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Nanofluid droplet evaporation has attracted great interest due to its applications such as in painting,
coating and patterning. In most studies, either the particle size or the concentration of nanofluid is con-
sidered as a factor in the formation of the residue pattern. This work aims to investigate the effect of both
particle size and concentration on the residue pattern. A comprehensive study was made of the residue
patterns of Al,O3; and TiO, aqueous nanofluid droplets on different substrates (i.e. glass, stainless steel
and Teflon). It was found that a ring-shaped pattern was formed at low concentrations and small particle
sizes, while a uniform pattern was formed at high concentrations and large particle sizes for Al,03

K ds: . . . . . .

D?(l)‘;)vlirt s nanofluids. In addition, only ring-shaped residue patterns were observed for all concentrations of TiO,
Evaporation nanofluids. In the case of different substrates, on a material with a high contact angle with water, it
Nanofluid was difficult to form a ring-shaped pattern. The widths of the ring-shaped pattern were analyzed as well.

The results showed that the width of the ring-shaped pattern was larger for small particles. The materials
of substrate and nanoparticle also influenced the width.

Residue pattern

© 2016 Published by Elsevier Ltd.

1. Introduction

The evaporation of a colloidal droplet and the formation of the
residue pattern are crucial to many applications as such inkjet
printing [ 1], virus detection [2], DNA stretching [3-5] and colloidal
self-assembly [6-8]. The size of particle can alter its movement
inside the droplet [2,9,10]. Small particles tend to approach the
three-phase contact line of the droplet and form ring-shaped pat-
terns while large particles appear closer to the center in the resi-
due. Hence, this results in different residue patterns for different
particle sizes. This influences the performance of the applications.
For example, the size of pigment particles inside a commercial ink
product for printing ranges from tens to hundreds of nanometers
[1]. Bermel et al. [1] found that using a smaller particle size pig-
ment could improve the printed image quality without losing the
lightfastness by reducing the particle size less than 50 nm.
However, it is easier for small particles in a droplet to move to
the contact line. This causes poor performance due to the uneven
distribution of pigment and formation of ring-shaped patterns.
Therefore, the suppression of the ring-shaped residue pattern is
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necessary in inkjet printing. The residue pattern depends on the
particle size, evaporation dynamics, concentration of fluid, mate-
rial of substrate and material of nanoparticle, etc.

Some factors of drying patterns of a colloidal droplet have been
investigated. For instance, Monteux and Lequeux [11] found that
nanoparticles segregated at the edge of the drop of a polydispersed
nanometric and micrometric particles colloidal suspension. They
suggested nanoparticles had a different packing behavior to form
patterns from microparticles. Adding surfactant into nanofluid is
a common practice for the stability. However, adding surfactant
influences the residue pattern. Crivoi and Duan [12] investigated
the effect of surfactant on drying patterns. Adding Cetyltrimethy-
lammonium Bromide (CTAB) surfactant into graphite nanofluid
can help the formation of ring-shaped pattern instead of uniform
pattern. The effect of different surfactant, sodium dodecyl sulfate
(SDS), was investigated by Still et al. [13] and they found addition
of SDS caused a significantly more uniform pattern from drying of
polystyrene colloidal suspension. Yunker et al. [14] studied the
shaped of the particle in colloid to control the deposition pattern.
Ellipsoidal particles uniformly deposited during evaporation. How-
ever, Dugyala and Basavaraj [15] investigated the patterns with
different shapes of the particle and pH value of the fluid. The result
revealed that the particle-particle and particle-surface interaction
was more important than the aspect ratio of ellipsoidal particle to
control the ring-shaped pattern. Lin et al. [16] found the effect of
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Nomenclature

c empirical parameter

Cy empirical parameter

CCA constant contact angle [-]

CCR constant contact radius [-]

r radius of the ring-shaped patterns [m]

w width of ring-shaped pattern [m]

Greek symbol
13 concentration of nanofluid [vol%]

the surface hydrophobicity on the patterns of silica nanofluids. The
surface with higher surface energy could result in smaller width of
ring because the nanoparticles were more readily to move to the
contact line.

Some researchers have studied the influence of the nanoparti-
cles size and concentration in nanofluids on droplet residue pat-
terns. With regard to particle size, Chon et al. [17] studied the
effect of nanoparticle size and number density on the evaporation
and dry out characteristics of strongly pinned nanofluid droplets.
Four types of nanofluids were tested experimentally, namely
2 nm Au, 30 nm CuO, 11 nm Al,03, and 47 nm Al,O3 at 0.5 vol%.
A nanofluid droplet was put on a micro-heater array under a con-
stant voltage mode. They found that smaller nanoparticles had a
wider edge and more central deposition while larger nanoparticles
resulted in narrower stains at the edge with a less central deposi-
tion. In other words, larger particles were likely to form a ring-
shaped pattern because larger particles have a higher number den-
sity of particles, leading to a lower viscosity of the fluid. Wong et al.
[2] investigated the sizes of particle separation, which is caused by
different traveled distances of the various particle sizes during dro-
plet evaporation. Carboxylate-modified negatively charged-
stabilized fluorescent polystyrene spheres with diameters of
40 nm, 1 pm and 2 pm prepared in deionized water were used in
their experiment. Suspension droplets on a precleaned glass sub-
strate underwent evaporation under ambient conditions. Three
well-separated rings were observed on the substrate after evapora-
tion. The outermost rings and the innermost rings were formed by
40 nm and 2 pm particle suspensions, respectively. Similar results
were found for using amine-modified positively charge-stabilized
particles. The smaller particles moved closer to the contact line
whereas the larger particles moved closer to the center. The result
is not the same as that of Chon et al. [17] and it is believed that
apart from particle size, other factors may also affect the residue
pattern.

Regarding the concentrations, a series of experiments were con-
ducted by Sefiane [18]. Aqueous nanofluids with Al,O3 nanoparti-
cles with diameters smaller than 100 nm were examined and a
Teflon surface was used as the substrate. The effect of concentra-
tion (0.1%, 0.5%, 1% and 2%) on the residue patterns was studied.
It was found that all nanofluids formed ring-shaped patterns and
the thickness of the rings increased with the concentration so that
the increase of concentration was approximately proportional to
the increase of the thickness of the ring. Jing and Ma [19] studied
a 75 nm silica aqueous nanofluid from 20 wt% to 53 wt% evapora-
tions and patterns experimentally. The result showed that the
average radius of the circular cracks, which are cracks inside the
residue pattern, decreased with increasing the concentration of
nanofluid. While the average distance between two adjacent circu-
lar cracks increased with the increasing concentration of nanofluid.
Therefore, the patterns are dependent on the concentration of the
nanofluid. Brutin [20] studied the patterns of a nanofluid with
24 nm diameter particles whose density was equal to water, with
0.01-5.7% concentrations. It was observed that from 0.01% to
0.47%, ring-shaped patterns were formed and the width of the ring
increased with the concentration. For the concentrations of 1.15%
and above, axisymmetric flower petal patterns were discovered

and the thicknesses increased with concentration. Also, the width
of the ring and the concentration were correlated in the power
law. Lebovka et al. [21] studied the effect of the concentration of
Laponite-based aqueous nanofluids. It was found the coffee-ring
effect only for the initial Laponite concentration less than 1 wt%
while dome-like deposition for the Laponite concentration exceed-
ing 1 wt%.

The works mentioned above either focused on the particle con-
centration or the particle size, but there has been a lack of studies
to investigate the combined effect of both. Deegan [22] investi-
gated a 0.1 and 1 pm sulfate-terminated polystyrene microsphere
suspension with 0.063—2 vol% on a mica substrate. It was reported
that the 0.1 um suspension formed four well-defined ring patterns
for the 1 vol% and less organized rings for lower concentrations. For
1 um suspension, ring patterns were formed with many arches for
all concentrations and the distribution function of the arches
shifted to a larger value with decreasing concentrations. In addi-
tion, the relation of the width of the ring and the nanofluid concen-
tration was shown in a power law equation. These results show
that the residue pattern depends not only on the particle size,
but also the concentration. However, only two sizes were consid-
ered in Deegan’s experiment and the smallest size was 100 nm
which cannot represent the case of nanofluids.

The objective of this paper is to systematically investigate the
residue patterns of different particle sizes and concentrations of
nanofluid and different substrate materials. Nanofluids with
Al,03 nanoparticle sizes of 9nm, 13 nm, 20 nm, 80 nm and
135 nm and with TiO, nanoparticle sizes of 21 nm in diameter
and 0.01 vol%, 0.05 vol%, 0.1 vol%, 0.5 vol%, 1 vol%, 2 vol%, 3 vol%
and 4 vol% on glass, stainless steel and Teflon, respectively, are
examined in this work. After the evaporation of the nanofluid dro-
plets, the patterns of the deposited particles were captured by a
camera. Since the patterns are influenced by the evaporation
dynamics [23], the contact angle and the contact diameter were
measured by a goniometer during evaporation. The formation of
different residue patterns will be discussed and the patterns will
be characterized, including the analysis of the width of the ring-
shaped patterns.

2. Materials and experimental set-up

A two-step approach [24-27] was used to prepare the nanoflu-
ids. The first step was to synthesize the nanoparticles, and the sec-
ond step was to disperse the nanoparticles in the base fluid. The
benefits of this process are that they are easy to perform and appli-
cable to different types of nanoparticles. However, the nanoparti-
cles may easily become agglomerated with each other, leading to
instability of the nanofluids. If the effective size of the particles
becomes larger with agglomeration, the characteristics of the
nanofluids, e.g. their thermophysical properties are affected. To
prevent agglomeration, the nanofluids were put in an ultrasonic
bath (Branson 3800, Branson Ultrasonics, US) in the preparation
process.

Fig. 1 shows a schematic diagram of the experimental setup for
investigating the evaporation kinetics of nanofluids. A droplet,
whose volume was controlled at 2.5 pL by a micro-pipette, was
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Fig. 1. Schematic diagram of the experiment setup for investigating evaporation
kinetics.

placed on a substrate surface in an environmentally controlled
chamber. Three materials were chosen for the substrate: glass,
stainless steel and Teflon. The temperature was controlled at
25+ 1°C and the relative humidity was set at 30 + 3% and these
were measured by a temperature and humidity transmitter
(HMP233, Vaisala, Finland). Commercially available glass, stainless
steel and Teflon were used as the substrates. The substrates were
cut in size of 75 mm x 45 mm. The experiments and measure-
ments were conducted on an optical table to ensure the substrate
was horizontal. The equilibrium contact angles with DI water to
the substrates and the roughnesses of the substrate, glass, stainless
steel and Teflon are 55.2°, 80.9° and 90.4° and 5.1, 281.5 and
473.2 nm. The contact angles were determined by a contact angle
meter (Digidrop, GBX, France) with five repetitions. The rough-
nesses were measured at 5 different points on the surface using
an optical profiler (Wyko NT3300 Profiler, Veeco, US). Before each
test, the substrate was cleaned in an ultrasonic bath for half an
hour and then cleaned with acetone. The evaporation process
was recorded by the contact angle meter. The contact angle and
the contact diameter of the droplet were measured every 30s.
The droplet evaporation process can be divided into three modes
[28]. One is the constant contact radius (CCR) mode with the con-
tact angle decreasing. The following mode is named the constant
contact angle (CCA) mode in which the contact angle is constant
and the contact radius decreases. The last mode is the mixed mode
in which both the contact angle and contact diameter decrease. It is
found that there are all three modes for water on a stainless steel
substrate in the evaporation process. The same result was reported
by Simon and Hsu [29]. For nanofluids, there is only CCR mode dur-
ing the evaporation process for all concentrations and particle sizes
on all substrate. It is believed that the evaporation dynamics is
independent of the substrate for nanofluid.

After evaporation of the droplet, there was a residue pattern on
the substrate. The pattern was recorded by a camera connected to
a microscope (M205C, Leica Mircosystems, Germany). Fig. 2 shows
one of the images for the pattern captured by the camera. If the
residue was a ring-shaped pattern, the width of the ring was fur-
ther analyzed by measuring the width and the radius of the ring
as illustrated in Fig. 2. The width might not be uniform, so the
widths at six different points, points 1-6 as shown in Fig. 2, were
measured. The ring width presented were the mean value of them.
The experiments were conducted three times to verify the width
and the pattern. As an illustrative example, Fig. 3 shows the pat-
terns of the three trials of the experiments of 0.01 vol% 9 nm
Al,03 nanofluid.

3. Results and discussion

The residue pattern appeared when the nanofluid droplet had
fully evaporated. With different particle sizes and concentrations,

Fig. 2. Ring width and radius of the ring in the pattern. w and r denote the width
and the radius. The measurement of the width is performed at points 1-6.

there are different residue patterns. In this study, different concen-
trations from 0.01 vol% to 4 vol%, and particle sizes from 9 nm to
135nm in diameter are examined. Three types of pattern are
observed: (1) a ring-shaped pattern, (2) a uniform pattern and
(3) an irregular pattern. The ring-shaped patterns result from the
accumulation of particles at the periphery, forming a ring shape.
The uniform patterns represent particles distributed through the
whole contact base area including the periphery and center. The
irregular patterns are where particles are mainly found in the cen-
ter and the shape is irregular.

It is observed that the residue patterns depended on both the
concentrations and particle sizes. Figs. S1-S5 in the supplementary
document show the residue patterns with different sizes and con-
centrations of Al,03; nanofluids on stainless steel. Figs. S6-S8 are
the result of 21 nm TiO, nanofluids with different concentrations
on glass, stainless steel and Teflon, respectively. The residue pat-
terns of Al,05 nanofluids on glass and Teflon are not shown. Table 1
summarize the results of the patterns of different nanofluids and
substrates. Generally, the ring-shaped patterns are found in the left
and top of Table 1. This means small particle size and low concen-
tration Al,O3; nanofuids are likely to form ring-shaped patterns.
The uniform patterns appear in the right and bottom of Table 1.
In other words, there is a tendency for large particle size and high
concentration of Al,O3; nanofluids to form uniform patterns.
Regarding the irregular patterns, these are in the middle of Table 1
and show that moderate particle size and concentration Al,O3
nanofluids form irregular patterns. Fig. 4 reveals ring-shaped,
irregular and uniform patterns at different particle sizes and con-
centrations of Al,03; nanofluids. Fig. 4(a) demonstrates the ring-
shaped pattern of small particle size and low concentration nano-
fluid, while Fig. 4(b) shows the irregular pattern of moderate con-
centration and particle size. Fig. 4(c) illustrates the uniform pattern
of high concentration and large particle size.

Therefore, the patterns are determined by both particle size and
concentration instead of solely either particle size or concentra-
tion. In terms of different materials of nanoparticles, namely
Al;03 and TiO,, the Al,O3 nanofluid forms ring-shaped patterns,
irregular patterns and uniform patterns depending on the concen-
tration and substrate material. However, in the case of 21 nm TiO,
nanofluid, ring-shaped patterns form at all concentrations and sub-
strate materials. This shows that the patterns are also dependent
on the materials of the nanofluid particles.

In the case of different substrate materials, the contact angle is a
parameter to show the adhesion of a liquid to different solids.
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Fig. 3. Patterns of three trials of the experiments of 0.01 vol% 9 nm Al,O3 nanofluid.

Table 1

Summary of the residue patterns on different materials of substrates and nanoparticles of Al,O3 nanofluid. “G”, “SS” and “T” denote different materials of substrates, glass,
stainless steel and Teflon accordingly. For different patterns, “R”, “I", “U” and “NO” represent ring-shaped, irregular, uniform and not observable, respectively.

Concentration (vol%)

Particle Size (nm)

Fig. 4. Comparison of the residue patterns of Al03 nanofluids in different particle sizes and concentrations (a) 9 nm 0.01 vol%, (b) 80 nm 0.5 vol% and (c) 135 nm 4 vol% on

stainless steel. The scale bar is 500 pm.

Three different materials, namely glass, stainless steel and Teflon,
were examined in the experiment. These materials are commonly
used in daily life and show different wettabilities to water. The
measured contact angles of glass, stainless steel and Teflon to
water are 55.2°, 80.9° and 90.4°, respectively. Using a comparison
from Table 1, the ascending order of the contact angle of water
to the substrates, it is found that a substrate with a lower contact
angle makes it easier for nanofluids to form ring-shaped patterns.
For a substrate with a higher contact angle, for instance, there
are less ring-shaped patterns for the stainless steel substrate in
high concentrations and large particle sizes than ring-shaped pat-
terns in the same region on the glass. Fig. 5 shows clear illustra-
tions of the comparison of different substrates that more
particles remain on the center of the ring on less wettability sub-
strate. This may be attributed to the shape of the droplet being
influenced by the contact angle. For a fixed volume of the droplet,
a larger contact angle results in larger height and smaller contact
diameter as shown in Fig. 5. In the case of a larger contact angle,
Fig. 5(b), there are more particles at the center on stainless steel
than the particle at the center on glass, in Fig. 5(a). It is because
the height of the center is the greatest and an even distribution

of the particles in the nanofluid is presumed due to the ultrasoni-
cation before the experiment. Therefore, after the evaporation,
there are probably more particles remaining at the center and
the patterns become irregular or uniform. In addition, the velocity
of the flow in the droplet driven by evaporation is directly propor-
tional to the evaporation rate of the droplet [30]. This flow orients
from the center to the periphery of the droplet and contributes to
the formation of the ring-shaped patterns. The higher evaporation
rate, the higher velocity of the flow. The evaporation rate is directly
proportional to the surface area of the droplet. For a fixed volume
droplet, the surface area increases with a decreasing contact angle.
In other words, a substrate with a lower contact angle results in a
larger surface area of the droplet and thus a higher evaporation
rate and higher velocity of the flow. It is easier for a substrate with
a lower contact angle to form ring-shaped patterns. The trend of
width of the ring can also be explained by these reasons. The width
of the ring decreases with a decreasing contact angle and this will
be discussed in the end of this section.

The effects of number density of the nanofluid and the specific
gravity of the nanoparticle on the patterns are reported by Chon
et al. [17]. They found that the greater viscosity and specific gravity
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Fig. 5. Comparison of the residue patterns of 0.1 vol% TiO, nanofluid on different substrates (a) glass, (b) stainless steel and (c) Teflon. The scale bar is 500 pum.

Table 2

The number density of different concentrations and particle sizes of Al,03 nanofluids on stainless steel.

Concentration (vol%)

2.62E+20

1.31E+21 2.62E+21

1.31E+22

2.62E+22 5.24E+22

7.86E+22 1.05E+23

8.69E+19 [ 4.35E+20 8.69E+20 4.35E+21

8.69E+21 1.74E+22 2.61E+22 3.48E+22

2.39E+19 | 1.19E+20 2.39E+20 1.19E+21

2.39E+21 4.77E+21 7.16E+21 9.55E+21

3.73E+17 | 1.87E+18 3.73E+18 1.87E+19

Particle Size (nm)

3.73E+19 7.46E+19 1.12E+20 1.49E+20

7.76E+16 | 3.88E+17 7.76E+17 3.88E+18

7.76E+18 1.55E+19 2.33E+19 3.10E+19

0.01

Normalized Width

0.001
0.01 0.1

X
bt |

Glass 9 nm Al203

Glass 13 nm Al203

Glass 20 nm Al203

Glass 80 nm Al203

Glass 135 nm Al203

Glass 21 nm TiO2

Stainless Steel 9 nm AI203
Stainless Steel 13 nm Al203
Stainless Steel 20 nm Al203
Stainless Steel 80 nm Al203
Stainless Steel 135 nm Al203
Stainless Steel 21 nm TiO2
Teflon 9 nm AI203

Teflon 13 nm Al203

Teflon 20 nm Al203

Teflon 80 nm Al203
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—Brutin [20]

#
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X
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Fig. 6. Normalized ring widths against concentration of different nanofluids.

using different particle materials hinder the particles from moving
to the rim of the ring shape. A greater number density results in a
greater viscosity in nanofluids [31]. Table 2 gives the number den-
sity of the different concentrations and particle sizes of Al,0s. For
the ring-shaped pattern, the number density of the Al;03 nanofluid
ranges from 10'6 to 10?2 while the number density of irregular pat-
tern is from 10?' to 10%3. With regard to the uniform pattern, the
number density is between 10'® and 102!, It is found that the num-

ber density of the uniform pattern is from 10'® to 10%3. According
to this result, it seems that there is no pronounced correlation
between the number density and pattern type. The effect of the
enhancement of viscosity due to the greater number density is
negligible in this case. If the specific gravity and number density
are varied simultaneously, as in the work of Chon et al., it is hard
to determine which is the factor that hinders the particles in mov-
ing to the rim of the ring shape. However, in this study, the specific
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Fig. 8. Comparison of the residue patterns of 0.1 vol% Al,05 nanofluid on different substrates from (

(a) glass, (b) stainless steel and (c) Teflon. The scale bar is 500 pm.

Fig. 9. Comparison of the residue patterns of different materials of nanoparticle (a) Al,05 and (b) TiO, in 0.05 vol% nanofluid on stainless steel. The scale bar is 500 pm.

gravity remains unchanged and only the number density is varied.
Hence, this can ensure that the number density, instead of the
combined number density and concentration, plays an insignifi-
cant role in the formation of the patterns.

An analysis of the width of the ring is useful so that the thresh-
old concentration and particle size needed by a nanofluid to form
patterns other than ring-shaped patterns can be found. The width
of the rings has been studied by researchers [20,22]. Deegan [22]
found that the widths of the rings are related to the concentration.
He found that

"—r" — 014, (1)
where w is the width of the ring [m], r is the radius of the ring-
shaped patterns [m], ¢ is the concentration of the nanofluid [vol
%], and c¢; and c; are the constants. Fig. 2 shows the width of the ring
and radius of the ring in the pattern. Deegan conducted the exper-
iment using 0.1 and 1pm sulfate-terminated polystyrene sus-
pended in a deionized water droplet, sized 0.5 pL, wetting on a
mica surface. While Brutin’s experimental conditions use different
concentrations of nanofluid with the 24 nm, iso-density to water,

carboxylate surface functional group nanoparticles at 50 RH%.
Fig. 6 shows the widths of ring patterns against the concentration
of different substrate materials and nanofluids. It is found that the
normalized widths of small particles are at the top of the figure
while those of the large particles are at the lower position in
Fig. 6. This means that the small size particle nanofluids tend to
form a larger width of the ring-shaped pattern. Fig. 7 shows small
particle nanofluids tend to form larger width. In addition, compar-
ing different substrate materials, the less wettability substrate,
the greater the width of the ring is shown in Fig. 8. Further, compar-
ing the nanofluids, 21 nm TiO, and 20 nm Al,03, the TiO, nanofluid
generally forms a greater width of ring than the Al,03 nanofluid in
Fig. 9. It is noted that the patterns mainly depend on particle size
and concentration. Materials of the substrate and nanoparticle have
a less significant effect on the pattern.

4. Conclusions

The residue patterns of Al,0; and TiO, aqueous nanofluid dro-
plets were investigated for the effects of different particle sizes
and concentrations of nanofluids and various substrates.
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An experiment was conducted to observe the residue patterns
which were dependent on both particle size and concentration. It
was found that a ring-shaped pattern was formed at low concen-
trations and small particle sizes, below 2 vol% and smaller than
13 nm, while a uniform pattern was formed at high concentrations
and larger particle sizes, above or 3 vol% and larger than 20 nm, for
Al;03 nanofluid. There were ring-shaped patterns for all concentra-
tions, 0.01—4 vol%, of 21 nm TiO, nanofluid. On low wettability
substrates, it was hard to form a ring-shaped pattern while on high
wettability substrates, it was likely to form a ring-shaped pattern.
Regarding the width of the ring, it was found that for small parti-
cles, the width of the ring-shaped pattern was larger. Substrate
materials with a high contact angle of water showed a greater
width. TiO, 21 nm nanofluid formed a greater width of ring than
that of Al,0; 20 nm nanofluid.
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