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ABSTRACT

A novel method to synthesis reactive nano-rubber particles is described.
Considered asafrontier engineering material, reactive nano-rubber particles
will find the way in almost all applications, specificaly, in toughening of
brittle materials. The processinvolvestwo steps: natural rubber sample(cis-
1,4-polyisoprene) isemulsified using soap-in-situ method to sub-micro (nano)
size particles, followed by acrosslinking reaction in the bulk of the particle.
Some remaining double bonds on the surface were then used for further
functionalization (epoxidation). Then, these epoxidized nano-rubber par-
ticles have been introduced before curing reaction to epoxy resinswhichis
considered asanovel method for providing toughness with excellent adhe-
sion in brittle epoxies. The combination of Scanning Electron Microscope
(SEM) and Transmitting Electron Microscope (TEM) results indicates the
effectiveness of the grafting reaction and consequently the interfacial adhe-
sion between the dispersed rubber particles and the continuous domain of
the investigated epoxy resins. Incorporation of 15 w% of nano-rubber par-
ticles enhances the flexibility of the modified epoxy sample to the required
value. © 2010 Trade Sciencelnc. - INDIA
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INTRODUCTION

Generdly, themechanica propertiesof rigid (brittle)
materials are enhanced by the introduction of adis-
persed rubbery phase. This“toughening” procedure’¥
iscommonly applied toincrease materia resistanceto
cracking/fatigueat low temperatures and to boost sta-
bility withminimum creep a higher temperaturesinal-
most every high performance structure materials, in-

cluding thermopl astic and thermoset polymerd?, as-
phalt®, and composite products®. The most conve-
nient processisby blending dastomer withrigid mate-
rid inmet or solutionwith or without aninterfacid agent
to control morphology andinterfacial adhesion. Core-
shell morphology™, having across-linked rubber core
and agrafted shell connecting therubber particlewith
therigidmatrix, isanided structurefor achievingtough-
ness. Many examples, induding HIPS (highimpact poly-
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Figurel: (a) Typical epoxy and (b) epoxy reaction*

styrene), ABS (acrylonitrile-butadi ene-styrene) engi-
neering plastic®, and rubber-toughened expoxy resins,
exhibit both highimpact strength and good rigidity and
make them the material s of choicefor many applica-
tions.

Thefirst rubber-toughened epoxy resinswere de-
veloped during the late 1960s and early 1970s, and
usethephase separation route with reactiveliquid rub-
bers asthe toughening agents”. These materialsare
prepared by dissolving therubber inthe epoxy resin
monomer, whichisthen polymerized. Asthemolar mass
of theepoxy resinincreases, itsmiscibility withthelig-
uid rubber diminishesand eventually therubber phase
separates from the epoxy resin matrix to form rubber
particles, which are covaently bonded to the matrix
because of reaction between the epoxy resin and reac-
tiveend-groupsof the rubber molecules. Themostim-
portant liquid rubbers are carboxy-terminated copoly-
mersof butadieneand acrylonitrile (knownasCTBNS),
the use of which hasbeen thoroughly documented®.
However, the usual problems associated with phase
separation routes? are evident, with the size and mor-
phology of thefind rubber particlesbeing influenced by
the chemical structures and the molar masses of the
epoxy resin and the rubber, the concentration of the
curing agent and the conditionsof cure, therate of rub-
ber particle nucleation and domain growth, and the
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guenching of rubber particledevel opment by gelation*9.
Independent control of matrix propertiesand rubber
particle sizeand morphol ogy isdifficult and, addition-
aly, incompl ete phase separation leadsto reductionsin
theglasstransition temperature of the matrix. Itisfor
thesereasonsthat use of the pre-formed particleroute
for toughening epoxy resinshasbeen exploredinre-
cent years'y,

Epoxy resnsaregenerdly formed by thethreemem-
ber epoxy group rings. The most common type of ep-
oxy used isknown asthediglycidyl ether of bisphenol
A (DGEBA) (Figure 1). Epoxy groups could belo-
cated in different locations other thantheends. At least
two epoxy groups haveto be on the polymer molecule
for crosdinking. Epoxiesusudly havehighviscogtiesa
room temperature; thereforediluentsthat also contain
epoxy groupsare used to lower theviscosity. Harden-
ersareused to crosdink epoxies. Amine hardenersare
themost common; hardener should beadded inamounts
such that thenumber of epoxy groupsisequivaent to
the number of crosdlinking sites provided by the hard-
enert?, If thehardener isadded in theright amounts, a
wel| crosdinked structurewith themaximum properties
will result. Some epoxiesareformulated to crosdink at
room temperature, but most epoxiesusedin composite
applicationsrequire anincreased temperaturetoini-
tiatethe crosdinking*®. Physica and mechanica prop-
ertiesare a soimproved by increasing the molecular
weight when curing. Asfor polyester resins, no con-
densation by-productsareformed during epoxy curing
reactions.

Thetoughnessof epoxiesdependsonthelength of
thepolymer chain between epoxy groups. Longer chans
(higher molecular weight) will result intougher poly-
mers. Onedisadvantage of long chainsisthat thereare
lesscrosdinksper unit length (lower crosdink density),
whichresultsinlesstiff and lessstrong materids, with
lower modulus and heat resistance. Rubber polymers
are added to epoxy resinsto increase toughness. Ep-
oxiesareusudly moreexpend vethan unsaturated poly-
esters, but haveimportant advantageswhere epoxies
are stronger, stiffer, tougher, more durable, more sol-
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vent ressant and haveahigher maximum operating tem-
perature than polyester thermosets*4.

Thecurrent paper isthefirstinaseriesfromasys-
tematic study of the effects of particlesurfacefunction-
ality, sizeand morphology on the pre-formed particle
routeto rubber-toughened epoxy resins. Thepaper con-
centrates on the effectsthese variableshave on impact
fracturebehavior. Future paperswill givefull detailsof
the preparation of the particles, datafrom tensile test-
ing and low-ratefracturetesting, and resultsfrom stud-
iesaimed at € ucidating the mechanism(s) of deforma:
tion taking placeduring fracture.

Here we show a new class of pre-formed func-
tiona polyolefin rubber particleswith well-defined par-
ticleszes; specificaly inthenano-scalewhich exhibits
good processhility, good chemical and physical stabil-
ity, and an in situ forming core-shell rubber particle
structurewith epoxy resins.

EXPERIMENTAL

Chemicals

Divinylbenzene and isoprene as crosslinkers
(Aldrich) weredried and vacuumdistilled over calcium
hydride. Sodium dodecyl benzene sulfonate (SDBS,
Fluka, technical grade, 80 %), polyisoprene (NR;
Narobien), benzoyl peroxide (BPO, Fluka, 75 %),
methylenebisacryl amide(MBA), potassum hydrox-
ide KOH, sodium hydroxide NaOH, pamiticacid (sur-
factant), hexane, toluene, were used asreceived.

Synthesisof natural rubber (NR) nano-particles
by emulsion

5.0gNR (natural rubber), wasdissolvedin 50 mL
toluene containing (5-7)wt%divinylbenzeneor isoprene
asacrosslinker and 5% (wt) of palmiticacid (emulsi-
fier) and about 1.0wt% of benzoyl peroxideasafree
radica initiator wasadded. In asecond step, thewhole
organic phasewasd owly added toavigoroudy stirred
solution of KOH in 100 mL de-ionized H,O such that
thefind emulsonhasapH dightly dkaine. After strong
gtirring for 30 min, theemul s.on was homogenized by
sonification for another 30 mininan ultrasonic proces-
sor homogeni zer operating at 300 barsunder nitrogen.

Theflask was purged with N,, for 30 min before
risngthetemperatureto 90°C. Processing timesranged
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from 210 6 h, depending on theviscosity of thesamples
and consequently on the molecular weight of theused
rubber. The product was coagulated by HCI/methanal,
re-digpersed in chloroformand precipitated with metha:
nol to removethe surfactant beforean overnight drying
under vacuum.

Epoxidation*

NR rubber particles (5.0 g) weredispersed in 80
mL tolueneinaflask with 1.8 g of m-chloroperbenzoic
acid. The reaction was performed at 70°C for 4 hrs
with stirring under N,, atmosphere, then the product was
obtained by precipitating with methanol, washed and
vacuumdried.

Epoxy resin modification (toughening) with the
epoxidized nano-rubber particles

A sampleof the epoxidized nano-rubber particles
was premixed withthe base materia of theepoxy resin
containing therequired thinner amount. Consequently,
the hardener component was added and followed by
well stirring. Thenthe samplewasgppliedusnganair-
less sprayer on the stainless steel panel (10x15 cm).
Another samplewas poured into aPetri-dishtoforma
filmfor therequired morphological studies. Thispro-
cess has been repeated using different amounts of the
epoxidized nano-rubber particles (3, 5, 10 and 15%
by weight). All sampleswereleft for full curing (7 days
at room temperature according to the material data
shest) before characterizations.

Characterization

During theemul sification process, colloidd samples
wereisolated by syringingintimeintervalsfor thede-
termination of the particlesizedistribution and volume-
average diametersof the particlesby Light-Scattering
andyzer.

All *H-NMR spectrawererecorded at room tem-
perature on a Bruker AM-300 spectrometer with the
DISNMR software. TheNMR sampleswere prepared
ind-chloroform that isagood solvent for al samples.

Bulk morphology inthe polymer filmswasexam-
ined by Scanning Electron Microscope (SEM), usinga
Topcon Internationa Scientific Instruments|SI-SX-40
with secondary el ectronimaging. SEM sampleswere
prepared fromfilmscryo-fracturedinliquidN,. Samples
were mounted on an duminum stub and gold coated to
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formaconductive coating. Transmission Electron Mi-
croscopy (TEM) was performed at 120 kv using model
JEOL JEM 1200 EXII equipped with avideo camera,
aGatan Bioscan 792 cameraand ahighresolution Tietz
F224 cameraand aPGT Prismlight e ement detector.
Sampleswere prepared by dippingthegridinadilute
epoxy resinsolution (before curing) followed by evapo-
rating the solvent which affordsavery thinfilmfor TEM
andyss.

Mandr el bending test*”

Mandrel test, performed under ASTM D522, is
used to eva uatetheflexibility of coated strip metd that
isto beformed during afabrication process. ASTM
D522 contains two test methods which are used to
determinetheflexibility and resistanceto cracking of
organic coatings on substrates of sheet metal.

The coating material; epoxy/rubber particles
nanocompositewas applied at auniform thicknessto
panels of sheet metal. After curing, the coated panels
werebent over amandrel and theresistanceto crack-
ing of the coating was determined.

Coatingsattached to substrates are € ongated when
the substrates are bent during the manufacture of ar-
ticlesor whenthearticlesare abused in service. Coni-
cal mandrel bend tester isapplicableto determine ex-
tensbility of epoxy coatingson metd panelswhich are
clampedin position and formed round the conicd man-
drel by rotatingtheroller frame. Thepanelsareexam-
ined to eval uate crack resistance detachment from the
meta substrate of coated surfacewhichiscoated with
epoxy under standard condition.

RESULTSAND DISCUSSION

Thiscdassof reactiverubber particlesisrepresented
by formula(l), in which therubber particleisacross-
linked polyol efin el astomer with alow glasstrangtion
temperature (Tg <-60°C)!*® and a sub-micro (nano)
particle size. Somereactive groups (X), can beintro-
duced viathe remaining doubl e bonds|ocated on or
near the surface, include abroad choice of desirable
functional groups, such asOH, COOH, NH,,, epoxide,
anhydride, styrene, borane, silane, and mixtures, which
canengagein chemicd reactionswith variousrigid ma-
terid sduring the reactive blending, extrusion, and po-
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lymerization processes.

Epoxidizing these nano-particles producestherub-
ber corethat have been mixed with thebasematerid of
the epoxy resin before adding the hardener. Conse-
quently, theresulting core-shell rubber particlesareho-
mogeneoudy embedded inthematrix withexcdlent in-
terfacid interactions.

Theprocessinvolvesinthefirst step, emulsfication
of the rubber sample using soap-in-situ method fol -
lowed by crosdlinking. The remaining doublebondson
thesurfaceare successfully epoxidized and consequently
imbedded into the epoxy resinsduring the curing reac-
tion. SEM and TEM measurementsshow theintroduc-
tion of stronginterfacia adhesion between the rubber
particles and the matrix domainsof theinvestigated

polymer.
Morphological studies

Scanning electron microscopy (SEM) and Trans-
mission eectron microscopy (TEM) were used to char-
acterizethemorphol ogy of reactiveblendingandto com-
parewiththeir physical blends®®. SEM showsthelig-
uid N_-fracture surface, representing the undistorted
polymer bulk. On the other hand, TEM picture pro-
videsa3-D view of the nano-rubber particlesin the

€PoXy matrix.
Scanning e ectron microscopy (SEM) results

Two sampleswere examined by SEM, and their
micrographsareshowninfigure2. Thesesampleswere
prepared by fracturing the polymer filmsunder liquid
nitrogen conditions, and SEM micrographsweretaken
on thefractured surfaces. For comparison, the epoxy
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Figure2: SEM micrographsof
unfunctionalized nano-rubber particlesand epoxy resin and
(right) ther eactive blend between epoxidized particlesand
epoxy resin

Figure3: TEM M crograph of thereactive blend between
epoxidized particlesand epoxy resin
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Figure 4 : (a) Particle sizedistribution measured by light
scatteringand (b) vinyl proton chemical shift patternsmoni-
tored by *H NM R spectraduring crosdinking of polyisoprene/
DVB
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Figure5: Theresistanceto cracking (flexibility) of epoxy/
rubber particlesnanocomposite

modified sampleis side-by-side compared with the
corresponding simple polymer blend (physical mixing
of unfunctionalized particlesand epoxy resin). Ineach
case, alot of convex particlesand concave holesexist
onthefracture surfaces of the ssimple polymer blends.
Theexistenceof these particlesor holesisaclear indi-
cation of poor interface adhesion that resultsin clean
separation or pullout of the rubber particlesfromthe
continuouspolymer matrix during fracturing theblended
sample. Ontheother hand, themicrograph of the other
sample prepared by mixing theepoxidized particleswith
the epoxy resin shows no convex particlesor concave
holeson their fracture surfaces. Theuniform fracture
surfaceimpliesthe cohesivefailurein the continuous
epoxy matrix, not at the rubber particle-epoxy matrix
interfaces.

Transmission eectron microscopy (TEM) result

Transmission dectron microscope(TEM) wasd so
used to examine polymer morphol ogy. Sample prepa
ration wasdone asexplained inthe experimenta part,
where several epoxy solutionswith different concen-
trationswere prepared for grid dipping. After evapo-
rating thesolvent, the suitable semi-transparent thinfilm
with proper thickness on the grid was sl ected by opti-
ca microscopy beforetaking TEM micrograph. Figure
3 showsthe TEM micrograph of an epoxidized nano-
rubber particles/epoxy resin sample. Itisclear that the
rubber particlesare well-dispersed in the epoxy ma-
trix, strongly indicating therequired structurefor tough-

ening.
Particle size and *H NMR spectra of the nano-
rubber particles

Inemulsion, it was easy to sampleout samplesat
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different timeintervasduring the courseof thereaction
for examining thedegree of crosslinking and therubber
particlesize. Figure4 (top) showsthechangein par-
ticlesizeby light scatteringwith thereaction timeand
Figure 4 (bottom) showstheH NMR of the double
bond pattern. TheH NMR spectraof poly (isoprene)
showed the expected signalsfor both thealiphatic and
olefinic protonsof theisoprene backbong?. Asshown
infigure4 (bottom); thetwo chemica shifts-onemajor
at 5.1 ppm and one minor at 4.8 ppm-correspond to
the 1,4-isoprene structure. The doublebonds consumed
during the crosdinking and consequently, the particle
diameter. Itisclear that, asthereaction running, more
double bonds are consumed during the cross-linking
reaction and the particle shrinksmore. Therefore, the
particle sizediameter reduced with thereactiontime.

Flexibility of epoxy/rubber particles nanocom-
posite

Figure 5 showstherelationship between the per-
cent € ongation and thewe ght percent amount of nano-
rubber particles added to the epoxy. It isclear that the
percent elongation increases exponentially with the
added amount of the nano-rubber particles. Fromthe
curveand based onASTM D522; itisobviousthat 15
w% enhances the flexibility of the modified epoxy
sampletotherequired value.

CONCLUSION

A novel method for synthesizing reactive rubber par-
ticleshasbeen devel oped. The processinvolvestwo
steps; thefirst step requiresemulsification of cis-1,4-
polyi soprene using soap-in-situ method to form sub-
micro nano Size particlesfollowed by crosdinking. The
particles contain several double bondson or near the
surface, which arevery versatilefor many applications.
Therefore; and asthe second step, these double bonds
were used for further functionalization reactions
(epoxidation) to providetheimportant i nterface adhe-
sionwith the brittle epoxy polymers. By following up
the crosdinkingtimewith particles zemeasurement and
'H NMR; the double bonds consumed during the
crosdinking and consequently, the particlediameter.
Inaddition, the combination of SEM and TEM re-
aultsindicatestheeffectiveness of thefunctiondization

reaction of the prepared nano-rubber particlesand con-
sequently theinterfacial adhesion with the continuous
epoxy resindomain. Mandrel test clearly showed that
incorporating 15w% of nano-rubber particlesenhances
theflexibility of themodified epoxy sampletothere-
quiredvaue.
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