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Abstract

The carbon-fiber-reinforced composites modifiednlayo-silica were successfully prepared
using RFI technology. And the properties of comigssalso were studied. The investigations
revealed that the properties of composites weneased by filling nano-silica. With the increase
of nano-silica content, the density of carbon-fibeinforced composites was increased, while
the glass transition temperature, tensile streagith flexural strength were first increased and
then decreased. At the nano-silica content of 3vitté,glass transition temperature reached a
maximum of 117.%. When the nano-silica content was 4wt%, the tersilength and flexural
strength were increased to 595.69 and 703.76 MMPachwwere improved by 86.30% and
126.98% compared with the composites without nalieas Therefore, the best properties of
carbon-fiber-reinforced composites was obtainedth Wiliing 4wt% nano-silica content, while the
toughening and strengthening effect was optimakeshano-silica as a reinforced material were
filled the gap between epoxy resin and carbon fibelisperse the external force.
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1. Introduction

Composites, which are made of two or more materizse not only properties of the
original single material, but also that of excell@mechanical properties and thermal stability
because of the synergistic effect among the compeng&poxy resins are widely being used as
matrix materials due to highly cross linked struefwwhich bring a remarkable improvement in
some properties of epoxy compositéd However, there are limitations to prepare epoxy
composites because of low toughness caused byghéyltross linked structure. To overcome
the disadvantage, some nanoparticles were addettitax. In recent years, inorganic particles
have been extensively applied to prepared orgaoiganic composites, which have
significantly improved the related properties ofmpmsites materialS™®. For example, filling
nano-silica into organic polymer could combine ¢haracteristics of nano-silica such as rigidity,
thermal stability and so on with the propertiesoojanic polymer, thus preparing composites
with excellent mechanical properties and thermetitity *"* Hence adding inorganic particles
into epoxy resin to prepare organic/inorganic cosites has become an important way to
develop high-performance functional materi&ig®!

In this paper, modified epoxy resin films and cosifes were prepared by advanced liquid
composite molding technology-resin film infusionHIR process. In the process of preparing



composites, the inorganic nanoparticles were fillgdl distributed well in the resin, then
gradually permeated with the resin along the theslendirection of fiber under the action of
negative pressure, and finally passed through #rboa fiber cloth, thus preparing special
functional materials made of organic polymer armefi Meanwhile, the changing tendency of
performance of the resin films and composites mediby nano-silica using RFI technology
were researched by the analysis and test of piepert the resin film and composites.

2. Experimental
2.1 Materials

Epoxy resin LY1564 with viscosity range from 12G® X400 mPa-s at T = 25 was
supplied by Huntsman Advanced Materials LLC., Amari Nano-silica with an average
diameter of 15 nm and boron trifluoride ethylamic@mplex were purchased from Aladdin
Industrial Co., China. Absolute ethanol and ethgleglycol were provided by Sinopharm
Chemical Reagent Co., Ltd., China. Silane coupdiggnt KH550 was obtained from Hubei
Novel organic silicon materials Co., Ltd. of Wuhidniversity, China. Additionally, all reagents
were used without further purification. Carbon filpéain woven fabrics was prepared by Wuxi
Weisheng Composite Materials Co., Ltd., China, Whiad a thickness of 0.2 mm. High vacuum
silicone grease GZ-I was provided by Tongxin chenmant in Caidian District of Wuhan,
China.

2.2 Preparation
2.2.1 Preparation of Nano-silica M odified Epoxy Resin Filmsusing RFI technology

The preparation of nano-silica modified epoxy rd8ms followed the procedure as follows.
Silane coupling agent KH550 and nano-silica wergeshiand reacted in ethanol solution under
continuous stirring and ultrasonic treatment. Amehtthe mixture solution was dialysed by high-
speed centrifuge to obtained pretreated nano-silithe surface-treated nano-silica was
synthesised by stoving and grinding. The borotutiiide ethylamine complex was dissolved in
ethylene glycol according to corporate formula. Bpresin LY1564 was added into the solution
under continuous stirring and ultrasonic treatm@fter reaction for 2 h, the previously prepared
surface-treated nano-silica was added into solufitre mixtures were stirred for another 1 h,
and finally the nano-silica modified epoxy resiimig were prepared through the steps of thermal
stirring and coating films.

2.2.2 Preparation of Nano-silica M odified Epoxy Resin Composites using RFI technology

The preparation process of epoxy resin composigsssiiown in figure 1. The mould filling
with materials was putted into the vacuum bag dadegal on the vulcanizing press to heat, thus
contributing to solidification and formation of tlepoxy resin composites. A closed vacuum
environment was formed by the use of vacuum pumngoge, storage bottle of abandoned resin
and vacuum bag, which was good for eliminatingbaiobles to prepare epoxy resin composites
with the advantage of less cavity and smooth sarfatie gas in the materials was extracted
from the air hose by vacuum pump, so as to elimirté bubbles, and then the epoxy resin
composites with few cavities and smooth surface pvapared successfully. The storage bottle
of abandoned resin was used to prevent the abaddesen from entering the vacuum pump
directly between the vulcanizing press and the vacpump.



3. Results and discussion
3.1 Effect of Nano-silica on viscosity of epoxy resin

In order to ensure that the fiber reinforcement fudly infiltrated with the resin matrix, the
epoxy resin films used in RFI process require a Wseosity at operating temperatdfé®® so
that the low viscosity is one of the key conditiofty the molding proces§®>3. By
measurements of the viscosity curve of the epoginrmixture and the epoxy resin film, it can
determine whether the resin film is prepared byhgsiesin mixture via the techniques of
prepolymerization at a certain temperature sattséyprocess requirements, thereby determining
the optimal preparation parameters of the resm.fiFig. 2. and fig. 3 show the kinematic
viscosity curve of epoxy resin mixture and resimfmodified by different content of nano-silica
at different temperatures. The initial viscositgreases with the increase of nano-silica content.
When the nano-silica content was 5wt%, the visgasitthe resin system was very high due to
the large specific surface area of nano-silicghat the resin mixture could not be stirred at room
temperature. Even the viscosity of the resin systess 8600 mPaes at &0. First, as the
temperature increased, the viscosity of the regtesn decreased sharply. The minimal viscosity
ranged from 48.9 to 562 mPaes at T10Then the viscosity of the resin system rose glomith

the temperature increased. When the temperatuchedao 12@ the viscosity of the resin
system increased significantly because of the dposition of boron trifluoride ethylamine
complex. Above 12, the viscosity of the resin system rose due tangurin which the
viscosity of the pure resin system varied greadlhyparticular, the pure epoxy resin system
prepolymerized to 120 will cured in 10 min if the heating is stopped.

3.2 Effect of nano-silica on gel time

Fig. 4 displays the relationship between the geletiof the epoxy resin film and the
temperature. As the temperature increased, théirgel of the epoxy resin film was gradually
shortened. However, In the process of preparingefiexy resin film, sufficient time to infiltrate
and fill is the key of preparation of the epoxyimeim for preventing curing in advance during
the process of filling. For pure resin system,itifdtration temperature was 110-180to ensure
that the resin filling time was greater than 30 iffig. 2 and 3). With the addition of nano-silica,
the gel time was gradually shortened. When theerardf nano-silica reached 5 wt%, the gel
time was 100 min at 100, compared with only 35 min at 110 Thus, the optimal infiltration
temperature of 110 was confirmed considering the gel time of naneaimodified resin film.
At this temperature, it was ensured that the ré#im was prepared with sufficient time for
filling to ensure that the resin was infiltratedoagh with the reinforcing fibers in the RFI
molding process, thereby making the nano-reinfgrcmaterial fully in contact with the
reinforcing fibers.

Due to the good thermal properties of nano-sift€a the rising trend of viscosity of the
resin added with nano-silica was more obvious tiah of the pure resin at 120. When the
prepolymerization temperature was up to ‘020f the heating was stopped, the curing reaction
of the resin system added nano-silica did not oemarously. The gel time of
prepolymerization temperature was 40 min, whichvgled sufficient time to ensure that the
film was prepared succesfully. So the reaction citeY1564 epoxy resin with a long gel time
could be reduced by adding nano-silica.



3.3 Effect of nano-silica content on glasstransition temperature

The glass transition temperaturg)(ffeflects the thermotolerance of the cured ré4itf!. In
this paper, the glass transition temperature dafreast with different nano-silica content was
determined using thermo-mechanical method by measuhe change of loss factor fan
relative to temperature. The figure 5 shows the DMAve of resin cast with different nano-
silica content.

The temperature corresponding to dapeak is commonly taken as glass transition
temperature. The gTof epoxy resin system was obviously increasedr &ftiling nano-silica
shown in Fig. 5. When nano-silica content was ug tt%, the T value of pure epoxy resin
changed from 837 to 101.3C. With the increase of nano-silica content, teoflresin cast
increased first and then decreased slightly. Whercontent of nano-silica was up to 3 wt%, the
Tyvalue rised to 117.3, which was 33.6C larger than that of pure resin cast.

The thermotolerance of the cured resin was incte&sa certain extent due to the strong
interaction between epoxy resin and nano-silicatigges by adding nano-silica. As the
nanoparticles undergo a surface treatment withaaesicoupling agent, the coupling agent on the
surface of nanoparticles acted as a crosslinkingt po the matrix was easily twined with the
epoxy resin chain, resulting in physical crossimki And these coupling agents were bonded
with the matrix, so that a good interface effecsvi@@med between epoxy resin and nano-silica
particles. Therefore, the introduction of nanomées was conducive to improving thg ®f
epoxy resin system.

3.4 Influence of nano-silica content on fiber volume content and density of carbon-fiber-
reinforced composites

The density of the carbon-fiber-reinforced compessiprepared by adding nano-silica into
the epoxy resin varied with the content of nan@ails shown in Table 1. With the addition of
nano-silica content, the density of the carbonrffileénforced composites increased, whose
values were 1.35-1.67 g/ém

The main advantage of the carbon-fiber-reinforcethmosites prepared by nano-silica
modifying epoxy resin films using RFI technologyhigh fiber volume conterit” *8 which also
is an important parameter to characterize infilrateffect and material properties of the resin
and fiber. The dependence of the fiber volume cund@ the nano-silica content is shown in
Table 2, which was obtained by the method of buhass and separation. From the table 2, the
fiber volume content was remained about 58% andhntiigher than that of the carbon-fiber-
reinforced composites prepared by traditional pgscdue to the addition of the filler, the
density of the carbon-fiber-reinforced compositegswncreased, but the arrangement of the
fibers was unchanged. The nano-silica molecules Vited in the voids between fibers and
resin, which did not change the total content effthers, so the volume content of the fibers was
constant even when the nano-silica content inccease

3.5 Influence of nano-silica on porosity of carbon-fiber-reinforced composites

Another advantage of carbon-fiber-reinforced conitpssis Low porosity®® % As an
important parameter of carbon-fiber-reinforced cosies, porosity was used to characterize
infiltration effect of the resin and fiber by miswopic labeling method. The surface morphology
of carbon-fiber-reinforced composites modified na-silica with different contents and the



relationship of porosity and nano-silica contentrevelisplayed as Fig. 6 and Table 3,
respectively. The porosity of the carbon-fiber-ferned composites was significantly decreased
after the filling of nano-silica, because nanoesilipenetrated along the thickness of the
composites as the resin flow in RFI process anficgrit contact with resin and fibers to fill the
gap of fibers in the infiltration process and vomtsduced during the resin curing process, thus
blocking the flow of nano-silica and suppressing #hrinkage of the matrix by vacuum to
reduce the porosity of the carbon-fiber-reinfora@inposites. Hence porosity of the carbon-
fiber-reinforced composites was reduced via fillivgno-silica.

3.6 Influence of nano-silica on the per meability of carbon fiber cloth

The distribution of the particles in the carborefileloth directly affects the properties of the
carbon-fiber-reinforced compositéd *?, which also contributes to study of filling of fttional
particle in the futuré®™. In this paper, the epoxy resin film modified bano-silica was used in
RFI process to prepared carbon-fiber-reinforced pmmsites. In order to research the
permeability of the nano-silica particles in theus® of RFI, the composition of surface and
along the thickness direction of carbon-fiber-remned composites was analyzed by electron
spectroscopy analysis (EDS). The distribution oftipl@s in the thickness direction of the
carbon-fiber-reinforced composite and the perméglf the surface are shown in Figures 7 to
12.

The plane scans of element are shown in Figure. 7F& thickness direction of carbon-
fiber-reinforced composite laminates is rich inGCand Si. Fig. 7 shows the element distribution
in the thickness direction of the carbon-fiber-feined composite laminates without nano-silica.
Compared with Fig. 8, the Si elements were homogesig distributed in in the thickness
direction of the carbon-fiber-reinforced compodaeinates. Along the flow direction of the
resin, the region with more C elements was theidigton area of the carbon fibers. And the Si
element distribution at the intensive region okfilwas decreased than other regions, so the 20
layers of carbon fiber had played a blocking rol@ano-silica flowing with resin. But overall Si
element was distributed evenly in the thicknessasbon-fiber-reinforced composite laminates.
However, the Si elements aggregation was obsenvetia particular region of carbon-fiber-
reinforced composite laminates when nano-silicadd through the region with resin. In Fig. 9,
the nano-silica distributed uniformly in the thiggs direction of the composite laminates using
40 layers of carbon fiber cloth. And darkest regiavere observed, because the existence of
carbon fiber in this area caused uneven surfackeo€omposite laminates. By zoom spectrum,
the evenly distribution of the nano-silica was aled in the carbon-fiber-reinforced composite
laminates. In summary, the uniform distribution tbé nano-silica is very important for the
performance of the composites, indicating that treno-particles fillng in RFI process
contributes to prepare the carbon-fiber-reinforcechposites.

Fig. 10 displays the plane scan of nano-silica fiedlicarbon-fiber-reinforced composite
laminate surface. The surface is the end of the re8ltration. Since the process requirement of
preparing the carbon-fiber-reinforced compositeitetes, the release cloth and ventilated felt
are used, resulting in the filling particles aggération in the surface. Hence, the permeability of
the nanoparticles in the carbon-fiber cloth waslared by studying the distribution of Si
element in surface. In Fig. 11, the C and O elemeam@re uniform distributed in the surface of
the composite laminates prepared by the 20 laytsoa fiber cloth. The Si element distribution
in the surface was less than that in the thickdesstion of composite laminates, because nano-



silica easily was absorbed to the release clothvandilated felt under vacuum pressure, so the
region with less Si element distribution was thahwvinigh vacuum pressure. Fig. 12 shows the
similar Si elements distribution in surface of casipe laminates made by the 40 layers carbon
fiber cloth with Fig. 11. Si elements agglomerat@miso were observed in surface of carbon-
fiber-reinforced composite laminates. Comparisomhwhe thickness direction of composite
laminates, the distribution of nano-silica in carbiiber was relatively uniform. And the Si
elemental distribution in the surface showed thatrtano-silica could travel to surface from the
bottom of carbon fiber cloth by infiltration. Hendds found that the inorganic/organic carbon-
fiber-reinforced composites were prepared using E¥ehnology that made the resin film
modified by nano-silica particles well penetrated tarbon fiber materials by the plane scan of
EDS analysis.

3.7 Effect of nano-silica on the mechanical properties of carbon-fiber-reinforced
composites

The tensile and bending properties of the compdait@nates prepared by the 20 layers
carbon fiber cloth using RFI technology were digpth in Fig. 13. As nano-silica content
increased to 1wt%, the tensile and bending strengtbre greatly improved. The tensile and
bending strengths of composite laminates were asa®@ by 23.56% and 75.26%, respectively.
The tensile strength was changed from 319.75 ta089MPa and the bending strength was
improved from 310.05 to 543.39 MPa when the nahcastontent changed from 0 to 1wt%.
With the further increase of nano-silica contehg tensile and bending strengths of composite
laminates was increased. The values of maximuniléestsength and bending strength obtained
when nano-silica was filled about 4wt% were 595&® 703.76MPa, which increased by
86.30% and 126.98% compared with pure epoxy rasispectively. As nano-silica content
further increase to 5wt%, the tensile and bendingngths was decreased due to the strong
blocking effect caused by agglomeration of carbdverf in RFI process resulting stress
concentration.

3.8 Effect of nano-silica on the microstructure of carbon-fiber -reinforced composites

In the mechanical experiment of carbon-fiber-reioéal composites, the tensile fracture
surface morphology of was characterized by usiegsttenning electron microscope (SEM), as
shown in Figure 14-16.

Fig. 14 shows the SEM images of carbon-fiber-reitdd composites without nano-silica.
In Fig. 15. (a), the bright white spot was obseriedurface of composites because of adding
2wt% nano-silica, indicating the nano-silica pdesc aggregated at the bright white spot.
Comparing the three images (b), microcracks weoelyred in the matrix of the resin as the
nano-silica filling. With the nano-silica contenticreasing, the number of microcracks was
increased leading to large surface roughness. Tdahamical properties of composite laminates
added with nano-silica were increased by two remsbinst, nano-silica had played function of
reinforcing and toughening when nano-silica waedilin the resin matrix. Second, nano-silica
was adsorbed on the surface of carbon fiber inf&tess to fill the gap between carbon fiber
and resin, thus the stress caused by external fon@s dispersed to achieve
reinforcing and toughening effect.



4. Conclusions

The inorganic particles modified composites werecsasfully prepared via filling
inorganic particles into epoxy resin films and @gsRFI technology and the properties also were
studied. It was shown that the viscosity of epoggim mixtures was increased and the curing
reaction of the epoxy resin system was signifigamdduced when nano-silica was filled,
indicating the gel time could be increased to 46 mhile the formation process of resin films
was not affected by controlling nano-silica contefhe glass transition temperature was
increased at first and then decreased with thee@sing content of nano-silica, the maximum
values of glass transition temperature of curethress 117.3 when nano-silica content was
3wt%. And the density of carbon-fiber-reinforcedmmosites was improved as the increasing
nano-silica content. EDS analysis showed the pdritityaof composites made by 20 or 40
layers carbon fiber was good. Si element was umifprdistributed in the entire plane and no
obvious aggregation of element was found in the sidd surface of composites. Analyzed the
mechanical properties of carbon-fiber-reinforceanposites modified by different nano-silica
content, the tensile strength and flexural strengéine increased by filling nano-silica. When
nano-silica content was increased to 4wt%, the mami values of tensile strength and flexural
strength were obtained and improved by 86.30% &&98% than that of composites without
nano-silica, which were 595.69 and 703.76 MPa. BMSmicrographs, it was found
that excellent toughening and strengthening effettsarbon-fiber-reinforced composites were
achieved with filling 4wt% nano-silica. As the nasitica fill the gap between resin and carbon
fiber, the resin and the fiber surface were conabfein contact with each other to disperse the
external force so as to enhance toughening anadgskrening effect.
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Fig. 1. Process flow diagram of nano-silica maaifepoxy resin composites using RFI
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Fig.2. Kinematic viscosity curve of epoxy resin tope modified by different content of nano-
silica at different temperatures
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Fig. 4. The gel time curve of the resin film atfeient temperatures
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Fig. 6. SEM images of carbon-fiber-reinfor
different contents (a) 0 wt%, (b) 1 wt%, (c) 2wtdd) 3wt%, (e) 4wt%, (f) Swt%
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Fig. 7. SEM and EDS element images of carbon-fiearforced epoxy resin without nano-silica
in in the thickness direction (40 layers) (a) cresstional SEM image, (b) EDS image of C
element, (c) EDS image of O element, (d) EDS inmafgsi element
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Fig. 8. SEM and EDS element images of 4wt% nanoasthodified carbon-fiber-reinforced
epoxy resin in the thickness direction (20 layéag)cross-sectional SEM image, (b) EDS image
of C element, (c) EDS image of O element, (d) ED&de of Si element



Fig. 9. SEM and EDS element images of 4wt% narioasthodified carbon-fiber-reinforced
epoxy resin in the thickness direction(40 layeag)ofoss-sectional SEM image, (b) EDS image
of C element, (c) EDS image of O element, (d) ED&de of Si element

Fig. 10. SEM and EDS element images of carbon-fiberforced epoxy resin without nano-
silica in surface (40 layers) (a) surface SEM imggeEDS image of C element, (c) EDS image
of O element, (d) EDS image of Si element



Fig. 11. SEM and EDS element images of 4wt% nalicasnodified carbon-fiber-reinforced
epoxy resin in surface (20 layers) (a) surface SiElbe, (b) EDS image of C element, (c) EDS
image of O element, (d) EDS image of Si element

Fig. 12. SEM and EDS element images of 4wt% nalcagsinodified carbon-fiber-reinforced
epoxy resin in surface (40 layers) (a) surface SElge, (b) EDS image of C element, (¢) EDS
image of O element, (d) EDS image of Si element
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Fig. 13. Variety of (a) tensile and (b) bendingertyths of carbon-fiber-reinforced composites
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Table 1 Changes in density of nano-silica moditiathon-fiber-reinforced epoxy resin
with nano-silica content

Sample Density(g/ch)
Owt% nano-silica 1.35
1wt% nano-silica 1.57
2wt% nano-silica 1.59
3wt% nano-silica 1.60
4wt% nano-silica 1.63
5wt% nano-silica 1.67

Table 2 Dependence of the nano-silica content eriiltier volume content of nano-silica
modified carbon-fiber-reinforced epoxy resin

Sample Fiber volume content %)
Owt% nano-silica 58.65%
1wt% nano-silica 57.99%
2wt% nano-silica 58.23%
3wt% nano-silica 58.14%
4wt% nano-silica 58.76%
5wt% nano-silica 58.68%

Table 3 Variation of porosity of nano-silica modifi carbon-fiber-reinforced composites with
nano-silica content

Sample Porosity (%)
Owt% nano-silica 3.26
1wt% nano-silica 2.07
2wt% nano-silica 1.57
3wt% nano-silica 1.23
4wt% nano-silica 1.09

5wt% nano-silica 0.97




