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The addition of monodisperse size crosslinked polystyrene (PS) particles, synthesized by
emulsifier-free emulsion polymerization, to polysulfide matrix enhanced mechanical
properties of the cured rubbery composites. The modulus, fracture strength, and
elongation at break increased with increasing filler volume fraction up to 30 wt % PS
particles. The strength and elongation at break decreased with increasing particle diameter
from 0.315 to 1.25 um. The strength at break increased, but the extension decreased, as the
particle crosslink density increased from 0 to 5 mol % DVB. Interparticle interactions are
dominant and lead to the formation of clusters which form a network structure in PS
particle filled composites. Since the number density, as well as the total surface area, of
particles increase with decreasing particle diameter, interparticle attractions are enhanced,
the tendency for cluster formation increased with decreasing particle size from 1.25 to
0.315 um. As particle crosslink density was reduced, the porosity and surface roughness of
particles increased. Then, the dispersion of particles in the matrix was enhanced and
particle agglomeration reduced but more polymer matrix was adsorbed on the particles.
These particles or clusters act as physical crosslinks, resulting in an increased total effective
crosslink density in the filled composites. © 7999 Kluwer Academic Publishers

1. Introduction their surfaces, such as oxygen on the channel blacks
Reinforcement is essential to the rubber industry[16]. Then, it is difficult to characterize the polymer-
Strength is enhanced in elastomeric materials by théller interface. It would be highly necessary to study
addition of reinforcing fillers, such as carbon black, reinforcing fillers of known surface composition and
silica, and CaCe! It has been reported that reinforce- particle morphology in order to determine the interac-
ment can be imparted to rubber by any particulate solidions between particles and matrix. In this research, we
of small size with moderate or high surface activity willuse monodisperse size crosslinked polymeric parti-
[1-3]. For example, among non-carbon black fillers,cles of specific composition, synthesized by emulsifier-
Wagner defined “diluent” filler as having particle sizes free emulsion polymerization, as model fillers. The re-
in the range of 1-8m, “semi-reinforcing” filler with  inforcement of rubbery composites filled with particles
diameters from 0.1-Lm, and reinforcing filler with  of varying particle size and surface morphology was
particle diameters in the range of 0.01-Q.rh [4]. interpreted in terms of stress-strain behavior.
Mechanical properties of filled rubbers are signifi-
cantly influenced by filler morphology, such as parti-
cle size and microstructure, and surface activity, whichi2. Experimental
determine interparticle and particle-matrix interactions2.1. Materials
[5-15]. Elucidation of this behavior may be facilitated Monodisperse cross-linked polystyrene (PS) particles
by studying model filled systems, in which various with varying particle size and particle crosslink density
parameters can be independently controlled. So famvere prepared by emulsion polymerization [17-24].
most research involved industrial fillers with a wide The crosslinking agent is divinyloenzene (DVB).
size distribution and unknown surface characteristicsStyrene monomer and divinylbenzene crosslinker are
Carbon black is the most widely used particle in rub-products of Aldrich Chemical Company. Styrene is
ber reinforcement. Carbon blacks are essentially irregu99% pure and inhibited by 10-15 ppm 4-tertiary-
lar, chainlike, branched aggregates of nodular subunitbutylcatechol (4-TBC). Divinylbenzene (DVB) con-
which are firmly fused together. Thus, the smallest dissists of a mixture of 55% meta and para isomers, 42%
crete carbon black entity in rubber is always the ag-ethyl vinyl benzene, and 3% diethylbenzene, which
gregate, Specific functional groups are often present ois inhibited with ca. 1000 ppm 4-TBC. Styrene and
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divinylbenzene are stored at6. The monomer and were equilibrated at room temperature for at least 24 h
crosslinker are washed with an equal volume of arbefore mechanical tests.
agueous solution of 10% sodium hydroxide for 4 times,
followed by deionized water for 4 times, in order to re-
move the inhibitor before polymerization. 2.3. Mechanical testing

Potassium persulfate and sodium hydroxide are cerFive dumbbell specimens were cut from the cured slab
tified Fisher Scientific products. Particles with dif- of rubbery material, using a Die C cutter conforming
ferent crosslink densities were obtained by varyingto ASTM dimensions. All specimens were prepared
the styrenedivinylbenzene ratio. The particle diameteand tested according to ASTM D412-87 specifications.
ranged from 0.315 to 1.250m from scanning electron Mechanical testing was carried out at room tempera-
microscopy (SEM). The crosslink density ranges fromture with an Instron Model 4204 with computerized
0 to 5 mol % DVB. Polysulfide with molecular weight recording. Samples were extended until fracture. An
M,, = 8000 g/mol, a viscous liquid with specific gravity extensometer was mounted onto the specimen to mea-
of 1.29 g/cnt 25°C, manufactured by Morton Interna- sure elongation.
tional, Inc., was used as matrix. The polymer molecule
also contains 0.5% branched chains. Chemically, poly-
sulfide is a polymer of bis-(ethylene oxy) methane con 4. Fracture surface analysis

taining disulfide linkages. The polymer is terminated Scanning electron microscopy (SEM) was used to study
with reactive mercaptan-SH) groups. The molecular the fracture surfaces of filled composites. The surfaces

structure is shown below: were coated with ca. 200¢f gold and palladium us-
ing a sputter coater to increase conductivity, and exam-
HS(GHs—O—-CH;—0—CoHy—S—Sh7— ined with a Cambridge Stereoscan model 360, scanning
CoHa—O—CHy—O—C,Hs—SH electron microscope, at magnifications front i®10".

The filament used was LaEnd the voltage 10 kV.

Liquid polysulfide polymer was cured by convert-

ing mercaptan {SH) groups to disulfide<S-S-) . ]

bonds. This results in a high molecular weight poly-3- Results and discussion o

mer with elastomeric properties. The curing agentgzorthedevelopmentofhlg_hstrength,rubberr_nustd|53|—
used are oxygen donating materials. In this researctpate large amounts of strain energy near the tip of grow-
we use manganese dioxide, a fine black powder, a€'9 cracks by viscoelastic processes [25]. The presence

purchased. The mechanism of cure is as followsOf filler particles can lead to changes in micromorphol-
2RSH+ (0) — R—S—S—R + H,0 ogy and hence change the observed bulk properties of

composite. This may lead to a deviation of the tear path
caused by the anisotropy of stress around the crack-
tip. For example, at certain concentrations, the particles
Since the polysulfide matrix is in liquid state at room or particle aggregates can act as physmal crosslinks.

As a result, strong linkages may exist between rubber

temperature (2%C), dry and powder filler particles ; . o )
Werg Weigheé anZi adzied to F;he matrix. Aﬂ samplesCha'ns and reinforcing filler particles. The number and

were prepared under the same conditions by blendin{:ﬂe §trength.of t_hese attachment_s and the mobility of
at room temperature with an electrically driven mixer, € f|_||¢r particle m_the rubber are important factors de-
model Cole-Parmer, series 4401, RPM 60-700, at a rotermining mechanical properties. Ver_y hlghly_stressed
tor speed of 130 rpm for 30 min using a 4-blade mixer.Cha'nS extended between adjacent flller particles sup-
Then, the mixing speed was raised to 300 rpm for 1 hportamuch Iarggrthan average stress. Smce_the number
The dense suspension was transferred onto a sheet attached chalns IS propprﬂonal to the available sur-
ace area of fillers, good dispersion and small particle

polyethylene film, mixed forcefully back and forth us- < - hiahlv reinforcing fill
ing a flat, stainless steel spatula. Finally, the blend wa§'Z€ are necessary fora highly rel,n orcing fifier.
For uniaxial tension, the Hooke’s law is:

mixed in the container at a speed of 300 rpm for 1.5 h.

After the base dispersion was prepared, we carefully
weighed a specified amount of filled compound into o= Ee
a plastic cup and added activated manganese dioxide
(MnO,) a catalyst concentration of 1.4 wt% Ma@as  WhereE is Young’s modulus and corresponds to the
used for all filled composites. initial slope on a stressr{-strain €) curve.

The mixture was blended with a stainless steel stir- According to the network theory of reinforcement
rer for about 7 min at room temperature. Then, theProposed by Bueche [26, 27], strong filler-matrix inter-
mixture was transferred immediately into the space beaction makes fillers act as physical crosslinking sites
tween two po]yethy|ene ﬁ|mS, with spacers Controning on the filler surface Contributing extra network chains
the thickness, and compression-molded with a round© the filled system. In essence,
heavy stainless steel bar into the specified thickness.

Care was taken to eliminate air bubbles trapped in the o = (r+ vk T(A —1/2%)

mixture. A slab of rubbery material of the required

thickness was prepared in this way. The material wasWherex is Boltzman’s constant anfl is absolute tem-
then cured at room temperature for 14 days. Specimergerature.

2.2. Sample preparation
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The modulus for the filled network can be written as:the volume fraction, the available surface area, the abil-
ity to form a cluster structure of filler& or E should
G=(+v)«T be enhanced ag increases. The mechanical proper-

ties of composites filled with different particles will be

v = vy + 15 is the total number of effective crosslinked analyzed using this theory.

network chains per unit volume (crosslink density of

composites)L = ¢ + 1 is the extension ratiay is the

number of network chains (from chemical crosslinking) 3.1. Effect of particle concentration

in the unfilled rubber per unit volume ang is the on mechanical properties
additional crosslinking produced by bonding to fillers. The stress-strain behaviour of composites filled with
It was assumed that various particle concentrations is illustrated in Figs 1
and 2. The patrticulate filler was PS patrticles, 0.31%
v = (§/8) ¢ in diameter, crosslinked with 2 mol % DVB. The filler

concentration varied from 0 to 40 wt %. Pure unfilled
where, S is the surface area per unit volume of filler rubber fractured at low stress and elongation. The com-
ands, the average area per attachment sjtés the  posite filled with 10 wt % particles showed a small im-
volume fraction of filler. Clearlyys is proportional to  provement in strength. The filled composites fractured
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Figure 1 Stress-strain relationship for the cured rubbery composite filled with PS/2 mol % DVB.
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Figure 2 Fitting of experimental data to find the rubber elasticity modulisfor the cured composite filled with PS/2 mol % DVB.
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TABLE | Mechanical properties for composites filled with PS though the addition of rigid particles increases the mod-
particles ulus, the composite with 40 wt % filler behaved like a
o op v (1070 E G more brittle material showing high modulus, but a low
(%) (MPa) chains/cd) (MPa) (MPa) fracture strength and elongation at break. Here, exces-
sive particle attachment and aggregation restrict defor-
Unfilled matrix 140 1.07 0 =122) 150 050  mation of polymer chains. Morever, the over “crowd-

9 . . . .
10wt 170 1.29 0.29 1.62 0.62 ing” of filler particles causes poor wetting and weak
20Wt% 250 176  0.61 250 075 . ; i
30Wt% 410 420 151 3.38 112 adhesion between particles and matrix. It follows that
40Wt % 260 3.19 291 5.58 1.70  inrubber reinforcement, there is an optimum filler con-

centration. A similar conclusion was also drawn by
Furukawa and Ogunniyi in their theoretical and exper-
imental investigations [31, 32]. In our study, at a filler
concentration of 30 wt %, the highest strength and elon-

atincreasing stress and elongation, as filler concentrgyation at break were obtained. In the following sections,
tion was increased from 10 to 30 wt%. The stress ang| the composites studied contain 30% filler particles

elongation at break for a composite filled with 40 wt % py, weijght.

particles were lower than those with 30 wt % fillers. The

modulus,E or G, increased with increasing filler con-

centration from 10 to 40 wt %. Mechanical properties3_2_ Effect of particle size on mechanical
for the filled rubbers are summarized in Table I. properties

All filled composites show improved modulus and Composites filled with PS/5 mol % DVB particles with

fracture behavior compared to the unfilled r“bber'diameters varying from 0.315 to 1.26m were cured

One mechanism of filler reinforcement is an eﬁeCt'V.eand tested in uniaxial tension. The stress-strain re-

decrease in the cross-sectional area of Ioad—bearlrg;ponse is shown in Figs 3 and 4. All the composites

polymer matrix due to the presence of fillers. Somegy, e significant improvement in strength and modu-

polysulfide molecules attach to PS particles thrOUgI]us over the unfilled rubber and exhibited similar values

mte:mglec_ular van d%r] W?ralst_forces. Ast p]?rtlctle_ Conb'of the modulusg or G. However, the stress and elon-
centrationincreases, the effective amount ofmatrix su C%ation atbreak decreased as particle size increased. The

Note: vy andvs are calculated from equatidd = (v + vi)« T at 298 K.

jected to stress _d_ecreases. The stress necessary for Bchanical properties of composites filled with parti-
composite to fail is therefore increased. On one han les of varying diameter is shown in Table II

filler particles can induce microflaws or cavitation to SEM photographs of fracture surfaces of all the filled
occur harmlessly_ under extension, and convert Iarg'la:omposites showed rougher fracture surface than pure
amounts of elastic energy into heat and surface en:

urtace €ng atrix. Composites containing particles of diameters
ergy. On the other hand, the presence of rigid fillersy ggg o 1. 25,m showed similar fracture patterns. At

can cause a crack to deviate or even stop. Under exg o anification of 5008, filler particles can be seen

tensional force, fracture starts from the interfaces bebrotruding and almost free from the matrix. No particle

Td’ therefore, the.1|‘|r ?Jcture s_ur]‘é;l?e at:ea INCreases, 3Parting from the interface between particles and ma-
that more energy will be required for the composite totrix, since only weak dispersive intermolecular forces
fracture. As a result, the .frac_ture is shifted to h'gherexist between PS particles and matrix molecules. We
\s,;c/ress and Iarge;g Io?]gat.lon mptshe preslen;;ltla ?jf fIIIerssuggested [28] that attractive interactions between par-
e suggested [28] that in a particle filled com-y;qjaq jead to the formation of clusters, and that clus-
Rers or aggregates interacted to form network structure.
. . Jaless particle size decreases, particle-particle interaction
form clusters. At a high enough particle concentration;o anhanced. The forces between particles depend on
the clusters span all over the compound and IorOducgurface area and the distance between particles. With

a three dimensional continuous network. The Strengtl?]ecreased particle size, we get an increased total sur-

and tendency to form clusters increase with iNCreéasg, .o area and total number of particles. We suggest that

ing particle concentration. These clusters or aggregatg rger and stronger clusters were formed in compos-
act as physical crosslinking points and the calculateqta

additional crosslinkingi) is increased as filler con-
centration increased (Table ). As a result, the overall
effective crosslink density of composites is enhancedragLE 11 Mechanical properties for composites filled with PS par-
Since more energy is required for a composite of higheticles of different sizes

crosslink density to deform or fracture, the modulus and 5
fracture strength of filled rubber increase with increas- ‘(S;O) ‘(’:\’Apa) ”éh(ali?]z sic) fMPa) ?Mpa)
ing particle concentration.

It has been reported that the modulus of filled poly-unfiled matrix 140 1.07 O =122) 1.50 0.50

es filled with PS particles of 0.315m diameter than

mers increased with increasing filler volume frac-d=0.315um 320 4.14 2.67 3.90 1.60

tion [29, 30]. However, at a particle concentration ofd=8-ggé pum 218 ;-;g ;-;g jgg 1-22
o . =0. um . . . .

40 wt%, the composite fractured at lower stress and,_; um 130 219 270 430 165

elongation than the composite with 30 wt % filler. Al-
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Figure 3 Stress-strain relationship for cured rubbery composites filled with PS/5 mol % DVB particles of varying particle sizes.
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Figure 4 Fitting of experimental data to find the rubber elasticity modulgisfor cured composites filled with PS/5 mol % DVB of varying particle
sizes.

in composites with larger PS particles and larger parresult, the reinforcing effect and the toughness of the
ticles were more isolated from one another as SEMcomposite, as indicated by the area under the stress-
microscopy indicated. We conclude that the ability for strain curve, increase with decreasing particle size.
cluster formation increased with decreasing particle Another reinforcement mechanism relating to parti-
size from 1.25t0 0.31pm. These clusters act as physi- cle size is the effect of cavitation on the mechanical
cal crosslinks, adding to the chemical crosslink densitypoehavior of filled rubbers. It was suggested that the
from the vulcanization of polysulfide matrix. The ag- probability of finding a large flaw leading to material
gregates or clusters are then able to carry a larger fradracture under a given stress concentration increases
tion of the load than the primary particle and yield awithincreasing particle size [33—35]. Onthe other hand,
higher fracture strength and elongation at break. Morethere are only dispersive forces between PS particles
over, the rubber matrix occluded within the particle and matrix, and the matrix polymer molecules may be
aggregates or clusters, after cured, becomes entanglége to move with respect to the particle surface under
with the particles. Also, interactions between particlesdeformation. Particles with a small enough size, such as
and matrix are strongly dependent on specific surfac®.315um in diameter, may induce microflaws or cav-
area. The number density as well as the total surfac#ation without the formation of cracks. This process
area of particles increase with decreasing particle diamean convert large amounts of elastic energy into heat
eter. Thus for the smaller sized filler particles, a greateand surface energy. Then, it would take higher stress
amount of matrix would be adsorbed on the particle surand more energy for the composite containing smaller
faces, and the interfacial attachment is enhanced. As partcles to deform and eventually fracture. Thus, the
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strength and elongation at break increase as the partickut the extension decreased as the particle crosslink

size is decreased (Table II). density increased from 0 to 5 mol % DVB. Results are
listed in Table III.
SEM photographs of fracture surfaces showed that
3.3. Effect of particle crosslink density the composite filled with PS/0.5 mol % DVB patrticles

on mechanical properties
Composites filled with PS particles, Q8n in diameter
and with crosslink denSity varying from O to 5 mol % TABLE Il M echanical properties for composites filled by particles
DVB, were cured and tested in uniaxial tension. Thewith varying crosslink density
stress-strain relationships are plotted in Figs 5 and 6: .
Allthe particle filled composites showed reinforcement 8; ";’AP ”fh(l.02 oy EMP GMP
over pure unfilled rubber. The modulus, or G, for (%) (MPa) chainsic (MPa) _ (MPa)
composites filled with particles crosslinked with either ynfiled matrix 140 1.07 01 =122) 1.50 0.50

0.5 or 2 mol % DVB is very similar, but slightly higher 0% bvB 570 290 145 275 110
than that for uncrosslinked particles. Composite fiIIedO(-)5% DVB 480 325 151 338 112
with particles crosslinked with 5 mol % DVB exhibited 2% PVE 410 420 - 1.51 33 112
: . % DVB 320 414 267 390 160
the highest modulus. The strength at break mcreasea.
5
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Figure 5 Stress-strain relationship for the cured rubbery composites filled with PS particles of different particle crosslink density. Particle diameter
0.3um.
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Figure 6 Fitting of experimental data to find the rubber elasticity modulgisfor cured composites with PS patrticles of different crosslink density.
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had a rough fracture surface. The composite filled withticles. These clusters or particle agglomerates formed
PS/2 mol% DVB particles, at 150 showed many inthe composite act as physical crosslinik$,(and are
steps on the fracture surface, indicating that fracture ocable to carry a larger proportion of the load. It follows
curred in several planes. In all samples, particles coulthat the overall effective crosslink density of the com-
be seendispersed over the fracture surfaces at high magesites increases with increasing PS particle crosslink
nification (5000«<). However, the composite filled with density, since cluster formation increases. As a result,
uncrosslinked PS particles showed a more uniform disthe modulus and fracture strength of the particle filled
persion. Clusters or agglomerates are apparent in theomposites increase as particle crosslink density in-
composite filled with PS/2 mol% DVB. No particle creases. However, the composites filled with PS par-
fracture was observed in these composites. ticles of higher crosslink density are stiffer and more

In PS particle filled composites, attractive interac-brittle, so the elongation at break,, decreases with
tions between particles lead to the formation of clustersncreasing particle crosslink density (Table I11).
or particle agglomerates. SEM photographs showed
that at a crosslink density of 2 or 5 mol % DVB, clus-
ter domains are seen, while in composites filled by4. Conclusions
PS particles either crosslinked with 0.5 mol% DVB In this paper, we report on the effect of filler parti-
or uncrosslinked, the particles are more isolated frontle morphology on the mechanical properties of model
each other in the matrix. We suggest that cluster formafilled rubbery composites. Monodisperse size filler par-
tion increased with increasing crosslink density fromticles of varying particle size and particle crosslink den-
0 to 5 mol % DVB. We proposed that the microstruc- Sity were synthesized by an emulsifier-free emulsion
ture of PS particles crosslinked by DVB was affectedpolymerization and used as model fillers.
by their crosslink density. As the DVB concentration The addition of filler to a rubber matrix improves
was increased, the porosity and surface roughness #fechanical properties. The modulus, fracture strength,
crosslinked PS particles were reduced. When PS par’:lnd elongation at break increased with increasing filler
ticles are mixed with the low molecular weight liquid volume fraction upto 30 wt % PS particles. The strength
polysulfide, the matrix molecules diffuse and penetraténd elongation at break decreased with increasing parti-
into the pores in the filler particles and are adsorbedle size from 0.315 to 1.26m in diameter. The highest
onto the particle surface, so that a layer of matrix po|y-strength, extensibility, and toughness were obtained for
mer is attached to the particle surface. the composites filled with the smallest particles, diam-

Adsorption atthe PS particle surface is physical, ariseter 0.31um. The strength at break increased, but the
ing from Van der Waals interactions between particlesxtension decreased as the particle crosslink density
and polymer matrix. Unlike chemisorption, physical increased from 0 to 5 mol % DVB.
adsorption does not completely restrict the movement Interparticle interactions are dominant and lead to
of polymer chains relative to the particle surface wherthe formation of clusters, and the clusters or aggregates
high stresses are applied. Polymer chain threads |ghteract to form a network structure in PS patrticle filled
cated in or on PS particles can either be pulled out ofomposites. The number density as well as the total
broken in order to detach from the surface under deforinterfacial surface area of particles, and hence the in-
mation. We suggest that the porosity and surface rougHeractions between particles and matrix, increase with
ness of the particles increases as the particle crosslirfiecreasing particle diameter. The interparticle interac-
density decreases, it is reasonable to infer that particleéon and ability for cluster formation increased with de-
of lower crosslink density, that is, synthesized with acreasing particle size from 1.25to0 0.3161. As particle
lower concentration of DVB, should have a deeper androsslink density was reduced, the porosity and surface
more extensive adsorption layer of polysulfide matrix.roughness of particles increased. Then, the dispersion
Composites filled with such particles should deform to 20f particles in the matrix is enhanced as matrix chain
greater extension before rubber molecules are fracture@iffuse and penetrate into pores in the particles, and
or detached from the particles, yielding a higher strairparticle agglomeration was reduced. Composites filled
at break. Thus, the elongation at break increases witiith particles of lower particle crosslink density should
decreasing particle crosslink density (Table 111). Also, deform to a greater extent before fracturing, yielding a
as we reduce the crosslink density of the PS particled)igher strain at break. These particles or clusters act
they become increasingly succeptible to swelling by theds physical crosslinks, resulting in an increased total
matrix. Moreover, the surfaces of the particles becaméffective crosslink density in the filled composites.
rougher as PS chains from the particle protrude into
the matrix. If low molecular weight polysulfide chains
diffuse and penetrate into the pores in the particlesh¢knowledgements
the dispersion of particles in the matrix is enhanced,| Nis work was supported in part by the Los Angeles
and particle agglomeration reduced. Therefore, we inRubber Group, Inc.(TLARGI).
fer that particles with sufficently low crosslink density
should exhibit lower cluster formation. Stronger CIUS_References
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