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Interfacial and Glass Transition Properties of Surface-Treated Carbon
Fiber Reinforced Polymer Composites under Hygrothermal Conditions

Bin Yu,' Xiaotuo Li," Jinliang An,” Zhenyu Jiang*® and Jinglei Yang**

Carbon fiber reinforced polymer (CFRP) composites have attracted considerable attention because of their high specific mechanical properties. A promising appli-
cation of CFRP is in marine and offshore area, where the satisfactory long-term performance of the composite is highly dependent on the interlaminar properties
and matrix degradation due to moisture intake. This paper presents a systematic study of how moisture absorption and fiber surface treatment affect the interfacial
properties of CFRP. A well-defined and characterised treating method combing silane coupling agent together with multiwalled carbon nanotubes (MWCNTs) is
used to modify carbon fiber surfaces. Carbon/epoxy laminates were fabricated using vacuum assisted resin transfer moulding method and then placed in
hygrothermal environment at 80 °C for 60 days. Mode I and Mode II interlaminar fracture toughness and interlaminar shear strength (ILSS) were evaluated
through double cantilever beam (DCB) tests, end-notch flexure tests (ENF) and short beam shear (SBS) tests, respectively. The obtained results show that ILSS,
mode I and mode II interlaminar fracture toughness, and glass transition temperature (Tg) of laminates decrease after enduring the hygrothermal aging. It is found
that silane treatment can improve the interlaminar fracture toughness of laminates, and incorporation of MWCNTs can further enhance these interfacial properties.
The average values of mode I and II fracture toughness and interlaminar shear strength of the laminates are 33%, 40.5% and 4.3% higher than the untreated sam-
ples after hygrothermal aging, respectively. However, surface treatment shows insignificant effect on Tg of composite laminates, probably because these properties

were mainly dominated by epoxy matrix.
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1. Introduction sizing and coating, electrochemical oxidation, liquid-phase chemi-
cal oxidation and incorporating nanofillers into matrix directly.>”
A new method emerged very recently that sizing doped with nano-
fillers can be applied onto carbon fibers to enhance the interphase
between carbon fibers and matrix.®™

Moisture is unfriendly to CFRPs, impairing the bonding between

Carbon fiber reinforced polymer (CFRP) composites have found in-
creasing applications in marine and offshore area recently because of
their superior specific mechanical properties. For safety and long term
working efficiency, their resistance to environmental exposure attracts

much attention." As moisture and heat may degrade the mechanical
properties of CFRP, especially which are related to fiber-matrix in-
terface, it is of great importance to investigate the hygrothermal ef-
fects on CFRP and improve the interfacial resistance of composites
to environment.

To improve fiber matrix bonding strength, many methods were
developed to modify both carbon fibers and matrix, such as fiber
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polymer matrix and fibers. Complete immersion in water consti-
tutes the most sever environment, which unfortunately is the real
condition where offshore structures work. The effects of water on
the interfacial properties of CFRP can manifest themselves more
quickly when the moisture diffusion rates is accelerated under high
temperature. 10-17

In this paper, MWCNTSs were dispersed in silane coupling agent
and then the solution was applied to the carbon fiber cloth. The hy-
grothermal effects on different treated CFRP composites were com-
pared. The Mode I and Mode II interlaminar fracture toughness and
interlaminar shear strength of CFRP were evaluated using double
cantilever beam (DCB) tests, end-notch flexure tests (ENF) and short
beam shear (SBS) tests, respectively. The reinforcement mechanisms
were analysed according to the characterization of fractured surface
morphology and glass transition temperature variation.
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2. Experimental
2.1. materials

The composite laminates were prepared using commercially available
HexTow IM2C carbon fibre cloth in a 2-2 twill configuration as the
primary reinforcement. Multiwalled carbon nanotubes used as sec-
ondary reinforcement were Nanocyl NC7000. The epoxy matrix,
Epolam 5015 resin, is a mixture of Bisphenol F and Bisphenol A
resins supplied by Axson Technologies. The Epolam 5015 hard-
ener consists of isophoronediamine and polyoxypropylenediamine.
(3-glycidyloxypropyl) trimethoxysilane coupling agent was obtained
from Sigma-Aldrich.

2.2. Preparation of coating

The preparation of coating solution and working mechanism of si-
lane coupling agent has been discussed in detail in previous paper.'®
A mixture of ethanol and water with ratio of 95:5 was prepared and
PH value was adjusted to 5. (3-glycidyloxypropyl) trimethoxysilane
was then added into the solvent to yield a 2% final concentration.
The introduction of MWCNTs with loading of 0.05 wt% into the
solution was achieved by ultrasonicating for 30 minutes and then
followed the same procedure. After the solution has been prepared,
the carbon fiber cloth sheets were then soaked in the silane coupling
agent solution (with or without MWCNTs) for several minutes
followed by drying at 110°C for 20 minutes. For easier discussion,
the composites with as received carbon fibers, silane coupling agent
treated carbon fibers and CNTs modified silane treated carbon fibers
are defined as CF, SL-CF and CNT/SL-CF, respectively.

2.3. CFRP laminates preparation

The carbon-epoxy composites were manufactured using Vacuum
Assisted Resin Transfer Moulding (VARTM) process. The compos-
ites were created using 8 layers of carbon fiber sheets with a layer
of Teflon film placed in between the 4th and 5th layer in the Mode I
and Mode II fracture toughness samples to introduce a preliminary
crack. Peel-ply was added above these layers and finally an infusion
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mesh was added on top of the peel-ply to aid the wet out of the fi-
bers. The epoxy resin was fed into the vacuum bag with a polyvinyl
chloride hose and infusion spiral until fully distributed within the
layers. This set up can be seen in Fig. 1a and b. The laminate was
left to cure at room temperature for 24 hours and then post cured at
80°C for 16 hours. The average thickness of the samples was mea-
suring around 3.0 mm.

2.4. Moisture conditioning

The effect of moisture absorption on the mechanical properties of each
treated composite was observed by submerging each type of composite
specimen in tap water held at 80°C in a PolyScience 8305 circulating
water bath for intervals of 10, 20, 30 and 60 days. At these pre-set mo-
ments, three specimens were removed from the bath, surface-dried to
allow stable weights could be obtained. The weights were recorded
using an electronic balance with a precision of +0.005 mg and the
weight gain was evaluated as a percentage of the original compos-
ite specimen weight using the following equation:

Moisture content= LEEAN 100% )

1

Wy —Wi

where W; and Wy are the initial weight of the samples before water
absorption and final weight of the samples after water absorption,
respectively.

2.5. Characterization and mechanical tests

The surface topography of fractured specimens was characterized by
field emission scanning electron microscope (FESEM, JEOL JSM
6700F). The glass transition temperature of epoxy matrix was verified
by dynamic mechanical analysis (DMA), which was conducted on
TADMA Q800 dynamic mechanical analyzer in single cantilever
mode. The multi-frequency strain tests were run for three samples at
amplitude of 15 um and frequency of 1 Hz, with air Poisson’s ratio
of 0.3. The temperature was recorded between 30°C and 150°C.
From the measurements of DMA tests, the temperature at which the
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Fig. 1 (a) Schematic illustration of VARTM procedure; (b) Actual fabrication of CFRP composites using the VARTM process; Illustration of sample for: (c) Mode I
interlaminar fracture toughness test; (d) Mode II interlaminar fracture toughness test; (e) Interlaminar shear strength test.
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tand curve shows a maximum peak is recorded as the glass transi-
tion temperature (T,) for the composites specimen. To achieve a
comprehensive assessment of the interlaminar performance of the
prepared composite laminates, three standard mechanical tests were
carried out in this study, as elucidated below.

2.5.1. Mode I interlaminar fracture toughness. The Mode |
interlaminar fracture toughness of the samples was determined in ac-
cordance with the ASTM D5528-01. The dimension of composite lam-
inates for DCB tests was 157.5 mm X 25 mm with the starter crack
length of 57.5 mm. To prepare the samples for loading, the edges of
the samples were coated with a thin layer of water-based correction
fluid ahead of the insert and vertical lines were drawn every 1 mm in
order to aid the visualization of crack propagation. The double canti-
lever beam test was performed using Instron 5569 universal testing
machine at crosshead speed of 2 mm/min. The sample is illustrated
in Fig. lc, and four samples are prepared for each composite. The
modified beam compliance theory was used to calculate Mode I inter-
laminar fracture toughness using the following equation:

3PS,

“ 2B(a+A) (2)
where Gj¢ is the Mode I interlaminar fracture toughness, P, is the
critical loading value, J.. is the deflection value, B is the specimen
width and a is the crack length, A is correction factor to account for
rotation of the DCB arms. It is determined experimentally by gener-
ating a least squares plot of the cube root of compliance (C'?) as a
function of delamination length, where C is 6,./P,.

The crack initiation value of Gjcniy is defined using the load
and deflection measured at the point at which delamination is visu-
ally observed on the edge.

2.5.2. Mode II interlaminar fracture toughness. The dimen-
sion of composite laminates for ENF tests was 70 mm x 10 mm
with the starter crack length of 20 mm and the effective span length
of 60 mm. To determine the Mode II interlaminar fracture toughness
(Gyc) of the samples, an ENF test was performed using an Instron
5569 universal testing machine with crosshead speed of 2 mm/min at
room temperature. The sample is illustrated in Fig. 1d, and eight sam-
ples are prepared for each composite. The Mode II interlaminar frac-
ture toughness was determined for each specimen using the following
equation:'’

9a°P3,

T 2B(20 +30) ®

1c

where a is the crack length, P, is the critical loading value, J, is the
specimen deflection value, B is the specimen width and L is half of
the span length. Gycgniy values are obtained in a similar way men-
tioned in the previous subsection.

2.5.3. Interlaminar shear strength. Interlaminar Shear Strength
(ILSS) of the samples was determined in accordance with the ASTM
D2344/D2344M-00 standard using three-point short beam shear test.
Dimension of composite laminates for SBS tests was 18 mm X 9 mm
in size. The test was performed using an Instron 5569 universal test-
ing machine at a crosshead speed of 2 mm/min. The sample is illus-
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trated in Fig. le, and four samples are prepared for each composite.
The ILSS values were determined using the following equation:

ILSS =0175x L, “)

X

where P, is the maximum load, b is the specimen width and % is
the specimen thickness.

3. Results and discussion
3.1. Water absorption

Water absorption tests were run for each kind of composite and the
average moisture content calculated using Eq. (1) are listed in Fig. 2a.
Water can be absorbed by composites through three ways:> firstly,
water molecular diffuses into epoxy matrix directly; secondly, water
flows along the interface between carbon fiber and epoxy matrix due
to capillary effect; thirdly, water can exist in the loose area such as
holes and microcracks. Results show that silane treated composite
laminates absorbed more water with increasing the immersion time
than the specimens with as-received carbon fibers, probably because
the silane coating is hydrophilic and a kind of oligomer, which is
looser compared with the cured epoxy matrix. Water can diffuse easily
into the silane coating besides into the epoxy matrix. As a result, the
SL-CF composites absorb more water than CF samples. When CNTs
are dispersed into the silane coupling agent, the weight increase is even
higher than silane treated samples due to the interfaces generated be-
tween CNTs and silane or epoxy matrix, which serve as routes for
water uptake. In addition, because CNTs are oxidized, the presence
of hydrophilic groups on the surface of CNTs can also lead to higher
water absorption. For all the specimens, the weights were still in-
creasing after 60-day immersion and more time was still needed to
reach the saturation point.

3.2. DMA tests

Dynamic mechanical analysis was employed to determine the glass
transition temperature of the samples by assessment of the tan J vs.
temperature curve peak, as shown in Fig. 2b. The glass transition
temperatures of all three different treated composites are shown to
decrease with increasing exposure time, implying that the polymeric
matrixes of the composites are less likely to maintain their shape
and strength after prolonged submersion in water as suggested by
Odegard and Bandyopadhyay.”' In fact, the absorbed water acts as
an internal lubricant in the epoxy matrix, which decreases the en-
ergy barrier for chain segment movements of polymer.>** In addi-
tion, small amounts of water can destroy the hydrogen bonds in epoxy
matrix and cause decreases of Tg.23’24 The results of each kind of
composite are quite similar. This small variation in T, of each com-
posite confirms the dominance of matrix properties in glass transi-
tion of CFRPs.

3.3. Mode I interlaminar fracture toughness

The mode I fracture toughness was evaluated using Eq. (2) at each
water exposure interval. Fig. 3a shows typical load-displacement
curves for three composite systems (CF, SL-CF, CNT/SL-CF). The
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Fig. 2 (a) Percentage of weight increase of different CFRP composites immersed in water for certain days; (b) DMA results of different treated composites: CF, SL-CF

and CNT/SL-CF.
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Fig. 3 (a) Typical load-displacement curves of Mode I interlaminar fracture toughness test; (b) Gicnipy Of different CFRP composites immersed in water for certain

days.

Gyc values of crack initiation for each treatment type are shown in
Fig. 3b. The Gjcginiy value shows an increase of 22.4% when carbon
fibers are treated with silane and 35.4% when CNTs are incorporated
into the silane coating. After a 60 days hygrothermal treatment, the
Gic(inip of the SL-CF and CNT/SL-CF specimens are still 17.8% and
33% higher than the untreated ones. There is a strange decrease of
Gicginip after 30 days treatment for CNT/SL-CF treated specimens. It
may be due to some technical mis-operations in sample preparation,
which makes this datapoint unreliable. Fortunately, the rest data still
clearly demonstrate the reinforced interlaminar fracture toughness of
CNT/SL-CF during the hygrothermal aging. The increase of Gjcyiniy
for silane treated CFRP composites is mainly due to the increased
bonding strength between the fiber surface and the epoxy matrix. The
silane coating can react with original sizing on carbon fibers on one
side and form chemical bonding with epoxy matrix on the other side.'®
The CNT/SL-CF samples provide the highest Gjcniy and maintain
high fracture toughness even after lengthy exposure to moisture. When
CNTs are incorporated, thin layer of nanotube at the interface offers

70 | Eng. Sci., 2018, 2, 67-73

the opportunity for direct interaction both with the epoxy matrix and
the carbon fiber when functional groups are available. Such interaction
will directly affect interphase formulation of composites, and improve
fracture toughness by CNTs bridging or CNTs pull-out.]&25 In addi-
tion, CNTs act as interlocking pins and could increase the friction at
the interphase area. The high stiffness of CNTs can also ameliorate
the stress concentration and help stress transfer from fibers to matrix.

SEM micrographs of the fractured surfaces of the carbon fibers
under different treatments are shown in Fig. 4. It can be seen that the
CF samples have very smooth surface (Fig. 4a), while both the SL-CF
and CNT/SL-CF samples show much rougher surfaces (Fig. 4c) and
(Fig. 4e and g), respectively. The smooth surface of the CF samples
implies that at point of failure, the matrix is broken away from the fi-
bers due to poor adhesion, whereas the addition of both silane and
CNTs improve the adhesive properties and so a considerable amount
of matrix remains intact after delamination, resulting in higher fracture
toughness values as a greater load is required to break the interfacial
bonds for these samples. After 60 days exposure, the resin in the CF
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Fig. 4 SEM images of fractured surfaces of composites conditioned in water after DCB tests: (a) CF specimens before immersion; (b) CF specimens immersed for
120 days; (c) SL-CF specimens before immersion; (d) SL-CF specimens immersed for 120 days; (e) CNT/SL-CF specimens before immersion; (f) CNT/SL-CF
specimens immersed for 120 days; (g) CNT/SL-CF specimens before immersion (high magnification); (h) CNT/SL-CF specimens immersed for 120 days (high

magnification).

samples (Fig. 4b) and SL-CF samples (Fig. 4d) can be seen to have
broken down and the CNT/ SL-CF samples (Fig. 4f and h) show
weaker bonding between the matrix and fibers when being com-
pared with dry samples, giving a smoother appearance in the SEM
micrograph. So it can be confirmed that the presence of water aids
in the deterioration of the interfacial properties and therefore the
weakening of the composites.

3.4. Mode II interlaminar fracture toughness

The mode II fracture toughness was evaluated using Eq. (3) and
Fig. 5a shows typical load-displacement curves for the three compos-
ite systems (CF, SL-CF, CNT/SL-CF). The average values of G;cginiy
for each treatment and water exposure interval are shown in Fig. 5b.
There is a clear improvement seen in the mode II fracture toughness
of the SL-CF and CNT/SL-CF samples. Before hygrothermal treat-
ment, Gyzciniy of the SL-CF samples shows an improvement on the
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CF samples by 10.8%, whereas the Gyyc(niy of the CNT/SL-CF samples
is higher than the SL-CF samples by 19.9%. After being exposed in
water for 60 days, the CNT/ SL-CF samples still show higher Gciniy
even when compared with dried CF samples.

The fractured surfaces after ENF tests are shown in Fig. 6. The
figures are similar to those of Mode I specimens. It can be seen that,
before hygrothermal treatments, the CF samples have a relative smooth
surface (Fig. 6a), while the other two kinds of samples show much
rougher surfaces (Fig. 6¢) and (Fig. 6e and g), respectively. After
being immersed into hot water, the fractured surfaces of three
types of composites all become smoother than before (as shown in
Fig. 6b, d, f and h), which implies that hygrothermal treatments
have negative effects on the interfacial bonding of CFRP. In
Fig. 6g and h, CNTs can be clearly observed well dispersed on
the surface of a carbon fiber; the matrix has been peeled away from
the fiber but the process is somewhat resisted by the CNTs. These re-
sults imply the bonding strength is improved after surface treatments.
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Fig. 5 (a) Typical load-displacement curves of Mode II interlaminar fracture toughness test; (b) Gcinip of different CFRP composites immersed in water for certain days.
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Fig. 6 Fracture surfaces of composites conditioned in water after ENF tests: (a) CF specimens before immersion; (b) CF specimens immersed for 120 days; (c) SL-CF
specimens before immersion; (d) SL-CF specimens immersed for 120 days; (e) CNT/SL-CF specimens before immersion; (f) CNT/SL-CF specimens immersed for
120 days; (g) CNT/SL-CF specimens before immersion (high magnification); (h) CNT/SL-CF specimens immersed for 120 days (high magnification).

These images help to explain the interfacial interactions between the
fiber and CNT despite the low CNT loading within the silane solu-
tion. The reinforcing and hygrothermal resistant mechanism of both
silane and MWCNTs are similar with the Mode I fracture toughness
tests as the above mentioned.

3.5. Interlaminar shear strength

The interlaminar shear strength of the samples was evaluated using
Eq. (4) for each of the water exposure intervals, as shown in Fig. 7b.
The SBS tests give accurate measures of the ILSS value only if pure
interlaminar shear failures take place. Fig. 7a shows typical load-
displacement curves for the three composite systems (CF, SL-CF,
CNT/SL-CF). Fig. 8a shows an optical microscope image of a sam-
ple that has undergone interlaminar shear failure in the neutral plane
due to maximum shear stress which is the ideal failure mode for the
SBS samples. However, the specimen usually encounters other types
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of damage before or concurrent with interlaminar shear failure, caus-
ing the specimen to fail by other than pure interlaminar shear.?¢23
Fig. 8b shows a mixed failure mode, whereby the onset of cracking
was initiated outside of the neutral plane and propagate at a 90° ori-
entation. This type of failure mode yields unreliable results for ILSS
tests, as other failure modes are dominant over interlaminar shear.
Fig. 7a also shows a typical failed load-displacement curve of inter-
laminar shear strength test. Only if the load drops obviously imme-
diately after the peak load is reached, it is assumed that the specimen
failed in laminar shear.”® Here in the tests, the peak load in this kind
of circumstance was then used to determine the ILSS.

The ILSS decreased continuously with the duration of submersion
in the water bath. The increase of ILSS for SL-CF specimens is not
obvious compared with CNT/SL-CF specimens. That is because the
shear failure strength is not only influenced by interfacial properties
of CFRP but also largely dependent on pure matrix properties.”® Si-
lane can only improve interfacial bonding strength to some extent,
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Fig. 7 (a) Typical load-displacement curves of Interlaminar shear strength test; (b) Interlaminar shear strength (ILSS) of different CFRP composites immersed in water

for certain days.
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Fig. 8 Optical microscope images of different failure modes after SBS tests:
(a) interlaminar shear failure mode; (b) mixed failure modes.

but not the epoxy matrix properties. So the effect of silane treatment
is quite limited. However, the CNT/SL-CF composite system
showed the best ILSS properties, which is 9% higher than CF speci-
mens before hygrothermal treatments. After immersion in hot water,
CNT/SL-CF samples still show a 4.3% higher ILSS than the
untreated samples. It indicates that this treatment has beneficial ef-
fects on the ILSS. Three possible mechanisms of CNTs for shear
strength enhancement seem to work.?® Firstly, nanotubes act like
rigid fillers, which can toughen and reinforce the epoxy matrix at the
interphase area by serving as a crack arrester and prevent expansion
of microcracking.*® Secondly, nanotubes can improve the interfacial
bonding strength of composites through the “bridging mechanism”
in the resin-rich interphase area. In addition, the existence of CNTs can
reduce the interlaminar stress concentration by smearing the mismatch
of neighboring plies properties.

4. Conclusions

Hybrid CFRP composites have been prepared using the carbon fibers
with MWCNT-doped silane coating. Effects of hygrothermal environ-
ment on mechanical properties of treated and untreated CFRPs have
been characterized through mechanical tests and dynamic mechani-
cal analysis. The experimental study reveals that there are two main
reinforcing mechanisms in the hybrid composites: (i) The addition of
the silane coupling agent generates an increase in all observed me-
chanical properties when being compared with CF samples. It has
been established that the chemical bonding plays a significant role in
this improvement, leading to an average increase in mode I and mode II
fracture toughness by 22.4% and 10.8% compared with unmodified
samples, respectively. The influence of silane surface treatment on the
interlaminar shear stress is, however, not very significant due to this
property is also affected by matrix properties. (ii) CNTs provide addi-
tional benefit by absorbing energy through their highly flexible elastic
behavior during the deformation.'®* CNT/SL-CF composite shows a
greater increase in all mechanical properties than composites treated
with silane alone. The average mode I and II fracture toughness is im-
proved by 35.4% and 32.8% compared with CF samples, respectively.
It has also been found that for each modification, exposure to wa-
ter results in adverse effects on the ILSS, mode I and mode II fracture
toughness, and glass transition temperature. These properties continu-
ally decrease with increasing exposure time. Surface treatments of car-
bon fibers can improve the hygrothermal resistance of hybrid CFRPs.
CNT/SL-CF specimens still show the best performance after hygro-
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thermal aging. The average mode I and II fracture toughness and inter-
laminar shear strength are improved by 33%, 40.5% and 4.3% com-
pared with CF samples after 60-day immersion test, respectively. The
increase is because the treatment reduces the likelihood of delamina-
tion and promotes uniform load transfer between matrix and fibers
even under hygrothermal environment, thus increasing the durability
of the composites. The improvements attained by this simple modifi-
cation provides the great potential of silane and CNT modified com-
posite laminates for large scale use in the marine industry.
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