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ABSTRACT: A three-dimensional braided carbon fiber–
epoxy (C3D/EP) composite was prepared by the vacuum-
assisted resin transfer molding (VARTM) technique. Its
moisture absorption behavior under different media was
characterized and compared with a unidirectional compos-
ite. Similar to the unidirectional composite, diffusion in the
3D composite obeys Fick’s second law of diffusion when
immersed in distilled water and phosphate-buffered saline.
In HCl and NaOH solutions, no Fickian behavior was ob-
served. The similarity between the unidirectional and 3D
composites suggests that fiber structure does not change
diffusion pattern. However, the two composites showed
different diffusion parameters (k, D, and Me) in each me-
dium studied. The 3D composite showed lower k, D, and Me
values because of its stronger hindrance effect to transport of

moisture molecules. Diffusion in PBS is slower than that in
distilled water because of the presence of heavy ions, but the
diffusion pattern remains unchanged. In HCl, the diffusion
behavior of the two composites cannot be described by
Fick’s law. In addition, the k value calculated from the initial
linear part of the moisture sorption curve is much lower
than that in distilled water. Diffusion in NaOH is unusual;
the uptake initially increases rather rapidly but quickly
drops, which is likely caused by the extensive solubility of
the polymer matrix. © 2005 Wiley Periodicals, Inc. J Appl Polym
Sci 97: 507–512, 2005
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INTRODUCTION

Fiber-reinforced polymer composite materials are
widely used in the fields of aerospace, marine envi-
ronments, infrastructure, and sports. Many applica-
tions of the polymer composites inevitably involve
exposure to moisture conditions. However, these ma-
terials are known to be sensitive to environmental
conditions, such as heat and moisture. They tend to
absorb moisture after exposure to humidity. The ab-
sorbed moisture often degrades their mechanical and
structural integrity depending on their stability in
varying environmental conditions. Moisture uptake
by polymers and their composites is unavoidable and
undesirable because it leads to undesirable changes in
dimensions and properties, and even leads to failure
of components. There is a particular need for knowl-
edge of the effect of moisture on these materials.

The moisture sorption in water has been well doc-
umented because distilled or deionized water is more
readily available and cheaper than other media. Fewer

studies have been reported regarding the sorption
behavior of polymer composites in salt or saline solu-
tion.1–4 However, there is also potential for polymer
composites to be exposed to other environmental con-
ditions such as acidic or alkaline solutions as would
be—expectedly or unexpectedly—encountered by
composite pipes or containers. However, little work
has been reported on diffusion in acidic or alkaline
solutions.5,6

As reported previously,7,8 three-dimensional (3D)
braided composites have been developed in an at-
tempt to replace metallic orthopedic devices such as
bone fracture fixation devices. As potential materi-
als for orthopedic application, moisture resistance is
of crucial importance for these 3D braided compos-
ites. Additionally, unlike conventional structural
parts, orthopedic devices are subjected to extreme
exposure to moisture in the human body.

To obtain some insight into the response of the 3D
composites when subjected to assault by moisture
and to predict their long-term performance, this
study was undertaken to investigate the moisture
sorption of 3D braided carbon fiber– epoxy (C3D/
EP) composite samples and effects of various media.
Distilled water, phosphate-buffered saline (PBS),
and acidic and alkaline solutions were chosen in this
study.
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EXPERIMENTAL

Materials

The fabrics used in this study were kindly provided
by Tianjin Polytechnic University (Tianjin, China). As
described previously,9 the 3D braided preform was
constructed by the intertwining or orthogonal inter-
lacing of two sets of yarns-braiders and axials to form
a fully integrated structure. A home-formulated epoxy
resin was used as the matrix material. The details of
the fiber and matrix are listed in Table I. All fabrics
were surface treated at 450°C for 1 h in air to improve
fiber–matrix bonding.

Preparation of specimens

The C3D/EP composite specimens were produced by a
vacuum-assisted resin transfer molding (VARTM)
process. Five braided fabrics with a nominal size of
160 � 12 � 2 mm were placed in a mold. The epoxy
resin and curing agent were thoroughly mixed at
room temperature (RT) and evacuated. The degassed
mixed resin was then introduced into the mold under
a pressure of 0.4–0.6 MPa and assisted by vacuum.
The impregnation proceeded until bubbles were no
longer observed within the resin flowing out from the
exit of the mold. The preforms in the mold were then
cured at 90°C for 2 h and postcured at 140°C for 3 h in
an oven, and then demolded. The properties of a
typical C3D/EP composite prepared in this work are
given in Table II.

Unidirectional carbon fiber–epoxy resin (C1/EP)
composite samples were also prepared in the present
work to determine the effect of fiber architecture on
moisture-sorption behavior in different media. The
C1/EP composite samples were also prepared by the
VARTM technique. The processing parameters (except
for pressure) were identical to those applied to the
C3D/EP composite samples. The fiber volume frac-
tions of the C3D/EP and C1/EP composite specimens
were kept at 39 � 1 and 39 � 2%, respectively.

Ageing condition

Specimens for moisture experiments were not cut;
instead, all specimens for moisture experiments were

as-prepared samples of dimensions of 160 � 12 � 2
mm. Before the absorption experiments, all specimens
were thoroughly washed and then vacuum dried until
a constant weight was attained. The medium temper-
ature was kept at body temperature, 37 � 0.5°C. Spec-
imens were periodically removed from the baths,
wiped, and weighed using an analytical balance with
0.1 mg precision. In the case of PBS (pH � 7.4), HCl (10
wt %), and NaOH (10 wt %) solutions, coupons were
periodically removed from solutions, and rinsed with
distilled water before drying and weighing. The rate
of moisture sorption was measured as the rate of
change in mass with respect to the initial dry mass of
the specimens. The moisture uptake at any time
points, Mt was calculated by

Mt �
Wt � W0

W0
� 100% (1)

where Wt and W0 are the mass of specimens at time t
and its initial dry mass, respectively.

Desorption tests were performed only for all mois-
turized C3D/EP specimens by placing those specimens
in an oven at the same temperature as that used for
moisture absorption (37 � 0.5°C) and a relative hu-
midity of 60%. The samples were periodically
weighed until the final equilibrium. The soluble frac-
tion was calculated in terms of the difference between
the weights measured before absorption and after de-
sorption.

Scanning electron microscopy

A Philips XL-30 environmental scanning electron mi-
croscope (ESEM; Philips, Eindhoven, The Nether-
lands) was used to view the morphology of the sur-
faces of selected specimens. The surfaces of the se-
lected specimens were coated with a thin layer of gold
before viewing to prevent charging.

RESULTS AND DISCUSSION

Moisture absorption of C3D/EP and C1/EP in
distilled water

Classic Fickian diffusion model is a one-dimensional
form, which gives the change in concentration C as a
function of the diffusion coefficient D and time t:

TABLE I
Properties of Fiber and Matrix Used

Material Fabric Matrix

Type Four-directional E-51
Tensile strength, MPa 2800 60
Tensile modulus, GPa 200 3.2
Elongation at break, % 1.5 1.8
Density, kg m�3 1760 1200
Braiding angle, ° 20 —
Filament number, K 6 —
Curing agent — Anhydride

TABLE II
Mechanical Properties of a Typical C3D/EP Composite

Prepared by VARTM

Property

Composite

CL/EP C3D/EP

Fiber volume fraction 39 � 1% 39 � 2%
Average void content � 0.5% 0.3–0.5%
Flexural strength, MPa 868 756
Flexural modulus, GPa 53 47
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�C
�t � � D

�2C
�x2 (2)

By applying suitable boundary conditions, the Fick-
ian model can be simplified to

Mt

Me
�

4
l �Dt

�
(3)

or expressed as

D � �� l
4Me

� 2�Mt2 � Mt1

�t2 � �t1
� 2

(4)

where Mt is the relative mass uptake at a time t, Me is
the mass uptake at equilibrium, and l is film thickness.
Therefore, moisture uptake at equilibrium (Me) and
moisture uptake rate (k) can be obtained and D can be
calculated by eq. (4).

In Figure 1, moisture uptake is plotted against the
square root of time for the pure epoxy and C1/EP and
C3D/EP composites. Table III gives the diffusion pa-
rameters D, k, and Me obtained in this study. Evi-
dently, typical Fickian behavior is observed for all
three materials. The substantially higher moisture up-
take at any of the time points of the pure epoxy than
that of the composites indicates that the incorporation
of either 3D fabrics or longitudinal fibers does not
change the moisture diffusion trend. Compared to
those of the neat epoxy specimens, the D, k, and Me

values of the composites are much lower, which sug-
gests that both the unidirectional fibers and 3D fabrics
act to resist molecule diffusion as a result of the phys-
ical hindrance effect of fibers.

It is worth noting that the differences in D, k, and Me

are observed between the 3D and unidirectional com-
posite specimens. This demonstrates that the fiber
form exerts an effect on moisture sorption of the com-
posites. The former exhibits lower D, k, and Me values,
suggesting that 3D fabrics have a stronger hindrance
effect than that of the unidirectional fibers on the
molecule diffusion. This is understandable because
there are quite a few differences in their fiber struc-
tures. The 3D fabrics have a three-dimensional net-
work structure that forces the molecules to take dis-
torted paths. In the case of the unidirectional compos-
ite, fibers restrict molecule transport only in the radial
direction. In addition, the relatively nonuniform dis-
tributions of fibers (fiber aggregation) within the 3D
composites may reduce molecular transport. Further-
more, the difference in moisture diffusion can be sim-
ply elucidated by an equation for diffusion through
the composite10,11:

�C
�t � VmKDm

�2Cm

�x2 � Dc

�2C
dx2 (5)

where Dm is the diffusivity of the matrix phase, Vm is
the volume fraction of the matrix material in the com-
posite, K is the structure factor for diffusion, and D is
the diffusivity of the composite. It is believed that
longitudinal fibers and 3D fabrics show different K
values, although Dm and Vm are the same, which
causes different Dc values between the two compos-
ites.

Another plausible explanation for the effect of fiber
architecture is related to residual stress. It is well
established that residual stresses arise when the com-
posites cool down from preparation temperature to
ambient temperature and when matrix materials cure
and contract. For the longitudinal carbon–epoxy resin
system, the rigid fibers restrict shrinkage in the fiber
direction; most shrinkage occurs transverse to the fi-

Figure 1 Mass uptake curves for different materials in
distilled water.

TABLE III
Values of D, k, and Me for Various Materials

Immersed in Different Media

Medium Material
k � 10�3

(s�1/2)
D � 10�6

(mm2 s�1) Me (%)

Distilled water Epoxy 1.41 1.60 1.113
CL/EP 0.87 0.92 0.906
C3D/EP 0.74 0.79 0.840

PBS Epoxy 1.30 1.12 1.09
CL/EP 0.70 0.54 0.843
C3D/EP 0.60 0.53 0.73

HCl Epoxy 1.1 — —
CL/EP 0.85 — —
C3D/EP 0.53 — —

NaOH Epoxy 1.59 — —
CL/EP 0.96 — —
C3D/EP 0.75 — —
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bers and residual tensile stress is expected in the ma-
trix and compressive stress in the fibers. The residual
stress state is considered different in a 3D braided
composite. In other words, different fiber architectures
cause different residual stress states in composites,
which, in turn, lead to different kinetics of water dif-
fusion, given that moisture diffusion is closely related
to the stress state.12

Moisture absorption in PBS

The moisture-absorption curves of three materials im-
mersed in PBS are displayed in Figure 2. An obvious
difference is noted between distilled water and PBS
with respect to moisture uptake for all materials.
However, the presence of large ions does not change
the pattern of the moisture uptake versus square root
of immersion time curves. As listed in Table III, values
of D, k, and Me are lower in PBS, suggesting moisture
absorption in PBS is more difficult than that in dis-
tilled water. The difference observed in the moisture
uptake in distilled water and PBS is ascribed to the
presence of many massive ionic species, such as Na�,
K�, Cl�, HPO4

�2, and H2PO4
� in PBS. Compared to

water molecules, transport of large ions is more diffi-
cult. Large ions may block the passages to interfaces
because of their large sizes or heavy weight because
the quantity of a chemical species that enters into a
polymeric matrix is inversely proportional to its size
and/or atomic weight.13,14

Although little literature is available, diffusion be-
havior in PBS is, to some extent, similar to that in salt
or saline solution in terms of presence of ionic species
such as Na�, Cl�, and so forth. With respect to diffu-
sion in salt solution, Lagrange et al.15 compared dif-
fusion of glass/polyester composites in distilled water

with salt solution and found higher mass uptake in
distilled water than that in salt water. Davies et al.16

reported a considerable difference between distilled
water and salt solution in terms of weight gain of glass
fiber–reinforced polyester, vinyl ester, and epoxy com-
posites. Although a difference in weight gain between
RT-cured glass–epoxy composite samples immersed
in distilled water and salt solution was noted, immer-
sion in salt solution did not change the diffusion
mechanism; the Fickian model was obeyed in both
water and salt solution.17 The current result is in
agreement with results reported in Lagrange et al.,15

Davies et al.,16 and Srihari et al.17 This suggests that
diffusion in PBS is very similar to that in salt solution.

Moisture absorption in HCl solution

The weight gain versus the square root of time curves
for the three different materials immersed in HCl so-
lution are displayed in Figure 3. Overall, the absorp-
tion data for the specimens aged in HCl nearly coin-
cide with Fick’s law of diffusion initially, but followed
by a positive deviation from Fickian law. The weight
gain is still increasing after 1500 h in HCl. Several
other features can be observed concerning the mois-
ture-absorption behavior in this figure. First, Mt at any
time points is much lower than that in distilled water
for each material. Second, the sorption rate during the
initial stage is significantly lower compared to that of
specimens in distilled water and PBS as shown in
Table III. Finally, C3D/EP composite specimens still
show the lowest Mt among the three materials. The
lower moisture content in HCl than that in distilled
water is likely explained by the incapability of acid to
penetrate into the polymer network and thus acid can
reach the fibers only through microcracks, voids, or

Figure 2 Moisture uptake curves for different materials in
PBS.

Figure 3 Mass uptake curves for different materials in HCl
solution.
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crazes in the matrix.6 Furthermore, hydrated hydro-
gen and chloride ions have a higher affinity for water
than for the resin and therefore no acid is expected
until sufficient water is present.6 This may also be
responsible for the disequilibrium by the end of the
experiments up to around 1600 h. The lack of moisture
equilibrium content makes any estimate of D impos-
sible. However, the linearity at initial stages allows us
to estimate the k value, which is listed in Table III.

It should be mentioned that the diffusion process of
acid in HCl is undoubtedly complex and the mecha-
nisms involved in this type of behavior are not well
understood.

Moisture absorption in NaOH solution

Figure 4 presents the moisture absorption curves of
the three different materials immersed in NaOH solu-
tion. Interestingly, C3D/EP composite specimens dis-
play a lower Mt than that of C1/EP as occurred in
distilled water, PBS, and HCl, suggesting that the
complex structure of 3D fabrics can restrict diffusion
of moisture more effectively than parallel aligned lon-
gitudinal fibers regardless of medium. This figure
clearly shows that the moisture uptake in NaOH is
higher (approaching 1.0 to 1.3% after about 3 months)
than that in distilled water, PBS, and HCl before a
sharp drop in moisture uptake is noted. An approxi-
mate linear relation during the initial stages is ob-
served for each specimen. The k value obtained for
each material is also given in Table III. It is interesting
to point out that each material shows a higher k value
in NaOH than in other media.

The decrease of moisture uptake is often an indica-
tion of extensive reaction between the medium and
the matrix and/or fibers. Similar results were reported

by other researchers that were ascribed to irreversible
degradation such as dissolution, ester hydrolysis, or
leaching of lower molecular weight materials such as
uncured monomers.1,18–20 SEM observations (see Fig.
5) may indicate erosion took place during moisture
absorption in NaOH solution. The erosion is believed
to be caused by a reaction between NaOH and the
uncured material in the matrix because the anhydride
curing agent was used. Other evidence of extensive
dissolution is the presence of a feculent substance after
1200 h.

Desorption behavior in different media

The desorption behaviors at 37°C for the C3D/EP spec-
imens moisturized in different media at 37°C are pre-
sented in Figure 6. Kinetics of the desorption process
of the C3D/EP specimens previously immersed in all
four media demonstrates behavior consistent with
Fickian diffusion regardless of their absorption his-

Figure 4 Mass uptake curves for different materials in
NaOH solution.

Figure 5 Surface of a typical C3D/EP composite specimen
after exposure to NaOH solution for 1200 h.

Figure 6 Moisture desorption curves for C3D/EP compos-
ite.
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tory. The D and k values obtained by eq. (4) are listed
in Table IV. Interestingly, D and k values are higher
than those during absorption process. These higher k
and D values are believed to be attributed to the
existing diffusion paths such as microvoids and
debonded interfaces, created during the absorption
process. These paths were still open during desorp-
tion, allowing for an efficient removal of water mole-
cules. After drying to an equilibrium state (up to
� 400 h), the two C3D/EP specimens previously aged
in distilled water and PBS still retain a small amount
of moisture, 0.05 and 0.02%, respectively. A similar
phenomenon was also reported by other investiga-
tors.18,21 Moy et al. noted that a small amount of
absorbed water could not be desorbed. The retained
moisture was believed to be caused by the existence of
chemisorbed water.18 The details regarding this issue
will be addressed in a future article.

Unlike moisture absorption behaviors in PBS and
water, the moisture absorption of the C3D/EP compos-
ite specimens aged in HCl is nearly reversible. As
expected, specimens aged in NaOH solution experi-
ence a significant weight loss, about 0.24% after equi-
librium, confirming that extensive matrix solution
took place during absorption. Another likely evidence
of extensive matrix solution in NaOH during absorp-
tion is the much higher k and D values during desorp-
tion compared with those in distilled water, PBS, and
HCl (see Table IV). It is still unclear why the C3D/EP
specimens previously immersed in PBS show a higher
k value during desorption than that of specimens aged
in distilled water, which is a striking contrast to the
trend during absorption.

CONCLUSIONS

1. In distilled water and PBS, the diffusion behavior
of both 3D and unidirectional composites follows
Fick’s law. However, diffusion parameters k, D,
and Me are smaller in PBS than they are in dis-
tilled water.

2. Compared to distilled water, diffusion in HCl is
more difficult, and thus a much lower k value is
observed. In addition, a deviation from a Fickian

trend is noted in late stages of immersion and no
saturation has been reached at the end of the
experiment.

3. The data in NaOH diverge from Fickian predic-
tion in late stages arising from gross moisture-
induced degradation in the matrix.

4. The unidirectional and 3D composites demon-
strate the same diffusion pattern, but show dif-
ferences in diffusion parameters in all of the four
media studied. As a result of integrated fiber
structure of the 3D fabrics, diffusion in the 3D
composite is slower than that in the longitudinal
composite, suggesting an effect of fiber architec-
ture on diffusion behavior.

The authors thank the Tianjin Municipal Science and Tech-
nology Commission for its financial support (Grants
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