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Abstract

Viscoelastic relaxations of three samples of vinyl alcohol–ethylene copolymers, richer in the former comonomer, were studied in a wide
range of temperature. The temperature location, intensity and apparent activation energy of the distinct relaxations found are discussed and
compared with those of the homopolymers, poly(vinyl alcohol) and polyethylene. Differential scanning calorimetry and X-ray diffraction
results of the specimens are also discussed in the frame of the dynamic mechanical analysis, showing that the polymorphism exhibited in
some copolymers is a result of the thermal treatment.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The relationship between composition and properties of
vinyl alcohol–ethylene (VAE) copolymers is a topic of
increasing interest, owing to the great potential of those
copolymers as barrier materials used in foods and phar-
maceuticals packaging. The gas barrier properties of VAE
copolymers are enhanced in samples with composition rich
in vinyl alcohol, around 60–80 molar fraction, as occurred
in the samples studied by Se´gueláet al. [1] and in the present
work.

The composition peculiarities of VAE copolymers can be
adequately studied by dynamic mechanical analysis. This
technique allows to elucidate the different motions taking
place in the macromolecular chain, which are affected by
the possible presence of sorbed water tied by hydrogen
bonds to the vinyl alcohol moieties. Taking into account
the three mechanical relaxations exhibited in both “parent”
homopolymers—poly(vinyl alcohol) and low-density poly-
ethylene—the study of viscoelastic relaxations of VAE
copolymers in comparison to those of homopolymers
seems to be an adequate route to assess the influence of
composition in the mechanical properties of VAE copoly-
mers. This type of study has been only partially undertaken
in a recent paper [1].

The present paper scans the dynamic mechanical
behavior of three samples of VAE copolymers and two of

the “parent” homopolymers, relating the results to those
obtained either by differential scanning calorimetry (DSC)
or X-ray diffraction (XRD). The latter technique is very
useful to detect the polymorphism shown by these copoly-
mers, reported extensively by us elsewhere [2].

2. Experimental

Three commercially available VAE copolymers, VAE1,
VAE2 and VAE3 (from Solvay, Kuraray and Du Pont,
respectively), were used. Table 1 shows the composition
in vinyl alcohol determined by means of1H and 13C NMR
spectroscopies as well as the other characteristics of the
samples supplied by the manufacturers. Sheet specimens
were obtained as films by compression molding in a Collin
press between hot plates (2108C) at a pressure of 2.5 MPa
for 15 min.

Each one of the VAE samples was crystallized under two
different conditions (Q and S). The first treatment, Q,
consisted of fast cooling between plates cooled with water
after melting in the press. The S specimens were slowly
cooled from the melt at the inherent rate of the press. The
corresponding cooling rates were, approximately, 100 and
2.58C min21 for the Q and S specimens, respectively.

The “parent” homopolymers, poly(vinyl alcohol),
(PVAL), and polyethylene, (LDPE), were commercial
grades and, for LDPE, the manufacturing conditions
(pressure and temperature) were similar to those used for
the production of the VAE copolymers studied. The PVAL
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homopolymer samples were obtained by melt compression
under the same conditions than those of VAE copolymers.
On the other hand, LDPE films were obtained by melt
compression at 1408C.

The molded homopolymers and copolymers were
characterized by DSC and XRD. The thermal properties
were carried out in a Perkin–Elmer DSC7 calorimeter,
connected to a cooling system and calibrated with different
standards. To avoid differences in the glass transition and
melting temperatures caused by variations in sample weight,
the mass of the sample was fixed at approximately 6 mg in
all the experiments. The heating rate used was 108C min21.
The values of the glass transition and melting temperatures
gathered together to the melting enthalpy are shown in
Table 2. On the other hand, X-ray patterns at wide angles
were recorded at room temperature with an X-ray diffract-
ometer from Philips Co. equipped with a Geiger counter
detector, using nickel-filtered CuKa radiation.

Viscoelastic properties were measured with a Polymer
Laboratories MK II dynamic mechanical thermal analyzer
working in a tensile mode. The complex modulus and the
loss tangent (tand) and of each sample were determined at
3, 10, 30 Hz over a temperature range from2150 to 1508C
at a heating rate of 28C min21. The specimens used were
rectangular strips 2.2 mm wide, around 0.18 mm thick and
over 13 mm long. The apparent activation energy values
were calculated according to an Arrhenius-type equation,
employing an accuracy of 0.58C in the temperature
assignment of tand maxima.

3. Results and discussion

The DSC melting curves of the different VAE copoly-

mers and the two homopolymers are displayed in Fig. 1 for
the quenching treatment. The glass transition temperature in
PVAL is observed around 728C while those of copolymers
are ranging within 50–608C, depending on composition
(Table 2). The melting temperatures,Tm, of the crystalline
phase are clearly affected by vinyl alcohol content increas-
ing as such a comonomer in the copolymers does. However,
Tm is not influenced by the thermal treatment [2–4].

The X-ray patterns of specimens slowly cooled from the
melt are shown in Fig. 2. PVAL-S exhibits a monoclinic
crystal lattice while LDPE-S is presenting an orthorhombic
one. Copolymers with higher vinyl alcohol content, VAE1-
S and VAE2-S (see Table 1), crystallize in the same type of
lattice than PVAL-S homopolymer under the conditions of
this particular thermal treatment. Since ethylene comono-
mer units are increased in VAE3, the cocrystallization of
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Table 1
Vinyl alcohol (VAL) composition and sample characteristics of VAE copolymers

Copolymer Composition (fVAL ) Density (g cm23) Melt flow index (g 10 min21)

Nominal 1H NMR 13C NMR

VAE1 0.71 0.76 0.77 1.196 2.8
VAE2 0.68 0.73 0.72 1.190 3.1
VAE3 0.56 0.61 0.62 1.150 16

Table 2
Thermal properties: glass transition temperatures (Tg), melting tempera-
tures (Tm) and enthalpies of melting (DH) of Q and S VAE copolymers
specimens (estimated errors: temperatures^18C; enthalpieŝ 4 J g21)

Sample Tg (8C) Tm (8C) DH (J g21)

VAE1-Q 57 188 75
VAE1-S – 188 75
VAE2-Q 57 183 76
VAE2-S – 183 75
VAE3-Q 52 166 72
VAE3-S – 166 74

Fig. 1. DSC curves corresponding to the two homopolymers and the three
copolymer specimens quenched from the melt. From the top to the bottom:
poly(vinyl alcohol) (PVAL-Q); vinyl alcohol–ethylene copolymers
(VAE1-Q, VAE2-Q, VAE3-Q); and low-density polyethylene (LDPE-Q).
Q stands for “fast cooling”.



both comonomers does not take place into a monoclinic
lattice but an orthorhombic crystalline cell [2,3,5]. On the
other hand, the three VAE copolymers quenched from the
melt display an orthorhombic crystal lattice, as depicted in
Fig. 3. There is a change in crystal lattice depending upon
composition, just mentioned, in addition to a change in
crystal lattice upon thermal treatment. The polymorphism
exhibited by these copolymers is not the usual one of two
different unit cells with well-defined lattice parameters.
VAE1 and VAE2 show a continuos change of some of the
lattice constants, caused by the influence of the cooling
rate [2].

Some important data representing the dynamic mechan-
ical behavior of the investigated materials are listed in
Tables 3 and 4. Temperature location, intensity, apparent
activation energy and storage modulus of the distinct relax-
ation processes are gathered together to storage modulus at
low temperature, where no viscoelastic mechanism is taking
place, and at high temperature after the glass transition. Fig.
4 shows storage and loss moduli and loss tangent for one of
the parent homopolymers, PVAL-Q, at the different experi-
mental frequencies used while Fig. 5 is displaying the same
parameters in LDPE for both thermal treatments. On the one

hand, PVAL-Q shows three relaxation mechanisms at253,
82 and 1138C (tand results at 3 Hz), being named asb, a
and a 0 in order of increasing temperatures. On the other
hand, other three viscoelastic relaxations (on loss tangent
basis) are found for LDPE at approximately2120,210 and
378C, though the two latter processes are overlapped,
mainly in specimens that slowly cooled from the melt. In
this case, the relaxations have been labeledg, b and a,
respectively. Fig. 6 depicts the two viscoelastic mechanisms
exhibited in the three VAE copolymers, at approximately
225 and 508C (3 Hz) also considering loss tangent results.
These peaks are termedb anda, as referred in our preli-
minary results [6]. Moreover, VAE3 for both thermal treat-
ments, as represented in Fig. 7, displays an additional
relaxation at lower temperatures, around21258C, being
namedg. In Figs. 4–7, it can be seen that the evolution of
the storage modulus is in accordance with that of the loss
modulus and tand , showing inflexions at temperatures
approximately similar to those of the corresponding relaxa-
tion loss peaks. The different observed relaxation processes
are analyzed separately as follows.

3.1.g relaxation

The relaxation at the lowest temperature takes place
exclusively in LDPE and VAE3, as mentioned above and
depicted in Figs. 5–7.g relaxation in LDPE has been attrib-
uted to crankshaft movements of polymethylenic chains [7].
Despite the vast amount of work which has now been
published concerning theg relaxation in polyethylene,
there is no clear consensus concerning the details of the
underlying motional process [8,9]. There is, however, a
body of opinion which support one or more of the various
model for restrictedconformationaltransitions such as kink
inversion and formation, and crankshaft motions involving
either three or five chain bonds [10–13]. The position of the
g loss peak and the calculated low activation energy suggest
for VAE3 copolymer the same molecular origin. This type
of motion requires chains containing sequences of, at least,
three or more methylenic units. Due to this requirement, the
g relaxation is only displayed in the sample with the highest
ethylene content, VAE3, and its magnitude is very weak.
There is not significant effect of thermal treatment on this
relaxation process, as seen in Table 3 and Fig. 7. No mention
of suchg relaxation has been made in a recent study on this
type of copolymers within a similar composition range [1].
In addition, thisg process has been also found in polyesters
containing oxyethylene spacers, where the oxygen atom
plays an equivalent role than methylenic groups [14,15],
and it has been associated with kink formation, inversion
and migration in amorphous regions [16].

3.2.b relaxation

The b relaxation is very broad in all the samples
analyzed. A different origin of this relaxation process has
to be noted in PVAL and in both LDPE and the three VAE
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Fig. 2. X-ray diffraction patterns of the different samples slowly cooled
from the melt. From the top to the bottom: poly(vinyl alcohol) (PVAL-
S); vinyl alcohol–ethylene copolymers (VAE1-S, VAE2-S, VAE3-S); and
low-density polyethylene (LDPE-S). S stands for “slow cooling”.



copolymers. On the one hand, theb mechanism in PVAL
has been attributed either to hindered rotations of water
molecules bound by hydrogen bonds to the polymer chains
[17,18] or to local torsion movements around main chain
bonds [19]. On the other hand, theb relaxation has been
universally detected in branched polyethylenes at tempera-

tures around2208C but it sometimes appears, though
weakly, in some samples of linear polyethylene. From the
study of various polyethylenes and their copolymers, it has
been concluded that this relaxation results from motions of
chain units in the interfacial region [20,21]. The temperature
location of theb peak and a higher value of the apparent
activation energy suggest a mechanism for the VAE
copolymers similar to that found in LDPE.

Any conclusive tendency cannot be established with the
composition and thermal treatment. As detailed in Table 3,
VAE1 and VAE2 show close values for both thermal treat-
ments. As vinyl alcohol content is decreased, in the case of
VAE3, thisb relaxation is located at lower temperature. For
VAE3-S specimen, this relaxation appears at slightly lower
temperature, such as in LDPE case. It suggests a higher
mobility in the interfacial phase of the most perfect crystal-
line samples than that found as the sample was quenched
from melt. This feature is not exhibited by VAE1 and
VAE2, being possible that the different crystalline lattice
developed for these copolymers by changing the cooling
procedure [2] is responsible for the difference.

3.3.a relaxation

Thea relaxation is considered as the glass transition of
the three copolymers and PVAL sample, due to its sharp-
ness, to the correspondingly strong decrease of the storage
moduli at the relaxation maximum, as observed in Figs. 4, 6
and 7, and to the high value of the apparent activation
energy, as listed in Table 3. Nevertheless, the mechanism
associated to this relaxation in LDPE is different and it
involves motions within crystalline regions [22].

The temperature of thea relaxation increases with the
vinyl alcohol content, approaching the glass transition
temperature of PVAL. This feature is due to the major
rigidity of vinyl alcohol as consequence of the intra and
intermolecular hydrogen bonds. As the ethylene content is
diminished the flexibility in the chains is reduced, so as the
mobility.
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Fig. 3. X-ray diffraction patterns of the different samples quenched from the
melt. From the top to the bottom: poly(vinyl alcohol) (PVAL-Q); vinyl
alcohol–ethylene copolymers (VAE1-Q, VAE2-Q, VAE3-Q); and low-
density polyethylene (LDPE-Q). Q stands for “fast cooling”.

Table 3
Relaxation temperatures, intensities (tand basis, at 3 Hz) and activation energies for the different relaxation processes in the homopolymers and the three VAE
copolymers. The numbers in parentheses refer to the relative values of tand

Sample fVAL T (8C) tand DH (kJ mol21)

g b a a 0 g b a a 0 g b a a 0

PVAL-Q 1.00 – 253.0 82.0 113.0 – 0.022 (2.41) 0.36 (40.0) 0.32 (35.9) – 50. 400 –a

VAE1-Q 0.77 – 222.5 48.0 – – 0.046 (2.98) 0.18 (11.4) – – 110. 400 –
VAE1-S 0.77 – 218.0 59.5 – – 0.037 (3.36) 0.12 (10.9) – – 80 . 400 –
VAE2-Q 0.72 – 220.5 48.0 – – 0.045 (2.99) 0.18 (11.8) – – 110. 400 –
VAE2-S 0.72 – 217.0 55.0 – – 0.048 (4.00) 0.13 (11.1) – – 105. 400 –
VAE3-Q 0.62 2125.0 228.5 45.5 – 0.020 (1.02) 0.050 (2.59) 0.18 (9.3) – 25 95. 400 –
VAE3-S 0.62 2125.0 231.0 49.5 – 0.020 (1.21) 0.040 (2.50) 0.12 (7.4) – 25 90. 400 –
LDPE-Q 0.00 2122.0 28.0b 37.5 – 0.046 (1.40) 0.133 (4.02)b 0.25 (7.5) – 60 230 105 –
LDPE-S 0.00 2121.5 212.5 37.5b – 0.044 (1.22) 0.081 (2.26) 0.16 (4.4)b – 60 240 – –

a Tand maximum values are not observed at the three frequencies.
b Tentative assignation in the inflection point.



Thea relaxation is also sensitive to the thermal treatment,
as seen in Fig. 7. The slowly cooled from the melt copoly-
mers present a higher crystallinity [2,23] and larger and
more perfect crystallites [2,4] than those quenched. Conse-
quently, the glass transition temperature is shifted towards
higher temperatures in these slowly cooled specimens
because of their higher crystallinity, their large crystallites
and the major motion constraints imposed to the amorphous
phase, where the relaxation process takes place. In addition,

the difference in the temperature location of thea process
for S and Q samples increases as the vinyl alcohol content
does (see Table 3). It has been attributed to the crystal lattice
change occurring under the experimental thermal treatments
imposed for obtaining the Q and S specimens. The mono-
clinic cells seem to cause greater restrictions in the amor-
phous phase than the orthorhombic ones. These mobility
reductions also provoke a broadening in the relaxation
times distribution and, consequently, thea relaxation
process becomes broader, as it can be observed in Fig. 7.
Moreover, the intensity of thea peak, considering tand
values, increases in the rapidly cooled samples, Q, due to
its major content in amorphous phase.

The modulus drop between the glass and the rubbery
states ranges from two to three decades. This remarkable
reduction of modulus is due to the initiation of micro Brow-
nian motions of the molecular chains from the frozen state
when increasing temperature. Thus the storage modulus
decreases rapidly, and the loss modulus and tand exhibit
maxima at the glass transition temperature depending on
structure and flexibility of the molecular chain.

Table 4 shows an anomaly from the theoretical expecta-
tions in VAE1 and VAE2 at the lowest temperatures. Ther-
mal treatment and composition are not the two exclusive
factors determining the storage modulus behavior.
Quenched specimens display higher storage moduli than
slowly cooled VAE1 and VAE2. This feature points out
as responsible for the change in crystalline lattice with ther-
mal treatment, being tougher the quenched copolymers at
such low temperatures. Related to copolymer composition is
the fact that VAE3-S (which presents an orthorhombic crys-
tal cell, see Fig. 2) exhibits a higher value at21008C than
VAE1 and VAE2 (crystallizing both of them in a monocli-
nic system), as depicted in Fig. 4. Nevertheless, the
expected tendency is shown as no polymorphism occurs.
Therefore, storage modulus is higher in VAE3-S than in
VAE3-Q, as observed in Fig. 7. Composition has been
found to be an important parameter in the three quenched
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Table 4
Storage modulus values at different temperatures (at 3 Hz): those at which the distinct relaxation processes occurred, in the minimum value ofE00, at21008C
(where no relaxation mechanism is taking place) and at 808C (after the glass transition process)

Sample fVAL E0 (MPa) E0 (MPa) (inE00min� E 021008C (MPa) E0808C (MPa)

g b a a 0

PVAL-Q 1.00 – 6500 610 90 5300 7400 780
VAE-1-Q 0.77 – 5650 1060 – 3800 7650 500
VAE-1-S 0.77 – 5150 1240 – 3850 6900 710
VAE-2-Q 0.72 – 5250 830 – 3600 6950 330
VAE-2-S 0.72 – 4850 1380 – 3700 6300 620
VAE-3-Q 0.62 7050 4500 740 – 2700 6500 280
VAE-3-S 0.62 7750 4950 1150 – 3350 7100 600
PE-Q 0.00 3350 560 90 – – 2600 25a

PE-S 0.00 3850 920 200 – – 3000 30b

a 628C is the last temperature measured.
b 758C is the last temperature measured.

Fig. 4. Temperature dependence of the complex modulus and loss tangent
of poly(vinyl alcohol) (PVAL-Q) at the three different frequencies. Q
stands for “fast cooling”.



VAE copolymers (all of them crystallize in an orthorhombic
lattice as seen in Fig. 3), and consequently, storage modulus
value increases as the vinyl alcohol content increases. At
higher temperatures, as mobility is larger, the storage
moduli exhibit the expected behavior.E0 increases as
vinyl alcohol content does and, in addition, its value raises
in specimens slowly cooled.

3.4.a 0 relaxation

The relaxation at the highest temperature is only observed
in PVAL. It has been assigned to motions within the crystal-
line phase being caused either by the relaxation of hydrogen
bonds between the hydroxylic groups in this phase [24,25]
or to movements close to the crystal lamellae surface [26].
When studying the copolymers after the glass transition,
tand values start to increase but no other relaxation takes
places under these particular experimental conditions.

4. Conclusions

Two relaxation mechanisms have been found in the three
VAE copolymers investigated:b anda in increasing order
of temperatures. The former relaxation is attributed to
motions in the interfacial phase while the latter is associated
to the glass transition process of such copolymers. An
additional relaxation at very low temperature (around
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Fig. 5. Temperature dependence of the complex modulus and loss tangent
of low-density polyethylene LDPE, for the two thermal treatments, Q and S,
fast and slow cooling, respectively.

Fig. 6. Temperature dependence of the complex modulus and loss tangent
of the three vinyl alcohol–ethylene copolymers (VAE1-S, VAE2-S, VAE3-
S). S stands for “slow cooling”.

Fig. 7. Temperature dependence of the complex modulus and loss tangent
of vinyl alcohol–ethylene (VAE3) copolymer for the two thermal treat-
ments, Q and S, fast and slow cooling, respectively.



21258C) is observed in VAE3, the copolymer with the high-
est ethylene content. This process is only occurring in VAE3
because sequences of, at least, three methylenic units in the
amorphous region are more probable in this copolymer.

The a process is dependent upon composition and
thermal treatment. Thea relaxation is shifted to higher
temperatures as vinyl alcohol content increases in the co-
polymer because this is the taut comonomer unit. Tempera-
ture at which the maximum is located is higher in a slowly
cooled than in a quenched specimen, for a particular co-
polymer, because of a major constraint on the amorphous
phase since a larger crystallinity and crystal size is found in
such specimens. A higher temperature difference has been
observed between S and Q specimens in VAE1 and VAE2
than in VAE3, being attributed to the polymorphism
exhibited in the two first copolymers with the thermal treat-
ment. The intensity of thea relaxation is also influenced by
thermal treatment. The slowly cooled specimens present a
lower intensity since this mechanism, associated to the
amorphous phase, is larger in Q than in S specimens.
Some anomalies found in storage modulus values at the
lowest temperatures are also attributed to the polymorphism
exhibited in these VAE copolymers.
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