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ABSTRACT

We present the effects of nano carboxylic acrytdaibutadiene (CNBR-NP) and nano
acrylonitrile butadiene (NBR-NP) rubbers on thesifdminar shear strength, fracture
toughness and Charpy impact strength of glass/ fidicgandiamide-cured epoxy matrix
composites (GFRP). Dispersions of 20 phr of nanmeulinto the matrix significantly
improved the Mode | (fg) and Mode Il (Gc) delamination fracture toughness of the
GFRP panels by 190% and 70% respectively. No raltiee change in the glass
transition temperature of the composite panels whserved.Scanning electron
microscopy images of the fracture surfaces showadeece of the existence of
toughening mechanisms such as de-bonding of therulaber, as well as presence of
crack path deflections and fibres bridging.
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1. INTRODUCTION

Fibre reinforced polymers (FRP) are gaining impar in engineering applications
because of their high specific strength and vditsatf use. However, FRPs are also
characterised by low fracture toughness becauskeedbrittieness of their main matrix
material — epoxy resins. While strength and rigicif epoxy resins are desirable in
many engineering applications, low fracture tougisnemits their performance. Due to
this drawback, scientists have been modifying ttrecture of epoxy resins with

tougheners for more than 3 decades.

Dicyandiamide (DICY) cured epoxy resins are wellbwm in industry as prepregs
constituents and curable structural adhesives,[3, 2, 5]. Solid acrylonitrile butadiene
rubber (NBR) with high acrylonitrile content proessia good compatibility between the
NBR and the epoxy resin [6, 7]. Carboxylic acrytdte butadiene rubber (CNBR) is a
modified NBR with carboxylic groups along the hydadbon backbone, and imparts an
even better compatibility with epoxy than NBR dwethe presence of active polar
groups on the patrticles surface [8]. To the beghefAuthors’ knowledge no previous
study has been reported or published in open fiteraabout the toughening of
dicyandiamide-cured epoxy matrix with acrylonitfdlased nanorubber materials and
the related mechanical properties of the resultiagocomposites, because of the
challenges in processing the materials and the Emgtructure and cross-linking
mechanism of DICY curing agent [9]. Further resbascneeded in this area, and this

forms the primary motivation of the current work.

A significant body of literature describes the etseon the mechanical properties of

epoxy resin systems by adding nanorubber [10, 9%,811]. However, there is a



noticeable lack of work that illustrates the mecbain properties of FRPs with
nanorubber-toughened epoxy as matrix, mainly becatishe increase in the viscosity
of the resin with the use of nanorubber that mak#igult the penetration of the nano-
modified resin through the fibres. In this paperal& describe the analysis on GFRPs
panels with the nano-rubber toughened matrix predioy hand lay-up techniques. The
outcome of the hand lay-up process is not affebiediscosity changes. Moreover, a
relatively high viscosity of the nano-modified medis prevent resin leakage at high
processing pressures, providing therefore improvwetrfacial properties. Epoxy
matrices have been toughened with nanorubber @slagoratory-scale triple mill that
generated particles with small sizes and dispessith even distributions that resulted

in a toughened network.

2. MATERIALS AND COMPOSITES MANUFACTURING

The epoxy resin used was liquid DGEBA (Araldite 1566) with equivalent weight of
epoxide equal to 188 (Huntsman, UK). Dicyandiam{B¢CY, Dyhard D50EP) was
used as the curing agent and a difunctional ur@ngdrd UR500) was used as the
accelerator, both supplied by AlzChem, UK. Nanadboaylic acrylonitrile butadiene
rubber (CNBR-NP) Narpow VP-501 (single particle esidistribution 50-100 nm,
acrylonitrile content, 26wt %), and nano acrylatetrbutadiene rubber (NBR-NP)
Narpow VP-401 (single particle size distribution01060 nm, acrylonitrile content,
26wt %) were received as powders from SINOPEC, iBgiResearch Institute of
Chemical Industry (BRICI), China. Fumed silica (F8geived from Aerosil, UK (B
=1 um) was used in some of the formulations to fiydtie rheological behaviour of the

nanofluids to help with the GFRP laminates produrctiGlass plies from Sigmatex



(UK) Ltd (2x2 twill with 287GSM) have been usedpgooduce the GFRP panels. The

matrix formulations used in this work are showT able 1.

The nanorubber modified resin matrices were firetlpced by drying the nanorubber at
~70°C for 16 hours in an oven to eliminate the dbst moisture. After drying, the
nanorubber was dispersed in the DGEBA matrix are blend was speed-mixed at
3500 rpm for 1 minute using a DAC 150.1 FVZ speadem Fumed silica (0.25 to 1
phr, depending on the final viscosity of the blehds been then added to the epoxy
matrix in selected samples. The dispersion of threed silica considerably increases
the viscosity of the blends and helps to preveatldakage of the resin matrix during
the curing of the GFRP laminates in autoclave urnigh pressures. To improve the
homogeneity of the mixture, the blend was tripldedifor 6 times at room temperature
(RT=23°C). After mixing, the blend has been magradly stirred at a speed of 320 rpm
and degassed at 70°C inside a glass flask for Li6shander vacuum. After degassing,
the curing agent and accelerator were added anfinddemixture was speed mixed at

2100 rpm for 6 minutes.

Bidirectional dry glass plies [0/93] with the nanorubber-toughened matrix and
produced by hand lay-up were vacuum bagged andl ¢aran autoclave under a 6 atm
pressure. Twelve and eight layers of glass plieewseed for fracture toughness tests,
Charpy impact tests and inter laminar shear stheigiSS) tests, respectively. The
composite panels were heated to 120°C at a heattegof 0.5°C/min and held for 1
hour at this temperature before cooling down tod&The same rate, in an autoclave.
The GFRP samples were cut from the cured panefg dsgh-pressure water jet. The
volume fraction of the glass fibres in the GFRP-posites was estimated using the

following equation:



100W,, N,

Wy =
Pr

)

Where WFAW is the fibre areal weighty, is the number of pliesB is the thickness of

the GFRP panels ang is the density of the glass fibre. The vaIueVUﬁAWis quoted

from the manufacturer’s datasheet of the glassdab(287 g/m). The density of the
glass fibre is 2.54 g/chj12]. The glass fibre volume fraction of the comipes was

40+4%.

The scanning electron microscopy (SEM) studieshenftacture surface of the matrix
showed that CNBR-NP was evenly distributed, howslight agglomeration existed in
the X NBR-NP/ R formulations (Figure 1). In all theadings a high amount of
nanorubber de-bonding was observed, which resuitechano and micro-voids
formation in the composites. Further details on phecessing and characterisation of

these formulations can be found in [13].
3. CHARACTERISATION

The glass transition temperature of the GFRP waaluated using a dynamic
mechanical analyser DMA Q800, TA Instruments. Laates with dimensions of
50x10x2 mm have been tested under three point hgholading and a fixed frequency
of 1 Hz. Temperature ramps were carried out fromt@@00°C at a heating rate of
2°C/min. The glass transition temperature was geted as the maximum stationary
point of the tard vs. temperature curve. The data were obtainechavarage of three

samples.



For short beam shear (SBS) loading, samples witledsions of 20x6.35x3.2 mm have
been tested following the ASTM D2344 standard. Tsts have been carried out using
a Zwick Z250 universal testing machine at RT (23°®ith a crosshead speed of
1.3mm/min. The samples were placed on two rollerallow a lateral adjustment and
subjected to central loading at mid span. The $pagth (S) to specimen thickness (t)
ratio was 5. The beams have been loaded untilréailnd the failure load was used to
calculate the apparent interlaminar shear stre(y#8) of the composites. The failure
load was interpreted as the first maximum loadirsth on load vs. crosshead

displacement graphs. The APS was calculated asafsil

0.75P
APS = — T 2
w @)
WherePno represents the breaking loadthe width of specimen aridhe thickness of

specimen. Five samples were tested from each ecoatign.

The effect of the nanorubber toughening on Modelamhination (toughnessig), was

studied using a double cantilever beam (DCB) tesiG&-RP samples following the
EN6033 standard. Again, a Zwick Z250 tensile maehivith a crosshead speed of
10mm/min was used for these tests. The samples lwaded perpendicular to the

delamination surfaces.

A piece of release film (PTFE film) was placed @e tmid plane of the stacked plies
during the hand lay-up process to create a 30mm jpwe-crack. Five DCB specimens
with dimensions of 250x25x3 mm were tested for eaalrix formulation. Screw-able

grips were clamped onto the two faces of the spemimends that featured the

manufactured cracks. The edges of the specimerslb®en coated with white paint and



marked for a clear reading of the crack length. phecracked samples were loaded
until a total propagated crack length of approxehatl00 mm was reached. The
interlaminar fracture toughness energy was caledl&om the propagated crack length
and the applied energy determined from load-crassd hdisplacement diagram. The

interlaminar fracture toughness is calculated whthfollowing formula:

A
G, =|— |x10° 3
2] .
Where:
G

ICis the fracture toughness (jbrrA is the required energy to achieve the total
propagated crack length (Jouled)is the crack length (mm) an@/ is the width of the

specimen (mm).

Scanning electron microscopy (SEM) at secondarstrele mode was used to study the
fracture surfaces of the GFRP laminates. The sampére vacuum coated with gold
using a sputter coater. Images were taken usingceelerating voltage of 20-25 keV

with a magnification between 90 to 2000 times.

To study the Mode Il interlaminar fracture toughsiesamples with dimensions of
150x25%x3 mm were tested at a crosshead speed offimmThe samples were
positioned on a three-point bend fixture with atafpan of 100 mm and an initial crack

length of 34-35 mm. Five specimens for each epaxyfiguration have been tested.

The samples were unloaded at the maximum load{fedhode Il fracture toughness,

Gic, was calculated at the maximum load sustainethégample.



According to the protocol described in [14, 15]:
9000Pa’d
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In (4), P is the load (N),0 is the crosshead displacement at the crack growseto

Gic =

(mm), W the specimen width (mm)y the initial crack length (mm) anll the span
length (mm). Similarly to Mode | delamination, fiveamples have been tested
corresponding to each epoxy composition. The erpartal setups for the,&and Ge

testing are shown in Figure 2.

For the Charpy impact tests, five samples from egmbxy batch were tested at RT
(23°C) using a Hounsfield Balanced impact machiokoWwing the ASTM D 256

standard.

4. RESULTS AND DISCUSSIONS

The variation of the Jwith the nanorubber loading is given in Table 2% decrease
in the Ty can be observed when adding 20 phr of NBR-NP eéonthtrix, indicating the
presence of a slightly less dense resin networkao&t no change in theyTof the

samples with the CNBR-NP modification indicatestthbmost all of the CNBR-NP
phase is phase-separated [16]. Further detailse@general behaviour of thg Viersus

the nanorubber loading can be found in [13].

The apparent interlaminar shear strength, failtmesses and corresponding strains of

the GFRP panels are presented in Table 3. Forlaaghate tested, a load-displacement



curve that represents the average of the five ssriplshown in Figures 3 (a) and (b),

respectively.

Laminates show a nearly linear elastic behaviouthatearly stage of loading. This
continues until an elastic limit is reached. Aftlis point each laminate shows a
decrease in load which is sudden in compositesSGKRP with neat resin matrix. In the
nanorubber-modified samples, the decrease in lsadiuctile and the crosshead
displacement till fracture is larger. This increaserosshead displacement is due to a
decrease in the composite stiffness in nanorubloelifirad samples, resulting in higher

deflections at the same load levels.

The results show that, GFRP with neat R/ 1FS maitixieved the highest peak load
and the apparent interlaminar shear strength (AleS)eased continuously with rubber
loading. The decrease in the APS values is at&tbta the low strength and stiffness of

the nanorubber particles decreasing the final gtreand stiffness of the laminates.

The Mode | fracture toughness of the GFRP laminaésgd on an average of 5 samples
are summarised in Table 4. There is a 190% and lib@#ease in ¢ with 20 phr

CNBR-NP and NBR-NP addition to the matrix, respesdi.

Figures 4 (a) and (b) show the load vs. displac¢merves of the GFRP samples with
CNBR-NP and NBR-NP modified matrices, respectivéljle maximum loads and
displacements to fracture increase proportionatlythe nanorubber concentration.
Figure 4 also shows that the force linearly incesastil it reaches the maximum force
value, and then gradually decreases with zigzageslklaring the propagation stages.
This could be due to the variations of resin-rich fibre-rich regions along the

longitudinal directions [17, 18].



The fracture process was recorded by a video catoeamalyse the crack initiation and
propagation. In Figure 5 (a), it is possible toeye that the type of crack has a rather
typical brittle topology, and no micro crack forneet is observed in the GFRP panel
with the R/ 1FS matrix. However, in the laminatehainhe 20 CNBR-NP/ R matrix a
significant amount of micro crack formation has hedserved, with the crack often
deviating from its path (Figure 5 (b)). Such zigyzaropagating crack with branched
paths requires a higher driving force and creatdsrger fracture area, resulting
therefore in higher fracture toughness. Hence, éhbanced interlaminar fracture
toughness of the GFRP panels with nano-toughenddcescan be explained by the

increased fracture surface area due to the crdtdctden [17].

SEM over the fracture surfaces from the DCB sampkes been used to evaluate the
fibre-matrix interfacial bonding and the toughenimgechanisms existing in the
composites. In Figures 6 (a) and (b), the fractuméace of the composite panel with the
unmodified epoxy matrix shows a typical brittlednare with no plastic deformation.
Figures 6 (c) and (d) shows the micrographs offtheture surface of a laminate with
20 CNBR-NP/ R matrix, in which a high amount of aarmbber debonding can be
observed to provide the toughening mechanism. darEi6 (f), it is possible to observe
the initiation of an interesting interphase betwelea glass fibres and the NBR-NP
modified matrix. The same interphase was howevérahserved in the CNBR-NP
toughened laminates. High amount of fibre Dbridgingsponsible for the high
interlaminar fracture toughness appears to exighentwo nanorubber-modified epoxy
formulations. Due to good adherence of NBR-NP medifresin matrix to the glass
fibre, tortuosity is observed in greater aspectsiclw was reflected in the mechanical

properties as a higher,&value. The toughening effect can be attributetihéoinherent
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tough and ductile properties of the nanorubbermsigdves. It is proved with SEM that
these properties of nanorubbers resulted in fibrieglng as well as nanorubber

debonding.

The Mode Il fracture toughness data of the GFRPp#zsnobtained from the ENF
specimens are presented in Table 5. Mode Il interlar fracture energy values are
higher than the Mode | ones because the crack gabipa occurs in shear rather than
tensile mode. It is possible to observe a strongedéency of the Mode Il fracture
toughness (z) on the fibre-matrix bonding. The increase in @Gg toughness with

increasing nanorubber concentration can be exuldiyethe enhanced bonding of the
nanorubber toughened resin matrix to the glasediljsee Figure 6). When the fiber-
matrix bonding is strong, several energy absorbpifgenomena such as matrix
deformation, matrix cracking, fibre pull-out, andarfacial failure take place [19]. As a

result of these phenomena, thg Gf the composites shows a significant improvement.

Figure 7 shows the corresponding load vs. displac¢nourves related to the ENF
samples. The load increases until the crack iesi@nd propagates, which then results
in a decrease in load. It can be seen that witmamease in nanorubber loadings, the

maximum load attained before fracture and the dhent to failure both increase.

The Charpy impact strength data of the GFRP parelgjiiven in Table 6. Addition of
20 phr of CNBR-NP or NBR-NP to the resin matrixulésd in this case in a 37%

average decrease in the impact strength of the asiteg.

A composite with low interfacial strength has asffitient transfer of energy from the
matrix to the fibre, and as a result a lower enesgsequired for breaking. Moreover,

the cracks formed in a composite with higher imgaaghness tend to branch out. A

11



large number of cracks lead to a greater areaasfure and therefore a higher energy
level is associated with the toughness of the caibgolt is therefore justifiable that a

composite with lower interfacial strength betweba fibres and the matrix has higher
impact strength values [20]. Thus, it is likely thlae adhesion between the fibres and

the matrix is enhanced with the increase of then#ber loading.

In Figure 8, the GFRP sample with the pristine mashowed a high amount of
delamination during fracture. However, delaminatwwas hardly noticed in the other
laminates with the nanorubber-modified matricespficming similar findings from

other researchers [21, 22].

5. CONCLUSIONS

In the present study, nano-sized CNBR and NBR nulpbeticles have been used to
improve the fracture toughness of GFRP composspscial emphasis has been placed
upon the evaluation of the fracture toughness efnidino-acrylonitrile butadiene rubber
toughened epoxy composites under loading conditon®sponding to Modes | and II.
The most efficient dispersion technique was evelllaand the mechanical and
morphological properties of the glass fibre lamasatproduced with these nano-

modified matrices have been analysed.

The fracture toughness of the GFRP laminates ingarosignificantly with the
nanorubber modification of the matrix, which wastified by the changed morphology
of the resins. (g and G toughness of the GFRP panels were increased 5 90
70% with rubber loading in both systems. Thewhs constant within the experimental
error. The main toughening mechanisms were identiéis fibre bridging, crack path

deflection and nanorubber de-bonding. The elastemeature of the nanorubbers

12



caused a reduction in the interlaminar shear stinerigdicating an enhancement in

flexibility of the GFRP composites with the dispersof the nanorubber.
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Figure Captions

Figure 1. SEM images of the fracture surfaces(af R/ 1FS,(b) 20CNBR-NP/ R(c)
20NBR-NP/ R

Figure 2. Experimental apparatus (d) DCB test,(b) ENF test

Figure 3. Loads vs. displacements for the GFRP panels {@hX CNBR-NP/ R
matrix, (b) X NBR-NP/ R matrix

Figure 4. Load vs. displacement curves of GFRP tested witiB[a) X CNBR-NP/ R
matrix, (b) X NBR-NP/ R matrix

Figure 5. Propagating cracks during the DCB tds), GFRP with R/ 1FS matrixb)
GFRP with 20 CNBR-NP/ R matrix

Figure 6. SEM images of the fracture surfaceqay, (b) laminate with R/ 1FS matrix,
(c), (d) laminate with 20 CNBR-NP/ R matriXe), (f) laminate with 20 NBR-NP/ R
matrix

Figure 7. Force vs. deformation fqa) GFRP with X CNBR-NP/ R matrices, 1: R/1FS,
2: 5CNBR-NP/ R, 3: 10CNBR-NP/ R, 4: 15CNBR-NP/ R,ZDCNBR-NP/ R (b)
GFRP with X NBR-NP/ R matrices, 1: R/1FS, 2: 5NBR/NR, 3: 10NBR-NP/ R, 4:
15NBR-NP/ R, 5: 20NBR-NP/ R

Figure 8. GFRP with nanorubber-toughened matrices show letsrdnation during
fracture
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Table Captions

Table 1.Formulations of the epoxy used in this work in (jFarts per hundred of
DGEBA)

Table 2. Glass transition temperatureg) bf the GFRP samples

Table 3. Apparent interlaminar shear strength of the GFR®pées,c = standard
deviation,s = Crosshead displacement at fracture, =Wolume fraction of the glass
fibres in the composites

Table 4.Gc Test data of the GFRP panets, Standard Deviation
Table 5.G,c Test datag = Standard Deviation

Table 6.Charpy impact test data,= Standard Deviation
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Table 1.Formulations of the epoxy used in this work in ffFarts per hundred of DGEBA)

CODE DGEBA DICY Diurone NBR- cnBR-NP Fsuiﬁlzd
R 100 14 6 : § 5
R/'X FS 100 14 6 i : X
X CNiR-NP/ 100 " . _ y _
X NBR-NP/R 100 14 6 X - i

18



Table 2. Glass transition temperatureg bf the GFRP samples

X CNBR-NP/ R X NBR-NP/ R
X (NP phr) A A A A

Tq (°C) 6 (°C) Ty (°C) s (°C)

0(1FS) 140 0.1 140 0.0
5 143 0.2 140 0.0

10 142 0.1 139 0.6

15 141 0.0 140 0.1

20 140 0.0 138 0.8
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Table 3. Apparent interlaminar shear strength of the GFRRpéas,c = standard deviatiors,

= Crosshead displacement at fracture, 2V Volume fraction of the glass fibres in the

composites

X X CNBR-NP/ R X NBR-NP/ R

(NPphn) | Aps P s Vi APS P s Vi

(MPa) (MPa) (mm) (MPa) (MPa) (mm)

0(1FS) 70 0.7 0.6 0.40 70 0.7 0.6 0.40
5 68 0.4 0.7 0.38 69 0.5 0.7 0.38
10 63 0.8 0.7 0.38 63 0.4 0.8 0.37
15 61 0.2 0.8 0.38 57 0.1 0.8 0.39
20 56 0.4 0.9 0.36 54 0.8 0.9 0.38
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Table 4.Gc Test data of the GFRP paneis, Standard Deviation

X CNBR-NP/ R X NBR-NP/ R
X (phn) Gic % Gic %
(I/m?2) o (J/m?) Increase (I/m?2) o (J/m?) Increase
0(LFS)| 441 22 - 441 22 S
5 741 13 68 705 54 60
10 860 33 95 887 16 101
15 1042 20 136 977 42 122
20 1277 17 190 1103 52 150
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Table 5.G,c Test datag = Standard Deviation

X CNBR-NP/ R X NBR-NP/ R
X (phr)
Gic (J/mz) o (J/mz) % Gic (J/mz) (4] (J/mz) %
Increase Increase
0(LFS)| 2678 153 - 2678 153 -
5 3796 53 42 3884 297 45
10 3461 61 29 4475 430 67
15 3838 303 43 3407 206 27
20 4637 397 73 3830 250 43
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Table 6.Charpy impact test data,= Standard Deviation

X CNBR-NP/ R X NBR-NP/ R
X (phr) 6c c % 6c c %
(kJ/m?2) (kJ/m?)  Decrease| (kJ/m?) (kJ/m?)  Decrease
0(1FS) 185 12 - 185 12 -
5 141 9 24 144 7 22
10 135 5 27 136 6 26
15 127 7 31 126 7 32
20 116 11 37 118 4 36
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¥ EWT = 20,00 kY Signal A » SE1 1ym EMT = 20,00 kv Sigral A = SE1 1 pm EHT = 20,00 Ky Signal A = SE1
WD = 7.0 mm Wh = 7.5 mm WD = 6.5 mm

Figure 1. SEM images of the fracture surfaces of (a) R/ 1FS, (b) 20CNBR-NP/ R, (c)
20NBR-NP/ R
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Figure 2. Experimental apparatus of (a) DCB test, (b) ENF test
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Figure 3. Loads vs. displacements for the GFRP panels with (a) X CNBR-NP/ R
matrix, (b) X NBR-NP/ R matrix
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Figure 4. Load vs. displacement curves of GFRP tested with DCB (a) X CNBR-NP/ R
matrix, (b) X NBR-NP/ R matrix



Figure 5. Propagating cracks during the DCB test, (a) GFRP with R/ 1FS matrix, (b)
GFRP with 20 CNBR-NP/ R matrix



Figure 6. SEM images of the fracture surfaces of (a), (b) laminate with R/ 1FS matrix,
(©), (d) laminate with 20 CNBR-NP/ R matrix, (e), (f) laminate with 20 NBR-NF/ R
matrix
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Figure 7. Force vs. deformation for (a) GFRP with X CNBR-NP/ R matrices, 1. R/1FS,
2. 5CNBR-NF/ R, 3: 10CNBR-NP/ R, 4. 15CNBR-NP/ R, 5: 20CNBR-NP/ R (b)
GFRP with X NBR-NP/ R matrices, 1. R/1FS, 2: 5NBR-NP/ R, 3: 10NBR-NP/ R, 4:
15NBR-NP/ R, 5: 20NBR-NP/ R
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Figure 8. GFRP with nanorubber-toughened matrices show less delamination during
fracture



