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ABSTRACT : A systematic study was carried out to determine the influence of a casting solvent
on film properties. Thin films of celiulose acetate butyrate were cast from six different solvents.
The results of stress-strain measurements indicate that the films cast from a methylene chloride
solution have the hest mechanical properties while the films from polar solvents are brittle. To elu-
cidate the solvent effects on the mechanical properties of the films, water vapor permeability, den-
sity, and thermal behaviors of the films were investigated. Scanning electron microscopic study was

employed to obtain an insight into the film structure.

Introduction

The ever rising demand for polymeric materials
to deliver optimum performance in their fields of
application is nowhere more pronounced than in
the area of coatings. Here, the technology as-
sociated with the application and use of coatings is
further complicated hy rules of environmental con-
servation, which are narrowing and redefining the
range of acceptable solvents. Therefore, attention
is focused on the response of polymer film prop-
erties to the solvents from which these films are
formed. Solvents for coatings have been regarded
as a source of unwanted expense and simply as a
means to permit application of polymeric materials
to a surface. The actual facts show that solvents
go far beyond this simple function.! Solvents have
important effects upon mechanical properties,™
permeability,** and surface properties of films,
such as smoothness, gloss, and hardness."”

The purpose of this study is to investigate the
morphology of the polymer films, cast from wvari-
ous solvents to explain the effect of the nature of
solvents on the structure and properties of poly-
mer films. The scope of this research includes stu-
dies of physical and mechanical properties, scan-
ning electron microscopic studies, and thermal
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analysis. Cellulose acetate butyrate {CAB) was
chosen for the present study because it is widely
used in lacquers and is soluble in various common
solvents. CAB also has the advantage of being
chemically stable during of the experiments. The
solvents employed in the study were methylene
chloride, ethyl acetate, dioxane, acetone, nitro-
methane, and dimethylformamide.

Experimental

Materials. The cellulose acetate hutyrate em-
ployed in this study was Eastman CAB 381-2 with
acetyl content 13.5%, butyryl content 37.0%, and
hydroxyl centent 1.5%. Viscosity average molec-
ular weight was determined to be 3.6x10'g/mol
in acetone. All solvents used in the present study
were reagent grade and used without further pu-
rification.

Film Preparation. CAB polymer solutions  in
each solvent were cast on a photographic paper
with a doctor blade and allowed to dry for one
week. The photographic paper, bearing a polymer
film was placed between wet blotting sheets for 30
minutes, then the film was stripped from the pho-
tographic paper without subjecting it to any
mechanical stresses.” The free films were dried
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again for at least one week before use. The fin-
ished films had a thickness ranging from 25 to 50
um. In order to find out the effect of the nature of
substrates on mechanical properties of films, CAB
films were also prepared by casting on a glass
plate coated with polyvinyl alcohol (PVA}. After
the film was allowed to dry for one week, the glass
plate was immersed in water for 30 minutes and
then the film was freed from the PVA coated glass
surface with the aid of a razor blade. The mechan-
ical and physical properties of films prepared in
this way were compared with those prepared using
the photographic paper method. It was found that
the properties of films were not affected by the na-
ture of substrates. Unless otherwise indicated, all
data obtained were for the films prepared by the
photographic paper method.

Tensile Tests. Stress-strain measurements
were made with Medel 1130 Instron at 25°C and
50% relative humidity. Tensile strips, which were
trimmed with a razor blade from the film, were 3.5
cm X (1.5 cm. The initial length between grips was 2
em apd a strain rate was 0.5cm/min. The ex-
perimental results represent arithmetic mean
values of at least 15 measurements for each sam-
ples.

Water Vapor Permeability. Water vapor per-
meability was measured using an aluminum Payne
cup of 10cm® area and 1.5cm height. Each cup
contained 7 mL. distilled water and was sealed by
the test film, The tests were conducted in a desic-
cator using calcium sulfate as a desiccant at 25 °C.
In all cases, the side of the film originally in con-
tact with the substrate faced water. The cups seal-
ed with the films were weighed everyday and the
weight loss was recorded.

Film Density Measurements. A small piece of
test specimen was placed in a glass vial containing
sodium bromide salt solution. The vial was placed
in a water bath and maintained at 25 °C {£0.01 °C).
If the film sank, the salt solution of greater con-
centration was added; if it rose, distilled water was
added. The procedure was continued until the
specimen remained stationary for at least 2 hours.
Then the specific gravity of the salt solution was
determined with a pycnometer,

Residual Solvents and Moisture Contents of
Films. The amount of a residual solvent in the
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polymer films was determined using a Hewlett-
Packard 5710-A Gas Chromatograph equipped with
a pyrolysis unit (HP-18580A). A small piece of
film was inserted into the pyrolysis chamber, and
chamber was heated up to 200 °C. The amounts of
a solvent in the films were calculated from the
peak area by comparing to that for known amount
of a pure solvent. The moisture content of CAB
films was determined according to the procedure
of ASTM D-1364-58 using a Karl-Fisher titrimeter.

Instrumentation. Scanning electron micro-
graphs (SEM) were taken of cross-sections of the
films by using AMR Model 1000A instrument. The
films were fractured in liguid nitrogen to avoid de-
formation of structures. Calorimefric measure-
ments were made on a Perkin-Elmer DSC-1B. The
analyses were carried out in a nitrogen at-
mosphere with a heating rate 10 °C/min.

Results and Discussion

Figure 1 illustrates the stress-strain curves for
CAB films cast from various solvents. This figure
shows some striking effects of a solvent choice on
mechanical properties of polymer films. The ul-
timate elongation of the film cast from a methyl-
ene chloride solution is 13 times larger than that
from a nitromethane solution, and toughness of the
film from methylene chloride is much greater than
those from other solvents. This finding indicates
that mechanical properties of the polymer films
can be modified by just changing a casting solvent.
CAB films with the best mechanical properties
were obtained from the polymer solution in methyl-
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Figure 1. Stress-strain curves of CAB films cast from a)
nitromethane, b) acetone, ¢) dioxane, d) methylene chlo-
ride, e} ethy! acetate.
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ene chloride out of six casting solvents in-
vestigated. Films from ethyl acetate exhibit high
elongation to break but low tensile strength, and
those from dioxane have high tensile strength but
low elongation to hreak. Brittle films with low ten-
sile strength and elongation to break are obtained
from the solutions in polar solvents, such as
acetone, nitromethane, and dimethylformamide
{DMF). Films from DMF exhibit extremely brittle
characteristics and could not be prepared for the
tensile test. Since there exist many experimental
evidences to show that structures and properties
of a cast film may be originated from structures
formed in solutions,”* a thermodynamic quality of
the casting solvents and concentrated solution
viscosities were investigated. However, it is dif-
ficult to find any correlations between the results
of the mechanical properties of the films and the
solution properties.”

To investigate whether differences in the
amount of residual solvents or moisture in the cast
films affect the stress-strain test results, the resid-
ual solvent and moisture contents in the films
were determined using the gas chromatography
and the water titration method, respectively. As
shown in Table I, no correlations are observed
between the order of the casting solvents in the
results of the tensile test (tensile test order?
methylene chloride, ethyl acetate, dioxane, acetone,
nitromethane, DMF} and the order of the amount
of a residual solvent in the films. Furthermore, the
amount of residual solvents in all CAB films seems
to be too small to affect the mechanical properties
of the films. The moisture content of films was
about the same for all films within an experimen-
tal error. It is thus evident that the differences in
residual solvents or moisture contents in the films
are not a source of explanation for the ohserved
differences in mechanical properties of the films

Table 1. Residual Solvent and Moisture Contents of

CAB Films
solvent residual solvent{%) moisture{%)
methylene chloride 0.04 1.36
ethyl acetate 0.01
dioxane 0.07 1.39
acetonc 0.01 1.35
nitromethane 0.13 1.38
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cast from different solvents.

In order to obtain an insight into film structure,
SEM studies of an edge of the films were carried
out. As shown in SEM photomicrographs (Figure 2),
the cross-sections of CAB films which were frac-
tured in liquid nitrogen to prevent the deformation
of the structure exhibit significant differences
along with casting solvents. The films from methyl-
ene chloride, ethyl acetate, and dioxane show uni-
form structures while those from acetone, ni-
tromethane, and DMF contain voids. It may be in-
formative to compare the stress-strain results
with the sturctures revealed by electron mi-
croscopic studies. The films from methylene chlo-
ride, which have the hest mechanical properties,
are free of voids. The films from ethyl acetate and
dioxane, which also show uniform structures, have
high elongation to break and high tensile strengths
respectively. On the other hand, the films from
acetone, nitromethane, and DMF contain many
voids and exhibit poor mechanical properties.
These observations indicate that there is a good
correlation between the mechanical properties of
the films and the film structures revealed by SEM.
Especially, ultimate elongations of the fiims can be
correlated very well with the size of voids. As the
void size increases, the ultimate elongation of the
film decreases. Because a large portion of the films
with voids does not contain a polymer to provide a
strength, these fiims have poor mechanical prop-
erties. It is thus not surprising that such films turn
out to be imferior to the more uniform ones in
mechanical terms. Therefore. the reason for the
differences in mechanical properties of the films
cast from different solvents can be explained by
the scanning electron photomicrographs of cross-
sections of those films.

The rate of water vapor permeation through
CAB films cast from various solvents were studied
to understand packing structures of polymer
chains, As seen in Figure 3, the water vapor per-
meability of the films changes with the nature of
casting solvents. The rate of permeability were
found to be in the following order; the highest for
films from methylene chioride, then from ethyl
acetate, from nitromethane, and the lowest from
acetone. At first glance, these data seem to con-
tradict the results of the SEM studies because the
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D
Figure 2. SEM photographs (X2,000) of cross-sections of CAB films cast from a) methylene chloride, b) ethyl acetate, c)
dioxane, d) acetone, ) nitromethane, £} DMF.
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Figure 3. Water vapor permeability of CAB films cast
from a) methylene chloride, b) ethyl acetate, ¢) nitrometh-
ane, d) acetone.
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films from polar solvents, such as acetone and ni-
tromethane, contain voids but transmit less water
than those from methylene chloride which de not
contain any voids. However, it may be explained in
terms of the differences in submicroscopic fea-
tures of the polymer matrix. Although films from
polar solvents contain voids, the polymer matrix in
the film is composed of a dense polymer structure.
Since the voids are not interconnected throughout
the film, the water molecules must penetrate the
film through the polymer matrix. Therefore, the
rate of permeation of water molecules through the
film is mainly governed by the packed structure of
the polymer, that is, the availability of free volume
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Table II. Densities of CAB Films

solvent density{g/cm®)
methylene chloride 1.209
ethyl acetate 1.211
dioxane 1.211
nitromethane 1.212
acetone 1.213

in the polymer matrix. Based on such an explana-
tion, it can be deduced from the water vapor per-
meability results that the films from polar solvents
have denser packed structures which are respon-
sible for the low water vapor permeability, while
films from methylene chloride have a looser pack-
ed structure. This loosely packed structure of poly-
mer chains is responsible for the higher water va-
por permeability through the film from methylene
chloride, although this film does not contain any
voids as shown in the SEM picture.

Table II contains the densities of films from six
different casting solvents. Even though differences
in the experimental values of film densities are
small, such differences were clearly observed in
the floatation experiment. It is interesting to see
that the lowest density was obtained for the film
from methylene chloride and it does not contain
any voids, whereas the films from polar solvents
have many voids and higher densities. Therefore,
in order to have higher densities than the Ffilms
without any voids, the films from polar solvents
must have densely packed sturctures because such
films lose masses by the presence of voids. The
result of the film density data correlates very well
with the water vapor permeability result. The
films from methylene chloride were lower in den-
sity and higher in water vapor permeability than
the films from polar solvents. As indicated by its
lower density, the former can be considered to
have more free volume than the latter. Therefore,
the more rapid penetration of water molecules
through the less dense film is consistent with this
viewpoint.

It is worth noting that the order of values of the.

water vapor permeability and densities for the
films 1s the same for that found in the tensile test
and the order of the size of voids in the films.
Only the films from nitromethane have somewhat
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Figure 4. DSC thermograms of CAB films cast from a)
methylene chloride, b) ethylacetate, c) dioxane, d) acetone,
e} nitromethane, f) DMF.
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higher values of water vapor permeahility and low-
er densities than those from acetone considering
the size of voids. Since films from nitromethane
contain much larger voids than those from acetone,
it is expected that the voids in the former have a
much greater contribution to the results of water
vapor permeability and densities than the latter.
Therefore, even if the films from nitromethane
have a more densely packed structure than those
from acetone, the former have higher water vapor
permeability and lower densities.

Thermal behaviors of CAB films from varicus
solvents were studied by using DSC (Figure 4).
The thermograms of CAB films displayed an en-
dothermic peak whose size and position vary with
the casting solvents. The films from methylene
chloride show the smallest melting peak area and
the lowest melting peint, while those from DMF
have the largest ones. Since the presence of an en-
dothermic transition indicates that an ordered
structure is formed in the films, the film from
methylene chloride may have the smallest and
least perfect domains of order. The observation of
the largest heat of fusion and the highest meting
point for the CAB film from DMF suggests that it

Korea Polym. J., Vol. 4, No. 1, 1996
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contains the greatest fraction of material in an or-
dered state and the largest domains of order.
These findings are in good agreements with the
results of the observations in density, water vapor
permeability, and SEM studies. Densely packed
structures possess strong intermolecular bondings
between polymer molecules and thus reduce the
freedom of chain segments and molecular mobility,
resulting in the higher transition temperatures. On
the other hand, intermolecular forces in loosely
packed structures are weak, requiring a low tem-
perature and heat to break these interactions. It is
thus clear that the films from methylene chloride,
which have the lowest melting point and heat of fu-
sion, have a loosely packed structure; while the
films from polar solvents, which have higher melt-
ing points and heats of fusion, have denser packed
structures. This explanation is consistent with
those of water vapor permeability and density.
Furthermore, the order of the values of melting
point and heat of fugion is exactly the same as that
of the void size in the films. As the size of the
voids increases, the melting point and heat of fu-
sion of the films increase. These results lead to a
conclusion that the larger voids in the CAB films
the more tightly packed structure those films have.

Conclusions

The effects of casting solvents on structure and
properties have been studied for the CAB films. It
appears that the nature of a given solvent for CAB
is the prime factor which determines film prop-
erties such as mechanical properiies, permeability,
density, and surface properties. The ultimate elon-
gation and toughness of the films cast from a
methylene chloride solution are much greater than
those from polar solvents. This finding indicates
that mechanical properties of the polymer films
can be modified by just changing a casting solvent.
In order to elucidate the solvent effects on the
mechanical properties of the films, the structure of
the films has been investigated using SEM, water
vapor permeability, density, thermal behavior stu-
dies.

The films from methylene chloride have a uni-
form structure while the films from polar selvents
contain many voids in the films. These SEM stu-
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dies provide a reason for the differences in
mechanical properties of the films from different
solvents. Although the films {rom methylene chlo-
ride have a uniform structure, these films have
higher water vapor permeability and smaller den-
sity compared to the films with voids. Based on
these ohservations, it can be deduced that the
films from polar solvents have denser packed struc-
tures which are responsible for the lower water va-
por permeability and higher densities, while films
from methylene chloride have a looser packed
structure. This loosely packed structure of poly-
mer chains is responsible for the higher water va-
por permeability and lower density, although the
films from methylene chloride do net contain any
voids. Such an explanation is supported hy the
results of the DSC studies. The films from methyl-
ene chloride exhibit the lowest melting point and
heat of fusion indicating a loosely packed structure
of polymer chains, while the films from polar sol-
vents show higher melting points and heats of fu-
sion. The results of four different experimental
methods, i.e. tensile test, water vapor per-
meahility, density, and thermal analysis are con-
sistent with one another for films from different
solvents. Furthermere, the order of values of each
tests for the films from six different solvents cor-
relates with each other. These data are well cor-
related to the size of voids in the sturcture re-
vealed by SEM. Ultimate elongations of the films
are also well correlated with the size of voids. As
the void size in the films increases, ultimate elon-
gation and permeability of the films decreases
while density and melting peint increase.
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