendency to floccu-
late, form dense spherical agglomerates [15]. In the present
work, the use of large amounts of dispersant increases vis-
cosity and is likely to impede particle mobility by chain en-
tanglement effects. Sessile drops from these inks dry to leave
dome shapes [Fig. 3(b)] with uniform planned composition.

For droplets from suspensions containing ~1 wt. % dis-
persant (inks D, E, F, and G), particles have high mobility in
the suspension. Visual observation of reflectivity, transpar-
ency and the appearance of a discontinuity in the surface
[Fig. 3(c)], suggest that a higher packing density of powder
builds up at the three phase boundary as generally observed
[2-6]. The suspension on the rim continues drying as liquid
migrates from interior regions to the periphery under capil-
lary forces, eventually forming a “doughnut” shape in which
the centre is depleted and sometimes leaving a hole. The
process is illustrated as Fig. 6.

This does not explain the segregation effect, which can
only be understood by looking also at the liquid region of the
sessile drop contained within the surrounding foot. As de-
scribed by Haw er al. [8], this region contains vigorous re-
circulation flows. These can be seen in the optical micro-
scope with oblique illumination. These flows are attributed to
Marangoni stresses resulting from surface tension gradients
and thermal gradients associated with evaporation of liquid
and have been modeled [9]. As the drop dries, this region
shrinks while the more densely packed “foot” grows.

A particle in suspension can either join the “foot” or par-
ticipate in the recirculation flows in the central pool. We
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FIG. 7. Schematic diagram of radial and recirculation flows that
are responsible for particle segregation.

argue that the better dispersed particles participate in the
flow while the weakly dispersed particles join the “foot” and
in this way segregation develops on the upper surface where
the well-dispersed particles accumulate. The process is
shown schematically in Fig. 7.

This explanation is consistent with the geometry of resi-
dues, with Fig. 4 and with the observation that at assay po-
sition 1 (Tables III and IV row 1), the composition is closer
to that planned than at positions 2—4. Position 1 became
isolated from the liquid pool at an earlier stage. The expla-
nation is consistent with the observations that the better dis-
persed particles always appeared in excess at the top irre-
spective of their density or particle size. Position 5 is not
necessarily worse than position 1 as seen in Table 4 row 1.
When a hole is formed, position 5 is a very thin section from
which the final liquid, containing well-dispersed particles, is
drawn laterally by capillary action into position 4 as drying
comes to an end.

The behavior of inks containing no dispersant depended
on the particular powders in combination. For the
ZrO,-TiO, system, the TiO, was a fine powder while ZrO,
was a comparatively coarse powder as deduced from SEM
images and particle size distributions (Table VII). When
there was no dispersant, ZrO, powder began to sediment,
most TiO, was still dispersed in the water. These droplets
dried to leave a much flatter “doughnut” shape as shown in
Fig. 3(c). After drying, TiO, was richer on the upper surface
while ZrO, powder was preferentially sedimented on the
lower surface as evidenced by EDS results (Table III, row 2).

For the Al,05-ZrO, system, after the ultrasonic probe was
switched off, the powders began to flocculate. The suspen-
sion appeared to become more viscous forming a paste rather
than a liquid. This is typical of flocculated suspensions [16].
These drops ended as a dome with uniform planned distribu-
tion of powder (Table IV rows 2) and it seems reasonable to
speculate that this is because a three-dimensional flocculated
network prevents particles from participating the two modes
of liquid flow. Using flocculation as a means to prevent seg-
regation would provide a solution but it is incompatible with
the need to produce low viscosity suspensions stable against
sedimentation for ink-jet printing.

It is instructive to compare the ZrO,-TiO, system under
three conditions: dispersant added to both powders, no dis-
persant added, and dispersant attached only to ZrO,. When
dispersant is attached to both ZrO, and TiO, powders and
excess is left in solution, residues of droplets are “doughnut”
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shaped with ZrO, powder richer on the upper surface and the
lower surface agreeing with the planned composition (Table
II1, row 1). Without dispersant, the residues of droplets are
flatter doughnut shapes with preferential sedimentation of
ZrO, powder (Table III, row 2). With dispersant attached
only to ZrO,, residues of droplets have both types of segre-
gation; ZrO, powder is richer on the upper surface yet pref-
erential sedimentation of larger ZrO, particles (Table IIT row
4) shows up on the lower surface.

In the Al,03-ZrO, system, when dispersant is only at-
tached to ZrO, with no excess available for Al,O5 in the
solution, residues of droplets are “doughnut” shaped with
much more uniform composition (Table IV, row 4). The
ZrO, is slightly denser and coarser than the Al,O5 so the
effects of sedimentation and ascent in the liquid zone tend to
cancel.

V. CONCLUSIONS

Residues of droplets from mixed multicomponent ceramic
suspensions which were well-dispersed were found to
present “doughnut” shapes with segregation on the upper
surface on drying. By depositing on porous substrates, seg-
regation was prevented. The same effect can be obtained on
impermeable substrates by using excess dispersant which in-
creases viscosity and may induce entanglement flocculation.
Residues of such droplets retained the dome shape providing

PHYSICAL REVIEW E 73, 021501 (2006)

a better geometry for combinatorial measurement methods
and had uniform and planned composition.

The segregation effect is not due to preferential sedimen-
tation unless dispersant addition is restricted. Segregation is
due to the partitioning of particles between the growing pe-
ripheral “foot” that develops during drying and the diminish-
ing liquid pool which contains vigorous recirculation flows.
Better dispersed particles remain in the pool and hence are
found in excess on the upper surface of residues. Less well
dispersed particles join the “foot” earlier in the drying pro-
cess.

Using excess dispersant significantly increased the viscos-
ity and reduced the mobility of particles and hence segrega-
tion. The same effect was seen in flocculating suspensions
without dispersant. By centrifuging a discrete suspension,
removing the supernatant and redispersing the powder in the
same mass of liquid, it is possible to obtain mixtures in
which only one type of powder is treated with dispersant. In
such drops, the better dispersed powder segregates to the
upper surface. Thus the final residue shape and the presence
of segregation are connected and are attributed to particle
mobility in two flow regimes; radial flow to the drop periph-
ery and recirculation flows in the central pool.
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