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ABSTRACT: Alternating (A-B-A)n polymer films with individual layer thicknesses in the 3-25 μm range
were produced using a robust layer multiplying coextrusion process. Such a film with layers of a poly-
(propylene-graft-maleic anhydride) (PPgMA) alternating with layers of PPgMA containing a phosphate
glass (Pglass) upon biaxial orientation exhibited percolation of high barrier filler platelets resulting in
reduction in gas permeation by two to 3 orders of magnitude. This unprecedented reduction in oxygen
permeability was attributed to the high volume fraction of highly aligned Pglass platelets in the polymer
matrix resembling a brickwall microstructure. Biaxially oriented filmswith 20 vol%Pglass content exhibited
a microstructure resembling alternating organic and inorganic layers, a close replica of natural biocompo-
sites. Structuralmodels for permeability indicated that enhanced barrier resulted from increased tortuosity of
the diffusion pathway provided by the aligned high aspect ratio platelets. Aspect ratios ranging from40 to 175
were calculated by fitting the experimental data to diffusion models. Mechanical tests revealed that the
presence of Pglass platelets increased themodulus of themultilayer composites by asmuch as 2�, without any
considerable loss in ductility. The improvement inmechanical properties was ascribed to the high aspect ratio
of the oriented Pglass platelets. Biaxially oriented films conditioned at high relative humidity (97% RH)
maintained their high oxygen barrier properties.With an optical transparency between 60 and 85%, and good
flexibility, these films stood out as good candidates for a variety of packaging applications.

Introduction

Polymers are currently used in a wide variety of barrier
applications ranging from food and beverage packaging to
electronic packaging systems necessary for flexible displays.
Organic light emitting diodes (OLEDs) using plastic substrates
are expected to provide a means of producing next-generation
flat-panel displays that are thin, lightweight, and flexible. The use
of transparent polymer films for encapsulating such displays is
limited due to their unacceptably high permeation rates for
oxygen and water.1-3 Few thin films, that possess the combina-
tion of flexibility, transparency, gas barrier, thermal stability, and
mechanical strength, have been reported to date.4-7

Incorporation of solid inorganic fillers with high aspect ratio
has been widely examined as an approach to improve gas barrier
properties of polymers. The decrease in gas permeability in such
systems is known to be a function of the aspect ratio of the
inclusions, their volume fraction and orientation. Alignment of
overlapping platelet particles can greatly increase the diffusion
distance and barrier properties by creating a tortuous path for the
diffusing species, but with a significant loss in optical transpar-
ency andductility.8-11 Incorporating such fillers in large amounts
also complicates processing due to the inherent increase in melt
viscosity.

Phosphate glasses possessing low glass transition temperatures
(Tg) which display both water resistance and chemical durability
have been described in the literature12,13 These phosphate glasses
are fluidic over a range of temperatures that includes the melt
processing temperature ofmany polymers. It is therefore possible

to process these inorganic glasses with organic polymeric materi-
als using conventional processingmethodologies to yield compo-
site materials containing phosphate glass loadings as high as 50-
60 vol %.14,15 In a previous study, the gas barrier properties of
monolayer compression molded structures of poly(propylene-g-
maleic anhydride) PPgMAcontaining Pglasswere evaluated.The
Pglass dispersed as spherical droplets in the polymer matrix was
deformed into high aspect ratio platelets during the biaxial
stretching process. A 2 orders of magnitude improvement was
achieved compared to the unoriented bulk polymer.16 Unlike
clay-based nanocomposites, where a high degree of exfoliation
and orientation of the clay platelets at filler concentrations
greater than 3-5 vol% is very challenging, the present approach
was amenable to high loadings of the Pglass filler without any loss
of platelet orientation.

The layer multiplying coextrusion technique employed in the
present work enables the production of layered films with tens or
thousands of alternating layers of two or three different polymers
with individual layer thicknesses in the 10 nm to 100 μm range
and various arrangements.11,17,18 Using this technology, poly-
mers with widely dissimilar solid state morphologies and proper-
ties can be combined into unique layered and gradient structures.
Micro and nano layers with up to 4096 layers and individual layer
thicknesses less than 20 nm have been successfully produced with
this system. As the layer thickness approaches the micro and
nanometer length scales, useful and interesting changes in gas
transport,11 mechanical,17 and optical18 properties occur. This
technology therefore offers an attractive approach for creating
designed architectures from particulate-filled polymers such as
alternating filled/unfilled layers with varying thickness and com-
position. Coupling of carefully chosen inorganic/organic barrier
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systems with multilayering technology offers the potential for
generating tens or hundreds of individual, high aspect ratio
barrier domains through which oxygen, carbon dioxide, water
vapor, or any permeant of interest would have to traverse. To
take advantage of this, the present work aims to utilize low Tg

phosphate glasses as impermeable fillers in multilayered polymer
structures. These multilayered structures deploy layers of a
PPgMA/Pglass composite alternating with layers of unfilled
polymer. The layers were extruded in a (ABA)n arrangement
with outer layers A of PPgMA. The number of layers (N) were
determined by the number of multiplier elements (m) as N =
2mþ1. The Pglass, dispersed as spherical droplets in the filled
layers, can then be deformed under biaxial orientation into high
aspect ratio platelets. A schematic of the process is shown in
Figure 1.

This approach we believe should lead to a highly regular and
aligned regime of Pglass platelets unique to these multilayer
structures giving us significant improvement in gas barrier
properties. In this study, highly impermeable composite films
prepared using conventional melt processing methodologies are
reported. These films exhibit an improvement of 5-10 times in
oxygen barrier compared to monolayer compression molded
structures in addition to good transparency and flexibility.
Composite gas transportmodels explain the observed 2-3 orders
ofmagnitude reduction in oxygen transport compared to the neat
polymer.

Experimental Section

Materials. Poly(propylene-graft-maleic anhydride) (PPgMA)
with 0.2 wt % maleic anhydride (grade PB 3002) was provided
by (Chemtura Corporation) with a density and melt flow index
(MFI) of 0.91 g cm-3 and 7 g (10 min)-1 (ASTMD 1238) respe-
ctively. Reagent grade tin fluoride (SnF2), tin oxide (SnO) and
ammonium dihydrogen phosphate (NH4H2PO4) were all used
as received (Aldrich Chemical Co.).

Glass Preparation. The phosphate glasses (Pglass) were pre-
pared on a 250 g scale. The ingredients were carefully weighed
and added into a closed jar to form Pglass with a batch molar
composition of 50% SnF2 þ 20% SnO þ 30% P2O5. The
ingredients were tumble mixed for 25-30 min to produce a
uniform mixture and then transferred to a 300 mL capacity
vitreous carbon crucible. The crucible was placed, uncovered,
into a Thermolyne FA 1635muffle furnace at 450 �C for 70min.
Fluid melts obtained using this procedure were quenched onto a
stainless steel plate and annealed by placing in the oven at
approximately 20 �C above the Tg for about 90 min.12,13 This

process resulted in a Pglass with a density of 3.65( 0.01 g cm-3

and a Tg of 118 ( 2 �C.
Composite Preparation. The composites containing 10, 20,

and 40 vol % Pglass were prepared using a Thermo-Haake
Rheomix 3000 batch mixer equipped with roller rotors. The
PPgMA and Pglass were batch mixed at 210 �C at a rotor speed
of 60 rpm for 8 min, then collected as pieces about 2 mm thick
and 100 mm �100 mm across. The PPgMA was dried in a
vacuum oven at 80 �C for at least 24 h prior to melt blending.
The Pglass was ground to fine powder ground using an IKA
M20 mill and stored in a desiccator before use in order to
prevent any moisture absorption.

Microlayering. Films with 17, 33, 65, and 129 alternating
layers were extruded using a layer multiplying coextrusion
system described previously.11,17,18 The layers were extruded
in a (ABA)n arrangement with outer layers A of PPgMA. The
number of layers (N) was determined by the number of multi-
plier elements (m) as N = 2mþ1. The melt from the final multi-
plier was spread through a 14-in. film die that had adjustable lips
and a rectangular spreading geometry onto a laboratory-scale
chill roll (Randcastle Extrusion Systems; Cedar Grove, NJ)
maintained at 80 �C. The speed of the chill roll was used to
control the overall film thicknesses; 350-400 μm films were
extruded in each case. The extruder, multiplier elements and die
temperatures were set to 200 �C to ensurematching viscosities of
the two polymer melts (Figure 2). For this study equal volu-
metric flow rates were used.

Biaxial Orientation. Square specimens 85 mm � 85 mm were
cut from themicrolayered films,markedwith a grid pattern, and

Figure 1. Schematic of the multilayer coextrusion process used to produce alternating (ABABA)n microlayers of Pglass filled and unfilled PPgMA
which are then biaxially oriented to produce Pglass microplatelets.

Figure 2. Melt flow index (MFI) data for neat PPgMA and PPgMA/
Pglass composites.
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biaxially stretched in a Br€uckner Karo IV biaxial stretcher at
155 �C at an engineering strain rate of 5% s-1 based on the
original specimen dimensions. The preheat time before stretch-
ing was fixed at 1min. The sheets were simultaneously and equi-
biaxially drawn to a target draw ratio of 3� 3. The actual draw
ratio calculated from the change in separation of the parallel
grid lines was found to be approximately 6 � 6, substantially
higher than the target draw ratio. It was thought that uniformity
was affected by uneven heating. Especially with the unusually
low strain rate used, a slightly higher temperature in the center of
the stretching chamber could have resulted in uneven drawing.
Biaxial orientation reduced the film thickness to about 10 μm.

Morphological Analysis. In order to analyze the morphology
of the composite materials before and after biaxial orientation,
the films were embedded in epoxy and microtomed at room
temperature using a glass knife. The sampleswere sputter coated
with palladium. The morphology was observed using a Philips
XL scanning electron microscope (SEM). SEM images were
analyzed using Image-Pro Plus software in order to estimate the
average diameter of the dispersed Pglass droplets. Three differ-
ent images were analyzed for each composition and the values
were averaged to obtain the reported results.

Oxygen Permeability.Oxygen flux J(t) at 0% relative humid-
ity, 1 atm and 23 �C was measured with aMOCONOX-TRAN
2/20. The permeant gas stream was diluted with nitrogen to
achieve a 2% oxygen concentration in order to avoid exceeding
the detector capability of the instrument. Permeability was
obtained from the steady flux J0 according to

P ¼ Jol=p ð1Þ
where p is the oxygen pressure and l is the film thickness. To
study the effect of relative humidity (RH) on oxygen perme-
ability, the biaxially oriented filmswere conditioned for a period
of 1 month at 97% RH. The 97% RH was maintained with a
saturated potassium sulfate (K2SO4) aqueous solution in accor-
dancewithASTME104-85.Oxygen permeabilitywasmeasured
on conditioned films at 23 �C with the MOCON Oxtran2/20
with the RH adjusted to 97%. Two films prepared under the
same conditions were tested to obtain the average permeability.

Positron Annihilation Lifetime Spectroscopy (PALS). PALS
was performed using the fast-fast coincident method with a
time resolution of 230 ps, at a count rate of 106counts/h. A
30 μCi 22NaCl positron source was sandwiched between two
identical stacks of biaxially oriented films (65 layers), each with
thickness of 0.5mmand 1� 1 cm2 area. Themeasurements were
carried out at ambient laboratory conditions. A total of
15 PALS spectra were collected for each specimen and were
tested against two and three component fits using the PATFIT
program. The shortest lifetime component (τ1) and the corre-
sponding intensity (I1) are attributed mainly to the annihilation
of parapositronium (p-Ps). The intermediate lifetime compo-
nent (τ2) and the corresponding intensity (I2) are attributed
mainly to the annihilation of free positrons. The longest lifetime
component τ3 and the corresponding intensity I3 are usually
ascribed to the orthopositronium (o-Ps) pickoff annihilation
and exhibit correlations to the size and concentration of the free
volume holes, respectively. The average free volume hole radius
(R) can be calculated from the o-Ps lifetime (τ3) using the
semiempirical equation(19,20)

τ3 ¼ 0:5 1-
R

Ro
þ 1

2π
sin

2πR

Ro

� �" #- 1

ð2Þ

where Ro = R þ ΔR and (ΔR = 1.66 Å). Using the value of
R, the mean free volume hole size (Vf) is calculated as Vf =
(4/3)πR3. For PPgMA and PPgMA/Pglass composites, optimal
fits were obtained to three components with variance smaller
than 1.20.

Mechanical Properties. Mechanical properties of both the
oriented and unoriented microlayered films were evaluated in
uniaxial tension on an Instron 5565 universal tester. Dog bone
shaped specimens were punched from the films using anASTM-
D638 V punch tool and were tested at ambient temperature at a
strain rate of 10%/min. Modulus values calculated from the
initial slope of the stress-strain curve at 1% strain are reported.
Three specimens were tested for each composition and the
values were averaged to obtain the reported results.

Optical Clarity. Light transmission of the biaxially oriented
films was measured using an ultraviolet-visible spectrometer
(OceanOptics,Dunedin,FL).The filmswere sandwichedbetween
two glass slides to prevent curving, and then placed between the
light source and light detector. Mineral oil with refractive index
of 1.500was spread on both surfaces of the film. The transmitted
intensity at 633 nm wavelength was taken to calculate the light
transmission as

T ð%Þ ¼ T633

T�633
� 100 ð3Þ

where T�633 is the light transmission at 633 nm with two glass
slides as the reference and T633 is the total light transmission at
633 nmof the two glass slides with the film in between them. The
measurement was performed at three different locations on each
film and the average and standard deviation are reported.

Results and Discussion

PPgMA was used as the polymer matrix as it demonstrated
better compatibility with the Pglass than polypropylene homo-
polymer (PP). The hydrogen bonding between the hydroxyl
groups on the glass surface and the maleic anhydride group in
PPgMA led to improved interfacial adhesion and resulted in
smaller dispersed Pglass droplet size when PPgMA was used as
the polymer matrix. The PPgMA/Pglass 90/10, 80/20 and 60/40
v/v composites were obtained by melt mixing in a Haake batch
mixer. These composites formed the “B” layers of alternating
(A-B-A)n multilayered films. The Pglass was dispersed as
spherical droplets in the polymer matrix after melt mixing. The
SEM images of these composites were analyzed using image
analysis software in order to estimate the average diameter of
the dispersed droplet phase in the composites. The average
particle size was about 1.9 ( 0.6, 2.5 ( 1.1, and 3.5 ( 1.5 μm
for the 90/10, 80/20, and 60/40 v/v composites, respectively. The
increase in Pglass droplet size with increasing Pglass volume
concentration in the polymer composites was attributed to the
coalescence of Pglass particles during melt blending.

Layer-multiplying coextrusion producedmicrolayer films with
alternating layers of Pglass-filled PPgMA and unfilled PPgMA.
The layer thickness was varied by changing the number of
coextruded layers while keeping the overall film thickness con-
stant. Multilayered films with 17, 33, 65, and 129 layers and with
nominal layer thicknesses of approximately 24, 12, 6 and 3 μm
were obtained. The composition ratio A/B was kept constant at
50/50 v/v resulting in microlayered films with final Pglass con-
centrations of 5, 10, and 20 vol %. The SEM images in Figure 3
show the cross sections of the 17, 33, 65, and 129 layers films with
a total Pglass content of 10 vol % (20 vol % Pglass in the filled
layers). The unfilled and filled layers are readily distinguished
even in the case of 129 layers where the Pglass droplet size was
comparable to the layer thickness. The Pglass particles were
uniformly distributed in the filled layers and the Pglass particle
orientation/alignment in the filled layers seemed to significantly
improve with increasing the number of layers.

In order to deform the dispersed spheres into high aspect ratio
platelets, biaxial orientation of themicrolayered filmswas carried
out using a previously established procedure.16 The target draw
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ratio of 3 � 3 was chosen based on previous results where the
largest reduction in permeability was obtained by stretching to a
target draw ratio of 3 � 3. Stretching the composites to higher
draw ratios resulted in some increase in permeability which was
attributed to breakup of the platelet-shaped particles and possi-
bly to some cavitation that occurred during stretching.16 The
SEM images of the film cross sections after biaxial orientation
revealed a well-defined layered structure with an exceptionally
high degree of Pglass platelets alignment, leading to an extremely
tortuous path for diffusing gas molecules (Figure 4).

Oxygen Permeability. It is well understood through theo-
retical models as well as experimental studies that the barrier
properties of a polymer containing a less permeable filler are
strongly influenced by the final morphology. In general, the
lowest permeability is obtained with continuous layers ar-
ranged perpendicular to the flux direction. On the other
hand, a droplet morphology is associated with the highest
permeation. Oriented and high aspect ratio platelets can
approach the performance of continuous layers due to
increased area fraction and increased tortuosity to per-
meants. The oxygen permeability data for the microlayered
films before and after biaxial orientation are summarized in
Table 1. The presence of spherical Pglass droplets decreased

the P(O2) by 20-30% whereas high aspect ratio Pglass
platelets reduced the P(O2) by 2-3 orders of magnitude.

The gas permeability of an ABABA layered assembly[11]

can be calculated as

PAB ¼ φA

PA
þ 1-φA

PB

� �- 1

ð4Þ

wherejA is the volume fraction of the unfilled PPgMA layer,
PA is the oxygen permeability of the unfilled PPgMA layer
and PB is the oxygen permeability of the PPgMA/Pglass
composite layer. Because of the presence of spherical Pglass
droplets in the as-extruded microlayered films it was antici-
pated that the permeability PB of the filled layer would be
described by the Maxwell model for randomly dispersed
spherical particles of lower permeability in a continuous
matrix of higher permeability21

PB

Pm
¼ 1þ 3φPglass

ðPPglass=PmÞþ 2

ðPPglass=PmÞ- 1

" #
-φPglass

ð5Þ

where PPglass and Pm are the permeabilities of the dispersed
Pglass particles and the PPgMA matrix, respectively, and
φPglass is the volume fraction of Pglass in the filled layer.
Assuming Pglass to be impermeable (PPglass = 0) and taking
Pm from Table 1 as 0.87 barrer, the permeability of the filled
layer was calculated from eq 5. Combining the results with eq
4 satisfactorily describe the permeability of the as-extruded
films. It is also consistent with eqs 4 and 5 that permeability
of the as-extruded films depended only on the Pglass content,
and not on the number of layers or layer thickness.

The slight decrease in P(O2) of neat PPgMA films from
0.86 ( 0.02 barrer to 0.65 ( 0.03 barrer after biaxial
orientation to a draw ratio of 3 � 3 was attributed to lower
diffusivity due to tightening of amorphous tie chains andwas
consistent with previous reports for biaxially stretched iso-
tactic PP.22 Transformation of the spherical Pglass particles
into platelets by biaxial stretching increased the tortuosity of
the diffusion pathway and remarkably decreased the perme-
ability of the composite films. If the particles are platelet-
shaped with aspect ratio R and oriented perpendicular to the
flux direction, permeability models including of Nielsen23

P

Pm
¼ 1-φPglass

1þR
φPglass

2

ð6Þ

and Cussler24

P

Pm
¼ 1-φPglass

1þ R
φPglass

2

� �2
ð7Þ

can be applied. The dependence on the square of both R and
j in eq 7 is due to both the increased distance for diffusion

Figure 3. SEM images ofmicrolayered filmwith 10 vol%Pglass across
the film cross section.

Figure 4. SEM images of biaxially oriented microlayered film with 10
vol % Pglass across the film cross section. The arrows define the cross
section of the film.

Table 1. Oxygen Permeability of Unoriented and Biaxially Oriented Microlayered Films with Different Number of Layers

P(O2) (barrer)

17 layers 33 layers 65 layers 129 layers

1 � 1 3 � 3 1 � 1 3 � 3 1 � 1 3 � 3 1 � 1 3 � 3

PPgMA control 0.88 ( 0.02 0.65 ( 0.03 0.87 ( 0.01 0.65 ( 0.03 0.86 ( 0.01 0.62 ( 0.02 0.86 ( 0.02 0.64 ( 0.03
5 vol % Pglass 0.81 ( 0.01 0.32 ( 0.02 0.80 ( 0.01 0.19 ( 0.02 0.80 ( 0.01 0.13 ( 0.01 0.80 ( 0.01 0.11 ( 0.01
10 vol % Pglass 0.73 ( 0.03 0.13 ( 0.02 0.74 ( 0.02 0.029 ( 0.004 0.71 ( 0.02 0.013 ( 0.002 0.72 ( 0.02 0.012 ( 0.001
20 vol % Pglass 0.60 ( 0.03 0.028 ( 0.004 0.60 ( 0.02 0.006 ( 0.001 0.59 ( 0.03 0.002 ( 0.0005 0.62 ( 0.03 0.0017 ( 0.0003



4234 Macromolecules, Vol. 43, No. 9, 2010 Gupta et al.

and reduced cross sectional area between the platelets.
Increasing the platelet volume fraction leads to increasing
overlap between platelets, causing reduction in the cross
section area between the platelets through which the diffu-
sion is occurring. This overlap leads to repeated multiple
scattering of the penetrant gasmolecule between close pair of
platelets, thereby increasing the tortuosity of the diffusion
pathway and a change in diffusion mechanism from Nielsen
to Cussler type.

The permeability data for the stretched filmswere fit to the
Nielsen and Cussler models using the aspect ratio R as the
only adjustable parameter. Equation 6 satisfactorily de-
scribed the results for the lower Pglass loadings (5 vol %
Pglass) with a particle aspect ratio R that increased from 40
to175 as the number of layers increased Figure5a. On the
other hand, P(O2) of the composites with higher Pglass
content (10 and 20 vol % Pglass) was considerably lower
than the prediction from eq 6. When the results for these
films were compared against the prediction from eq 7 using
the aspect ratios extracted from the Nielsen analysis, good
agreement was obtained, 5b. The aspect ratios obtained by
fitting the permeability data were consistent with the platelet
dimensions observed in the SEM images of the film cross
section. The increase in aspect ratio with increasing number
of layers was mainly attributed to a decrease in the thickness
of Pglass platelets as the layers became thinner. Confining
the Pglass in thinner layers prevented the lateral coalescence
of Pglass particles during biaxial stretching. Whereas the
length of the platelets was approximately 15-20 μm in all the
films, the thickness of the platelets decreased from 350 to 80
nm as the number of layers increased from 17 to 129.
Biaxially oriented films with 20 vol % Pglass content ex-
hibited a microstructure resembling alternating organic and
inorganic layers Figure 6. The layered platelet morphology
provided an extremely tortuous pathway for the permeant
gas.

A film with 17 layers (8 layers of Pglass composite) and 10
vol % Pglass brought about a 7� reduction in oxygen
permeability compared to the unoriented PPgMA control.
The same composition with 129 layers (64 containing Pglass)
resulted in about a 70x reduction in oxygen permeability to

0.012 barrer. The value compared favorablywith some of the
most widely used oxygen barrier polymers such as poly-
(ethylene terephthalate) (PET) (0.036 barrer)25 and Nylon-
6,6 (0.010 barrer).26 When the concentration of the Pglass in
the film cross section is increased to 20 vol %, the perme-
ability decreased by almost another order of magnitude to
0.0017 barrer, a value similar to that of aromatic polyamides
based on hexamethylenediamine (Nylon MXD6) (0.002
barrer).25

Effect of Humidity. It is well-known that water has a
significant effect on the gas barrier properties of most
hydrophilic polymers. Water sorption at high relative hu-
midity (RH) seriously compromises the gas barrier of hydro-
philic polymers such as PEO, Nylon-6 and EVOH,11,27,28

even the gas barrier performance of clay nanocomposites
tends to deteriorate under humid conditions because of the
hydrophilic nature of the clay.29 Polypropylene demon-
strates excellent moisture barrier, while phosphate glasses
are documented to have low water durability. Hence, it was
important to evaluate the effect of humidity on the gas
barrier properties of the composite films. Water uptake
and oxygen flux were recorded for biaxially oriented com-
posites films with 65 layers, after they were conditioned at
97%RH for 1 month. The results are shown in Table 2. The
water uptake increased with the Pglass content, with a
maximum uptake of approximately 1.7 wt % for the film
with 20 vol % Pglass content. Interestingly, the oxygen
permeability decreased after the films were conditioned. A
decrease in oxygen permeability for nylon-6 (0-50%RH),27

Figure 5. Experimental data for oxygenpermeability versus volume fraction of Pglass for biaxially oriented composite filmswith various fits according
to (a) Nielsen and (b) Cussler equations.

Table 2. Water Sorption and Oxygen Permeability Data for Biaxially Oriented Films with 65 Layers Conditioned at 23�C/97% RH for 1 month

water sorption (wt %) P(O2) (barrer), 0% RH P(O2) (barrer), 97% RH drop in P(O2) (%)

PPgMA control 0.30( 0.02 0.62( 0.02 0.56( 0.02 10( 2
5 vol % Pglass 0.60( 0.05 0.13( 0.01 0.11( 0.01 12 ( 5
10 vol % Pglass 0.8 ( 0.05 0.013( 0.002 0.011( 0.001 15( 2
20 vol % Pglass 1.70( 0.2 0.002( 0.0005 0.0016( 0.0004 22( 3

Figure 6. Cross sectionof a biaxially oriented filmwith 20 vol%Pglass.
The arrows define the cross section of the film.
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PET (0-100% RH),30 and Nylon MXD6 (0-70% RH),31

has been demonstrated before. The results were explained on
the basis of absorbed water occupying part of the static free
volume and thereby reducing the oxygen solubility.

A common method for obtaining the gas solubility is to
extract the diffusivity D from the nonsteady state flux curve
and calculateS=P/D. However, the biaxially oriented films
were very thin, about 10 μm, and in the measurements the
steady state flux was reached too rapidly to record the
nonsteady state region. Instead, PALS was used to probe
changes in free volume due to moisture sorption. PALS is an
important and widely used technique for probing the sub-
nanometer-sized local free volume in polymeric materials
and composites, and has recently been used to study moist-
ure absorption/desorption in polymers.32-34 Figure 7 shows
the spectra of Pglass, biaxially oriented PPgMA, and the
biaxially oriented composite with 20 vol % Pglass. The
Pglass lifetime spectra decayed very rapidly andwas resolved
into two components (τ1 and τ2). Most of the decay was
related to the shortest lifetime component (τ1 = 0.2 ns and
I1=65%), with less intermediate lifetime contribution (τ2=
0.56 ns and I2 = 35%) and no longer lifetime contribution,
which agreed well with the reported values for certain oxide
based glasses.35 Positrons annihilated very rapidly due to the
low concentration of defects and the absence of holes for the
o-Ps formation, which was consistent with the excellent gas
barrier properties of these glasses. The decay curves were
similar for neat PPgMA and PPgMA/Pglass composite
materials. The lifetime spectra were resolved into three

components, the o-Ps intensity (I3) of long-lived component
τ3 was about 15%, indicating that an appreciable fraction of
the positrons entering the sample resulted in the formation of
o-Ps in the free volume holes of the PPgMA. The effect of
volume fraction of Pglass on the o-Ps lifetime and intensity is
shown in Figure 8, parts a and b. I3 was found to be almost
independent of the Pglass content confirming o-Ps are
formed only in the PPgMA phase. The increasing volume
fraction of Pglass resulted in higher τ3 or free volume hole
size (Vf) in the dry films. The increase in τ3 was attributed to
formation of large free volume cavities at the interface
between the polymer and Pglass phase. Similar results have
been reported by Chen et al.36 and Winberg et al.37 for
polymer composites based on silica and clay, respectively.
Both τ3 and I3 decreased for the films conditioned at 97%
RH. The effect on τ3 and I3 became larger as the volume%of
Pglass increased and paralleled an increase in water sorption
(Table 2). The presence of absorbedmoisture caused the o-Ps
lifetime (τ3) to decrease as water absorbed in large pre-
existing holes resulted in a narrower distribution of holes
accessible for o-Ps formation. Similarly, holes occupied by
the water molecules were no longer available for o-Ps
formation, resulting in a decrease in o-Ps intensity (I3). This
confirmed the hypothesis that absorption of water into the
holes of the free volume was the primary reason for the drop
in oxygen permeability.

Mechanical Properties. The addition of inorganic fillers to
polymers for increasing the modulus or stiffness via reinfor-
cement mechanisms has been a widely studied phenomenon.
Polymers filled with rigid inorganic particles display higher
values ofYoung’smodulus than unfilled polymers, but at the
same time demonstrate a significant reduction in fracture
strain.6,7,38,39 In order to determine the effect of Pglass on the
mechanical properties of the composite films, stress-strain
behavior of both the unoriented and biaxially oriented
multilayered films was investigated. Table 3 reports the
tensile modulus, yield stress, fracture stress and elongation
at break for the unoriented multilayered films. The presence
of spherical Pglass led to a moderate improvement in the
tensile modulus, while a small drop in the yield stress was
recorded.

The stress-strain curve of the unfilled PPgMAwas typical
of ductile polymers with an engineering strain of approxi-
mately 350%before fracture. The stress-strain curves of the
PPgMA/Pglass composites with up to 10 vol % Pglass were
similar to that of the unfilled polymer. The composites
showed ductile behavior with formation of a stable neck

Figure 7. PALS lifetime spectra for Pglass and biaxially oriented
PPgMA and PPgMA/Pglass composite with 20 vol % Pglass.

Figure 8. PALS data for biaxially oriented composite films with 65 layers as a function of Pglass volume fraction: (a) effect on o-Ps lifetime and (b)
effect on o-Ps intensity normalized to PPgMA volume fraction according to I3o= I3/volume % PPgMA.
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(Figure 9, parts aand b). The fracture strain decreased as the
filler content increased primarily due to the decrease in the
length of the strain hardening region. For polymer compo-
sites, if particle debonding from the matrix occurs prior to
plastic deformation of the matrix, usually the yield strength
will decrease and relatively unhindered plastic deformation
of the polymer matrix around the particles will lead to
compositeswith relatively ductile behavior.40 The debonding
and void growth in the tensile samples sectioned along the
stretching direction is shown in Figure 9c and was represen-
tative of all the composites with 5 and 10 vol % Pglass. The
micrograph shows elongated voids that contain Pglass par-
ticles. The voids have the shape that would be expected if the

polymer debonded and drew out around the particles,
allowing thematrix to undergo the large local strain required
in the necking process. As the Pglass volume fraction was
increased to 20 vol%, the composites failed in a quasi-brittle
manner as some level of plastic deformation preceded frac-
ture even though the fracture strain dropped significantly.
The fracture strain was only approximately 5% indicating
that a neck formed but the neck was not strong enough to
support drawing and fractured. This transitional behavior
from ductile drawing to quasi-brittle fracture at low strains
occurred when the amount of matrix material in the cross
sectiondroppedbelow the critical value needed to support the
engineering draw stress.40 The as-extruded PPgMA/Pglass

Figure 9. (a and b) Typical stress strain curves for as-extrudedmultilayered films with 65 layers and (c) SEM image of as-extruded 65 layers PPgMA/
Pglass film strained to fracture and then cryogenically microtomed parallel to the direction of deformation.

Table 3. Summary of Tensile Properties of As-Extruded Microlayered Films

modulus (GPa) yield stress (MPa) fracture stress (MPa)a elongation at break (%)

PPgMA control (17 layers) 1.48( 0.02 31.6( 0.7 30.9( 0.3 320( 30
5 vol % Pglass (17 layers) 1.62( 0.04 29.6( 2.0 28.8( 1.9 280( 30
10 vol % Pglass (17 layers) 1.75( 0.03 28.9( 1.3 27.2( 2.1 230( 70
20 vol % Pglass (17 layers) 2.10( 0.02 27.5( 1.0 NA 8( 2

PPgMA control (33 layers) 1.46( 0.02 31.6( 0.5 30.9( 0.3 370( 30
5 vol % Pglass (33 layers) 1.65( 0.02 29.0( 1.0 28.2 ( 1.0 250( 30
10 vol % Pglass (33 layers) 1.75( 0.03 28.2( 1.5 27.0( 1.1 200( 30
20 vol % Pglass (33 layers) 2.15( 0.05 27.2( 1.0 NA 6( 2

PPgMA control (65 layers) 1.45( 0.02 32.5 ( 0.5 31.5( 1.0 400( 20
5 vol % Pglass (65 layers) 1.65( 0.02 29.9( 0.3 28.3 ( 1.9 300( 50
10 vol % Pglass (65 layers) 1.75( 0.02 29.0( 1.1 28.5( 2.4 230( 30
20 vol % Pglass (65 layers) 2.15( 0.05 28.2( 1.0 NA 5( 2

PPgMA control (129 layers) 1.45( 0.05 32.0( 1.0 31.5( 1.0 450( 50
5 vol % Pglass (129 layers) 1.68( 0.03 30.6( 0.4 29.8 ( 1.5 300( 50
10 vol % Pglass (129 layers) 1.78( 0.03 29.0( 1.0 28.0( 1.0 200( 50
20 vol % Pglass (129 layers) 2.1( 0.05 27.2( 0.8 NA 6( 2

aNormalized to PPgMA volume %.
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composites with different number of layers demonstrated
very similar mechanical properties.

Figure 10a shows the typical stress-strain behavior for the
biaxially oriented films with 65 layers. The elongation at
break for biaxially oriented films is considerably lower than
that for as-extruded films. The drop in elongation at break is
due to less potential for orientation in the sheets that have
been stretched to a high draw ratio. The biaxially oriented
films are already stretched approximately 6� 6 times (actual
draw ratio) and have gone through yielding during biaxial
orientation The polymer chains are now already uncoiled
and aligned. On the other hand, orientation of polymer
chains during the biaxial orientation process led to an
increase in tensile modulus of the neat PPgMA from 1.5 to
2.7 GPa. The presence of Pglass platelets led to a substantial
improvement in the tensile modulus. The modulus of the
composite films increased by a factor of 1.25-2.0� depend-
ing on the volume % of the Pglass in the composite without
any significant loss of toughness as determined by the area
under the stress-strain curve.A small reduction in the tensile
strength of the composite films was recorded with the
increasing volume fraction of Pglass and can be attributed
to low interfacial compatibility at the organic-inorganic
interface. The tensile modulus and elongation at break for
the biaxially oriented composite films with different number
of layers is shown in Figure 10, parts band c.

The Halpin-Tsai equation is widely used to estimate the
reinforcement effects of a filler.41 The modulus of composite
materials reinforced by platelet shaped fillers can be ex-
pressed in the form

Ec

Em
¼ 1þ 2Rηφf

1-ηφf

ð8Þ

where

η ¼ Ef =Em - 1

Ef =Em þR

Ec is the composite modulus, Ef is the Pglass modulus, Em is
thematrixmodulus,R is the aspect ratio, andjf is the volume
fraction of Pglass. Good correlation between the theoretical
and experimental values using values of 2.7 and 16 GPa for
the matrix modulus and the filler modulus respectively
(Figure 10b). When the aspect ratios are much larger than
the ratio of filler tomatrixmodulus (R.Ef/Em) theHalpin-
Tsai equation can be reduced to the form

Ec ¼ Efφf þEmð1-φf Þ ð9Þ

In this case, the effect of R on the composite modulus
becomes negligible as can be seen from Figure 10b.

Optical Clarity.Optical properties of polyolefin films such
as haze and transparency are of considerable importance in
many packaging applications. Values for the % light trans-
mission through 10 μm thick biaxially oriented films with 65
layers is presented in Figure 11a. Mineral oil with refractive
index of 1.500 was spread on both surfaces of the film to
smooth the film surface and eliminate light scattering from
surface roughness. The biaxially oriented PPgMA control
films exhibited excellent light transmission of almost 100%.
With addition of Pglass, light transmission somewhat de-
creased from 85 to 60%depending on the volume fraction of
Pglass in the composite. The loss of light transmission was
attributed to bulk scattering due to refractive index mis-
match between the polymer matrix and the Pglass filler.
Addition of Pglass to PPgMA resulted in films with slight

Figure 10. (a) Typical stress strain curves for biaxially oriented multilayered films with 65 layers. (b) Experimental modulus data for Pglass reinforced
PPgMAandmodel predictions fromeq9 (solid lines) basedonexperimentally determined aspect ratio (R) andEf/Em=6. (c)Dependence of elongation
at break on the Pglass volume %.
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haziness; however, good overall see through clarity was still
maintained (Figure 11b).

Conclusions

A new class of organic polymer/inorganic glass hybrids with
property improvements that are impossible to achieve with
classical polymer blends or composites has been developed. A
layer multiplication coextrusion process was used to produce
microlayered films of neat PPgMA alternating with layers of a
PPgMA/Pglass composite. The Pglass, which was dispersed as
spherical droplets in the filled layers, elongated into high aspect
ratio platelets during the biaxial stretching process. Biaxially
oriented films exhibited a brick wall type microstructure with
highly aligned inorganic platelets in a ductile organic matrix. The
oxygen barrier of PPgMA was significantly improved due to
presence of Pglass platelets as impermeable inclusions, compar-
ing favorably to some of the most widely used oxygen barrier
polymers such as PET, Nylon6,6, and Nylon MXD6. Properly
dispersed and aligned Pglass platelets proved to be very effective
for increasing the composite modulus without sacrificing ducti-
lity. Films that were stiff (5 GPa) yet ductile (jb ∼15%) were
produced at a moderate inorganic volume fraction. This simple
process resulted in a close replica of natural biocomposites with
alternating organic and inorganic layers. The developed films are
promising for a wide variety of advanced packaging applications
because of their gas barrier properties, flexibility, transparency,
mechanical strength and performance under humid conditions.
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