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Abstract

Ethylene propylene diene monomer (EPDM) rubber contaimngitu generated silica
particles was prepared through a non-hydrolytic sol-gel (NH8@}hod with silicon
tetrachloride as precursor. The silica particles were hemmgsly dispersed in the EPDM
matrix, but there were agglomerates at high silica contéime swelling experiments showed
a decrease in the crosslinking density of the vulcanized rubleetodthe presence of the
silica particles for both the composites prepared in the presedcabsence of a coupling
agent, bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT).nlike the composites prepared
through a hydrolytic sol-gel (HSG) method with tetraethoxysilaeQS) as precursor, the
TESPT did not seem to take part in the sol-gel reaction pfdésence of TESPT influenced
the interaction and dispersion of the silica particles in tRBM matrix, which gave rise to
increased thermal stability of the EPDM when comparedhdéocomposites prepared in the
absence of TESPT. However, t-butyl chloride and TESPT evapofate the samples at
temperatures below the EPDM decomposition range. The valuéiseoNielsen model
parameters, that gave rise to a good agreement with thame&ptally determined Young's
modulus values, indicated improved dispersion and reduced size oficheaggregates in
the EPDM matrix. There was also good agreement between thgestoodulus and Young's
modulus values. The filler effectiveness (Factor C) indicateteahanical stiffening effect
and a thermal stability contribution by the filler, while thengéng reduction (DR) values
confirmed that the EPDM interacted strongly with the well elispd silica particles and the
polymer chain mobility was restricted. The tensile propertiesiever, were in some cases
worse than those for the samples prepared through the HSG methedresence of TEOS.
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1. Introduction

The incorporation of inorganic oxides such as silica and/or titamé rubber matrices
prepared by the conventional sol-gel routes led to materials withneed properties when
compared to both unfilled rubbers and rubbers filled with traditipmaépared particles. The
sol-gel process is a chemical technique initially employegrépare high purity inorganic
oxides such as glasses and ceramic materials. The advantdge sol-gel route is that it
allows fine control of particle size and distribution owed to tive temperature conditions,
and it is therefore suitable for organic materials to be intredlilcto the process. The most
widely used sol-gel route is the hydrolytic process, which inghgdrolysis and
condensation of the precursors (metal oxide) to form oxide networkshyfhelytic sol-gel
process is generally divided into two steps: the first stepahysis, which produces hydroxyl
groups, and the second step condensation, which involves the polycormfensydroxyl
groups and residual alkoxyl groups to form a three-dimensional netwmekndrganic oxide
can be directly grown in the organic matrix leading to the foonatif organic-inorganic
hybrid structures composed of metal oxide and organic phases @ljimaiked with each
other. The main drawback of the hydrolytic route is the low mistyitaf the sol-gel aqueous
system, which limits the dispersion of the filler in thelymer [1-3]. The inorganic oxide
prepared in the hydrolytic sol-gel way also has low crystgll

An alternative method to prepare organic-inorganic materiddeishon-hydrolytic sol-
gel (NHSG) process, which can be used to produce metal oxides lofphigty and
crystallinity. Moreover, the NHSG route features differegatations and reaction conditions,
which significantly affect the texture, homogeneity and surfdwemistry of the resulting
oxide [4-6]. In the past 20 years, several non-hydrolytic syntmesthods of oxides and
mixed oxides have been described, involving the reaction of garsufalkoxides, chlorides,
acetylacetonates) with oxygen donors (ethers, alcohols, ketof€d) The main non-
hydrolytic routes involve the reaction of a metal chloride veither a metal alkoxide or

organic ether, acting as oxygen donors [7-9] as describedheniscl.

Step 1 MCl + nROH— M(Cl)n-n(OR), + NnHCI
Step 2 =M-OR + RO-Me — =M-O-M= + R-O-R (by ether elimination)
and/or =M-OR + CI-M= — =M-O-M= + R-CI (by alkyl-halide elimination)

Scheme 1 Non-hydrolytic sol-gel reaction scheme



The NHSG process is potentially solvent-free, without problente fwdrophobic
substances and it is particularly suitable for water-seasspecies [10JOn the other hand,
the formation of alkyl halide and/or alkyl ethers as by-products dmed potential
incompatibility with oxygen containing species have to be takém ancount as possible
negative aspects. The possibility of preparing polymersfareed with metal oxides
generatedin situ by a NHSG process, has been reviewed by several authorseint rec
publications [2,3]. The authors focused on poly(methyl methacry(@&)MA)/titanium
dioxide (TiG,) and epoxy resin/ftitanium dioxide (Ti0 nanocomposites. In both
investigations benzyl alcohol (BzOH) was used as an oxygen donoramdrtiflV)chloride
(TiCly) as a precursor. In both cases, improvements in the mechamdafunctional
properties were observed, independent of the chosen polymer.mdtisxwas due to the
improved interfacial interactions between the organic and inorgansephmought about by
the NHSG route. Morselkt al. [1] found that then situ generated titania did not have any
negative effect on the PMMA molecular weight and thermabibty, and a significant
increase in both the glass transition temperature and the stocatygus was observed for all
the PMMA nanocomposites.

However, the use of the NHSG processes to prepare filleanpadyis not widely
reported in literature, and most reports are limited to rigidntbplastics [1,2] and
thermosets [3]. In the present work silica nano-particle® wesitu generated by using an
NHSG process from silicon tetrachloride (S)Chs silica precursor antért-butanol (-
BuOH) as oxygen donor in the presence of EPDM rubber dissolved in toluene. The low
boiling point of t-BuOH allows the use of mild conditions during solvent eliminatian,
which polymer chain degradation and/or plasticizing effects canavwmeded for the
composites prepared by the sol-gel reaction. Moreovert-Bu®OH is not only used as an
oxygen donor, but due to the alkyl group steric effect, it can alsasaa capping agent, and
therefore, as a particle size and phase controller. This appreaxpected to reduce the
filler-filler interaction and give rise to improved thermiadechanical and thermomechanical

properties, as well as a better morphology and improved crosslinking
2.  Experimental
2.1 Materials

Silicon tetrachloride (SiG), tertbutanol (-BuOH), tin(ll)2-ethylhexanoate, dicumyl
peroxide, bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) ancuarie were all supplied by



Sigma-Aldrich. The materials were used as received withather purification. Ethylene
propylene diene monomer rubber (EPDM), Polimeri Europa DUTER 4038, density 0.91
g cni®, was provided by ATG ltaly (Castel d’Argile, BO, Italy).

2.2 Preparation of EPDM/Si@composites in the absence and presence of TESPT

The EPDM/SIQ composites were prepared by dissolving EPDM rubber in tolueg&(®

ml) at room temperature, and a coupling agent (TESPT) was &ddedo with respect to
EPDM) to the EPDM solution for the composites prepared in themresof TESPT. The
non-hydrolytic sol-gel (NHSG) system was prepared as follavggven amount of Si¢lwas
added drop-wise t¢-BuOH under vigorous stirring at room temperature for 15 minutes,
followed by addition of tin(ll)2-ethylhexanoate (1:25:0.04 mol ratio). Témulting sol was
mixed with the previously prepared EPDM and EPDM-TESPT solutionm®und-bottom
flasks and heated in an oil bath at 70 °C for 24 hours in ordentplete the NHSG reaction
for the conversion of Sigko SiG. The solutions were cooled to room temperature, followed
by the addition of dicumyl peroxide (DCP) (4 wt% with respect tDEPunder stirring. The
reaction mixtures were taken to a rotating evaporator tareie about 90% of the volatile
substances (toluene, unreactd®UOH and by-products of the NHSG reaction). The samples
with and without TESPT (90/10 w/w EPDM/Si@nd 80/20 w/w EPDM/Si¢) were obtained

by casting the solutions in Petri dishes, dried overnight andJateanized by compression
at 160 °C for 20 min. The same route was used to prepare TESRINing EPDM samples

as a control for FTIR analysis. In this case no other atsswere added.

2.3 Characterization methods

The transmission electron microscopy (TEM) images were @ntairsing a 200 kV FEI
Tecnai20 transmission electron microscope fitted with GatanenhnidiThe EPDM silica
filled samples were mounted on cryo-pins and frozen in liquid nitra@®150 nm sections
were cut at -100 °C using a Reichert Ultra-Cut S ultra-eacne chuck, collected on copper
grids and viewed.

Fourier-transform infrared (FTIR) spectra of the pure EPBM its silica filled
nanocomposites were obtained using a Perkin Elmer Spectrum 10Gpdd¢Rophotometer.
The samples were analyzed over a range of 600-4000néth a resolution of 4 crhusing
an attenuated total reflectance (ATR) mode. All the tspacere averaged over 16 scans.

The crosslinking degree was determined through equilibrium swetksts by

immersing at least three rectangular specimens for eachosition in 15 ml of toluene at



room temperature for several hours, and the mean values ar¢éedepne solvent was
replaced hourly after each measurement to eliminate albssidinked fractions, such as
unvulcanized EPDM chains, which could lead to incorrect valuediefstvelling ratio.

Equilibrium swelling was determined until the swollen masg (eached a constant value,
after which the samples were dried to constant mass (dried mg3 and the absolute

swelling ratio ) was evaluated according to Equation 1.

q=2 (1)

mq

The absolute extractable fractidi, (vheremyis the mass of the sample before immersion in

toluene, was determined using Equation 2.

="y 100 2)

mo

The values ofy andf were both normalised to the actual EPDM weight. Their values we

determined using Equations 3 and 4.

deppM = C . (3)
EPDM

fEPDM = C ! (4)
EPDM

wherecgppm is the mass fraction of EPDM present in the composites. Theogédnt was
determined using Equations 5 to 7, whexgpuis the mass of EPDM without silica andwb

epom IS the weight % EPDM in the composite.

Mgppy = Mo X Y%Wlgppy (5)

% Extraction = =2—"¢ x 100 (6)
MEPDM

% Gel = 100 — % Extraction 7)



Thermogravimetric analysis (TGA) was performed with akipeElmer STA6000
simultaneous thermal analyzer. The analysis was done uwa@ndl nitrogen at a constant
flow rate of 20 ml mift, and the samples (20-25 mg) were heated from 25 to 600 °C at a
heating rate of 10 °C mifiror the TGA-FTIR analyses the furnace was linked to the FTIR
(Perkin Elmer Spectrum 100) with a gas transfer line. Theiledatere scanned over a 400
— 4000 crit wavenumber range at a resolution of 4'cifihe FTIR spectra were recorded in
the transmittance mode at 250 °C during the thermal degragatioess.

The tensile properties of the samples were determined usiogrestield H5KS tensile
tester at a crosshead speed of 100 mm*raird 20 mm gauge length at ambient temperature.
The samples were rectangular shaped with a width of 12 mm andkaess varying
between 0.47 and 0.67 mm. At least five specimens wstiedtéor each composition, and the
mean values are reported. For comparison, Young’s modulus wast@dedccording to
Nielsen’s theoretical model [11-17].

The dynamic mechanical analysis (DMA) of the samples was doaePerkin EImer
Diamond DMA dynamic mechanical analyzer. Rectangular shagagles with dimensions
of 40 mm length, 10 mm width and thickness varying between 0.47 and th6thiok were
tested in the tensile mode, while heated under nitrogen flmw {200 to 100 °C at a heating

rate of 3 °C miit, and at a frequency of 1 Hz.

3. Results and discussion

The TEM micrographs of the EPDM/silica composites preparekeirabsence and presence
of TESPT are shown in Figure 1. The 90/10 w/iw EPDM{Si@mposite prepared in the
absence of TESPT shows homogeneously and fairly well dispetieadpsirticles, but with
clear evidence of particle agglomeration. Much largeraggtates are visible for the 80/20
w/w EPDM/SIGQ sample prepared in the absence of TESPT, indicating increaseéxep
particle interaction (Figure 1b). The introduction of TESPT dusggthesis reduced the
particle-particle interaction, giving rise to much more redusngglomeration and observably
better dispersion (Figures 1c and 1d). Well dispersed and non-aggtethgarticles are
even visible in the 80/20 w/w EPDM/SiGample (Figure 1d)n situ synthesis using the
non-hydrolytic route is seems to overcome the typical problemieohydrolytic route, in
which the low miscibility of the sol-gel aqueous system gi&sto more agglomeration and
reduced dispersion of the silica particles [1-4]. The largglomnerates at higher silica

contents is the result of an increase in coalescence ofrtiveng silica particles when



increasing the amount @f situ formed dispersed phase. The silica particles may also have
agglomerated in the suspension, because the hydrophilic silitelggahave a tendency to

associateia hydrogen bonding [16-20].

Figure 1 TEM micrographs of composites without TESPT (a) 90/10 Aw and (b) 80/20
w/w EPDM/SIO,, and with TESPT (c) 90/10 w/w and (d) 80/20 w/w EPDM/SiO

The FTIR spectra of all the investigated samples are showiigure 2. In the
composites the EPDM can be identified by two strong peaks aroidd &8 2850 cih
assigned to the C-H stretching vibrations (Figure 2a). Moag&spare observed at 721, 1376
and 1464 ci and are assigned to GHtretching, and Cxand CH bending respectively
[16,17]. The SiQin the composites can be identified from strong stretchingtisimsaof the
siloxane (Si-O-Si) bond at 1085 &ra small asymmetric stretch peak of Si-O-C at 802,cm
and a small peak at 938 ¢nassigned to Si-O stretching, indicating the presence of some
silanol (Si-OH) groups, which was confirmed by comparing the Fp&ctrum of SiQin
Figure 2a with those of the nanocomposites. The broad peak at 3340nctne SiQ
spectrum could be assigned to the stretching vibrations of r@Upg as a result of unreacted
silanols (-Si-OH). Similar peaks are observed for the EPDM/8omposites, but without the

-OH peak (Figure 2a). We observed and explained the same peakspirevious study on

7



the hydrolytic sol-gel (HSG) synthesis at long reaction tini&§, [and the peaks were the
result of grafted and/or unreacted fractions of tetraethoxysi(@f#OS) such as the
ethoxysilane (-Si-OgHs) and silanol groups (-Si-OH) due to unhydrolyzed silica that reacted
with dicumyl peroxide (DCP) during vulcanization. The NHSG predsdivided into two
steps. The first step involves the reaction of a methdldhar a metal alkoxide with an
organic oxygen donor (such as an alcohol or ether). The second step (cboxecsa
follow different pathways depending on the alkoxide used. One of nbst used
condensation reactions occurs through alkyl halide elimination aetitier elimination as
indicated in Scheme 1 [1,5,6,21]. However, tertiary alcoholdezmhto thdan situ formation
of hydroxyl groups, which react in a second step with a chloride grocqrding to Scheme
2. The alcohol route has been much less investigated for thegirepaf oxides and mixed

oxides than the alkoxide and ether routes [5].

Step 1 =M-Cl + R-OH — =M-OH + R-CI
Step 2 =M-Cl + =M-OH — =M-O-M= + H-CI

Scheme 21In situ formation of hydroxyl groups during the non-hydrolytic sol-gel

process

In this study a tertiary alcohot-BuOH) was used and according to Scheme 2, the
alcohol has reacted further to form silanol groups and this couldiexple presence of the
small peak at 938 cfin the composite spectra, which is the result of silanol grdwisid
not react further to form siloxane groups (Si-O-Si), and that naae grafted to the rubber
chains by reacting with the DCP during vulcanization (Figure 2a)

The spectrum of EPDM-TESPT in Figure 2b contains a combinatiathe peaks
observed for EPDM in Figure 2a and TESPT in Figure 2b with nopesks or obvious peak
shifts. TESPT therefore clearly did not react with EPDM unberpreparation conditions
used. The FTIR spectrum of the 80/20 w/w EPDM/Spepared in the presence of TESPT
shows that most of the silanols (Si-OH) reacted to form Si(zonds, with the
accompanying reduction in the number of free —OH groups. Thisigribat the silanols
completely reacted to form silica links (Figure 2b). Thisctpen also shows peaks around
1390, 1167 and 780 ¢hthat were the characteristic peaks observed for TESPifjime 2b.
Unlike the composites prepared through the hydrolytic sol-geGjH8ute with TEOS as



precursor [17], the TESPT did not seem to take part in theesakgction, and probably

accumulated at the EPDM-silica interface.

90/10 w/w EPDM/SIO,

80/20 w/w EPDM/SIO,)

Transmittance / a.u.

T T J T v T T T T T T T
4000 3500 3000 2500 2000 1500 1000

|

-1
Wavenumber / cm

EPDM-TESPT
90/10 w/w EPDM/SIO,

80/20 wiw EPDM/SIO,

Transmittance / a.u.

T T T T T

T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm’

Figure 2 FTIR spectra of (a) EPDM, SiGQ and the EPDM/SIO, composites, and (b)
TESPT, EPDM-TESPT, and EPDM/SIQ with TESPT composites

The equilibrium swelling and gel content results for the EPD®Y$omposites with
and without TESPT are shown in Table 1. The equilibrium sweldagshows a decrease in
the crosslink density with increasing filler content of the EFPEIO, composites with and
without TESPT. This can be observed from the absolute and norchaoealibrium
swelling ratio ¢ andqgeppwm) Values that increase with increasing silica content,ritreasing
values of the extractable fractiohand feppym), and the decreasing gel content values. The
presence of the NHSGn situ generated silica particles in the EPDM inhibited the
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crosslinking of the rubber chains during vulcanization. A possibkorefor this observation
is that increasing amounts of DCP were used for the graftiagaoiol onto the rubber chains
and therefore less DCP was available to initiate the lanksgy of the rubber chains. The
FTIR results also confirm this explanation, especially tomposites without TESPT (10 and
20 w/w EPDM/SiQ). From the swelling and extraction results it is cleat thain situ

generation of silica particles through the sol-gel procesgdeal hindering effect on the
vulcanization process, which limited the extent of crosslinkinghef EPDM phase, as
already observed and explained for the same material prepacegh HSG synthesis with

TEOS precursor at long reaction times [16].

Table 1  Equilibrium swelling and extraction results of EPDM and the EPDM/SIO;,

composites
Samples (w/w) q OepDM fl% fepom/ %0 Gel /%
EPDM 2.7+£0.0 2.7x£0.0 4.2+5.5 4.2+55% 95.8+53.5

Composites without TESPT

90/10 EPDM/SIQ 31+01| 3.4z%01 7.9+05 8.7+ 0.5 91.2+0.5

80/20 EPDM/SIQ 6.5+0.0 7.7+0.0 13.1+1.3 15415 83.7+1.6

Composites with TESPT

90/10 EPDM/SIQ 3.2+0.0| 35%0.1 7.8+0.8 8.6 £ 0.9 91.3+0.9

80/20 EPDM/SIQ 27+00 | 3.1+0.0 98+04 11.5+0.5 87.8+0.5

The absolute equilibrium swelling rati@)(and extractable fractiorf)( and their values

normalized with respect to the EPDM contapbbm, and Eppm)

In the case of the composites prepared in the presenceSHTTEhe decrease in the
crosslinking density is probably not the result of DCP reacting wie silanol groups,
because the FTIR analysis of these composites does not shpveskeace of silanol groups
indicating that most of the Si-OH reacted to form siloxane grosmilar observation and
explanation were given for HSG composites prepared from TE@ ipresence of TESPT
at long reaction times [17].

The TGA curves of all the investigated samples are showrgimrd-i3, while Table 2
shows a summary of the TGA results. The TGA curves showntass loss steps for all the
composites. This is different from the TGA results for #smme composites prepared
according to the HSG route [16]. These samples did not show themi@ss loss step

observed here. In order to figure out the reasons for this diffiereme did a TGA-FTIR
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analysis on the samples prepared according to the HSG and NHS& ficheeFTIR spectra
obtained at 250C are presented in Figure 4. The interesting observation ine~gurs the
peaks appearing at 2956 and 1144 ¢t indicate the CHgroups and the C-Cl bond in t-
butyl chloride which formed in Step 1 presented in Scheme 2. Thaiso a strong peak at
1756 cnt, which indicates that acid chlorides may have formed parteofdhatiles released
at this temperature. It seems as if the t-butyl chlosdess volatile than the ethanol formed
during the HSG sol-gel reaction with TEOS as precursor [18 €&thanol probably
evaporated during the course of the sol-gel reaction, whilelibigyit chloride formed during
the NHSG sol-gel reaction with silicon tetrachloride remaitrapped in the polymer and
only evaporated at much higher temperatures during the TGA amatyshe samples. The
larger mass loss observed for the TESPT containing samplparg@deaccording to the
NHSG route is clearly due to the evaporation of t-butyl chlorite @her acid chlorides, as
discussed above, together with unreacted TESPT (the additional pedkigure 4b
correspond well with the typical peaks of TESPT, as destrdaglier). We can therefore
confidently state that TESPT did not take part in the sol-geticgaaccording to the NHSG
route with SiCJ as precursor. It probably went to the interface between tlyenpolmatrix
and the silica nanoparticles, and in the process improved tmactoe between EPDM and
the silica nanopatrticles, but not to the same extent as iIH3I& process as will be shown
later. At higher temperatures the TESPT then evaporatédthatt-butyl chloride and other
acid chlorides.

The onset of thermal degradation looks very similar for allinkrestigated samples,
and the temperatures at maximum degradation ratgy)(&re also very similar within
experimental error. However, the actual rate of degradatitmwier for the silica-containing
samples (slopes of second degradation step less steep, Figline 3)ecrease in the rate of
degradation is more pronounced for the composites prepared in gengeeof TESPT
(Figure 3b). The most probable explanation is that the well digpsiigs particles found for
samples prepared in the presence of TESPT, reduced the palyaremobility and retarded

the diffusion of volatile products from the sample.
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Figure 3 TGA curves for a) EPDM and silica filled EPDM conposites and b) EPDM
and silica filled EPDM composites in the presence of T&PT
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Figure 4 FTIR spectra of 80/20 w/iw EPDM/SIQ during the thermal degradation in a

TGA at a heating rate of 10 °C min* taken at 250 °C for (a) NHSG and HSG without

TESPT and (b) NHSG and HSG with TESPT
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Table 2  Summary of TGA results of EPDM and EPDM/SIQ compaosites

Samples M 300 .c/ % Tmax! °C | Char content/ % | % SiO;
EPDM 99.4 £ 0.04 475+4.9 0 0
Unmodified composites
90/10 w/w EPDM/SIiQ 92.4+05 480+ 1.4 12.9+0.6 12.9+0.6
80/20 w/w EPDM/SiQ 91.2+0.3 476 + 2.1 22.6+0.5 22.6+£0.8
TESPT modified composites
TESPT 6.5+0.0 277+1.4 3.3+0.0 -
90/10 w/w EPDM/SiQ 89.3+0.1 481 +4.9 13.7+1.1 12.8+0.6
80/20 w/w EPDM/SIiQ 81.8+0.5 482 +7.8 22.0+1.6 21.9+16

Msoo ¢ Tmax @and % SiQ are the mass loss at 30C, the temperature at maximum
degradation rate, and the silica content after normalizatikingtanto account the char
content of TESPT

Table 2 shows that the char content at 600 °C increases widagg silica content
for the composites prepared in the absence and presence of TH&PValues are slightly
higher than what is theoretically expected, and an FTIR analiytie char (Figure 5) shows
the presence of carbon (C-O bending at 1615)cnfihis could explain the higher than
expected char content. The other observed peaks are the S#t@i8hing and Si-O-C
bending at 1055 and 802 ¢mrespectively. The composites prepared in the absence and
presence of TESPT show char spectra with similar peaks.

S
80/20 w/w EPDM/SIO,, with TESPT

e

80/20 wiw EPDM/SiO2 without TESPT

Transmittance / a.u.

T T T T T T T T ¥ T ¥ T
4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm’’
Figure 5 FTIR spectra of the char taken at 600 °C of two of he investigated

composites
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The Young's modulus as function of volume fraction of neat EPDM arsiliita filled
composites are shown in Figure 6 together with its predicteldéi theoretical model fitting
[28-32]. The values for Young’s modulus, stress and elongation @t Bre summarized in
Table 3. For composite materials consisting of sphericalcfestin the matrix, the Nielsen
equation has the form given in Equations 8 and 9.

_ 1+ABo,
E=E [1 —B¢¢2] (8)
B =g 9)
/g, +A

whereE, E; andE; are the modulus values of the composite, filler and matrpeatisely,
andg; is the volume fraction of the filler. The theoretical modulus dsethe silica particles

was E, = 70 GPa [33]. The factoy takes into account the values [of, of the dispersed
phase and it is given by Equation 10.

v=1+|(5) 6] (10)

where [, is the maximum packing fraction. The constant B takes into actberntlative
moduli of the filler and matrix phases, and its value is 1.0 foy l&rge E,/E; ratios (the
values forE; and E; are 70 GPa and 2.0 MPa, respectively, and therefore we could
confidently use a value of 1.0)he constant A is related to the Einstein coefficient giwen b
Equation 11 and is determined by the morphology of the system.rBog stggregates, the

value of A can become quite large whilg of the dispersed phase will decrease.

Figure 6 represents the Young’s modulus of all the investigateplesnogether with
Nielsen’s model fittings. The values of the A apydused to predict the relationship between
the experimental and theoretical moduli were 2.0 and 0.35 resggdir the composites
prepared in the absence of TESPT. For the composites prepahedpresence of TESPT,

the values of A and,, were 3.5 and 0.2. The situgeneration of silica particles by a NHSG
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route obviously reduced the silica particle size and improvedigpersion in EPDM
compared to our previous work using the HSG route [16,17]. The noolydrroute seems
to overcome the typical problems related to hydrolytic route, irchvtiie low miscibility of
the sol-gel aqueous system limits the dispersion and distributitmediller in the matrix.
The low value ofdn, indicates the presence of agglomerated silica particles,thieut
aggregates are small enough for the value of A to bg famhll. The composites prepared in
the presence of TESPT shows a better Nielsen's model fithagiebr Young’s modulus
values than the composites prepared in absence of TESPTisThifine with the smaller
particles and better dispersion observed in the TEM imageguime=i. Smaller particles and
better dispersion will improve the matrix-filler interacticeind increase the rubber

reinforcement, giving rise to higher tensile modulus values.

® Experimetal modulus without TESPT
——A=2¢ =035

1 A Experimental modulus with TESPT
5 - —-A=35¢ =02

Young's modulus / MPa

Weight fraction SiO,

Figure 6 Young's modulus as a function of weight fraction ofSiO; in EPDM/SIO;
composites A) with TESPT and (e) without TESPT: experimental modulus and

Nielsen’s model fittings

The stress and elongation at break values observably increiseeveasing silica
content for all the EPDM/Si©Ocomposites compared to those of the neat EPDM (Table 3).
This indicates good reinforcement and is the result of impradbe@sion between the filler
and the matrix giving rise to effective stress trandfer. 10 wt.% of filler the stress and
elongation at break values increased, but for 20 wt.% thiese values decreased, but they
are still higher than that of pure EPDM. The reason for thisreésen is the agglomeration
of the silica particles in the 20 wt.% filled composite. Tdwmmposites prepared in the
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presence of TESPT have significantly higher stress at bbesikpwer elongation at break,
values than the comparable composites prepared in the abs@ie8RF. The most probable
explanation for the lower elongation at break for the samplgsapé in the presence of
TESPT is that TESPT probably settled on the interface betweersilica particles and
EPDM and did not form part of the network. Table 4 shows the pegeemtidferences
between the stress and elongation at break values of samgdasepraccording to the HSG
and NHSG routes, and in the absence and presence of TESPT. Tige ahahe reaction
route from HSG to NSHG shows increasgdande, values as a result of smaller particles
and better particle matrix interactions. However, when TES&F present, the same change
in reaction route only improved the stress at break, but reducedotingation at break. The
reason for this is the fact that during the HSG route the TEBSKes part in the sol-gel
reaction and becomes part of the crosslinked network, while duringHIS& route it does

not take part in the sol-gel reaction and only sits on the EBI6A interface.

Table 3  Summary of tensile results of EPDM and EPDM/Si@composites
Samples H MPa o, / MPa &/ %
EPDM 2.0+0.3 1.6+0.3 589 + 43
Unmodified composites
90/10 w/w EPDM/SIQ 22+0.2 49121 2863 £ 101
80/20 W/W EPDM/SIQ 3.2+0.2 3.4+0.3 1865 + 35
TESPT modified composites
90/10 w/w EPDM/SIQ 3.0+£0.0 10.0+1.6 1570+ 14
80/20 W/W EPDM/SIQ 4.8+0.9 44+21 963 + 10

E, op ands,, are the modulus, stress at break and elongation at break

Table 4

route and with addition of TESPT

Percentage change in stress and elongation at breaklwchange in reaction

Changes in the reaction route
(80/20 w/w EPDM/SIQ)

% change inoy

% change ing,

HSG—NHSG in the absence of TESPT 17 95
HSG—NHSG in the presence of TESPT 19 -9
Presence of TESPT for HSG 28 11
Presence of TESPT for NHSG 29 -48
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Values obtained from dynamic mechanical analysis (DMA) anensarized in Table 5.
The filler effectiveness (Factor C) in the rubber matrix ba evaluated from the values of

the storage modulus obtained in the glassy and rubbery regions\gyRagiation 12 [34].

(E1g/Err)composites
(Erg/Ery)matrix

Factor C = (22)

where, B and E' are the storage moduli determined in the glassy and rubbensegi
respectivelyThe state of filler dispersion in the rubber matrix was deteminiryecalculation
of the damping reduction (DR) from the damping values obtained fiemdrmalized tag

peaks ((tad)eppomand (tam)compositd and is given by Equation 13 [34].

DR = (tan S)EPDM_(tan 8)comp05ife X 100% (13)

(tan 8)gppm

The storage modulus values in the glassy region increase widasnog silica content
(see E- goc values in Table 5). There is also a significant in@déaghe storage modulus
with increasing silica content in the rubbery region (seeJEc values in Table 5). These
modulus values depend on (i) the degree of crosslinking of the ruljotre (content of the
rigid dispersed phase, and (iii) the sizes of the filleriglag. All these factors will contribute
to an increase in the modulus. As can be seen from Table 1, thee defgcrosslinking
decreased with increasing silica content. However, the presd#rbe rigid dispersed silica
particles and their interaction with EPDM reduced the chain linolsind increased the
stiffness of the rubber to such an extent that the effect afetiéced crosslinking was not
observable. The increase in agglomeration at higher silica contgnélso have contributed
to the increase in modulus. Furthermore, the modulus values obthgosites prepared in
the presence of TESPT are significantly higher than thoseeotdmparable composites
prepared in the absence of TESPT. This is in line with tready discussed Young's

modulus values.

18



Table5 Summary of DMA results of EPDM and EPDM/SIQ composites with and
without TESPT

Samples (w/w) Eso-c/ | E'20c/ | (tand)max | Tg/°C | DR™ | Factor C
MPa MPa | %

EPDM 4.1 1.7 0.5188 -41.( - 1

Unmodified composites

90/10 EPDM/SIQ 9.1 4.2 0.5197 -46.7 -0.17 1.21
80/20 EPDM/SIQ 5.9 6.8 0.4405 -42.1 15.1 0.38
TESPT modified composites
90/10 EPDM/SIQ 6.6 6.9 0.4378 -44.3 15.6 0.45
80/20 EPDM/SIQ 11.8 9.9 0.3958 -42.5 23.7 0.57

E’80 °c,E’20 °c, (tand)max Tg, Factor C and D¥™ are the modulus values at -80 and 20
°C, maximum tané (normalised to the amount of rubber in the nanocomposites), glass

transition temperature, filler effectiveness and the dampmdgction (calculated from (tan

&)max)

Table 6 Storage modulus at 40°C of EPDM/SiIO; nanocomposites prepared
according to the HSG and NHSG routes in the absence andgsence of TESPT

E’ r=40°c/ MPa
Hydrolytic sol-gel (HSG) route without TESPT
90/10 w/w EPDM/SIQ 80/20 w/w EPDM/SiQ
6.7 12.3
Hydrolytic sol-gel (HSG) route with TESPT
90/10 w/w EPDM/SIQ 80/20 w/w EPDM/SiQ
8.2 8.8
Non-hydrolytic sol-gel (NHSG) route without TESPT
90/10 w/w EPDM/SIQ 80/20 w/w EPDM/SiQ
4.2 6.8
Non-hydrolytic sol-gel (NHSG) route with TESPT
90/10 w/w EPDM/SIQ 80/20 w/w EPDM/SiQ
6.7 9.9

E’40 -c storage modulus value at 40
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Table 6 shows the storage modulus values in the rubbery region @ ffr the
EPDM/SIG, composites prepared according to the HSG and NHSG routes in tiheabse
presence of TESPT. Generally, comparable composites pregaredling to the HSG route
show higher storage modulus values than the composites prepared actmiti@egNHSG
route. The reasons for this is probably (i) that larger silicicpes formed for the samples
prepared according to the HSG route, and that these largelgmeadd more stiffness to the
EPDM matrix than the smaller particles, and (ii) thet TESPT formed part of the network
structure for the samples prepared according to the HSG route, itveat on the EPDM-
silica interface for the samples prepared according to theG\itd8te, to some extent acting
as a plasticizer.

The filler effectiveness (Factor C) can be used to indittedecomposite reinforcing
capacity. By definition an unfilled rubber matrix has a Facta@qg@Gal to 1, and a Factor C
lower than 1 indicates a mechanical stiffening effect as wella thermal stability
contribution of the used filler [34]. The values in Tableh®w that the silica particles
improved the stiffness of EPDM. However, the 90/10 w/w EPDM/Si@mposite shows
values that are not in line with the rest of the values. iBhike result of the high storage
modulus values obtained at temperatures below the glass tmartsitnperature. This result
was found to be reproducible, and therefore it is not possible ¢o afif explanation at this
point in time.

The normalized taid values in Table 5 clearly decrease with increasingasdantent
for the composites prepared in the absence and presence of B8RMAey are lower for the
samples prepared in the presence of TESPT. This is attliboitgood adhesion between the
filler and the matrix, which resulted in a restriction ire trubber chain mobility in the
compositesThe damping reduction (D®™) values, which increased with both increasing
silica content and with TESPT treatment, confirm the strongeraction of EPDM with
smaller and well dispersed silica particles which led t@duction in the polymer chain
mobility. However, the glass transition temperaturg) @ecreased for the 10 wt.% silica-
containing samples (Table 5), but again increased for the 20silic&-containing samples.
Reduced crosslinking should decrease the value gofwhile the presence of the silica
particles and their interaction with EPDM should reduce the niybilithe rubber chains and
increase the value ofyTIn the case of the 10 wt.% silica containing samples ttiecesl
crosslinking seems to have a dominant effect, while thetedfezhain immobilization by the

silica particles is more dominant in the case of the 2&wilica containing samples.
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4. Conclusions

NHSG synthesis of EPDM-silica composites prepared in thenebsand presence of a
coupling agent was investigated. The TEM results showedrthheiabsence of TESPT the
silica particles were homogeneously and fairly well disperbetl with clear evidence of
particle agglomeration and much larger agglomerates wetdevest high silica content (20
wt.%). The introduction of TESPT reduced the particle-partitieraction, and gave rise to
much reduced agglomeration and observably better dispersion. Thengeeof silica
particles inhibited the crosslinking density of the vulcanized MPMatrix for all the
composites prepared in the absence and presence of TESPTedlwed crosslinking
density of the composites prepared in the absence of TESTauasd by reduced amounts
of DCP available to initiate crosslinking, because the D@ partially utilised in the
grafting of silanol groups onto the rubber chains. In the casesatdimposites prepared in
the presence of TESPT, the decline was probably due to the teckreacpling agent which
did not form part of the network and probably settled on the aderbetween the silica
particles and EPDM This caused enough free volume betweenaims ¢ty accommodate the
toluene molecules during swelling, and resulted in an inciadke swelling ratio.

The thermal stability of the EPDM/Sj@omposites showed two mass loss steps for all
the composites. The mass loss in the range 100@@Gas caused by the evaporation of t-
butyl chloride and other acid chlorides present in the compoagesgll as the evaporation
of TESPT that settled on the interface between the gificiacles and EPDM for composites
prepared in the presence of TESPT.

The Nielsen fitting of the Young’s modulus indicated smaller anigibdispersed filler
particles for the NSHG route, and this further improved wheipithparation was done in the
presence of TESPT. Improved stress at break was obsenadesult of improved EPDM-
silica interactions that led to better stress transfiewever, the elongation at break was
lower for the samples prepared in the presence of TESPT, prdbatdyise TESPT settled
on the interface between the silica particles and EPDM andaditbrm part of the network.
The DMA results supported the observations and conclusions fromhiret@thniques.

In summary, the NHSG route generally gave rise to smaltal better dispersed filler
particles than the HSG route, and this was reflected in thestigated thermal and
mechanical properties of the composites. However, the preeeA&SPT during the sol-gel

preparation had a much smaller influence in the NHSG raithe is probably because
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TESPT did not take part in the sol-gel reaction and only settlettheointerface between

EPDM and the silica particles, as was established frameranal degradation analysis of the

samples.
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