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Abstract

We visualized experimentally the internal flow inside inkjet droplets of polystyrene—anisole solution during solid film for-
mation on substrates at room temperature. The effects of contact angle and evaporation rate on the internal flow and film
morphology were quantitatively investigated. The transport process during film formation was examined by measuring the
relationship between internal flow and film morphology, which provided three remarkable findings. First, self-pinning and
the strength of outward flow on the free surface under 2.3 Pas determined film morphology. The solute distribution, corre-
sponding to rim areas in ring-like films and a convex trough in dot-like films, had already developed at self-pinning. Second,
the mass fraction at self-pinning close to the contact line converged to one, regardless of the film morphology. This implies
that self-pinning is independent of parameters such as the contact angle and evaporation rate. Third, at room temperature,
the solutal Marangoni numbers were 20-30 times larger than the thermal ones. Thus, the outward flow on the free surface
caused by the solutal Marangoni effect dominates in droplets before self-pinning. The solutal Marangoni number at self-
pinning and thickness variation at the center of the film displayed a good relationship for droplets with different contact
angles and evaporation rates. This suggests that film morphology can be technically controlled by solutal Marangoni number

at room temperature.

1 Introduction

Solid formation by inkjet printing has been widely investi-
gated, and attempts have been made to scale this technique
to allow mass production of color filters for liquid crystal
displays and light-emitting layers of organic light-emitting
diodes. Inkjet printing is also attractive for other applica-
tions, such as solar cells (Cummins and Desmulliez 2012)
and biosensing devices (Komuro et al. 2013), that use colloi-
dal inks containing functional materials like nanoparticles.

The evaporation of single colloidal and solution drop-
lets on substrates, which is essential in inkjet printing, has
also attracted considerable attention. A variety of solution
and colloidal droplets result in different deposit morpholo-
gies on substrates, as reviewed by Sefiane (2014), Larson
(2014), and Sun et al. (2015). Deposit morphologies vary
because of internal flows caused by Marangoni effects and
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the coffee-ring effect (Deegan et al. 1997, 2000). To develop
a guide for the technical control of deposit morphology as
a final goal, the aim of this study was to clarify the effects
of contact angle and evaporation rate on the internal flows
inside droplets and resultant deposit morphologies.

With respect to colloidal droplets, in the 1980s, Yang and
co-workers (Su et al. 1988; Zhang and Yang 1983) visu-
alized the thermal Marangoni flows inside different kinds
of organic solvent droplets (wetting diameter =~5 mm) on
glass substrates with a temperature gradient. They observed
several flow patterns, including Bénard cells. More recently,
Hu and Larson (2006) experimentally and numerically stud-
ied thermal Marangoni convection in colloidal droplets of
water and octane (wetting diameter >2 mm). They revealed
that quantitatively strong inward flow induced by the thermal
Marangoni effect restrained the ring-like deposition mor-
phology. Bhardwaj et al. (2009) studied phenomenologi-
cally the particle deposition process in water droplets on a
glass substrate (wetting diameter =461 um) and isopropanol
droplets on a polydimethylsiloxane substrate (wetting diam-
eter =874 pum). Ring- and dot-like deposition morphologies
compared well experimentally and numerically. The thermal
Marangoni number is considered an independent parameter
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to technically control the deposit morphology resulting from
colloidal droplets.

Regarding solution droplets, Kajiya et al. (2008) observed
the evaporation of polystyrene (PS)—anisole droplets with
a constant wetting diameter of 2 mm using fluorescence
microscopy. They explained the formation process of a
ring-like film by considering the internal flow, which was
acquired from the vertically averaged concentration in
the radial direction measured from fluorescence intensity.
Fukai’s group studied the internal flow in polymer solution
droplets experimentally and numerically (Fukai et al. 2006;
Kaneda et al. 2007; Yasumatsu et al. 2012). In one study,
they experimentally investigated the effects of the substrate
temperature, evaporation rate, and initial solute concentra-
tion on the contact line recession and film morphology dur-
ing the evaporation of inkjet droplets. They also analyzed
numerically the effects of these parameters, as well as the
initial droplet diameter and contact angle, on the Marangoni
flows inside inkjet droplets.

Experimental visualization inside inkjet droplets of poly-
mer solution has not yet been reported. Because the internal
flow inside a droplet of millimeter size is not always analo-
gous to that inside inkjet droplets, the relationship between
the final film morphology observed experimentally and
the numerically simulated internal flow is not yet clearly
understood. In this study, the internal flow inside PS—anisole
droplets that are ejected onto solid substrates by the inkjet
method is experimentally visualized at room temperature.
The internal flow and film morphology are examined at dif-
ferent contact angles and evaporation rates. The transport
process in evaporating droplets throughout film formation
is quantitatively explained by the relationships between the
internal flow, change of average mass fraction over time, and
film morphology. Solutal and thermal Marangoni flows and
film morphology are quantitatively correlated to evaluate the
factors that control film morphology.

2 Experimental methods

Solutions of PS (M.w.=250,000 g/mol) in anisole were
used for inkjet printing. The initial mass fraction of PS ¢,
was 0.03. Tracer particles of the light-emitting polymer
poly[2,5-bis(3,7-dimethyloctyloxy)-1,4-phenylene-vinylene]
(MDMO-PPV, M.w. > 50,000 g/mol; density =940 kg/
m?) were used to visualize the internal flow in the drop-
lets. MDMO-PPYV has a fibrous morphology and partially
dissolves in PS—anisole to give tracer particles with a size
of about a few micrometers. The initial mass fraction of
MDMO-PPV was 5x 107; thus, the addition of MDMO-
PPV into the PS—anisole droplets did not affect the temporal
variation of the contact angle or wetting diameter of the drop-
lets during evaporation. Perfluorohexylethyltrimethoxysilane
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[R;, CF5(CF,)sCH,CH,Si(OCHj;);] and n-decyltriethoxysi-
lane [R,(C10), CH5(CH,)ySi(OC,H5);] monolayers were
prepared on transparent glass substrates by a chemical vapor
adsorption method (Morita et al. 2005). Table 1 shows the
static contact angle ¥y, static receding contact angle ¥y, and
static advancing contact angle ¥, of the PS—anisole drop-
lets (cp n=0.03; dy=~2.1 mm) on R, (C10) and R; surfaces
measured using the inclined plane method.

Figure 1 shows a schematic of the experimental setup.
All experiments were carried out at room temperature.
The surface temperature of the substrate was maintained at
298 +1 K using an isothermal water bath and the atmos-
pheric temperature was maintained at 298 + 1 K using an air
conditioner. The inkjet generator was built in-house. Drop-
lets were ejected from a @50-um orifice. The initial droplet
diameter d;, was controlled at 104 +5 um by adjusting the
waveform and voltage applied to a piezoceramic actua-
tor placed in the generator. This initial droplet diameter is
larger than that used in commercial printers; nevertheless,
it is compatible with practical use considering the pixel
volume of larger display panels, e.g., 52 or 62 inches. The
evaporation rate of the solvent was controlled by adjusting
the distance between the nozzle and substrate because the
partial pressure of the solvent around the droplet was sensi-
tive to the width of this clearance. Side and top views of
droplets deposited on substrates were recorded using charge-
coupled device (CCD) cameras at a frame rate of 30 fps.
The bottom-view camera was attached to a fluorescence
microscope (Nikon, TE2000). The image quality of these
cameras is 720 x 480 dpi. The accuracy of the measurement
from the side- and bottom-views are about 1.0 and 0.7 pm/
pixel. MDMO-PPV tracer particles inside each droplet were
visualized through the microscope and recorded. The center
of the wetting area was taken as the origin to allow the posi-
tions of the fluorescence tracer particles to be satisfactorily
measured. Radial velocity was calculated as the derivative
of particle position. The evaporation time ¢ was set to zero
when each droplet came in contact with the surface of the
substrate. The droplet shape was fitted as spherical cap (cir-
cle) from the side-view. The instantaneous wetting diameter
d, and height of each droplet were measured from side-view
images. The wetting diameter was also confirmed by the
wetting area from the bottom-view. The contact angle ¥,
average evaporation rate, described in the next section, and
average PS mass fraction c,, were then calculated. After

Table 1 Contact angles of PS—anisole droplets (average PS mass frac-
tion ¢, =0.03) on R, (C10) and R; surfaces

Surface Ye[°] Yel°] Y, [°]
R,(C10) 38.3+0.5 38.2+1.0 41.1+0.7
Ry 73.0+1.5 61.6+2.0 73.5+0.4
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natural drying, three-dimensional profiles of PS films were
obtained using a laser microscope (Keyence, VK-8500).

3 Results and discussion
3.1 Evaporation process

Regarding the basic characteristics of the drying processes
on the different surfaces, Fig. 2 shows the representative
time variation of ¥, and the normalized wetting diameter
d.d,  of PS—anisole droplets on R, (C10) and R; surfaces. In
the case of the R, (C10) surfaces, P, initially decreased with
a constant d./d, ;. As soon as ¥, decreased by evaporation to
less than the static receding contact angle, d./d. , decreased
and ¥, was almost constant. Thereafter, the contact line was
fixed because of self-pinning (Deegan et al. 1997, 2000),
that is, W, decreased with a constant d./d, . Finally, PS
was deposited on the substrate. In the case of the R; sur-
faces, d /d, decreased immediately while ¥ remained
almost constant. The evaporation process corresponding
to W, hysteresis was not observed, similar to the reported
behavior for PS—xylene droplets on R; surfaces (Kaneda
et al. 2007). After self-pinning occurred, ¥, decreased and
d./d. remained constant. The recession of the contact line
with almost constant ¥, dominated the evaporation process
before self-pinning even on R, (C10) surfaces.

The droplets on R, (C10) surfaces normally evaporated
faster than those on R; surfaces, because the evaporation
volume rate increases with decreasing .. When a droplet
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Fig.2 Time dependence of the contact angle ¥_ and normalized wet-
ting diameter d./d, of PS-anisole droplets on R;(C10) and R; sur-
faces

on a substrate evaporates with a constant ¥, the average
evaporation volume rate is defined as xu,,. « is the func-
tion of droplet diameter d and ¥, geometrically given by
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Eq. (1), which is the ratio of the wetting diameter to the
droplet volume.

V/4(1 = cos ,) (2 + cos ¥,

\/(1 —cos¥,)(1+cos¥,)

T n
=24
"

ey

Meanwhile, u,, is the receding velocity and equal to
(deo = de pin)/1yin» Where £, is the time at self-pinning. The
initial evaporation volume rate, kyu,,, where d=d,, in Eq. (1),
is normalized as KyU,, = ko(ut,,/vy)/(nd,/6) to consider the
effect of the initial droplet diameter. The characteristic
velocity v, is given by p/(pyd,), where p,, is initial viscosity
and p,, is initial density. In Fig. 2, since the initial evapora-
tion volume rate ku,, or normalized evaporation volume
rate K, U,, of the droplet on R, (C10) surfaces is about 3/2
times larger than that on Ry, consequently the total evapora-
tion time of the droplet on R; surfaces is approximately 3/2
times longer than that on R, (C10) surfaces. Thus, the evapo-
ration times on the different surfaces, K,U,, should be used
to compare the evaporating droplets on different surfaces.

3.2 Marangoni effects on internal flow

The internal flow inside PS—anisole droplets on R, (C10)
and R; surfaces during evaporation to form solid films was
examined. Figure 3 shows an example of internal flow visu-
alization inside PS—anisole droplets on an R, (C10) surface
(¥,=38.3°). Figure 3a shows an instantaneous fluorescence
image. A number of fluorescence images in the noted period
(t=2.3-5.3 s) were layered; accordingly, the path lines of
fluorescent particles are clearly visualized in Fig. 3b. The
CCD cameras were focused on the contact line before
recording. Tracer particles moving from the top to the bot-
tom of the droplet appeared in focus, whereas those moving
in the opposite direction appeared out of focus. Thus, the
direction of internal flow could be determined. A schematic
of path lines with their direction obtained from the layered
image and also by tracking particles positions is presented
in Fig. 3c.

Fig.3 a Fluorescence image, b
path lines, and ¢ path lines with
flow direction in a PS—anisole
droplet on an R, (C10) surface.
In ¢, the solid and dashed lines
are the positions of the contact
line at the beginning and end of
the interval, respectively

(a) =235
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Figure 4 shows the typical results of internal flow visu-
alization inside PS—anisole droplets with different ¥, and
K,U,,. The internal flows are quantitatively compared in the
following section. In Fig. 4a, for a PS—anisole droplet on
an R, (C10) surface (¥,=38.3°), at t=0-0.4 s, inward flow
on the free surface and outward flow near the bottom of
the droplet were observed. At t=0.4-4.0 s, the inward flow
became weak near the contact line and there was outward
flow on the free surface, while the inward flow in the middle
of the droplet still remained. At r=7.0-10.0 s, the outward
flow on the free surface became large, and circular flow fully
developed inside the droplet. As evaporation proceeded, at
t=16.0-19.0 s, the outward flow gradually became weak.
In the final stage of evaporation, at t=27.0-30.0 s, the out-
ward flow got further weak before self-pinning at around
t=30.0 s. In the case of Fig. 4b, where the droplet evapo-
rated at about twice the rate as that in Fig. 4a, a similar
change in the internal flow direction from inward to out-
ward on the free surface was observed. Figure 4c reveals
that for a PS—anisole droplet on an R; surface (¥=73.0°),
at t=0-0.4 s and 0.4-3.5 s, strong inward flow was observed
on the free surface. At r=3.5-7.0 s, the inward flow continu-
ously weakened. At t=7.0-10.5 s, outward flow on the free
surface started to develop. Finally, at r=10.5-14.0 s, the
outward flow got too weak not to continue after self-pinning
ataround r=14.0s.

The change in the internal flow direction from inward to
outward on the free surface was commonly observed for the
PS-anisole droplets on surfaces with ¥, of 38.3° and 73.0°.
This change of internal flow in PS—anisole droplets is most
likely caused by both thermal and solutal Marangoni effects.
Yasumatsu et al. (2012) numerically calculated solutal and
thermal Marangoni flows in inkjet droplets of PS—anisole on
substrates heated in the range of 313-353 K, and considered
the effect of contact angle and initial droplet diameter on
flow behavior. According to their findings, the inward flow
on the free surface was strongly developed by the thermal
Marangoni effect in the early stage of droplet evaporation.
Next, the outward flow on the free surface was gradually
generated by the solutal Marangoni effect from the contact
line and fully developed toward the droplet apex at the end of

—_ Contact line
™. F53s

—— Bottom flow
------ = Surface flow

(©) =23-53s

(b)=2.3-53s
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Fig.4 Internal flow varia-

tions in PS—anisole drop-

lets. a R, (C10) surface,

¥, =38.3%, K,U,,=1.64x 1074,
dy=108 um, b R, (C10) surface,
W =38.3° K, Uav=3.34x 107",
dy=109 um, ¢ R; surface,

¥ =73.0°, KU, =2.61 x 1074,
dy=101 um

i’

=27.0-30.0s
()

evaporation. The surface tension effects of temperature and
concentration are largest at the apex and contact line, respec-
tively, while the mass diffusivity is much smaller than the
thermal diffusivity in room temperature. The outward flow
caused by the solutal Marangoni effect becomes dominant

—» Bottom flow
» Surface flow 100Mm

=53-9.7s
/// \\\
l\ j
~=13.4-149s =10.5 - 14.0 s

(b) (c)

over the inward flow induced by the thermal Marangoni
effect with decreasing substrate temperature and ¥..
Kaneda et al. (2008) investigated experimentally and
numerically the internal flow inside 0.03 kg/kg PS—anisole
droplets of dy~ 1 mm on R; surfaces at room temperature.
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They concluded not only solutal Marangoni but also Ray-
leigh instability initiated the outward flow on the free sur-
face. The internal flow variation of millimeter size droplets
is different from that in inkjet droplets. The effect of Ray-
leigh instability on the internal flow in inkjet droplets, even
dy~ 100 pm, must be negligible.

3.3 Film formation mechanism

The internal flow velocities are quantitatively compared
against the average mass fraction and resultant film morphol-
ogies to explore the transport process during film formation.
Figure 5a—c shows the radial velocities profiles ug, which
were quantified from the results in Fig. 4a—c, respectively,
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(Q) [surface %1 KL ] dolim] | | _p 5 0%
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Fig.5 Radial velocity uy as a function of average PS mass fraction
Ca @ Ry(C10) surface, ¥, =38.3°, K,U,,=1.64x107*, dy=108 um,
b R,(C10) surface, ¥,=38.3°, K,Uav=3.34x 107, dy=109 um, ¢ R;
surface, ¥,=73.0°, K,Uav=2.61 X 1074, dy=101 um
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as a function of average mass fraction. The center of the wet-
ting area is taken as the origin, r is set as the radial distance.
R (=2r/d,) is the normalized radial distance during contact
line recession. The absolute accuracy of the measurement
is 5 um/s. Figure 6a—c compares the measured film profiles
for the droplets in Fig. Sa—c, respectively, and spherical caps
calculated from d_ ,;, and solute volume. The spherical cap
with d, ;, is one of the dot-like morphologies that the drop-
lets formed with no mass transfer after self-pinning when
Ca 2 Cav,pin'

Figure 5a displays the radial velocity profiles of the drop-
let on R, (C10) surfaces resulting in the dot-like film shown
in Fig. 6a. The outward flow induced by the solutal Maran-
goni effect has started to develop, so the absolute value of
the radial flow velocity on the free surface is larger than that

near the bottom of the droplet. The radial flow velocity is the
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Fig.6 Profiles of measured PS films on R,(C10) and R; surfaces, and

spherical caps geometrically calculated using d. ;,, and solute volume
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largest around c,, =0.1. Then, the radial flow velocity starts
to decrease in the middle (0.2 < R <0.3) toward the contact
line (0.8 < R <0.9) with increasing average mass fraction. At
¢,y <0.3, the internal flow velocity was under 5 um/s, so it
was too small to measure. Figure 6a reveals that there is little
difference between the measured film profiles and spheri-
cal cap. At c¢,,=0.3, the overall flow velocity was already
under 5 um/s; thus, the solute distribution did not change at
0.3 <c,,. before self-pinning. The film morphology or solute
distribution correlated reasonably well with the profiles of
flow velocity against average mass fraction.

Figure 5b presents the radial velocity profiles of a droplet
on an R, (C10) surface resulting in the ring-like film mor-
phology shown in Fig. 6b. The average evaporation volume
rate of the droplet in Fig. 5b was about twice that of the
one in Fig. 5a; accordingly, the flow velocities in Fig. 5b
are roughly double that in Fig. 5a. The radial flow veloc-
ity near the contact line (0.8 < R) decreases to under 5 um/s
more quickly than that in the middle at c,, <0.2. Self-pin-
ning then occurred around c,,=0.23. The flow velocity at
0.6 <R<0.7 also decreased until it was too small to measure
at ¢,,>0.3. In contrast, the fluid flow in the middle of the
droplet (R <0.6) obviously continues until at least c,, =0.5,
even after self-pinning. In Fig. 6b, there is a large difference
between the measured film profiles and spherical cap in the
middle, but little difference near the periphery of the film,
where the flow velocity was under 5 pm/s before self-pinning
or ¢,, <0.3. That is, the solute distribution corresponding to
the rim area (0.6 <R < 1) of the film is not affected by the
continuous flow at c,, > 0.3; the continuous flow in the mid-
dle of the droplet after self-pinning primarily affects only the
fine structure in the middle of the film. It is interesting that
the absolute differences between the radial velocities of the
outward flow (ug > 0) on the free surface and inward flow
(ug <0) near the bottom of the droplet in Fig. 5a, b, which
imply the average amount of solute transferred to the contact
line, are almost same order, while their film morphologies
are quite different. The evaporative flux near the contact line
increases with vapor pressure, which is adjusted by modulat-
ing the distance between the substrate and inkjet nozzle in
this study. Thus, when the net amount of solute transferred
to the contact line is constant, the solute accumulates faster
with increasing evaporation rate, resulting in a decrease of
the average mass fraction at self-pinning c,, ;.

Figure 5c depicts the radial velocity profiles in a drop-
let on an R; surface resulting in a nearly flat film like that
shown in Fig. 6c¢. Initially, thermal Marangoni flow strongly
dominates in the droplet; thus the absolute value of inward
flow velocity (ug <0) on the free surface is larger than that
of outward flow (uy > 0) near the bottom of the droplet. The
radial flow velocity quickly decreased, becoming zero near
¢, =0.05, which is probably because the solutal Marangoni
force increases and balances with the thermal Marangoni

forces there. Thereafter, the solutal Marangoni force
increases further until the outward flow on the free surface
fully develops near c,,=0.07. The radial flow velocity in
the middle of the droplet (0.2 <R <0.3) decreased to under
5 um/s at c,, <0.3. Then, the radial flow velocity at R>0.6
decreased until it was too small to measure at c,, <0.33. In
Fig. 6¢, the amount of solute corresponding to the difference
between the measured film profiles and spherical cap near
the apex probably caused by the internal flow at ¢,, <0.3, at
least not at c,, > ¢, ,in, Was 0.42. Because the overall inter-
nal flow velocity was already small at c,,=0.3, the solute
distribution did not change at c,,>0.3.

It can be concluded from the above results that self-pin-
ning and the strength of outward flow on the free surface at
€, <0.3 or u<2.3 Pas determine the final film morphology.
The solute distribution corresponding to the basic film struc-
ture that classified the film morphologies, such as the rim
areas in ring-like films and convex trough in dot-like films,
has already developed at self-pinning. The outward flow
after self-pinning only affects the fine structure of the film,
unless strong Marangoni flow, which is caused by heating
of the substrate, multiple solvents, and surfactant, continues
in the middle of the droplet after self-pinning.

3.4 Correlation of film morphology with Marangoni
number

To quantify the effects of contact angles and evaporation
rates on film morphology, self-pinning was further explored.
According to the findings in Sect. 3.3, the amount of solute
near the contact line is fixed before self-pinning. Thus, the
mass fraction profiles near the contact line can be reasonably
estimated from the ratio of measured film thickness to the
droplet height at self-pinning. Figure 7 shows the radial pro-
files of mass fraction c, y at self-pinning. For the ring-like
film [denoted (b)], c, g at R<0.7 is not shown because the

1 1 1 T T
Surface 5[] KUy, [-] dy[um]
0.8 | @ R,(C10) 383 1.64x10:: 108
— O (b) eemeeme Ry(C10) 383 3.34x107 109
) () —— Ry 73.0  2.61x10 101
2
B 0.6F .
=
= | ]
& o
0.2} ]
0 1 1 L 1
0 0.2 0.4 0.6 0.8 1

R[-]

Fig.7 Profiles of mass fraction at self-pinning at different contact
angles and the average evaporation volume rate
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continuous flow remaining at R <0.7 after self-pinning may
affect c, g. Although c, g _ cannot be determined because
of division by zero, it is very interesting that c, z of film
(a—c) overlap at R> 0.9 and converge to 1 at self-pinning,
irrespective of the film morphology. In other words, self-
pinning, which happens when c, p near the contact line is
approximately one, is independent of the contact angle and
evaporation rate.

Because the contact angle and evaporation rate change
the strength of Marangoni flows, solutal and thermal Maran-
goni numbers are reasonable parameters to correlate with
the effects of the contact angle and evaporation rate and the
change of film morphology in this study. Eales et al. (2015)
experimentally and theoretically correlated film morphology
with Capillary number and the initial mass fraction in pinned
droplets, but solutal and thermal Marangoni effects did not
occur in their system.

When we use the same governing equations as those
in a previous study (Yasumatsu et al. 2012), but choose a
different characteristic concentration as 1 —c,, the solutal
Marangoni number Mag is differently defined. Mag and also
the thermal Marangoni number Ma, were established as fol-
lows according to the method described in the “Appendix”.

d2 Ac,
Mag= 22— @)
Ho
dSLAT
May = . 3)
Hao
d(l1 —cy)m
Ac, = dl—ea)it €5
PD g
AT = dL_m (5)
k
¥ )e,D
i = L)L °()ICV " (©)

where d is the characteristic diameter, which is the same
as the droplet diameter here, and 72 is the evaporation flux
at the droplet apex. c, is solvent vapor density, and D, is
the diffusion coefficient in the gas phase. f(¥_) is a function
of the contact angle, as shown in the “Appendix”, and is
constant in this study. 7z in a saturated vapor atmosphere is
conveniently estimated by Eqn. (6). In this study, the local
vapor pressure of the solvent, which was controlled by the
distance between the substrate and inkjet nozzle, was not
easy to measure. Thus, /M was experimentally determined
from the time variation of the droplet height and wetting
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diameter. a is thermal diffusivity in the droplet. Ac, and
AT are, respectively, the characteristic mass fraction differ-
ence and temperature difference between the droplet apex
and contact line. Physical properties at 298 K are thermal
conductivity k=0.145 J/(msK), heat capacity C,=1840J/
(kgK), and latent heat vaporization L=4.35x 107> J/kg.
Empirical equations of surface tension gradient by tem-
perature dy/0T=—1.2x 10~* N/(mK), surface tension gra-
dient by concentration dy/dc, =5.82x 1072¢c, N/m/(kg/
kg), viscosity u=exp(19.97¢, —5.16) Pas, and density
p=85.5c,+989.4 kg/m? were used. In general, the free
volume theory proposed by Vrentas and Duda (1977) is
used to predict the mass diffusion coefficient D, in con-
centrated polymer solutions. In this study, D,z was set as
a constant estimated using the equation proposed by Wilke
and Chang (1955) with the pure solvent viscosity at 298 K.
This is reasonable because the mass diffusion coefficient is
almost a constant at semi-dilute concentration (Zettl et al.
2009), where the average mass fraction at self-pinning is. We
set €,y = Cyy pin and d=d;, from the experimental measure-
ments and inserted them into Eqgs. (1)—(5) to yield the solutal
and thermal Marangoni numbers at self-pinning (denoted
Mayg i, and Mar 5., respectively). Here, 1 —c,, i, in Mag i,
has the physical meaning of the driving force of the solutal
Marangoni effect.

To correlate Mag i, and Mar p,;, with film morphology,
Ahlh,, was defined, as shown in Fig. 8a. Ah is the differ-
ence between the spherical cap height &,, with d ;, and
the center thickness %,, of the experimental film. In Fig. 8b,
if the cylindrical shape is an ideal flat film, the volume and
d. pin are as same as those of the spherical cap, and the ratio
of cylinder height and spherical cap height A /h,, is geo-
metrically given by.

hey 11 ¥,
cy 2 cap
==+ =t :
he, 2+6an<2> 7

cap

For a film formed on a substrate surface of 0 <W¢<90°,
the maximum h/h.,, is 0.67 at ¥, =¥ ;=90° and
Cavpin= 1. In most cases, ¥ ,, <¥_ ( and c,, ;, < 1; thus,
film morphologies with A y/h,, of ~0.5 indicate a nearly flat
film. Accordingly, the film morphologies with Ah/h,,>> 0.5,
Ahlhg,,~0.5, and Ah/h.,,<0.5 are ring-like, nearly flat, and
dot-like, respectively. This definition is probably not valid
for films produced by buckling instabilities (Pauchard and
Allain 2003; Willmer et al. 2010).

The time variations of droplet height and wetting diam-
eter on R, (C10) and R; surfaces were measured for multiple
droplets to determine Mag ;, and Mar y;,,. A number of film
morphologies were examined to calculate Ah/h,,. Figure 9
shows the relationship between Mag ,;, and Ah/h,,,. Because
May ;,, is 20-30 times smaller than Mag ,;, at room tem-
perature, the effect of Mar;, on Ah/h,, was neglected here.

cap
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. ““‘- ant .-'..,."' ““‘_,.--' ..,.""' — Ah RO LLLLLTTYS —
( Ah -, hca - o i K g’
K hav P .’:‘\ lI’ca‘p "", hcy
dc,pin
(a) Ring-like: (b) Nearly flat: (c¢) Dot-like:

Ahlheay>>0.5

Ah/hcap"“o . 5
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Fig.8 Schematics illustrating the definitions of film morphologies; a ring-like, b nearly flat, and ¢ dot-like
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Fig. 9 Relationships between solutal and thermal Marangoni num-
bers and film morphology

In Fig. 9, Ah/h,,, increases with Mag ;,; thereby, the dot-
like film changes to a ring-like film with increasing solutal
Marangoni flow. In Fig. 10, the film profiles are compared
with Mag ;.. When Mag ;,, values are almost the same for
systems with the different contact angles and average evapo-
ration volume rates, the film morphologies in Fig. 10a, b is
similar and the values of Ah/h,, are almost the same. This
result suggests that it may be possible to control film mor-
phology practically through Mag ;, at room temperature.
Yasumatsu et al. (2012) suggested that solutal and thermal
Marangoni flows in droplets on heated substrate become
competitive even after self-pinning. Both Mag ,;, and Mar ;,
should be related with film morphology and Ah/h,, in the
future.

4 Conclusions

We experimentally visualized the internal flow inside
PS—-anisole droplets during solid film formation by inkjet
printing at room temperature (298 + 1 K). The effects of

|
:PS KOUav (4) MaS, pin Ah/hcap
[’ [l [um]  [-] -
—— 383 85%10° 105 6.22x107  0.02
— O1F| -—— 730 196x10" 101 51810 0.01 | T
~
~
nNe
0.05| (@ |
0 1 ! 1
Ws KUy a4 Mag, pin  Altfl,,
] [-] [um] [-] [-]
—— 383 1.82x10° 995 1.04x107 0.48
—  0.1H -—— 73.0 226x10" 105 1.12¢107 0.38 i
1
>
=
3 (b)
N
0.05F -
T T N v v e,
// Y
\
0 |
0.5 0 0.5
Zr/dc,pin [']

Fig. 10 Comparison of film profiles with solutal Marangoni number.
These films were formed on the different substrate surfaces at average
evaporation volume rates

contact angle (¥,=38.3°, 73°) and evaporation rate on the
internal flow in droplets and resultant film morphology
were quantitatively examined. The relationships between
the radial flow velocity profiles and the average mass frac-
tion, film morphology, and self-pinning were investigated
to clarify the transport process during film formation. The
solutal Marangoni number during the evaporation of a poly-
mer solution droplet was defined to correlate with film mor-
phology. The major findings are summarized as follows.

A change in the flow direction from inward to outward
on the free surface was observed irrespective of the contact
angle. The change of internal flow direction was reasonably

@ Springer
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explained by the combination of solutal and thermal Maran-
goni effects. At room temperature, the thermal Marangoni
effect is eventually overwhelmed by the solutal Marangoni
effect at ¢,, <0.1, and the solute is principally distributed
by the outward flow, irrespective of the contact angles and
average evaporation rate. Self-pinning and the strength of
outward flow on the free surface at ¢,, <0.3 or u<2.3 Pas
determine the film morphology. The solute distribution cor-
responding to rim areas in ring-like films and the convex
trough in dot-like films has already developed at self-pin-
ning. The outward flow after self-pinning only affects the
fine structure of the film, unless the strong Marangoni flow,
which is caused by heating of the substrate, multiple sol-
vents, and surfactant, continues in the middle of the droplet
after self-pinning.

Fluid flow close to the contact line became too weak not
to increase the amount of solute there after self-pinning.
Consequently, the mass fraction profile at self-pinning was
reasonably estimated by the droplet and film profiles. As a
result, the mass fraction at the contact line ¢, g_; converged
to 1 regardless of the film morphology. This implies that
self-pinning is independent of parameters such as the contact
angle and evaporation rate.

The solutal and thermal Marangoni numbers at self-
pinning, Mag i, and Mar ,;, were experimentally estimated
for a number of droplets with different contact angles and
evaporation volume rates. Mar ,;, was always 20-30 times
smaller than Mag ;,, at room temperature; thus, the outward
flow caused by the solutal Marangoni effect on the free
surface dominates in the droplet before self-pinning. The
film morphology or thickness variation Ah/h,, produced
from droplets with different contact angles and the average
evaporation volume rate were similar to each other when
their Mag ,;, values were almost the same. This suggests that
film morphology may be technically controlled by Mag ;, at
room temperature.

Appendix

The boundary conditions on the free surface of an evaporat-
ing droplet on a substrate are given by

v, [oy oy \ oT dy '\ 9ca
—p—=(=)==)=+— )=
Hon <0s> <aT s \dc, ) os ®)
oT
k<= = L.
on " ©
oc, in
D=2 ="¢,.
AB 5. pCA (10)
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where v, is tangential velocity, and n and s are coordinates

normal and tangential to the free surface, respectively. T

is temperature, k is thermal conductivity, L is latent heat

vaporization, D,y is mass diffusivity in the droplet, and p is

density. The evaporative flux at the droplet apex 72, which

was proposed by Hu and Larson (2006), is given by
f(‘PC)CVDV

= ——. an

£(®) = (02792 +1.3) [1 - {0.2239<‘PC - %)2 +O.3619}]

fm (Do)

When the characteristic velocity vy=d/a, where d is the
droplet diameter and « is thermal diffusivity, and the char-
acteristic mass fraction 1 —c, are selected, the normalized
Eqn. (13) is obtained by substituting (9)—(11) into (8). Thus,
thermal and solutal Marangoni numbers are defined:

Ve & (or\_ & [ (or\inLor ( oy \ill=ca)ocy

ON  pa \ 0s Ha oT ) k 09§ dcy pD,g  0S
ay \/(P)a DL

d<@ ) k oT

Ha ES

d(‘l).w

dcp pDAR CA
+ —_—
Ha as
= Map 2L 4 Mag %A (13)
Toas P

where V, is the dimensionless tangential velocity, and N and
S are the dimensionless coordinates normal and tangential
to the free surface, respectively.
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