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ABSTRACT: The operating windows of the solution casting of two polymeric liquids were evaluated experimentally. The experimental
setup and procedure were the same as used previously for the casting of Newtonian fluids (Journal of Applied Polymer Science 2013,
129, 507-516). Aqueous carboxymethylcellulose/glycerol solutions exhibited pure shear-thinning behavior at low polymer concentra-
tions but became viscoelastic at high polymer concentrations, whereas polyacrylamide/glycerol solutions showed viscoelastic behavior
over a wide range of concentrations. The shear-thinning behavior, in conjunction with a low level of elasticity, of the casting solution
was found to be useful in expanding the stable operating windows. However, an opposite effect on the operating windows was found
for highly elastic solutions. The non-Newtonian effect on the maximum stable casting speed was prominent only when the capillary
number exceeded unity. Defects outside of the operating window were mostly similar to those observed in Newtonian solution cast-
ing. For highly concentrated solutions, a new rough surface defect was observed. This defect could be attributed to polymer chain

entanglement, alignment, or breakup. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41411.
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INTRODUCTION

Many industrial polymer films are made by the solvent or solu-
tion casting process.’ Some of these films include polyimide
(PI) films*™'! and triacetyl cellulose (TAC) films,'>*® which are
widely used in optical electronic applications. The solution cast-
ing process is suitable for the fabrication of temperature-
sensitive polymer films. High-uniformity films can be produced
with excellent optical properties and low haze. Early patents
and studies on solution casting have mainly focused on the pro-
duction of celluloid films."*™*" Recently, major research efforts
have been focused on the production of PI and TAC films
through solution casting. Hamamoto et al.* suggested that PI
films could be made with high tensile strength and elongation
through solution casting operations. Hungerford'® attempted to
make an optically clear, highly oriented PI film with high elec-
trical resistance, flexibility, and strength. Okahashi et al.” pro-
posed to the production of isotropic PI films with solution
casting. Asakura et al.’ developed aromatic PI films with high
thermal and mechanical properties for flexible printed circuits.
Kohn'' suggested that ultrathin and pinhole-free PI films could
be made with the solution casting processes. Several authors
have also studied the optical birefringence of TAC films.'®*>**

Three major steps involved in solution casting are liquid film
casting, solvent removal, and the peeling of dried films from the

© 2014 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

41411 (1 of 7)

steel belt. Despite the importance of solution casting in polymer
processing operations, the fundamental analysis of this process
appears to be limited. Solution casting bears some resemblance
to slot die coating®* ™" and curtain coating”****®* operations.
Usually, the solutions used in casting have higher viscosities
than those used in slot die and curtain coatings, and the gap
between the cast die and the moving substrate is larger than
that in slot die coating but smaller than that in curtain coating.
Hence, the fluid mechanics and flow phenomena of casting and
coating are expected to be significantly different.

Huang et al.”’ studied the fluid mechanics of Newtonian fluids
in solution casting. They determined the stable operating win-
dows in terms of the maximum operating speed as functions of
the material properties and operating variables. This study is an
extension of previous work on non-Newtonian fluids. The test
fluids were aqueous glycerol solutions of carboxymethylcellulose
(CMCQC) and polyacrylamide (PAA). The effects of shear thinning
and the viscoelasticity on the stable operating windows and the
casting defects were examined.

EXPERIMENTAL

The slot die used in this study was the same as that used in a
previous work.’® The casting solution emanated from the slot
die and was deposited on a moving poly(ethylene terephthalate)
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Table I. Physical Properties of the Test Solutions [CMC (DS = 0.7) and PAA Aqueous Solutions] with Different Glycerol Concentrations

Concentration of

Concentration of the Surface

Code glycerol (wt %) MW of CMC Test Solution (ppm) Density (kg/m?) tension (mN/m)

CMC aqueous solutions
A 90 — 0 1.233 x 103 62.4
CMC-1 90 250 x 10° 100 1.232 x 103 64
CMC-2 90 250 x 10° 500 1.233 x 103 64.2
CMC-3 90 250 x 10° 1000 1.230 x 103 64
CMC-4 90 250 x 103 1500 1.252 x 103 64.1
CMC-5 90 250 x 10° 2000 1.240 x 103 63.8
CMC-6 90 250 x 10° 3000 1.250 x 103 63.9
CMC-7 96.7 90 x 103 1000 1.252 x 103 ~64
CMC-8 84.5 700 x 103 1000 1.220 x 103 ~64

PAA aqgueous solution
PAA-1 91 — 60 1.245 x 103 64.4
PAA-2 90 — 100 1.242 x 103 64.3
PAA-3 89 — 120 1.240 x 103 63.7
PAA-4 98 — 60 1.240 x 103 63.5
PAA-5 98 — 100 1.260 x 103 63.6
PAA-6 97 — 120 1.256 x 103 63.8
PAA-7 50 — 1500 1.150 x 103 60.5

substrate. The quality of the liquid film on the substrate was
measured. Several blades were used to remove the cast liquid
film from the substrate. The substrate was then washed, dried,
and rewound. The proper design of the slot die was critical for
the successful casting operation.

The test fluids were aqueous glycerol solutions of CMC and
PAA. Three different molecular weights (MWs) and various
degrees of substitution (DSs) of CMC were used. These MWs
were 90,000, 250,000, and 700,000. The polymers were supplied
by Acros Organics (catalog numbers 332600010, 332610010,
332620010, 332630010, and 332640010). In addition, two differ-
ent PAA polymers with MWs of 5,000,000-6,000,000 and
18,000,000 were supplied (Polyscience, catalog numbers 02806-
250 and 18522-100). The molecular structures of the two poly-
mers were different, with CMC being semirigid and PAA being
flexible. Glycerol (Uni-Onward Co., XR-LGLY-20L) was added to
both polymer solutions to serve as a viscosity thickener. The PAA
solution with a high glycerol content exhibited a constant viscos-
ity and was elastic, which is characteristic of the ideal elastic fluid
developed by Boger.”' The procedure used by Tam et al.”> was
followed for the preparation of the PAA/glycerol solutions.

The poly(ethylene terephthalate) substrate was produced by Nan
Ya Plastic Co. (code BH-21). The film had a thickness of 50 um
and a surface energy of 38.9 mJ/m’. The contact angle with
water was 69.2°. All of the physical properties of the test solu-
tions were measured before the flow experiments. The surface
tension was determined by a surface tensiometer (Kyowa Inter-
face Science, CBVP-A3). The steady shear viscosity (1) and the
first normal stress difference (N;) as functions of the shear rate
(7) were measured with a cone-and-plate rheometer (TA Instru-
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ments, ARES-LS1). All of the physical data of the test solutions
are given in Table L.

RESULTS AND DISCUSSION

The CMC solutions were tested first to examine the effects of
their physical and rheological properties on the operating win-
dow. The rheological properties of the CMC solutions were
functions of the polymer and glycerol concentrations, DS, and
MW of the polymer.

It was reported that DS has little effect on the rheological proper-
ties of CMC solutions,” and this was confirmed in this study. The
effects of other physical and molecular properties are presented
here. Figure 1 shows the effects of the CMC concentration on 7
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Figure 1. Rheological properties, 7 and Ny, of the CMC solutions with
different concentrations (DS = 0.7, MW =250 X 10°, and 90% glycerol).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table II. Rheological Properties of the CMC and PAA Aqueous Solutions 10’ 10°

— -1

n I N1 = a";'m A s n

Code

o (mPa s)

n

a (Pa)

m

A
CMC-1
CMC-2
CMC-3
CMC-4
CMC-5
CMC-6
CMC-7
CMC-8
PAA-1
PAA-2
PAA-3
PAA-4
PAA-5
PAA-6

250
139.95
274.0
111 x 10°
1.56 x 10°
1.64 x 10°
5.45 x 10°
1.15 x 10°
1.03 x 10°
346.24
348.23
371.21
1.02 x 10°
1.48 x 10°
1.21 x 10°

~1
0.968
0.919
0.801
0.773
0.765
0.670
0.91
0.756
0.93
0.92
0.91
0.98
0.92
0.94

1.36
4.25

a

a

0.69
3.38
0.04
0.11
1.27
0.50
1.20
10.47

0.90
0.744
1.08
0.99
0.87
0.90
0.86
0.99

An em dash indicates that we could not detect the value because N4
was too low.
2No operating windows.

and Nj. The effect of shear thinning was more prnounced with
increasing CMC concentration. The CMC solution was not known
to be elastic at low polymer MW and concentration. N; was detect-
able only for the high-MW polymer solutions and at concentra-
tions greater than 500 ppm. Values of N; also increased with the
CMC concentration over the same ) ranges. As shown in Table I,
the density and surface tension remained relatively constant regard-
less of the polymer concentration. A simple rheological power law
model could be used to fit the 17 and N; data as follows:

T=pP" or n=pp7""! (1a)
Ni=aj" (1b)

where 7 is the shear stress and constant a characterize elasticity
property. The values of the fitted parameters, zero shear rate
viscosity py, power law index for viscosity #, and power law
index for elasticity m, for the CMC solutions are given in Table
II. We noted that the values of n and m were very close; this
indicated that the variations in 7 and the elasticity with y were
similar.

The effect of MW was examined with three 1000-ppm CMC
solutions with different MWs (CMC-3, CMC-7, and CMC-8,
respectively). The rheological properties of the three solutions
are presented in Figure 2 and Table II. The fluid consistency
(140) was maintained at around 1100 mPa s through adjustment
of the quantity of glycerol added. As shown in Figure 2, the
zero-1 values of the three solutions appeared to approach each
other but deviated significantly in their shear-thinning and elas-
tic regions; this depended on the polymer MW. Of the three
solutions, the one having the highest polymer MW (CMC-8)
exhibited the highest degree of shear thinning and the largest
value of N; over the same ) region.
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Figure 2. Rheological properties, 7 and Ny, of the CMC solutions with
three different MWSs at zero shear rate viscosity 17, ~ 1100 mPa s
(DS = 0.7 and concentration = 1000 ppm). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

The effect of the CMC concentration on the operating windows
is shown in Figure 3 for the three different casting gaps (Hs).
For mildly elastic fluids, the operating windows were larger
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Figure 3. Operating windows of the CMC solutions with different con-
centrations and Hs (MW =250 X 10°, DS=0.7, and 90% glycerol):
H = (a) 200, (b) 500, and (c) 1000 um. (q is flow rate/unit casting width
and v is casting speed) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41411


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

5

—=—CMC-3 H=400um
~—CMC-7 H=400um
& CMC-8 H= 400um
~4-CMC-3 H=1000um
—+-CMC-7 H=1000um

-=-CMC-8 H=1000um
0.5

0 10 20 40 50 60

30
v¥10? (m/s)
Figure 4. Operating windows of the 1000-ppm CMC solutions with dif-
ferent MWs at H=400 and 1000 um. (q is flow rate/unit casting width
and v is casting speed) [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

than those obtained for purely viscous fluids. In contrast, an
opposite phenomenon was observed for highly elastic fluids.**>”
Figure 3(a) shows that the casting of a mildly elastic, shear-
thinning solution (either CMC-1 or CMC-2) resulted in a sig-
nificant expansion of the operating window. For a small H
(200 um), the effect of N; was more pronounced because of
the higher apparent shear rate (7,.,). A stable operating win-
dow could not be obtained when the CMC concentration
exceeded 1000 ppm because of the high fluid elasticity. How-
ever, it was possible to obtain an operating window for the
same CMC solution when H was increased to 500 um. For the
larger H, 7. was only half of that for the smaller H at the
same casting speed. Hence, the impact of the elasticity was
only marginal. An optimum operating window appeared to
exist with a certain concentration of CMC solution having a
proper combination of viscous and elastic characteristics. Once
the optimum concentration was exceeded, the elastic effect
became predominant, and this resulted in a contraction of the
operating window and the appearance of casting defects.
Figure 3(b) displays the casting windows of various CMC
solutions obtained with an H of 500 um. The operating win-
dow reached its largest size at a CMC concentration of around
500 ppm. The optimal concentration shifted to around
1000 ppm when H was increased to 1000 um, as indicated in
Figure 3(c).

Figure 4 shows the effect of the MW of CMC on the operating
windows obtained for three CMC solutions (CMC-3, CMC-7,
and CMC-8) at two different Hs. For the smaller H (400 pum),
the operating window obtained for CMC-7 was the largest, as
the solution was only slightly elastic at a high shear flow. For
the larger H (1000pum), the same solution yielded the smallest
operating window because j was significantly lower when the
effect of the fluid elasticity was negligible. Under the same flow
conditions, the CMC solution with the intermediate MW
(CMC-3) was mildly elastic; this effect was responsible for the
window expansion. On the other hand, the elasticity level for
the solution of high MW (CMC-8) was still strong enough to
cause the window to contract.
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The maximum capillary number (Cap,.), defined in terms of
the maximum stable operating velocity (Vi,.,) and surface ten-
sion (o), is given by

. —1-
Camax _ n Vmax — HO(Vmax (Tn ¥ max (2)
H
where 7., 1s
. 12
Y max = r;;x (3)

Figure 5 shows the plots of Ca,,,, against H for various CMC
solutions. The operating window appeared to be influenced
only by the fluid elasticity when Ca,,., exceeded unity. Because
of the difference in the elasticity level, the largest operating win-
dows at H=500 and H=1000 pm were obtained for the
CMC-7 and CMC-4 solutions, respectively. When Ca,,,, was
less than unity, there was very little effect of the fluid elasticity
on the operating window.

An attempt was made to quantify the relative importance of the
elastic and viscous forces in solution casting with the local
Weissenberg number (Wi), and we evaluated at the local maxi-
mum casting speed for a flow rate (V,). Wi was defined as the
ratio of N to 7, as follows:

N N
Wi=— = ~_ (4)

T #O(j)a)n7 j)a

The local maximum speed of Ca was calculated as follows:

N

Caz s to0a)” T 5)
p o
H
where apparent shear rate (,) = V,/H.

Many researchers have adopted either a critical Deborah num-
ber or a Wi to characterize the onset of the flow instability in
free surface flow.® Figure 6 shows plots of Wi against Ca for
four CMC solutions at various Hs. For each CMC solution, Wi
appeared to increase with increasing polymer MW and concen-
tration but independent of Ca. The values of Wi were above
unity for the CMC-3, CMC-4, and CMC-8 solutions. The val-
ues of Wi of the CMC-8 (1000-ppm) solution were smaller
than those of the CMC-4 (1500-ppm) solution, although the

10

CMC-1 mCMC-2 mCMC-3

©CMC-4 CMC-7 E1CMC-8

camix

Ca,,~1

max’

200pm 1000pm

500pum
H

Figure 5. Cap,y values of the different CMC solutions. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 6. Wi versus Ca for the different CMC solutions. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

MW of CMC-8 was higher. This suggested concentration effect
was stronger than the MW effect on Wi.

To further assess the impact of the elasticity on the operating
window, the casting experiment was repeated with six high-
molecular-weight PAA glycerol solutions with different PAA
concentrations. The composition and physical properties of
these six solutions (PAA-1 to PAA-6) are listed in Table 1. The
rheological behaviors of these solutions are shown in Figure 7,
with the power law parameters given in Table II. All of these
solutions exhibited mild shear thinning but significant elastic
characteristics. The rheological characteristics of these solutions
resembled those of a Boger fluid.”*

The effect of H on the operating windows of the PAA solutions
was examined. For an H of 200 pm, we found that the fluid elas-
ticity increased substantially at high § s in the flow regime
between the die and the moving substrate. A ribbing defect was
observed for highly concentrated PAA solutions. It was not possi-
ble to obtain any stable operating window when the concentra-
tion of PAA exceeded 100 ppm. Stable operating windows could
only be obtained for solutions with PAA concentration below 60
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Figure 7. n and N; values of the PAA solutions. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Operating windows of PAA-1 through PAA-3 and 90% glycerol
aqueous solutions: H=(a) 400 and (b) 1000 pum. (q is flow rate/unit
casting width and v is casting speed) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

ppm. The defects observed outside the operating window for
these solutions were stable pooling and air entrainment in the
low- and high-speed limits, respectively. When H was increased
to 400 um or larger, the average 7. in the similar flow regime
decreased, and this resulted in a larger operating window.

The effects of H and the PAA concentration are shown in Fig-
ures 8 and 9. For clarity, the results obtained for the six PAA
solutions are presented in two figures. As shown in Figure 8(a),
the operating windows obtained for the three elastic solutions
(PAA-1, PAA-2, and PAA-3) were all larger than those obtained
for the Newtonian glycerol solutions with a small H of 400 pum.
However, for a larger H of 1000 um, only the PAA-1 solution
showed a substantial increase in the operating window size, as
shown in Figure 8(b). A similar behavior was observed for the
other three PAA solutions (PAA-4, PAA-5, and PAA-6), as
shown in Figure 9. The operating window did not expand con-
tinuously with increasing fluid elasticity. It reached a maximum
size at a certain optimum elastic level or polymer concentration,
beyond which an opposite trend was observed. These results
were consistent with those of Ning et al.>* and Yang et al.*® on
slot die coating. The size of the maximum operating window
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Figure 9. Operating windows of PAA-4 through PAA-6 and 96.25% glyc-
erol aqueous solutions: H = (a) 400 and (b) 1000 um. (q is flow rate/unit
casting width and v is casting speed) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

and the stable coating speed were dependent on the level of
fluid elasticity in the flow field or depended indirectly on the
polymer concentration and H spacing.

10
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Figure 10. Cay,.x values of the PAA solutions at Vi, [Color figure can

200pum

be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 11. Wi versus Ca for the different PAA solutions. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

Figure 10 shows plots of Ca,. versus H for all of the PAA solu-
tions, as shown in Figure 5 for the CMC solutions. The same
conclusion could be drawn that the effect of the fluid elasticity on
Vinax Was more pronounced when Ca,,,, was greater than unity.
It appeared that in the casting viscoelastic solutions, there existed
a competitive or synergetic effect between the viscous and elastic
forces in stabilizing the flow field between the die and the moving
substrate. A small elasticity level in the casting solution was able
to assist the viscous drag in stabilizing the flow but not at high
elasticity. This phenomenon was discussed in detail in the thesis
of Huang.”” We observed further that the upstream dynamic con-
tact angle was larger with increasing fluid elasticity. Air entrain-
ment occurred when the contact angle approached 180°.

Figure 11 shows plots of Wi against Ca for various PAA solu-
tions. The results were consistent with those of the CMC solu-
tions shown in Figure 6. They also indicated that over a large
range of Ca’s, Wi was independent of Ca, although a slight
downward trend was observed at higher values of Ca. The Wi’s
for the two concentrated PAA solutions (PAA 3 and PAA 6)
were well above unity.

An unusual defect was observed for the concentrated CMC
(1500 ppm) and PAA (2000 ppm) solutions. A photo image of
this defect is shown in Figure 12. The surface contour was
rather rough and distinct from the ribbing defect normally

-

Figure 12. Photo of the rough surface defect. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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observed in purely viscous solutions under the same operating
conditions. This new defect was designated as a rough surface.
At this stage, it was not clear what caused the appearance of
this surface defect. It was reported®® that the transition from
semidilute to concentrated regimes for CMC solutions occurs
around 1500 ppm. Without additional fundamental studies, it
seems reasonable to assume that the observed rough surface
defect could have been due to a combination of chain entangle-
ment, realignment, and breakup of polymer molecules at high
shear and in extensional flow fields.

CONCLUSIONS

The operating windows in solution casting with non-
Newtonian, viscoelastic CMC and PAA in aqueous glycerol solu-
tions were experimentally investigated. We found that the cast-
ing of a shear-thinning fluid with a slight elasticity was able to
substantially expand the stable operating windows but not the
casting of a fluid with high elasticity. There was a competitive
or a synergetic effect between the viscous and elastic forces in
controlling the size of the operating window. When Ca was
greater than unity, an elastic force exerted by the fluid assisted
the viscous force in the expansion of operating window. The
strength of the elastic force could be represented in terms of
Wi, which was dependent on the MW and molecular structure,
and on the polymer concentration. A new rough surface defect
was observed for certain concentrated CMC and PAA solutions;
this was attributed to the chain entanglement, alignment, or
breakup of the polymer molecules.
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