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Abstract

The effects of integrating micro-&D; onto carbon fiber surface and its contents on aueichl
properties of carbon fiber reinforced polymer cosifes were investigated. Mode Il interlaminar feaet
toughness, impact strength, flexural properties iaitéhl modulus were determined by mechanical test
machines and dynamic mechanical analyzer. The mefsoperformance improvement was discussed
based on scanning electron microscopy. The moitkéelllaminar fracture toughness, impact strength, a
flexural strength of composites without additionnaitro-Al,O; were 348 J/f 118 kJ/m and 682 MPa,
respectively. However, the mechanical propertiesnoflified composites were improved significantly.
The mechanical properties were optimum when thalatensity of micro-AlO; particles reached 15
g/ at which the mode Il interlaminar fracture tougssieémpact strength, and flexural strength reached
522 J/m, 161.7 kd/rhand 759 MPa, respectively. Furthermore, these ositgs with addition micro-
Al,Ojz in the layers showed an improvement in thermaperty.
Keywords. A. Layered structure; A. Polymer-matrix composit&s; Delamination; B. Mechanical
properties; C. Lay-up.

1. Introduction
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Carbon fiber reinforced polymer (CFRP) compositemveh excellent mechanical and thermal
properties [1-3], which, however, are usually limitfrom being applied in aerospace, automobile,
military industries due to low interlaminar fractutoughness [45]. Such problem can mainly be
attributed to the absence of reinforcing fibereotéd in the thickness direction for effective searse
load, which can be directly circumvented througlpi@ning or stitching of these fibers to connect
laminates [6-12]. Nevertheless, this laborious méttegrades the tensile properties of compositds an
needs additional manufacturing processes J4B, Therefore, matrix in these composites, epoxynost
cases, has been paid particular attention. Until o kinds of methods have been reported. (130
with special structures, such as dendritic hypanbtined polymers [15], are used, but the interlamina
fracture toughness cannot be evidently elevatell E(®xy matrix is modified by adding additional
components, such as rubber particles [16] and thelastics [17]. For rubber particles, although the
phase-separated structure in blends often increhseisiterlaminar fracture toughness, the streiagith
modulus are decreased. Thermoplastics functiosdhge as rubber particles do. Besides, resin vigcosi
is tremendously increased when high molecular wigligrmoplastics are added into epoxy, which causes
processing difficulty.

Recently, inorganic particles, especially nanopbsi such as carbon nanotubes, nanoclay and
nanoalumina [18-25], have been used to increasefriwure toughness of epoxy in bulk and in
composites. Compared with the methods mentionedregbthis one can significantly improve the
interlaminar fracture toughness without obviousrifige of other properties. Jen et al.[26] modified
AS-4/PEEK composite with Sinhanoparticles and increased the strength by 1286 Gpwt% addition,
barely affecting the tensile fatigue performanceoalWang et al.[27] used nanowhiskers to raise the

composite G from 140 J/rito 220 J/m. Hojo et al.[28] increased the interlaminar fraettoughness



more than 1.5-fold by adding carbon nanotubes. Weweaanoparticles should be sufficiently dispdesib
and compatible with the epoxy resin awaiting blaegdiuring most modification processes.

Until most recently, Kelkar et al. [280] modified fiber but not matrix by using alumina
nanoparticles at ply interfaces. They dissolvednaha particles in water-methanol and sprayed theta o
the fabric surface. After the solvent was removgdhbating, they used vacuum-assisted resin transfer
molding (VARTM) to form a composite panel. Moderadture toughness of composites made by this
method exceeded those of composites prepared diyidreal methods modifying the matrix. The average
Gic values for alumina nanoparticles to modify fiberdaepoxy resin are 506 Jnand 440 J/f
respectively. With this method, nanoparticles arell vdispersible and compatible with matrix. By
spraying polyethyleneimine particles onto carbaefisurface, Woo [31]Jmanaged to raise the model | an
mode Il interlaminar fracture toughness from 165280 J/m and 540 to 1300 J/inrespectively.
However, the thermal property deteriorated becafishe thermoplastic added. Thus, it is more sigtab
to spray micro- or nano-inorganic particles ontoboa fiber surface. To this end, the effects of
nanoparticle amount, nanoparticle size (e.g. miao-hano-sized) on final property, mechanism for
interlaminar fracture toughness improvement andedifices between mode | and mode Il fracture
toughness should be clarified.

In this study, different amounts of micro®k(nano-AbO; and multiscale AD; will be discussed in
the following paper as a series of work)were spilayeto carbon fabric surface and laminate comp®site
were prepared with VARTM. The influence of microfigle content on carbon fabric surface on mode I
fracture toughness, and the mechanism for interlamiracture toughness improvement were discussed
based on mechanical properties test and scannigirah microscopy (SEM). Furthermore, other

mechanical properties including impact strengtlexdral properties, initial modulus and thermal



properties were also studied.
2. Experimental

2.1 Materials

A matrix composed of epoxy with trade name of CYDFs and curing agent CYDHD-501 was
provided by Yueyang Baling Huaxing Petrochemical.,dad. (China). As recommended by the
manufacturer, the formulation of matrix was 100:(8@ight ratio of epoxy to curing agent), with avlo
viscosity of about 280 cP at 25°C. The gel timaritture was more than 6 h at injection temperature
(25°C).

All composite laminates were reinforced with unéditional carbon fiber under trade name ht-T700
from Yixing Hengtong Carbon Fiber Weaving Co., L{@&hina). The carbon fiber had a high tow-density
(12 K) with an areal density of 200 g/mAlumina microparticles (3tm) with the purity of over 96%
were purchased from Wuxi Tuoboda Titanium Prod@ais Ltd. (China). Teflon film with a thickness of
0.03 mm was bought from Jiangsu Xinrui Plastic Textbgy Co., Ltd.

Silane coupling agent KH550was obtained from TraBjongliqu Tianda Chemical Reagent Factory.
Absolute ethanol was obtained from Tianjin Tianfigbnical Reagents Ltd. Acetic acid was received from
Tianjin Yongda Chemical Reagent Co., Ltd. Distilledter was prepared in our group. All chemical
agents were used as received without further gatitn.

2.2 Sample preparation

2.2.1 Surface maodification of micro-Al,Oz particles

KH550 was dissolved in a mixture of ethanol andewndV: v, 80:20) at 30°C for 30 min. pH was
adjusted to 5 by acetic acid. Then micrg@yparticles were added into the solvent and stirnedeu

magnetic stirring for 1h at 45°C. Afterwards, thedified micro-ALO;particles were washed 4 times by



ethanol, suction-filtered, dried, ground and sieved

2.2.2Preparation of alumina-toughened laminates and VARTM process

The composites were made according to procedurssrided by Kelkar et al. [29, 30]. Surface
modified micro-AbO; particles were added into distilled water and sateid for 1h, after which the
mixture was stirred under magnetic stirring for8h and sprayed by an atomizer onto the unidireelio
fabric surface. Then the solvent was removed byitng#éhe modified fabric in an oven at 110°C for. 3h
Laminated composites with a single edge notch adveacated using VARTM. Modified unidirectional
carbon fiber with different areal densities of mi&l,O; particles on the surface were laid up in a tool
mold which had been coated with a release ageniqusly using a [0%,; lay-up configuration. Teflon
film was inserted as a starter crack between thadftvand thirteenth layers. The whole system was
sealed in a vacuum bag, and then the composites pvepared after the resin impregnated into ther fib
layers under vacuum. The process was held at reompdrature.

2.3 Measurements

Fourier transform infrared (FT-IR) spectra wereetralby using a Nicolet 5700 FT-IR spectrometer.
Co-addition of 32 scans was recorded at a resoluib4 cn'. FT-IR spectra of the samples were

obtained using KBr pellets.

End notched flexure (ENF) test was performed adngrdo Chinese Aviation Industry Standard
HB7403 in order to evaluate mode Il interlaminacfure toughness. Five samples for each composite,
which were 25 mm in width, 140 mm in length and BB in thickness (Figure 1A), were tested by
using a mechanical testing machine CMT6104(MTS s$tdli Systems (China) Co., Ltd.).The samples
were cut from the fabricated panels, and pre-cré¢@smm in length) were introduced carefully in erd
to avoid blunt crack tips. Three-point bending vegplied to the samples (Figure 1B) with the span

length of 2L.=70 mm initially. Controlling displacemt was used and the loading rate was 1-2 mm/min.



When the cracks grew 5 mm, the span length 2L adbg 100 mm, and then the load was continuously

applied on the sample until it plummeted (Figurg.1C

Mode Il interlaminar fracture toughness was evadatsing the equation based on the direct beam

theory method [3233]:

P’

Crc = e +am) 0 @

WhereGIIC is the mode Il interlaminar fracture toughness IR is the applied load at crack

propagation (N)Jis the displacement at maximum loading (mm), Aésdffective crack length(mm), 2L

is the span length(mm), and W is the width of sanfpim).

Flexural property tests of composites were caroigdusing CMT 6104 electronic tensile tester from
MTS Industrial Systems (China) Co., Ltd. in accoicato GB/T 1449-2005. The dimensions of sample
were 120 mm x 15 mm x5.5 mm (length x widthx thiess). The span length was 16 times of thickness.
The loading rate was 2 mm/min. Five specimens wested to obtain an average.

Charpy impact tests of unnotched composites weargdaout using a pendulum-type testing machine
(XJU-22, Chengde, China) in accordance to GB/T 12@5. The dimensions of sample were 120 mm x
10 mmx 5.5 mm (length x widthx thickness). The slgagth was 70 mm. Five specimens were tested to
obtain an average. The test was performed withydandimpact energy of 15 J.

The images of fracture surfaces of composites wbserved with an SU-1500 scanning electron
microscope. The fracture surfaces were coated gatth and observed with an accelerating voltageOof 2
kv.

Dynamic mechanical analysis (DMA) of the compositess performed by using Mettler-Toledo
DMA/SDTA861 dynamic mechanical analyzer with thenpée dimension of 50 mm x 10 mm x 4.5 mm
in a single cantilever clamp mode (owing to highduas of the composites) from 25 to 150°C with a

heating rate of 2°Cemihand frequency of 1 Hz. The displacement amplitude set at 2Qm.
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3. Reaultsand discussion

3.1 Surface modification of micro-Al,Os; particles

In order to improve the dispersibility of micro-8l; particles in epoxy resin and to enhance their
binding, KH550 was used to modify the particle aud. Figure 2 shows the FT-IR spectra of modified
and unmodified surfaces of micro-@; particles.

There is an absorption band at 3500 dor -OH (Figure 2A) before modification, suggestithat
the surface of micro-AD;particles had numerous-OH groups. However, aftedification by KH550,
the peak intensity obviously decreases, and a falSi-O- appears at 1000 &ffrigure2B), indicating
that KH550 had been successfully grafted on thfaserof micro-AbO; particles. As previously reported,
KH550 hydrolyzed to silanol, X-Si-(OH) and reacted with -OH from the surface of micreedl
particles to form a -Si-O- structure.
3.2Effect of micro-Al,Os particle contents on mode I interlaminar fracture toughness

The influence of different areal densities of miélgOsparticles on mode Il interlaminar fracture
toughness was examined. Figure 3 shows the logdadsment curves of composites modified by
different areal densities of micro-&); particles on carbon fiber surface. The unmodifiethposite had a
1.12 mm displacement at maximum load, 721 N (Fi@ake After addition of micro-AD;particles on
the carbon fiber surface, the displacement at maxirtoad increased with rising areal density to if’g
The detailed data are shown in Table 1. When tkal atensity increased from 5 d/o 15 g/md, the
maximum load rose from 891 N t01085 N, and the exponding displacement at maximum load
increased from 1.15 mm to 1.32 mm. However, whem dheal density increased to 20 §/rthe
maximum load decreased to 993 N, and the correspgmiisplacement dropped to 1.30 mm. Therefore,

modification with micro-A}O; particles on the carbon fiber surface had a pasigiffect on maximum



load and displacement of mode Il interlaminar fuaet probably because more energy was absorbed
while the crack grew after meeting micro,@k particles. When the delamination crack met micrg@Al
at the interlayer, a crack path detoured, duringchvinore energy was absorbed [17].

Besides, load and displacement were only linealgted in the composite without modification
(Figure 3a). Afterwards, the load abruptly plumndeteand the crack propagated unstably. These
phenomena reflect the brittle nature of epoxy. Hasveload-displacement curves (Figure 3b, 3c, &), 3
of modified composites show linear relationship#iahly and obvious non-linear ones thereafter.
Moreover, there was a platform at the maximum. Henibe crack propagation was delayed by
micro-Al,Oz particles on modified composites.

Furthermore, in the composite without adding miatgO; particles (Figure 3a), the load decreased
from 721 N to 426 N when the sample failed. Howewdter modification by adding micro-AD;
particles, the load reduced by 115 N, 113 N, 16108 N and 102 N respectively when the areal dgnsit
changed from 0 g/fm5 g/nf, 10 g/nf, 15 g/nf, to 20 g/mM. Thus, micro-AJO; particles not only delayed
the crack propagation as stated above, but alsctefély hindered it after the sample failed and
prevented delamination damage in a large area.

As shown in Figure 4 and Table 1, the mode Il iatainar fracture toughness of unmodified
composite is 348 J/mWhen the areal density of micro-8k particles increased from 5 gfrio 15 g/n,
the interlaminar fracture toughness increased 8 J/ni to 522 J/rf, which, however, decreased to
477 JImMat the surface areal density of 20 §/ffhe interlaminar fracture toughness increased4y%,
34.2%, 50.0% and 37.1% respectively compared i af unmodified composite.

Based on the above findings, micro,®@4 particles, when sprayed on carbon fiber surfaceeed

remarkably augmented the interlaminar fracture boags. Changing trend of the toughness may be



ascribed to the aggregation phenomenon when th# dessity exceeded 15 ¢finforming defects in
composite and reducing the interlaminar fractutgjbmess.
In short, the interlaminar fracture toughness redcimaximum when the areal density of

micro-Al,O; particles was 15 g/

3.3 SEM analysis of fracture surface

SEM images were taken from the fracture surfac&MF samples in order to explain the above
results (Figure 5). The unmodified composite hadnaooth fracture surface (Figure 5A) with few
micro-Al,Oz particles and resin thereon. The fracture mode bviae fracture. However, the fracture
surface was distinctly different after micro,@®% particles were added at ply of interlayer (Figure
5B-D).The resin shows zigzag dispersion and adhesio the fiber surface after the sample failed.
Furthermore, the fracture surface became roughttadracture areas increased compared with those of
unmodified composite. Accordingly, the interlaminfiacture toughness may be elevated because
micro-Al,Oz particles prevented the growth of crack and detbitré=igure 5E shows the fracture surface
of composite modified by micro-AD; particles with higher areal density (20 §JniThe surface image
mostly resembles Figure 5B-D, but there were camaille aggregated micro-&); particles in the
fracture surface, which then became defects anérarided the final property[34]. When micro 8k
particles aggregated, the adhesion force betwesmm thas weakened. As a result, the particles slipped
when external force was applied on the samplesgltlyecounteracting the positive effect of modificat
These results are consistent with fracture toughngsanges, and can explain the decreases of
interlaminar fracture toughness when the arealitleinsreased to 20 g/m
3.4Effect of micro-Al,Os particles on impact toughness and flexural property of composites

The effects of micro-AlD; particle areal densities on the energy absorptiapakbility of the



laminates under impact loading were assessed @i§ur As summarized in Table 2, the absorption
capability of modified composites surpasses thahefunmodified one. Meanwhile, the impact strength
increased, as the interlaminar fracture toughnissadth rising areal density from 118 kJait 0 g/ni to
162 kJ/nf at 15 g/m. Further increasing the areal density to 20°glecreased the impact strength to 136
kJ/nf. This phenomenon may also be attributed to theemggion of micro-AlO; particles when the
areal density increased to 20 §/m

Besides, the flexural properties of composites wals® evaluated (Figure 7 and Table 2). The
flexural properties, including flexural strengthdafiexural modulus, changed similarly to interlaanin
fracture toughness and impact strength did. Thg difference was that flexural strength and flexura
modulus changed mildly when different contents afroyAl,O; particles were added. When the areal
density of micro-AJO; particles changed from 0 g#rto 15 g/, the flexural strength increased from 682
MPa to 760 MPa, then further increasing the mictgOA density to 20 g/ the flexural strength
decreased to 713 MPa, and the corresponding flexupdulus increased from 69.4 GPa to 78.3 GPa
firstly and then decreased to 76.2 GPa, which pblgbdue to the higher modulus of micro, 8%
particles than that of epoxy resin. Hence, thelfftexural properties mainly reflect the property o
micro-Al,O3 particles. Different from thermoplastic particle dification which weakens the flexural
properties compared with those of unmodified systhie strategy at least partially improved thediel
properties.

Furthermore, the standard deviation of all mectampooperty data (Table 1 and Table 2) is less than
10% which illustrates the effective of the data #helreproducibility of composites.

3.5 Dynamic mechanical properties of composites

DMA verified that the areal densities of micro.,8 particles positively affected the modulus of

the carbon fiber reinforced epoxy laminates at réemperature (Figure 8A). The modulus of unmodified

10



composite, which was 60 GPa at 50°C, increase® t6Fa with rising areal density to 15 §/and then
decreased to 66 GPa at the areal density of 26. hese changes were similar to those of flexural
modulus. In addition, the glass transition temperhardly changed (Figure 8B) with increasing larea

density of micro-AJO; particles.

4. Conclusion

CFRP composites were fabricated by VARTM. The carliber surface was modified by
pre-dispersed micro-ADs particles that had been modified by KH550 to imgrdkie compatibility in
composites. Carbon fiber surfaces with four différareal densities of micro-AD; particles were
prepared and corresponding composites were made.

The carbon fiber surface was modified by sprayingrorAl,O; particles, which had a positive effect
on the mechanical properties. The mode Il intenfemifracture toughness, impact strength, flexural
properties and initial modulus all increased witking areal density until 15 ginThe mode I
interlaminar fracture toughness was 5222)/amd the impact strength and flexural propertisched
maxima. Although the mechanical properties wereenmined at the areal density of 20 /ey were
still superior to those of the composite withoutliéidn of micro-ALO; particles. SEM images showed
that the improved mechanical properties can mdielascribed to the resistance of micrglparticles
to crack growth, and particle aggregation at thealdensity of 20 g/fmay be mainly responsible for the
jeopardized properties. Meanwhile, the thermal prtyp of modified composite remained almost
unchanged.
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Figure captions

Fig. 1. Schematic diagram of interlaminar fracttoeghness testing (A, sample size; B, ENT test

procedure; C, load-displacement)

Fig.2. FT-IR images of surface structures withouat avith micro-ALO; particle modification (A,
unmodified surface; B, modified surface)

Fig. 3. Load-displacement curves for the compositedified by different areal densities of micro,@4
particles (a, unmodified; b, areal density is 5 /e areal density is 10 gfird, areal density is 15 gfm

e, areal density is 20 gfn

Fig. 4. Mode Il fracture toughness as a functiommfal density of micro-AD; particles on carbon fiber
surface

Fig. 5. SEM images of mode Il interlaminar fracta@faces in composites (A, unmodified; B, areal
density is 5 g/ C, areal density is 10 gfirD, areal density is 15 ghrE, areal density is 20 gfin

Fig. 6. Relationship between impact strength aedlatensity of micro-AlD; particles

Fig. 7. Relationship between flexural property angial density of micro-AD; particles
Fig. 8. DMA curves of different modified composités, modulus curves; B, Tan Delta curves) (a,
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unmodified; b, areal density is 5 dfnt, areal density is 10 gfind, areal density is 15 gfme, areal

density is 20 g/f)
Table 1. Detailed data about maximum load, dispreesg and mode Il interlaminar fracture toughness

Table 2. Mechanical properties of composites
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Table 1. Detailed data about maximum load, displacement and mode |1 interlaminar fracture toughness

(all errors quoted correspond to +/- 1 standard deviation)

Areal densities of micro-Al,O; Maximum Load  Inflection at maximum  Interlaminar fracture

particles (g/m?) (N) load (mm) toughness (Jm?)
0 721+ 26 1.12+0.02 348+ 34
5 891t 14 1.15+0.03 399+ 23
10 956+ 29 1.23+0.07 467+ 33
15 1085+ 53 1.32+0.03 522+ 42
20 993+ 42 1.30+£0.04 477+ 11

Table 2. Mechanical properties of composites

Areal densities of Impact strength Flexural strength Flexural modulus
micro-Al,Os particles (KIm?) (MPa) (GPa)
(g/m?)
0 118+ 6.5 682+ 21 69.4+ 3.3
5 133+6.2 727+ 25 73.7+34
10 152+ 75 755+ 21 80.4+2.1
15 162+8.3 760+ 16 78.3+3.9

20 136+ 4.7 713+ 20 76.2+ 2.3
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