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The factors determining the thin-film shape from an evaporating polymer solution
droplet are experimentally studied. The polystyrene/xylene droplets, whose diameter is
controlled in the range of 30—100 pum with the mass fraction of 0.5-3.0 wt % are
ejected onto a lyophobic substrate. The droplet on the substrate results in an axisym-
metric or nonaxisymmetric ring-like/dot-like film. The film configuration is dominated
by the evaporation rate and the film symmetry is governed by the local pinning time at
the periphery. Various relationships are also found among the evaporation rate, pin-
ning time, wetting diameter, and average solute concentration of which the nondimen-
sionalization pronounces explicit relationships and similarity. © 2007 American Institute
of Chemical Engineers AIChE J, 53: 1100-1108, 2007
Keywords: film configuration, evaporation rate, pinning time, solute mass fraction, ink-

jet printing

Introduction

Inkjet printing is well known by the consumer as paper
printing devises. This device can eject small sized droplets
directly onto a target, and a variety of industrial applications
such as an organic light emitting device, polymer electrolu-
minescent device, microlens and integrated circuits, etc., are
being studied because of its characteristics.'™ These ink-jet
related devices require quality film formation after the evapo-
ration. That is, the thickness profile of the thin film and its
uniformity are key factors for engineering applications, and
related studies have been done. Shimoda et al.” reported the
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different shapes of the film based on the different stage ve-
locity during evaporation. De Gans and Schubert® examined
the use of a dilute solution to fabricate the well-defined poly-
mer structures. The result of their reports is that the evapora-
tion rate of the solvent may be the dominant factor for the
film thickness profiles and its uniformities. However, the
relationship between the evaporation rate and the film uni-
formities is semi-empirical and has not been studied in detail
in terms of the transport phenomenon. Furthermore, the asso-
ciation of the evaporating process, detailed film shape and
borderlines of the evaporation rate between the dot-like and
ring-like film have not been fully discussed.

In this article, the drying process of a polymer solution
droplet on a lyophobic surface has been experimentally stud-
ied. First, the effect of the drying process on the distortion of
the polymer film is investigated. Second, the pinning of the
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Figure 1. Experimental setup.

contact line is characterized using dimensionless parameters.
Last, the factors determining the film configuration are dis-
cussed based on considerations of the transport phenomena.

Experimental

Figure 1 shows the experimental schematics. The inkjet
droplet generator, which contains a piezo-ceramic transducer,
is equipped with a multi-axis micrometer that controls the
vertical distance to the substrate of 0.3—1.0 mm and the hori-
zontal adjustment during the droplet ejection. The evapora-
tion rate of the solvent can be controlled by the distance
between the nozzle and the substrate because the partial pres-
sure of the solvent around the droplet is sensitive to the
width of this clearance. The droplet diameter d, is controlled
in the range of 30-100 um by a function generator and a
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voltage amplifier connected to the droplet generator. Droplets
are ejected every second from the generator nozzle to the
substrate.

The substrate is made of transparent glass and its surface
is chemically modified with a fluoroalkylsilane (Cg¢F3(CH,),
Si(OCH3)3) monolayer by chemical vapor adsorption, which
makes the surface lyophobic.” The fluid reservoir supplies
the polystyrene/xylene solution to the droplet generator and
the mass fraction of the solute is prepared between 0.5 and
3.0 wt %. All experiments were carried out at room tempera-
ture. The substrate temperature is maintained at the same
temperature as the room. The deposited droplet is recorded
using two CCD cameras (30 fps) from the side and bottom
views. The instantaneous periphery, wetting diameter, and
the height of the droplet are extracted from the recorded
video, and then the contact angle is calculated based on the
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Table 1. Physical Properties of the
Polystyrene/Xylene Solution

Polystyrene Fraction, wt %

0 0.5 3.0 5

Viscosity, 107> Pa s 0.58 0.87 2.41 432
Surface tension, 1073 N/m 28.0 28.0 28.0 28.2

spherical cap. After the drying is finished, the polystyrene
films are formed on the substrate. The three-dimensional
images of films are obtained using the Keyence VK-8500
laser microscope.

The physical properties of the solutions at certain mass
fractions are shown in Table 1. The viscosity was measured
by a Brookfield viscometer, LVDV-II, and the surface ten-
sion by a Kyowa Interface Science, CBVP-Z. The viscosity
increases with the mass fraction but the surface tension is
not affected.

Results and Discussions
Local pinning time and film symmetry

A typical evaporating process of a polystyrene/xylene
droplet is represented in Figure 2 by the transient contact
angle /. and the wetting diameter d.. First, the wetting diam-
eter decreases until the contact line is pinned at nearly 3.5 s.
The contact angle during this process decreases from 65° to
60°. The decrease in it for several other experiments in our
group was no greater than 10°.® Accordingly, a constant con-
tact angle will be assumed in some of the calculations
described later. After the contact line is pinned, the contact
angle decreases faster than the previous process and finally
the evaporation finishes leaving a thin film.

The visual images of the representative experimental runs
are shown in Figure 3. Their initial mass fraction and diame-
ter are 3.0 wt % and 80 um, respectively. The instantaneous
contact line during evaporation [Figure 3a], the resulting thin
film shapes [Figure 3b] and their contours [Figure 3c] are
represented herein. The images of the instantaneous contact
line are recorded every second, which are alternately distin-
guished by white and black stripes. The innermost periph-
eries in Figure 3a roughly correspond to those in Figure 3c.

In some experimental runs such as Al-A4 of Figure 3a,
the center of the wetting area moves in an arbitrary direction
during evaporation. No tendency or repeatability was
observed in the direction of the displacement. Whereas, in
cases A5-A7, the wetting area concentrically shrinks with
time. These experimental runs are carried out under the same
conditions, and we cannot predict whether the wetting area
moves or not. The horizontal level of the substrate is care-
fully adjusted by a level vial at every experimental run so
that the gravity does not affect the wetting area movement.
The size of the droplet is much smaller than the capillary
length and effect of gravity is negligible. Thus, the wetting
area movement may happen due to the local solvent pressure
around the droplet’ and/or the small nonhomogeneous sub-
strate roughness.

In Figure 3c, Al, A2, and A7 yield symmetric films while
others deposit biased films after the evaporation. Comparing
Figure 3a with 3c, the film symmetry is irrespective of the
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wetting area movement. For example, Al and A2 yield sym-
metric films even though the centers of wetting areas move.
A5 and A6 evaporate concentrically but the films form asym-
metrically.

To discuss and clarify the mechanism of the film symme-
try, the local pinning time #,;, along the contact line is meas-
ured from the sequence frames of the recorded video, and
indicated around the film periphery in Figures 3c. In the case
of Al, because of the strong reflection from the droplet sur-
face, the contact line cannot be accurately identified. More
comprehensive graphs are shown in Figure 4, in which the
normalized local pinning time fpnin/fpins is plotted along the
azimuth. #,;, ; represents the final pinning time along the con-
tact line of each experimental run. The films can be catego-
rized into two classes in terms of the film configuration, i.e.,
a dot-like deposit and ring-like one. The dot-like films are
extracted in Figure 4a and the ring-like ones in Figure 4b.
For the dot-like films, A2 has a flat distribution and A3 and
A4 have peaks at 0 = 90°. For the ring-like films, A6 and
B2 (not shown in Figure 3, dy = 100 um) have fluctuations.
These peaks correspond to the biased film configuration
shown in A3, A4, and A6 of Figure 3c. This means that the
local pinning of the contact line affects the axis symmetry of
the film. This can be understood based on the discussion of
Deegan et al.”'® and Fischer."' They reported that convec-
tion is induced toward the periphery from the bulk when the
contact line is pinned during evaporation. This is due to the
moderately enhanced evaporative flux at the edge of the
droplet and the fluid flows to compensate for the solvent
around the contact line, which is the formation mechanism
of the coffee stain (ring-like deposit). This convection holds
the film thickness at the periphery and is applicable to our
case in which the contact line is locally pinned. In the same
manner, we can assume that if the pinning time is locally
later than the other part of the contact line, the convection

10(

t[s]

Figure 2. Time variations of the contact angle . and
wetting diameter d. for the 3 wt % polysty-
rene/xylene droplet evaporating on the sub-
strate (dp = 80 um).
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Figure 3. Evaporating behavior and resulted film of 3 wt % polystyrene/xylene droplet with dp = 80 um. (a) The in-
stantaneous droplet periphery at every sec. (b) Three-dimensional image of the thin film after evapora-
tion. (c) The contour plot and the local pining time.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4. Azimuthal variations of the pinning time nor-
malized with ¢, for (a) dot-like deposits
and (b) ring-like deposits.

toward the contact line may not be induced until it pins,
resulting in a lower film thickness. If the pinning time is
almost the same along the contact line (A2, A5, and A7), the
symmetry of the film thickness is maintained.

The characteristics of the pinning and mass
transfer during the receding

In Figures 3 and 4, dot-like deposits are formed for Al—
A4 while ring-like deposits are formed for A6-A7. The
others are in the transition configuration between them. To
discuss the factors dominating the film configuration, the av-
erage receding velocity uc oy = (deo—de pin p)/Tpin s 1S measured
for each experimental run. dy and d. pin ¢ Tepresent wetting
diameter at + = 0 and ¢ = fp, ¢, respectively. Schematic is
shown in Figure 5. Although the evaporation rate from the
surface is better to discuss, it changes as the wetting diame-
ter shrinks with time and we employed the receding velocity
for the simplification. When the contact angle remains con-
stant while the contact line recedes, the average receding ve-
locity is proportional to the evaporation rate per unit area of
the free surface. When considering a slight change in the
contact angle, u.,, can be approximately proportional to the
evaporation rate. Figures 6 and 7 show the relationship
between u.,, and fpn¢ and that between u,, and dcpins,
respectively. In Figure 6, the lines approximated by the least
square method are also presented for three experimental con-
ditions. A good regression between u.,, and fpi, ¢ is found.
Dot-like films are formed at the low evaporation rates, while
ring-like ones are formed at the high evaporation rates. In
Figure 7, d piny tends to increase as i ,, increases. Thus the
Ipin,i» depin,s and the droplet configuration are found to be
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somewhat relative to i 5y, though, theses relations depend on
the initial mass fraction and droplet diameter.

To clarify the relations of these values, the dimensionless
wetting diameter, time and velocity are defined as D = d/d,
7 = (voldo2)t and U = (do/vo) u, respectively. dp and v, repre-
sent initial droplet diameter and initial kinematic viscosity.
The average mass fraction at fp, ¢ is also evaluated from the
wetting diameter. Assuming a constant contact angle, the av-
erage mass fraction c,y at tyi, ¢ is calculated by

d 3
Pco [i] co (1)
Pe pin,f de pin,f

where p and c represent the density and the solute fraction
of the droplet, respectively.

The results in Figures 6 and 7 are replotted in Figures 8
and 9 according to these definitions. Obviously, the effect of
the initial droplet diameter is eliminated and that of the ini-
tial solute fraction is pronounced by the non-dimensionaliza-
tion. Therefore, it is concluded that there is a similarity in
the initial droplet size under the present experimental condi-
tions. Furthermore, the borderlines between the dot-like and
ring-like film shape in U, ,, locate at the same value regard-
less of the initial solute fraction, which represents that there
is another similarity in the transport phenomena.

Because the evaporation rate is proportional to the reced-
ing velocity, the following dimensionless regression is
applied to the results in Figure 8:

Cav.pinf =

Tpinf = AUB (2)

c,av

As shown in Figure 8§, B = —1.07 and —1.18 for each ini-
tial mass fraction is evaluated using the least-square method.
Moreover, the dimensionless wetting diameter is given by

Dc.pin,f = Dc,O - Tpin.fUc,av (3)

and the average mass fraction at the pinning can be derived
from the following equation.

Co
{1 _ o AgjB+1 }3

deo c.av

“

Cav.pinf =

c.elvez(dcl]'dc.pin,f}H pin,f

Figure 5. Schematics of d.o, dc,pin,, and Uc ave-
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Figure 6. The pinning time vs. average receding velocity.

where,

do\? 3 (2 1,
- — - = _ _ 3 5
(@) =g 5eoversentv) o

The calculated results from Egs. 2 and 4, in which the val-
ues of A and B identified in Figure 8 are used, are shown in
Figures 9 and 10.
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Figure 7. Wetting diameter at t = t;,+ vs. the receding
velocity.
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The effect of U, 4y 0N Cay pin s is plotted in Figure 10. Scat-
ter of the results is greater than that in Figures 8 and 9
because the measurement errors in the wetting diameter
affect the calculated results by the third power. However, the
effect of ¢ on ¢,y pin Seems to be eliminated. As the receding
velocity becomes faster, cuy pin becomes smaller. If the solute
is perfectly mixed in the droplet, the pinning occurs at the
constant solute fraction and the calculated curves are inde-

10" : -
Tpm, (= A[ t"rr‘_n']
c=0.5wr.%
_ A=0.711
T B=-1.07
f_ 10 e=3.0we.%
A=0.231
B=-1.18
10° - -
10 107 10

Uu,m. I_]

Figure 8. Normalized perimeter pinning time vs. aver-

age receding velocity.
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Figure 9. Diameter ratio between t = 0 and t = t,+ vs.
nondimensional receding velocity.

pendent of U, ,,. Therefore, a change in cuy ping With U,y
shows the effect of the mass diffusion during receding. As
U,y increases, the solute concentration at the free surface
rises faster, resulting in a larger solute concentration gradient
in the sessile droplet [see concentration profile scheme in
Figure 11b]. As a result, c,y pins decreases as U, ,, increases.

However, some of the solute molecules may be transported
into the bulk because of free convection during the receding.
Marangoni and Bénard convections in a liquid film on a
heated or cooled substrate can be considered in the current
system, and the critical Marangoni and Rayleigh numbers are
80'2 and 1100, respectively. However, these critical values
are valid for the liquid film systems, not for the droplet. Fur-
thermore, temperatures of the substrate, the droplet and the
surroundings are same and the typical definitions of these
dimensionless numbers are inapplicable. Thus we first esti-
mated these values by the definitions of Zhang and Chao.'*
They considered the temperature difference from the heat
loss by the evaporation. The definitions of Ma; and Ray are;

m Lh*
May = T g, PomL
oa*Cp uorCp

(6)

where o = 00/0T, m, L, and h represent the surface tension
due to the temperature, the evaporation rate, the latent heat,
and the height of the boundary layer thickness, respectively.
Assuming the constant contact angle during receding, m can
be estimated as follows'? ;

(3 —9)

m=————— Uc av (7)

NI

where, ¢ = 1 — cos V..

In our case, the boundary layer thickness is presumed to
the height of the droplet apex. The estimated Ma and Ra are
4-111 and 10"*-102 for the present experiments. It is con-
cluded herein that there may be a weak thermal Marangoni
convection induced in the droplets under the present condi-
tions based on these critical values. However, the effect of
the solute concentration gradient over the droplet surface is
not considered in the aforementioned values of Ma and Ra.
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Next, Marangoni and Rayleigh numbers due to the solutal
convection are estimated. Park and Moon'® investigated the
Marangoni numbers for the colloidal droplet and Cartwright
et al.'” studied for the liquid layer. These numbers are
defined as follows;

_ 0.ACh

_ pgBACH
pDag

Ma,
uDap

Ra,. ®)

where o = 00/0C is the surface tension because of the con-
centration, AC the concentration difference along the con-
vecting layer, D,p represents the diffusion coefficient in bi-
nary solution, and fic = (1/p)(0p/0C), the volume expansion
coefficient. The diffusion coefficient is obtained by the equa-

. 18
tion as follows °;

T
Dig = 7.4 x 10712 V9T ©)
1gVy

where A and B represent the solute and solvent, mg and ug
are the molecular weight and the viscosity of xylene, ¢ is an
association factor (assumed 1) and V, is the molar volume
of polystyrene. Eq. 9 yields D = 1.2 x 10~ '" m?/s for pol-
ystyrene/xylene solution. Then initial Marangoni number of
0.5 and 3.0 wt % droplet on the substrate can be estimated
as 3.9 x 10° 6cAC and 1.4 x 10° 6cAC. As for the solutal
Rayleigh number can be estimated 1.2 x 10* AC (0.5 wt %)
and 4.2 x 10° AC (3.0 wt %), respectively. However, the so-
lution is prepared well-dissolved and solute concentration is
almost uniform (AC =~ 0) right after the deposition. Even
though the solute distribution becomes large as the evapora-
tion proceeds, the surface tension gradient because of the sol-
ute concentration is trivial (60 =~ 0) as shown in Table 1.
Furthermore, the viscosity of the droplet increases during the
evaporation on the substrate and then the denominators of Ra
and Ma increase. Consequently, very weak thermal and solu-
tal natural convection before the pinning of the contact line
may be induced right after the deposition. However, they
vanish in a moment as the evaporation proceeds, and the
mass diffusion by the evaporation is dominant.

10°F c=3.0WL%
2
< 10'h ]
107~ 10 1™

Ueay [

Figure 10. Average mass fraction at t = t,, ¢ vs. dimen-
sionless receding velocity.
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Figure 11. Schematics for formation of the dot-like and ring-like films.

The effect of the evaporation rate on film configuration

The results in Figures 8—10 suggest the followings; the
contact line recedes until the solute concentration increases
nearly to a critical value. When the receding velocity is high,
the pinning occurs earlier and wetting diameter becomes
larger with the smaller average solute concentration. In this
case, ring-like film forms. Contrary, slower receding velocity
induces the delayed pinning, smaller wetting diameter, and
higher solute concentration with the dot-like film. These rela-
tions depend on the initial solute fraction. Above phenomena
can be understood by the effect of the evaporation rate on
the mass concentration.

The transition between the dot-like and ring-like films is
located at U, ,, = 1.5 x 1073 regardless of the initial droplet
diameter and mass fraction. Accordingly the evaporation rate
is the principle factor dominating the film configuration. As
aforementioned, mass diffusion is dominant inside the droplet
during receding process. At a low evaporation rate, the solute
at the surface adequately diffuses into the bulk, which retards
progression of solute concentration at the contact line. There-
fore, the bulk solute concentration in the sessile droplet
becomes higher with smaller wetting area at the pinning. Af-
ter the pinning, the outward flow is induced by the non-uni-
form evaporation flux distribution.”!" However, the high
concentration in the bulk prevents the solvent evaporation
from the surface and outward flow due to viscous effects,
resulting in a dot-like deposit [Figure 1la]. De Gans and
Schubert® mentioned in their experimental study that a dot-
like film is obtained by the binary solvent one of whose
evaporation rate is much larger than the other. After the one
solvent has evaporated, the residual solvent which evaporates
slowly has higher concentration. This can be understood as
our case of much slower evaporation rate.

Contrary for the high evaporation rate, solute at the sur-
face cannot diffuse to the bulk, resulting in the thin high vis-
cous area at the surface. This enhances the pinning at larger
wetting diameter. The solute concentration in the bulk is
lower than that for slower evaporation rate. This allows the
outward flow after pinning, resulting in the ring-like deposit
[Figure 11b].
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Conclusion

The polystyrene/xylene droplets were ejected onto the sub-
strate by the inkjet method, and thin films are obtained after
the evaporation. The film configuration and its dominant fac-
tors are studied and we obtained the following results:

1. The heterogeneity of the receding displacement of the
evaporating droplet is not dependent on the film shape. That
is, the droplet center displacement during evaporation is not
a dominant factor when forming the film shape.

2. The local film thickness near the periphery is governed
by the local pinning time at the contact line. The heterogene-
ity of the local pinning time along the periphery induces the
biased film.

3. During receding, a little thermal and solutal natural
convection may exist right after the deposition. These con-
vections disappear in a moment as the evaporation proceeds.
Thus, the solute diffusion becomes dominant.

4. The evaporation rate of the droplet is a primary factor for
the film configuration, i.e., dot-like or ring-like. A low evapora-
tion rate yields the small dot-like film and a fast one results in
the wide ring-like film. This is due to the mass transport not
only after pinning but also during the receding process, pre-
dicted by the relationships of dimensionless parameters.

Acknowledgments

This study is partially supported by the Japan Society for the Promo-
tion of Science (JSPS), Grant-in-Aid for Scientific Research (B) No.
16360387, and Ministry of Education, Culture, Sports, Science and Tech-
nology, Grant-in-Aid for Young Scientists (B) No. 17760145.

Notation

A, B coefficients in Eq. 2

heat capacity of droplet at constant pressure, kJ/(kg-K)

mass fraction of solute, wt %

dimensionless wetting diameter, m, or diffusion coefficient, m%/s
diameter, m,

droplet height, m

latent heat of droplet, kJ/kg
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= Marangoni number

= evaporation rate, kg/(m2 S)

= Rayleigh number

= temperature, K

= time, s

= dimensionless receding velocity = u/ug = (do/vo)u
= receding velocity, m/s

= molar volume, m3/m01

coordinate, m

> <= QN%Z?E'E
I

Greek letters

= thermal diffusivity, mz/s

= azimuthal component, degree

= viscosity, kg/(m s)

= kinematic viscosity of fluid, m2/s
= density, kg/m®

= surface tension coefficient, N/m
= dimensionless time = (vo/dy>)t
= association factor in Eq. 9

= contact angle, degree

TS aQdDT == R
|

Subscripts

= solute

= average

= solvent

= partial derivative by solute concentration, or solute

= contact or wetting

= gas

= liquid

= contact line pinning

pin,f = finish of contact line pinning at whole periphery
r = receding
T = partial derivative by temperature, or temperature
0 = initial

2. s
5 —0 0o O < >
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