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Abstract: To reveal the effects of the microstructure char-
acteristics including fiber shape, void, fiber distribution
pattern, and interphase on the transverse moisture diffu-
sivities of unidirectional composites, the steady analysis
method based on Fick’s law is adopted. The predicted
numerical results are compared with the results from the
analytical models to demonstrate the accuracy. From the
simulation results, it is found that the increase in the oscil-
lation amplification of non-circular fibers contributes to
the orthotropy of diffusivity properties, which attributes
to different barrier effects along different directions. The
consideration of interphase relieves the barrier effects and
the predicted diffusivity values are increased significantly.
The effects of voids increase with the void volume fraction
and are dependent on the voids’ location. If the fiber
random distribution pattern is considered, it is found
that the average values of predicted diffusivity decrease
gradually with the increase in the number of oscillations.

Keywords: diffusivity, fiber shape, void, fiber distribution
pattern, interphase

1 Introduction

Due to the wide usage of polymer composites, more and
more attention is paid to the environmental effects such as
ultraviolet radiation, moisture, or temperature. The long-term
presence of moisture could result in irreversible polymer
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material degradation such as plasticization, hydrolyzation,
matrix cracking, and damage to the fiber/matrix interface.

To reveal the effects of moisture diffusion on the
properties of composites, the first barrier is to evaluate
the diffusivity of the composites [1]. Different analytical
methods have been developed to predict the moisture
diffusivity of the composites [2-5]. Numerical methods
have also been developed to obtain the values [6,7]. The
numerical diffusivity prediction methods can be divided
into two groups, transient [6] and steady [7] methods. In
the transient method, the full-size model based on the
specimen is developed and the water uptake process is
described [8]. With the curves, the diffusivity value can
be obtained. For the steady method, the calculation pro-
cess is based on Fick’s law and designed boundary condi-
tions [9].

For the unidirectional composites, the microstruc-
tures are complex due to the existence of different con-
stituents including fiber, matrix, interphase, and void. In
the field of solid mechanics, the computational mechanics
method has been adopted to reveal the effects of micro-
structure characteristics on transverse mechanical proper-
ties [10]. The microstructure characteristics of the fibers
are composed of fiber distribution patterns and fiber
shape. Regular fiber distribution patterns had been used
to predict the mechanical properties of composites [11].
However, at the microscale of composites, the fiber distri-
bution pattern is actually random. Thus, the random fiber
distribution model is now widely used for mechanical
property prediction [12,13]. The effects of the fiber arrange-
ment on the moisture diffusion in composites along the
transverse direction have been analyzed by Wang et al.
[14] and it has been found that simple square or hexagonal
fiber arrangements can produce similar results compared
with the results of random fiber arrangement. With the
development of manufacturing technology, different kinds
of fiber shapes can be realized [15]. Yang et al. analyzed
the effects of the triangle shaped fibers on the transverse
properties of composites [16]. Besides, virtual mechanical
tests with different kinds of fiber shapes have been
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conducted [10]. However, the effects of the fiber shape on the
transverse diffusion of the composite have not been revealed.

Another microstructure characteristic of unidirec-
tional composites is the voids that are induced by the
manufacturing process [17]. The effects of voids on the
elastic or inelastic mechanical properties of composites
have also been evaluated [18-20]. The effects of voids on
the diffusivity have also been revealed [21-23] and it can
be found that the consideration of voids contributes to the
increase in the diffusivity. However, the effects of certain
voids’ positions have not been evaluated. Besides the fiber
and void, the interphase is also an important structure
characteristic in the composites [24]. The effects of inter-
phase on the mechanical properties of composites have
been revealed by Maligno et al. [25] with the assumption
that the interphase is homogenized and the shape of the
interphase is regular. However, Wang et al. [26,27] found
that the elastic modulus in the interphase is heterogenous
and the shape of the interphase is irregular. To evaluate
the effects of interphase on water diffusion, both analytical
[28] and numerical [29] analyses were conducted. How-
ever, the interphase was modeled without considering
the heterogeneous properties and irregular microstructure.

In this study, the effects of microstructure character-
istics including the fiber distribution pattern, fiber shape,
void, and interphase on the transverse diffusivity of uni-
directional composites will be analyzed in detail and the
sensitivity of each influence factor on the diffusivity can
be obtained. First, the diffusivity prediction methods
including analytical and numerical methods are pre-
sented. Then, the modeling method for each microstruc-
ture characteristic is given. At last, the effects of each
influence factor are analyzed, compared, and discussed.

2 Diffusivity prediction method

To predict the transverse diffusivity of unidirectional
composites, both the analytical and numerical methods
are adopted in this study. The analytical methods will
be used to verify the numerical results predicted with
numerical methods.

2.1 Analytical method

Different analytical methods have been developed to pre-
dict the transverse diffusivity of unidirectional compo-
sites. The models for the transverse diffusivity prediction
are listed below including Halpin—Tsai [2] (equation (1)),
Springer—Tsai [3] (equation (2)), Rayleigh [4] (equation (3)),
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and Woo-Piggott [5] (equation (4)), which will be adopted
to demonstrate the numerical results.
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where V; represents the fiber volume fraction, Dy, is the
diffusivity of the matrix, and D, is the equivalent diffu-
sivity along the transverse direction.

In the models listed above, only the fiber and matrix
are considered. The analytical method considering inter-
phase had been developed by Lei et al. [28] and is also
adopted in this study to demonstrate the numerical results.
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where D; represents the diffusivity of the interphase, and V;
is the interphase volume fraction, a = V, + (V; + 2V;)D¢/D;
and 8 = V; + 2Vt + VD¢/D;.

2.2 Numerical method

To predict the equivalent diffusivity with the FEM, the
calculation process is based on Fick’s law. The Fick’s
law is composed of Fick’s first law and Fick’s second
law. The Fick’s first law is used to calculate the mass
diffusion flux. After considering both the influence of
time and mass conservation law, the Fick’s second law
can be obtained. Fick’s first law shown in equation (6) is
adopted in this study for prediction of transverse diffu-
sivity with the steady analysis method.

J - -p, - &, ©)
ox
where J, is the component of mass flux along x direction,
C is the concentration of diffusion substance, x is the
space coordinate, and D, is the diffusion coefficient.

To obtain the transverse diffusivity of unidirectional
composite with the steady analysis method, the relative
moisture concentration should be applied at the bound-
aries of FEM model first (Figure 1). The concentration
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Figure 1: Fiber square distribution model with boundary conditions.

value at x = 0 is set to be one and the concentration value
at the corresponding opposite boundary with x = a is set
to be zero. Then, with mass diffusion module of commer-
cial software ABAQUS, the mass flux in each element can
be obtained. At last, to obtain the average diffusivity
value based on the mass flux in the FEM model, the cal-
culation method shown in equation (7) is adopted in this
study. The calculation method is similar to that used for
prediction of equivalent thermal conductivity [30,31].
Jave - —pgt . La=Co, %
a
where J2*¢ is the average mass flux on the surface of x = 0 or
X=a, fof is the effective diffusivity along the x direction.
The diffusivity properties of the constituents are shown
in the Table 1. The values are referred from previous studies
[23,28]. The diffusivity of interphase is assumed to be five
times larger than that of the matrix as in the study by Joliff
et al. [29]. The fiber volume fraction considered in this study
is chosen as 30% based on previous studies [23,28].

3 Microstructure characteristics
modeling

Different kinds of microstructure characteristics have been

considered in this study including fiber shape, void, fiber

random distribution pattern, and interphase. The corre-
sponding modeling methods are shown below.

Table 1: Diffusivity values of the constituents [23,28]

Material Fiber Matrix Void Interphase

Diffusivity (10®mm?/s) 0 4.64 46.4  23.2
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3.1 Fiber shape modeling

The fiber shape is modeled with the level set function [15]
as shown in equation (8). The distance between the fiber
center and the boundary is defined using equation (9).
With the equations, the model with different fiber shapes
can be established.

¢(x, 0) = |lx - cll - R(a(x), 6), (8)

R(a(x), 8) = A + BYi(0) + C{Y»(0) cos(k)
+ ¥%5(0) sin(ka) + Y,(0) cos(loa) 9
+ ¥5(6) sin(fa)},

where a(x) is the polar angle at position x; 6 is the ran-
domness of a quantity; Y;(9), i = 1,...,5 are the uniform
random variables, with the first one controlling the var-
iation in reference radius, while the other four control the
randomness of the rough circle’s amplitude; k; and k, are
deterministic constants that define the period of oscilla-
tions of the random rough circle around the shape of the
reference circle; A is radius for the reference circle, with B
representing its variation; and C is the mean amplitude of
the random rough circle. In this study, the effects of ran-
domness in the rough circle were ignored and only the
models with the same fiber area (fiber volume fraction)
were considered, so Y;(6) is set to be zero, Y;(0), i = 2,...,5
are equal to 1, k; = 0 and k; is determined according to the
number of oscillations. The models with different k,, C,
and fiber shape orientation ang are shown in Figure 2,
which shows the capability of the modeling method.

3.2 Void modeling

There are different void modeling methods. One is based
on the geometrical model [18] and the other one is based
on the finite element model [20]. In this study, the first
void modeling method is adopted. Based on the void
modeling methodology by Nikopour [18], the models
with different void positions are established and shown
in Figure 3. The void size should be calculated based on
the void volume fraction. The void volume fraction of the
models shown is 5%. Besides, the shape of voids is also
considered in this study and the models with elliptical
voids are shown in Figure 4.

3.3 Random fiber distribution pattern

To establish the random fiber distribution model, the
modified perturbation modeling process developed by
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Figure 2: Fiber square distribution model with different fiber shapes.
(a) k =2, C=0.226 pm, ang = 0°, (b) k, =2, C=0.226 ym, ang =
90°, (c) k;=2,C=0.716 pm, ang = 0°, (d) k, =2, C=0.716 pm, ang =
90°, (e) k, = 3, C=0.716 pm, ang = 0°, (f) k, = 4, C = 0.716 pym,
ang =0°,(g) k=5, C=0.716 pm, ang = 0°, (h) k, =12, C=0.716 pm,
ang = 0°.

Wang et al. [11] is adopted in this study. The process for
the model establishment is described briefly here. First,
the regular fiber distribution model is established. Then,
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Figure 3: Circular fiber models with circular voids. (a) Void distri-
bution pattern 1, (b) void distribution pattern 2, (c) void distribution
pattern 3, and (d) void distribution pattern 4.

the move limit at x and y directions are obtained under
the condition that there is no fiber overlapping. Based
on the move limit, a random position is selected as the
new position for the fiber and each fiber is perturbated
with the same process. Thereafter, a criss-crossing pro-
cess is conducted, which means that the fibers in each
row or column are moved to a certain distance. With the
criss-crossing process, the random fiber distribution model
can be generated efficiently. At last, after 100 iterations of
the processes, the random fiber distribution model can
be obtained and one example is shown in Figure 5(a).
To establish the non-circular random fiber distribution

(2) (b)

Figure 4: Models with elliptical shaped voids. (a) 0° elliptical void
and (b) 90° elliptical void.
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Figure 5: Random fiber distribution models: (a) circular fiber and (b) elliptical fiber.

model, the fiber orientation is also set as a random value
for each fiber and it is chosen randomly within 0-360°.
The random fiber distribution model with elliptical shaped
fibers is shown in Figure 5(b).

3.4 Interphase modeling

The interphase is a very important influence factor for the
moisture diffusion in the polymer composite. There are
different interphase characteristics in the composites.
The first one is the interphase thickness. The interphase
thickness is dependent on the material systems and the
manufacturing process [32]. Thus, different interphase
thicknesses are considered here within 0.1-0.4 pm to
reveal the effects of interphase thickness. The model
with 0.4 pm interphase is shown in Figure 6(a). For the
model with a non-circular fiber shape, the interphase is
also considered and the model with an elliptical shaped

@ (b)

Figure 6: Models with interphase (a) circular fiber, (b) elliptical
shaped fiber.

fiber is shown in Figure 6(b). The variation in the inter-
phase thickness around the fiber is also considered in this
study and the model is shown in Figure 7. The interphase
volume fraction is the same as that shown in Figure 6(a).

The second one is the structure characteristics [33].
The experimental results have demonstrated that the
shape of the interphase is not the doughnut shape as
shown in Figure 6(a) and the shape of the interphase is
groove-like. The typical groove depth and width of the
interphase are shown in Figure 8.

Based on the experimental results, the boundary of
the interphase is described with the function equation
(10) [27].

y = A sin(x), (10)

where A is 50 nm for the fiber surface roughness, x repre-
sents the circumferential position along the fiber surface.
The model with groove-like interphase is shown in Figure 9
and the thickness is set to be 0.4 pm.

The third factor is the diffusivity distribution pattern
within the interphase. In the study by Rocha et al. [34],
the diffusivity in the interphase is assumed to decrease

Figure 7: Model with interphase considering variable thickness.
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Figure 8: Groove depth and width of the interphase [31].

Figure 9: Model with groove-shaped interphase.

linearly from the fiber’s boundary to the matrix’s boundary
and it is adopted in this study. Based on the assumption,
Dpnax is set to be the diffusivity of the interphase as shown
in Table 1 and Dy, is the diffusivity of matrix (Figure 10).

4 Results and discussion

The numerical method will be validated with the analy-
tical method first. Then, the individual effects of each
kind of microstructure characteristic will be evaluated.

(a)

Figure 11: Moisture concentration and MFL distribution patterns. (a) Moisture concentration and (b) MFL.
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Figure 10: Heterogeneous interphase diffusivity distribution.

At last, the coupling effects of the fiber shape and inter-
phase will be revealed.

4.1 Model validation

The fiber square distribution model is analyzed and com-
pared with the analytical models to demonstrate the
numerical results. The moisture concentration and mass
flow rate (MFL) distribution patterns of the model are
shown in Figure 11. Comparing the results from the
numerical methods with that from the analytical methods
(Table 2), the consistency between the result from the
Halpin-Tsai equation and the numerical results demon-
strates the effectiveness of the numerical analysis method.
The values predicted from the other analytical models are
larger than the results from the numerical methods. This
conclusion is similar to that obtained in the study by Gao
[35]. Besides, the effects of the mesh size on the transverse
diffusivity are also revealed. It can be found that the
increase in the mesh size from 0.1 to 0.4 pm has little influ-
ence on the predicted diffusivity. Thus, the mesh size will be
chosen as 0.3 pm for the models to be analyzed next.

MFL, Magnitude
(Avg: 75%)
+6.759%-04
+6.218e-04
+5.678e-04
+5.137e-04
+4.597e-04
+4.056e-04
+3.516e-04
+2.97 5e-04
+2.435e-04
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Table 2: Predicted diffusivity with analytical and numerical models

Effects of microstructure characteristics on moisture diffusion

—_7

Analytical models Halpin-Tsai Springer-Tsai Rayleigh Woo-Piggott
Transverse diffusivity (x10°® mm?/s) 2.498 2.532 3.563 4.00
Approximate mesh size (pm) 0.1 0.2 0.3 0.4
Transverse diffusivity (x10"® mm?/s) 2.488 2.499 2.496 2.509

Diffusivity 10°(mm?/s)

cir ellil-0 ellil-90 elli2-0 elli2-90

Fiber shape

Figure 12: Predicted diffusivity of models with circular and elliptical-
like fibers.

MFL, MFL1

(Avg: 75%)
+8.684e-04
+7.957e-04
+7.231e-04
+6.505e-04
+5.778e-04
+5.052e-04
+4.325e-04

+1.420e-04
+6.933e-05
-3.311e-06

4.2 Effects of fiber shape

The models with different fiber shapes are analyzed here.
The results of the models with elliptical-like fibers are
shown in Figure 12. It can be found the orientation of
the fiber shape has huge influence on the water diffu-
sivity. Besides, with the increase in the oscillation ampli-
fication, the diffusivity is reduced dramatically when the
orientation of the fiber shape is 0°, which should attri-
bute to the barrier effect induced by the fiber shape. On
the contrary, the diffusivity increases when the orienta-
tion is 90°. The moisture concentration and MFL distribu-
tion patterns are shown in Figure 13 for the models with
elliptical-like fibers. Compared with the result from the
circular fiber model, the max MFL value in the RVE
becomes larger. However, for the model with elliptical-
like fiber at 0°, the area with small MFL values is much

(b)

MFL, MFL1
(Avg: 75%)
+5.521e-04

+2.801e-04
+2.348e-04
+1.895e-04
+1.442e-04
+9.884e-05
+5.351e-05
+8.189e-06

(d)

Figure 13: Moisture concentration and MFL distribution patterns for the models with elliptical-like fibers. (a) Moisture concentration with
ang = 0°, (b) Moisture concentration with ang = 90°, (¢) MFL with ang = 0°, and (d) MFL with ang = 90°.
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Figure 14: Transverse diffusivities of the models with different fiber shapes.

larger than that of the model with circular fibers. For the
model with elliptical-like fiber at 90°, the area with large
MFL values becomes much larger, which contributes to
the increase in the equivalent diffusivity.

The models with different fiber shapes are also ana-
lyzed and the predicted transverse diffusivity values are
shown in Figure 14. It can be found that with the increase in
the oscillation’s number, the difference between the models
with different fiber shape orientations is decreased, which
means that the effects of the fiber shape orientation are
prohibited. Besides, it can be found that with the increase
in the oscillation’s number, the average transverse diffu-
sivity of the models with different fiber shapes decreases
and tends to a certain value.

4.3 Effects of voids

The models with different circular void volume fractions
and void distribution patterns are analyzed and the results
are shown in Table 3. Compared with the model without
considering voids, it can be found that the existence of

voids results in the increase in the equivalent diffusivity,
which is similar to the conclusion obtained in the study by
Liu et al. [23]. From the models with different void distri-
bution patterns, it can be found that when the void volume
is 1%, the difference between the values of the models with
different void distribution patterns is very small. When the
void volume fraction is increased to 5%, the difference
between the diffusivity values of the models with different
void distribution patterns is increased. Besides, it can be
found that the increase in the void volume fraction con-
tributes to the increase in the water diffusivity. However,
the increase percentage is relatively small compared with
that induced by the fiber shapes.

The MFL distribution patterns of the models with 5%
void volume fraction are shown in Figure 15. It can be
found that the MFL distribution patterns are changed due
to the voids’ positions. Especially for the model with
voids located at the interface regions between the fiber
and matrix, the max MFL values are much larger than the
other models, which contribute to the increase in trans-
verse diffusivity as shown in Table 3.

As the elliptical-like fiber has the largest impact on
the moisture diffusivity, the elliptical voids are adopted to

Table 3: Diffusivities of the models with different void volume fraction and distribution patterns (10~® mm?/s)

Void volume fraction Distribution pattern-1

Distribution pattern-2

Distribution pattern-3 Distribution pattern-4

1% 2.587
5% 2.771

2.563
2.853

2.595
2.966

2.569
2.870
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MFL, MFL1

(Avg: 75%)
+7.389e-04
+6.777e-04
+6.166e-04
+5.555e-04
+4.943e-04

+3.109e-04
+2.498e-04
+1.886e-04
+1.275e-04
+6.635e-05
+5.214e-06

MFL, MFL1

(Avg: 75%)
+1.317e-03
+1.206e-03
+1.096e-03
+9.852e-04
+8.746e-04
+7.641e-04
+6.536e-04
+5.431e-04
+4.326e-04
+3.220e-04
+2.115e-04
+1.010e-04
-9.515e-06
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MFL, MFL1

(Avg: 75%)
+9.970e-04
+9.146e-04
+8.323e-04
+7.499e-04
+6.675e-04
+5.852e-04
+5.028e-04
+4.205e-04
+3.381e-04
+2.558e-04
+1.734e-04
+9.106e-0S
+8.710e-06

(b)

MFL, MFL1

(Avg: 75%)
+1.125e-03
+1.032e-03
+9.392e-04
+8.462e-04
+7.531e-04
+6.600e-04
+5.669e-04
+4.738e-04
+3.807e-04
+2.876e-04
+1.946e-04
+1.015e-04
+8.387e-06

(d)

Figure 15: MFL distribution patterns for the models with different void distribution patterns. (a) Void distribution pattern-1, (b) void
distribution pattern-2, (c) void distribution pattern-3, and (d) void distribution pattern-4.

reveal the effects of the void shape on the diffusivity. The
predicted diffusivity values for the elliptical void models
with different void distribution patterns are shown in
Table 4. The MFL distribution patterns of the model with
different void orientation angles are shown in Figure 16.
Compared with the circular void model with the same void
distribution pattern and void volume fraction, the effects
of the void shape orientation are similar with the effects of
fiber shape orientation. It means that the 0° void orienta-
tion results in the decrease in the predicted diffusivity
compared with the model with circular voids, under the
condition that the void distribution pattern is the same. On
the contrary, the 90° void orientation contributes to the
increase in the predicted diffusivity. However, the differ-
ences in the moisture diffusivity values induced by the
void shape orientation are much smaller than the differ-
ence induced by the fiber shape, which should attribute to
the small void volume fraction. Besides, it can be found

that the average value for each void distribution pattern is
similar to that from the model with circular voids.

4.4 Effects of random fiber distribution
pattern

The models with different fiber shapes and fiber distribu-
tion patterns are analyzed and the predicted diffusivity
values are shown in Figure 17. It can be found that for the
circular fiber models with different random fiber distribu-
tion patterns, the diffusivity values are similar to that
from the model with fiber square distribution pattern.
This is similar to the conclusion obtained in the study
by Wang et al. [14]. From Figure 17, it can be concluded
that the average diffusivity values decrease with the
increase in the number of oscillations. For the models

Table 4: Predicted diffusivities of the models with elliptical voids and different distribution patterns (107¢ mm?/s)

Elliptical voids Distribution pattern-1

Distribution pattern-2

Distribution pattern-3 Distribution pattern-4

orientation

0° 2.655 2.781 2.821 2.756
90° 2.814 2.932 3.195 3.077
Average 2.734 2.856 3.008 2.916
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MFL, MFL1

(Avg: 75%)
+7.262e-04
+6.661e-04
+6.060e-04
+5.459%e-04
+4.859%e-04
+4.258e-04
+3.657e-04
+3.056e-04
+2.455e-04
+1.854e-04
+1.254e-04
+6.527e-05
+5.184e-06

(a)
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MFL, MFL1

(Avg: 75%)
+9.038e-04
+8.28%e-04
+7.540e-04
+6.791e-04
+6.042e-04
+5.293e-04
+4.544e-04
+3.794e-04
+3.045e-04
+2.296e-04
+1.547e-04
+7.978e-0S
+4.868e-06

Figure 16: MFL distribution patterns for the models with different void shape orientations: (a) void distribution pattern-1 and void ang = 0°

and (b) void distribution pattern-1 and void ang = 90°.

with elliptical-like fibers, the difference between the fiber
square distribution models induced by the fiber shape
orientations is much larger than the difference between
the random fiber distribution models. It should attribute
to the consideration of the randomness of fiber shape
orientation in the random fiber distribution models, which
results in the prohibition of the effects of the fiber shape
orientation.

4.5 Effects of interphase

Based on the analytical model developed by Lei et al.
[28], the equivalent diffusivity considering interphase is
3.7086 x 10~® mm?/s and the value is very similar to that
of the result from FEM adopted here (3.709 x 10"® mm?/s).
Compared with the model without considering inter-
phase, the 400 nm interphase contributes to a very large
increase in moisture diffusivity of the model. Although

2.6
- —=— Fiber distribution pattern-1
—~ 25+ —o— Fiber distribution pattern-2
2 L —=4— Fiber distribution pattern-3
é 24+ —v— Fiber distribution pattern-4
< L —— Fiber distribution pattern-5
= 23| —<— Fiber distribution pattern-6
S
=
g 22+
& L
< 21F
)
2 L
220}
wn
o -
<
e 19F
1 " 1 " 1 " 1
cir elli squ gear-12
Fiber shape

Figure 17: Diffusivities of the random fiber distribution patterns.

the diffusivity of the void is larger than that of the inter-
phase and the void fraction is similar to the interphase
volume fraction, the increase rate of diffusivity induced
by the interphase is much larger than that induced by the
voids. It means that the existence of interphase provides
a channel for water diffusion and bypasses the fiber bar-
rier. The MFL distribution pattern is shown in Figure 18,
which shows the channel for the water diffusion.

To reveal the effects of the interphase thickness on
the equivalent diffusivity, the models with different thick-
ness values are analyzed and the diffusivity values are
shown in Table 5. It can be found that the diffusivity
increases linearly with the increase in the interphase thick-
ness. Besides, the effects of variation in the interphase
thickness around the fiber are also evaluated here. The
model with variable interphase thickness is analyzed and
the interphase volume fraction is set to be the same as the
model with 400 nm. The predicted diffusivity value (3.636 x
10~° mm?/s) is very close to that from the model with
400 nm, which means that the variation in the thickness
is not a very important influence factor.

The model with groove interphase is analyzed here.
The interphase volume fraction is also similar to that of
the model with 400 nm interphase. The MFL distribution
pattern is shown in Figure 19 and the predicted diffusivity

MFL, MFL1

(Avg: 75%)
+2.697e-03
+2.475e-03
+2.253e-03
+2.031e-03
+1.810e-03
+1.588e-03
+1.366e-03
+1.144e-03
+9.224e-04
+7.006e-04
+4.788e-04
+2.570e-04
+3.515e-0S

Figure 18: MFL distribution pattern for the model with interphase.
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Table 5: Predicted diffusivities of the models with different inter-
phase thickness values

Interphase thickness 100nm 200nm 300nm 400 nm

Transverse diffusivity 2.849  3.161 3.445 3.709

(x107® mm?/s)

value is 3.655 x 10" mm?/s. Compared with the diffusivity
values of the circular fiber model with 400 nm inter-
phase, it can be found that the difference between them
is small and the value is close to the value from the model
with variable interphase thickness, which means that the
microstructure characteristics of interphase have little
influences on the transverse diffusivity.

The model with heterogeneous interphase distribu-
tion pattern is analyzed and the predicted diffusivity
value is 3.221 x 10" mm?/s. The MFL distribution pattern

MFL, MFL1

(Avg: 75%)
+2.949e-03
+2.704e-03
+2.460e-03
+2.215e-03
+1.971e-03
+1.726e-03

+7.479e-04
+5.033e-04
+2.588e-04
+1.426e-05

(a)

phase (b).

4.5

35

2.5

—
n &

Transverse diffusivity 10 (mm?/s)

0.

W

cir elli2-0  elli2-90 tri-0

0
tri-90

Effects of microstructure characteristics on moisture diffusion

— 1

MFL, MFL1

(Avg: 75%)
+3.673e-03
+3.362e-03
+3.051e-03
+2.740e-03
+2.429e-03
+2.117e-03
+1.806e-03
+1.495e-03
+1.184e-03
+8.733e-04
+5.622e-04
+2.512e-04
-5.989e-05

Figure 19: MFL distribution pattern for the model with groove
interphase.

is shown in Figure 20(a). Compared with the predicted
diffusivity value from the model with corresponding uni-
form interphase diffusivity (3.215 x 10~° mm?/s), the two
values are similar to each other. Thus, it can be con-
cluded that the diffusivity of the model considering

MFL, MFL1

(Ava: 75%)
+1.898e-03
+1.740e-03
+1.583e-03
+1.426e-03
+1.268e-03
+1.111e-03
+9.535e-04
+7.961e-04
+6.387e-04
+4.813e-04
+3.239%e-04
+1.665e-04
+9.140e-06

(b)

Figure 20: MFL distribution patterns for the model with heterogeneous interphase (a) and the model with corresponding uniform inter-

gearl2-0 gearl2-90

squ-0 squ-90 pen-0 pen-90

Fiber shape

Figure 21: Predicted diffusivities of the models with different fiber shapes considering the interphase.
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MFL, MFL1

(Avg: 75%)
+2.990e-03
+2.739e-03
+2.488e-03
+2.237e-03
+1.986e-03
+1.735e-03
+1.484e-03
+1.233e-03
+9.815e-04
+7.305e-04
+4.795e-04
+2.285e-04
-2.256e-05

heterogeneous interphase can be predicted with the model
with corresponding uniform interphase. However, the het-
erogeneous interphase distribution pattern results in differ-
ences in the MFL distribution patterns as shown in Figure 20.

4.6 Coupling effects of the fiber shape and
interphase

As the fiber shape and interphase have larger impacts on
the transverse diffusivity compared with the other influ-
ence factors, the coupling effects of fiber shape and inter-
phase are evaluated here. For the non-circular fiber models
with interphase, the diffusivity values are shown in Figure 21.
Compared with the models without interphase, it can be
found that the existence of interphase results in the increase
in diffusivity. The change in diffusivities induced by the
fiber shape is similar to that of the models without consid-
ering the interphase, which means that the effects of the
fiber shape orientation are reserved. However, the differ-
ences in the values are smaller than those of the models
without considering the interphase. This should attribute
to the larger perimeter of the non-circular shape, which
increases the corresponding interphase area. It is believed
that it is the increase in interphase area that contributes to
the decrease in the differences. The MFL distribution pat-
terns of the models with elliptical-like fiber are shown in
Figure 22. The importance of the effects of the interphase
on the water diffusion is also presented.

5 Conclusion

The effects of microstructure characteristics including
the fiber shape, void, fiber distribution pattern, and inter-
phase on the transverse diffusivity are analyzed in
this study with the FEM method. To establish the

DE GRUYTER

MFL, MFL1

(Avg: 75%)
+2.454e-03
+2.251e-03
+2.048e-03
+1.845e-03
+1.642e-03
+1.439e-03
+1.236e-03
+1.033e-03
+8.305e-04
+6.276e-04
+4.246e-04
+2.217e-04
+1.878e-0S

(b)

Figure 22: MFL distribution pattern for the elliptical-like fiber models considering the interphase: (a) ang = 0° and (b) ang = 90°.

models with different fiber shapes, the modeling method
based on the level set method is adopted. For the voids,
different void volume fraction and void positions are consid-
ered. The modified perturbation method is adopted in this
study to model the random fiber distribution pattern. For the
interphase, the thickness, structure characteristics, and het-
erogeneous interphase diffusivity distribution patterns are all
considered.

The fiber shape has great influences on the transverse
diffusivity of unidirectional composites due to the dif-
ferent barrier effects induced by the number and amplifica-
tion values of oscillations. The increase in the amplification
of oscillations increases the orthotropy of transverse diffu-
sivities. The increase in the number of oscillations contri-
butes to the diffusivity tending to a certain value. The
effects of the voids are dependent on the void volume
fraction. The effects of the voids’ position become more
obvious only if the void volume fraction is large. The voids
located at the interphase regions contribute more to the
increase in moisture diffusivity. For the random fiber dis-
tribution model, the results show that the diffusivity value
decreases gradually with the increase in the oscillation
number and the effects of fiber shape orientation on
equivalent diffusivity are prohibited. The consideration
of interphase relieves the barrier effects of the fiber. The
microstructure of interphase has little influence on the
equivalent diffusivity. The results of the model with het-
erogeneous interphase diffusivity distribution are very
close to the model with corresponding uniform interphase
diffusivity. When both the fiber shape and interphase are
considered, the difference induced by the fiber shape is
prohibited due to the increased specific surface area of
non-circular fibers.
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