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1 Abstract
Polymer composites are widely used in many applications due to their high specific
stiffness and strength properties. However, designing of polymer composites with high
durability is still a challenge particularly in moisture environments. It has been well
established that the moisture absorption takes place through the matrix and it then accu-
mulates in the matrix and fiber/matrix interface. This results in the loss of mechanical
properties of composites. Researchers have used several techniques like matrix modifi-
cation, fiber functionalization and fiber modification using carbon nanotubes (CNT) to
reduce the moisture intake and/or to improve the fiber/matrix interface bonding. Fiber
modification using ZnO nanowires (ZnO NW) is also a potential technique to reduce the
moisture absorption as well as interface strengthening in composites. However, the ef-
fects of ZnO NW incorporation on the moisture absorption of composites have not been
reported in the literature. For the first time, this study explores how the incorporation of
ZnO NW in the interface affects the moisture absorption and the resultant mechanical
properties of glass and carbon composites. Prediction of moisture absorption dynamics
is also critical in the design of composites. Researchers have used various analytical
models based on Fickian and non-Fickian diffusion to characterize the moisture ab-
sorption in polymer composites. Among the several models, one-dimensional hindered
diffusion model (1D HDM) was found to be very effective and has been widely used to
relate the moisture absorption parameters with the inherent microstructure of compos-
ites. However, relation between the moisture absorption parameters and the mechanical
behaviour of composites has not been studied. For the first time, this work used 1D
HDM for the extraction of moisture absorption parameters and explored its relation
with the mechanical behaviour of composites.

ZnO NW were coated onto glass and carbon fabrics to modify the fiber/matrix in-
terface in the composites. The bare (uncoated) and coated fabrics were used in the
fabrication of composites. Four different types of composites - glass fiber/epoxy, ZnO
NW incorporated glass fiber/epoxy, carbon fiber/epoxy and ZnO NW incorporated car-
bon fiber/epoxy were investigated in this research. Moisture absorption of composites
were investigated using experiments, analytical and numerical studies. Mechanical per-
formance of composites were investigated using longitudinal tension, short beam shear,
mode-1 fracture toughness tests. While the moisture absorption was found to decrease
the interlaminar shear strength (ILSS) of glass composite, it was found to decrease the
ILSS, tensile properties, and fracture toughness of carbon composites. The incorpora-
tion of ZnO NW was found to decrease the moisture absorption in both glass and carbon
composites, increase the tensile modulus of dry and wet glass composites by 17%, and
prevent the delamination failure of wet carbon composites in tensile tests. Also, ZnO
NW incorporation was found to increase the fracture toughness of all composites with
a maximum of 141% improvement for dry carbon composite. Importantly, ZnO NW
incorporation was believed to increase the stiffness and prevent bending failure of DCB
arm in wet carbon composites.

The experimental results showed the moisture absorption to degrade the interface in
carbon fiber/epoxy composite to a relatively larger extent. Analytical results showed the
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hindrance coefficient (ratio of bound to unbound moisture) of composites was found to
increase proportionately with the increase in the volume of interfacial regions. Only in
carbon/epoxy composite, it did not increase proportionately due to the relatively larger
degradation of interface. This mutually related well with mechanical test responses
wherein carbon/epoxy exhibited anomalous failure modes due to relatively larger degra-
dation of interface. Numerical simulations of moisture absorption in composites using
time-varying boundary conditions matched very well with experimental as well as 1D
HDM results. This validated the characteristic diffusion coefficient (Dz) of composites
that were calculated using 1D HDM.

Further studies like contact angle measurements, Fourier Transform Infrared Spec-
troscopy analysis and tensile testing of post-cured wet carbon composites were carried
out to verify its larger interface degradation. The studies showed possibility of relatively
incompatible sizing/surface treatments in carbon fibers. This could impacted the cur-
ing and moisture absorption and thereby resulted in larger interface degradation in wet
carbon composites. However, incorporation of ZnO NW provided interfacial strength-
ening and reduced the interface degradation in wet carbon composites. The uniqueness
of this research includes demonstrating the benefits of ZnO NW to reduce the mois-
ture absorption and the moisture-induced degradation in composites and demonstrating
the relation between the moisture absorption parameters and the mechanical behaviour
of composites. The research presented potential ways of using ZnO NW to tailor the
moisture absorption and resultant mechanical properties of composites.

2 Objectives
The objectives of the research are:

1. To reduce the moisture absorption and improve the mechanical properties of glass/e-
poxy and carbon/epoxy composites through ZnO NW incorporation.

2. To investigate the interfacial moisture storage and study the relation between mois-
ture absorption parameters and mechanical behaviour of composites.

3. To describe the moisture absorption behaviour of composites and validate the char-
acteristic diffusion coefficient through numerical modeling.

4. To investigate any abnormal mechanical behaviour of composites due to moisture
absorption.

3 Existing Gaps Which Were Bridged
The research gaps that were addressed are:

1. Fiber modification technique refers to the coating of fibers with nanomaterials and
then using the coated fibers in the composite structures. In the literature, coating of
fibers with carbon nanotubes (CNT) has been widely explored to reduce the mois-
ture absorption as well as to increase the fiber/matrix interface strength [Garcia
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et al. (2008a,b); Godara et al. (2010); Rubio-González et al. (2020)]. Coating of
fibers with ZnO nanowires (ZnO NW) has been explored to improve the fiber/ma-
trix interface strength [Ehlert et al. (2013); Swaminathan et al. (2018)]. However,
coating of fibers with ZnO NW to synergistically reduce the moisture absorption
and improve the interface strength in composites has not been explored. For the
first time, this research explores how the incorporation of ZnO NW in the inter-
face synergistically affects the moisture absorption and the mechanical properties
of composites.

2. As moisture absorption in polymer composites decreases the mechanical perfor-
mance, understanding of moisture absorption dynamics and mutually relating it to
the microstructure and mechanical performance of composites is very critical. Var-
ious analytical models based on Fickian and non-Fickian diffusion have been used
to characterize the moisture absorption parameters in polymer composites. Among
the several models, one-dimensional hindered diffusion model (1D HDM) has been
widely used to derive the moisture absorption parameters [Carter and Kibler (1978);
Santos et al. (2019); Guloglu and Altan (2020a); Guloglu et al. (2020b)]. The de-
rived moisture absorption parameters have also been mutually related with the mi-
crostructure of the composites. However, the mutual relation between the derived
parameters and the mechanical performance of the composites has not been reported
in the literature. This research uses 1D HDM to extract the moisture absorption
parameters, and for the first time, it explores the mutual relationship between the
extracted parameters and the mechanical performance of composites.

4 Most Important Contributions

4.1 Reducing moisture absorption and increasing interface strength
For the first time, this research explored using ZnO NW for synergistic reduction in
moisture absorption and improvement in fiber/matrix interface strength of polymer
composites. The results showed that incorporation of ZnO NW reduced the moisture
absorption and significantly increased the fiber/matrix interface strength. The important
results to highlight these contributions are summarized below.

Figure 1 shows the moisture absorption behaviour of epoxy resin and composites.
As it can be observed, incorporation of ZnO NW reduced the moisture absorption in
glass and carbon composites. Also, incorporation of ZnO NW was found to have pro-
found impact on the mechanical behaviour of composites. Figure 2 shows the failure
modes of glass composites under tension test, wherein all the samples were found to fail
by conventional fiber fracture followed by grip-to-grip longitudinal splitting. Figure 3
shows the failure modes of glass composites under fracture toughness test, wherein all
the samples failed by pure delamination. Figure 4 shows the failure modes of carbon
composites under tension test. It can be observed that all the samples, except the wet
carbon composite, failed by conventional fiber fracture followed by grip-to-grip longi-
tudinal splitting. Wet carbon composite sample alone failed by delamination and this
indicated fiber/matrix interface degradation due to moisture absorption. However, it
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can be noted that incorporation of ZnO NW prevented the delamination failure under
tension tests. Figure 5 shows the failure modes of carbon composites under fracture
toughness test. It can be observed that all the samples, except the wet carbon com-
posites, failed by pure delamination. Wet carbon composites samples alone failed by
bending arm failure and this indicated fiber/matrix interface degradation due to mois-
ture absorption. However, it can be noted that incorporation of ZnO NW prevented the
bending arm failure under fracture toughness tests. Table 1 shows the average initia-
tion fracture toughness of glass and carbon composites. The value in the paranthesis
indicates the standard deviation. It can be observed that incorporation of ZnO NW
significantly increase the fracture toughness of glass composite (by 40%) and carbon
composite (by 140%) in dry condition. This was attributed to mechanical interlocking
and good interface bonding provided by ZnO NW. The results showed that ZnO NW
provided synergistic benefits of reducing the moisture absorption and increasing the
fiber/matrix interface strength of polymer composites.

Figure 1: Moisture absorption behavior of epoxy resin and composites

Bare/dry                             

ZnO/dry                             

Bare/wet                            

ZnO/wet                            

Longitudinal splitting 

Figure 2: Failure modes of glass composites under tension test
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Figure 3: Glass composites during crack propagation stage under fracture toughness
test
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ZnO/wet                            

Longitudinal 

splitting 
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Figure 4: Failure modes of carbon composites under tension test
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Figure 5: Carbon composite during crack propagation stage under fracture toughness
test

Table 1: Fracture toughness of composites

Bare/dry

(GIC)

kJ/m2

ZnO/dry

(GIC)

kJ/m2

Bare/wet

(GIC)

kJ/m2

ZnO/wet

(GIC)

kJ/m2

Glass 0.11 (0.02) 0.19 (0.04) 0.16 (0.02) 0.23 (0.03)

Carbon 0.22 (0.03) 0.53 (0.13) - 0.28 (0.01)

4.2 Relationship between moisture absorption parameters and me-
chanical behaviour

The research used the one-dimensional hindered diffusion model (1D HDM) to extract
the moisture absorption parameters, and for the first time it explored the relationship
between the extracted parameters and the mechanical performance of composites. The
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results showed a mutual relation between the hindrance coefficient and the failure be-
haviour of composites. The important results to highlight these contributions are sum-
marized below.

1D HDM was used to describe the moisture absorption behaviour and extract the
moisture absorption parameters [Carter and Kibler (1978); Guloglu and Altan (2020a);
Guloglu et al. (2020b)]. As per this model, the total moisture concentration is expressed
as the sum of unbound (mobile, free to diffuse) moisture concentration n(z, t) and bound
(immobile, not free to diffuse) moisture concentration N(z, t). The 1D moisture absorp-
tion is then defined by the Eqs. (1) and (2) as given below [Carter and Kibler (1978)].

D
∂2n

∂z2
=

∂n

∂t
+

∂N

∂t
(1)

∂N

∂t
= γn− βN (2)

where, n is the number density of unbound water molecules, N is the number den-
sity of bound water molecules, γ is the probability that an unbound (mobile) water
molecule becomes bound (immobile) and β is the probability that a bound (immobile)
water molecule becomes unbound (mobile). At the saturation, the ratio of bound water
molecules to unbound water molecules can be described by a non-dimensional hin-
drance coefficient µ as:

µ =
N∞

n∞
=

γ

β
(3)

where, n∞ is the maximum unbound moisture content and N∞ is maximum bound
moisture content at the saturation. For a plate of thickness h that is under 1D moisture
absorption, the bound N(z,t) and unbound moisture concentration n(z,t) is given by the
Eqs. (4) and (5), respectively.
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where,

r±i =
1

2

{(
Ki2 + γ + β

)
±
√

(Ki2 + γ + β)− 4Kβi2
}

K =
π2Dz

h2

where, K is the characteristic diffusion constant and Dz is the characteristic diffusion
coefficient of unbound water molecules in the composite. By integrating the sum of
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unbound and bound moisture concentration through the plate thickness, the total weight
gains of absorbed moisture with respect to time M(t) is given by the Eq. (6).

M(t) = Mm


1− 8

π2

∑∞( odd )
i=1

r+i exp(−r−i t)−r−i exp(−r+i t)
i2(r+i −r−i )

+

8
π2

(
K β

β+γ

)∑∞( odd )
i=1

exp(−r−i t)−exp(−r+i t)
(r+i −r−i )

 (6)

Assuming 2β and 2γ to be very less compared to characteristic diffusion constant K,
a useful approximate solution for estimating the total moisture absorption behavior is
given by the Eq. (7).

M(t) = Mm

 β
β+γ

e−γt

(
1− 8

π2

∑∞( odd )
i=1

1
i2
e
−
(

πtDzi
2

h2

))
+

β
β+γ

(
e−βt − e−γt

)
+
(
1− e−βt

)
 (7)

When the exposure time for moisture absorption is large enough, the following ap-
proximate solution given by the Eq. (8) can be used for estimating the total moisture
absorption behavior.

M(t) = Mm

{(
1− γ

γ + β

)
exp(−βt)

}
, 2γ, 2β ≪ K, t ≫ 1/K (8)

If the unbound β and bound γ parameters are known, the 1D HDM characteristic diffu-
sion constant K can be estimated from the approximate solution given in the Eq. (9).

M(t) =
4

π
3
2

(
β

β + γ

)
Mm

√
Kt, 2γ, 2β ≪ K, t <

0.7

K
(9)

Further, if the unbound β and bound γ parameters are known, the maximum unbound
moisture content n∞ corresponding to the pseudo-saturation level can be estimated from
the Eq.(10).

n∞ =
β

β + γ
Mm (10)

For 1D HDM, four absorption parameters namely: Mm — the maximum moisture con-
tent at saturation, γ - the probability that an unbound molecule becomes bound, β - the
probability that a bound molecule becomes unbound, and Dz — the 1D HDM charac-
teristic diffusion coefficient are needed to completely describe the moisture absorption
behaviors. The procedure used for the determination of these parameters from the ex-
perimental moisture absorption data is described herein. The maximum moisture con-
tent Mm was determined from the experimental gravimeteric data. The Eq. (8) was
rewritten in the form of straight line equation as in the Eq. (11) and a straight line
graph was generated. The slope of the straight line was taken as β -the probability that
a bound molecule becomes unbound. The intercept of the straight line was taken as
ln
(

γ
β+γ

)
. Using this relation the γ -the probability that an unbound molecule becomes
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bound was calculated.

ln

(
1− M(t)

Mm

)
= ln

(
γ

β + γ

)
− βt (11)

When the unbound β and bound γ parameters were known, the Eq. (9) was used to
determine the 1D HDM characteristic diffusion constant K. Then, the 1D HDM char-
acteristic diffusion coefficient was calculated as DZ = Kh2/π2. The maximum unbound
moisture content n∞ and the maximum bound moisture content N∞ was determined
using the Eqs. (10) and (3), respectively. Finally, the recovered parameters were used
to determine the bound N(z,t), unbound n(z,t) and total M(t) moisture absorption be-
haviors using the Eqs. (4), (5) and (6), respectively.

In this research, the four moisture absorption parameters ( Mm, β, γ, Dz) - were
extracted for various composites based on the above described procedure. Then, the
bound N(z,t), unbound n(z,t) and the total M(t) moisture absorption behaviour for var-
ious composites were determined. The results are listed in Table 2. It can be inferred
that the presence of interfacial regions in the composites enabled the storage of bound
moisture and increased the hindrance coefficient (ratio of bound to unbound moisture)
proportionately with the increase in the volume fraction of fibers / ZnO NW. However,
in carbon fiber/epoxy composite, the hindrance coefficient did not increase proportion-
ately with the increase in the volume fraction of fibers. This was due to the relatively
larger degradation of interface in the carbon fiber/epoxy composite which allowed con-
version of some bound moisture to unbound moisture. These findings mutually related
well with the mechanical responses, wherein carbon fiber/epoxy composite was found
to exhibit anomalous failure modes due to the relatively larger degradation of interface.

Table 2: Moisture absorption parameters of resin and composites

Material
Vf

(%)

1D HDM
Dz

(×10−3mm2/hr)

β
(10−3/hr)

γ
(10−3/hr)

Mm

(%) µ

Epoxy resin - 2.80 N/A N/A 2.82 0.00
Gl/epoxy 37 21.2 7.3 21.2 2.15 2.90

ZnO Gl/epoxy 36 36.0 8.7 31.4 1.95 3.61
C/epoxy 48 20.2 9.5 22.6 2.25 2.38

ZnO C/epoxy 46 24.3 6.2 24.0 2.10 3.87

To validate the characteristic diffusion coefficient (Dz) of composites that were cal-
culated using 1D HDM, numerical simulations were performed. To account for the
non-Fickian diffusion in composites, the numerical simulations were performed using
the model (as shown in Figure 6) with time-varying boundary conditions. This model
was created as a plain rectangular plate without separate definition of resin and fiber
regions. The model was taken as a representative of the composite plate as a whole.
Linear quadrilateral (DC2D4) element was used in this model. The diffusion coefficient
of unbound water molecules as obtained from 1D HDM was used as an input diffusion
coefficient Dz in the numerical simulations. The change in mass concentration with
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time as obtained from moisture absorption experiments was used as the boundary con-
ditions. An in-built function in Abaqus software was used to define the change in mass
concentration with time as the boundary condition along one extremity of the symmetric
region. Figure 7 shows the comparison of moisture absorption from experiments, an-
alytical and numerical analysis. It can be observed that the results from the numerical
modeling matched very well with the results from experiments and analytical modeling.
This validated the characteristic diffusion coefficient (Dz) that was calculated using 1D
HDM.

Figure 6: Model used for numerical simulation of moisture absorption

Figure 7: Comparison of moisture absorption from experiments, analytical and numer-
ical analysis
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Further investigations were carried out to verify the relatively larger interface degra-
dation in wet carbon composites. Contact angle measurements showed relatively less
wettability of carbon fibers with epoxy and this could be attributed to incompatible siz-
ing/surface treatments in carbon fibers. This also resulted in relatively more weakening
of O-H bond in wet carbon composites under FTIR studies. Also, post-cured wet car-
bon composites did not undergo delamination and failed by conventional longitudinal
failure under tensile tests. From these studies, it was deduced that the sizing could have
impacted the curing and thereby the moisture absorption which resulted in relatively
larger interface degradation in wet carbon composites. However, incorporation of ZnO
NW provided interfacial strengthening and reduced the interface degradation in wet car-
bon composites. This research showed the benefits of ZnO NW to reduce the moisture
absorption and moisture-induced degradation in composites. The research presented
potential ways of using ZnO NW to tailor the moisture absorption and resultant me-
chanical properties of composites.

5 Conclusions
This research investigated the effects of ZnO NW incorporation on the moisture absorp-
tion and mechanical behaviour of composites. Unidirectional glass and carbon fabrics
were coated with ZnO NW using a low-temperature hydrothermal process. The aver-
age length of ZnO NW in glass and carbon fabrics was 1.2 and 0.8 µm, respectively.
The average diameter of ZnO NW in glass and carbon fabrics was 200 and 100 nm,
respectively. The morphology studies showed uniform and precipitate-free deposition
of ZnO NW on glass and carbon fabrics. The bare (uncoated) and coated fabrics were
used to fabricate glass/epoxy and carbon/epoxy composites using vacuum assisted resin
transfer moulding (VARTM) process. Moisture absorption, longitudinal tension, short
beam shear, and mode-1 fracture toughness tests were conducted. Analytical modeling
using one-dimensional hindered diffusion model (1D HDM) was performed to describe
the moisture absorption and to extract the moisture absorption parameters. Numerical
modeling was performed to describe the moisture absorption and to validate the char-
acteristic diffusion coefficients that were calculated by 1D HDM.

The composites displayed varying degrees of hindered non-Fickian moisture ab-
sorption behavior due to the presence of fibers, ZnO NW and their interfaces. Com-
posites with ZnO NW were found to display more pronounced hindered diffusion than
their bare counterparts due to the presence of additional ZnO NW and interfaces. In
glass composites, moisture absorption was found to reduce the ILSS by ∼29%. In
carbon composites, it was found to reduce the tensile strength by ∼9%, tensile modu-
lus by ∼13%, ILSS by ∼12% and fracture toughness (% not quantified). Importantly,
moisture absorption was found to impact the fiber/matrix interface to a greater extent in
carbon composite than in glass composite. As a result, wet carbon composites failed by
delamination in tension tests and by bending of DCB arm in fracture tests.

In glass composite, ZnO NW incorporation was found to reduce the moisture ab-
sorption. It increased the tensile modulus of dry and wet glass composites by ∼17%,
and decreased the ILSS of dry and wet glass composites by ∼32% and ∼39%, respec-
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tively. This decrease in the ILSS was attributed to the brittle nature of ZnO NW coated
glass fabrics which sensitively affected the ILSS. ZnO NW incorporation increased the
initiation fracture toughness of dry and wet glass composites by 73% and 44%, respec-
tively. It also increased the propagation fracture toughness of dry glass composite by
28%. In carbon composite also, ZnO NW incorporation was found to reduce the mois-
ture absorption. It increased the ILSS of dry and wet carbon composites by ∼13% and
∼17%, respectively. It also increased the initiation and propagation fracture toughness
of dry carbon composites by 141% and 73%, respectively. Importantly, it was found to
reduce the extent of fiber/matrix interface degradation in wet carbon composite. As a
result, it prevented the delamination failure of wet carbon composites in tension tests
and DCB arm bending failure of wet carbon composites in fracture tests. The incre-
ments in the fracture toughness of ZnO NW incorporated glass composites and the in-
crements in the ILSS as well as the fracture toughness of ZnO NW incorporated carbon
composites were attributed to the mechanical interlocking and good interface bonding
provided by ZnO NW. The fracture surface of all ZnO NW incorporated composites
displayed significant surface roughness, fiber pull-outs and cohesive failure indicative
of high fracture toughness due to mechanical interlocking and good interface bonding
provided by ZnO NW.

For all the composites, the prediction of moisture absorption behavior using one-
dimensional hindered diffusion model (1D HDM) matched very well with the experi-
mental results. The presence of interfacial regions in the composites enabled the storage
of bound moisture and increased the hindrance coefficient (ratio of bound to unbound
moisture) proportionately with the increase in the volume fraction of fibers/ZnO NW.
However, in carbon composite, the hindrance coefficient did not increase proportion-
ately with the increase in the volume fraction of fibers. This was due to the relatively
larger degradation of interface in the carbon composite which allowed conversion of
some bound moisture to unbound moisture. These findings mutually related well with
the mechanical responses, wherein wet carbon composite was found to exhibit anoma-
lous failure modes due to the relatively larger degradation of interface.

Numerical simulations of moisture absorption behavior in composites using Fick-
ian model were found to follow the rule of mixture. That is, the maximum moisture
absorption and diffusion rate decreased proportionately with the increase in the volume
fraction of fibers. However, due to the effects of interfacial moisture storage, the max-
imum moisture content and diffusion rate in composites were found to be significantly
higher under experimental tests. Numerical simulations of moisture absorption behav-
ior in composites using time-varying boundary conditions were found to match very
well with the experimental as well as 1D HDM results. This validated the diffusion co-
efficients of mobile water molecules in composites that were calculated using 1D HDM.

Further investigations were carried out to verify the relatively larger interface degra-
dation in wet carbon composites. Contact angle measurements showed relatively less
wettability of carbon fibers with epoxy and this could be attributed to incompatible siz-
ing/surface treatments in carbon fibers. This also resulted in relatively more weakening
of O-H bond in wet carbon composites under FTIR studies. Also, post-cured wet car-
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bon composites did not undergo delamination and failed by conventional longitudinal
failure under tensile tests. From these studies, it was deduced that the sizing could have
impacted the curing and thereby the moisture absorption which resulted in relatively
larger interface degradation in wet carbon composites. However, incorporation of ZnO
NW provided interfacial strengthening and reduced the interface degradation in wet car-
bon composites.

This research showed the benefits of ZnO NW to reduce the moisture absorption and
moisture-induced degradation in composites. The research presented potential ways of
using ZnO NW to tailor the moisture absorption and resultant mechanical properties of
composites.

6 Organization of the Thesis
The proposed outline of the thesis is as follows:

1. Chapter 1: Introduction
This chapter provides the background and motivation, research gap and uniqueness
of the research, objectives of the research, and scope of the research.

2. Chapter 2: Literature Review
This chapter provides a general literature review to describe the background of
this research work. First, the mechanisms of moisture absorption in polymers and
composites are discussed. Then, the effects of the moisture absorption on the me-
chanical properties of composites are reviewed. Following this the state-of-the-art
techniques for reducing the moisture absorption and/or improving the mechanical
properties of polymer composites are reviewed. Finally, the chapter is concluded
with a review on analytical modeling and numerical modelling approaches for char-
acterizing the moisture absorption in polymer composites.

3. Chapter 3: Experiments
This chapter provides details on the fabrication, characterization and testing of com-
posites. First, the type of fabrics, resin system and the chemicals used for ZnO
NW synthesis are described. Following this, synthesis of ZnO NW using a low-
temperature hydrothermal method is described. Then, vacuum assisted resin trans-
fer molding (VARTM) procedure used for the fabrication of various composites
is described in detail. To evaluate the performance, the composite samples were
subjected to various characterization and testing like moisture absorption, tension,
short beam shear, mode-1 interlaminar fracture toughness, contact angle measure-
ment and Fourier Transform Infrared Spectroscopy (FTIR) analysis. The details of
these techniques are described in the final section of this chapter.

4. Chapter 4: Analytical and Numerical Modeling
This chapter provides details on the procedure for analytical and numerical model-
ing of moisture absorption in composites. Analytical modeling was carried out to
characterize the moisture absorption and to extract the moisture absorption parame-
ters. First, based on Fickian model, a detailed procedure to characterize the moisture

13



absorption in epoxy resin is described. Then, based on one-dimensional hindered
diffusion model (1D HDM), a detailed procedure to characterize the moisture ab-
sorption in composites is described. Following this, the procedure for the numerical
modeling of moisture absorption in epoxy and composites is described in the final
section of this chapter.

5. Chapter 5: Results and Discussion
This chapter provides details on the moisture absorption behaviour of resin and
composites and the effects of moisture absorption on the mechanical properties of
composites. Also, this chapter provides details on the effects of ZnO NW incorpora-
tion on the moisture absorption and mechanical properties of composites. First, the
morphology and structure of ZnO NW are described. Then, moisture absorption,
tensile, short beam shear, and fracture toughness properties of all the composites are
described in that order. Herein, the mechanical properties of dry as well as the mois-
ture absorbed composites are discussed. Following this, analytical and numerical
modeling of moisture absorption are discussed. Finally, studies like contact angle
measurement, FTIR analysis and tensile testing of post-cured wet carbon composite
are described to verify its extensive fiber/matrix interface degradation.

6. Chapter 6: Conclusions
This chapter provides the conclusions of the research and some recommended future
works.

7 List of Publications
1. Kannan M, Swaminathan G, and Venkat N (2022). Effects of incorpo-

rating ZnO nanowires on the moisture absorption and mechanical properties
of composites Polymer Composites, 43(6), 3992-4006, Impact factor : 5.2,
doi:https://doi.org/10.1002/pc.26673

2. Kannan M, and Swaminathan G (2023). Investigations on interfacial
moisture storage and its relation to the mechanical behavior in polymer
composites Polymer Composites, 44(3), 1562-1574, Impact factor : 5.2,
doi:https://doi.org/10.1002/pc.27188

References
1. Carter, H. G. and K. G. Kibler (1978). Langmuir-type model for anomalous moisture diffusion

in composite resins. Journal of composite materials, 12(2), 118–131.

2. Ehlert, G. J., U. Galan, and H. A. Sodano (2013). Role of surface chemistry in adhesion
between zno nanowires and carbon fibers in hybrid composites. ACS applied materials & inter-
faces, 5(3), 635–645.

3. Garcia, E. J., B. L. Wardle, and A. J. Hart (2008a). Joining prepreg composite interfaces
with aligned carbon nanotubes. Composites Part A: Applied Science and Manufacturing, 39(6),
1065–1070.

14



4. Garcia, E. J., B. L. Wardle, A. J. Hart, and N. Yamamoto (2008b). Fabrication and multifunc-
tional properties of a hybrid laminate with aligned carbon nanotubes grown in situ. Composites
Science and Technology, 68(9), 2034–2041.

5. Godara, A., L. Gorbatikh, G. Kalinka, A. Warrier, O. Rochez, L. Mezzo, F. Luizi, A. W.
Van Vuure, S. V. Lomov, and I. Verpoest (2010). Interfacial shear strength of a glass fiber/e-
poxy bonding in composites modified with carbon nanotubes. Composites Science and Tech-
nology, 70(9), 1346–1352.

6. Guloglu, G. E. and M. C. Altan (2020a). Moisture absorption of carbon/epoxy nanocompos-
ites. Journal of Composites Science, 4(1), 21.

7. Guloglu, G. E., Y. K. Hamidi, and M. C. Altan (2020b). Moisture absorption of composites
with interfacial storage. Composites Part A: Applied Science and Manufacturing, 134, 105908.

8. Rubio-González, C., E. José-Trujillo, J. A. Rodríguez-González, A. Mornas, and A. Talha
(2020). Low-velocity impact behavior of glass fiber-mwcnt/polymer laminates exposed to sea-
water and distilled water aging. Polymer Composites, 41(6), 2181–2197.

9. Santos, W. R. G. d., M. K. T. d. Brito, and A. G. B. d. Lima (2019). Study of the moisture ab-
sorption in polymer composites reinforced with vegetal fiber using langmuir’s model. Materials
Research, 22.

10. Swaminathan, G., C. Palanisamy, G. Chidambaram, G. Henri, and C. Udayagiri (2018).
Enhancing the interfacial strength of glass/epoxy composites using zno nanowires. Composite
Interfaces, 25(2), 151–168.

15


	Abstract
	Objectives
	Existing Gaps Which Were Bridged
	Most Important Contributions
	Reducing moisture absorption and increasing interface strength
	Relationship between moisture absorption parameters and mechanical behaviour

	Conclusions
	Organization of the Thesis
	List of Publications

