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Abstract Different types of impermeable fillers are
usually incorporated into polymeric coating film to
enhance the gas barrier properties. For instance,
impermeable fillers are commonly used in barrier
coating due to their larger surface, which in turn serve
as barrier inclusions restricting the penetrant gas to
diffuse through a longer tortuous pathway. Modeling
gas transport in barrier coating can help determine the
shelf-life of packaged food and reduce product devel-
opment resources and time. In this paper, related
tortuosity-based models corresponding to different
filler geometries are outlined. This review emphasizes
the emerging trends in modeling the tortuous pathway
and the respective relative permeability model to
predict the gas barrier performance in composite films
used for barrier coating applications. We review
models incorporating a range of factors, including
different shapes, geometries, angular orientations,
alignments, randomness in distribution, stacking, inter-
spacing, and the polydispersity of fillers. The ap-
proaches employed to develop the tortuosity-based
phenomenological models starting with simplified filler
geometry and orientations to more complex morpho-
logical features of the composite films are elaborated.

Keywords Composites, Impermeable fillers, Oxygen
barrier, Relative permeability, Tortuosity

Introduction

The search for effective gas barrier materials has been
extensively explored for various applications such as
food packaging, biomedical application, energy, pro-
tective coating, etc.1, 2 Over the past decades, poly-
meric materials have received significant attention due
to their functionality, low cost, lightweight, easy
processing, and appreciable mechanical properties
such as excellent tensile strength and high flexibility.3,
4 The polymeric materials commonly used in packaging
applications are polypropylene (PP), polystyrene (PS),
polyethylene terephthalate (PET), polyvinyl alcohol
(PVA), ethylene vinyl alcohol (EVA), polylactic acid
(PLA), polyvinyl chloride (PVC), and polyethylene
(PE). These polymers have high versatility, and their
barrier properties are one of the most important
factors in food packaging applications. In addition to
that, the sustainability factor, where sustainable pack-
aging solutions can provide a significant contribution to
the food source handling, where challenges related to
waste are pertinent.5

In general, the packages made from polymer films
are permeable at different degrees to small molecules
like gases, water vapor, and other low molecular
weight volatile compounds present in the food.
Because of the packaging material properties, the
transfer of these molecules ranges from a low, medium,
to high, as reflected in low, medium, and high barriers,
respectively.6 PVA, EVA, PLA, and starches belong to
sustainable packaging materials that are attractive for
packaging applications where a good oxygen barrier is
required. These four polymeric materials are usually
used in dispersions applied onto cellulose fiber-based
substrates to provide versatile, sustainable packaging
solutions in many applications. The oxygen barrier is a
vital barrier property when fatty foodstuff is pack-
aged.7, 8
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The barrier properties of the polymer film can be
significantly enhanced by the incorporation of imper-
meable inorganic materials into the polymeric film.
The enhancement can be described as the combination
of two phenomena, i.e., a reduced diffusion area and
prolonged diffusion time.9 In other words:

• The incorporation of impermeable lamellar fillers
in permeable polymer matrix results in a reduced
available diffusion area.

• The diffusion of gas molecules occurs through a
tortuous pathway around the impermeable filler,
prolonging the gas diffusion pathways.

Therefore, a significant reduction in permeability is
generally observed in polymer–inorganic composite
films. For this reason, extensive experimental research
works have been conducted worldwide to investigate
the role of the inorganic fillers in composite polymer
films targeting improved barrier properties. The dif-
ferent experimental results reported are based on the
filler and polymer types and the dispersion of the fillers
in the polymer matrix. Generally, the gas barrier
performance of the polymer composite films is char-
acterized by three main factors: (1) filler properties
such as shape factor, content, aspect ratio, dispersity,
volume fraction, filler adsorption, and activity/resis-
tance to gas diffusion, (2) the properties of a core
polymer material such as the intrinsic barrier property
or the permeability, crystallinity, and (3) the dispersion
quality in the composite film such as the filler distri-
bution, orientation, exfoliation, intercalation, agglom-
eration, interfacial formations, etc.10 It is worth
mentioning that the successful development of poly-
mer composite film should exhibit a defect-free sur-
face, homogenous dispersion, and completely
exfoliated layers of the fillers in the polymer matrix.

Various impermeable inorganic minerals have been
utilized as fillers in a polymer matrix, forming a
composite system to achieve enhanced barrier proper-
ties. Among the commonly used fillers are mostly clay
minerals such as kaolinite, bentonite, montmorillonite,
cloisite, vermiculite, mica, halloysite, and talc,11–14 and
other forms of domains such as layered silicates,15, 16

graphene oxide,17 cellulose nanocrystals,18 and spher-
ical silica.19, 20 Besides being environmentally friendly
materials, these fillers are usually preferred for their
desirable geometry, such as platelets, rectangular,
hexagonal, octagonal flakes, ribbons, discs, spherical,
and cylindrical shapes of infinite length. Such geome-
tries of impermeable fillers serve as barrier domains,
enhancing the oxygen barrier performance of the
composite system.

This work aims to review the various tortuosity
models developed progressively by the scientific com-
munity to predict the permeability of the oxygen
through composite materials systems consisting of
polymer (both thermally processed and dispersible)
and impermeable fillers in the interest of barrier

applications. The article initially covers the tortuosity
models developed for simpler geometries of fillers, i.e.,
regular dispersion, uniform sizes (monodispersed),
and parallelly oriented or aligned particles or flakes.
Further, it also explores the different modifications
introduced to account for the added complexities in
system morphologies, such as variations in filler
geometries, polydispersity, filler dispersions, shapes,
orientations, and irregularities such as stacking,
agglomeration, and intercalations. Furthermore, com-
parisons of selected model predictions are also pre-
sented.

Theoretical background

Generally, there are two fundamental gas transport
mechanisms in polymer systems: the solution-diffusion
and pore-diffusion mechanisms. These mechanisms
were first proposed by Thomas Graham more than a
century ago.21, 22 For dense polymer systems such as
barrier films and membranes, the solution-diffusion
mechanism is the most popular and relevant descrip-
tion for the gas transport model, usually expressed in
terms of permeability.21 At a given temperature, the
gas permeability or the transport of gas molecules in a
homogeneous polymer system is affected by three
main processes: (1) the gas molecules are first absorbed
on the upstream surface of the polymer film (i.e., high
chemical potential side), (2) then they diffuse across
the thickness of the film and (3) finally get desorbed on
the downstream side of the polymer film (i.e., low
chemical potential side) (see Fig. 1).23, 24 The absorp-
tion and desorption steps occur very fast as compared
to the diffusion step, and thus, the diffusion is a rate-
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Fig. 1: Schematic of solution-diffusion mechanism in a
polymeric coating film
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limiting step in mass transfer through the film. The gas
diffusion across the cross section of the film usually
takes place under the influence of the driving force.
This driving force is typically a pressure gradient
corresponding to the chemical potential difference
across the film sides.25

According to the Fickian transport mechanism, the
time required for a gas molecule to reach the equilib-
rium state is shorter than the characteristic diffusion
time. Both the diffusivity and solubility parameters are
dependent on the properties of the polymer material
and the penetrating gas. Thus, the gas permeability (P)
in polymer systems is defined as the product of two
factors, i.e., the gas solubility (S) and the gas diffusivity
(D), which is expressed as follows:

P ¼ DS: ð1Þ

The gas solubility is a thermodynamic parameter
associated with the gas molecule–polymer interaction
(i.e., penetrant affinity), the polymer fractional free
volume, and the gas condensability and polarity.
According to Henry’s law, gas solubility is described
as the ratio of gas concentration dissolved in polymer
to the gas pressure, whereas the gas diffusivity is a
kinetic parameter associated with the free volume and
the molecular mobility in the polymer matrix.

For gas transport through polymeric systems, diffu-
sion is the most dominant mechanism. According to
Fick’s law, diffusivity is described as the proportional-
ity constant among the diffusive flux and the concen-
tration gradient. For one dimensional diffusion, Fick’s
first law can be expressed as:

J ¼ �D
@C

@x
; ð2Þ

where J and ¶C/¶x are the diffusive flux and the
concentration gradient of the solute gas, respectively.
For a known thickness of the polymeric film l,
assuming the steady-state conditions and constant
diffusivity, the penetrating gas flux can be
approximated as:

J ¼ �D
DC
l

; ð3Þ

thus, the gas permeability in pure polymer films in
terms of the diffusive flux and pressure gradient can be
obtained as follows:

P ¼ Jl

DP
¼ QSTPl

ADP
; ð4Þ

where QSTP is the gas flow rate at standard tempera-
ture and pressure (cm3 (STP)/s), A is the effective film
area (cm2). DP is the pressure gradient across the film
sides (cm.Hg). Equations (1)–(4) are commonly
employed to calculate the gas permeability in a pure

polymer film. However, upon adding impermeable
fillers, i.e., a dispersed phase, in the polymer matrix,
the permeability values change significantly due to the
change in the available diffusion area as well as the
diffusion pathways. To account for the fillers’ impact
on the gas transport properties, several models have
been proposed in the literature correlating the diffu-
sion of the penetrant gas with the characteristic
features of the systems. Among the various character-
istic parameters, the geometrical parameters of fillers
such as shape, size, diameter, thickness, distribution,
etc., which led to the tortuous pathway of gas transport,
have been considered in detail.

The solubility S is assumed to be independent of the
filler’s morphological features in such composites,
which is given as26:

S ¼ Soð1� /dÞ; ð5Þ

where So is the solubility in pure polymer, and ud is
the volume fraction of the dispersed filler platelet. If
platelets behave as an entirely impermeable barrier,
then the diffusing gas molecules will take longer
tortuous diffusional pathways across the film
thickness. Thus, the diffusion coefficient is affected
by the tortuosity factor s. Therefore, the commonly
agreed dependence of diffusivity D is as follows:

D ¼ Do

s
; ð6Þ

where Do is the gas diffusivity in a pure polymer film.
The relative permeability is directly related to the
volume fractions of either polymer or the dispersed
phase and the tortuosity factor. Thus, combining
equations (1), (5) and (6). The relative permeability
equation can be calculated as 27, 28:

P

Po
¼

/p

s
¼ 1� /dð Þ

s
; ð7Þ

where P and Po denote to the permeability of the
polymer–inorganic composite film and pure polymer
film, respectively. up is the volume fraction of the
polymer. s is the tortuosity factor defined as a ratio of
the distance a gas molecule must travel to get across
the film thickness to the thickness of the composite
film.29 The tortuosity factor is dependent on the filler’s
aspect ratio, shape, dispersion quality, and the orien-
tation of the inorganic platelets in the polymer matrix.

Analytical models for tortuosity

Numerous analytical models for tortuosity have been
developed to predict the barrier performance of
composite material films. These studies considered
various transport contributions, typically related to the
composite system’s tortuous pathway resistance, de-
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fined in a simplified way. Our study presents the
different models progressively developed, especially
for composite systems with microscale structure fea-
tures in mind, to determine the barrier properties of
polymer–filler composite films. Various aspects, such
as filler geometry and orientation, filler-polymer matrix
interphase, and filler layer agglomeration, are consid-
ered when modeling the composite film systems.

Effects of filler shapes

Diffusion of gaseous molecules through a composite
film containing a dispersed impermeable filler is a
classical transport phenomena problem. The first
example treating such phenomena goes back to
Maxwell, often known as Maxwell’s theory.30 The
theory considers a regular array of impermeable
spherical fillers with a perfect filler–polymer matrix
contact (without any interfacial defects) (see Fig. 2).
The model can predict the relative permeability in the
dilute dispersion of the fillers in the polymer matrix.
The Maxwell model and the tortuosity factor are given
as follows30:

P

Po
¼ 1� /d

1þ /d=2ð Þ : ð8Þ

According to equation (7), the denominator in the
Maxwell model [equation (8)] corresponds to the
choice of the tortuous pathway. Thus, the tortuosity
expression can be conveniently described as:

s ¼ 1þ 1=2ð Þ/d: ð9Þ

It should be noted that the Maxwell model is applied
for filler concentrations less than 20% (ud < 0.2).
Under this condition, spheres can cause a relatively low
impact on the barrier properties of composite films.
For instance, the relative gas permeabilities reduce to
0.91, 0.83, and 0.75, if the filler concentrations are 6%,
12%, and 18%, respectively.

Similarly, Rayleigh32 reported a simpler tortuosity-
based expression for the prediction of relative perme-
ability in films containing periodically arrayed cylin-
ders with infinite length and oriented parallel to the
film surface. In this case, we have:

P

Po
¼ 1� /d

1þ /d

; ð10Þ

s ¼ 1þ /d: ð11Þ

The limitation of Rayleigh model [equation (10)] is
similar to that Maxwell Model [equation (8)], which is
only valid for low concentration of the fillers. However,
it is clear that both the models are independent of the
size of the fillers but varies with the filler loading.

Bruggeman33 developed an important model
describing the effects of additional fillers to a system
of composite films with dilute suspensions for ran-
domly dispersed spherical fillers. The model was then
modified for nonporous-impermeable fillers.34, 35 The
expression for the relative permeability is described as:

P

Po
¼ ð1� /dÞ3=2: ð12Þ

The tortuosity expression used in Bruggeman model
is expressed as follows:

s ¼ 1� /dð Þ�1=2: ð13Þ

The Bruggeman model is simply a modification to
the Maxwell model for a larger range of ud with a
random dispersion. However, both models exhibit
similar limitations as the filler’s shape, size distribution,
and dispersions are not considered in the model
formulation.

Later, Maxwell–Wagner–Sillars (MWS) model was
developed as an extension to the original Maxwell
model to account for the effects of different shapes of
the dispersed filler by introducing a shape factor n (0 <
n < 1) in dilute dispersion.36 The shape factor value for
prolate ellipsoids fillers varies 0 £ n £ 1/3, and for
oblate ellipsoids fillers, the value changes within the
range of 1/3 £ n £ 1. For more details on the shape
factor values, see the literature.37, 38 The original MWS
model expression can be simplified and reads as:

P

Po
¼ ð1� nÞð1� /dÞ

1� nþ n/d

: ð14Þ

For spherical fillers, i.e., when n = 1/3, equation (14)
reduces to Maxwell model equation (8). Comparing
equation (14) with equation (7), the tortuosity expres-
sion in the MWS model reads as follows:

s ¼ 1þ n

ð1� nÞ/d: ð15Þ
Fig. 2: Schematic diagram for a diffusing gas in a
composite system with spherical filler shapes30, 31
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Effects of filler alignments

The incorporation of impermeable fillers deters the
diffusion pathway restricting the gas molecules to
diffuse through the amorphous regions of the polymer
film. Tortuous pathways are then followed depending
on the distribution of the fillers in the polymer matrix.
In 1967, Nielsen39 introduced the first tortuosity model
to predict the permeability in composites films consist-
ing of polymer and clay filler. A single layer of circular
or rectangular clay mineral platelet was assumed to be
in an even/regular dispersion with complete exfoliation
and perpendicularly aligned to the direction of diffu-
sion.

According to Nielsen, the tortuous pathway is
assumed to be the longest distance traveled by a
diffusing gas molecule under the influence of chemical
potential difference across the film thickness. For the
given geometry of the system shown in Fig. 3, the
tortuosity equation is given by:

s ¼ 1þ ðL=2WÞ/d; ð16Þ

where L and W are the length and thickness of the
filler platelets. Combining equations (7) and (16), the
relative permeability is expressed as:

P

Po
¼ 1� /dð Þ

1þ L=2Wð Þ/d

: ð17Þ

The ratio L/W is often known as the aspect ratio (a).
This is typically used as a characteristic filler’s geo-
metrical parameter to describe the reduction in gas
flow across the composite film. The model is a function
of filler volume fraction and the aspect ratio. To
demonstrate the effects of fillers basic geometric
shapes on the barrier performances as proposed in
the phenomenological models developed, the models
are compared as presented in Fig. 4. The plot shows the
comparison of Maxwell [equation (8)], Rayleigh [equa-

tion (10)], Bruggeman [equation (12)], MWS [equation
(14)], and Nielsen [equation (17)] models relative
permeability predictions as a function of filler concen-
trations. It should be noted that some models such as
Maxwell and Rayleigh models may not be valid for
filler concentrations (ud>0.2). Simple illustration on
the effects of filler shapes on the relative permeabilities
is shown in Fig. 4.

According to Fig. 4, it can be noted that spheres and
cylinders do not exhibit a major impact on the barrier
performance of the composite system. For instance,
with a 10% volume fraction of fillers (ud=0.1), the
permeability of the composite film with spherical fillers
reduces to 0.86Po (Maxwell model) and 0.85Po

(Bruggeman model). For cylinders 18% reduction
(i.e., 0.82Po) (Rayleigh model), and for prolate and
oblate ellipsoids (MWS model) 0.87Po and 0.69Po,
respectively. Furthermore, for rectangular flakes with
an aspect ratio of 25, the predicted permeability of the
composite is reduced by 60% (0.4Po) as predicted
using Nielsen model. However, if fillers with cube
shapes are used for which its aspect ratio is unity, the
Nielsen model prediction results in identical values as
the Maxwell model. Therefore, it clear that rectangular
flakes with infinite length have a more significant effect
than the impermeable fillers with sphere, cylinder,
ellipsoid, and cube shapes. Moreover, the results for
layers of flakes are significantly different since flakes
cannot be defined with a single dimension like spheres;
for instance, width and thickness are required a ribbon-
shaped flake. In addition to that, the alignment of the
flakes is crucial to achieve the desirable barrier
properties.40

Using Nielsen model, the predicted relative perme-
ability of the composite film decreases with the
increase in the parameters ud and a, as shown in

W

L

Fig. 3: Schematic diagram indicating a tortuous path of a
diffusing molecule assumed in Nielsen model39
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Fig. 5. According to the Nielsen model, for perpendic-
ularly aligned filler, the aspect ratio should be high to
achieve an appreciable gas barrier property. Fillers
with a high aspect ratio could be found in clay minerals
such as montmorillonite, laponite, bentonite, kaolinite,
vermiculite, graphene, and synthetic mica. They exist
in stacked layers with approximately 10–2000 nm in
length and 1 nm thickness.41 Several experimental
results dealing with polymer–clay nanocomposite films
revealed a filler aspect ratio as high as 10–2000 resulted
in significant barrier enhancements.42–44 However,
increased filler content tends to agglomerate resulting
in filler stacking and intercalation. Hence, the model
validity is limited to 10% (ud £ 0.1), or in other
words, the model is applicable for dilute systems (a. ud

>1). Fig. 5 shows that the barrier performance of
composite film improves significantly with the increase
of aspect ratio a. Significant enhancement can be
observed in the barrier performance of composites
even at low volume fractions of clay layers (ud =
0.0015) and higher values of aspect ratio (a ‡ 1000). For
lower values of aspect ratio (a ‡ 50), Nielsen’s model
predicts almost a linear barrier enhancement with an
increase in the volume fractions of clay ud. It can also
be noted that the percentage of reduction in the
relative permeability is found to be higher for fillers
with higher aspect ratio than those with lower aspect
ratio values. For instance, for ud = 0.05, the percentage
reduction in relative permeabilities are 17.7%, 69.7%
and 95.9% for aspect ratios of 10, 100 and 1000,
respectively.

Few authors have modified Nielsen model to predict
the relative permeability in composites with random
dispersed inorganic flakes.45 The modification appears
to account for 30% randomness of the dispersed filler
in the composite film. The modified Nielsen’s model
and the corresponding tortuosity expression for this
case are given as follows:

P

Po
¼ 1� /dð Þ

1þ 1=3ð Þ L=2Wð Þ/d

; ð18Þ

s ¼ 1þ 1

3

� �
L

2W

� �
/d: ð19Þ

Following Nielsen model, various models were
developed and further modified to reflect the morpho-
logical features of the composite films. In addition to
the consideration of the fillers, which are impermeable
to the diffusing gas, various studies considered differ-
ent shapes such as ribbons, discs, cylinders, etc. Most of
the models considered a dilute or semi-dilute regime of
the fillers with the intention to minimize the possibility
of overlapping. Besides that, several investigations
focused on the perpendicular alignment of the fillers to
the diffusing gas. With this perspective, Cussler et al.9

developed a predictive tortuosity model for different
arrays of dispersed ribbons of infinite length. Both
regular and random arrays of perpendicularly oriented
platelets were considered during the model develop-
ment, as shown in Fig. 6.

Although the prediction of Nielsen’s model is rather
accurate for low volume fractions of clay ud, however,
it was considered as invalid by Cussler et al.9 for low
volume fraction of clay fillers when the fillers overlap
or intercalate among each other (i.e., ud >1 and a ud

>>1). The aspect ratio is used as a measure of flake
shape defined as a=d/a, where d and a are the thickness
and width of the flake. In such morphological features,
Cussler et al.9 provided a different tortuosity relation-
ship which can be employed for composite films
containing perpendicularly oriented clay layers to the
diffusion direction, as shown in Fig. 6a. Here, it holds:

P

Po
¼ 1þ a2/2

d

1� /d

 !�1

; ð20Þ

s ¼ 1þ a2/2
d

1� /d

: ð21Þ

The above equation [equation (20)] can be verified
experimentally, especially for barrier films employed in
packaging applications. For instance, Huang et al.46

reported high barrier nanocomposite films composed
of graphene oxide nanosheet filler and poly(vinyl
alcohol), with a reduction in oxygen permeability of
98% at a low filler concentration of 0.72%. The
reported experimental results are in good agreement
with the predicted results. Their findings reveal that the
nanosheet filler features are similar to those described
in Cussler model, which is aligned parallel to the film
surface.

Generally, it is unlikely to produce a composite film
with clay flakes distributed in a regular array or with
equal intervals due to the differences in material
properties such as differences in flakes sizes, particle–
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Fig. 5: Prediction of relative permeability using Nielsen
model as a function of filler concentration with
perpendicular alignment and aspect ratio
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polymer interactions, etc. Thus, the flakes usually
appear randomly distributed across the film. Therefore,
two possible cases of alignments are considered for
further modification of the model [equation (21)].
Equal probability of flake layers appears with align-
ment–misalignments and randomly misalignment of
hexagonal flake layers. For the aligned and misaligned
flake layers with an equal probability of occurrence,
the tortuosity equation proposed is given as follows:

s ¼ 1þ a2/2
d

2 1� /dð Þ : ð22Þ

For hexagonal flake shapes arranged in regular
parallel arrays with a random misalignment of flake
layers, it holds47:

s ¼ 1þ 2a2/2
d

27 1� /dð Þ : ð23Þ

Moggridge et al.48 examined the tortuosity expres-
sion equation (23) for hexagonal shaped and aligned
ribbon-like flakes in an attempt to predict the corre-
sponding relative permeability for a composite system
composed of polycarbonate polymer and mica filler
(see Fig. 7). They obtained:

P

Po
¼ 1þ 2

27

a2/2
d

1� /dð Þ

 !�1

: ð24Þ

In particular, the authors reported a good agreement
of predicted results with experimental results using

SEM measured aspect ratios a of 65 and 170 for
ribbons and hexagons fillers, respectively.48

The tortuosity expressions [equations (22) and (23)]
are, in fact, the special cases of Cussler model. They
can be generalized by introducing factor n which
depends on the shape of the flake filler, and on the
dispersion or alignment within the polymer matrix. In
this sense, a generalized tortuosity model can be:

s ¼ 1þ n
ða/dÞ2

1� /d

: ð25Þ

In equation (25), one uses n=1 for ribbons or flakes
dispersed in a regular array as shown in Fig. 6a, n = 1/2
for aligned-misaligned flakes with equal likelihood of
occurrence,47 and n = 2/27 for hexagonal flake layers
with random misalignment.48 Furthermore, the gener-
alized tortuosity model pointed out in [equation (25)]
was also extended to nanocomposites containing
nanoplatelets. In such a case, one takes n = 1/4 for
perpendicularly oriented nanoplatelets to the diffusion
direction, n = 1/8 for two courses of nanoplatelets with
equal probability of alignment and misalignment, and n
= 1/54 for successive layers of randomly aligned
hexagonal nanoplatelets.49

Effects of filler spacing

According to the findings reported by Wakeham and
Mason,50 there exists a resistance encountered to gas
molecules to diffuse through multiperforated laminae.
This resistance to diffusion is somehow similar to that
diffusion resistance attributed to the need for the
diffusing gas to enter into the slit constriction and
diffuse through the depth or length of the slit in flake-
filled composite films. Hence, Cussler et al.9 considered
such diffusion resistance and extended their model for
a composite system of rectangular flake platelets of
uniform sizes and perfectly dispersed with equal
intervals (see Fig. 8). The idea was to introduce a slit
aspect ratio (r) or sometimes also called a slit factor,
which is defined as the ratio of slit dimension (distance
between to subsequent flake in the same layer) to the
thickness of the flake (r = s/a). The factor describes the
resistance for diffusing penetrant gas molecules to
diffuse through the slit/channel (space between two
adjacent flakes and the contribution of the slit depth).

(a) (b)

2s

2d

Fig. 6: Schematic diagram of diffusing gas in slits considered in Cussler model: (a) regular array and (b) random array9

Fig. 7: Hexagonal-shaped ribbon-like fillers in a composite
system
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The adapted expression for the tortuosity, including
the contribution of the slit space and depth (i.e., slit
aspect ratio r), can be expressed as:

s ¼ 1þ a/d

r
þ a2/2

d

1� /d

: ð26Þ

Interestingly, equation (26) can be verified experi-
mentally. For instance, this has been done by Eitzmann
et al.51 to validate the model using composite films
composing of silicone-polycarbonate and oriented mica
flakes. It has been reported that if ra >1, then wiggles
are dominant in the composite film, which seems to be
the main contribution to the increased resistance in
barrier films with flake-filled fillers.51, 52 Thus, equation
(26) reduces to equation (21). A good agreement was
reported with such a case of dominant wiggles. How-
ever, if ra >>1, then equation (26) reduces to:

s ¼ 1þ a/d

r
: ð27Þ

According to the expression [equation (27)], it
appears that only the wiggles can limit the diffusion
of gas molecules but not the platelets. Equations (21)
and (27) provide the required results for the 2D model
presented in Fig. 8. They can give the change in
permeability caused by the fillers as a function of the
aspect ratio a, slit aspect ratio r, and volume fraction of
flake platelets ud. These parameters need to be varied
to cross-verify the prediction precision against exper-
imental results.

Using a conformal mapping, Aris53, 54 formulated
his analytical tortuosity model for a composite film
with nanoplatelet filler. Following Aris’s results, Falla
et al.55 proposed a slightly different tortuosity model
for a similar system to what is presented in Fig. 8. This
model considers the flakes’ geometric dimensions, i.e.,
width 2d, thickness a, flake layer spacing b, and the slit
space 2s (the gap between two flakes). The proposed
model reports:

s ¼ 1þ a2/2
d

ð1� /dÞ
þ a/d

r
þ 4a/d

pð1� /dÞ
ln

pa2/d

rð1� /dÞ

� �
:

ð28Þ

On the right-hand side of equation (28), the first
term ‘‘1’’ corresponds to the limit without flakes (i.e.,
when ud = 0). The second term is proportional to a2

and refers to the diffusion resistance via the tortuous
path around the flake, often known as wiggles. Both a
and ud are squared to capture the prolonged diffusion
distance and the decreased cross-sectional area among
the flakes. The third term corresponds to the diffusion
resistance induced by the slit, i.e., the constriction of
the slit between platelets. These first three terms are
common to the established tortuosity expression pro-
vided by Cussler model [equation (21)]. The fourth
term is the newly introduced necking effect or con-
striction resistance for the gas molecules encountered
entering in and exiting out of the narrow-slit space, i.e.,
the resistance for a diffusing molecule to find the slit.56

Again, following the findings reported by Wakeham
and Mason,50 Falla et al.55 reported a similar model
[equation (28)] with a modified fourth term, which is
shown in the following tortuosity equation:

s ¼ 1þ a2/2
d

ð1� /dÞ
þ a/d

r
þ 2ð1� /dÞ ln

ð1� /dÞ
2r/d

� �
:

ð29Þ

The difference in the fourth terms of equations (28)
and (29) (i.e., the necking effect term) is that the latter
is independent of the aspect ratio r. These two
relations are widely used to compare the predicted
barrier performance with experimental results. These
two expressions in equations (28) and (29) result in
different predictions, particularly if the slit aspect ratio
r and the aspect ratio a are large. For instance, the
necking term in equation (28) can have a significant
effect, whereas equation (29) predicts either a small
effect or even a wrong one (i.e., a negative value
provided that the value within the logarithm is less
than 1).57

Minelli et al.58 suggested a different analytical
model for the prediction of barrier performance in an
ordered composite system. They introduced a new
formulation for estimating gas transport properties in
simplistic nanocomposite geometries. They claimed
that their model correctly describes the enhanced
barrier performance for various ranges of filler platelet
loadings and dimensions. The model can be effectively
used to extract insights on gas permeability in actual
composite systems. The proposed tortuosity expression
for their model is shown below:

2d 2s

a
b

Fig. 8: Rectangular flake platelets with uniform size and
perfectly dispersed with equal intervals
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s ¼ a/d

r
1þ r

a

� �2
þ
a2/2

dð1þ r
.
aÞ4

1� /dð1þ r=aÞ
þ 4a/d

p
1þ r

a

� �2
ln

ð1� /dÞð1þ r=aÞ
r/dð1þ r=aÞðp=2Þ

� �
: ð30Þ

The first term of equation (30) corresponds to the
resistance of mass transport attributed due to the
tortuous path, whereas the second and third terms
correspond to the tortuous path followed by the
diffusing gas molecules.

Figure 9 shows the comparison of four different
models outcome, i.e., Falla–Aris model [equation (28)],
Falla–Wakeham and Mason model [equation (29)],
Minelli model [equation (30)], and Cussler model
[equation (21)]. The demonstration is made for two
different aspect ratios of the filler (a =1000 and 500),
and the slit aspect ratio r is assumed to be 15. The
outcome of the models’ predictions for filler loadings
above 1.5% and 3.5% is almost identical for filler
aspect ratios of 1000 and 500, respectively. However,
for dilute filler loadings, the models predictions exhib-
ited different outcomes. To give an example, Falla–
Wakeham and Mason model [equation (29)] overesti-
mates the barrier enhancement in dilute regimes.

Effects of random arrangement of fillers

In another modeling approach, Minelli et al.59 have
extended the fundamental work assessing the effects of
tortuosity reported by Aris. The extended model aims

to describe barrier enhancement in random nanocom-
posite systems better. With the use FEM techniques
used to characterize the geometry of the fillers, the
model investigates the resistance to diffusion through
the slit or the gap between subsequent flakes. The
tortuosity model recognizes two regimes which are
described as a function of aspect ratio a and the filler
concentration ud :

s¼

/d

2a
aþ2ð Þ2þ /2

d aþ2ð Þ4

4 a2�a/d aþ2ð Þ½ �þ
2

p
aþ2ð Þ2ln 2

p
a

/d aþ2ð Þ�1

� �� � !�1

;r�1;

1þ/d

2
aþ2ð Þþ2/d

pa
aþ2ð Þ2ln 1

p
aþ2ð Þ

� �� ��1

;r[1;

8>>>><
>>>>:

ð31Þ

where r is the control parameter defined as follows:

r ¼ 2 a� /d aþ 2ð Þð Þ
/d aþ 2ð Þ2

: ð32Þ

Lape et al.61 considered rectangular platelets of
identical aspect ratio (i.e., monodispersed flakes) with
random arrangements but placed parallel to each other
and perpendicularly oriented to the diffusion direction,
as shown in Fig. 10. The permeability in such a system
is decreased due to the combined effects of the
prolonged tortuous diffusion pathway and the reduced
diffusion area. The relative permeability model and its
tortuosity expression for random configurations of
monodispersed flakes in composite systems are given
as:
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Fig. 9: Performance of tortuosity-based models for different filler aspect ratio (a) a=1000, r =15, and (b) a=500, r=15
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P

Po
¼ 1� /d

1þ 2=3a/d

� �2 ; ð33Þ

s ¼ 1þ 2=3a/d

� �2
: ð34Þ

Guo et al.62 derived an approximate tortuosity
expression for randomly oriented and perpendicularly
arrayed tubular fillers in a system of nanocomposite
films comprising of poly(lactic acid) (PLA) and hal-
loysite nanotubes (HNTs). Although an exact equation
for the case shown in Fig. 11 is difficult to derive, an
approximated expression describing the diffusion path-
way around the tube is shown. The approximation
considered appears to be elliptical rather than simply
spherical or circular. Furthermore, it has been reported
that fillers with tube shapes appear to have a smaller
effect on the barrier performance even at higher
loading. The corresponding expression for the tortu-
osity is:

s ¼ 1þ p2 � 8

16

� �
/d; ð35Þ

While the relativeoxygenpermeability of thenanocom-
posite system with tubular fillers is described as:

P

Po
¼ 1� /d

1þ p2�8
16

� 	
/d

: ð36Þ

In a system with tubular fillers, it can be noted that
the model [equation (36)] is independent of aspect
ratio (i.e., tube diameter and length) and the orienta-
tion of the fillers. Thus, the effectiveness of tubular
fillers on the predicted barrier performance is signif-
icantly lower than that of the platelet fillers.

Cussler et al.9 examined various cases of the formed
slits among the randomly located parallel platelets of
infinite length by introducing a combined geometric
factor l. This geometric factor characterizes the
randomness of the system with porous media and
increments the spacing between subsequent flake-
platelets. The suggested expression for the prediction
of relative permeability in composite films with the
incorporation of the geometric factor is as follows:

P

Po
¼ 1þ la2/2

d

1� /d

 !�1

: ð37Þ

Effects of filler orientations

Bharadwaj63 introduced orientation factor S’ for dif-
ferent flake orientation angles. The factor ranges
between �0.5 to 1. For handling a non-uniform
orientation of platelets, the factor is defined to quantify
the extent of flake orientation:

S0 ¼ 1

2
3 cos2 h� 1

 �

; ð38Þ

where h is the angle between the penetrant flow
direction and normal to the flake layer. Fig. 12 shows
the elaboration of the orientation factor for different
orientation angles. For a perfect alignment of platelets,
i.e., h = 0�, the orientation factor S’ = 1, and for
perpendicular or orthogonal orientation, i.e., h = 90�,
the factor S’ = �0.5. The angular brackets in equation
(38) denote to averaging for all platelets in the
composite system. Moreover, the orientation factor S’
= 0 corresponds to averaged angles of randomly
distributed platelets or to platelets aligned with h =
54.74�. The expression can also be used for different
angles of the filler plates. For instance, for h =30�, 45�,
and 60�, the orientation factors are 0.625, 0.25, and
�0.125, respectively.

Furthermore, Bharadwaj63 modified the Nielsen
model using the defined orientation factor S’ for
silicate fillers. The modification accounts for the effects
of the clay filler orientations on the original tortuosity
equation proposed by Nielsen [equation (16)]. The
modified tortuosity expression containing the orienta-
tion factor is as follows:

s ¼ 1þ L

2W
/d

2

3

� �
S0 þ 1

2

� �
: ð39Þ

The relation equation (39) is mainly applied for a
low loading of silicate layers, similar to what has been

Fig. 10: Randomly oriented monodispersed flake-filled
composite60

2R

Fig. 11: Tubular or cylindrical fillers perpendicularly
arrayed to gas diffusion direction62
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defined for clay layers by Nielsen model [equation
(17)]. However, for the case of higher silicate or clay
flake loadings, stacking of layers is dominant in the
composite system. Thus, to capture the morphological
features of layer stacking, the extent or degree of
stacking <N> is considered in the tortuosity equation,
that is,

s ¼ 1þ 2

3 Nh i a/d S0 þ 1

2

� �
: ð40Þ

Here, a is the aspect factor defined as L/W. For non-
uniform orientations, the degree of orientation is taken
as an average value, and uses the modified Nielsen
model [equation (17)] with the orientation factor S’
given by equation (38). The relative permeability can
then be predicted using:

P

Po
¼ 1� /d

1þ a=2ð Þ 2=3ð Þ S0 þ 1=2ð Þ/d

: ð41Þ

Figure 13 shows the modified Nielsen model [equa-
tion (41)] for different filler orientation/inclination
angles h ranging from 90� to 0� to the composite film
surface. It can be seen that for a filler with a 90�
inclination angle (i.e., orientation factor S’ of �0.5),
the contribution to barrier performance is minimum.
The best enhancement is achieved when the inclination

angle is zero (S’ = 1) with respect to the film surface.
For instance, with 10% filler loadings, the barrier
enhancements for fillers inclination angle h of 0�, 30�,
45�, 60�, and 90� are 97.66%, 96.91%, 95.44%, 94.59%,
and 10%, respectively.

Nyflött et al.64 modified Minelli’s models [equations
(30) and (31)] further by the introduction of orienta-
tion factor S’ developed by Bharadwaj63 and using a
new control parameter for selecting the appropriate
tortuosity regime in their composite system. The
proposed tortuosity appears to be as follows:

s¼

1

2=3 S0þ1=2ð Þ
a/dð Þ2 1þ1=að Þ4

1�/d 1þ1=að Þ þa/d

p=4
1þ1=að Þ2ln 1�/d 1þ1=að Þ

p=2ð Þ/d 1þ1=að Þ

� �" #
;r�1;

1

2=3 S0þ1=2ð Þ a/dþ
a/d

p=4
1þ1=að Þ2ln a 1þ1=að Þ

p=2

� �� �
;r[1;

8>>>><
>>>>:

ð42Þ

In equation (42), the control parameter r which is
used to distinguish between the tortuous regimes, is
also modified. It is set to be:

r ¼ a� a/d

a2/d

: ð43Þ

Dondero et al.65 modified Lape’s tortuosity model
by introducing the orientation factor described by
Bharadwaj and by manipulating the factor 2/3 which
accounts for the random dispersion of flakes in Lape
Model [equation (33)]. The relative permeability
equation with modified tortuosity expression proposed
by Dondero et al.65 reads as:

P

Po
¼ 1� /d

1þ 5=9ð Þa/d S0 þ 1=2ð Þ½ �2
; ð44Þ

s ¼ 1þ 5=9ð Þa/d S0 þ 1=2ð Þ½ �2: ð45Þ

The model prediction exhibited a good agreement to
the results obtained numerically using the boundary
element method. For dilute and semi dilute or inter-
mediate regimes, the model predictions were reported
within an acceptable range of deviation (i.e., lower
than 5%). However, for high loadings (i.e., for aud 2), a
maximum of 12% deviations were reported.

For a uniform distribution of flake orientations,
Tsiantis and Papathanasiou66 further modified Don-

s,= 1= 0s ,=-0.5s ,

Fig. 12: Different possible cases of filler orientations in composite systems adapted by Bharadwaj63

=-0.5
=-0.125
= 0.25
= 0.625
=1

S`
S`
S`
S`

)Filler volume fraction (φd

S`

0.06 0.08 0.10

R
el

at
iv

e 
Pe

rm
ea

bi
lit

y 
(P

/P
o)

0.8

0.6

0.4

0.2

0.0
0.00 0.02 0.04

1.0

Fig. 13: Modified Nielsen model predictions for different
orientation factors for a =750

709

J. Coat. Technol. Res., 19 (3) 699–716, 2022



dero model to capture the assumption of equal
probability of random orientation in the interval of
�p /2 < h > p/2. Thus, for the case of uniform
distribution of the flake orientations, the relative
permeability equation is derived as:

P

Po
¼ 1� /d

1þ 1þ sinð2hÞ= 2hð Þð Þ 5a/d=18ð Þ½ �2
: ð46Þ

The tortuosity expression for the above modified
Dondero model can be written as follows:

s ¼ 1þ 1þ sinð2hÞ
2h

� �
5a/d

18

� �2
: ð47Þ

Sorrentino et al.67 reported a different approach
which led to the direct derivation describing the
tortuosity factor in a heterogeneous system with
inclined fillers, as shown in Fig. 14. The composite
system geometry considered in their model includes
flake length L, inter-flake spacing d , thickness or slit
depth t, slit gap e and alignment angle h.

The tortuosity expression obtained for the compos-
ite system shown in Fig. 14 can be presented as follows:

s ¼ Lþ 2t

L sin hþ 2t cos h

� �2

: ð48Þ

Considering the system geometry shown in Fig. 14, if
the fillers are parallel or perpendicular to the diffusion
direction, i.e., inclination angle h = p/2 or 0�, then this
leads to the cases of lowest (unity) and highest
tortuosity values. The tortuosity expression in [equa-
tion (48)] becomes:

s ¼
ð1þ 2t=LÞ2 ffi 1; h ¼ p=2

ð1þ L
.
2tÞ2;h ¼ 0

8<
: : ð49Þ

Note that the Sorrentino model [equation (48)] is
independent of the filler concentrations. Although it

can be used for ud >> 10%, but Sorrentino and his
associates argued that equation (49) might not be valid
for a lower filler concentration ud << 10% due to the
fact that the free path in such dilute systems can be
ignored. Therefore, for lower ud, Sorrentino et al.67

proposed another tortuosity expression:

s ¼ 1� /dð Þ þ /d

Lþ 2t

L sin hþ 2t cos h

� �2

: ð50Þ

For dispersed fillers with randomly oriented flakes,
an average of all the possible inclination angles h is
considered a representative of the composite system
geometry. The orientation angle may range
ð0 � h � p=2Þ. The tortuosity expression for such
randomly oriented composite is given as:

s ¼ 1� /dð Þ þ /d

Lþ 2tð Þ2

pLt

" #
: ð51Þ

Using a similar approach as Sorrentino, Ly and
Cheng68 reported a different tortuosity model for a
heterogeneous composite system containing imperme-
able fillers and organized in a regular array with
variable orientation. The system geometry was defined
via a filler width w, thickness k, equal slit dimension
and layer spacing d, and orientation angle b. The aspect
ratio (a= w/k) and slit/channel aspect ratio (r = d/k)
were used for the model development (see Fig. 15).
The tortuosity expression appears to be as follows

s¼6
16 1þrð Þ2

aþ3rþ2ð Þ2
þ4 aþrð Þ2�8 1þrð Þ2þ8 aþrð Þ 1þrð Þ

aþ3rþ2ð Þ2
sin2b

" #�1

:

ð52Þ

Equation (52) requires accurate values for w, k and d
to provide the exact filler’s aspect ratio, as well as the
slit aspect ratio. However, it is difficult to measure
these parameters experimentally if the system fillers
are embedded within polymer nanocomposites.

Eitzman et al.51 derived their expression for the
calculation of the relative diffusivity of carbon dioxide

t

L

δ

ε

θ

Fig. 14: Composite system with inclined fillers used for the
calculation of tortuosity factor by Sorrentino et al.67

w

β

δ
δ

λ

Fig. 15: Composite system with inclined domains/fillers
with angle b68
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through silicone-polycarbonate films with oriented
mica flakes. According to their expression for tipped
flakes, the available diffusion area reduction was
compensated through the introduction of a squared
cosine of the tipped angle h on the second term of
Cussler’s model [equation (26)], which corresponds to
the tortuous pathway. The tortuosity equation used in
their work is:

s ¼ a2/2
d

1� /d

cos2 h: ð53Þ

Tsiantis and Papathanasiou69 proposed a model
which is capable of reproducing accurately computa-
tional results. The proposed model combines the Lape
model [equation (33)] and Nielsen model [equation
(17)] with modifications accounting for randomly
placed flakes’ orientation angle. The model is capable
of dealing in systems of aspect ratio a ranging 100-1000,
and range of regimes varying from dilute (aud = 0.01)
to concentrated (aud = 40) regimes. According to the
expression given for the relative diffusivity, their
relative permeability equation is.

P

Po
¼ 1� /dð Þ 1

1þ a/d=kð Þ2
cos2 hþ 1

1þ /d=2að Þ sin
2 h

" #
:

ð54Þ

Similarly, the tortuosity model used in combination
with Lape and Nielsen tortuosity equations [equations
(34) and (16)] with flake orientation angle h takes the
form;

s ¼ 1

1þ a/d=kð Þ2
cos2 hþ 1

1þ /d=2að Þ sin
2 h

" #�1

; ð55Þ

where k is a geometric parameter, which can be
adjusted to different values to represent the actual
length of a pathway traveled by the diffusion gas
molecule. k was given as 3 in Lape model [equation
(33)], which assumes that the diffusion path around the
flake is a straight line.

Effects of filler stacking

Brydges et al.70 employed a new parameter known as
the stacking parameter (c), which is defined as c = x/2d,
where the parameter is always less than unity (c < 1).
The parameter is to describe the exact location of the
ribbon-like parallel platelets. This parameter is indica-
tive of deviation from the regular interval of platelets,
which is defined by the horizontal offset of each ribbon
layer in relation to the layer below it. The value c = 1/2
gives the lowest permeability, which corresponds to the
case when the ribbons are arranged as brick and
mortar style, i.e., when a ribbon in the first layer

centered over the gap/slit of the layer beneath (see
Fig. 8). However, if c = 0, then a maximum increase in
permeability will be obtained. Brydges et al.70 modified
Cussler’s model with the factor c(1�c). For high aspect
ratio (a = 2d/a > 100) and equivalent slit dimension
with its depth (2s » a), the tortuosity expression and the
corresponding permeation model are as follows:

s ¼ 1þ a2/2
d

1� /d

cð1� cÞ; ð56Þ

P

Po
¼ 1þ a2/2

d

1� /d

cð1� cÞ
 !�1

: ð57Þ

Further, Nazarenko et al.71 modified the Nielsen
model to account for the case of stacking of layers, i.e.,
agglomerates, which are dispersed homogenously and
oriented perpendicularly to the direction of diffusion.
The following expression was proposed:

P

Po
¼ 1� /d

1þ 1
3

� 	
a
2N/d

: ð58Þ

The tortuosity equation used in this case appears to
be similar to that of the Nielsen model, which can be
expressed as:

s ¼ 1þ 1

3

� �
a
2N

/d; ð59Þ

whereN is the number of layers in the layer stacks, if
N = 1 signifies to the complete layer exfoliation
(delamination). If the value of N is high, then the
enhancement of barrier properties tends to deteriorate.

Effects of filler regimes

Fredrickson and Bicerano 72 have employed a second-
order approximation using scattering theory to formu-
late their model. The approach characterizes dilute and
semi-dilute regimes in composite systems, as shown in
Fig. 16. The relative permeability equation used in the
Fredrickson and Bicerano model can be rearranged in
a general form as73, 74:

P

Po
¼ 1� /dð Þ

4 1þ xþ 0:1245x2ð Þ= 2þ xð Þ½ �2
; ð60Þ

where x =paud/[2ln(a/2)]. The corresponding
tortuosity expression for Fredrickson and Bicerano
model as reported in the literature75 is:

s ¼ 4
1þ xþ 0:1245x2
� 	

2þ xð Þ

� �2
: ð61Þ
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Furthermore, Sun et al.74 validated the Fredrickson
and Bicerano model [equation (60)] using experimen-
tal relative permeability results obtained for nanocom-
posite films comprising epoxy and synthetic a-
zirconium phosphate platelets (epoxy/ZrP nanocom-
posite films). According to Sun et al.,74 the Fredrickson
and Bicerano model predictions showed a good fit with
the experimental results.

Fredrickson and Bicerano72 investigated the two
cases of impermeable circular disc platelets with radius
R, thickness 2a, and the aspect ratio a =R/2a. For the
case of the dilute regime of disc-filled composite
(Fig. 16 a), the discs were spaced by a distance more
than the disc radius R. A similar expression to
Nielsen’s model tortuosity expression [equation (16)]
was derived, namely:

s ¼ 1þ ja/d; ð62Þ

where j=p/lna. This case corresponds to the dilute
regime with a low volume fraction of the filler and
aspect ratio (aud << 1). However, for semi-dilute
regimes (Fig. 16b), the low volume fraction of the filler,
but high aspect ratio value (i.e., aud >> 1), the disc
overlaps, and the expression for the tortuosity
becomes:

s ¼ 1þ la2/2
d; ð63Þ

where l =p2/16ln2a. The expression appears to be
similar to the expression reported in equation (21) by
Cussler et al.9 Using a different approach, Gusev and
Lusti76 developed a 3D computational model for a
system with a random array of parallelly aligned
circular discs. The expression for the relative
permeability prediction given in their case is:

P

Po
¼ 1� /d

exp � a/d=xoð Þb
h i ; ð64Þ

s ¼ e�
a/d
xo

� 	b
; ð65Þ

where b and xo are constant parameters of 0.71 and
3.47, respectively. Picard et al.77 used the same
constants to obtain similar results to Nielsen’s model
prediction in nylon-6/montmorillonite composites.

Effects of fillers polydispersity

Picard et al.77 modified the model reported by Lape
et al.61 considering the polydispersity of filler width and
thickness. The suggested modified model is given as
follows:

P

Po
¼ 1� /d

1þ 1=3ð Þ/d

P
ni wi=tið Þ2

.P
ni wi=tið Þ

h i2 : ð66Þ

The tortuosity equation for the system of polydis-
perse fillers with varying width and thickness appears
to be a modified form of the Lape model, which
considers the actual thickness of tactoids and the
distribution of the aspect ratio values. The proposed
tortuosity expression can be put as:

s ¼ 1þ 1=3ð Þ/d

X
ni wi=tið Þ2

.X
ni wi=tið Þ

h i2
; ð67Þ

where wi and ti are the width and thickness of the
platelet i, respectively. The above model is appropriate
for higher loading of impermeable fillers with agglom-
erates and distribution of aspect ratio within the
composite system.

It is clear that various tortuosity-based models have
been developed and modified to capture the composite
system’s morphological features. Initially, the models
were developed for simplified ideal geometries. How-
ever, it is practically difficult to obtain a composite
system with fillers perfectly aligned, equally spaced,
parallelly oriented, and completely exfoliated clay
layers. Although these morphological features of the
composite are unlikely to be achieved, however, such
ideal filler geometries were considered as the main
assumptions during model development in most cases.
Consequently, various researchers modified the tortu-
osity-based models to describe their composite sys-
tems. Thus, the resulting models are specific to a

(b) d >>1)���(Semi-dilute regime(a) d  <<1)(���Dilute regime 

2R

2a

Fig. 16: Dilute and a semi-dilute regime of circular disc fillers adapted by Fredrickson and Bicerano72
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particular composite system. Hence, the developed or
modified models may not be relevant to other com-
posite systems with different morphological features.
Hence, the experimental validation of models with
different composite system remains a challenge. There-
fore, a case-to-case investigation of the modified
models may not result in accurate predictions since
there is always a variation in system morphological
features such as clay orientations, alignment, polydis-
persity (variable aspect ratio), distribution (variable slit
factor), etc. Hence, models with better prediction
accuracy for a particular polymer–particle composite
system may not produce similar prediction accuracy for
other composites.

Moreover, the variation in polymer–clay pairs also
adds to the complexity as their interactions directly
impact composite film fabrication. For example, it is
challenging to control the clay orientation in polymer
composites or avoid stacking clay layers experimen-
tally. No universal tortuosity-based model was devel-
oped to describe the complexity of the composite
system with irregular filler geometries. In most cases,
researchers simplify their system to fit particular model
predictions, and accordingly, either modification is
suggested or performed if the deviations are consider-
able.

The following research gaps can be highlighted
regarding the tortuosity model development for barrier
applications.

1. Composite systems are heterogeneous with a
variety of filler geometries, sizes and properties;
expressing such systems mathematically to deter-
mine the tortuous pathway precisely remains
challenging.

2. Composite films with nanofillers composed of
nanoplatelets and nanoparticles usually form en-
twined nano-channels, such channels appear to be
networks of free particles which connect the nano-
blocks, which seem to have more tortuous path-
ways for the diffusing gas.27 Such systems tortuous
pathways remain unmodeled.

3. The comparison of predicted results with experi-
mental values is usually carried out with rough
estimations, lacking a quantified value of errors in
terms of absolute average relative errors or stan-
dard deviations. Hence, it becomes difficult for the
reader to identify the most accurate tortuosity-
based models.

4. To date, there is no model developed that repre-
sents fillers of combined filler shapes within a
single composite system. In some practical cases,
researchers incorporated spherical filler in addition
to flake-shaped platelets to reduce the slit area.
Many other filler shapes can also be added
depending on the target application of the barrier
material. The tortuosity expression in such cases
remains unmodeled.

Conclusions

Impermeable inclusions in a polymer coating film result
in improvedgasbarrier propertiesowing to theprolonged
diffusion pathways followed by the penetrant gas
molecules. Modeling the gas barrier properties perfor-
mances of coating films is crucial to determine the
preservation and shelf-life of food in packaging prior to
the coating film preparation. Modeling approaches
employed for barrier materials mainly focus on identify-
ing and characterizing the tortuosity factor for the
composite system. Hence, several tortuosity-based mod-
els have been proposed depending on the system
morphological features. Most of the existing tortuosity-
based models are phenomenological. They work well for
simplified geometries of inclusions like fillers with iden-
tical shapes, regular geometries, parallel alignment to the
film surface, perfectly oriented, andwell-dispersed across
the coating film volume. Moreover, to reflect the hetero-
geneity in the composite system, progressive modifica-
tions were performed by several researchers. This review
only focused on analytical tortuosity models developed
for gas barrier applications. Other approaches like those
fitting to porous media are not included here. We,
therefore, recommend that the modeling of such com-
posite systems should exploit the knowledge of the
changes induced due to filler inclusions on the polymer
properties such as free-volume change, polymer–particle
interphase, and other relevant system parameters.
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