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Drying behaviour of droplets of mixed powder suspensions
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Abstract

Droplets of aqueous multi-component ceramic suspensions were placed on silicone release paper and allowed to dry. The contact angle and height
of droplets containing large amounts of dispersant steadily reduced during drying until a minimum value was reached; the contact diameter being
almost unchanged during drying. These droplet residues retained a dome shape with uniform compositional distribution of powder. On the other
hand, droplets of suspensions containing small additions of dispersant terminated in a ‘doughnut’ shaped residue sometimes with a central hole and
with segregation of powder on the upper surface. For droplets of powder without dispersant, the drying behaviour and compositional distribution
varied with the powder characteristics. Two types of particle flow are thought to be responsible for these differences. In general, restricted particle
mobility in the droplet produced dome-shaped residues and negligible segregation. This investigation has implications for ink-jet printing of

thick-film, combinatorial libraries, and functional gradients.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In general, the drying of ceramic suspensions can be divided
into two stages.! In the initial constant-rate period, fluid is trans-
ported to the external surfaces at a rate that matches evaporation.
Then, in the falling-rate period, the fluid can no longer get to the
surfaces at this rate and experimentally, there are two falling
rate periods. In the first (linear) period, fluid menisci retreat into
the body (the funicular state). Moisture migration is controlled
by capillary flow. As further evaporation occurs, fluid resides in
isolated pockets (the pendular state), marking the transition to
a second non-linear falling rate period. The remaining liquid is
removed from the body by vapour-phase diffusion.

On the other hand, the drying of drops of liquid deposited on
a horizontal non-porous substrate is affected by: (1) the wetting
characteristics of the substrate;2 (2) the temperature and atmo-
spheric conditions;> and (3) the properties of the liquid and solids
it may contain. Thus, Shannahan and Bourges® showed that in
a dry environment, a pure water droplet placed on a smooth
polymer surface, experienced three stages of drying. First, the
contact diameter remained constant whilst both drop height and

* Corresponding author. Tel.: +44 20 7882 5501; fax: +44 20 8981 9804.
E-mail address: j.r.g.evans@qmul.ac.uk (J.R.G. Evans).

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.08.018

contact angle decreased. Second, both the drop height and diam-
eter decreased concomitantly while maintaining a small contact
angle. Finally, height, diameter and contact angle all decreased
sporadically as the droplet volume diminished to zero.

There have been many studies of the drying of unsupported
droplets of ceramic slurries, the better to understand spray
drying.*® There are studies of the drying of droplets where
solutes form a crust’ and of the surprising shapes that such drops
adopt as the crust deforms.® More recently, droplet evapora-
tion has attracted popular attention in explaining the ring stains
that form when beverage spillages dry.” The drying of drops
of colloidal suspension is an important step in a diverse range
of applications such as protective coatings, fire suppression!?
and ceramic colloidal processing. Here, we explore the drying
of droplets of colloidal suspensions of mixed oxides, our con-
cern being the formation of individual members of thick film
combinatorial libraries prepared by ink-jet printing such that
each droplet might have a different composition.'=13 Tt is per-
haps remarkable that such a formally simple experiment should
involve so many complex colloidal and fluid flow processes and
we use these processes to interpret the drying of thick-film com-
binatorial libraries; the drop residue shape that forms and the
possible segregation of different powders.

There is general agreement that unlike a sessile drop of pure
liquid, for which the contact radius decreases during drying,
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presenting a receding contact angle, the three-phase boundary
of a droplet of suspension is pinned by the rapid deposition of
particles at the boundary.'# The pinning is generally attributed
to surface irregularities and can be eliminated by using smooth
Teflon™ as the substrate.'* The consequence is that while the
radius remains constant, either the drop shape ceases to be a
spherical cap, the cap recedes to the centre leaving a foot or the
contact angle decreases. In some cases, a series of concentric
rings is formed as the droplet dries rather than one peripheral
ring. 13

Guo and Lewis'® characterized the microstructure of dried
films prepared from aqueous SiO, suspensions stabilized by
electrolyte (NH4Cl). Non-uniformities developed in the spa-
tial distribution of colloidal particles and precipitated salt. SiO2
films were cast onto (00 1) silicon substrates. The salt concen-
tration decreased substantially from the film edge to its centre as
evident in EDS analysis. Such features resulted from capillary
induced transport of free colloidal particles and dissolved salt
species.

Parisse and Allain!” demonstrate that a ‘foot” becomes fixed
around the edge of the droplet where particles build up as dry-
ing proceeds. The remaining drop, treated as part of a spherical
cap recedes into the centre and they calculate its shape based
on the radial flow of liquid to the periphery resulting from
the higher relative proportion of liquid—air interface there. For
their experiments, the drops were of an aqueous silica col-
loidal sol containing 24 vol.% solids deposited on cleaned glass.
Maenosono et al. reported'® a system in which two types of parti-
cles, CdS and CdSe/CdS(core/shell) were suspended in pyridine
and water, respectively. A drop of suspension was placed on
a solid substrate and the solvent was allowed to evaporate in
a nitrogen atmosphere. A ring-shape multilayer formed at the
drop periphery, with the ring width depending on the particle
volume fraction. Such lateral transport of carrier liquid has been
observed directly by magnetic resonance microscopy during the
drying of emulsion paints.'® This process, modeled by Routh and
Russel?? shows how a front of closely packed particles advances
from the drying edge as solvent recedes into the film.

The full story of droplet drying and of the effects reported
here, cannot be told until it is recognized that another factor is
at play. The splendid observational work presented in a paper
by Haw et al.2! tells us that as the more densely packed parti-
cle assembly at the droplet periphery grows, vertical circulation
flows are present in the undried central region of the droplet:
“aggregates in the cap are seen to continuously circulate in the
vertical plane” and so “we can expect macroscopic inhomogene-
ity in the final residue”. Later, convection-like cells form in the
horizontal plane. The packing of particles in the ‘foot’ does not

Table 1
Materials used in ceramic suspensions and their sources
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become fully dense until the liquid-rich cap has dried. The radial
flow of liquid continues to supply the foot to replace the liquid
lost there by evaporation. Only when the cap disappears and
no replacement is available does the foot become well packed.
Very recently, the circulation flows have been analysed by Hu
and Larson?? in terms of the Marangoni stresses that result from
surface tension gradients in an evaporating droplet.

In this paper, droplets from various multi-component ceramic
colloids were placed on silicone release paper. Their drying
behaviour and the compositional distribution in the residues
were investigated because of the importance of compositional
uniformity of thick-film combinatorial library members. Ink-jet
printing provides an opportunity to build and test large num-
bers of samples for functional properties.!! The droplet residues
require uniform planned composition and optimum shape for
measurement.'? Ink-jet printing is also used as a solid freeform-
ing method for ceramics in which small complex shapes with
functional gradients can be downloaded from a computer file
by multi-layer addition®>>* for which compositional control is
essential.

2. Experimental details

Table 1 describes the materials and lists their sources. The
alumina is a fine milled submicron powder that is widely used
in industry. The TiO; is an anatase pigment used in paint formu-
lations. The pure zirconia, selected for compositional analysis
using EDS avoids the confounding effect of dopant oxides. Dis-
pex A40 is a solution of an ammonium salt of an acrylic polymer
in water widely used to stabilize oxides in aqueous media.

Table 2 gives the composition of ceramic suspensions. After
mixing, these were subjected to dispersion using ultrasound
(ultrasonic probe model U200S, IKA, Staufen, Germany) pulsed
at 0.5Hz and 75% amplitude for 1ks. No attempt was made
to modify pH, which was between 7 and 8 after ink prepara-
tion. The suspensions were deposited using a fine wire at 24 °C
and ambient air conditions (31% R.H.). Each drop was approx-
imately 5 wL. The substrate was silicone release paper (Sterling
Coated Materials, Cheshire UK) having a surface free energy of
20mN m~!. The drying was observed by optical microscopy and
classified. Several examples of drying were imaged as a func-
tion of time by a video camera (model 4540, Eastman Kodak
Co., San Diego, USA). The contact angle 6, contact diameter
D, and height of droplets H, were computed from the images as
illustrated in Fig. 1.

After drying, the residues were removed from the silicone
release paper, photographed and the top surfaces, lower sur-
faces and cross-sections were subjected to EDS analysis as

Material Supplier Grade Purity (%) Density (kg m—3) Average particle size (pm)
Al,O3 Alcoa, Ludwigshafen, Germany A16-SG 99.8 3987 0.5

TiO, (Anatase) Tioxide Europe SA, Calais, France A-HR 99.0 3850 0.15

7rO; Pi-Kem, Shropshire, UK - 99.5 5750 0.9

Dispersant Allied Colloids Ltd., Bradford, UK Dispex A40 - 1300 -
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Table 2
The composition of ceramic colloidal suspensions

Ink I.D.  Planned composition (wt.%)  Al,O3 powder (wt.%)  TiO, powder (wt.%)  ZrO, powder (wt.%)  Dispex A40 (wt.%)  Distilled water (wt.%)

A ZrO; 100 - - 38.83 1.52 59.65

B TiO, 100 - 29.93 - - 70.07

C Al O3 100 30.46 - - 0.77 68.77

D Al O3 50; ZrO,50 17.07 - 17.07 1.1 64.76

E Al O3 50; ZrO,50 17.07 - 17.07 - 64.76 +1.1

F Al O3 50; ZrO; 50 17.07 - 17.07 10 55.86

G TiO; 50; ZrO; 50 - 16.9 16.9 0.66 65.54

H 50 TiOy; 50 ZrO, - 16.9 16.9 - 65.54+0.66

I 50 TiOy; 50 ZrO, - 16.9 16.9 10 56.2

J Al O3 25; TiO; 25; ZrO, 50 8.49 8.49 16.98 0.88 65.16

K Al O3 25; TiO; 25; ZrO, 50 8.49 8.49 16.98 10 56.04
: distance. The data were corrected using INCA software (Oxford
i Instruments). Cobalt was used as a standard for calibration of the
! Air analyzer. The viscosity of ceramic suspensions was measured at

Suspension 25°C using a reverse flow U-Tube viscometer following BS

Substrate

Fig. 1. Schematic representation of a sessile drop of ceramic suspension.

illustrated in Fig. 2 after coating with carbon. The micro-
scope (SEM; Model 6300, JEOL, Tokyo, Japan) was equipped
with an EDS system (Model eXL II, Oxford instruments,
Bucks, UK). Measurement was taken over an area approxi-
mately 150 pm x 150 wm for the upper and lower surfaces and
50 pm x 50 pm for the cross section for a period of 100s. The
conditions were 20kV acceleration voltage and 15 mm working

~2mm

188:1977.
3. Results

The ceramic suspensions (Table 2) can be classified in three
types based on the amount of dispersant used. Type I consist of
mixtures with large (10%) additions of dispersant, (Inks F, I and
K). This is far more than that needed to provide stabilization
against sedimentation for several hours to allow printing. Type
IT are mixtures (inks A, C, D, G and J) containing a smaller
amount dispersant (~1 wt.%), though more than enough to pre-
serve stability for the purpose of printing. Type III are mixtures
of water and powders without dispersant (Inks B, E and H).

Droplets from type I suspensions present consistent drying
behaviour. As shown in Fig. 3a using Ink K as the example,
the contact angle and height of droplets steadily reduced until a
minimum value was reached. The contact diameter was almost

:

]
! ~2mm
L

Excess dispersant

e mm— i
Standard ink
(a)
Five points for EDS
each covering ~ 150
* 150pm
ooooo

Five points for EDS
from top to bottom
each covering ~50x
50pum

(b)

(c)

Fig. 2. EDS analysis positions on upper surfaces, lower surface and cross sections.
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unchanged during drying. The droplet that began as a spheri-
cal cap completed drying still as a dome as shown in Fig. 4a.
The residues have uniform planned distribution of powder on
both upper and lower surfaces and on cross sections as analyzed
by EDS and given in Table 3 rows 3, 6 and 8. Such droplets
form ideal combinatorial library members because their shape
is suited to testing by electrical or optical probes and composi-
tion is consistent.

Droplets of type II suspensions (~1 wt.% dispersant) had a
quite different drying behaviour. Using Ink J as the example
(Fig. 3b), in the first stage, up to 0.9 ks, the contact angle and
height of droplets consistently decreased. In the second stage, at
constant contact angle, the height of droplets decreased. In the
last stage, both the apparent height of droplets and the contact
angle were unchanged but the silhouette imaged against back-
illumination does not disclose the pronounced collapse of the
central region. The bulk of the ceramic powder, now situated at
the rim, subsequently dried. Type II residue therefore ended as a
‘doughnut’ shape sometimes with a hole in the centre as shown
in Fig. 4b.

When EDS analysis was performed on these residues, the
lower surface and cross-sections agreed with the planned compo-
sition but segregation of powders occurred on the upper surface

(Table 3, rows 1, 4 and 7). This variation is to a depth of about
10 wm and decreases both towards the centre and outside of the
drop residue. Cracking of the residue could also be found some-
times. These are not suitable for combinatorial work because
the shape does not allow access by measurement probes and the
composition varies on the upper surface.

For Type III suspensions to which no dispersant was added,
the drying patterns depended on the powder. The drying of
droplets from Ink E (Al,O3—ZrO, system) was similar to Type
I suspensions that contained excess dispersant. Both the con-
tact angle and height of droplets consistently reduced until a
minimum value was reached. The contact diameter was almost
unchanged during drying. The residue also retained a dome and
had uniform planned powder distribution as did the residues
from the droplets of type I suspensions as shown in Table 3,
rows 2. For other type III suspensions, (Ink B; single compo-
nent TiO; ink) and H (TiO,—ZrO; system without dispersant),
the drying was similar to type II inks that contained around 1%
dispersant, experiencing three stages as described above. The
EDS result of the residue of droplets from Ink H (Table 3, rows
5) shows non-uniform compositional distribution. The resulting
residue also had a ‘doughnut’ shape, as did the type II inks. The
residue of droplets from Ink H is shown in Fig. 4c.

t=0,8=107°

t=1.8 ks, 8 = 89°
(a)

t=0.9 ks, 6 =98°

t=2.7ks, 6=287°

Fig. 3. The drying of a droplet of ceramic suspension containing: (a) excess amount of dispersant deposited on silicone release paper. (Ink K) at t=0, 0.9, 1.8 and
2.7ks: (b) approximately 1 wt.% dispersant deposited on silicone release paper (Ink J) at #=0, 0.6, 1.2 and 2.1 ks.
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t=0, 6 = 100°

t=0.6 ks, 6 = 84°

t=1.2ks, 8=80°
(b)

Table 3

EDS analysis of droplet residues of multi-component ceramic colloids

t=2.1ks, 8=280°

Fig. 3. (Continued).
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Ink ID. Dispex (wt.%) Planned composition (wt.%) EDS analysis (wt.%)*
Top surface Lower surface Cross section
D 1.1 Al,O03 50 27+9 48+ 1 48+2
Zr0, 50 73+9 52+1 5242
E 0 AL O3 50 49 £ 1 49+1 48+1
7ZrO, 50 S1+1 S1+1 52+1
F 10 Al O3 50 50+3 52+1 S51+2
ZrO, 50 50+3 48+1 4942
G 0.66 TiO; 50 10 £ 21 48+1 47+1
ZrO; 50 90 £+ 21 52+1 53+1
H 0 TiO; 50 58 £ 11 33+7 29426
Zr0O; 50 42 £ 11 67+7 71+26
I 10 TiO; 50 50+ 4 46+1 47+2
7rO, 50 50+ 4 54+1 5342
J 0.88 AL O3 25 12 £ 11 26+1 25+2
TiO; 25 9+ 12 2440 24£2
Zr0O; 50 79 £22 50+1 51+3
K 10 AL O3 25 25+1 26+0 24+1
TiO; 25 25+1 2340 24+1
ZrO, 50 50+ 1 5140 5241

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



3128 J. Wang, J.R.G. Evans / Journal of the European Ceramic Society 26 (2006) 3123-3131

(b)

(a)

Fig. 4. The shape of droplet residues: (a) colloidal suspension containing excess amount of dispersant (Ink K); (b) colloidal suspension containing around 1 wt.%

dispersant (Ink J); and (c) suspension containing no dispersant (Ink H).

4. Discussion
Many observers'?~2! point out that the relative proportion of
liquid—air interface is larger near the edge and this provides mod-
els of drying.!+1519:2025 Since the ratio of liquid—air interface
relative to the underlying liquid is larger near the drop periphery
a large amount of solvent is lost in this area and if the droplet
footprint is unchanged, finite flow in the radial direction of the
footprint occurs during drying. Some'?2° consider that the evap-
oration rate can be taken as constant across the droplet surface,
while others®!# attribute a higher evaporation rate to the droplet
edge in static air because of the lower vapour pressure over the
surrounding substrate. Most observers see the formation of a
‘foot’ consisting of a pile-up of particles at the droplet periphery
which starts to form in the early stages of drying and continues to
grow. 415171921 Wwhen the droplet was mounted on a pedestal
and surrounded by a water bath so that there is a uniform par-
tial pressure of vapour over the whole surface of the droplet, a
peripheral deposit still formed.'* Interestingly, when the drop
was covered with a chamber with a small hole over the centre
of the evaporating drop, a peripheral foot of solids did not form
and a uniform deposit resulted.

A rather simplified geometry illustrates the strong variation
in surface area to underlying volume but without accounting for
the flow paths. Consider a hemisphere of radius, r as shown in

Fig. 5a sliced parallel to the equatorial plane. The surface area
of aslice, A, is dependant only on the thickness;

A =2mr(r — h), (1

The volume of a slice that has a base on the equator is:

V, = g(zﬁ — 3k ) )

The volume of the cylinder inside the slice is:

Ve = nx*(r — h), 3)
but since x> = 2rh — h? (x is shown in Fig. 5a),

Ve = m(2r*h — 3rh* + h?) )

the volume of the rim is VR = Vi — V. and from Eq. (2) and (3)
is:

Vi = %(2}'3 + 6rh2 — 6r2h — 2h%) (5)
from Egs. (1) and (5), the ratio of surface area A to volume of
rim VR is:

A 3r

VR —h? ©
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(a)

200 7

150 4

100 A

A/Vr

50 1

0 T T T T 1
0 0.2 0.4 0.6 0.8 1

(b (1-h)

Fig. 5. (a) Model of a hemispherical cap showing droplet edge as shaded and
(b) surface area/volume ratio as a function of (1 — i) for r=1.

Eq. (6) is plotted for r=1 in Fig. 5b showing how the ratio of
surface area to volume increases towards the periphery of drop
for the case of a 90° contact angle. Obviously a ratio of 3/r
is obtained for the hemisphere at 2#=0. This does not address
the more complex flow paths that occur during drying but does
show that a strong component of flow must occur in the radial
direction of the droplet footprint even if drying is uniform over
the liquid surface.

Droplets placed on silicone release paper start with a contact
angle greater than 90° and, as evaporation proceeds, the contact
angle reduces to 90° (hemisphere), as the edge region dries first.
The droplet curve is no longer spherical because the contact
diameter stays the same. Neither is the curvature continuous
because solids pile up at the periphery. The final droplet shape
therefore depends on the extent to which powder participates in
this flow.

We propose that the geometry and compositional distribu-
tion of residues of droplets are both related to the movement of
particles during drying but to different types of flow. Thus, non-
uniform composition and droplet residue shape are related to the
mobility of particles in the drop. The question is, why, when the
edge dried first in all ceramic ink droplets, do droplets of Type
I suspension retain a dome shape and do not show segregation
in the residue whereas droplets of type II suspension end as a

:> £ 7

(a) Droplet of uniform

(b) Triple junctionis  (¢) Accumulation

composition as pinned and curvature ~ of powder at the

deposited varies across the rim
surface

T
[

(d) Final shape of (d’) In some cases, a

residue hole in the middle of the

dried sample can be

formed

Fig. 6. Schematic diagram of the drying process of droplets from suspensions
containing ~1 wt.% dispersant. Recirculation flows are present in the dashed
region.

‘doughnut’ shape with segregation of powders of the residues?
Two possible reasons stand out: (1) flocculation induced by
entanglement of excess dispersant molecules inhibits particles
from participating in flow during drying and (2) increased liquid
viscosity due to excess dispersant prevents movement of parti-
cles in the suspension. There is a striking parallel with the mor-
phological development of residues from spherical spray dried
ceramic agglomerates; 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 flocculate, form dense spherical agglomerates.”

Careful observation of Type II droplets during drying shows
that early in the process, a high packing density of powder builds
up at the periphery of the drop. The three dimensional network
of particles that forms here is well known (vide supra). The rim
of the drop accumulates powder and becomes larger forming a
solid-like ring that can be observed on the drop periphery as a
discontinuity of curvature seen in Fig. 4b and shown schemati-
cally in Fig. 6. Eventually a ‘doughnut’ shape forms in which the
centre is depleted in powder, sometimes leaving a hole. Clearly
particle motion to the periphery accompanies radial liquid flow
in the case of these drops. This flow explains the droplet shape
but not the segregation effects.

The second type of flow is the recirculation currents observed
by Haw et al.”! and modeled in terms of Marangoni flows by Hu
and Larson.?? This liquid region has the shape delineated by the
dashed region in Fig. 6 and within it circulation flows persist,
driven by Marangoni stresses that result from temperature gra-
dients and in turn, surface energy gradients, due to evaporation.
These dramatic recirculation currents can be seen in an optical
microscope fitted with oblique illumination.

We suggest that as some particles become immobilized in
the peripheral ‘foot’ the recirculation region contains an excess
of the particles that are best dispersed and therefore least able
to join the ‘foot” which they do by a flocculation mechanism.
The upper surface within the peripheral foot is thus the last
to ‘solidify’ and this is precisely the region where segregation
effects are observed. In all our experiments it is the powder
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Table 4
Viscosities of suspensions

Ink I.D. Dispersant in the Kinematic viscosity (mm 2571

suspension (wt.%)

Al,03-ZrO; system

D 1.1 1.47

F 10 3.66
TiOy—ZrO; system

G 0.66 1.38

I 10 11.42

that is better dispersed that resides in excess on this part of the
upper surface. Table 4 indicates that the bulk viscosity if type I
inks is indeed higher than that of type II but this does not fully
disclose the entanglement effects of excess dispersant which
may also reduce particle mobility. It may also be possible for
fine powders to filter through denser packed regions of coarse
particles to the surface as radial liquid flow occurs but the pre-
ferred segregation of coarse particles suggests this is a secondary
effect.

It is important to note that the segregation of powders occur-
ring on the upper surface of the residues (Table 3, rows 1, 4
and 7) is not what would be expected from preferential sedi-
mentation. The ZrO; has the highest density and largest average
particle size, followed by Al, O3, and TiO; powder which has the
lowest density and average particle size. In the ZrO,—TiO; sys-
tem, ZrO,—Al> O3 system and ZrO,—Al,O3-TiO; system, ZrO,
should preferentially sediment. The results indicate that ZrO» is
much richer than planned on the upper surface of residues for
all systems (Table 3, row 1, 4 and 7).

For Type III suspensions, which are dispersant-free, both
behaviours, as well as preferential sedimentation, are observed
during drying depending on the powder. Taking the Al,O3-ZrO,
system (suspension E), there was a noticeable, but not measured,
increase in viscosity without dispersant. This is typical of floccu-
lated suspensions.?® The spherical cap shape and homogenous
mixture end as a dome with uniform planned distribution of pow-
der (Table 3, rows 2) and it seems reasonable to speculate that
this is because a three dimensional flocculated network prevents
particles from participating the liquid flow to the droplet periph-
ery. Thus, limited particle motion in the drop prevents particles
taking part in both types of flow.

On the other hand, suspension H (TiO2—ZrO; system without
dispersant) does show evidence of preferential sedimentation.
TiO, is a fine powder that disperses well in water even without
addition of dispersant. ZrO; is a comparatively coarse powder
as deduced from SEM images. These droplets ended as a much
flatter doughnut shape as shown in Fig. 4c. After drying, TiO,
was richer on the upper surface while ZrO, powder was prefer-
entially sedimented on the lower surface.

5. Conclusions

An initial attempt is made to account for the different profiles
that result from the drying of multi-component colloidal ceramic
suspensions and the associated compositional non-uniformities

that develop. By varying the amount of dispersant, two distinct
drying regimes are obtained giving distinct droplet profiles after
drying and these correlate with segregation of powder or its
absence on the upper surface. The results are material to the
thick-film ink-jet printing of ceramic combinatorial libraries in
which compositional homogeneity is sought.

For droplets of suspension in which there is limited parti-
cle mobility either due to excessive loadings of dispersant or
because of absence of dispersant, the contact angle and height
of droplets consistently reduced until a minimum value was
reached. The contact diameter was almost unchanged during
drying. Droplet residues retained a dome shape with uniform
planned distribution of powder. These suspensions are ideal for
combinatorial ink-jet printing even though they might not be
better dispersed.

Droplets of suspension in which particles are mobile, such
as those containing around 1wt.% dispersant or fine powder
that disperse well in water without the addition of dispersant,
a ‘doughnut’ shape of residue sometimes with a central hole
resulted. Segregation of powders occurred in these drops and it
was contrary to that expected from preferential sedimentation.
We attribute it to recirculation flows in the fluid part of the drop,
which retains the better dispersed powder to the end of drying.
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