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ABSTRACT: The morphologies of a number of high barrier ethylene—vinyl alcohol food packaging films
with different ethylene contents have been evaluated by simultaneous WAXS/SAXS, FT-IR, DSC, and
Raman spectroscopy. This rather descriptive pioneering study was aimed at the understanding of the
morphological changes that occur in these polymers as a result of temperature, humidity, and combination
of temperature and humidity treatments. From the results, the temperature effect was, as expected,
found to improve polymer crystalline morphology, leading to a higher, denser, and more stable crystallinity.
Lower ethylene content copolymers underwent partial solid—solid phase transition toward a more
thermodynamically stable monoclinic morphology upon sufficient annealing. On the other hand, moisture
sorption was found to result in melting of ill-defined crystals, particularly for the lowest ethylene content
copolymers. This water sorption-induced crystal melting process has not been reported before and was
seen to be largely suppressed by enhancing crystal stability. Combined temperature and humidity effects,
as those for instance generated in retorting autoclaves, were found to dramatically deteriorate the polymer
crystallinity, irrespective of initial crystal robustness. By making use of simultaneous time-resolved WAXS/
SAXS experiments during in-situ retorting of a water-saturated EVOH copolymer with 32 mol % of
ethylene, it was found that heated moisture weakened very readily the polymer crystalline morphology,
which melted around 80 °C below its actual melting point.
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Introduction

Ethylene—vinyl alcohol copolymers are a family of
random semicrystalline materials with excellent barrier
properties to gases and hydrocarbons and with out-
standing chemical resistance.! EVOH copolymers are
commonly produced via a saponification reaction of a
parent ethylene-co-vinyl acetate copolymer, whereby the
acetoxy group is converted into a secondary alcohol.
These materials have been increasingly implemented
in many pipe and packaging applications where strin-
gent criteria in terms of chemical resistance and in gas,
water, aroma, and hydrocarbon permeation are to be
met. In particular, the copolymers with low contents of
ethylene (below 38 mol % ethylene) have outstanding
barrier properties, under dry conditions, compared to
other polymeric materials. The crystalline morphology
of these copolymers is relatively well-known across
composition and has been the subject of two previous
studies.?3

An important application of these materials is as
barrier layer in multilayer structures to be used in
various packaging designs for foodstuffs. The presence
of EVOH in the packaging structure is key to food
quality and safety because it reduces the ingress of
oxygen and the loss of aroma components during
extended package shelf life. Despite the low gas per-
meation, EVOH copolymers generally show poor mois-
ture resistance. The appetite for water of these mater-
ials, which results in a high water uptake, leads to
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deterioration of the gas barrier performance in high
relative humidity environments.* This deterioration is
thought to derive from the fact that the inter- and
intramolecular hydrogen bonding (so-called self-associa-
tion) provided by the hydroxyl groups is intercepted by
water molecules. This interaction strongly reduces
interchain cohesion and mechanical integrity and incre-
ments the fractional free volume of the polymer (plas-
ticization effect) for the permeants to travel across
polymer packages. The plasticizing effect of water on
the barrier properties of EVOH is time-dependent,
especially if the hydrophilic layer is protected by a water
barrier such as polypropylene as in the case of packages
for food retorting. When such retortable packs (contain-
ing aqueous foodstuffs) are subjected to steam retorting,
water passing through the protective hydrophobic layer
is thought to be sorbed on the EVOH layer in such
guantities that the barrier layer becomes quite perme-
able to oxygen. The rate of water release through the
outer polypropylene layer becomes very slow on cooling,
so the oxygen permeability can remain elevated for
many weeks.> Tsai and Jenkins® reported that the
oxygen barrier of retortable packages containing an
EVOH barrier layer was initially reduced by 2 orders
of magnitude when these containers were subjected to
steam or pressurized water during thermal processing,
and during long-term storage (>200 days) the barrier
was partially recovered (by a factor of 10).

Despite the extensive characterization of the effects
on barrier properties that humidity and combined
temperature and humidity environments can have on
these materials, there is very little understanding of the
actual morphological consequences. Yet, only a sound
knowledge about these morphological effects can help
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designing appropriate and effective strategies to protect
the materials from undesirable property damages. In
this context, the main aim of this novel study is to shed
light onto the fundamentals of the structural changes
that occur in these copolymers upon direct exposure to
(i) thermal treatments, (ii) moisture sorption, and (iii)
combination of temperature and humidity, i.e., during
retorting processes.

Experimental Section

Materials. Six different commercial ethylene—vinyl alcohol
copolymer grades (Soarnol) supplied by The Nippon Synthetic
Chemical Industry Co., Ltd. (NIPPON GOHSEI) (Japan), were
analyzed: EVOH26, EVOH29, EVOH32, EVOH38, EVOH44,
and EVOHA48, where the number indicates the mole percentage
of ethylene in the copolymer composition.

Two types of sample morphologies were used in the present
work: (i) Coextruded EVOH films (ca. 10 um thickness)
between polypropylene layers with no adhesive for easy
delamination of the high barrier layer prepared at NIPPON
GOHSEI and (ii) compression-molded plates (ca. 1 mm thick-
ness) obtained by both rapid cooling (quenched in water) to
mimic extrusion conditions on crystalline morphology and slow
cooling (15 °C/min) from the melt to obtain a more thermody-
namically stable crystalline morphology. Samples were, unless
otherwise stated, dried at 70 °C in a vacuum during a week
before undergoing testing. The reason for studying extruded
thin film samples is that most food packaging applications of
these materials are presented in this form.

Methods. The materials were thermally treated under dry
and humid conditions in a conventional oven (annealing) and
in a sterilization autoclave (retorting), respectively.

DSC experiments were carried out in a Perkin-Elmer DSC-7
calorimeter. The heating and cooling rate for the runs was 10
°C/min, the typical sample weight being around 8 mg. Calibra-
tion was performed using an indium sample. All tests were
carried out, at least, in duplicate.

Raman measurements were carried out with an NIR-FT-
Raman Perkin-Elmer Spectrum 2000 instrument equipped
with a diode pumped Nd:YAG laser PSU with a spectral
resolution of 2 cm~. Transmission FT-IR experiments were
recorded under a Ny-purged environment with a Bruker
Tensor 37 equipment with 1 cm~? resolution.

Simultaneous WAXS and SAXS experiments were carried
out at the synchrotron radiation source in the polymer beam
A2 at Hasylab (DESY) in Hamburg (Germany). Scattering
patterns were recorded using a one-dimensional detector and
an incident radiation wavelength, 4, of 0.15 nm. WAXS and
SAXS data were corrected for detector response and beam
intensity and calibrated against PET and rat tail standards,
respectively. Determination of the long period was derived
from background-subtracted and Lorentz-corrected SAXS
data.” Temperature scans were also carried out at 5 °C/min
on dry (sandwiched between aluminum foil) and in water
saturation conditions for EVOH32 films. Water saturation
conditions during the temperature experiment were ensured
by sealing a water-saturated specimen in excess of moisture
between “Kapton” polyimide films and O-rings rubber seals
inside typical screwed rectangular cell compartments designed
for measuring liquids as a function of temperature, available
at the station.® Experiment success was checked by observation
of constant background intensity over the experiment and
presence of moisture in the cell after termination of the
thermal experiments, which indicated that moisture did not
leak off the cell during the temperature run. The cited
conditions are thought to closely simulate circumstances
occurring during industrial retorting processes.

Results and Discussion

Temperature Effect. Figure 1 shows WAXS and
SAXS (as inset) patterns of the EVOH26 film after
annealing for 20 min at different temperatures. These
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Figure 1. WAXS and SAXS raw patterns (inset) of annealed
for 20 min EVOH26 at, from bottom to top, 100 (dry sample),
120, 135, and 160 °C.

annealing steps reproduce potential retorting condition-
ings given to these materials but without the water
vapor factor. From this Figure 1, a progressive strength-
ening of the WAXS crystalline and SAXS patterns and
a shift to higher repeat distances of the SAXS peak
maximum can be seen upon increasing annealing tem-
perature. In fact, the crystalline morphology is seen to
partially evolve from a defective orthorhombic morphol-
ogy, a result of crash cooling, toward the monoclinic unit
cell typical of the slow cooled material?> and thermody-
namically more stable.

This kinetically slow thermally induced solid—solid
phase transition evolution is more clearly revealed at
the highest annealing temperatures by both broadening
of the (110) reflection and shift to higher angle of the
(200) reflection and has been reported before upon
annealing of an EVOH32 sample during sufficient time
at relatively high temperature.® The above phase trans-
formation evolution was only observed for EVOH26,
EVOH29, and less clearly for EVOH32, the other
samples remaining orthorhombic throughout annealing.
The broadening of the (110) reflection is, in this case,
due to early splitting of this into the two monoclinic
reflections (110) and(110). These changes in the crystal-
line morphology cannot be observed during a typical
temperature scan of the samples, even at the relatively
slow ramp speed of 5 °C/min (see later in text), because
of its rather slow kinetics. Quantification of crystallinity
was attempted in compression-molded specimens but is
not shown due to difficulties in setting a soundly
justified position during curve fitting for the amorphous
halo. The complex issue of rigorous crystallinity deter-
mination for these polymers will be the topic of a
separate study. Nevertheless, Figure 2 shows the evolu-
tion of the unit cell parameters a and b (the c axis is
considered to be the fiber period of the planar zigzag
chain conformation and is estimated from the literature
to be a constant at 2.54 A)23 and the lattice volume as
a function of ethylene content and annealing tempera-
ture. The a and b axes were determined from the (200)
and (110) crystallographic planes at angles ca. 22° and
21°, respectively.

From this figure, it can be observed that a contraction
of the a axis and a small expansion of the b axis occurs
with increasing annealing temperature, leading there-
fore to an overall decrease in lattice volume. These
results are consistent with an improvement in crystal-
line morphology toward thicker and more thermody-
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Figure 2. Evolution of a and b lattice parameters and lattice

volume as a function of annealing temperature and ethylene

content.

Table 1. Long Period of EVOH Films under Dry and
Water Saturation Conditions

dry (nm) water saturated (nm) difference
EVOH 26 10.8 13.3 25
EVOH 29 10.2 12.6 24
EVOH 32 10.0 12.7 2.7
EVOH 38 9.7 10.7 1.0
EVOH 44 10.1 10.9 0.8

namically stable crystals, in agreement with previous
work.?

Figure 3 plots the copolymers long period as deter-
mined from SAXS data as a function of annealing
temperature and ethylene content. From this figure, one
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Figure 3. Long period as a function of annealing temperature
for all copolymers.

can observe that the long period after annealing at 100
°C is generally longer for the lower ethylene content
copolymers. The repeat distance increases with anneal-
ing temperature; this increase is larger for the high
ethylene content copolymers because these materials
have lower melting point (see copolymers melting point
in the first column of Table 3), and therefore, annealing
is comparatively more aggressive for these particular
samples. These observations are consistent with a
general improvement in phase morphology and crystal-
linity development at expenses of the disappearance of
the more defective crystals, resulting in a more homo-
geneous and sharply defined two phase architecture.
However, samples EVOH38 and EVOH44 slow down
increase and decrease long period, respectively, at the
highest annealing temperature due to extensive melting
during annealing and subsequent fast recrystallization
upon sample removal from the oven, leading again to
defects.

Thus, a general picture of the expected temperature-
induced improvement in crystalline morphology and of
a more regular stacking of the lamellae can be drawn
from the above results upon annealing. This is a very
general and well-known response in crystalline poly-
mers.

Table 2. Normalized Intensity of the 1140 cm~! (by Subtracting the Absorbance of the 1333 cm~! Standard Band and
Multiplying by 100) FT-IR Band for the Various Materials after Various Treatments

treatment EVOH26 EVOH29 EVOH32 EVOH38 EVOH44 EVOH48
water saturated 17 13 13 12 12 13
fully desorbed 15 14 14 13 12 13
dry at 70 °C 20 18 16 15 14 14
dry and water saturated 14 13 13 13 12 13
annealed at 120 °C 23 21 20 19 17 17
annealed at 160 °C2 30 29 25 24 19 18
annealed at 160 °C and water saturated? 29 28 25 25 20 19

2 EVOH44 and EVOHA48 were annealed at 150 °C instead of at 160 °C.

Table 3. DSC Maximum of Melting (Tm), Melting Enthalpy (AH), and Peak Width at the Base of Crash-Cooled and
Retorted Crash-Cooled Specimens

untreated 120 °C, 20 min, autoclave difference
Tm (°C) AH (J/g) width (°C) Tm (°C) AH (J/g) width (°C) ATy (°C) A(AH) (J/g)  Awidth (°C)
EVOH 26 200.14+0.2 90.6 413 16,8+ 05 1932+0.1 96.0+03 23.6+26 -6.9 55 6.8
EVOH29 1949+01 86.6+44 178+04 1898+10 851425 17.2 +£0.1 —-5.1 —-15 —-0.7
EVOH 32 187.0+0.1 835+0.1 13.6 £54 183.3+4.0 822447 220403 —-3.7 -1.3 8.4
EVOH38 1789+1.2 834420 16,6 +44 1743+04 86.6+1.5 19.2+5.38 —-4.6 3.2 2.6
EVOH 44 167.3+0.1 846+6.0 17.5+0.1 165.7+1.4 83.0+ 12 20.1 + 3.8 —-1.7 —-1.6 2.7
EVOH 48 160.3+0.3 729425 13.9 £ 0.7 1585 +3.3 72.6+6.0 165+ 0.7 -1.8 7.9 2.6
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Figure 4. FT-IR spectra in the range 700—1600 cm™! of
annealed for 20 min EVOHS32 film at, from bottom to top, 70,
100, 120, 130, 140, 150, 160, and 170 °C.

Further substantiation of these effects was alterna-
tively gained by FT-IR experiments. From the results
that follow, the FT-IR technique is uncovered as an
extremely valuable characterization tool for these ma-
terials. The reasons being the high sensitivity of the
technique to simultaneously detect changes in crystal-
linity and water sorption levels. Figure 4 shows the
effect of a stepwise annealing process on the infrared
spectrum of an EVOH32 specimen. In this figure, the
arrows indicate changes in the absorbance of some
bands of interest with increasing temperature. To obtain
the figure, a single specimen of the sample was cumu-
latively annealed at the various temperatures directly
onto the FT-IR sample holder (to avoid changes in
samples thickness or optical path), and between an-
nealing steps, it was taken out of the oven and FT-IR
recorded. From the experiments, it can be observed that,
upon annealing of this sample, a large increase in
intensity of a band positioned at ca. 1140 cm~! becomes
evident. Interestingly, the band at 1333 cm™?! did not
modify its intensity during the process and can, there-
fore, be potentially used as an internal standard during
further experiments of this kind. A broad envelop
peaked at 1092 cm~! was seen to decrease intensity
because it hides the contribution of at least an amor-
phous band at ca. 1115 cm™1.

Macromolecules, Vol. 36, No. 25, 2003

The 1140 cm~! band (likely assigned to C—O—C or to
C—C coupled with a CO stretching mode)!%1! is known
from previous works!%12 to arise from all-trans confor-
mation crystallizable chain segments and is confirmed
to be so throughout this work. Although in principle all-
trans conformers could be placed anywhere within the
sample (as they are only ascribed to one-dimensional
order along the polymer chain), the vast majority of
these must, to a good approximation, be within a
crystalline environment for unstretched semicrystalline
polymer samples annealed (during drying) above Tj.

Despite the fact that the coextrusion process may lead
to some preferential orientation of the EVOH film in
the machine direction, this was not observed, by sample
rotation, to affect the present FT-IR measurements
throughout the work. Figure 5 shows more clearly the
changes in the absolute absorbance of this band with
annealing temperature. From this figure, it can be seen
that the molecular order along the chain improves as
the intensity of this band rises continuously with
increasing annealing temperature. Note, however (thicker
line in Figure 5), that annealing at the higher temper-
ature (170 °C) results in a slight decrease of molecular
order, in line with analogous SAXS observations in
Figure 3 for EVOH38 and EVOH44 at the highest
temperatures. FT-IR becomes thus an excellent tool to
ascertain phase structure modifications in molecular
order, throughout the use of the 1140 cm~! band, for
these particular materials.

Of particular relevance is also the inset in Figure 5,
showing some changes of the OH stretching band upon
stepwise annealing. From this figure, it is learned that
as annealing temperature is increased, a decrease in
band absorption occurs up to about 150 °C. Further
annealing at higher temperatures does not lead to band
shape or intensity modifications. A feasible explanation
for this particular behavior is the progressive loss of
remnant moisture present in the sample. Previous
experiments by TGA suggested that some water mol-
ecules are very strongly linked to the polymer via
hydrogen bonding, and therefore, to ensure an effective
drying process, a severe thermal treatment should be
applied.® From the experiments being described in this
study, there appears to be a close interrelation between
temperature, molecular order, and humidity (see later

Absorbance

1160

1140

Wavenumber (cm™)

Figure 5. Absolute absorbance of the 1140 cm~! FT-IR band of annealed for 20 min EVOH32 specimen at, from lower to higher
absorbance, 70, 100, 120, 130, 140, 150 (overlap with 170 °C), 170 (thicker line), and 160 °C. Inset is the OH stretching band at

3347 cm! in reverse temperature order.
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Figure 6. WAXS (normalized in intensity and shifted in the
ordinate axis for comparison purposes) and raw SAXS patterns
(inset, also slightly shifted in the ordinate axis) of EVOH32
dry (bottom) and saturated in water (top).

in text). From a fundamental point of view, to unleash
these three effects appears to be virtually impossible,
and this is, therefore, one of the main outcomes arising
from the results as the paper develops.

Humidity Effect. Sorption of water is known to have
a severe plasticizing effect on the properties of these
hydrophilic copolymers, particularly for the higher vinyl
alcohol content copolymers. Most previous studies deal-
ing with the characterization of moisture impact have
measured macroscopic properties like mechanical and
barrier properties, and therefore, there is a lack of
morphological information on the effect of moisture
sorption for these polymers.14912-15 Figure 6 shows the
WAXS diffraction patterns of a dry (in a vacuum at 70
°C for a week) film specimen of EVOH32 and of a
specimen equilibrated at 100% relative humidity (RH).

Figure 6 shows that the (200) diffraction plane at
angle ca. 22° appears to resolve better upon moisture
sorption. The inset in Figure 6 shows the raw SAXS
patterns for these samples. From this, one can observe
that the water-saturated sample exhibits a more en-
hanced and shifted to lower angle peak maximum. The
enhancement in intensity caused by the presence of
moisture could be attributed to an increase in phase
contrast (scattering invariant is proportional to the
square of the density contrast between amorphous
phase and crystalline lamellae) due to the presence of
the plasticizing moisture in only the amorphous phase.
Table 1 gathers the estimated long period for all dry
and moisture-saturated copolymers. From this, moisture
sorption leads to an increased long period, which is
generally larger for lower ethylene content copolymers.

Figure 7 shows the WAXS patterns of dry and water-
equilibrated specimens of EVOH26. From this figure a
more clear strengthening and shift to higher angle of
the (200) orthorhombic plane than in Figure 6 can be
seen. This effect on the (200) reflection is most clearly
seen for EVOH26 and less clearly observed for EVOH38
and EVOHA44. Calculations of lattice parameters for the
diffractogram in Figure 7 indicate that the a axis does
indeed contract from 7.85 to 7.82 A upon water equi-
librium sorption. However, the b axis expands from 5.17
t0 5.24 A, leading to an overall lattice volume expansion
of about 1%. Contraction of the a axis and slight
expansion of the b axis were indicative upon annealing
in Figure 2 of progression of the crystalline phase
toward a more thermodynamically stable morphology.
Thus, the observations reported here appear to indicate
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Figure 7. WAXS patterns (normalized in intensity and
shifted in the ordinate axis for comparison purposes) of a film
of EVOH26 dry (bottom) and water saturated (top).

Absorbance
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Wavenumber (cm™)
Figure 8. FT-IR spectra taken during desorption of a water
equilibrated film of EVOH26. Arrows indicate the absolute
absorbance changes upon water desorption. Note that this
particular sample was not vacuum-dried at 70 °C before
equilibrated in water.

that moisture sorption leaves a more stable arrange-
ment of the lattice chains but with a slightly increased
cell volume for this sample. However, does this imply
that higher molecular order is attained upon water
sorption?

To give an answer to the above question, further
experiments were also carried out by FT-IR on dry
samples before and after water saturation. To do that,
however, a prior knowledge on the effect of moisture
over the FT-IR spectrum is needed. This was derived
by immersion in a 100% RH environment of specimens
(not dried) of the various samples. After equilibrium
sorption, these specimens were removed from the hu-
midity conditions, wiped up the surface, and then
measured by FT-IR, in-situ, during water desorption
within the Ny-purged FT-IR chamber (see Figure 8).

Under these conditions, one can interpret absolute
spectral modifications in the samples without interfer-
ence from changes in thickness and optical path. Figure
8 shows the progressive decrease of the 1658 cm™! in-
plane OH bending water band upon desorption. During
this process, the band at 1333 cm~! remains completely
unmodified, and it is, therefore, further confirmed as
an adequate internal standard for the experiments
displayed here. The crystallinity band at 1140 cm™? also
remains largely unmodified during desorption (see
second and third rows in Table 2). However, the bands
envelope with a maximum at 1092 cm~! (having amor-
phous contributions)!! appears to increase as moisture
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Figure 9. FT-IR spectra of EVOH26 dry at 70 °C and dry
and then water saturated (thicker spectrum) at the bottom
and annealed at 160 °C and water saturated after annealing
at 160 °C (thicker spectrum) at the top. Continuous arrow
points to the 1140 cm™ crystallinity band, and discontinuous
arrow points to the 1658 cm~* OH in-plane bending of water.

diffuses out of the sample, perhaps as a result of
differences in absorption coefficients between dry and
wet conditions for some of the corresponding modes in
the amorphous phase.

With the above in mind, vacuum-dried specimens of
the different samples were measured by FT-IR before
and after water saturation (see two bottom spectra in
Figure 9 for EVOH26). The continuous arrow in Figure
9 indicates that water sorption in EVOH26 leads to a
clear (larger than the changes seen in Figure 8) band
decrease of the 1140 cm™1 crystallinity band. This is
confirmed by observation of the data in Table 2. The
fourth and fifth rows in Table 2 gather the normalized
absorbance of the 1140 cm™! band of a dry specimen
before and after water saturation for all copolymers.
From this table, a crystallinity drop is found for the
other copolymers, with a tendency for this to be lower
in the highest ethylene content materials. Consequently,
a partial dissolution of crystallinity is clearly happening
for these samples upon water uptake, which from
observation of Figure 8 and Table 2 is not recovered
upon subsequent desorption.

Table 2 shows that, upon water desorption of the as-
received materials equilibrated in water (therefore not
previously dried), the intensity of the 1140 cm™? crystal-
linity band does not appear to have a clear trend with
composition or to change to a significant extent. It is
worth noting that the absolute absorbances of the 1140
cm~! and internal standard bands are different for
different copolymers, and as a result, the normalized
intensity of the crystallinity band, although it ap-
proaches them all, is not necessarily comparable be-
tween different materials. Consequently, the numbers
in Table 2 can only be compared in relative terms along
columns (between treatments) and not across columns
(between materials). After vacuum-drying of the as-
received samples, all the materials increase crystallinity
(compare second and fourth rows in Table 2) due to the
mild annealing treatment at 70 °C given to them for a
week. When the dry samples are equilibrated in water,
there is a clear decrease in crystallinity for all copoly-
mers, especially for the lowest ethylene content samples.

An interesting question rises, however, from these
observations. If sorption of water molecules leads to
some reduction in crystallinity in fast cooled extruded
EVOH specimens having a defective crystalline mor-
phology, would this effect reproduce on an annealed

Macromolecules, Vol. 36, No. 25, 2003
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Figure 10. FT-IR spectra showing the 1140 cm™ crystallinity
band of annealed for 20 min at, from top to bottom, 140, 130,
120, 110, 90, and 80 °C EVOHZ26 specimens before (continuous)
and after water saturation (discontinuous).

sample when undergoing water sorption? In other
words, does crystal density and morphology matter in
terms of moisture resistance? This question brings in
another concern: Is the 1140 cm~! band drop observed
by FT-IR upon moisture sorption in Figure 9 and Table
2 a true crystallinity reduction, or is it just a result of
the disappearance (due to moisture plasticization) of all-
trans ordered chain segments present in the amorphous
phase and being held up in all-trans conformation by
intermolecular hydroxyl hydrogen bonding in the glassy
state?

To assess these reasonable concerns, dry specimens
of the various copolymers were stepwise annealed for
20 min in an oven at various temperatures (see top
spectra in Figure 9 and Table 2). By doing so, higher
and more robust crystallinity is generated. Thus, simi-
larly as in Figure 4 for EVOH32, the band at 1140 cm™1
ascribed to all-trans ordered conformers increases in-
tensity with increasing annealing temperature for the
copolymers, suggesting that thermally induced higher
molecular order is imprinted on the materials. However,
after annealing at 160 °C (150 °C for EVOH44 and 48)
the samples were exposed to a 100% RH environment
until equilibrium sorption and were then measured
again by FT-IR at equilibrium sorption (see top spectra
in Figure 9 and last row in Table 2) and during
desorption inside a nitrogen-purged FT-IR chamber
(results not shown). From the latter experiments, it is
found that the high molecular order achieved during
annealing is now not being significantly disrupted by
water sorption or subsequent desorption and, therefore,
rules out the hypothesis of all-trans segments relaxing
in the amorphous phase due to water sorption and
confirms the drop of the 1140 cm~! band seen in Figure
9 and Table 2 as a genuine crystallinity destruction by
dissolution.

Another supporting evidence for the above observa-
tions is the evolution of OH in-plane bending mode at
1658 cm~! (pointed by a discontinuous arrow) arising
from the sorbed moisture in the sample in Figure 9. This
band is seen smaller in the annealed at 160 °C water-
saturated sample, supporting that as annealing gives
rise to a higher and more robust crystallinity in the
sample the water uptake at equilibrium is clearly lower,
e.g., 23% lower for EVOH26 from FT-IR measurements.

Figure 10 shows more clearly how as we increase
annealing temperature of EVOH26 and, therefore,
increase crystallinity and average crystalline density,
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Figure 11. Melting endotherms of, from top to bottom, untreated and retorted EVOH26 and untreated and retorted EVOHA48.

Table 4. DSC Maximum of Melting (Tm), Melting Enthalpy (AH), and Peak Width at the Base of Slow-Cooled and
Retorted Slow-Cooled Specimens

untreated 120 °C, 20 min, autoclave difference
Tm (°C) AH (J/g) width (°C) Tm (°C) AH (J/g) width (°C) ATm(°C) A(AH) (J/g) Awidth (°C)
EVOH 26 198.2+0.1 945+39 804+0.1 19434+14 836413 195+ 04 -3.9 -10.9 115
EVOH29 193.3+03 971419 84+29 1887+34 91.0+0.1 17.7+0.1 —-4.7 —6.1 9.2
EVOH 32 185.7+0.7 92.8+0.3 81+65 186.1+0.2 88.7+05 23.5+0.0 0.4 —-4.1 154
EVOH 38 176.8+0.1 915+6.6 98406 176.14+0.0 925410 173+ 4.7 -0.8 0.9 7.5
EVOH 44 166.8 +0.7 91.0+£5.2 101 +19 1656+06 83.7+215 179+34 -1.3 -7.3 7.8
EVOH 48 1609+0.1 86.0+03 1254+03 160.3+0.1 783+0.7 153 +0.3 -0.7 -7.8 2.9

lower reduction in crystallinity is observed for this
specimen after equilibrium water sorption. In fact, the
annealing process at 120 °C appears to produce suf-
ficiently stable crystals in terms of moisture resistance
for this EVOH26 sample, and consequently, further
annealing at higher temperatures has virtually no
differentiating effect.

The overall results then suggest that water uptake
leads to the dissolution of ill-defined (defective) crystal-
linity, most likely placed at the interphase between the
crystalline lamellae and the amorphous phase. This
leaves a lamellae core with improved crystalline mor-
phology (see strengthening of the (200) plane in Figure
7) and with a slightly higher repeat distance as derived
from the SAXS results due to expansion (dedensifica-
tion) of the phase periodicity. The reported increase in
cell volume for EVOH26 due to expansion of the b lattice
parameter is thought to be the result of the plastizacing
effect of the sorbed water in the amorphous phase,
resulting in swelling stresses on the crystalline mor-
phology.

Combined Temperature and Humidity Effect. To
study the effect of the combination of the above two
factors, temperature and moisture, on the morphology
of EVOH copolymers, slow-cooled and crash-cooled
compression-molded thicker plates were used. These
samples were obtained as explained in the Experimental
Section. Vacuum-dried thicker plates were used in this
part because the above polymer films, typically utilized
in food-packaging applications, did not withstand the
treatment and irreversibly lost dimensional stability.
The samples were conditioned in an autoclave at 120
°C for 20 min, typical industrial retorting conditions. It
is worthy noting that in all cases treatments were
carried out at temperatures well below the copolymers
maximum of melting, albeit above their glass transition
temperatures and around the a-relaxation tempera-
tures.® The latter relaxation is picked up by dynamic-

mechanical experiments and is related, by analogy to
polyethylene, to relaxational motions within crystals.

From the first DSC heating scans (see Tables 3 and
4), it can be seen that the maximum of melting of the
nontreated samples is higher than the melting point of
the retorted samples. This is particularly the case for
the copolymers with the higher vinyl alcohol contents.
The samples appear, by visual inspection, to be dra-
matically damaged, with the presence of voids and loss
of transparency, i.e., intense whitening or hazing. These
effects are attributed to pressurized water vapor having
penetrated the amorphous phase but also diffusing
through the crystal edges and inducing partial melting
and fractionation of the crystalline morphology (see
later). Voiding and loss of transparency could arise from
bubbles formed by water evaporation as the pressure
is released rapidly after retorting in the autoclave. From
the above experiments, these damaging effects do not
occur upon water exposure or uptake at room temper-
ature and evidently neither due to annealing. High
temperature and humidity thus appear as a very severe
aggressive combination of factors for these materials.
Tables 3 and 4 gather the maximum of melting, peak
width (at the base of the peak), and melting enthalpies
for the various samples and conditionings recorded
during the first run, and Figure 11 shows, as an
example, the actual melting endotherms of crash-cooled
EVOH26 and EVOHA48. Although, the measured melt-
ing enthalpies (taken from the integrated area under
the melting enthalpy covering from the endset of melt-
ing up to 70 °C below this) of treated and nontreated
samples are only slightly smaller, pointing out that the
overall degree of crystallinity may not have decreased
so significantly, the melting peaks of the retorted
samples have clearly broadened (particularly for the
lower ethylene content samples and for the slow-cooled
samples) toward lower temperature, suggesting that a
more heterogeneous crystalline structure with lower
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Figure 12. WAXS patterns of crash-cooled (left) and retorted crash-cooled (right) specimens of, from to top to bottom, EVOH26,

EVOH29, EVOH32, EVOH38, EVOH44, and EVOH48.

crystal size and/or perfection has occurred as a result
of retorting, irrespective of whether a more robust
crystalline morphology (as in slow-cooled samples) was
originally present. It should be noticed that the samples
were dried (70 °C in a vacuum) immediately after the
retorting processes and before the DSC run and that
this conditioning may have to some extent reannealed
the structure.

WAXS experiments were also carried out on the slow-
cooled and crash-cooled retorted samples. These samples
were not reconditioned after retorting to avoid rean-
nealing and were just left to equilibrate at room tem-
perature and 60% RH. Figure 12 shows the WAXS
patterns of crash-cooled specimens before and after
retorting. After retorting, the WAXS crystalline mor-
phology has changed dramatically, particularly for the
low ethylene content copolymers. The crystalline pat-
terns are clearly less defined, and the main diffraction
peak (110) at angle 20° is much broader, suggesting
crystal fractionation, heterogeneity, and hence a more
defective crystalline morphology. Note that Figure 1
showed also broadening of the (110) reflection at the
highest annealing temperature, but there the broaden-
ing was a result of early splitting of this particular
reflection into two monoclinic crystalline peaks as
further suggested by a strengthening and shift toward
higher angle of the (200) reflection. Similar results were
found (results not shown) for slow-cooled samples, with
a more stable initial crystalline morphology, suggesting
that crystal robustness is not sufficient (as it was to
avoid crystal dissolution during water sorption at room
temperature) in terms of resistance to the process
during direct exposure of EVOH to heated moisture.

Figure 13 shows the evolution of the a and b cell
parameters after retorting of crash-cooled specimens as
a function of ethylene content. From this figure, it can
be clearly observed that retorting leads to clear expan-
sion of the a (from sample EVOH26 to 38) and b (from
sample 38 to 48) lattice parameters and, therefore, to
an overall drop in crystalline density.

No pseudohexagonal crystal lattice was found as a
result of any of the treatments described above as the
qguantity r = (3)"2b/a was always larger than unity.2
Nevertheless, retorting imposes a very strong distorting
effect on the crystalline lattice morphology of the
samples as further proved by Figure 14. This figure
shows the Raman spectrum in the —CH,— bending
range of slow-cooled EVOH29, where factor group
splitting features (see arrows) characteristic of an
orthorhombic lattice are seen in the untreated speci-
men.16.17 After retorting, a disappearance of the orthor-

Lattice parameters (A)

Mol% Ethylene

Figure 13. Evolution of lattice axis a and b of crash-cooled
(squares) and retorted crash-cooled (triangles) specimens as
a function of ethylene content.

.06

:j %\

1480 14‘60 14‘40 14‘20
Wavenumber (cm™)
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Figure 14. Raman —CH,— bending range of crash-cooled (top
spectrum) and retorted crash-cooled specimens of EVOH29.
Arrows indicate bands evidencing a factor group splitting
effect.

hombic factor group splitting patterns indicates evolu-
tion toward a very distorted orthorhombic unit cell of
lower crystalline density.

From the above, it is clear that EVOH monolayers
are structures that even with high thicknesses are
largely susceptible to alterations during combined tem-
perature and humidity processes and, therefore, need
to be protected between hydrophobic materials in com-
mercial applications. But what are the actual changes
taking place during direct retorting of an EVOH sample?
To understand the transient occurrences during this
combined temperature and humidity process, a film
sample of EVOH32 was scanned in temperature both
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Figure 15. WAXS patterns as a function of temperature of (a) dry and (b) water-saturated EVOH32 film specimens. Note the
presence in (b) of background signals underneath the crystalline EVOH patterns arising from the sample being measured in the
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Figure 16. Intensity (left) of the (110) crystalline plane for the diffractograms plotted in Figure 15 and long period (right) as a
function of temperature for a dry and water-saturated film sample.

dry and in the presence of excess saturating humidity
conditions. Figure 15 shows the WAXS patterns of this
sample under these conditions as a function of temper-
ature.

From this figure, it can be seen that under dry
conditions the sample retains its crystalline morphology
over temperature until it reaches melting at around 183
°C, the temperature at which the crystalline patterns
disappear completely in agreement with its reported
melting point. On the other hand, for a water-saturated
sample, the crystallinity decreases immediately above
room temperature to completely disappear at around
100 °C (83 °C below its actual melting point). This is
thought to be caused by pressurized heated water
diffusing through thermally activated molecules within
crystals, disrupting the efficient crystalline intermo-
lecular hydrogen bonding provided by the hydroxyl
groups. The crystallinity decline appears more pro-
nounced above 50 °C and is very dramatic above 90 °C.
As a result, a saturated sample of EVOH32 appears to
show very little moisture resistance at temperatures
immediately above 50 °C.

Figure 16 shows the evolution of the intensity of the
(110) orthorhombic plane and of the long period (deter-
mined from the simultaneous SAXS patterns) with
temperature. From this, it can be more clearly appreci-

ated that under dry conditions the polymer morphology
is largely retained until temperatures above 100 °C,
temperature in the vicinity of the polymer a-relaxation.
Beyond this temperature, the long period begins to
increase shallowly up to about 160 °C and then mark-
edly, concomitantly, the crystallinity appears to first
increase slightly up to about 160 °C (annealing effect)
and from then onward to decrease to a fast pace
(progressive melting). On the other hand, in the wet
sample the long period is relatively retained up to about
50 °C, but from there onward it progressively increases
in line with the observed decease of the crystallinity up
to the complete melting of the sample. The above
behavior does, of course, prevent the use of EVOH as
monolayer packages in commercial food retortable pack-
aging applications. In these particular applications, only
adequate multilayer structures where a dry high gas
barrier EVOH layer is sandwiched between high water
barrier polymers have commercial interest. In this
context, a more detailed description of the combined
effect of temperature and humidity on the melting and
crystallization behavior of these copolymers in mono-
layer and multilayer structures, as well as the role of
crystal stability, as a function of temperature, humidity,
and composition is being currently under investigation.
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