
Phase Diagrams of Poly(ethylene-co-vinyl alcohol) and
Dimethylformamide Solutions Exhibiting Both
Liquid–Liquid and Solid–Liquid Phase Separation
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ABSTRACT: The binary solutions of poly(ethylene-co-vinyl
alcohol) (EVOH), with 38 and 32 wt % ethylene content, and
N,N-dimethylformamide were submitted to experiments to
determine the cloud temperature by optical microscopy and
the dynamic crystallization temperature by differential scan-
ning calorimetry (DSC). The thermally induced phase separa-
tion (TIPS) process was used with the EVOH/DMF solutions
that showed liquid–liquid phase separation at temperatures
higher than EVOH crystallization and with a decrease of the
temperature-UCST behavior. The binary interaction model
was applied to estimate the interaction energy densities (B)
considering both intermolecular (ethylene-Et/DMF and vinyl
alcohol-VA/DMF) and intramolecular (Et/VA) interactions.
According to this model the liquid–liquid line for the EVOH-

38/DMF solutions should be situated at higher temperatures
in comparison with EVOH-32/DMF solutions. Moreover, the
phase separation results from low affinity between the hydro-
phobic segments of EVOH and the segments of the copolymer
containing hydroxyl or the solvent. The equilibrium melting
temperature of EVOH increases with the increase of EVOH
volume fraction in the solution. This effect is more pro-
nounced for EVOH-32/DMF solutions, which means that
there is an influence of the VA content in EVOH during the
melting. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 1787–
1795, 2010
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INTRODUCTION

Poly(ethylene-co-vinyl alcohol) (EVOH) copolymers
show good thermal stability, high chemical resistance
and have been used as a food packaging material
because of their excellent gas barrier properties and
harmlessness toward health. EVOH membranes have
attracted interest from the fields of biomedical science
and water treatment because of good blood compati-
bility and hydrophilicity,1,2 respectively. These
copolymers are essentially randomic and are semi-
crystalline over the entire range of composition,
despite the irregularity and nonstereospecificity of
the vinyl alcohol segments distributed in the EVOH
copolymer chain.3 Nevertheless, knowledge of EVOH
phase behavior during technical processing is of con-
siderable importance and, for this reason, the study of
EVOH/diluent phase diagrams is a research subject
in polymer science.4

The thermally induced phase separation (TIPS)
process is one of the most popular methods to study
phase separation of the polymer solutions and to de-

velop microporous membranes.5–7 TIPS can proceed
via either solid-liquid (S-L) or liquid-liquid (L-L)
phase separation.8 Solid–liquid phase separation
results from the crystallization of the polymer from
the homogeneous solution and the driving force for
this phase separation is the difference in the chemi-
cal potential of the polymer in the crystalline and
solution phases.9 Liquid–liquid phase separation
results from the thermodynamic instability of the
polymer-solvent system by the decrease of the tem-
perature (upper critical solution temperature – UCST
behavior) or from an increase of the temperature
(lower critical solution temperature – LCST behav-
ior). For semicrystalline polymers, L-L phase separa-
tion is accompanied by simultaneous or subsequent
polymer crystallization.8,10

Thermodynamics is a powerful tool to describe the
phase behavior of solutions allowing prediction of the
temperature, composition and shape of phase boun-
daries, such as the equilibrium melting temperature
and crystallization temperature for a semicrystaline
polymer in S-L phase separation, as well the spinodal
and binodal curves for L-L phase separation.8

EVOH copolymers possess a limited miscibility
with others polymers, because of the high density of
hydrogen interactions between the hydroxyl groups.
However, there are not many studies in the litera-
ture that attempt to investigate the EVOH tendency
to immiscibility in relation to the other polymers
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and solvents. Our research group has been trying to
elucidate the possible interactions between EVOH
copolymers, with ethylene content in the range of
27–44 mol %, and others polymers, like EVOH/
PMMA blends.11 For this pair, the results from dif-
ferential scanning calorimetry (DSC) and dynamical
mechanical analyses (DMA) show that all the blends
prepared by mechanical mixing are heterogeneous.11

Blends obtained by casting showed a bilayer and
porous structure.12 This behavior could be attributed
to unfavorable hydrophobic–hydrophilic interactions
involving the ethylene segments of EVOH and the
PMMA chains.

The aim of this work is to investigate the phase
behavior of EVOH/DMF solutions and to use the bi-
nary interaction model13 to show the importance of
considering the internal segment–segment interac-
tion of copolymers in the phase separation behavior
of EVOH/DMF solutions. Moreover, the melting
point depression method described by Hoffman-
Weeks14 was used to determine the equilibrium
melting temperature of the pure EVOH copolymers
and EVOH in EVOH/DMF solutions, allowing
analysis of the influence of the EVOH composition
on the temperature of solid–liquid (S-L) phase
separation.

EXPERIMENTAL

The polymers used in this work were commercial
products whose properties are listed in Table I.

Preparation of the binary solutions

Defined amounts of EVOH and DMF were added to
a tube, heated at 453 K, under constant stirring, and
maintained for 2 h to get a homogeneous mixture.
The EVOH volumetric fractions (/EVOH) in the bi-
nary solutions were 0.08, 0.16, 0.25, 0.34, and 0.44.

Differential scanning calorimeter (DSC)

MDSC 2910 TA Instruments equipment was used to
determine the solution dynamic crystallization tem-
perature (Tcd). The samples was sealed in hermetic
aluminum pans and the experiments were per-
formed according to the following program: (a) ini-
tial temperature of 303 K; (b) first heating: heating

rate of 10 K min�1 to 453 K; (c) cooling: cooling rate
of 10 K min�1 to 248 K; (d) second heating: heating
rate of 10 K min�1 to 453 K. The results reported in
this work correspond to the cooling and second
heating runs. All DSC curves were normalized with
respect to the sample mass.

Optical microscopy (OM)

The binary solutions were placed between a pair of
microscope coverslips. A Teflon ring of 100 lm
thickness was used between the coverslips to pre-
vent the evaporation of DMF. The sample was
heated on a hot stage at 453 K for 1 min to assure
homogeneity. Then it was cooled to 293 K at a con-
trolled rate of 10 K/min. A Linkam CSS-450 control-
ler connected to the Nikon E800 microscope was
used to control the temperature. Cloud point tem-
peratures (Tcloud) were visually determined by the
appearance of turbidity. These experiments were
done in triplicate. The loss of solvent during the
experiments was gravimetrically monitored and the
value was kept around 2%.

Equilibrium melting temperature
determination (t0m)

Isothermal crystallization was performed on the
MDSC 2910 TA Instruments equipment based on the
melting point depression method described by Hoff-
man-Weeks.14 The experiments were performed for
each composition at four different crystallization
temperatures (Tc) according to the following pro-
gram: (a) heating rate of 10 K min�1 in the tempera-
ture range of 303–453 K; (b) cooling rate of 20 K
min�1 to desire Tc for each composition, following
by an isothermal period of 30 min; (c) heating rate
of 10 K min�1 to obtain the melting temperature.

RESULTS AND DISCUSSION

Phase diagram determination

Experimental phase diagrams of EVOH-38/DMF
and EVOH-32/DMF solutions are shown in Figure
1, through the liquid–liquid (L-L) and solid–liquid
(S-L) phase separation temperatures that were

TABLE I
Properties of EVOH

Polymers
Ethylene
(mol %) Nomenclature Source

Mw

(g/mol)a
Mn

(g/mol)a Mw/Mn
a

EVOH 32 EVOH-32 Aldrich 94,000 65,000 1.5
38 EVOH-38 Aldrich 95,000 65,000 1.5

a GPC in N,N-dimethylformamide at 313 K.
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determined by optical microscopy (Tcloud) and DSC
(Tcd), respectively.

All the EVOH/DMF solutions are homogeneous at
temperatures higher than the cloud points tempera-
tures, point (a) in Figure 1. As the temperature drops,
the solution goes from one homogeneous and transpar-
ent phase to the situation of phase segregation, a typi-
cal UCST- behavior. Moreover, the phase diagram
shows that the L-L phase separation takes place before
crystallization of EVOH. Thus, point (b) in Figure 1,
has coexisting liquid phases and while at point (c) at
least one of the phases presents a crystal portion.

At temperatures between the L-L and S-L phase
separation lines the EVOH/DMF solutions become a
white and very viscous gel. The phases could not be
separated, even under centrifugation. Therefore, the
composition of the phases could not be determined.

Matsuyama et al.5 investigated the phase diagrams
of the binary solutions, EVOH-32/1,3-propanediol
and EVOH-32/1,3-butanediol, with similar concen-
trations of the EVOH/DMF solutions used in this
work. The dynamical crystallization temperature
(Tcd) was determined by DSC measurements. No
structure was detected by optical microscopy at tem-
peratures higher than the crystallization tempera-
ture. Therefore, the apparent binodal line probably
exists in the lower temperature region. According to
the authors the porous structures in these two sys-
tems were formed by EVOH crystallization rather

than by L-L phase separation. EVOH-32/1,3-butane-
diol solutions showed a dynamic crystallization tem-
perature higher than that of the EVOH-32/1,3-pro-
panediol solutions and this was explained based on
the higher difference in solubility parameters (d) in
the EVOH-32/1,3-butanediol solutions in compari-
son with the value for EVOH-32/1,3-propanediol
solutions. This means that the miscibility between
EVOH-32 and butanediol is lower, which leads to the
higher crystallization temperature. In this case, both
the solvents are diols and their hydroxyls can be associ-
ated through hydrogen bonding or with the hydroxyl
groups of the EVOH chains. This fact does not exclude
the possibility of hydrogen bonding between the
EVOH chains themselves, which means that there
must be a strong competition among the possible com-
binations of hydroxyls. In the EVOH/DMF solutions a
fraction of hydrogen bonding involving hydroxyls is
replaced by interactions between the hydroxyls of
EVOH and the carbonyls of DMF.
The phase diagram for EVOH/DMF solutions

(Fig. 1) shows, for the same composition, that the L-
L phase separation curve for EVOH-38/DMF solu-
tions occurs at a slightly higher temperature than for
EVOH-32/DMF solutions. As the copolymers have
similar molar masses, the difference of the cloud
point temperature could be attributed to the solubil-
ity parameters of EVOH-38, EVOH-32, and DMF,
Table II.

Figure 1 A: Experimental phase diagrams of EVOH/DMF solutions. Cloud points temperatures (Tcloud) (——) and (- - -)
and dynamic crystallization temperature (Tcd) (n) and (4) as a function of EVOH volume fraction ((EVOH), for EVOH-
38/DMF and EVOH-32/DMF solutions, respectively; B: liquid–liquid phase separation region of EVOH/DMF solutions.
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As the ethylene content in EVOH increases the
solubility parameter decreases and shows values
more distant from DMF, leading to worse affinity.16

Thus, the line of the L-L phase separation for
EVOH-38/DMF solutions may be shifted to higher
temperatures compared with EVOH-32/DMF
solutions.

In general EVOH-38/DMF and EVOH-32/DMF
solutions crystallize at similar temperatures. How-
ever, EVOH-32 has a concentration of hydroxyl
groups higher than EVOH-38, increasing the density
of hydrogen interactions for the pair EVOH-32 and
DMF. At the same time, the increase in the amount
of hydroxyl groups encourages EVOH self crystalli-
zation from solution.

The phase behavior of EVOH/DMF solutions
seems to be more complex in comparison with
EVOH/diols solutions, reported by Matsuyama
et al.5 EVOH/DMF solutions present L-L phase sep-
aration followed by crystallization of EVOH, prob-
ably in a liquid phase richer in EVOH. While the
EVOH/diols solutions undergo S-L phase separation
in the temperature range around 373 K, higher than
that observed for EVOH/DMF solutions.

To better understand the role of interactions
between ethylene and the hydroxyls in vinyl alcohol
and between ethylene and DMF on the phase behav-
ior of EVOH/DMF solutions, the binary interaction
model, proposed by Paul and Barlow13 to predict
the miscibility of blends formed by homopolymers
and copolymers was used. Similarly, this model was
successfully used by Lv et al.17 to predict the phase

behavior of EVOH/1,4-butanediol, EVOH/1,3-pro-
panediol and EVOH/glycerol solutions, considering
the intermolecular and intramolecular interactions.

Binary interaction model

As far as the phase behavior of copolymer mixtures
is concerned, both intermolecular and intramolecular
interactions of component units of copolymers
should be considered. The existence of the window
of miscibility in copolymer-homopolymer blends has
been rationalized in thermodynamic terms by means
of a binary interaction model and other similar
approaches.13 In the case of copolymer-diluent sys-
tems like EVOH/DMF, the binary interaction model
could be used, replacing the homopolymer by the
solvent, DMF. This model considers the intermolecu-
lar and intramolecular interactions between the eth-
ylene (Et) and vinyl alcohol (VA) segments imposed
by the covalent bond in EVOH.17

The binary interaction model for the heat of mix-
ing can be extended to a multicomponent mixture as
follows9:

DHm

V
¼

X

i>j

Bij/i/j (1)

where V is the total molar volume of the mixture ¼P
i>j Vi

8
:

9
;. The right side of eq. (1) excludes terms

with i ¼ j and double counting of terms with i dif-
ferent from j. B is the binary interaction energy den-
sity12 and is also related to the Flory-Huggins inter-
action parameter, v, by:

B ¼ RT
v
V1

(2)

where V1 is the molar volume of the solvent.
According to the concept of binary interactions,

for a binary mixture of random copolymer EVOH,
consisting of comonomer 1 (ethylene) and

TABLE II
Solubility Parameters10,15

Polymer Solubility parameters [(MPa)1/2]

EVOH-32 22.6
EVOH-38 22.0
polyethylene 15.8
poly(vinyl alcohol) 25.8
DMF 24.8

Figure 2 Scheme of the binary interaction model for the physical situation involving a copolymer in solution.12
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comonomer 2 (vinyl alcohol), and a solvent 3 (DMF),
the scheme of the physical situation of the solutions
may be represented by Figure 2.

Thus, the binary interaction energy density B can
be expressed by:

B ¼
XInter

i>j

Bij/i/j�
XIntra

i>j

Bij/i/j

¼ B13/1 þ B23/2 � B12/1/2 (3)

where B12, B13 and B23 are the interaction energy
densities between 1 and 2, 1 and 3 and 2 and 3,
respectively. For the estimation of these B, Hansen
solubility parameters18 are applied to get more accu-
rate values.

Bij ¼ ðddi � ddjÞ2 þ 0; 25ðdpi � dpjÞ2 þ 0; 25ðdhi � dhjÞ2
(4)

The solubility parameter components dd, dp and dh
represent the strength dispersion, dipolo moment
and the contributions of polar groups, respectively.18

Equation (4) predicts only positive values for B and
consequently for v [eq. (2)]. Table III lists the solubil-
ity parameters of the comonomers and solvent.

The values of inter- and intrasegmental binary
interaction energy densities, Bij, were obtained
according to eq. (4). The evolution of the B term
with the vinyl alcohol (VA) volume fraction in the
copolymer can be calculated using eq. (3). All these
values are listed in Table IV.

Intersegmental B (BEt/DMF and BVA/DMF) and
intrasegmental B (BEt/VA) are considered independ-

ent of the composition of the solution. Figure 3
shows the B values as a function of EVOH volume
fraction in the EVOH/DMF solutions.
EVOH-38/DMF solutions show B, and therefore v,

values higher than EVOH-32/DMF solutions. This
difference between the values for both solutions with
comparable concentrations increases as the amount of
EVOH increases. The binary interaction model pro-
vides that the L-L phase separation for EVOH-38/
DMF solutions is located at higher temperatures and
not occur only as a consequence of hydrogen bonding
between the hydroxyls of EVOH, but also by interac-
tions between Et and VA and interactions between
the comonomers (Et and VA) and DMF (Table IV).
The interactions between VA and DMF should be

responsible for the solubility of EVOH in DMF at high
temperatures, as B23 shows a lower value than B12

and B13. As can be seen, the binary interaction model
appropriately describes the experimental data (Fig. 1)
in the sense that copolymers with lower VA content
(EVOH-38) should be more immiscible with DMF.

Equilibrium melting temperature determination

The experimental data shows an increase in the
dynamic crystallization temperature of EVOH with
the increase of copolymer in the binary solutions,
Figure 1. In the same way, the melting temperature
(Tm) decreases as the EVOH concentration decreases
in the EVOH/DMF solutions, Figure 4, as conse-
quence of the chemical potential.
The depression of the melting point may be

explained in terms of thermodynamic mixing, by the
exothermic interaction between a crystalline polymer-
solvent and by two other effects: (i) the kinetic effects
associated with the presence of crystals formed at tem-
peratures below the crystallization isothermal tempera-
ture; and (ii) the morphologies that are associated with
changes in crystal perfection or geometry and with dif-
ferent thermal histories of the sample.12,19,20

Apparently, there is no difference between the Tm

of EVOH/DMF solutions for both copolymers.

TABLE III
Hansen Solubility Parameter for Ethylene, Vinyl

Alcohol, and DMF18

Material dd (MPa)1/2 dp (MPa)1/2 dh (MPa)1/2

Vinyl alcohol 16.0 14.3 23.9
Ethylene 17.0 0 0
Dimethyformamide 17.2 15.6 21.3

TABLE IV
Intersegmental and Intrasegmental Binary Interaction Energy Densities for EVOH/DMF Solutions

Copolymer Solvent
BEt/VA

(J m�3)
BEt/DMF

(J m�3)
BVA/DMF

(J m�3) /Et /VA /DMF B (J m�3)

EVOH-38
(Et38/AV/DMF)

DMF 196.48 174.42 3.55 0.03 0.05 0.92 5.12
196.48 174.42 3.55 0.06 0.10 0.84 9.64
196.48 174.42 3.55 0.09 0.16 0.75 13.44
196.48 174.42 3.55 0.13 0.21 0.66 18.06
196.48 174.42 3.55 0.17 0.27 0.56 21.60

EVOH-32
(Et32/AV/DMF)

DMF 196.48 174.42 3.55 0.03 0.05 0.92 5.12
196.48 174.42 3.55 0.05 0.11 0.84 8.03
196.48 174.42 3.55 0.08 0.17 0.75 11.88
196.48 174.42 3.55 0.11 0.23 0.66 15.03
196.48 174.42 3.55 0.14 0.30 0.56 17.23
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However, the values should also reflect the kinetic
and morphological effects. To analyze the influence
of the ethylene content on the melting temperature
these effects were removed or minimized by con-
struction of the Hoffman–Weeks plot, using the
melting temperature as a function of crystallization
temperature for pure EVOH and for EVOH in the
solutions isothermally crystallized at different tem-
peratures (Tc).

18

According to the phase diagram, Figure 1, the
solid-liquid phase separation occurs at the L-L phase
separation region. In principle, EVOH could crystal-
lize in both phases, but the phase richer in EVOH
crystallizes at higher temperature. Thus, the
observed crystallization was due to the EVOH crys-
tallization in the phase richer in EVOH. Moreover,
there is no evidence of further crystallization at
temperatures below 284 K, which means that the
crystallization of the lean phase in EVOH was not
detected.

The isothermal crystallization was performed in
four different temperatures. However, the tempera-
tures do not differ from each other more than 3 K.
Thus, the composition of the more viscous phase
(phase richer in EVOH) should not differ signifi-
cantly. This hypothesis is reinforced by the observa-
tion of good data correlations shown in Figure 5.

The equilibrium melting temperature, Tme
0 and

Tme, for pure EVOH and EVOH in the solutions,

respectively, are determined by the extrapolation of
the experimental curve to the curve corresponding
to Tm ¼ Tc, Figure 5, assuming perfect crystals with
finite size and fully chain extended. Moreover, there
is no recrystallization during the melting run.19,21

The equilibrium melting temperatures (T0
me)

obtained for pure EVOH-38 and EVOH-32 are 455 K
and 460 K, respectively. The equilibrium melting
temperatures (Tme) for the EVOH/DMF solutions as
a function of the EVOH volume fraction is shown in
Figure 6.
Figure 6 shows that the equilibrium melting tem-

perature of the solutions increases with the increase
of EVOH volume fraction in the solution. This effect
is more pronounced for EVOH-32/DMF solutions,
which means that there is an influence of the vinyl
alcohol content in EVOH during the melting. In gen-
eral, higher melting temperature of a polymer can
be due to higher lamellar thicknesses.22 Thus, the
higher melting temperature of the EVOH-32 in com-
parison with EVOH-38 in the solutions is due to the
higher amount of vinyl alcohol segments and, conse-
quently, to the higher lamellar thicknesses of the
vinyl alcohols crystals.

Morphology of the EVOH/DMF solutions

EVOH-32/DMF and EVOH-38/DMF solutions con-
taining /EVOH ¼ 0.16 and /DMF ¼ 0.84 were

Figure 3 Binary interaction energy density (B) as a func-
tion of EVOH volume fraction (uEVOH) for the binary solu-
tions: (n): EVOH-38/DMF and (~) EVOH-32/DMF.

Figure 4 Melting temperature (Tm) obtained, at a heating
rate of 10 K min�1, as a function of EVOH volume fraction
(uEVOH): (n) EVOH-38/DMF and (~) EVOH-32/DMF.
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submitted to the same cooling program from 453 K
to investigate the L-L phase separation by the TIPS
process through optical microscopy. The samples

were cooled from the homogeneous region at cool-
ing rate of 10 K min�1 to a desired temperature and
kept for 20 min in the indicated temperature. Figure

Figure 5 Hoffman-Weeks plots for EVOH isothermally crystallized in the solutions: (A) EVOH-38 and (B) EVOH-32, (C)
EVOH-38/DMF, and (D) EVOH-32/DMF. EVOH volume fraction (/EVOH): (h) 0.08; (*) 0.16; (~) 0.25; (5) 0.34 and (h)
0.44.

PHASE DIAGRAMS OF EVOH AND DMF SOLUTIONS 1793

Journal of Applied Polymer Science DOI 10.1002/app



7 shows the micrographs of EVOH/DMF solutions
at different temperatures in the phase diagram
region between the L-L and S-L lines.
The morphology of EVOH-32/DMF and EVOH-

38/DMF solutions at 378 K indicates interconnected
and continuous phases, which are typical of phase
separation by the spinodal decomposition mecha-
nism and is related to the L-L phase separation by
the TIPS process. The micrographs at 343 K show an
increase in the contrast between the interconnected
phases formed due to the higher difference in the
phases compositions. However, the dimensions of
the phases seem not to change probably due to the
formation of a gel phase, rich in EVOH. Thus, there
is no coalescence of the phases during the experi-
ments. All EVOH/DMF solutions with different
compositions showed similar behavior.

CONCLUSIONS

Binary solutions, EVOH/DMF, showed phase sepa-
ration with a decrease of the temperature, UCST
behavior. The L-L phase separation was observed at
temperatures higher than EVOH crystallization, pos-
sibly as a result of the competition between hydro-
gen bonding of the hydroxyls in EVOH chains and

Figure 6 Equilibrium melting temperature (Tme) obtained
by Hoffman-Weeks plots for EVOH isothermally crystal-
lized in the solutions, as a function of EVOH volume frac-
tion (uEVOH): (n) EVOH-38/DMF and (~) EVOH-32/DMF.

Figure 7 Optical micrographs of EVOH/DMF solutions, containing uEVOH ¼ 0.16 and uDMF ¼ 0.84, as a function of tem-
perature. Cooling rate of 10 K/min.
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between the hydroxyls and carbonyls in EVOH and
DMF, respectively. Moreover, as the ethylene content
in EVOH increases the solution becomes less miscible,
because of the lower affinity between the copolymer
and solvent. The binary interaction model provides
L-L phase separation for EVOH-38/DMF solutions at
temperatures higher than for EVOH-32/DMF solu-
tions, which describes appropriately the experimental
phase diagram obtained. This result indicates that the
copolymers with lower VA content should be more
immiscible with DMF. The equilibrium melting tem-
perature of pure EVOH-32 is higher than pure
EVOH-38. The same behavior is observed in their bi-
nary solutions, which reflects the influence of the
vinyl alcohol content in EVOH during melting.

The authors are grateful to Dr. C.H. Collins for manuscript
revision.
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