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ABSTRACT: The blending and white spirit permeation
properties of the MPAEVOH blends of modified polyam-
ide (MPA) and ethylene vinyl alcohol copolymer (EVOH)
were systematically investigated in this study. Three types
of EVOHs with varying vinyl alcohol contents were used
to prepare the MPAEVOH resins by melt blending them
with the MPA resin, respectively. The peak melting tem-
peratures and percentage crystallinity (Wc) values of the
EVOH specimens increase significantly as their vinyl alco-
hol contents increase. The X-ray diffraction patterns of the
melt-crystallized EVOH crystals transform from mono-
clinic to orthorhombic lattice as their vinyl alcohol contents
are equal to or less than 56 wt %. After blending EVOH in
MPA resins, the main melting endotherms and characteris-
tic X-ray diffraction patterns of both monoclinic and ortho-
rhombic lattices of EVOH crystals originally present in

MPAEVOH specimens almost disappear completely, when
the weight ratios of MPA to EVOH are equal to or greater
than 4. The free-volume properties and white spirit perme-
ation rates of the EVOH specimens reduce significantly as
their vinyl alcohol contents increase. A noticeable ‘‘nega-
tive deviation’’ was found on the plots of white spirit per-
meation rates, annihilation intensity (I3), and/or fractional
free-volume (Fv) versus MPA contents as the MPA con-
tents of each MPAEVOH sample series reach about 80 wt
%. Possible reasons accounting for these interesting blend-
ing and barrier properties of MPAEVOH specimens are
discussed. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102:
1224–1233, 2006
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INTRODUCTION

It is well known that many hydrocarbon solvents (e.g.,
xylene, toluene, white spirit, etc.) are commonly avail-
able products that easily permeate polyethylene (PE)
containers; such permeation results in pollution, safety
and health problems. For instance, about 65% of the
filled white spirit permeated out of 1 mm thick PE bot-
tle in 6 months at 408C,1 wherein the white spirit is
widely used as the paint thinner around the world. A
‘‘laminar-blend-blow-molding process’’ forms a lay-
ered structure containing numerous discontinuous,
overlapping platelets of barrier resins, such as polyam-
ide (PA) and/or ethylene vinyl alcohol copolymers
(EVOH), in a PE matrix, which is one of well proven
barrier technologies to enhance the resistance of PE
containers to hydrocarbon permeation.2–14 These het-
erogeneous laminar blends exhibit significantly higher
permeation barrier properties than conventional ho-
mogeneous blends associated with uniform dispersed
PA and/or EVOHdroplets within the PEmatrix.5–18

Our investigation1 found that the barrier improve-
ment of white spirit permeation of PE bottles can be
improved by more than 360 times after blending
proper compositions of modified polyamide (MPA)
in PE matrix during the blow-molding process. The
white spirit composed of more than 100 hydrocarbon
compounds with 5–12 carbon atoms by GC analysis.
The main components present in the white spirit are
hydrocarbon components with 8–9 carbon atoms. On
the basis of these premises, it is reasonable to sug-
gest that the relatively nonpolar hydrocarbon com-
ponents present in the white spirit can easily perme-
ate PE bottles during the permeation tests. In con-
trast, after blending the MPA barrier resins in PE
matrix, the nonpolar hydrocarbon components pres-
ent in the white spirit were significantly blocked by
the MPA laminar structures and allowed restricted
permeation during the permeation tests. In contrast
to MPA, EVOH, known for its excellent transpar-
ency, oil resistance, and outstanding barrier proper-
ties against nonpolar gas and solvent permeations, is
recognized as an even better barrier material in
packing applications. Our recent study13 indicated
that much better gasoline permeation resistance was
obtained after blending proper amounts of EVOH in
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MPA during the blow-molding processes of PE/
blends of MPA and ethylene vinyl alcohol
(MPAEVOH) bottles. For instance, by using the opti-
mum MPAEVOH composition, the gasoline permea-
tion rate of PE/MPAEVOH bottle is about 450 and
three times slower than that of the PE and PE/MPA
bottles, respectively. However, as far as we know, the
influence of the vinyl alcohol contents of EVOH resins
on nonpolar solvent permeation properties of the lami-
nar PE/MPAEVOH containers have never been
reported. The main objective of this study is to investi-
gate and compare the white spirit permeation proper-
ties and mechanisms of MPAEVOH, wherein three
kinds of EVOH resins with varying vinyl alcohol con-
tents were used to prepare the MPAEVOH resins by
blending themwith theMPA resin, respectively.

EXPERIMENTAL

Materials and sample preparation

The PA and compatibilizer precursor (CP) used in this
study were obtained from Formosa Chemicals and
Fiber Corp., Taiwan, wherein PA is nylon 6 with a
trade name of Sunylon 6N and CP is a 40% zinc-neu-
tralized ethylene/acrylic acid (95 : 5) copolymer. The
MPA resin was prepared by reactive extrusion of the
melt blending of CP and PA. The polyethylene (HDPE
Taisox 9003), EVOHs with varying vinyl alcohol con-
tents and antioxidant (Irganox B225) used in this
study were obtained from Formosa Plastic Corp.
(Taipei, Taiwan), Kuraray Corp. (Osaka, Japan) and
Ciba-Geigy Corp. (Basel, Switzerland), respectively.
For convenience, the EVOH resins with 32, 44, and 48
wt % ethylene contents will be referred to as EVOH32,
EVOH44, and EVOH48 resins, respectively, in the fol-
lowing discussion. The physical properties of MPA
and EVOH with varying vinyl alcohol contents resins
are summarized in Table I.

Before melt blending, PA was dried at 808C for 16 h,
while EVOH and CP were dried at 608C for 16 h in a
vacuum oven. About 1500 ppm of antioxidant was
dry-blended with the dried PA/CP blend of varying
weight ratios. The dry-blended PA/CP blends to-
gether with antioxidant were then fed into an Ekegai
PCM 45 corotating twin-screw extruder to make MPA

resin. The extruder was operated at 2208C in the feed-
ing zone and at 2408C towards the extrusion die with a
screw speed of 100 rpm. The CP MPA obtained from
twin-screw extruder was quenched in cold water at
158C and cut into the pellet form. Formation of CP-
grafted-PA copolymers through the reaction of car-
boxyl groups of CP with the terminal amine groups of
PA has been reported during the preparation of
MPA.5,19 The blends of MPA and EVOH (MPAEVOH)
were prepared by melt blending of the MPA and
EVOH using a Fure Shuen 40SP-H single-screw ex-
truder. The dried components of MPA/EVOH at vary-
ing weight ratios were fed into the single-screw ex-
truder which was operated at 2208C with a screw
speed of 400 rpm in the feeding zone and 2358C
towards the extrusion die. The extruded MPAEVOH
resins were then quenched in cold water at 158C and
cut into the pellet form. The compositions of the three
groups of MPAEVOH specimens prepared in this
study are summarized in Table II.

Thermal properties

The thermal properties of EVOH, MPA and MPAE-
VOH resins were determined using a Du Pont 2010
differential scanning calorimetry (DSC). All scans
were carried out at a heating rate of 108C/min and
under flowing nitrogen at a flow rate of 25 mL/min.
The instrument was calibrated using pure indium.
Samples weighing about 15 and 0.5 mg were placed
in standard aluminum sample pans for percentage
crystallinity (Wc) and melting temperature (Tm) mea-
surements, respectively. The heat of fusion for perfect
crystal 190 J/g20 and baselines drawn from 190 to
2508C were used for evaluating the Wc values of PA
or MPA present in MPAEVOH. The Wc values of
EVOH present in MPAEVOH were evaluated using
baselines drawn from 160 to 2008C and a perfect heat
fusion of 192.3, 215.1, and 229.4 J/g with EVOH32,
EVOH44, and EVOH48 calculated using a simple mix-
ing rule.21 Baselines used in the experiments were
adjusted to have the maximum fluctuation less than
0.04 mW over the temperature range of interest. With
these baselines, the accuracy for crystallinity determi-

TABLE I
The Physical Properties of MPA and EVOH Resins

Samples MPA EVOH32 EVOH44 EVOH48

Ethylene content (%) – 32 44 48
Melt index (g/10 min) 2.4a 4.0b 5.5b 6.5b

Density (g/cm3) 1.13 1.19 1.14 1.12
Tm (8C) 220 189 183 163

a 2308C/2160 g.
b 1908C/2160 g.

TABLE II
The Compositions of MPAEVOH Specimens Prepared

in This Study

Specimensa MPA (%) EVOH (%)

MPA(33%)EVOH(67%) 33.33 66.67
MPA(67%)EVOH(33%) 66.67 33.33
MPA(80%)EVOH(20%) 80.00 20.00
MPA(83%)EVOH(17%) 83.33 16.67

a The EVOH resins with 32, 44, and 48 wt % ethylene
contents are referred to as EVOH32, EVOH44, and
EVOH48 resins, respectively.
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nation is about 61% for pure specimens and 63%
error for blended specimens.

Free-volume properties

The free-volume characteristics of polymer were deter-
mined using a positron annihilation life-time (PAL)
instrument equipped with a fast–fast coincidence
spectrometer and a 22Na source that was sandwiched
between one layer of hot-pressed film with 1 mm
thickness on both sides to ensure complete annihila-
tion of positron in the sample. A short-lived compo-
nent (t1; � 0.12 ns), an intermediate-lived component
(t2; � 0.35–0.4 ns), and a long-lived component (t3;
� 1.8–2.5 ns), are the three resolved life-time compo-
nents obtained, that are attributed to the para-positro-
nium (p-Ps), free positron, and ortho-positronium (o-Ps)
states, respectively. The longest lifetime component t3
with intensity I3 is attributed to the pick-off annihila-
tion of the o-Ps in the free-volume sites present mainly
in the amorphous regions of the polymer matrix.22 The
annihilation of o-Ps in the spherical free-volume-
cavities can be described by a simple quantum me-
chanical model, which assumes the o-Ps atom to be
localized in a spherical potential well with an electron
layer of thickness DR. This model provides the rela-
tionship between the radius Rf of the free-volume hole
and the o-Ps life-time (t3) as follows:22,23

1

t3
¼ 2 1� Rf

R0
þ 1

2p
sin

� 2pRf

R0

�� �
(1)

Where R0 ¼ Rf þ DR, Parameter DR was determined
by fitting the experimental values of t3 obtained for
materials of known hole size such as zeolites. The DR
value of 1.66E was used in this study.24

The fractional free-volume, defined as the ratio of
free-volume to the total volume of polymer, was cal-
culated using following equation.25,26

Fv ¼ CVf I3 (2)

where the coefficient C is a structural constant, one
way of calculating C is from a measurement of the
thermal expansion coefficient of the free-volume.
The unit of the C constant is Å�3, I3 (%) is the inten-
sity of o-Ps life-time, and Vf (Å

3) is the mean volume
of the free-volume holes calculated using mean ra-
dius Rf obtained as follows:

Vf ¼ 4=3pR3
f (3)

Wide angle X-ray diffraction

The wide angle X-ray diffraction (WAXD) properties
of PA, EVOH, MPA and three series of MPAEVOH

specimens were determined using a Siemens D5000D
diffractometer equipped with a Ni-filtered Cu Ka
radiation operated at 40 kV and 100 mA. Each speci-
men with 2 mm thickness was maintained stationary
and scanned in the reflection mode from 5 to 408 at
a scanning rate of 58 min�1.

Permeation tests

As shown in our previous study,6 the solvent permea-
tion mechanisms of PE, PE/PA, and PE/MPA blow-
molded bottles were investigated. The solvent perme-
ation rates of PE, PE/PA, and PE/MPA bottles at each
temperature initially increase significantly and then
slightly with further increase in testing time before
reaching the steady state. The steady permeation rate
of PE, PE/PA, PE/MPA bottles were plotted versus
the testing temperature, which are very close to the
average permeation rates obtained by dividing the cu-
mulative weight loss of xylene by the testing time (i.e.,
14 days). On the basis of these premises, the permea-
tion rate of the white spirit contained in the bottles is
normally evaluated by measuring the weight losses
after 14 days. The white spirit permeation properties
of MPA, EVOH, and MPAEVOH resins were deter-
mined based on their hot-pressed sheets. The dried
pellets of MPA, EVOH, and MPAEVOH were hot-
pressed into about 2 mm thick sheets and cut into cir-
cular of a diameter of 14 cm. The circular MPA, EVOH,
and MPAEVOH sheets were sealed as lids on the top
of test flasks filled with 250 g of the white spirit. The
permeation barrier data were determined by meas-
uring the weight losses of the solvents after placing
the flasks at 408C/60% RH for 14 days on both sides
of the circular sheet specimens. The white spirit per-
meation rate of each of the hot-pressed sheet was esti-
mated based on the average permeation rate of at least
three hot-pressed sheet samples. The errors of the val-
ues of permeation rates were around 610% for the
sheets.

RESULTS AND DISCUSSION

Thermal properties of MPA, EVOH,
and MPAEVOH specimens

Table III summarized the melting temperature and
percentage crystallinity (Wc) values of MPA, EVOH,
CP, and MPAEVOH specimens. Typical melting ther-
mograms of these specimens are summarized in Figure
1, it is interesting to note that the peak melting temper-
atures and Wc values of the EVOH specimens increase
significantly from 162.98C and 31.1% to 183.48C and
37.9% and then to 189.18C and 40.8% as their vinyl alco-
hol contents increase from 52 to 56 and then to 68 wt %.
In comparison with the EVOH resins, MPA specimen
exhibits higher peak melting temperature at around
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220.58C but significantly lower Wc value at around
22.4%. Similar to that found in the thermogram of CP
specimen, a small melting endothermwith a peak tem-
perature of about 92.48Cwas found on the thermogram
of MPA resin. Presumably, this melting endotherm is
attributed to the melting of the residual traces of CP
present inMPA specimen.

After blending varying compositions of EVOH in
MPA, the main melting endotherms corresponding to
those of the original EVOH and MPA specimens were
both found on MPAEVOH thermograms as the
weight ratios of MPA to EVOH are equal to or less
than 2. However, the peak temperatures associated
with the main melting endotherm of MPA and EVOH
increase and reduce significantly with increasing the
MPA contents present in MPAEVOH resins, respec-
tively, (see Fig. 1 and Table III). On the other hand, it
is worth noting that the Wc values of MPAEVOH
specimens are significantly smaller than the summa-
tion Wc values of MPA and EVOH present in MPAE-
VOH specimens calculated using simple mixing rule.
As shown in Table III, the Wc values of ‘‘EVOH-rich
phases’’ of MPAEVOH specimens are slightly smaller
than those of pure EVOH specimens present in
MPAEVOH specimens calculated using simple mix-
ing rule. However, the Wc values of ‘‘EVOH-rich
phases’’ are dramatically reduced and significantly
smaller than those of virgin EVOH specimen present
in MPAEVOH specimens calculated using simple
mixing rule as the weight ratios of MPA to EVOH are
equal to or greater than 2. As shown in Figure 1, the
main melting endotherm associated with the EVOH

resins with varying vinyl alcohol contents disappears
quickly as the MPA contents present in MPAEVOH
increase. In fact, regardless of the vinyl alcohol con-
tents present in the EVOH resins, almost no EVOH
melting endotherm can be found on the MPAEVOH
thermograms, as the weight ratios of MPA to EVOH
reach about 4 (i.e., MPA(80%)EVOH(20%) sample).
Under such circumstance, theWc values of EVOH-rich
phases present in MPAEVOH specimens are roughly
equal to zero. In addition, it is worth noting that the
Wc values of EVOH-rich phases increase slightly with
increasing the vinyl alcohol contents of EVOH resins
present in the MPAEVOH specimens at weight ratios
of MPA to EVOH equal to or less than 2 (see Table III).
In contrast, the Wc values of MPA-rich phases present
in MPAEVOH specimens are always larger than those
of pure MPA crystals present in MPAEVOH speci-
mens calculated using simple mixing rule.

Wide angle X-ray diffraction properties of PA,
MPA, EVOH, and MPAEVOH specimens

Typical X-ray diffraction patterns of PA, MPA,
EVOH, and MPAEVOH specimens are summarized
in Figure 2. Similar to the results found in our previ-
ous investigations,23,27 most of the crystals of PA
specimen cooled and crystallized at 258C are g form
crystals,28,29 which corresponds to a peak diffraction
angle at 21.58 shown in their X-ray diffraction pat-
terns. In contrast, a form PA crystals were found as
the main crystals with two diffraction peaks at 20.58
and 248, when MPA melts were cooled and crystal-

TABLE III
Melting Temperature (Tm) and Percentage Crystallinity (Wc) of MPA, EVOH, and MPAEVOH Specimens

Specimens

EVOH-rich phases MPA-rich phases

Overall
measured
Wc (%)

Overall
Wc calculated
using simple

mixing
rule (%)

Tm

(8C)
Crystallinity

Wc (%)

We calculated
using simple
mixing rule

(%)
Tm

(8C)
Crystallinity

Wc (%)

Wc calculated
using simple

mixing rule (%)

MPA (92.4)a – – 220.5 22.4 22.4 22.4 22.4
MPA(83%)EVOH32(17%) – 0.0 6.8 219.4 24.1 18.7 24.1 25.4
MPA(80%)EVOH32(20%) – 0.0 8.2 218.5 22.2 17.9 22.2 26.1
MPA(67%)EVOH32(33%) 183.2 1.8 13.6 217.7 16.2 14.9 17.9 28.5
MPA(33%)EVOH32(67%) 187.7 18.7 27.2 216 11.1 7.5 29.7 34.7
EVOH32 189.1 40.8 40.8 – – – 40.8 40.8

MPA(83%)EVOH44(17%) – 0.0 6.3 219.5 23.4 18.7 23.4 25.0
MPA(80%)EVOH44(20%) – 0.0 7.6 219.8 22.3 17.9 22.3 25.5
MPA(67%)EVOH44(33%) 176.5 0.6 12.6 219.2 19.9 14.9 20.6 27.6
MPA(33%)EVOH44(67%) 182.6 17.1 25.3 215.6 11.9 7.5 29.0 32.7
EVOH44 183.4 37.9 37.9 – – – 37.9 37.9

MPA(83%)EVOH48(17%) – 0.0 5.2 220.1 23.6 18.7 23.6 23.8
MPA(80%)EVOH48(20%) – 0.0 6.2 218.9 23.9 17.9 23.9 24.1
MPA(67%)EVOH48(33%) 157.1 0.2 10.4 218.5 21.1 14.9 21.3 25.3
MPA(33%)EVOH48(67%) 160.5 14.8 20.7 214.3 12.2 7.5 26.9 28.2
EVOH48 162.9 31.1 31.1 – – – 31.1 31.1

a A small melting endotherm with a peak temperature of about 92.48C was found on the thermogram of MPA resin.
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lized at 258C. In fact, the characteristic X-ray diffrac-
tion patterns of g form PA crystals of MPA specimen
almost disappear completely (see Fig. 2). These inter-
esting results suggest that the presence of CP in
MPA can promote the formation of a form PA crys-
tals when MPA melts were cooled and crystallized
at 258C. On the other hand, the diffraction patterns
of the EVOH specimens can be categorized into two
types of lattice forms. The crystals of EVOH32 speci-
mens with 68 wt % vinyl alcohol contents cooled
and crystallized at 258C exhibit a monoclinic lattice
diffraction pattern with four peak diffraction angles
at 10.88, 19.88, 20.28, and 22.58, respectively. In con-
trast, EVOH44 and EVOH48 specimens with lower
vinyl alcohol contents (i.e., 52 and 56 wt %) exhibit
mainly the orthorhombic crystal lattice with two
peak diffraction angles at 20.28 and 21.98, when they
were cooled and crystallized at 258C. Similar results

were reported by several investigators.21,30 Cerrada
et al.30 suggest that the type of EVOH crystal lattice
formation depends mainly on the cooling rates of
the melt and vinyl alcohol contents of the EVOH res-
ins. In their study, EVOH specimens with 68 or 71 wt
% vinyl alcohol contents exhibit X-ray diffraction
patterns of monoclinic lattice, which are isomor-
phous to those of polyvinyl alcohol (PVA) resins.
However, EVOH specimens with 56 wt % vinyl alco-
hol contents exhibit orthorhombic X-ray diffraction
patterns, which are similar to those of PE resins.

After blending MPA in EVOH resins, the charac-
teristic diffraction patterns of monoclinic and ortho-
rhombic lattices of EVOH crystals become less
demarcated with the increasing MPA contents. It is
worth noting that regardless of the vinyl alcohol
contents present in the EVOH resins, the diffraction
patterns of either the monoclinic or orthorhombic

Figure 1 (A) DSC thermograms of (a) MPA, (b) MPA(83%)EVOH32(17%), (c) MPA(80%)EVOH32(20%), (d) MPA(67%)
EVOH32(33%), (e) MPA(33%)EVOH32(67%), and (f) EVOH32 samples scanned at a heating rate of 10 8C/min. (B) DSC thermo-
grams of (a) MPA, (b) MPA(83%)EVOH44(17%), (c) MPA(80%)EVOH44(20%), (d) MPA(67%)EVOH44(33%), (e) MPA(33%)
EVOH44(67%), and (f) EVOH44 samples scanned at a heating rate of 108C/min. (C) DSC thermograms of (a) MPA,
(b) MPA(83%)EVOH48(17%), (c) MPA(80%)EVOH48(20%), (d) MPA(67%)EVOH48(33%), (e) MPA(33%)EVOH48(67%), and
(f) EVOH48 samples scanned at a heating rate of 108C/min.
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lattices of EVOH crystals can be barely found in the
MPAEVOH specimens, as the weight ratios of MPA
to EVOH of MPAEVOH specimens are more than 2.
In fact, the characteristic X-ray diffraction patterns of
both monoclinic and orthorhombic lattices of EVOH
crystals almost disappear completely (see Fig. 2), when
the weight ratios of MPA to EVOH are equal to or
greater than 4 (i.e., MPA(80%)EVOH(20%) and MPA
(83%)EVOH(17%) samples). Similar to that ofMPA spec-
imen, a form PA crystal is the main crystal present in
MPAEVOHspecimens regardless of theirMPA contents.

These interesting thermal and X-ray diffraction
properties suggest that EVOH and MPA are miscible
with each other to some extents in MPA-rich and
EVOH-rich phases, wherein EVOH molecules interact
and are miscible with MPA molecules in the molecu-
lar level during the melt blending processes. Presum-
ably, the two main endotherms found in MPAEVOH
specimens are mainly attributed to the melting of
MPA and EVOH crystals present in the MPA-rich and
EVOH-rich phases in MPAEVOH specimens, respec-
tively. However, the presence of MPA and EVOH in
MPAEVOH resins can interfere with each other dur-
ing the course of crystallization, and hence, make both
melting peak temperatures of EVOH and MPA reduce
significantly with increasing the MPA and EVOH con-
tents, respectively. Moreover, making EVOH mole-
cules ‘‘soluble’’ in MPA-rich phase without phase sep-
aration is easier than making MPA molecules

‘‘soluble’’ in EVOH-rich phase without phase separa-
tion. However, EVOH molecules with higher vinyl
alcohol contents are likely to have stronger inter and/
or intramolecular bondings (e.g., hydrogen bonding)
than those with lower vinyl alcohol contents, that can
make the EVOH molecules more difficult to disperse
in MPA molecules, and hence remain as EVOH-rich
phases in MPAEVOH specimens. Presumably, this is
the reason why Wc values and peak melting tempera-
tures of EVOH-rich phases increase slightly with
increasing the vinyl alcohol contents of EVOH resins
present in the MPAEVOH specimens at weight ratios
of MPA to EVOH equal to or less than 2. On the other
hand, MPA crystallizes first upon cooling since it has
high melt temperature expelling out the amorphous
EVOH molecules from the growing crystallization
front of EVOH phase, wherein EVOH can be effec-
tively trapped between the crystals of MPA. This
might result in inhibition of the crystallization kinetics
of EVOH phase occurring at lower temperatures lead-
ing to small crystallinity values than those predicted
by the simple mixing rule. Presumably, at weight
ratios of MPA to EVOH are equal to or greater than 4,
most of the EVOH molecules were effectively trapped
and crystallization-inhibited between the crystals of
MPA during the melt crystallization processes of
MPAEVOH specimens. Under such circumstances,
the characteristic melting endotherm and X-ray dif-
fraction patterns of EVOH crystals with monoclinic

Figure 2 (A) WAXS diffraction patterns of (a) PA, (b) MPA, (c) MPA(83%)EVOH32(17%), (d) MPA(80%)EVOH32(20%),
(e) MPA(67%)EVOH32(33%), (f) MPA(33%)EVOH32(67%), and (g) EVOH32 specimens. (B) WAXS diffraction patterns of
(a) PA, (b) MPA, (c) MPA(83%)EVOH44(17%), (d) MPA(80%)EVOH44(20%), (e) MPA(67%)EVOH44(33%), (f) MPA(33%)
EVOH44(67%), and (g) EVOH44 specimens. (C) WAXS diffraction patterns of (a) PA, (b) MPA, (c) MPA(83%)EVOH48(17%),
(d)MPA(80%)EVOH48(20%), (e)MPA(67%)EVOH48(33%), (f) MPA(33%)EVOH48(67%), and (g) EVOH48 specimens.
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and/or orthorhombic lattices can be barely found in
the DSC thermograms and X-ray diffraction patterns
of MPA(80%)EVOH(20%) and MPA(83%)EVOH(17%)
specimens.

Free-volume properties

Table IV and Figure 3 summarized the evaluated free-
volume properties of PE, MPA, EVOH, and MPAE-
VOH specimens. As expected, the average radius (Rf)
and volume (Vf) values of the free-volume-cavities of
the EVOH and MPA resins are significantly lower
than that of the PE resin, wherein the Rf and Vf values
of the EVOH resins are significantly lower than that of
the MPA resin. In addition, the Rf and Vf values of
EVOH specimens reduce significantly as the vinyl
alcohol contents increase. As shown in Table IV and
Figure 3(a), the Rf values of EVOH specimens reduce
from 2.11 to 2.07 and then to 1.97 Å, as their vinyl
alcohol contents increase from 52 to 56 and then to
68 wt %, respectively, which are significantly smaller
than 2.45 and 3.04 Å of the MPA and PE specimen,

respectively. In contrast, the annihilation intensity (I3)
values of EVOH specimens are significantly higher
than that of the MPA specimen, but reduce consis-
tently with increasing vinyl alcohol contents, in which
the I3 values reflect the relative average numbers of
the free-volume-cavities per unit volume [see Fig.
3(b)]. After blending MPA in EVOH, the Rf and Vf val-
ues of each MPAEVOH sample series tend to increase,
as the MPA contents increase, respectively. At a given
weight ratio of MPA to EVOH, the beneficial effect of
the vinyl alcohol content on reducing the Rf and Vf

values of MPAEVOH samples persists but become
less demarcated as the MPA contents present in
MPAEVOH specimens increase. In contrast, the I3 val-
ues of each MPAEVOH sample series tend to reduce
with increasing the MPA contents. Similarly, at a fixed
weight ratio of MPA to EVOH, the beneficial effect of
the vinyl alcohol content on reducing I3 values of
MPAEVOH samples persists at varying MPA contents
[see Fig. 3(b)]. On the other hand, regardless of the
vinyl alcohol contents present in the virgin EVOH res-
ins, it is worth noting that most I3 values of each

TABLE IV
Free-Volume Properties of PE, CP, PA, MPA, and EVOH Samples

Sample

Annihilation
intensity
I3 (%)

Radius of
the average

free-volume-cavity
Rf (Å)

Average
free-volume-cavity

size Vf (Å
3)

Fractional free
volume Fv (%)

PE 16.95 3.04 117.73 20.0
CP 21.05 3.02 115.26 24.3
PA 17.19 2.32 52.52 9.0
MPA 17.00 2.45 61.92 10.5
EVOH32 19.11 1.97 32.02 6.1
EVOH44 19.82 2.07 37.09 7.3
EVOH48 20.20 2.11 39.35 8.0

Figure 3 (a) (þ) Average radius (Rf) and (�) free-volume (Vf) values of the free-volume-cavity of MPAEVOH32, MPAE-
VOH44 and MPAEVOH48 specimens. (The sizes of symbols increase with the increasing vinyl alcohol contents present in
virgin EVOH resins.) (b) (^) annihilation intensity (I3) and (&) fractional free-volume (Fv) values of MPAEVOH32,
MPAEVOH44, and MPAEVOH48 specimens. (The sizes of symbols increase with the increasing vinyl alcohol contents
present in virgin EVOH resins.)
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MPAEVOH sample series are significantly lower than
those calculated using simple mixing rule, and hence,
a noticeable ‘‘negative deviation’’ was found on the
plots of I3 and fractional free-volume (Fv) versus MPA
contents as the weight ratios of MPA to EVOH reach
about 4.

It is generally recognized that the size and distribu-
tion of the free-volume-cavities of polymers are
related to the molecular structure and molecular inter-
action present in their amorphous phases. Strong mo-
lecular interaction, such as inter and/or intramolecu-
lar hydrogen bondings can attract and hold the poly-
mer molecules in a more condensed way in their
amorphous phases and, hence, cause a relatively
small Rf of the free-volume-cavities. Presumably, the
significant amounts of OH groups present in EVOH
molecules can provide much higher possibility for the
formation of intermolecular and/or intramolecular
hydrogen bondings in their amorphous regions than
those of MPAmolecules, although formation of hydro-
gen bondings between the N��H and C¼¼O groups of
the MPA molecules is also possible. In fact, as
reported in our recent investigation,27 an intense
broad band centered at approximately 3330 cm�1

corresponding to hydroxyl stretching of a distribu-
tion of intermolecular and/or intramolecular hydro-
gen-bonded OH dimmer and multimers was found
in the FT-IR spectra of the EVOH specimen. On the
basis of these premises, it is reasonable to believe
that the average free volumes in the amorphous

regions of the EVOH resins are significantly smaller
than that of the MPA polymer and can further
reduce with increase in their vinyl alcohol contents.
However, after blending MPA in EVOH resin, the
presence of MPA molecules can interfere and/or
break the hydrogen-bonded hydroxyl groups origi-
nally present in EVOH resin, and even form new
interaction between carboxyl and hydroxyl groups,
as the MPA contents present in MPAEVOH speci-
mens increase. As evidenced by the FT-IR spectra
reported in our previous study,27 the hydrogen-
bonded hydroxyl groups of EVOH molecules were
broken and turned into free hydroxyl groups gradu-
ally with the increasing MPA contents present in
MPAEVOH specimens. In fact, most of the hydro-
gen-bonded hydroxyl groups of EVOH molecules
were broken at some optimum MPAEVOH composi-
tions, and the free hydroxyl groups strongly interact
with C¼¼O groups of the MPA molecules and
blended into MPA-rich phases during the melt
blending process. Under such circumstances, the
free-volume-cavities originally present in EVOH
resin disappeared significantly, and hence, cause the
relative average numbers of the free-volume-cavities
per unit volume of MPAEVOH resins are signifi-
cantly lower than those calculated using simple mix-
ing rule, and a noticeable ‘‘negative deviation’’ was
found on the plot of I3 and Fv versus MPA contents
as the weight ratios of MPA to EVOH reach about 4.
On the other hand, it is reasonable to understand
that, after blending MPA in EVOH resin, the dense
molecular structure originally present in the amor-
phous regions of EVOH specimens was disrupt and
changed into sparser structure as the MPA contents
increase, although the molecular structures can be
hold denser as the virgin EVOH resins are associ-

TABLE V
White Spirit Permeation Rates of PE, MPA, EVOH,

and MPAEVOH Specimens

Specimens

White spirit

Permeation rate
(�10�3, g/day)a

Barrier
improvementb

PE 300 1
MPA 2.48 121
MPA(83%)EVOH32(17%) 1.85 162
MPA(80%)EVOH32(20%) 0.90 335
MPA(67%)EVOH32(33%) 1.24 241
MPA(33%)EVOH32(67%) 0.82 366
EVOH32 0.34 882

MPA(83%)EVOH44(17%) 2.20 136
MPA(80%)EVOH44(20%) 1.33 226
MPA(67%)EVOH44(33%) 1.52 197
MPA(33%)EVOH44(67%) 1.42 211
EVOH44 1.18 254

MPA(83%)EVOH48(17%) 2.12 141
MPA(80%)EVOH48(20%) 1.44 208
MPA(67%)EVOH48(33%) 1.69 178
MPA(33%)EVOH48(67%) 1.83 164
EVOH48 1.44 208

a Permeation rate (g/day) ¼ weight loss of white spirit
in 14 days/14days.

b Barrier improvement ¼ permeation rate of the speci-
men/permeation rate of PE specimen.

Figure 4 Comparing (n) barrier properties and (&) frac-
tional free-volumes (Fv) of MPAEVOH32, MPAEVOH44,
and MPAEVOH48 specimens. (The sizes of symbols
increase with the increasing vinyl alcohol contents present
in virgin EVOH resins.)
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ated with higher vinyl alcohol contents. As a conse-
quence, the average free-volumes of the free-volume-
cavities of the MPAEVOH specimens increase signif-
icantly as their MPA contents increase, but reduce
significantly as the vinyl alcohol contents present in
the virgin EVOH resins increase.

White spirit permeation properties of hot-pressed
sheet specimens

Table V and Figure 4 summarized the white spirit per-
meation rates of PE, MPA, EVOH, and MPAEVOH
hot-pressed sheet specimens prepared in this study.
As expected, the PE specimen exhibits the worst white
spirit permeation resistance among the base resins (i.e.,
PE, MPA, and EVOH), wherein all EVOH specimens
exhibit even better white spirit permeation resistance
than the MPA specimen. In fact, it is worth noting that
the barrier resistance of EVOH specimens against
white spirit permeation improves significantly as their
vinyl alcohol contents increase. As shown in Table V,
the white spirit permeation rates of EVOH hot-pressed
sheet specimens reduce from 1.44 to 1.18 and then to
0.34 g/day as their vinyl alcohol contents increase from
52 to 56 and then to 68 wt %, respectively, which yield
208, 254, and 882 times of barrier improvement better
than that of the plain PE specimen, respectively. After
blending varying compositions of EVOH in MPA, the
white spirit permeation rates of each MPAEVOH sam-
ple series tend to improve as their EVOH contents
increase. However, it is interesting to note that a clear
‘‘negative deviation’’ can be found on the plots of the
white spirit permeation rates versus MPA contents as
their weight ratios of MPA to EVOH present in each
MPAEVOH sample series reach about 4. In fact, as
shown in Table V, the barrier improvement of MPA
(80%)EVOH32(20%), MPA(80%)EVOH44(20%) and
MPA(80%)EVOH48(20%) samples against white spirit
permeation reach about 335, 226, and 208 times better
than that of the PE specimen, respectively, which are
significantly better than those of other MPAEVOH
specimens (i.e., specimens MPA(33%)EVOH(67%),
MPA(67%)EVOH(33%)andMPA(83%)EVOH(17%))pre-
sent in their corresponding sample series (see Table V).

It is generally recognized that the molecular compo-
sition and structure in the amorphous phase of the
polymer can greatly affect its barrier properties, since
the permeant molecules are believed to enter and dif-
fuse through the polymer bymostly penetrating through
its amorphous regions. It is, therefore, reasonable to
suggest that the fractional free-volumes, sizes of the
free-volume-cavities and composition in the amor-
phous regions of the polymers can greatly affect
their barrier properties. On the basis of these prem-
ises, it is not hard to believe that the small nonpolar
white spirit molecules can easily enter into and per-
meate through the nonpolar amorphous regions of

PE resins with a relatively large Rf of about 3 Å. In
comparison with PE, the presence of the smaller
free-volume-cavities, fractional free-volumes and po-
lar functional groups and/or intermolecular hydro-
gen bondings in the amorphous regions of EVOH
and MPA resins, can significantly inhibit the nonpo-
lar white spirit molecules to enter into and permeate
through their amorphous regions. Moreover, as
shown in the previous section, the Rf, Vf, and Fv val-
ues of EVOH specimens reduce significantly as their
vinyl alcohol contents increase. As a consequence,
EVOH and MPA sheet specimens exhibit significant
better white spirit permeation resistance than PE
sheet specimen, wherein the white spirit permeation
resistance of the EVOH sheet specimens improve
consistently as their vinyl alcohol contents increase.
By the same analogy, the white spirit permeation re-
sistance of MPAEVOH resins is expected to improve
with the increasing EVOH contents, since the sizes
of the average free-volume-cavities (Rf, Vf) and frac-
tional free-volumes (Fv) of the EVOH resins are sig-
nificantly smaller than those of the MPA resin. How-
ever, As shown in Figure 4, in consistent with the
MPA content dependence of white spirit permeation
rates found earlier, a noticeable ‘‘negative deviation’’
was found on the plots of I3 and fractional free-vol-
ume (Fv) versus MPA contents as the MPA contents
of each MPAEVOH sample series reach about 80 wt
%. These results suggest that the barrier properties
of the MPA, EVOH and MPAEVOH specimens are
most likely related to the fractional free-volumes (Fv)
present in their amorphous phases.

CONCLUSIONS

The peak melting temperatures and percentage crys-
tallinity (Wc) values of the virgin EVOH specimens
increase significantly as their vinyl alcohol contents
increase. The X-ray diffraction patterns of the melt-
crystallized EVOH crystals transform from mono-
clinic lattice to orthorhombic lattice as their vinyl alco-
hol contents are equal to or less than 56 wt %. The
main melting endotherms and characteristic X-ray dif-
fraction patterns of both monoclinic and orthorhombic
lattices of EVOH crystals originally present in MPAE-
VOH specimens almost disappear completely, as the
weight ratios of MPA to EVOH are equal to or greater
than 4. Regardless of vinyl alcohol contents, the Wc

values of each MPAEVOH sample series are signifi-
cantly smaller than the total Wc values of MPA and
EVOH present in MPAEVOH specimens calculated
using simple mixing rule, wherein the Wc values of
‘‘EVOH-rich phases’’ are dramatically reduced and
significantly smaller than those of virgin EVOH speci-
men present in MPAEVOH specimens as the weight
ratios of MPA to EVOH are equal to or greater than 2.
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However, the Wc values of EVOH-rich phases
increase slightly with increasing the vinyl alcohol con-
tents of EVOH resins present in the MPAEVOH speci-
mens at weight ratios of MPA to EVOH equal to or
less than 2. In contrast, the Wc values of MPA-rich
phases present in each MPAEVOH sample series are
always larger than those of pure MPA crystals present
in MPAEVOH specimens calculated using simple
mixing rule. The free-volume properties and white
spirit permeation rates of the EVOH specimens reduce
significantly as their vinyl alcohol contents increase. A
noticeable ‘‘negative deviation’’ was found on the
plots of white spirit permeation rates, annihilation in-
tensity (I3) and fractional free-volume (Fv) versus MPA
contents as the MPA contents of each MPAEVOH
sample series reach about 80 wt %. These results sug-
gest that the barrier properties of the MPA, EVOH and
MPAEVOH specimens are most likely related to the
fractional free-volumes (Fv) present in their amor-
phous phases.
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