CHAPTER IV

RESULTS AND DISCUSSION

4.1 Model Studies
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Scheme 4.1 Reaction between a silicon oxide surface with vinyl-containing silane

reagents.
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Both water and hexadecane contact angle data (see Table 4.1) suggested that
hydrophobization has relatively reached its maximum within the first 24h of the
reaction performed in toluene solution in which diisopropylethylamine (DIEA) was

added. Elevated temperature does not seem to influence the extent of reaction.

n was also confirmed by lower

hexadecane contact angle D .hexadecane to penetrate the
incomplete silane moi ilanols. This indicates that
DIEA can truly mag [ronger impact on the extent
of reaction than the te ne reagent. An addition of
tertiary amine has beefl pr. 104, y) tral -,\ ydrogen chloride generated
during the substitution rea 5 ‘ gnhange chemisorption of the silane
reagent at the toluene/silicon i '—_"" en bonding between tertiary amine
(DIEA in this case)sand hydre -— -------------------- motes the substitution of
silane [27]. This obsexﬂn lﬂ the work reported earlier
by Fadeev and McCarthy‘{24] They found ser silanized surfaces generated when

e o i A% EJh‘iQ‘é e b T G be cesrbed as 4

result of vm gro s being sensitivé to other sideSreactions such as/oxidation, self-
f]pjltgu Lum rl ’gr n g‘llarl ae Enllhty to pack

molecules of vinyl-containing silanes by themselves is not sufficient enough in the

crossh

absence of solvent. Both hypotheses tend to deteriorate the reaction progress. It thus
becomes necessary to incorporate DIEA into the reaction to obtain fully

functionalized surface. To minimize the possibility of side reactions, the reaction in
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toluene at room temperature for 48h in the presence of DIEA was chosen as an
optimized condition.
The optimized condition for surface silanization by VDMS was confirmed by

a full kinetic study in toluene solution at ambient temperature as displayed in Figure

4.1. As monitored by water contac measurements, it seems that surface

silanization by TVS also réach s1ty after 48h. According to the

result from ellipsometric 2 1 no ol vinyldimethylsilyl (VDMS) and
trivinylsilyl (TVS) grouf s 1‘-\' \\ ness of 7 and 12 A on top

of the silicon oxi lornation of vinyldimethylsilyl

monolayer, it is obvi obieity"was potentially improved.

p \\ increased from 46°31° of
the cleaned silicon oxide “i-l' " and-94° 8 of the silicon oxide containing
vinyldimethylsilyl groups “H;";, inylsilyl groups (TVS-Si) using the

same optimized cop dition, respectively. This enhanced: ._3» ophobicity should also
X

rubber to some extent.

LYy |
accommodate the con‘Bt bil aturgl
I

Table 4.1 Water and hefadecane contact le data of silicon oxide surfaces after

escion wit ﬂ%&dy@l% BNINENT

. ﬁeraturef Reac'g:i:ﬁ %%f,,l ﬁ’ 04/0(°) of
ad W I E hexadecane

93/84 33/29

Ambient
In toluene with 48 94/88 32/27
temperature

DIEA 72 93/87 29/25

70 24 93/86 32/27

In vapor phase . 24 93/76 21/15

without DIEA 48 90/77 22/14
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Figure 4.2 Water contact angle data of silicon oxide surfaces after a reaction with

trivinylchlorosilane as a function of reaction time: advancing contact angle (e);

receding contact angle (o).
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The presence of vinyl groups on silicon oxide surface after surface treatment
was confirmed by the detection of 2.89% and 7.40% bromine on silicon oxide
surfaces containing vinyldimethylsilyl groups (VDMS-Si) and trivinylsilyl groups
~ (TVS-Si), respectively after bromination. The signals Brsg (at 95-165 eV) in Table

4.2 indicated that TVS-Si has app: 6 times of vinyl groups on the surface

as compared to ones on VD € mtend to quantify the vinyl group
density on the silicon surfa rominationsdug to the fact that bromine element
is somewhat labile u I DSt - a result, only qualitative
data is available. i
g
Table 4.2 XPS atomic Sl a0 VS-Si after bromination.
)
mposition (%)
Surface (2
Si =— (0] Br
£y +
VDMS-Si after ?
o .20 2.89
bromination |
TVS-Si after =
o 30.1 : 28.15 7.40
bromination

o o
AUBINBNINEINT |
4.1.2 Re&?!tion of Vinyl-contfining Surfacgs witl;ESIualeMnd Squalane

Al LA LAY AL

for radical polymerization and crosslinking. Overall XPS atomic composition and
layer thickness of VDMS-Si before and after reacted with squalene (SqE) and its
saturated analog (SqA) are summarized in Table 4.3. After the reaction with SqA,
%C (from 15° take-off angle data) increased from 27.55% of VDMS-Si to 36.49%

after 2.5h and continued increasing to 42.07% after Sh. The same trend was observed
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from 75° take-off angle data. It should be noted that the data obtained from 15° and
75° take-off angles (Or) project the information from the sampling depth of

approximately 10 A and 40 A, respectively. Eventhough %C became higher using a

longer reaction time, the attenuation of %Si has reached the minimum after 2.5 h and

remained relatively unchanged 0 This suggests that crosslinking process
within that interfacial layer Still.con i &’2 .5h to generate a denser layer

without significantly a i i (f€tamedgat ~ 10 A). A lack of %O

increase implied that

Atomic composi i [aecs \before and after reactions with
SqE were not distingufs efe ‘was\no significant interfacial

crosslinking taking plac (hesg iecessful reactions as a result of

surface oxidation as evidenced "5 S

igure 4.3 shows XPS C; and Oy

spectra of VDMS-Si-afte inglyr only 75° take-off angle

ot cd peak splitting. The
T

high binding energy [mk in the range of 286-292 e e

corresponded tﬂaﬂﬁﬁeﬂdﬂwé;ﬂxﬁqﬂ %oxygen in the form

of 0-C=0, C=COlor C-O. The OXygep peak also evolved into two&¢aks; an origin

R AIRTURN AN R o oneen

of C=0 emerging at 537.0 eV. Relative intensities between the high binding energy

spectra providing in V_’

Cis region presumably

peak and the low binding energy peak of Cjs as well as O spectra were higher for

the surface reacted for Sh implying the greater extent of oxidation.
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Table 4.3 XPS atomic composition of VDMS-Si before and after a reaction with

SqA or SqE
Time XPS atomic composition (%)
Sample 01 (°) z
(h) C 0 Si
2342 47.42 29.16
Cleaned Si-wafer
39.11 54.04
40.27 32.17
VDMS-Si
37.91 50.40
~36 35.88 27.63
VDMS-Si AIB R 33 37.19 49.36
70°C, SqA A LA N 42 30.45 27.48
36.56 48.21
35.92 30.82
VDMS-Si AIBN, 37.25 50.42
70°C, SqE 35.21 30.83
37.55 49.64

In order to detmnine the effect of temperature, f utyl peroxide was used as

1231 ¢ A

peroxide allowsjjthe reactions to be operated at hlgher temperature than 80 °C.
Slmlla&%'\?fwﬁﬁw ﬂéﬂq ’3 %QWHSqA 38 A)
was thlcﬂer than the one formed at VDMS-Si/SqE (9 A). So attempts to prepare
interfacial chemical bonding using two radical initiators (z-butyl peroxide and AIBN)
were not successful due to non-selective radical process towards unsaturated

moieties of squalene that lead to surface oxidation.
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Figure 4.3 XPS spec J of VDMS-Si after a reaction i

e ﬁﬂﬁ"ﬂpﬂﬂ'ﬂ‘iw 81173

To ove come th ﬁf; ﬁ ﬂﬁ ii?f éﬁldation and
the norﬂe i saturate oieties O a radical

initiator was then replaced by p-toluenesulfonic acid (p-TsOH). As expected, a

SqE in the presence of

cationic process can eliminate the problems and exhibited more desirable catalytic
behavior. From Table 4.4, a crosslinked layer with the thickness of 21.8 A (including
the VDMS layer) was generated at the VDMS-Si/SqE interface after a reaction at 40

°C for 17 h. This data agreement well with XPS results: an attenuation of the Si
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signal from the substrate as well as a significant increase of carbon concentration

were evidenced. No sign of surface oxidation was detected. A lower extent of

crosslinked network formation was observed when the reaction was carried out for

3h at higher temperature (70°C). Smaller extent of crosslinking at VDMS-Si/SqA

Table 4.4 XPS atomic ¢ 1 d layer thickness of VDMS-Si before and after
reaction with SqA or c
] - ition (%) Layer
Time =
Sample L Thickness®
(h) ) S \ Si
1 T P 1 (A)
Cleaned Womd > 29.16
silicon oxide = == = 54.04 )
. e
15 3 40.27 32.17
VDMS-Si = ST T 7.0
50.40
VDMS-Si, . ' 39.94
17 7.0
40°C, SqA ’ 52.57
VDMS-Si, ‘.15 52.51 26.48 21.01
e
40°C,SqE (@} 9 05 218
s @A NN WHINT S
VDMS-Si, fJ 15 26.68 40.9 32.41
3.0 ¢ 7.0
TO°Q=S e /™ : |
VDMS-S1,"
13.4
70°C, SqE

* Layer thickness values include VDMS layer.

Figure 4.4 shows the effect of p-TsOH concentration on the layer thickness.

The reaction was performed at 40°C for 6h using 10%SqE in toluene. The result
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suggested that 5%(mol/mol) of p-TsOH/SqE was enough for the crosslinked layer to
reach its maximum thickness for this particular condition. Based on the concept of
bound rubber, we hypothesize that the thicker the crosslinked layer is, the more

crosslinking is achieved considering that the cleaning procedure after reaction can

efficiently remove the unreact S fom the surface. The effect of SqE
concentration on the layer ‘thick S ermined in order to obtain the
lowest concentration possiblg arthe imking studies. The information from
Figure 4.5 implied 've the same crosslinked
thickness as the one obta e effect of temperature on
the progression of int€rfagial £rossli ” Kinyg ation ear be explained from Figure
4.6. Considering the séme .1gher the temperature was
used, the thicker the thickne

Eventhough the vmyl gr -Si is higher than one on VDMS-

Si, kinetics of surfagedcrosslinkin; g of both substrates—arn ~quite similar. There is no
LY AY ]
significant impact of ml

rfﬂal thickness. The data in
Figure 4.7 indicated that‘-the thickness of cigsslinked layer increased linearly as a

function of reﬂ u E’ C.] rm & m iz“&] r]caaﬁtended to level off

afterwards.

1m1:laﬂ r]og mr;‘l H ’-](J’A nﬂn’\:} gl uerformed in
the presence of sulfur, a conventional curing agent. A number of additives
commonly used in rubber curing were added such as ZnO, TMTD. The reaction was
carried out at 150°C, a temperature selected for curing silica-filled rubber
composites. The data in Figure 4.8 suggested that the thickness of interfacial

crosslinked layer marginally increased as a function of time. This outcome may be
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regarded as a consequence of rapid curing at such a high temperature (150°C)
particularly in the presence of sulfur along with accelerator and activator. In fact, this
data corresponds well with the cure time later discussed in this chapter. Again, there

is no evidence that indicates the difference between the thickness at VDMS-Si/SqE

and TVS-Si/SqE interfaces.
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Figure 4.6 The thickness of the crosslinked layer at VDMS-Si/SqE interface as a

function of time using p- TsOH 5% (mole/mole) : 40°C (o), 70°C (o) and 150°C(e).
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Figure 4.8 The thickness of the crosslinked layer at VDMS-Si/SqE interface (e) and

TVS-Si/SqE interface (o) in the presence of sulfur and other additives at 150°C.
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4.2 Natural Rubber Composites Filled with Surface-treated Silica

4.2.1 Physical Properties of Surface-treated Silica

Silica and surface-treated silica were characterized prior to the determination

of vinyl moieties on ti icle aggregation caused by

smaller the agglomerate

11 $\'\ e rubber matrix should be.

\
However, the surface a z cimined’ : \ od did not correspond well

attractive hydrogen b

particle size is, the betfe

with the particle size. The fact tf VD AS=SENGs a relatively unchanged surface area
=L MJ

=L

as compared to the @n A ed as a result of heat

7 )
treatment during B = t ﬁ; odel studies, it has been

J

demonstrated that the Vle’l groups are qulte sensitive to heat. It is thus possible that

crosslinking aﬁ HrEcje’J w%} ﬂw% w&,’qgﬂu‘:ﬁs may occur and led

to the particle agglomeratlon and thegreduction of surface area.

AR ANN It UN1INYIA Y

For TVS-Si, eventhough the surface area of TVS-Si is larger than the
untreated silica, the magnitude of surface area increase did not correspond well with
the particle size decrease. We suspect that heat affected the particle size and
agglomeration in the similar manner as it did for the case of VDMS-Si. However, the
particle agglomeration due to inter-particle crosslinking is dominated by repulsions

among some uncrosslinked vinyl groups on the surface of TVS-Si. The density of
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particle was influenced by the surface treatment only in the case of TVS-Si whose

surface contains higher density of vinyl groups.

Table 4.5 Physical properties of silica and surface treated silica.

Fillers Density (g/cm®)
Untreated silica / \“‘- 6Qud4 2.69+0.0018
VDMS-Si C b 2.67+0.0009
TVS-Si J6= w 2.84+0.0015
\\\\
4.2.2 Curing Be
STR 5L were compdiad e ntional laboratory two-roll mill

(160x320 mm) usingssul 2 rupber compound sheet was

conditioned at 23°Cifak 24 h in a cl -t g ing. Cure time (z99) and
_ -
]

re obtalned from Monsanto Rhedmeter MDR 2000 (moving

. “‘“m‘“ﬂ‘iﬂ’ﬁl VIR Yo o s

automatic moon viscometer (MV2Q00).

quﬂ\ﬂﬂ‘imﬂﬁﬂﬂﬂﬂﬂﬂ

igure 4.9 represents the effects of silica loading on cure time (t99). The

scorch time at 150°C \E

addition of surface treated silica (VDMS-Si or TVS-Si) reduced the cure time as
compared to the untreated silica especially at high loading. For comparison, the
curing of silica-filled rubber composite in the presence of Si-69 was also studied.

The obtained information suggested that the surface treatment of silica can accelerate
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the curing process as effectively as the conventional method of adding Si-69 as a
coupling agent. According to Dannenberg, the cure enhancement is due to an
improvement in filler dispersion in a rubber matrix by a silane coupling agent [28].

This statement should also be valid for the case of surface-treated silica. Figure 4.10

shows the effects of silica loading, o , ime. It can be seen that the scorch time

of VDMS-Si-filled composiie, “reaSeleWiifincreasing filler loading. Similar

trend was observed for silicasial site-inixed with Si-69. Using a similar
filler loading, relative gET _sCo \\ cneed for the case of TVS-Si.
This may be explaine@ the \. x, vinyl group density at the surface
of TVS-Si required a46nggf pgrigd of C ‘k":\ \ osslinking.

Mooney viscosity©f gbber composites' f \;« ith silica and surface-treated
A T

silica is shown in Figure 4.#1. AS-eXpectes INEY viscosity of rubber composites

filled with untreated silica inere iller loading. Mooney viscosity

Of bilica mixed with Si-69

of rubber composi :—y;

varied in the range g 30-40 MV 1ndepen t of filler loading. This

e AT
PRIAATUAMINYAE
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Figure 4.10 Scorch time of natural rubber composites filled with silica.
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Figure 4.11 Mooney visc@8it Fal-ou e 11 ites filled with silica.

4.2.3 Mechanical P

Various rubBerse €dnipression molding using

hydraulic at 150°C accmding to their respective cure timﬁtgo) into sheets. Dumbbell

and crescent ﬁtﬂeﬁ ,‘ieWEJ Wlﬁﬁﬂtﬂﬁ;ile and tear tests,

respectively. Tépisile and tear propertles were determmed by an Instron Tesing

) PO GG B Y FIB R B et o

using Shgre Type A Durometer.

Figure 4.12 shows the effects of silica loading on tensile properties. It
appeared that a composite with 30 phr VDMS-Si attained the highest tensile strength
with a value close to the one having a similar loading of TVS-Si. The tensile strength

of a rubber composite was elevated by an increase in the loading of VDMS-Si, TVS-
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Si or untreated silica mixed with Si-69. VDMS-Si seems to be the most effective
reinforced filler, particularly at a low loading (5 and 10 phr). While adverse effect
was clearly seen in composites filled with TVS-Si or untreated silica mixing with Si-

69. The result suggested that the successful reinforcement required a high filler

be @r from the result of tensile
roved significantly in the
\""‘M—.,_\ provi gn y

addition of Si-69 appeaf€d 40 norc fd \’ nethod to increase the tear

loading (> 10 phr).

Although VDMS-
strength, the tear streng
presence of VDMS-Si fj data of tear strength, the
strength at high silica |#adi Vs e & competitive option due to its

siincorporated.

relatively high tear streng

From Figure 4.14, it ca L the hardness of a composite was

improved by an additign Si, TVS ed silica mixing with Si-69.
: =
: ‘*r’l, dness the composite had.

i
The magnitude of hardne‘s‘s increase in all cases is almost indistinguishable using the

e S PN H s s v

displayed in Flgure 4.15. It should Be noted thatghe same trend syas observed for

e NN I ABAI NELIALL v

30 phr of untreated silica and vulcanized in the presence of Si-69 show the highest

The higher filler ?:'I?‘

tensile modulus as compared to the composites filled with the same loading of

VDMS-Si or TVS-Si.
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Figure 4.13 Tear strength of natural rubber composites filled with silica.
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Figure 4.15 Tensile modulus(M100) of natural rubber composites filled with silica.
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4.3 Natural Rubber Composites Filled with VDMS-Si and Vulcanized in the
Presence of Si-69

While VDMS-Si is a good filler due to its favorable curing characteristic
(short cure time and scorch time), silica mixed with Si-69 render composites with

superior tear strength and tensile modi s, a method of combining Si-69 with

VDMS-Si for curing rubbe v tempted. Curing behavior of
.-J
composites filled with : s mixed with Si-69 and VDMS-Si

mixed with Si-69 are.g corch time and Mooney
viscosity as displayed eetively. Compared with the
rubber composite fille e cure time of the rubber
composites filled with & elatively high loading (20
and 30 phr). This can be reg@rdedsas an a¢ age DMS-Si incorporation. The
Yadiiad o 2
curing process was accelerated Oy—reactions between vinyl groups on the silica
ith S1-69."The'présence of Si-69, however,
Wy X'}
extended the scorch timse 4

J 1

As shown in Figlirgl.w, tensile st@gth of rubber composites filled with

vOMS:i and 66 ] e o BB s e wi
U
untreated silica and Si-69 at low loading (5, 10 phs), indicatinﬁihal.#in 1 groups on

the siliaq m.;l ﬁilﬁﬂﬂmly m :]bg: nr&l I

inferior tear strength of rubber composites filled with VDMS-Si at high loading were

surface with rubber ms

feanwhile, the

improved tremendously when Si-69 was added during curing (Figure 4.20). Figure
2.21 indicated that the combination method can slightly improve the hardness of

composites in every filler loading. Most of all, the composites prepared by this
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particular method showed the highest tensile modulus especially at low filler loading

(5,10 phr).
12
,g 00 phr
£ H 5 phr
é W 10 phr
. 020 phr
3 B 30 phr
Figure 4.16 Cure time (f99) of rub%om cured in the presence of Si-69.
P |"'..r“'! , n )
£ 00 phr
= M 5 phr
é W 10 phr
E 020 phr
3 B 30 phr

VDMS-Si Si-69 mix VDM S-Si+Si-69 mix
Silica and treated silica

Figure 4.17 Scorch time of natural rubber composites cured in the presence of Si-69.
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Figure 4.18 Mooney viScogity f*nat:ii’r_a];: SF ComE osites cured in the presence of

Si-69.
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=
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Figure 4.19 Tensile strength of natural rubber composites cured in the presence of

Si-69.
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Figure 4.20 Tear strength offnaglis be: 08ites,composites cured in the
presence of Si-69.
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Figure 4.21 Hardness of natural rubber composites cured in the presence of Si-69.
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Figure 4.22 Tensile Modulis @V I f al'rubber @omposites cured in the
presence of Si-69.
4.4 Determination Qfsuical)istrih ion i tbhey Composites
A natural rubberjcomposite W ilica filler @s first characterized. The

analysis was d ﬂ Qﬁ Eeﬁfﬂlﬁis shown in Figure
4.23. Topogra ﬁ ages and the correspondmg mappmg 1mages of silica particle

TSIV e

white sp&s scattering randomly on the topographic images do not represent the
position of silica particles. The non-smooth surface is a result of freeze-fracture of
the rubber composites during a sample preparation. On mapping images, white

features occasionally appeared due to the silica contaminant existing in processing



71

machines ( i.e. two roll-mill, compression mold). The absence of silica in this set of
sample can be verified by the elemental scan later shown in Figure 4.26.
Four sets of vulcanized rubber composites having 30 phr silica loading were

chosen. Two representative topographic images along with the corresponding

similar to what has been discussed earlie] C 48" no specific correlation between

the topography and the distfibuéien of sili _. er ‘1i the corresponding mapping

NN

image. Silica appeared as*™ k omogeneolisiyascatter on the surface. The

dark area represented .\o\ lica. The agglomeration
appeared as large p \-\ omposites. The existence
of silica was later confi the eler oiital scan ¢ 0 ayed in Figure 4.27. Similar

feature of elemental scan ‘wagfobsesved omposites with approximately 8-12 %

it St
of silicon. There is no clear evidéaee indicaling the difference of silica distribution

between each comp _o_ _____&;_;_“ yven that 4n jaddition of VDMS-Si,
. X ) -
H : eilica distribution based on
u

the available 1nformat10n Should the d1fference of silica distribution exist in the

R kLTI S—

distinguish the vanatlon An improvefent in mechenical propertiesshiould then arise
from cfgmw r])ﬁnﬁnﬂ ieﬁ“ruw’]eg nﬂr] allﬂ and natural

rubber.

TVS-Si or untreated
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Figure 4.23 SEM micrographs (left) and mapping images of silica particle

distribution (right) of a natural rubber composite without silica.
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Figure 4.24 SEM micrographs (left) and mapping images of silica particle

distribution (right) of natural rubber composites containing (a) silica (b) silica mixed

with Si-69.
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(a)

(b)

Figure 4.25 SEM micrographs (left) and mapping images of silica particle

distribution (right) of natural rubber composites containing (a) VDMS-Si (b) TVS-

Si.
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Figure 4.27 An elemental scan on the surface of a natural rubber composite filled

with 30 phr VDMS-Si.
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