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ABSTRACT

Function-integration in glass fiber (GF) reinforced polymer composites is highly
desired for developing light-weight structures and devices with improved
performance and structural health monitoring. In this study, homogeneously aligned
carbon nanotube (CNT) shell was in-situ grafted on GF by chemical vapor deposition
(CVD). It was demonstrated that the CNT shell thickness and weight fraction can be
modulated by controlling the CVD conditions. The obtained hierarchical
CNTs-GF/epoxy composites show highly improved electrical conductivity and
thermo-mechanical & flexural properties. The composite through-plane and in-plane
electrical conductivities increase from a quasi-isolator value to ~ 3.5 and 100 S/m,
respectively, when the weight fraction of CNTs grafted on GF fabric varies from 0 to
7 %, respectively. Meanwhile, the composite storage modulus and flexural modulus
and strength improve as high as 12 %, 21% and 26 %, respectively, with 100 %
retention of the glass transition temperature. The reinforcing mechanisms are
investigated by analyzing the composite microstructure and the interfacial adhesion
and wetting properties of CNTs-GF hybrids. Moreover, the specific damage-related
resistance variation characteristics could be employed to in-situ monitor the structural
health state of the composites. The outstanding electrical and structural properties of
the CNTs-GF composites were due to the specific interfacial and interphase structures

created by homogeneously grafting aligned CNTs on each GF of the fabric.



1. Introduction

Glass fiber reinforced polymer composites (GFRPs) are extensively used in the
fields of aeronautics and aerospace, automotive, new energy, construction and
industrial infrastructures. This is due to their high specific stiffness and strength, high
corrosion resistance, excellent fatigue behavior and low cost.!? Functionalization of
GFRPs can further improve structure performance and extend their applications in
electrostatic dissipation, electromagnetic shielding and absorption, and structure
health monitoring, etc.>> However, it is still quite difficult to develop electrically
conductive GFRPs with adjustable high conductivity while retaining their intrinsic
structural properties. This requires constructing efficient electron conduction network
in isolating polymer bulk matrix, while guaranteeing load transfer between
reinforcement fibers and matrix.

Traditionally, electrically conductive GFRPs are produced by either adding
conductive particles like carbon blacks and metal particles in polymer matrix, or
coating metallic meshes or conductive paints on the surface.>’ These methods have
several disadvantages, such as low reinforcing efficiency, weight gain, mismatch of
thermal expansion coefficients, and interfacial corrosion. Instead, incorporation of
conductive nanofillers such as carbon nanotubes (CNTs) in the polymer matrix has
been considered as one of the most promising solutions to realize multifunctional
GFRPs.>%!2 This is mainly due to CNT’s specific structure and extraordinary
mechanical, electrical and thermal properties.!> Meanwhile, CNTs-based hybrid

structures (CNTs-GNP, CNTs-AL O3, etc.) have also been added in polymer matrix to



produce electrically conductive GFRPs.!%!> Nevertheless, strong agglomeration
tendency of CNTs makes them particularly difficult to be homogeneously dispersed in
polymer matrices. The addition of CNTs unavoidably causes resin viscosity increase,
and deteriorates the ease of processing. This greatly restricts resin impregnation of
fibers, resulting in defects in final composites.

Alternatively, electrically conductive GF fibers can be developed by coating
CNTs. It has been reported that CNTs-coated GFs exhibit electrical conductivity,

16-23 Some studies have also

piezoresistivity and improved interfacial properties.
demonstrated their potential applications in structural health monitoring,
electromagnetic absorption and shielding, in-situ cure monitoring, thermal energy

harvesting >!-8

Several techniques have been reported to develop CNTs-coated GF,
which include the solution coating methods such as dip coating, spray coating and
electrophoretic deposition, and chemical vapor deposition (CVD).?’3* For the solution
deposition techniques, it is a prerequisite to have homogeneous and stable CNT
suspension. In general, some chemical surfactants or polymers are employed during
CNT dispersion process due to their inert surface characteristics. However, these
additives have low mechanical properties and low thermal stability. Thus, the removal
processes are needed after CNT coating, which might be time-consuming and
generate fiber degradation. Otherwise, functionalized CNTs can be directly dispersed
in a solvent. And the coating processes could be potentially scaled-up via a roll-to roll

process which allows obtaining a conductive layer on glass fibers.!>* However, the

control on the alignment of CNTs on glass fibers is difficult to be realized.



Direct growth of CNTs on GF by CVD can be realized using one step procedure.*
A continuous growth process could be used for scaled-up production of CNTs-grafted
GFs and multifunctional composites. However, the reported CVD-synthesized
CNTs-GF always have CNTs which are not homogeneously grown on the whole fiber
surface, and often in entangled state.® Very few investigations have been reported so
far on the control of the length, density and organization of CNTs grafted on GF. In
consequence, the influence of these factors on the hierarchical composite properties
has not yet been fully understood. Thus, it is highly desired to achieve homogeneous
CNT growth on glass fiber and to control CNT alignment in the polymer matrix.

In this study, aligned CNTs are homogenously synthesized on GF by CVD,
forming a “scaffold-shell” CNTs-GF hybrid structure. The grafted CNT mass fraction
(length and areal number density) can be modulated by varying the CVD conditions.
A detailed investigation is also conducted on the influence of as-produced CNTs-GF
hybrids on the composite electrical conductivity, thermo-mechanical properties and
flexural properties, as well as their reinforcing mechanisms. This study may provide
an insight into designing multifunctional GFRPs by modulating CNT geometry
according to as-required demands, and promote GFRP applications in structural
health monitoring, electromagnetic shielding and absorption, lightning strike, de-icing,

etc.

2. Experimental

2.1 In-situ grafting of CNTs on GF by CVD



The growth of CNTs was carried out by CVD in a quartz tube with a diameter of
100 mm, which was heated by an electrical resistance furnace (CARBOLITE®). The
substrate was a S2 grade 6/1 twill glass fiber tissue, in which each warp and weft yarn
contains 200 filaments of around 9 um in diameter. A tissue band (300 mm in length
x 6.5 mm in width) was supported on a quartz plate (30 mm in widthx 500 mm in
length) placed in the center of tube. The furnace was heated up to 550 - 630 °C in the
presence of argon and hydrogen with a flow rate of 1.2 and 0.3 L min’!, respectively.
After 10 min’s temperature stabilization, a xylene solution containing 0.1 g ml!
ferrocene was injected into the reactor by a syringe injector (RAZEL®). The injection
speed used was 24 ml h'!. At the same time, the second carbon source-acetylene gas
was also fed at a flow rate of 0.3 L min™!. The growth lasted 3 to 10 min for different
quantities of CNTs grafted on the glass fibers. The furnace was finally cooled down to
room temperature under argon protective atmosphere (1 L min™).

2.2 CNTs-GF/epoxy composite preparation

The composites were prepared using a high performance epoxy resin 1080S
(Resoltech, France) and a curing agent 1084 (Resoltech, France). The 1080S/1084
(100:33 in weight) resin mixture was first mechanically stirred for 10 min, and then
degassed at room temperature for 30 min in a vacuum oven. The obtained mixture
was uniformly spread over each GF or CNT-GF tissue until the latter was completely
immersed. The six plies of GF or CNT-GF tissue were layered-up by hand along the
same wrap orientation, and put into a vacuum bag which maintained a constant

pressure of - 0.5 bar by a mechanical pump. The curing process was conducted using



a hot press. The temperature was first heated up to 60 °C at a rate of 2 °C min™ under
-0.5 bar, and then hold for 2 hours under 0.7 MP. Then, the airbag was quickly moved
into an oven preheated to 60 °C for another 15 hours under atmosphere condition. The
as-prepared laminates were cut into different sizes for further microstructure
characterizations and property tests.

2.3 Structural and property characterizations

Thermo-gravimetric analysis (TGA, NETZSCH STA 449 F3) was used to evaluate
the mass fraction of CNTSs grafted on the surface of GF tissue. The chopped CNTs-GF
powders of around 80 mg were heated from 30 to 900 °C at a rate of 10 °C min™. The
atmosphere used was a mixture of oxygen and nitrogen, whose flow rate was 20 ml
min’?,

High resolution scanning electron microscopy (SEM, LEO 1530 Gemini) was
conducted to characterize CNTs-GF morphology and composite microstructure. The
cross-section of the sample before and after fractured in liquid nitrogen was
characterized for each kind of composites obtained. The interesting surfaces were
metallized in order to increase their electron conductivity.

Transmission electron microscopy (TEM, JEOL 1200 EX, and TITAN® G2) and
Raman spectroscopy (Jobin Yvon) were used to characterize the structures and
distribution of CNTs on glass fibers. For the TEM investigation, the as-grown
CNTs-GF was cut into short ones, and dispersed into ethanol solution by

ultra-sonication (VWR USC500D) for 10 seconds at room temperature. A TEM

copper grid was carefully dipped into the obtained suspension with tweezers in order



to collect some CNTs-GF. When the grid was dried in air, it was putted on a specimen
support for TEM characterization.

The in-plane and through-plane electrical conductivities of as-prepared CNTs-GF
reinforced epoxy composites containing varied CNT mass fractions (wtcnt) were
measured using a voltage—current meter (Keithley 2400) using a two-probe method.
The sample size used was about 10 mm (length) x 10 mm (width) x 1 mm (thickness).
The opposite surfaces of each specimen were coated with conductive silver paint in
order to decrease the contact resistance between the electrodes and sample surfaces.

The thermo-mechanical properties of the composites were also investigated by
dynamic mechanical analysis (DMA, NETZSCH 242C) under three-point-bending
mode. The characterizations were carried out at a frequency of 1 Hz, and the
temperature was varied from 30 to 200 °C at a heating rate of 3 °C min™. The span
length used was 40 mm, and the sample size was 60 mm in length and 11 mm in
width.

The mechanical properties of the as-prepared composites were investigated using a
universal machine (Instron 5544) with a 2 kN load cell. The flexural properties were
measured under three-point bending mode at a span length of 25.4 mm and a cross
head speed of 1 mm min, according to ASTM D2344 standard. The sample size used
was around 60 mm x 12.7 mm x 1 mm. For each CNT mass fraction composite, at
least three samples were tested. Two extremities of each specimen were covered by
silver paint and connected firmly with two metal electrode wires by super glue scotch.

The latters were connected with the Keithley meter, which was used to record the



electrical resistance variation during the flexural tests by data acquisition software
LabView.

Single fiber tensile test, single bundle test and single fiber fragmentation test were
carried out using the instrument-Instron 5544 with a load cell of 5N and 2 kN,
respectively. The single fiber tensile test was conducted according to NF 1SO 11566.
The cross-head speed used was 0.5 mm min and the gauge length was about 25 mm.
The single fiber bundle tensile tests were done at the same cross-head displacement
speed, using a gauge length of 50 mm. The single fiber fragmentation test was carried
out with the dog-bone shape samples of 0.2 mm in thickness and 10 mm in gauge
length. Each individual GF or CNTs-GF was embedded in the middle of the
composite specimen. Here, WWA/WWB4 (100:40 by weight) epoxy from Resoltech
France was used for its large elongation ratio. The cross-head displacement was 0.1
mm min. After fiber break saturation, the number of breaks was accounted using an
optical microscope (Leica Aristomet DC300).

3. Results and discussion

3.1 In-situ growth of homogeneously aligned CNTs on GF surface

The in-situ growth of homogeneous CNTs on the glass fiber tissue was achieved by
a one-step CVD method using metallorganic compound ferrocene as catalyst
precursor. For example, as shown in Fig. 1a the color of as-received GF tissue turned
from white to black after the growth of 2 wt. % CNTs. SEM image shows that
nanotubes grew perpendicularly and homogeneously on the whole surface of tissue

(Fig. 1b). Each GF was covered by a continuous cylindrical shell consisting of



radically aligned nanotubes. TEM images (Fig. 1c and d) conform that as-grown
CNTs do organize in an aligned way. They perpendicularly distribute on the GF
surface, instead of randomly entangling together. The nanotube has a length of around
2.5 um when wicnt=2 %, and its diameter varies between 10 and 20 nm. Such

well-aligned nanotubes may facilitate polymer resin diffusion by capillary force

36,37

during composite fabrication, which guarantees high quality of cured laminate.

A

| @ |

Figure 1. (a) Digital images of as-received GF tissue and the one after growth of 2 wt. %
CNTs; (b) SEM images of CNTs-GFs, and (c) high and (d) low resolution TEM images of

one CNT and one CNTs-GF hybrid, respectively.

The weight ratio of CNTs grown on GFs is one of the important factors which

determine the mechanical reinforcing effect of CNTs-GF and also the electrical
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properties of the final composites. In this study, the mass fraction of CNTs grown on
the GF tissue can be modulated according to the requirements by adjusting the CVD
synthesis conditions such as temperature and nanotube growth time. The TGA curves
shown in Fig. 2a demonstrate that the wfcnt varies from 0 %, to 0.2 %, 0.5 %, 1 %,
1.5 %, 2 %, 3 % and 7 %, when the CNT growth time changes from 0 to 10 min. Of
course, other wtcnt can also be obtained by modifying the CVD conditions. Also, it
can be seen that the CNTs begun to largely decompose at around 430 °C under an
atmosphere consisting of as high as 50 % oxygen. This temperature is much higher
than the working temperatures of GFRPs. Thus, the CNTs-GF can make sure a stable
reinforcing role even at elevated temperatures.

Figure 2b shows a Raman spectrum of CNTs-GF in the range of 1000 - 1800 cm™.
The G band centered at 1600 cm™ corresponds to sp? graphite-like structure of CNT.
A broad D band centered at 1324 cm™, along with an intensity ratio Io/l¢ around 1,
indicates certain amount of disorder structures in carbon nanotubes, as also shown in
Fig. 1c. This is mainly due to the low synthesis temperatures used, in order to avoid
the fiber property degradation generated at higher ones. It is worth noting that higher
CNT fractions up to 30 wt. % have also been obtained during our research. The
increase of CNT weight ratio may change their organization state from homogenous
distribution to agglomeration such as bundles and plats. These latters could cause
quality defects in final composite products. Thus, the GF tissues containing much

longer CNTs are not presented in this study.
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Figure 2. (a) TGA curves of CNTs-GF with varied mass fractions of CNTs, and (b)

Raman spectrum of the CNTs.

The morphologies of as-received GFs and the CNTs-GF containing varied CNT
mass fractions are shown in Fig. 3. The pristine GF has smooth and cylindrical
surface, and its diameter is around 9 pm (Fig. 2a). The fibers color turned from white
to grey after growing 0.2 wt. % nanotubes, which are very short and few. The CNTs
are sparsely distributed on GF surface, as shown in Fig. 3b. The nanotube length is
between several nm to 500 nm, corresponding to the beginning state of CNT growth.
With increasing the growth time, the CNTs become longer and denser. It can be found
that the GF surface is completed covered by nanotubes when wicnt is beyond 0.5 %.
As shown in Fig. 3, the apparent diameter of hierarchical CNTs-GF varies from 9 um
to around 9.6, 9.8, 11.8, 14, 15.8 and 19.6 um, corresponding to the CNT shell
thickness of around 0.3, 0.4, 1.4, 2.5, 3.4 and 5.3 um, respectively, when CNT mass
fraction ratio increases from 0 to 0.5 %, 1 %, 1.5 %, 2 %, 3 % and 7 %, respectively.

Furthermore, it can be found that the growth of CNTs was homogeneous around the
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whole fiber surface and along the whole fiber length. The CNT array forms a

one-dimensional “core-shell” structure at high wzcnt.

Figure 3. SEM images of as-received GF (a) and the CNTs-GF with CNTs of varied

mass fractions: (b) 0.2 wt. %, (c) 0.5 wt. %, (d) 1 wt. %, (e) 3 wt. % and (f) 7 wt. %.

3.2 Structural composites with high electrical conductivity
The electrical conductivity of the CNTs-GF/Epoxy composites is demonstrated in
Fig. 4. It can be seen that both the in-plane and through-plane electrical conductivities

increase with the increase of wrcnr. The through-plane electrical conductivity is
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improved from 5E-09 S/m to 3.5 S/m when wicnr varies from 0 to 7 %. Meanwhile,
the in-plane one is also increased from SE-07 S/m to 100 S/m when wfcnt increases
from 0 to 7 %. Also, the increase of the in-plane and through-plane electrical
conductivity follows a similar variation rule. As shown in Fig. 4b, a sharp
improvement of the conductivities is observed when wfcnt is more than 0.5 %.
Moreover, the dielectric property measurements showed that the composites behaved
as dielectric materials at wtent = 0.2 %, but a significant increase on both the
dielectric constant and loss tangent was observed at wtent= 0.5 %. This indicates that
continuously conductive pathways are formed in both through-thickness and in-plane
directions. Therefore, the growth of CNTs on GF tissue allows modulating the
composite electrical conductivity at a very wide range from nearly isolating to highly
conductive ones. This is greatly desired to design composite properties such as

dielectric constant or conductivity according to real service requirements.
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Figure 4. In-plane and through-plane electrical conductivities of the composites as a
function of the mass fraction of CNTs grown on the GF: conductivity axis in linear scale

(a) and in log scale (b).
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The microstructures of the GF/Epoxy and CNTs-GF/Epoxy composites were
characterized by scanning electron microscopy in order to understand their electrical
conduction behaviors and related mechanisms. Figure 5 shows the SEM images of the
cross-sections of the composites with varied wzenr. It is worth mentioning that the
cross-section was obtained by fracturing the specimen in liquid nitrogen. The gaps
between GF (with or without CNTs) and epoxy might be partially produced by the
mismatch of thermal expansion coefficients of GF and epoxy, when the sample
temperature abruptly changed from liquid nitrogen one to room temperature. The
SEM images of the composites before being fractured (Figure S1, See supporting
information) show that the original interfacial bonding between GF and epoxy is good,
with no gap observed at interfacial zones.

First, few visible defects such as pores and CNT aggregates are presented in the
structures, indicating that the composites have good quality. This means that the
growth of CNTs on GF tissue can adapt well with currently widely used composite
production techniques. In contrast, commonly used dispersion way may cause
significant increase of matrix resin viscosity.*® Thus, in-situ growth of CNTs on the
GF tissues can be a highly efficient way to introduce even high mass fractions of
CNTs into structural composites. This advantage is highly desired to industrial sectors
for their large-scale application potential.

Second, a distinguished annular region is obviously observed around each GF by
SEM, when wicenr is higher than 0.5 %. This region bridges together GF and matrix
bulk, forming a distinguished interphase which has the properties different from those
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of the bulk matrix. It is well known that interfacial and interphase properties take a
determining role in realizing high performance fiber reinforced polymer composites.
The introduction of CNTs could reinforce the interphase region.® In our case, CNT
volume concentration in annular interphase zones is higher than that in other parts of
bulk matrix, and the CNT alignment on GF was also preserved in the composites.
Similarly, the interphase region thickness increases progressively with the mass
fraction and shell thickness of CNTs grown on GFs. As a result, at higher wtcnt the
interconnection between adjacent interphase regions generates increased numbers of

electrical conduction pathway, thus greatly improves the electrical conductivity.

Figure 5. SEM images of interface/interphase in GF/Epoxy composite (a), and the annular ones

(indicated by arrows) consisting of aligned nanotubes around glass fiber in the CNTs-GF/Epoxy

composites with wtent=0.5 % (b), wtent=1.5 % (C), wtent=3 % (d) and wicnt=7 % (e).

It is well known that CNTs possess much higher electrical conductivity along the
axial direction than the one along radical direction. This is mainly due to their specific
one-dimensional characteristic. It has been mentioned earlier that CNTs are
perpendicularly aligned on the GF surface, and this organization states are still

preserved in the cured composites. However, we noticed that the in-plane electrical
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conductivity of the composites is always higher than the corresponding through-plane
one at each wrcnt, even dozens of times high. This is mainly attributed to the fact of
the existence of resin rich interlaminar layers (RIL) between two neighboring GF
layers. The RIL has been clearly observed by SEM (Fig. 6a). At certain interply zones,
two CNTs-GF tissue layers are isolated from each other by epoxy which is not filled
by CNTs. Consequently, the electron conduction pathways are decreased, resulting in
an increase of the electrical resistance in through-plane direction. More importantly,
the electrical resistivity of RIL is much higher than that of lamina, due to the isolation
characteristic of epoxy. The RIL conductivity as a function of wtcnt were evaluated
according to a series model *! of six CNTs-GF laminas and five interlayers, as shown
in Fig. 6b. In the model, we supposed that the RIL thickness was 10 um. According
to the parallel model, we assumed that the in-plane conductivity of each lamina was
equal to the through-plane one. Finally, it can be found that the RIL conductivity was
about 2.5E-10 S/m, equally to the pure matrix conductivity when wtcnt =0. Then, it
significantly increases with wrcnt increasing, up to ~ 0.02 S/m when wtent=7 %. This
analysis demonstrates that the interlayer resistance plays a very important role in

improving the through-plane conductivity of the CNTs-GF/polymer composites.
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Figure 6. (a) Microscopic structure of the cross-section of CNTs-GF/Epoxy
composites: polymer region between two GF fibers in a lamina and that in an
interlaminar zone; (b) Evaluation of the interlayer conductivity as a function of the

weight fraction of CNTSs grafted on GF surface.

3.3 Thermo-mechanical behaviors and flexural properties of the CNTs-GF/Epoxy
composites

The thermo-mechanical and flexural properties were investigated by dynamic
mechanical analysis and 3-point bending test, respectively, in order to evaluate the
influence of CNT growth on the structural properties of the composites. The results

are summarized in Table 1.
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Table 1. Summarized results of the thermo-mechanical and flexural properties of

the GF/epoxy and CNTs-GF/epoxy composites containing varied wtcn

WtenT= Wient= Witent= Wient= Wient= WienT= WienT=

Sample
0 0.2% 1% 15% 2% 3% 7%
CNT layer thickness i 0 0.4 1.4 25 3.4 5.3
(um)
Laminate thickness 085 0.85 0.9 0.96 0.95 1 1.25
(mm)

GF volume faction in
laminates (%)

Tg (°C) 103.2 1036 1035 104.2 1052 1048 104.9

59.5 535 51.9 50.6 46.1 43.9 34.9

Storage  Measured 253 255 249 224 22 193 149
modulus

at50°C  Normalized* 253 284 286 264 284 262 254
(GPa)

Flexural  \Measured 291 296 307 286 262 219 185

modulus
(GPa) Normalized* 29.1 32.9 35.2 33.6 33.8 29.7 315

Flexural  \easured 658 654 702 707 627 587 462
strength

(MPa)  Normalized® 658 727.3 8048 8314 8093 7956 787.7

* Normalized according to the glass fiber volume fraction (59.5 %) of the reference
GF/Epoxy laminates.

First, the growth of CNTs on glass fibers generates an influence on the storage
modulus (E") of the composites, which represents the stiffness of a viscoelastic
material. Figure 7a shows the variation of £’ as a function of Wtcnt. The composite
storage modulus £' at 50 °C has nearly the same level to the GF/epoxy one, around 25
GPa when Wtcnt is no more than 1%. It decreases about 13 % to 22 GPa when Wtcnt
is 1.5 and 2 %. The further increase of Wtcnt to 3 % and 7 % results in a decrease of

E" about 30 % and 40 %, respectively.
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Second, Figure 7b shows the loss tangent curves of the composites as a function of
temperature. The glass transition temperature Tg value was evaluated according to the
temperature value which corresponds to the loss tangent peak in a DMA curve.* It is
well known that Tg defines the working temperature window of a composite. It
reflects the transition of the composite materials from hard glass state to soft rubber
state, due to the internal movement of the polymer chains. And Tg also infers the
interaction between fillers and polymer matrix in the interphase region.*? As shown in
Table 1, the Tg of the CNTs-GF/Epoxy located in a narrow range between 103 °C and
105 °C, comparable with the one of the reference composite (GF/Epoxy). This
indicates that the growth of CNTs of wfent studied in this work did not degrade

thermal stability of the structural composites.
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Figure 7. DMA curves of the GF/Epoxy and CNTs-GF/Epoxy composites: (a) Dynamic

mechanical Modulus E’ vs. temperature, and (b) loss tangent (tan 3) vs. temperature.

Third, the grafting of CNTs on GF has also shown an influence on the flexural
modulus and strength of the composites. Globally speaking, the flexural modulus of

the CNTs-GF/Epoxy composites keeps almost constant when wtcnt 1s no more than
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1.5 %. The E' of the GF-CNTs/Epoxy at wfcnt=1.5 % is comparable to the one (~ 29
GPa) of the GF/Epoxy reference. It begins to decrease gradually from ~ 26.2 GPa to
18.5 GPa when witcnt varies from 2 % to 7 %, respectively, corresponding to a
decrease of 10 % to 36 %, respectively. Meanwhile, the flexural strength of the
composites increases from 658 MPa (the reference composite) to 707 MPa when
wtent increases from 0 to 1.5 %, corresponding to an improvement of about 7 %. But
a further increase of wicnt generates a large decrease of the flexural strength, attaining
up to 40 % at wtent =7 %.

In order to more realistically represent the effect of CNT grafting on the
composite flexural properties, we must take into account the variation of the laminate
thickness and the GF volume fraction in each composite. As indicated in Table 1, the
increase of CNT mass fraction generates the thickening of the CNT shell on each GF
and thus the composite laminate, under the experimental conditions used. The
increased shell enlarges the span distance between the two adjacent GFs, and absorbs
more resin during the curing process. The above mentioned thickening is particularly
evident when wrcnris equal to 3 % and 7 %, corresponding to an increase of 18 % and
47 %, respectively. A further measurement of GF volume fraction in composites was
conducted by burning each CNT-GF/epoxy composite at 600 °C in air atmosphere for
1 hour. The results show that the GF volume fraction indeed decreases with the
increase of wrenr. It varies gradually from 59.5 % in reference composites to ~ 35 %
in the CNT-GF/epoxy composites containing 7 wt. % CNTs on GF tissue. The change
of GF volume fraction undoubtedly results in the variation of the mechanical
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properties of the composites, especially in a composite reinforced by continuous fiber.
Therefore, a normalization treatment of the measured composite property values was
done according to the GF volume fraction in the reference composite laminates. The
normalized values of the storage modulus and the flexural modulus and strength at
each CNT fraction composite are correspondingly summarized in table 1. Their
improvement values compared to the reference are also demonstrated in Fig. 8. It can
be seen that the grafting of homogeneous CNT shell on GF in fact improves the
composite thermo-mechanical and flexural properties. When wtcnt is no more than
2 %, the overall performance of the composites is progressively improved, and the
optimal reinforcing performance could be obtained between wicent =1 % and 2 %
included. The reinforcing effect gradually diminishes when more CNT is grafted on
GF surface. This might be attributed to insufficient resin infusion or immersion in the
shell layer containing high areal number density CNTs, which in turn might generate
less compact regions around GF. Moreover, this might also impact inversely
interfacial adhesion between epoxy and GF. As a result, the load transfer reinforcing
efficiency between GF and matrix was diminished. But the CNTs-GF/Epoxy
composite flexural properties are still higher than the reference one containing the
same fiber volume fraction, even at wtcnt =7 %. In this case, an amelioration of
composite preparation parameters such as hot pressure or vacuum degree could
enhance resin immersion and decrease laminate thickness. It is highly desired to keep
their excellent mechanical properties when the structural composites are added with
additional functional properties, such improving electrical conductivity by adding
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conductive nanomaterials.
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Figure 8. Improvement of the storage modulus and the flexural modulus and strength
of the CNTs- GF/Epoxy with varied wfcnt, compared to the reference GF/Epoxy

obtained under the same experimental condition.

3.4 Interfacial adhesion properties

The evaluation of interfacial adhesion property is important to better understand the
previously mentioned mechanical reinforcing effects in the CNTs-GF composites. As
we know, there are multiple interfaces included in the hierarchical CNTs-GF
composites: CNTs/GF, CNTs/matrix and GF/matrix one. Thus, the interfacial shear

strength (IFSS) of CNTs-GF in the composites is a general result of the interaction of

these three interfaces.
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In the first place, the single tensile test was conducted in order to study the
influence of CVD procedure and CNT grafting on the mechanical properties of glass
fiber. The average fiber elongation and tensile strength at break along with Young’s
Modulus results are summarized in the table 2. It can be found that both the strength
and elongation at break of the CNTs-GF are higher than those of as-received GF,
respectively. The Young’s modulus of the CNTs-GF is comparable or higher than that
of the GF. Commonly, certain damage to the GF and CNT-GF might be caused during
separating operation of a single filament from a fiber bundle which is woven in the
tissue. The damages may result in a reduced fiber modulus value. And this
deterioration might be much significant in case of as-received GF due to sticking
effect of surface sizing. Thus, we further did the mechanical tensile tests using single
GF and CNTs-GF bundle. The representative force-displacement curves (Figure S2,
See supporting information) confirm that the modulus of GF bundle is well retained
after the growth of CNTs. Both the fiber bundle elongation and tensile strength at
break are improved when wicnt varies from 0.2 % to 2%. However, these
improvements disappear when a higher content of CNTs is grafted on GF, such as
CNTs-GF with 3 and 7 wt. % nanotubes. The latter is different to the results obtained
from the single fiber test, which might be due to the enlarged glass fiber misalignment
in a bundle generated by grafting long CNT shell.

The above results demonstrate that no mechanical property degradation of glass

fiber has been generated in the CVD procedure used for CNT growth. Moreover, the
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GF mechanical properties could be further improved when the optimized CVD

conditions and CNT arrangement are used.

Table 2. Elongation and tensile strength at break and Young’s modulus of single GF

and single CNTs-GF with varied wfent

CNTs-GF
GF WICNT WICNT ~ WICNT WICNT WICNT WICNT
0.2 % 1% 1.5% 2% 3% 7%
Elongation at
1. 2. 2. 2. 2.2 1. 1.
break (%) 7 0 3 0 8 9
Strengthatbreak | nes 145y 1297 1473 1285 1127 1538
(MPa)
Young's
Modulus (GPa) 64 76.8 57.9 74.6 59.7 68.2 75.2

Furthermore, the influence of CNTs on interfacial shear strength between fiber and
epoxy was investigated via single fiber fragmentation tests.** The IFSS can be

estimated from the Kelly-Tyson model: *

IFSS = om(Le) d s /(2Le ) (1)

where dris the fiber diameter, o5(Lc) is the fiber strength at the saturation length L. =

4Ls/3 (Lsis the average fiber length at saturation).

The op(Lc) value can be estimated by using a Weibull distribution for the fiber

strength,
om(Le)= co(Lc/Lo) "™ (1+1/m) (2)
where I is the Gamma function, 6o and m are the scale and shape parameters of the

Weibull strength distribution at the reference length Lo, respectively. These
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parameters were estimated from strength data determined at one single gauge length
by fitting the distribution of failure probability.***

The obtained results are summarized in table 3. It can be seen that the average
critical fragment length of GF is shorter than that of CNTs-GF, indicating a better
interfacial bonding strength with GF. Indeed, only the matrix breaks were observed in
the specimen after the fragmentation test. The estimated IFSS of GF is about 31 MPa.
It was mentioned previously that as-received GF contains a surface sizing which
protects glass fiber from manipulation deterioration and improves their interfacial
bonding with polymer matrix in the composites. The growth of CNTs was conducted
at the temperature above 550 °C, and the sizing on the surface was removed due to
heat decomposition. It can be found that the fiber fragment length increases after CNT
growth, compared to that of GF. The CNTs-GF hybrids with CNT fractions other than
1.5 wt. % have demonstrated lower IFSS, compared to the as-received GF. The
CNTs-GF with 7 wt. % CNTs shows the lowest IFSS. This is also confirmed by only
debonding failure mode observed in the sample after fragmentation. Thus, the growth
of too high fraction of CNTs decreases interfacial connection efficiency between GF
and epoxy. The IFSS of the CNTs-GF with 1.5 wt. % nanotubes is about 7 % higher
than the one of the as-received GF. This might be attributed to the relatively high
strength at break and appropriate CNT array length of this kind of CNTs-GF, as well
as sufficient glass fiber surface available for epoxy bonding.

In comparison with the results obtained by Tamrakar et al.** using an

electrophoretic deposition method, the IFSS improvement obtained in this work is
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relatively lower, even though different kinds of GF and polymer are used. This
difference might be due to the CNT surface properties, because the functionalized

CNTs are used in the former work, instead of as-grown pristine CNTs in this work.

Table 3. Evaluation of the interfacial shear strength of the GF and CNTs-GF in the

composites
CNTs-GF
GF WICNT WICNT WICNT WICNT WICNT
1% 1.5% 2% 3% 7%
Number of fragments 36 26 30 26 25 19
Average fiber critical
0.37 0.51 0.44 0.51 0.53 0.7
length, Lc (mm)
Weibull shape parameter  4.81 5.53 4.87 4.5 3.7 5
Weibull scale parameter
1085 1297 1473 1285 1127 1538
(MPa)
Interfacial shear strength
31 22.5 334 25.9 26 19.7

(MPa)

Additionally, the wetting property of the GF after grafting CNTs was verified by
the contact angle test. The digital images of microdroplets and contact angle values
measured with GF and CNTs-GF are summarized in Figure S3 (See supporting
information). It can be seen that the contact angle of the epoxy is slightly increased
from ~ 46 ° on as-received GF to around 50 ° on GF after the growth of CNTs. This is
mainly attributed to the inert interfacial characteristic of as-grown CNTs. This

observation is consistent with the small increase of the average fiber critical fragment

27



length demonstrated in table 3. However, this small increment does not significantly
influence the immersion of the epoxy on CNTs-GF during composite fabrication,
considering the good composite quality obtained. This also agrees with the IFSS and
Tg of the composites at varied wfcnt. On the other hand, the wetting property
indicates that additional surface treatment of the CNTs-GF could further improve the

interfacial properties of CNTs-GF hybrid in the polymer composites.

3.5 Damage-related resistance variation of the composites during Flexural testing

In addition, the variation of the electrical resistance of the CNTs-GF/Epoxy was
in-situ monitored during the flexural deformation processes, as shown schematically
in Fig. 9a. Two electrode wires were pre-fixed at the two extremities of each
specimen which were coated by conductive silver paint, and then connected to a
voltage/current sourcing measurement instrument during the flexural bending tests.
Two examples are given in Fig. 9b and c. Firstly, for the CNTs-GF/Epoxy composites
with wtcnt=0.2 %, the AR/Roshows a stepwise increasing trend with the increase in
flexural strain, as shown in Fig. 9b. In this case, CNTs are very short, and sparely
distributed on the surface of GF, as shown in Fig. 3b. The initial Ro measured is high,
around 5.1E7 Q. A continuously electrically conductive network is not formed yet in
the matrix in the through-plane direction, according to the conductivity measurement
results shown in Fig. 4b. Nevertheless, certain localized connections established in
the interphase regions between two touched GFs, but connection points should be

much small. As a result, this kind of connection networks is very sensitive to strain,
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and it could be destroyed due to deformation or microcracks especially generated at
high flexural strain. This could explain the reason that there are several fluctuations at
low strain of the electrical resistance of the composites.

Second, for the CNTs-GF/Epoxy composites with wtcnt=1 %, a continuous
conductive pathway is already formed inside the matrix, and thus the initial electrical
resistance Ry is lower, about 2.7E5 Q, than the one at wicent=0.2 %. It is found that
when the stress is lower than ultimate flexural stress, the AR/Ro also exhibits a
increasing behavior with increase of the deformation, as shown in Fig. 9¢. After the
ultimate stress point, the fracture occurs inside the composites and the stress decreases
sharply. At the same time, the AR/Ro also decreases simultaneously, instead of
continuously increasing. It might be due to certain reconstruction of conductive
network at the upper surface and increased contact points at the lower surface of the
specimen. The above mentioned damage-related resistance variation might be related
to the CNT arrangement on GF and their mass fraction in epoxy matrix. But the
detailed mechanism investigation will be conducted in latter research. The specific
resistance variation behaviors during flexural deformation show the application
potential of the hierarchical CNTs-GF reinforcement for in-situ structure health

monitoring of the composites and devices under real service conditions.
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Figure 9. Resistance variations (AR/Ro) of the CNTs-GF/Epoxy composites under
flexural deformation. (a) Schematic representing the electrode connection; (b) The
CNTs-GF/Epoxy composites with wfent=0.2 % and initial resistance Ro=5.1E7 Q; and (c)

the CNTs-GF/Epoxy composites with wfcnt=1 % and initial resistance Ro=2.7E5 Q.

4 Conclusions
In summary, in-situ growth of CNTs on glass fiber tissue was achieved by a
one-step CVD, and the grafted CNTs homogeneously and perpendicularly aligned on
the surface of each fiber, forming one dimensional ‘“core-shell” structure. We
demonstrated that the CNT mass fraction and shell thickness could be modulated in a
controlled way by varying the CVD conditions. The hierarchical CNTs-GF fibers
were used to produce multifunctional structural composites. The in-plane and

through-plane electrical conductivities of as-produced composites greatly increased as
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a function of the weight fraction of CNTs grafted on the GF tissue, as high as 100 S/m
and 3.5 S/m at wtent= 7 %, respectively. Furthermore, the detailed studies on the
thermo-mechanical and flexural properties demonstrated the CNTs-GF/Epoxy
composites exhibited not only high electrical conductivity but also improved
structural properties of GF composites, with retention of 100 % of their original
thermal stability. The reinforcing effects are due to the improved CNTs-GF properties
and specific CNT arrangement. Additionally, the electrical resistance variation of the
CNTs-GF/Epoxy composites was found very sensitive to the composite internal
fracture, which is highly desired to structural health monitoring applications. Thus,
the CNTs-GF with aligned CNTs endows conventional GFRPs with excellent
multifunctional properties, while improving their original structural properties. This
allows extending GFRP applications in the fields of aeronautics and aerospace,

automobile, industrial infrastructures, etc.
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