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ABSTRACT: An experimental study was carried out to investigate the fluid mechanics of solution casting. Newtonian glycerol solutions
were used as test fluids and were casted on the polyethylene terephthalate films. The focus of this study is on the evaluation of the
operating window, i.e., a region for stable and uniform processing. Different types of defects such as stable or unstable poolings,
vibrating edges, and air entrainment outside the operating windows were observed. The effects of two different start-up approaches
on the operating window were studied. One of the key operating parameters is the maximum casting velocity V.. for stable
operation. The fluid viscosity is the most critical parameter on V... It was found that if the gap between the slot die exit and the
moving film substrate is smaller than 600 um, V,,,, might go down and then go up as the fluid viscosity increases. On the other
hand, if the gap is larger than 600 um, V., will decrease as the fluid viscosity increases. Competition of two different types of
defects, i.e., unstable pooling and air entrainment, can decide V... as evidenced by the observation on the fluid motion and
dynamic contact angles of different cases. The importance of different forces on Vi, was also analyzed. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Polymer films that are widely used in various industrial applica-
tions are made by three processing methods; the first one is
melt extrusion, such as the polyethylene terephthalate (PET)
films.! The second method is film blowing molding,”® such as
plastic bags. The third method is usually called solution or sol-
vent casting.” Many important polymer films that are needed
for optical applications are made by solution casting processes.
For example, polyimide (PI) films*' and triacetyl cellulose
(TAC) films'*™'® are made by the solution casting processes.
The advantages of solvent casting include the high flatness of
film uniformity can be achieved; polymer molecules can have
isotropic arrangements; it is suitable for temperature-sensitive
polymers; and excellent optical properties and low hazes of the
polymer films can be retained. There have been extensive stud-
ies on the extrusion and blow molding processes.'™® However,
the fundamental analysis on the solution casting process appears
rare. The earliest patent on solvent casting was issued to Steven
and Lefferts'” on the production of celluloid film. Kinsella'®
used nickel-plated band to make cellulose diacetate film through
continuous solvent casting operations. Juergen and Siemann'’
replaced the melt extrusion process by the solvent casting pro-
cess so that the isotropic properties of polyarylate film products
can be significantly improved. Recently, several authors exam-

© 2012 Wiley Periodicals, Inc.

Mﬁhu;fli)5 WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ined the optical properties of the cast TAC,*°* PL'“* and
other polymer films.**>® Nakayama et al.*® controlled TAC
film’s in-plane birefringence and out-of-plane birefringence.
Hamamoto et al.*” suggested to make high tensile and elonga-
tion of PI films by continuous solvent casting process. Hunger-
ford*> used solvent casting to make optically clear, oriented PI
films with high electrical resistance, flexibility, and strength.
Yabuta and Akahori®® favored solvent casting to prevent air
bubbles and uneven film thickness. Okahashi et al.>’ made iso-
tropic PI films by solvent casting process. Asakura et al.** also
used solvent casting to produce aromatic PI films with high
thermal and mechanical properties for flexible printed circuits
and electrical insulated material. Kohn®® prepared ultrathin and
pinhole-free PI films with fluorinated PI solution on water by
solvent casting process.

The basic sketch of a standard solution casting line is displayed
in Figure 1; a polymer solution ready for casting is emanating
from a slit die (A) that is set vertically downward, the liquid
film is deposited on a highly polished moving steel belt (B),
this film on the belt will be dried in the oven (C) to remove
solvents. Once the film is almost dried, it will be peeled off
from the steel belt at point (D), and then the peeled film will
go through a series of post-treatment such as tentering for post-
curing if necessary. Because the fluid motion in this region can
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Figure 1. A basic sketch of a solution casting process.

decide if the stable operation is possible, this research is focused
on the flow region between the slot die (A) exit and the moving
belt (B). We used glycerol solutions rather than polymer solu-
tions, and PET films rather than steel belts for convenience in
the present analysis, the experimental results observed shall be
qualitatively similar to actual industrial application. The results
with polymeric liquids will appear in a subsequent article.

The fluid motion in the slot exit region is similar to those in
the slot die and curtain coating operations. Analysis on these
two types of coating operations can be found in several stand-
ard textbooks.”*?> However, there are two major differences; the
first is that the viscosity of the cast solution is usually much
higher than those used in slot die and curtain coating opera-
tions. Another difference is the gap between the slot die and the
moving belt is usually larger than the gap for slot die coating
but smaller than the height of curtain coating operation. The
edge guides to support the curtain usually are not required for
solution casting. In the present analysis, we shall determine the
operating window of solution casting for Newtonian fluids and
also apply the flow visualization developed previously for slot
die coating®®?” to observe the fluid motion at the slot exit.
Comparison of the performance of these two operations based
on some previous works on slot die coating®®?” and curtain
coating®”® will also be presented.

EXPERIMENTAL

PET film of thickness 50 um purchased from Nan Ya Plastic
(BH-21) was used as the moving substrate. Aqueous glycerol
solutions (Uni-onward, XR-LGLY-20L) were used as test fluids.
The viscosities of the test fluids were measured with a rheome-
ter (Brookfield, LVDP-III Ultra). Surface tension was detected
by a surface tensiometer (Kyowa Interface Science, CBVP-A3).
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The measurement was based on the Wilhelmy Plate method.
The instrument has a measuring range of 0-200 dyne/cm, with
an accuracy of *0.1 dyne/cm. During the measurement, the
temperature was controlled at 25°C using a circulated water
bath. The wetting angles between the glycerol solutions and the
PET substrate were determined by a AST Product machine
(VCA-Optima XE). Physical properties of glycerol solutions are
listed in Table I.

The photo of the experimental setup is shown in Figure 2. A
roll of PET film is loaded on the unwinding roller O, this film
will pass through several rollers for tension control purpose,
and then it will reach a back roller Q. A slot die K setting

Table I. Physical Properties of Glycerol Fluids for the Solution Casting
Experiment

Surface Contact Contact angle

Viscosity Density tension angle with PET
(mPa s) (g/cm3)  (mN/m)  with die () substrate (°)

A 110 1231 632 922 70.7

B 132 1231 624 91.0 69.1

C 180 1.233 624 921 70.3

D 250 1233 624 90.3 66.3

E 295 1236 624 90.3 65.7

F 340 1241 625 89.0 68.1

G 450 1.245 625 91.3 68.5

H 600 1.248 624 941 68.1

| 820 1.256 63 90.4 69.7

J 1000 1259 63 91.7 67.9

K 1200 1.259 632 94.3 64.9
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Figure 2. Photo of the experimental setup. O: unwinding roller; Q: back roller; K: slot die; L: blades; P: washing tank; N: winding roller. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

vertically downward on the moving substrate will deliver the
test fluid onto the substrate for observation. Several blades L
will remove the fluid on the moving substrate, and then the
film will go through a washing tank P before the final winding
on the roller N. The slot die is critical for the flow experiment.
A slot die was designed to deliver a uniform liquid sheet for the
flow experiment. The photo and geometry of the slot die used
in the present experiment are shown in Figure 3. The geometric
parameters are listed in Table II. To observe the fluid motion in
the neighborhood of the slot die, a CCD camera (Moritex, ML-
Z07545) and a lighting source are placed close to the slot die as
shown in Figure 4. Proper lighting is necessary to observe the
two free surfaces of the flow domain clearly. The Photoshop
software is necessary to improve the quality of the photos taken.
During the flow experiment, the gap H, between the slot die

and the moving PET substrate was adjusted between 200 and
1000 um. The substrate speed V' changed from 1 m/min to the
maximum speed 30 m/min.

RESULTS AND DISCUSSION

The objective of the present research is to find the operating
windows of solution casting. The operating window is a stable
domain in which defect-free casting operation is possible. Dif-
ferent types of defects would appear outside the operating win-
dow. Figure 5 displays the photos of different types of defects
observed. A steady pool behind the slot die as shown in Figure
5(a) may appear at low speed. As the flow rate increases to a
critical point, this heel will become unstable and starts to
vibrate as shown in Figure 5(b), and the coated liquid surface

Figure 3. Photo and geometry of the slot die used in the experiment. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Table II. Geometric Parameters of the Slot Die

Variables Dimension (mm)
Slot width, B 100
Slot gap, W 0.2
First slot length, L4 8
Second slot length, Lo 20
Inner cavity radius, rq 10
Inner cavity radius, ro 3
Upstream die lip length, L, 0.5
1
Downstream die lip length, Ly 0.2

also becomes irregular as shown in Figure 5(c). If the flow rate
is low enough, the cast liquid film will either break into many
rivulets as shown in Figure 5(d) for a small gap or vibrate the
falling film and cause the edges of the liquid cast on the PET
film to be irregular as shown in Figure 5(e) for a large gap. If
the line speed is high enough, air bubbles are trapped into the
liquid film as shown in Figure 5(f).

If the operating window is plotted as the flow rate/coating
width q vs. the line speed V, different types of defects are
marked outside the stable operating window as shown in Figure
6. The gap H, is a critical parameter for stable costing: if H, <
600 um, two general types of the operating windows can be
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Slot Die

Figure 4. Setup for flow visualization. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

observed as shown in Figure 6(a, b). The operating window in
Figure 6(a) is for low-viscosity solutions (1 < 250 mPa s). As
the fluid viscosity increases, unstable pooling would appear at a
lower flow rate and air entrainment may coexist with the unsta-
ble pooling as shown in Figure 6(b). If the gap is greater than
600 um, unstable pooling disappears, but air entrainment may
coexist with unstable pooling for high flow rates. We have
found that the unstable pooling can be effectively postponed if

Figure 5. Photos of different types of defects outside the operating window: (a) pooling, (b) unstable pooling, (c) unstable pooling film, (d) rivulet, (e)

vibrating, and (f) air entrainment. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. General presentation of operating window: (a) p = 110-250
mPa s, H, = 200-600 pm; (b) 295-1200 mPa s, H, = 200-600 um; and
(¢) u = 110-1200 mPa s, H, = 1000 um. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Comparison of the operating windows with two start-up
approaches S; and S,. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the upstream die lip length L, is increased. Figure 7 displays the
effect of increasing L, from 500 to 1000 pm. Initially, the flow
is stable as shown in Figure 7(a, b) for both cases with L, equal
to 500 and 1000 um, respectively. As the line speed is decreased
to V= 13.0 x 1072 m/s, the flow with L, equal to 500 pum
becomes unstable and the upstream meniscus is left behind the
upstream die lip as shown in Figure 7(c), unstable pooling
appears. On the other hand, the flow as shown in Figure 7(d)
remains stable at V = 13.0 x 10~% m/s for the L, = 1000 um.
Once an even lower line speed is reached, as V = 8.5 x 102
m/s, the flow becomes unstable as shown in Figure 7(e).

The effects of two different start-up approaches on the operat-
ing windows were examined first. The first approach S; is that
the fluid emanating from the slot die starts to coat on the sub-
strate at time t = 0 with the line speed of the substrate being
zero. The line speed then starts from zero and increases to a
specified value. On the other hand, the approach S, is that the
solution starts to coat in the substrate only when the line speed
of the substrate has already reached the specified value. S; and

vy

Figure 7. The effect of extending the upstream die lip L, on unstable pooling: (a) L, = 500 um, V

=21.0 x 10~* m/s, good film; (b) L, = 1000 um, V

=21.0 x 1072 m/s, good film; (¢) L, = 500 um, V = 13.0 x 10~ 2 m/s, unstable pooling; (d) L, = 1000 um, V = 13.0 x 10~ 2 m/s, good film; (e) L,
= 1000 um, V = 8.5 x 10~* m/s, unstable pooling. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. The effects of fluid viscosity and gap on the operating window. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

S, are two limiting situations for industrial practice, usually the
solution casting operation will start only when the line speed is
slow (but not zero), then the flow rate will increase proportion-
ally to the line speed until the specified wet thickness and line
speed are both reached and then the steady operation will con-
tinue. It was found that if the viscosity of the solution is low, or
the gap is large, the two approaches would generate the same
operating window. On the other hand, if the viscosity is high,
or the gap is small, the operating window generated by S,

0.4

approach is much smaller than that generated by S,. Figure 8
presents the operating window for the cast solution with viscos-
ity g = 295 mPa s. If the gap is 1000 um, the operating win-
dows generated by the two approaches are identical. As the gap
becomes smaller, it is not possible for S; to obtain stable coat-
ing at high flow rates and high speeds, because the solution
accumulated in the neighborhood of the slot die exit cannot be
taken to the downstream side by the moving web, owing to the
high pressure required to pass the channel between the slot die

Region II

Vinar(m/s)

Region IIT

upper limit of roller speed

~200um
~+400um
0.15 ~=500pm
—600pum
01 !m“m
0.05
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Viscosity(mPa-s)

Figure 10. V... for function of gap H, and fluid viscosity p [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 11. Photos of the flow domains in the slot exit for the three regions: (a) u = 150 mPa-s, (b) x = 340 mPa-s, and (c) ¢ = 900 mPa-s. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and the moving substrate. For the gap, H, = 400 pum, S, can
generate a much larger operating window at high flow rate g
and high speed. However, if the gap is reduced to 200 um, the
windows for these two approaches are much smaller and the
difference becomes less significant.

Some typical operating windows obtained directly from the flow
experiment are displayed in Figure 9, here solutions of two dif-
ferent viscosities were used, and the gap varied from 200 to 1000
um. Usually a solution with a lower viscosity has a larger operat-
ing window. On the other hand, as the gap increases, the operat-
ing window would shift from a region of low flow rate and high
line speed to a region of high flow rate and low line speed.

One of the key parameters for practical consideration is the
maximum casting velocity V., for stable operation. Figure 10
presents V..« as functions of the gap H, and the fluid viscosity
u. Tt is interesting to note that if the gap H, is greater than 600
um, Vi goes down gradually as the fluid viscosity increases.
The defect observed beyond Vi, is air entrainment. The effect
of viscosity and the defect observed are similar to those of slot
die and curtain coatings.’*™® However, if the gap H, is smaller
than 600 pum, it was found that V;,,, might go down and then
go up as the fluid viscosity increases. Actually, there are three

distinct regions. In Region I, V;,.x will go down as the fluid vis-
cosity is increased until 4 = 250 mPa s, then V. in Region II
will go up as the fluid viscosity increases until 4 = 450 mPa s,
Vinax Will go down again as the fluid viscosity is further
increased in Region IIL. It is interesting to investigate why for a
smaller gap H, and in a certain range of viscosity, Vi,.x will go
up instead of going down as one may generally expect. The case
of the gap H, = 500 um was selected for detailed analysis. The
photos of the flow domains between the slot exit and the mov-
ing substrate for the three regions are displayed in Figure 11; it
can be seen that the flow domain as shown in Figure 11(a) is
similar to a coating bead in slot die coating operations in
Region I and is relatively large when compared with other two
cases. A previous study’® found that coating flow is more stable
if the coating bead is larger. On the other hand, the sizes of the
flow domain in Regions II and III are compatible as shown in
Figure 11(b, c). However, after careful measurement on the
dynamic contact angles at point A in Regions IT and III, it was
found that the angles are close to 160° in Region III. Air
entrainment would appear theoretically if the dynamic contact
angle approaches 180°, a previous study found that the angle
could be observed before air entrainment was 160°;>° therefore,
it implies that air entrainment is likely to appear in Region III
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- - 158 4%
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g ' L 154 ©
20 - L 152 g
——coating bead size =

10 A 2 L 15
-s-dynamic contact angle 150 O

0 : . . . 148

0 200 400 600 800 1000
Viscosity(mPa-s)

Figure 12. Estimated flow domain areas and the dynamic contact angles for H, = 500 um. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 13. Comparison of Vj,,, for different coating methods and solvent
casting. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The areas of the flow domain can be measured from the four cor-
ners ABCD as shown in Figure 11. The areas of the flow domain
together with the dynamic contact angles estimated from the
photos for H, = 500 pm as a function of fluid viscosity are given
in Figure 12; it can be seen that the areas of the flow domain
become smaller in Region I as the fluid viscosity increases and
Vinax drops, the areas of the domain increase gradually as the vis-
cosity continues to increase in Region II and III, but the dynamic
contact angle increases more rapidly and approaches 160°. There-
fore, it is concluded that Vi, is determined by two defects that
are competing each other; if the flow domain becomes smaller,
the flow is less stable, and unstable pooling would appear at a
higher speed. On the other hand, once the dynamic contact angle
approaches 160°, air entrainment would appear.

Data of V., based on different coating methods and solvent
casting are presented in Figure 13, the general trend is that as
the fluid viscosity increases, V,.x decreases, particularly in the
low-viscosity regions. Curtain coating is not suitable for high-
viscosity solutions.*™*! On the other hand, the data of V., for
slot die coating** and solvent casting are relatively close. Slide
coating®® is usually not suitable for high-viscosity solutions;
Viax becomes small for solutions with high viscosities. Viax
would decrease as fluid viscosity increases for these three coat-
ing methods, which are different from solvent casting in the vis-
cosity range between 250 and 600 mPa s.

There are five forces that may influence the casting flow, namely:

e viscous force F,: uV/H,

e surface tension force F;: a/H,

® gravitational force Fy : pgH,

e inertial force impinging on the moving web from the slot
Fg: pViVs

e inertial force on the moving web Fy,: pVV

where V, V p, and ¢ are the casting velocity, slot exiting liquid
velocity, density, and surface tension, respectively. The effects of
these five forces on V|, were analyzed for three different gaps.
It was found that F, and Fy,, are rather small for the cases we
studied, therefore only the other three forces can be relevant.
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Figure 14 presents the three forces calculated at V., for solu-
tions with different viscosities. The results in Figure 14(a)
clearly indicate that only F, and F; are important for the cases
with gap = 200 um; therefore, a capillary number Ca = F,/F
is the only relevant dimensionless group that will influence
Vinax- The results for the gap H, = 500 um are displayed in Fig-
ure 14(b), if the fluid viscosity is lower than 295 mPa s, only
two forces, i.e., F; and F; are important; therefore, a Weber
number We = F /F; can represent the influence of force on
Vinax- However, as u is higher than 295 mPa s, all the three
forces are relevant; consequently, in addition to the Weber num-
ber, capillary number Ca = F, /F; should be relevant, too. We
have attempted to develop some universal correlations to relate

‘a) 200pm
1000 W pVsvs
800 HV/HO
600 ¥ o/HO
400
200
p —p
0 -~ . -y o/HO
Ay
e -~ uV/HO
295 349 pVsVs
o 600 gy
Viscosity(mPa-s) 1200
(b) 500um
1000 -
W p\s\s
800
1 WV/HO
600 -
™ g/HO
400 ~
200 -
0
o/HO
122 4g9 - Y WV/HO
25 450 g pVsVs
600 .0
Viscosity(mPa-s) 1000
[C) 1000pum
1000 HoVeVs
800 uV/HO
el = g/HD
400
200 -
0l 5 o
[ o
110 WV/HO
132
250 L4 sab T pusws
o 600 g
Viscosity(mPa-s) 1200

Figure 14. Comparison of three forces for three gaps: (a) H, = 200 um,
(b) H, = 500 um, and (c) H, = 1000 um. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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three dimensionless groups with V., the results are inclusive
because it can be seen from Figure 14 that the ratios of forces
change significantly, as the fluid viscosity varies.

CONCLUSIONS

We have carried out an experimental study to investigate the
fluid mechanics of solution casting for Newtonian fluids. The
emphasis is on evaluating the operating window as functions of
different parameters. Different types of defects outside the oper-
ating windows were identified; unstable pooling and air entrain-
ment were found to be the two significant defects that define
the upper boundaries of the operating windows.

It was found that the two most critical parameters that influ-
ence the operating windows are the gap H, between the slot die
and the moving film substrate and the fluid viscosity p. The
operating window becomes smaller as the fluid viscosity
increases. On the other hand, as the gap H, increases, the maxi-
mum line speed V., for stable casting would drop, but the
flow rate for stable casting would increase.

We have also investigated the effects of the gap H, and fluid vis-
cosity u on the V., and found that if the gap H, is greater
than 600 um, the only defect observed beyond V... is air
entrainment and V., goes down as the fluid viscosity increases.
On the other hand, if the gap is smaller than 600 yum, owing to
the competition of two defects, i.e., unstable pooling and air
entrainment, V., may actually go up as the fluid viscosity
increases from 250 to 450 mPa s. A dimensional analysis
revealed that as the gap H, varies, the importance of three
forces on the flow could be identified.
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