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Summary

The effect of the amount of nanofiller and commercial flame retardant into the epoxy matrix on the
mechanical properties of laminates reinforced carbon fabric was described. The total content of the fillers
did not exceed 23 wt.%. The local strain and stress distribution on the surface of composites using the
Aramis system during the static tension tests was examined. Studies of structure of cross-linked epoxy
compositions were also performed using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The presented results indicate that the nanofillers and commercial flame retardants
acting synergistically.

Keywords: hybrid composites, mechanical properties, Aramis, carbon fiber

Hybrydowe kompozyty epoksydowe wzmocnione wioknem weglowym

Streszczenie

W pracy opisano wptyw dodatku nanonapetniaczy i handlowych $rodkéw zmniejszajacych palnos¢ na
wiasciwosci mechaniczne kompozytow epoksydowych wzmacnianych tkaning weglowa. Zawarto$¢
dodatkéw w osnowie epoksydowej <23%. Prowadzono analize lokalnego stanu odksztatcenia
i naprezenia na powierzchni kompozytéw z uzyciem systemu Aramis podczas préby statycznej
rozciagania. Wykonano badania mikrostruktury usieciowanych kompozycji epoksydowych za pomoca
skaningowego mikroskopu elektronowego (SEM) i mikroskopu sit atomowych (AFM). Analiza uzyskanych
wynikow wskazuje, ze wprowadzenie nanonapetniaczy i handlowych uniepalniaczy powoduje
uzyskanie synergicznego efektu ich dziatania.

Stowa kluczowe: hybrydowe kompozyty, wtasciwosci mechaniczne, Aramis, widkno weglowe

1. Introduction

One of the most modern and dynamically developiimgl lof engineering
materials are composites. A type of composite deépmn the kind of matrix
(polymer, metal, ceramic) and dispersed phasei¢fariber, structural). Among
the composites with polymer matrix, the fiber reiited composites have been
widely used in the construction industry, and tregplications are increasing.
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Carbon fiber reinforced composites due to theihhitgength, high stiffness and
lower density than these one of traditional plasaad design flexibility have
become attractive structural materials in aerosgadestry, marine, armor,
automobile, railways, sport goods etc. Epoxy résithe most commonly used
polymer matrix with reinforcing fibers for advancegimposites applications. The
epoxy, when polymerized, is an amorphous and higtdgs-linked material. This
cross-linked microstructure results in many usgftdperties such as a high
modulus and failure strength, low creep, etc. Hawewt leads also to an
undesirable property whereby the polymer is reddyi\brittle and has a poor
resistance to crack initiation and growth which ra#fect the overall fatigue and
fracture performance of FRP composites. Moreovgoxg resins perform very
poor fire resistance, since most of them burn gasit violently, so the addition
of a flame retardant is essential. Unfortunatdig,dddition of flame retardant led
to reduce of mechanical properties [1, 2]. Morepther main damage of laminates
is delamination, which causes a reduction of st$81 FRP are characterized by
anisotropy of properties (Fig. 1).

Fig. 1. Axis coordinates for one ply of unidirecta fabric
reinforced composite, based on [3]

Elastic modulus of composite in parallel directitm fibers E,, can be
described by the formula:

Eq) = ErV; + Eo\ (1)
For transverse directidiy... it can be presented as:

_ Em |:Ef
Ef OV + En DV;

Eco (2)

where: Em, Er — elastic modulus of respectively: polymer matard fiber
Vm, Vi — volume fraction of respectively: polymer mataid fiber
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Transverse Young's modulus and other mechanicgiepties is affected
significantly by morphology of polymer matrix anatérfacial bonding [4]. The
interfacial adhesion between the fiber and the imailso influence on the
longitudinal mechanical properties, because theixatrves to transfer load
between the reinforcing fibers and provide a goterlaminar shear strength [5].

One of the ways to enhance the interfacial intevastand mechanical
properties of FRPs is to improve the propertiestltd epoxy matrix by
incorporating nanofillers into the resin. Inorgananoparticles have gained use
as potential reinforcing materials because of tlegircost and ease of fabrication
[6, 7]. Many researchers attempted to enhance piepaf epoxy resin by the
addition of nanoclays [8-11]. Small accounts of aparticles €5 wt.%) and
uniform dispersion in polymer matrix, causes thhe tinterface in the
nanocomposites is repeatedly increased (up to fi6@3), as compared with a
conventional composites. It is due to the formatibweak, hydrogen-like bonds,
dipole-dipole and van der Waals interactions bebhwedymer chains and a plates
of nanoclay. However, the mechanical propertigsodymer nanocomposites are
much lower than these required to engineering strat materials, such as
advanced composites reinforced with continuousdilpg2]. In the case of fiber
reinforced composites, delamination is a majoufailmechanism that is different
from the dominant failure mode in a unreinforcedimesystem [13-15]. Thus,
fracture properties in the unreinforced resin may mecessarily reflect in the
interlaminar fracture behavior of the compositeréhare still diverse reports on
the optimum levels of nanoclay loading into theypoér matrix and the resulting
increase in the properties of hybrid fiber/orgaagalanocomposites. Khan et al.
[16] showed that by dispersing 3 wt.% organoclapdaer 1.30P, carbon/epoxy-
nanocomposites exhibited an improvement of 121&ri2l 7% in tensile strength,
flexural strength and modulus, respectively. A &amiendency on the mechanical
properties of the unidirectional carbon fabric feined laminates was also
achieved by addition of 2 wt.% nanocaly K-10 [1@howdhury et al. [18]
fabricated carbon fiber reinforced composites w&ithatrix of nanoclay Nanomer
I.30E/epoxy system. They observed that additio2 @ft.% nanoclay increased
the flexural strength and modulus of 25 and 14%peetively. Meanwhile, 1zod
impact strength decreased with increased clay nofte7 wt.%) [19].

Therefore the behavior of nanofillers and filleeinforced fiber composites
IS an interesting area of study. Our previous work modified bentonite
nanocomposites with a synthetic resin matrix [20, &d its influence on the
mechanical and thermal properties of glass fibénfeeced composites was
determined. The objective of this research wastudysthe effect of use of
nanoclay and commercial flame retardant dispersitm epoxy matrix on the
mechanical properties of epoxy/carbon hybrid coritpes The carbon fabric
laminates with V-0 classification in UL94 epoxy miatwith flame retardant
and/or nanoclay to investigate a synergistic effieas fabricated.
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2. Experimental section

2.1. Materials

The epoxy resin and the curing agent used in tloik were Epidian® 6
(EP6) containing mostly diglycidyl ether of bispléA and triethylenetetramine
(Z1) respectively, both commercial grade produdisCeech-Sarzyna Plant,
Poland. The organoclay — bentonite “Specjal’” (Zeb®A Plants, Poland)
modified with a butyltriphenylphosphonium chloridesed as the nanofiller
(BSQPS). The modification procedure of smectic €layith quaternary
ammonium or phosphonium salts has been previousignped [22, 23] and
described in detail in our previous papers [20, £Zgmmercial flame retardants:
amonium polyphosphate (APP), (Tecnosintesi S.jtély) and dipentaerythritol
(DPER), (Sigma-Aldrich). Unidirectional carbon fa200 g/m2 (TC) purchased
from Havel Composites. All the materials were conuia grade and used
without further purification or modification.

2.2. Preparation of epoxy composition

Epoxy resin compositions were prepared with 3 wifdtmodified bentonite
and/or commercial flame retardants so that totadwarhof filler did not exceed
23 wt.%. Preparation of the compositions starteth vimtroducing modified
bentonite to the resin and homogenizing the mixtlikeen, the remaining flame
retardants were introduced and homogenized witlefioxy composition. After
introducing of each component, the four-stage hanamtion procedure was
applied [21]. In the choice of type and amountiliérs, suggestions of producers
were taken into account. The prepared composiaomdisted in Table 1.

Table 1. Epoxy compositions with nanofiller and coencial flame retardant

Epoxy Components of epoxy compositions, %
composition BSQPS APP DPER
KO 3 0 0
K2 3 15 5
K14 0 17 6

2.3. Preparation of cured epoxy compositions

Composites based on the resin matrix Epidian 6 veered using Z-1
(13 wt.%), according to the resin manufacturer'strinctions. The composites
were then vented in a laboratory vacuum chambeublakUHG 400 (Schuechl,
Bawaria, Germany) and cast in silicone molds pregbéam accordance with 1ISO
527-1:1998. The cast parts were cured at room teatyye for 24 h and then post-
cured at 100 °C for 6 h. After two days, the motpbyg and structural properties
were analyzed.
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2.4. Preparation of carbon fiber/epoxy compositionfaminates

The epoxy composition based on EP6, containing urgst of flame
retardants as shown in Table 1, were used to pdpar-layer laminates with
unidirectional carbon fabric (200 gfmacting as reinforcement. Hand lay-up
method was used. Successive sheets of fabric viecedon a Teflon film and
impregnated with epoxy composition containing amauging agent using a
grooved roller. The top layer, after removing tkeess of resin, was covered with
another Teflon film before the sample was placevben two steel plates of
dimensions 200300 mm as a mold. The plates wesspd to exert a pressure
of about 10 MPa. The laminates were left to cur@ain temperature overnight
and then post-cured in an oven with hot air circoieat 100°C for 6 hours. The
resulting laminates contained ca. 40% of carbonidaly weight. The samples
were cut from the laminates in the pardl@l and transverf90] directions to the
direction of fibers with an oscillating cutting #isThe samples were used to
measure the mechanical properties.

2.5. Characterization of carbon fibre/epoxy compos$ions laminates

Plate specimens (200x20x1,5 mm) were employedeimsion test. Instron
5967 machine was used to perform tensile testgdiogpto 1SO 527-1:1998. All
specimens were tested at a speed of 2 mm/min iditéetion longitudinal to the
direction of fiber. Three-axis strain and stresdritiution on the surface of sample
were determined using Aramis system (GOM, Germagipped with two
cameras.

The bending tests in the transve@@ and longitudina]0] direction of fiber
were performed according to EN ISO 14125, usingghme tensile machine
equipped with a three point bending rig. The vaitaisplacement speed of the
rig during the test was 1 mm/min.

Charpy impact resistance in the transvej®@] direction of fiber was
determined according to DIN EN ISO 179-1 using €8850 Impact Pendulum
(Italy), using a hammer impact energy of 1 J. Unhed bars: 100 mm long, 10
mm width and 3 mm height were used.

Instrumented Izod impact strength in the directiomgitudinal [0] to the
direction of fiber, for notched specimens (80x1@x®) was measured according
PN-EN ISO 180:2004, using a hammer impact enerdy®i (Ceast, Italy).

The brittle fracture morphology of the cured coniposs was analyzed
using scanning electron microscopy (SEM 234a, JE@L, Tokyo, Japan).
Fractured profiles were obtained after coolingryide and impact-break.

Surface morphology of the samples was performedguan atomic force
microscope (AFM) by the QNM technique. On the bagikcal changes of the
Young’'s modulus of the sample surface, rigid aszssespond to the presence of
fillers, and areas with less rigidity associatedhwthe polymer matrix, were
observed. This enabled estimation of the degrbéemigenization of the filler on
the surface of the polymer matrix, and of the sikés particles. The tests were
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performed using a Nanoscope V microscope (BrukaroNaurfaces Division,
USA) with an RTESPA scanning needle, with a resoedrequency of 270 kHz.
The scanning speed was 1 kHz, and the resolutiéri2és.

3. Results and discussion

3.1. Longitudinal tensile strength[Q]

Young's modulus, elongation at break and Poissefficgent, using curves
generated during tests were determined (Fig. 2§ fibtures recorded during
tensile test to determine a local strain and stvefsre break were used.
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Fig. 2. Estimation of Poisson coefficient and Yosngodulus by Aramis system

The results showed that the addition of used aaditio the epoxy matrix
influenced on increasing of the tensile strengthcafbon fibre composites.
However, replacement of a part of commercial flastardants with 3 wt.% of
bentonite acting synergistically and improves tensitrength of the carbon
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fibre/K2 composites as compared to that without iffedl bentonite (K14). As
a results of this the tensile stress of carbonefii2 and carbon fibre/K14
composites was lover by 8 and 14% compared to #dierence sample,
respectively. A similar effect in Young’s modulussvobserved. Still, Young'’s
modulus for the composite with K14 matrix was tbasit, about 2 GPa, than the
unmodified one. Whereas, for laminates with KO mathe value of Young
modulus was the same like for laminates with pEi® (Table 2).
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Fig. 3. Stress-strain relationship and stress gméhdistribution at maximum tensile force for
carbon fiber reinforced laminate with matrix ER6521,0 MPag = 1,45%)
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Fig. 4. Stress-strain relationship and stress gméhdistribution at maximum tensile force for
carbon fiber reinforced laminate with matrix K& 392,3 MPag = 1,11%)
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Fig. 5. Stress-strain relationship and stress @mathgistribution at maximum tensile force for
carbon fiber reinforced laminate with matrix K2 482,3 MPag = 1,39%)
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Fig. 6. Stress-strain relationship and stress gméhdistribution at maximum tensile force for
carbon fiber reinforced laminate with matrix Klst< 463,43 MPag = 1,30%)

Stress-strain relationship and stress and strafrilwlition at maximum
tensile force for carbon fiber reinforced laminare showed in Fig. 3-6. The
graphs of the stress and strain distribution inditi@at the highest stress and strain
on the surface were for laminates with unmodifiextrim which characterized the
highest ultimate tensile strength (Fig. 3). Funihere, the stress and strain were
higher by 9 MPa and 1,4%, compared to ultimateleeagength ¢ = 521,0 MPa)
and strain at break € 1,45%), respectively. These results confirmahgity to
transfer of the major load and deformations betwhematrix and the fiber. On
the other hand, for laminates prepared with modifreatrices, the maximum of
local stress and strain were higher by about 3 sifh0,7%, compared to the
ultimate tensile strength and strain, respectiyely. 4-6, Table 2). This may be
due to the presence of agglomerates of modifiessilting the difficult transfer of
loads and deformations of the matrix on the fibdrich affect reduction of
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ultimate tensile strength. The obtained results wae confirmed by curves of
deformations recorded during the test (Figure e $amples with unmodified
EP6 had the deformations in the range 2-4,5%. Mb#dewfor composites with
matrices: KO, K2 and K14 the values were in thegearl,3-2,6; 1,6-3,2 i 1,5-
2,6%, respectively.
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Fig. 7. Strain distribution during tensile testtbe samples surface of laminates with matrices: a)
EP6, b) KO, c) K2, d) K14

3.2. Longitudinal flexural strength [0]

From the flexural test it was found, that the fletistrength in the direction
parallel to the direction of fibers of compositeghamatrices containing APP,
DPER and/or BSQPS was decreased. The carbon flbboaiposites had slightly
lower flexural strength in the range of measuremserdr. However, the reduction
of flexural strength by 12% was observed for thaifetes prepared using the
epoxy matrix containing only the flame retardantappears that as the flame
retardants were added, the corresponding mechanimaérties decreased, while
replacement of a part of a commercial flame wittt 36 organoclay significantly
changes this trend. The same results for the elasidulus was obtained. The
laminates prepared from composition containing ABPER and BSQPS had
elastic modulus lower only by 6%, while the lamesawvith compositions KO and
K14 had elastic modulus lower by 11% compared fiereace sample (Table 2).
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3.3. Transverse flexural strength [90]

In contrast to the study in the direction parattelthe direction of fibers,
which was mainly determined by the strength offiber, the transverse flexural
strength mainly depends on the morphology of maitsixvell as their adhesion to
the fiber. It was found that the transverse flekateength of laminates prepared
using modified matrix has not changed significardbmpared to the carbon
fibre/EP6 composites (Table. 2). However, the casiips with matrices KO, K2
and K14 characterized higher elastic modulus by8ldnd 4%, compared to the
unmodified sample, respectively.

3.4. Transverse Charpy impact strength [90]

The results presented in Table 2 show that thadilbf epoxy matrix with

3 wt.% BSQPS improved the impact strength of contge®y 9% compared to
carbon fibre/EP6 composites. Much worse impactrésstlts, by about 16%, were
obtained for laminates based on epoxy resin cangitiv% APP and 5% DPER.
However, addition of 3 wt.% BSQPS improved the esponding properties only
by 3% compared to carbon fibre/K14 composites. Hawvéhe impact strength of
carbon fibre/K2 laminates was lower by 13% thanwhleie of reference sample
(Table 2).

3.5. Longitudinal Izod impact strength [0]

The data presented in Table 2 show that the additionodified bentonite
to epoxy resin significantly decreased the Izodaotpstrength of composites.
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Fig. 8. Force curves as a function of time durimgact fracture of laminates
with matrix EP6 and EP6 containing APP, DPER and BSQ
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The impact strength of carbon fibre/KO compositesrdased by 34% compared
to composites prepared with unmodified matrix (Bab). This is consistent with
the force-time curves during impact fracture, whiante lower and narrower
compared to another laminates. These results itedibat the EP resin becomes
more brittle under the influence of the modifiechtmmite used in the study.
Furthermore, the laminates reinforced with carbairit are highly rigid
compared to composites reinforced with glass fabvitich characterized lower
Young modulus [15]. In the case of composites pregbavith matrix containing
flame retardant, an deterioration was also obsetwgichot as large as in the case
of compaosites containing BSQPS. The best resulte witained for composites
containing both modified bentonite and flame redaitd It should be noted, that
replacement of a part of a commercial flame retatrehath 3 wt.% organoclay,
improved the impact strength by 17% compared tereefcy sample. The
synergistic effect between BSQPS, APP and DPERnfrmed by curves force-
time. The peak of maximum force of carbon fibre@nposites is the highest
and the widest (Fig. 8).

3.6. Morfology of cured epoxy compositions

On the basis of the SEM microphotographs of britetures of composites
is observed that the additives were uniformly dispd in the epoxy resin
(Fig. 9). In spite of this the morfology of K14 cposites is significantly different
compared to composites containing 3 wt.% BSQPSdédise commercial flame
retardant. Fracture surface images observed frerK2hcomposites indicate that
additives are better dispersed in the epoxy masixompared to those for K14
composites (Fig. 9a, b). The brittle fracture of KE@mposites show a much
rougher fracture surface compared to surface of Ed#posites. The content
of 3 wt.% BSQPS reduced the average particle gizkircrease the interface
between the fillers and the matrix (Fig. 9 c, dpfddtunetaly, the embedding the
particle of flame retardant on the organoclay sigrfi@duces the distance between
the plates and forms the small agglomerations. 8 lgglomerations may have
begun to act as flaws and crack initiation sites tasults in get worse mechanical
properties.

The AFM microscope images (Fig. 10) showing théridhistion of Young's
modulus for the surface of the cured compositiondé@taining 3.0% BSQPS
(Figure 10b) show a uniform dispersion of nandfilfethe form of bright areas —
a high Young's modulus of the polymer matrix candixserved. The average
nanofiller particle with modulus above 6 GPa siegedmined on the basis of the
size of these areas is 70.8 nm. Similar areas m@rebserved for the unfilled EP
(Figure 10a). In the case of the composites EP6+APRB+6% DPER small
agglomerates are visible (Fig. 10c), which in thenposite K2, containing 15%
APP, 5% DPER and 3% BSQPS (Figure 10d) are redticextby lowering the
average particle size from 98,6 to 76,3 nm. Diffiees in the topography of the
composites, in terms of the calculated average moegss (Ra), were also
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observed. The average roughness increased frorm&@8r the unfilled epoxy
resin to 9.51 nm for composites KO, to 18,1 an@ P4n for composites K14 and
K2, respectively. To eliminate noise before deteing the roughness, a first-
order smoothing function was used. These resulidirap that replacement
of a part of commercial flame retardants with 3%wtof bentonite improves
dispersion of additives which may a beneficial effef the mechanical properties.

5.0kV 8.9mm x100k SE(U)

Fig. 9. SEM microphotographs of brittle fracture® with addition of 17% APP and 6% DPER
(K14) (a, c) and EP with addition of 15% APP, 5%HMPand 3% BSQPS (K2) (b, d)

4. Conclusions

The effect of bentonite and flame retardant contemtthe mechanical
properties of epoxy composites reinforced with ueittional carbon fabrics was
determined. The tensile test, flexural test, imgaength in the direction parallel
and transverse to the direction of fibers were watald in order to verify the
synergetic action of additives. The local straird astress on the surface of
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composites using the Aramis system during thecstatision was examined.
Studies of structure of curved epoxy compositioesenalso analized.

a) - -~ b)
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c) d)
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0.0 DMTModulus 10.0 ym 0.0 DMTModulus 10.0 ym

Fig. 10. AMF microphotographs made using QNM tegheiof surface of unfilled EP6 (a)
and composites: EP6 + 3% BSQPS1 (b), EP6+17%APPFERRIC),
EP6+15%APP+5%DPER+3%BSQPS (d)

The results indicate that replacement of a para afommercial flame
retardant with 3 wt.% organoclay, improved the naadital properties. The
BSQPS acted synergistically with the commerciaimBaretardants as fire
resistance and in Young's modulus and lzod impasistance improving. The
Aramis graphs of the stress and strain distributigiicate that the highest stress
and strain values on the surface were determinethafoinates prepared using
unmodified matrix which was also characterized Iy highest ultimate tensile
strength.

The AFM and SEM results showed that the additiobesftonites to epoxy
compositions containing flame retardants improvisgetsion of them. The brittle
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fracture of composites containing APP, DPER and BS@as much rougher
than this on of composites containing the commertame retardant (APP,
DPER) only.
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