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ABSTRACT: Fabrication of a breathable film by the microlayer coextrusion process is
described. Poly(ethylene oxide) (PEO) was microlayered with a filled polyolefin, either
CaCO3-filled polyethylene or CaCO3-filled polypropylene. The thickness of individual
layers was varied by increasing the total number of layers in the microlayered film from
8 to 4096. The water vapor transport rate (WVTR) was measured for microlayer films
that varied in composition and number of layers. Especially with the PP(CaCO3)/PEO
system, systematic variation in composition and number of layers made it possible to
obtain large changes in the WVTR. The results were related to the tortuousity of the
pathway through the microlayer. The filled polyolefins acted as a barrier to water vapor
transport through the hydrophilic PEO. As the individual layers were made thinner by
increasing the total number of layers, the polyolefin layers changed from continuous to
discontinuous. Tortuousity concepts were used to correlate the increase in WVTR with
an effective aspect ratio of the discontinuous polyolefin layers. In addition to high
WVTR values, the breathable films produced by microlayering PEO with a filled
polyolefin exhibited excellent mechanical properties. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 78: 816–828, 2000

Key words: breathable films; microlayer coextrusion; water vapor transport; filled
polypropylene; filled polyethylene, Poly(ethylene oxide)

INTRODUCTION

Numerous examples in the literature illustrate
how the coextrusion of film with two or more
polymers into layered structures can produce
films with a desirable mix of end-use characteris-
tics. For packaging materials, laminates of poly-
mers are used to provide various desirable prop-
erties such as oxygen barrier, water barrier, UV
barrier, strength, puncture resistance, and heat

sealability that one polymer by itself is not able to
provide.1

Blend films with laminar morphologies are an
alternative to coextruded films as barrier materi-
als.2–12 An example of such a material is a PP
matrix containing dispersed laminar phases of
EVOH, a high-barrier polymer, which had perme-
ability properties approaching those of a multi-
layer coextruded system.5,8 The key to achieving
good barrier with these materials is creating im-
permeable domains with high aspect ratios per-
pendicular to the transport direction. This creates
a torturous path, which the permeant must tra-
verse to pass through the thickness of the film.
Films that have this laminar morphology can

Correspondence to: A. Hiltner.
Contract grant sponsor: Kimberly-Clark Corp.

Journal of Applied Polymer Science, Vol. 78, 816–828 (2000)
© 2000 John Wiley & Sons, Inc.

816



have very novel properties. By varying the aspect
ratio of the barrier domains it is possible to tailor
the permeability of the film. The permeable ma-
terial remains continuous in the thickness of the
film, but the aspect ratio of the barrier domains
controls the tortuousity and hence the permeabil-
ity of the film.

An interesting variation of the laminar mor-
phology is a three-dimensionally cocontinuous
structure of PTFE and silicone elastomer de-
scribed by Dillon.13 This is a semiinterpenetrat-
ing polymer network (semi-IPN) of microporous
PTFE and silicone elastomer. The porosity is con-
trolled by the stretching conditions during pro-
cessing, and the surface energy is controlled by
the composition. Thus, it is possible to control the
permeability of these structures. The continuous
silicone phase lends the structure permeability,
while the continuous PTFE phase provides me-
chanical properties. This is a unique system be-
cause it can be a liquid barrier while remaining
permeable to gases and water vapor. Examples of
uses for this type of material are as wound dress-
ings, barrier textiles,and filtration systems.

With such a cocontinuous system, one of the
continuous phases can provide good mechanical
properties while the other continuous phase can
provide a pathway for permeation. The perme-
ability of such a system would then depend on the
tortuousity of the permeable phase. Cocontinuous
blends are usually limited in their composition
range, and the morphology is highly dependent on
the mixing conditions.14 It would be desirable to
control the tortuousity to tailor the permeability,
but this is often not possible.15

Microlayer coextrusion offers an alternative
method for creating semipermeable films. The mi-
crolayer coextrusion process is typically used to
combine dissimilar polymers to make useful
structures that synergistically combine the prop-
erties of the materials.1,16–18 When the layers
become very thin, instabilities occur and the lay-
ers begin to break up. As the layers break up, the
film becomes continuous through its thickness as
well. With a small number of relatively thick,
essentially continuous layers, this system would
have an extremely torturous pathway through its
thickness, but as the number of layers increases
and individual layers become very thin, layer
breakup would decrease the tortuosity. By com-
bining a permeable polymer and an impermeable
polymer in this process, a semipermeable film
with tailorable permeability properties could be
produced.

One such interesting candidate material for
this microlayer coextrusion process is poly(ethyl-
ene oxide) (PEO), a water-soluble polymer. The
hydrophilicity of PEO makes it water vapor
breathable and absorbent. However, by itself,
PEO does not have sufficient mechanical proper-
ties. The goal of this work was to microlayer PEO
with suitable materials to improve the mechani-
cal properties while maintaining a high level of
breathability. Linear low-density polyethylene
(LLDPE) and polypropylene (PP) were selected as
candidates to improve the mechanical properties.
Because LLDPE and PP are both barriers to wa-
ter vapor, CaCO3 particles were added to create
pathways for water vapor transport through the
polyolefin layers. It was thought that when the
polyolefin layer thickness approached the CaCO3
particle size (nominally 1 mm), the particles
would cut through the layers and provide a path-
way for water vapor.

Microporous structures have previously been
created by stretching films with CaCO3 or an-
other filler to create microvoids around the parti-
cles.19–24 Permeability measurements are a use-
ful probe for characterizing the heterogeneous
morphology.25,26 In this work, water vapor trans-
port rate (WVTR) was used to probe the morphol-
ogies that were obtained with the microlayer pro-
cess. Mechanical tests were also used to deter-
mine the effect of the polyolefin in reinforcing the
microlayer films.

MATERIALS AND METHODS

Materials

Polymers for microlayer coextrusion were pro-
vided in the form of pellets by Kimberly-Clark.
Poly(ethylene oxide) (PEO) with a weight-average
molecular weight of 400,000 was used. PEO is
water soluble and semicrystalline, with a melting
temperature of 65°C. Three types of polyethylene
were provided: a linear low-density polyethylene
(Dowlex NG) denoted as PE, PE with 50 wt %
calcium carbonate denoted as PE(CaCO3), and PE
with 45 wt % calcium carbonate and 5 wt % sili-
cone glycol additive denoted as PE(CaCO3 1 SG).
A polypropylene with 60 wt % calcium carbonate
denoted as PP(CaCO3) was also provided. The
CaCO3 particles were nominally 1 mm in diame-
ter. The resins were processed in the as-received
condition except for PE(CaCO3 1 SG), which was
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dried overnight at 80°C under vacuum prior to
extrusion.

The viscosity of each material was determined
as a function of temperature using a Kayeness
Galaxy 1 melt flow indexer. The shear rate during
melt indexing ranged from 1 to 4 s21. The melt
flow rate was measured according to ASTM
D1238-90B, and the viscosity was calculated as
the shear stress at the wall divided by the shear
rate at the wall.

Microlayer Coextrusion

The microlayer coextrusion system consisted of
two three-quarter inch single screw extruders
with melt pumps, an AB type coextrusion feed-
block, a series of layer multiplier elements, and a
15-cm film die [Fig. 1(a)]. This system has been
described previously, and has been used to pro-
duce other polymer microlayer systems.16,17 Me-
tering pumps controlled the two melt streams
that were combined in the feedblock as two par-
allel layers. From the feedblock, the two layers
flowed through a series of layer multiplying ele-
ments; each element doubling the number of lay-

ers. In each element, the melt was first sliced
vertically, then spread horizontally, and finally
recombined [Fig. 1(b).] An assembly of n multi-
plier elements produced an extrudate with the
layer sequence (AB)x with x equal to 2n. The film
was cast onto a chill roll to produce 1 mil (25 mm)
thick films about 10 cm wide. Microlayer samples
were produced over the entire composition range
by varying the volumetric ratio of the melt
streams with the melt flow pumps.

The composition of microlayers containing
CaCO3 were analyzed by thermogravimetric
analysis (TGA). A Perkin-Elmer TGA 7 was used
to determine the weight of CaCO3 remaining af-
ter the temperature was ramped from ambient to
700°C at a rate of 20°C/min. A mixture of nitrogen
and oxygen was used in the furnace of the TGA.
Specimens were cut from the center third of each
film and stacked in the sample pan to achieve an
initial weight of 510 mg.

Water Vapor Transport Rate

The water vapor transport rate (WVTR) was mea-
sured by a modified ASTM E96-93 method. The
film covered a Petri dish filled with distilled H2O
as shown schematically in Figure 2. The mass of
H2O lost from the dish was monitored as a func-
tion of time, and a water vapor transport rate was
obtained from the steady-state region. Specimens
were cut from the center of the films, and thick-
ness measurements in a minimum of five loca-
tions on the specimen were performed using a dial
gauge. Standard deviation in the thickness of in-
dividual specimens was typically less than 10%.
Specimens were selected so that the thickness
was as close to 1 mil as possible. A 5 3 5-cm
window was cut in a sheet of aluminum foil and
the film was attached to the aluminum with 5
Minutet Epoxy (Devcon). The aluminum foil
mask containing the film was attached to the top
of a plastic Petri dish with epoxy. Using a syringe,
20–30 mL of distilled H2O was added to the Petri

Figure 2 Schematic of the test cell used to measure
WVTR.

Figure 1 Schematic representation of the two-com-
ponent microlayer coextrusion system: (a) arrangement
of system components, and (b) cutting, spreading, and
recombining of the melt stream by a multiplier element
to double the number of layers.
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dish and the hole was sealed with epoxy. Speci-
mens were attached with the polyolefin surface
facing the H2O. After allowing the epoxy to cure
for an hour, the specimens were weighed and
placed in a convection oven at 40°C and
15–20%RH. The specimens were periodically re-
moved from the oven and weighed. Other speci-
mens with testing areas from 7 to 25 cm2 were
tested to determine the effect of area on WVTR.
To test the limits of this method of measuring
WVTR, a specimen with no polymer film in place
and a specimen with aluminum foil in place of the
polymer film were tested. The open test cell lost
water at the rate of 61 g/day compared to about 10
g/day for the PEO control, which had the highest
measured WVTR. The closed test cell lost water
at the rate of 0.2 g/day, which was comparable to
the samples with the lowest WVTR values. Film
samples with these WVTR values were consid-
ered as being barriers to water vapor.

Film Characterization

Uniaxial stress–strain measurements were per-
formed using an Instron model 1122 universal
testing machine. Microtensile specimens were cut
in the extrusion direction from the center of the
film, and thickness measurements were per-
formed with a film gauge. Tests were made at
ambient temperature with a strain rate of 50%/
min.

Films were examined in cross-section using
scanning electron microscopy (SEM). To prepare
the cross-sections, the films were cryofractured in
liquid nitrogen. The PEO was sometimes removed
from the cryofractured surface by washing in eth-
anol. The films were coated with 90 Å gold and
examined using an SEM (JEOL–JSM 840A).

RESULTS AND DISCUSSION

Microlayer Processing

In producing microlayer films, large differences in
viscosity of the two components can lead to a
number of instabilities during coextrusion.1 The
viscosities of the various polyethylene resins are
compared with the PEO viscosity in Figure 3.
Using this plot, the extrusion conditions for each
PE/PEO pair were selected so that the viscosities
would be matched as closely as possible. The PEO
was extruded at 150°C, PE at 190°C, PE(CaCO3)
at 190°C, and the PE(CaCO3 1 SG) at 170°C. The

feedblock, layer multipliers, adapter, and exit die
were set to the temperature of the particular PE
that was being extruded. The components were
microlayered with the two-component system
that has been previously described.16,17 A 15-cm
film die and chill roll were used to produce films
as close to 1 mil thick as possible. Table I lists the
composition and number of layers of the PE-
(CaCO3 1 SG)/PEO films that were extruded.

As with the polyethylene systems, the viscosi-
ties of the PP(CaCO3) and PEO were compared to
determine the processing temperatures with the
best viscosity match (Fig. 4). The PEO was ex-
truded at 150°C, the PP(CaCO3) was extruded at
220°C, and the feedblock, layer multipliers,
adapter, and exit die were set to 220°C. A 15-cm
film die and chill roll were used to produce films
with thicknesses as close to 1 mil as possible.
Table II lists the composition and number of lay-
ers of the PP(CaCO3)/PEO films that were ex-
truded.

The composition of each PE(CaCO3 1 SG)/PEO
microlayer sample was determined by TGA. De-
composition began at about 200°C and was com-
plete at 400–450°C. The weight fraction remain-
ing after decomposition was taken as the weight
fraction CaCO3 in the microlayer. The microlayer
PE(CaCO3 1 SG) control film was determined to
contain 44 wt % CaCO3. To calculate the weight
and volume fraction of PE(CaCO3 1 SG) in mi-
crolayers with PEO, the PE(CaCO3 1 SG) was
assumed to contain 44 wt % CaCO3, and density
values of 0.92 and 2.71 g/cc were used for LLDPE
and CaCO3, respectively. The PEO weight frac-
tion and volume fraction were then calculated
using a PEO density value of 1.15 g/cc.27 The
expected and measured volume compositions of

Figure 3 Viscosity of PEO and filled polyethylenes.
The arrows indicate the extruder temperatures used
for microlayer coextrusion.
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the PE(CaCO3 1 SG)/PEO microlayers are com-
pared in Table I. The microlayers are identified by
the PE(CaCO3 1 SG)/PEO volume ratios expected
from the extrusion conditions; however, when
data are plotted as a function of composition, the
actual PE(CaCO3 1 SG)/PEO volume ratios de-
termined by TGA are used.

Compositions of the PP(CaCO3)/PEO microlay-
ers were determined in a similar manner. The
microlayer PP(CaCO3) control film was found to
contain 60 wt % CaCO3, and the PP density was

assumed to be 0.90 g/cc. The expected and mea-
sured compositions of the PP(CaCO3)/PEO micro-
layers are shown in Table II. As with the PE-
(CaCO3 1 SG)/PEO microlayers, the PP(CaCO3)/
PEO microlayers are identified by the volume
ratios expected from the extrusion conditions;
however, when data are plotted as a function of
composition, the actual PP(CaCO3)/PEO volume
ratios determined by TGA are used.

Table I Composition of PE(CaCO3 1 SG)/PEO Microlayer Films Determined by TGA

Number
of Layers

PE(CaCO3 1 SG)/PEO
Ratio as Extruded

(vol/vol)
CaCO3 Content
by TGA (wt %)

PE(CaCO3 1 SG)/
PEO Ratio Calculated

from TGA (vol/vol)

PE(CaCO3 1 SG) Microlayer 44.0
8 10/90 4.4 9/91

30/70 13.1 27/73
50/50 23.6 51/49

16 10/90 5.4 11/89
30/70 17.1 36/64
50/50 26.4 57/43

256 30/70 25.8 56/44
50/50 25.0 54/46
60/40 26.2 57/43
70/30 29.8 65/35

512 30/70 16.5 35/65
50/50 21.2 45/55

1024 5/95 7.5 15/85
10/90 11.9 25/75
20/80 13.0 27/73
30/70 18.0 38/62
50/50 28.2 61/39
70/30 31.6 69/31

Figure 4 Viscosity of PEO and filled PP. The arrows
indicate the extruder temperatures used for microlayer
coextrusion.

Table II Composition of PP(CaCO3)/PEO
Microlayer Films Determined by TGA

Number
of

Layers

PP(CaCO3)/PEO
Ratio as
Extruded
(vol/vol)

CaCO3

Content
by TGA
(wt %)

PP/PEO
Ratio

Calculated
from TGA
(vol/vol)

PP(CaCO3) Microlayer 60.0
256 10/90 12.2 16/84

30/70 31.0 45/55
50/50 37.2 55/45

1024 10/90 8.9 12/88
30/70 22.2 31/69
50/50 39.9 60/40

4096 10/90 9.4 12/88
30/70 22.5 31/69
50/50 35.1 52/48
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Water Vapor Transport Rate of Microlayers with
Polyethylene

The water vapor transport rate (WVTR) was mea-
sured under identical conditions of temperature
and relative humidity for all specimens. The mea-
sured water loss as a function of time for repre-
sentative tests of the microlayer controls and a
PE(CaCO3 1 SG)/PEO microlayer film is shown
in Figure 5. The rate of water loss was linear with
time after an initial period of about 45–60 min.
This initial period was attributed to temperature
and humidity equilibration in the specimen dish.
Most WVTR tests were run for 3–4 h after tests to
24 h verified that 3–4 h was sufficient to achieve
steady state. The slope of the water loss vs. time
was normalized to the testing area. Because the
thickness of the film specimens varied, it was also
necessary to normalize to thickness:

WVTR 5
mass H2O lost
time 3 area 3 thickness (1)

with units of g mil/day/m2. The assumption that
WVTR was inversely proportional to the film
thickness was not tested in this study.

Microlayer specimens of 1024 layer 30/70 PE-
(CaCO3 1 SG)/PEO with areas ranging from 25
to 7 cm2 were tested to determine if there was any
effect of testing area on the WVTR. The WVTR
did not vary over this area range, and all subse-
quent WVTR tests were performed with a speci-
men area of 25 cm2.

Because PEO is a water soluble polymer, it had
a very high WVTR. When normalized to thickness
and area, the WVTR of PEO was 6220 6 350 g
mil/day/m2. The PE(CaCO3 1 SG) microlayer con-
trol was nearly impermeable to water vapor with
a WVTR of 100 6 1 g mil/day/m2. Values of WVTR
for all the microlayer control films with and with-
out normalization to thickness are tabulated in
Table III. All of the polyolefin films were barriers
to water vapor.

The WVTR values as a function of composition
for PE(CaCO3 1 SG)/PEO microlayer films with
different number of layers are shown in Figure 6.
The WVTR of microlayers with 8 and 16 layers
remained low, less than 100 g mil/day/m2, until
the PEO content exceeded 80%. In contrast, mi-
crolayers with 256, 512, and 1024 layers showed a
higher WVTR that increased with increasing
PEO content.

For two components combined as microlayers,
the limits of the WVTR are predicted by the rule
of mixtures for the parallel and series cases.28

The series case describes the WVTR through con-
tinuous layers of the components arranged per-
pendicular to the transport direction. In this case,
the WVTR is given by:

1
WVTR 5

Fa

WVTRa
1

Fb

WVTRb
(2)

Figure 5 Typical test cell measurements of water
loss as a function of time for microlayered films. The
WVTR was obtained from the linear portion of the plot.

Table III Water Vapor Transport Rate of Microlayer Control Films

Sample
Thickness

(mils)
WVTR

(g/day/m2)

WVTR
Normalized to

Thickness
(g mil/day/m2)

PEO 1.6 6 0.1 3890 6 220 6220 6 350
PE 1.2 6 0.1 50 6 1 60 6 1
PE(CaCO3) 1.4 6 0.1 50 6 1 70 6 1
PE(CaCO3 1 SG) 0.5 6 0.1 190 6 1 100 6 1
PP(CaCO3) 1.0 6 0.1 20 6 1 20 6 1
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where Fa and Fb are the volume fractions of the
respective components. For the other case where
the continuous layers are parallel to the transport
direction, the WVTR is given by:

WVTR 5 FaWVTRa 1 FbWVTRb (3)

These models provided lower and upper bounds
for the data in Figure 6. The series model nearly
fit the 8 and 16 layer data, indicating that these
microlayer films had nearly continuous layers of
PE(CaCO3 1 SG) that acted as barriers to water
vapor. The 256, 512, and 1024 layer films had
WVTR values that fell between the two limits
defined by the rule of mixtures.

The morphology of eight-layer 30/70 PE(CaCO3
1 SG)/PEO, which had a WVTR just slightly
higher than that predicted by the series model, is
shown in Figure 7. Eight continuous layers were
discernable, with unfilled PEO layers visible be-
tween filled PE(CaCO3 1 SG) layers. The thick-
ness of the PE(CaCO3 1 SG) layers approached
the diameter of the particles. As individual layers
were made thinner by increasing the number of
layers, some of the particles would be large
enough to cut through the polyolefin layers. By
following particle boundaries and interstices, wa-
ter vapor would have a continuous pathway
through the polyolefin layers and, hence, through
the thickness of the film.29 As the number of
layers increased further, it was anticipated that
the layers would break up and the PEO phase
would become continuous in the thickness of the
film. These factors accounted for the gradually

increasing WVTR with increasing number of
layers.

The morphology of 1024 layer 30/70 PE(CaCO3
1 SG)/PEO microlayer, which had a WVTR inter-
mediate between the models, is also shown in
Figure 7. The specimen was cryofractured and
etched to remove the PEO. The morphology re-
sembled that of a cocontinuous system. Discontin-
uous PE(CaCO31 SG) layers provided evidence of
numerous pathways for water vapor transport
through the thickness of the film. If the PE-
(CaCO3 1 SG) layers had been continuous for this
sample, their thickness would have been 15 nm.
Because of the viscosity mismatch and the pres-
ence of CaCO3 particles, the layers broke up dur-
ing the layer multiplication process.

The tortuousity model of Nielsen was used to
describe the WVTR of films with discontinuous
polyolefin layers.30 Impermeable platelets distrib-
uted in a permeable matrix act as barriers to
diffusion and increase the distance that the per-
meant must travel to pass through the film. The
increase in distance is described by the tortuous-
ity factor t, defined as the distance a permeant
molecule travels through the films divided by the
film thickness. The tortuousity reduces the
WVTR of the film as:

WVTRfilled 5
WVTRmatrixFmatrix

t
(4)

Figure 7 Scanning electron micrographs of cross-sec-
tions of 30/70 PE(CaCO3 1 SG)/PEO microlayer films:
eight layers with continuous polyolefin layers, and
1024 layers after etching to remove the PEO showing
discontinuous polyolefin layers.

Figure 6 Effect of composition on the WVTR of PE-
(CaCO3 1 SG)/PEO microlayer films. The dotted lines
are from eq. (6).

822 MUELLER ET AL.



For platelet particles the tortuousity factor is
given by:

t 5 1 1
L

2W Fmatrix (5)

where L and W are the length and width of the
platelets. Combining eqs. (4) and (5), the WVTR is
given by:

WVTRfilled 5
WVTRmatrixFmatrix

1 1 0.5aFmatrix
(6)

where a 5 L/W is the aspect ratio of the platelets.
In applying the tortuousity model to the PE-

(CaCO3 1 SG)/PEO microlayers, the PEO was
treated as the permeable matrix, and the discon-
tinuous PE(CaCO3 1 SG) layers were treated as
the impermeable platelets. The data for PE-
(CaCO3 1 SG)/PEO microlayers were compared
to the predictions of eq. (6) for various values of a
(Fig. 6). The data for 8 and 16 layers fell above the
lower limit, with a values in the range of 20–50.
Aspect ratios of this magnitude might result from
larger CaCO3 particles breaking through the
polyolefin layer to create pathways in the thick-
ness direction for transport of water vapor. The
256, 512, and 1024 layer WVTR data fell within a
range of a values of 5–10. These a values were
consistent with a film in which the PE(CaCO3
1 SG) layers had broken up and permitted for-

mation of a continuous PEO phase in the thick-
ness direction.

Microlayer films of 50/50 PE(CaCO3)/PEO with
256 and 512 layers had slightly lower WVTR val-
ues than the comparable PE(CaCO3 1 SG)/PEO
films. The difference was attributed to the hydro-
philicity of SG.31

Microlayers with unfilled PE layers were also
tested. The WVTR for PE/PEO samples with 16
and 1024 layers is shown in Figure 8. The series
model for continuous layers fit the 16 layer data
very well, whereas the data for 16 layer PE-
(CaCO3 1 SG)/PEO films fit the tortuosity model,
with an aspect ratio of about 20, indicating that
the CaCO3 particles had caused some disruption
of the polyolefin layers. The difference in breath-
ability between the unfilled and filled 16 layer
films showed the importance of the CaCO3 parti-
cles in creating pathways through the PE layer.
The 1024 layer unfilled films also had lower
breathability than the 1024 layer filled films.
Whereas the filled films had a values of 5–10, the
unfilled films were fit by an a value of 20. Appar-
ently even though the polyolefin layers could not
be broken up by filler particles, the unfilled PE
layers underwent layer breakup when the layers
became very thin giving these films improved
breathability.

Water Vapor Transport Rate of Microlayers with
Polypropylene

The WVTR of the PP(CaCO3)/PEO microlayers
was also studied. As with the PE materials, PP-
(CaCO3) was a barrier to water vapor with a
WVTR of 20 6 1 g mil/day/m2. The WVTR of
PP(CaCO3)/PEO microlayers in Figure 9 showed
a clear effect of layer thickness with WVTR in-
creasing as the number of layers increased. Data
for microlayers with 256, 1024, and 4096 layers fit
eq. (6), with a values of 20, 10, and 3, respectively.
The aspect ratios were in the range consistent
with the breakup of the PP(CaCO3) layers. The
decrease in tortuousity with an increasing num-
ber of layers indicated that with this system, films
with controlled permeability could be obtained
with the microlayer process.

The morphology of the 30/70 PP(CaCO3)/PEO
microlayers is shown in Figure 10. The structure
was similar to that observed for PE(CaCO3 1 SG)/
PEO microlayers with discontinuous polyolefin
layers. Although the WVTR of these samples
nearly doubled from 256 to 1024 layers and dou-
bled again with 4096 layers, differences in aspect

Figure 8 Effect of composition on the WVTR of 16
and 1024 layer PE/PEO microlayer films. For compar-
ison, the dotted line fits to eq. (6) represent data for
PE(CaCO3 1 SG)/PEO microlayers with 16 (a 5 20)
and 1024 layers (a 5 10).
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ratio of the polyolefin inferred from the WVTR
measurements were not apparent in micrographs
of the samples.

Based on the measured WVTR of the various
PE/PEO and PP/PEO microlayer systems, the
models for water vapor transport in Figure 11
were proposed. When the layers were thick
enough, they remained continuous, and the
WVTR followed the series model. This behavior
was exemplified by 16-layer PE/PEO microlayers.
If the polyolefin layer was filled with CaCO3, the
particles cut through the polyolefin layers when
the layer thickness decreased to the size scale of
the particles, thus giving water vapor a pathway
through the otherwise essentially impermeable
polyolefin layers. Although these samples, for ex-
ample 16 layer PE(CaCO3 1 SG)/PEO, had a
higher WVTR than predicted by the series model,
the relatively large a value from the Nielsen
model indicated a high degree of tortuousity in
the water vapor pathway. As the number of layers
increased and the layer thickness decreased fur-
ther, the layers broke up during processing and a
continuous PEO pathway formed in the thickness
direction. The WVTR was high because the water
vapor traveled easily through the PEO phase.
Especially with the PP(CaCO3)/PEO system, sys-
tematic variation in the structure with decreasing
layer thickness made it possible to control the
WVTR over a wide range between the predicted
upper and lower bounds.

Mechanical Behavior of Polyethylene Microlayers

The PEO films necked and fractured during draw-
ing without undergoing strain hardening. In con-

trast, PE(CaCO3 1 SG) extended almost uni-
formly to much higher strains (Fig. 12). Micro-
layer films of 50/50 and 30/70 PE(CaCO3 1 SG)/
PEO retained some of the properties of the
polyolefin, including increased fracture stress and
elongation at fracture. Only when the polyolefin
content was very low, as in the 10/90 PE(CaCO3
1 SG)/PEO microlayer, did the mechanical prop-
erties resemble those of PEO.

Figure 10 Scanning electron micrographs of cross-
sections of the 30/70 PP(CaCO3)/PEO microlayer films
after etching to remove the PEO: 256 layers, 1024
layers, and 4096 layers.

Figure 9 Effect of composition on the WVTR of PP-
(CaCO3)/PEO microlayer films. The dotted lines are
from eq. (6).
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Modulus values of the various compositions are
plotted in Figure 13(a). The PEO and PE(CaCO3
1 SG) films had similar modulus values of about
100 MPa and 85 MPa, respectively. In addition to
these two controls, modulus values of unfilled PE
and PE(CaCO3) are included in Figure 13(a). Be-
cause the moduli of unfilled PE and PE(CaCO3
1 SG) were about the same, and much lower than
the modulus of PE(CaCO3), the CaCO3 particles
in the PE(CaCO3 1 SG) were thought to be
debonded and, therefore, did not contribute to
increasing the modulus. The modulus values of
the microlayers followed the additivity rule for
continuous layers parallel to the stretch direction.
In this property, the 8- and 16-layer microlayers
with continuous polyolefin layers were not differ-
entiated from the microlayers with a higher num-
ber of layers and discontinuous polyolefin layers.

The yield strength is compared in Figure 13(b).
As with the modulus, films of PEO and PE(CaCO3
1 SG) had similar yield strengths of 8 and 9 MPa,
respectively. The fact that PE(CaCO3 1 SG) and
PE(CaCO3) had about the same yield strength as
unfilled PE indicated that the CaCO3 particles
debonded prior to yielding in both cases. The yield
strength of the PE(CaCO3 1 SG)/PEO microlay-
ers was essentially additive, and there was no
significant effect of the number of layers.

The PE(CaCO3 1 SG) film had a much higher
fracture strength than the PEO film due to strain
hardening. Microlayers of PE(CaCO3 1 SG)/PEO
with less than 80 vol % PEO exhibited some de-

gree of synergy in the fracture strength with a
positive deviation from the upper bound predicted
by the rule of mixtures for continuous layers in
the stretch direction. This was attributed to the
microlayer morphology. The layers were thin
enough that the polyolefin induced strain harden-
ing in the PEO, which resulted in increased frac-
ture strength. Microlayers with more than 80 vol
% PEO did not exhibit strain hardening, and the
fracture strength followed the rule of mixtures.

Figure 11 Schematic representation of the proposed
models for water vapor transport in microlayer films.

Figure 12 Effect of the number of layers on the
stress–strain behavior of PE(CaCO3 1 SG)/PEO micro-
layer films: (a) 50/50 composition, (b) 30/70 composi-
tion, and (c) 10/90 composition.
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For the specific case of the 16-layer 30/70 compo-
sition, individual layers were observed to fracture
during drawing. Specimens did not undergo
strain hardening, which resulted in a reduced
value of fracture strength. Synergistic fracture
behavior has been observed in microlayers of
other polymers as the thickness of individual lay-
ers is decreased, for example, in microlayers with
filled and unfilled layers of PP16,17 and with lay-
ers of PC and SAN.18

Mechanical Behavior of Polypropylene Microlayers

Microlayering dramatically improved the tough-
ness of PP(CaCO3)/PEO microlayers as shown in
Figure 14 for the 50/50, 30/70, and 10/90 compo-
sitions. Whereas both PP(CaCO3) and PEO con-
trol films necked, deformation of the PP(CaCO3)/
PEO microlayer films tended toward diffuse neck-
ing approaching homogeneous deformation. The
50/50 and 30/70 compositions strain hardened

Figure 13 Effect of composition on the mechanical
properties of PE(CaCO3 1 SG)/PEO microlayer films:
(a) modulus, (b) yield strength, and (c) fracture
strength.

Figure 14 Effect of the number of layers on the
stress–strain behavior of PP(CaCO3/PEO microlayer
films: (a) 50/50 composition, (b) 30/70 composition, and
(c) 10/90 composition.
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prior to fracture; only the 10/90 composition frac-
tured without strain hardening. However, all the
PP(CaCO3)/PEO microlayers including the 10/90
composition exhibited excellent ductility.

The modulus of 256, 1024, and 4096 layer PP-
(CaCO3)/PEO microlayer films is plotted in Fig-
ure 15(a) as a function of composition. The PP-
(CaCO3) had a modulus almost four times greater
than PEO, but the modulus of PP(CaCO3)/PEO
microlayer films was very similar to the PEO
modulus, and below the lower bound predicted by

the rule of mixtures for layers perpendicular to
the stretch direction. A possible explanation for
the unexpectedly low modulus of the microlayers
was that the CaCO3 particles in the microlayers
debonded and, therefore, did not contribute to the
modulus. A modified Kerner equation gave a mod-
ulus of PP with debonded particles of about 85
MPa.32 Using this value for the modulus of the PP
layers and 100 MPa for the modulus of PEO lay-
ers, the microlayer samples appeared to follow
the additivity rule.

Yield strength of all of the PP(CaCO3)/PEO
microlayer films is shown in Figure 15(b). Al-
though yielding was much more diffuse in the
microlayer films than in the control films, the
yield strength of the microlayer films followed the
rule of mixtures for continuous layers in the
stretch direction.

As with the PE(CaCO3 1 SG)/PEO microlayer
films, the PP(CaCO3)/PEO microlayer films
showed synergistic effects in fracture strength if
the microlayer contained at least 20 vol % PP-
(CaCO3). This improvement in fracture strength
was attributed to strain hardening of PEO that
was facilitated by the microlayer morphology.
However, even compositions with only 10 vol %
PEO exhibited enhancement in ductility, with
fracture strains at least twice that of the PEO
control film.

SUMMARY

The microlayer process was used to develop a
tough, breathable film. Two systems were pro-
duced: one with poly(ethylene oxide) (PEO) and
CaCO3-filled linear low-density polyethylene, and
the other with PEO and CaCO3-filled polypro-
pylene. Especially with the PP(CaCO3)/PEO sys-
tem, systematic variation in composition and
number of layers made it possible to obtain large
changes in the WVTR. Structural models based
on tortuousity concepts were developed to de-
scribe water vapor transport through the micro-
layer films. The filled polyolefin layers were
viewed as impermeable. As the number of layers
increased, the polyolefin layers changed from con-
tinuous to discontinuous. The measured WVTR
was well described by tortuousity models for per-
meability, and an effective aspect ratio of the
polyolefin layers was obtained that gradually de-
creased as the layers became thinner. In addition
to high WVTR values, the breathable films pro-
duced by microlayering PEO with a filled polyole-

Figure 15 Effect of composition on the mechanical
properties of PP(CaCO3)/PEO microlayer films: (a)
modulus, (b) yield strength, and (c) fracture strength.
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fin exhibited much better toughness and ductility
than PEO alone.

The authors acknowledge the generous financial sup-
port of the Kimberly-Clark Corp.
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