CHAPTER IV

RESULTS AND DISCUSSION

4.1 Optimization of Gelation Time for the'Sel-Gel Process of Silanes in Latex

Gelation time is the S of ting dum the sol-gel process of silane
proceeded in the NR lat *nt types of silane compounds
have different rates of tion, the concentrated NR
“TESPT were studied for

ution of in situ silica, as well

latex mixed with 5
%conversion of TEOS

as cure characteristics, | m >chanical properties of the

composite

4.1.1 % Conversion

.. A6 _— hY | . ,
Here the silica“e6n sites"were determined prior to

T

further sulfur vulcaniza !!o The data are shown in Tabl J 1.

From Ta 4utﬂﬂvﬁlw tu silica (entry 2-7) is
mostly above ;ﬂ indicating that nearly all TEOS that was added into the latex had
turned silica contents
obtameﬁmaniﬂsﬁm nmnnw]? Y‘lﬂj ﬁﬂ ed silica and

%conversion are not significantly different from one another.
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Table 4.1 Comparison between silica content and %conversion of TEOS to silica of

NR vulcanizates with and without silica reinforcement

g‘ Sample Gelation time Residual ash  Silica content YConversion
S (days) (phr) (phr)
1 NR - 0.17 £0.02 0 0
2 5 "1)?9:0:015 13.52£0.15 94
3 NR/50 phr TEOS 7 .65:#0 56 13.48 + 0.56 94
4 10 al3 80 #0103 13.63+0.03 95
;5 7 | 42612077 1244022 93
NR/50 phr TEOS/

5 phr TESPT g/ 13.54 £ 0.49 13.37+£0.49 86
14 87+ 0.47 14.70 +£ 0.47 95

v
N

of In S‘n‘it Generated Silica in the NR Matrix

£ }-;4 "

i
,

4.-1"‘

a) gelation time S days b).gelation time,7 days
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y - — tem
STREC 15KV £S.,000 ldam

d) gelation time 5 days e) gelation time 7 days f) gelation time 10 days

Figure 4.1 SEM micrographs of NR-silica composites, without TESPT (a-c) and with
5 phr TESPT (d-f)
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The fracture surfaces of the composites were analyzed by SEM (Fig. 4.1).
White spots represent the silica particles that were formed inside the rubber matrix
(black-toned color). The silica particles are well dispersed in the NR matrix. When
comparing among the three gelation times, no significant difference of silica

distribution and size could be noticed.

4.1.3 Cure Characteristics of W Compounds

Cure time and scorch time- the aractenstlcs being investigated.
Both values were obtained froma-th:

: ach composite. The influence of
gelation time on cure chagaeferistics of _.'?.; ds performed at 150 °C are
shown in Table 4.2.

Table 4.2 Comparison#be Of NR vulcanizates with and

without silica reinforce

§ Sample v : ch ti i Cure time (min)
1 NR 422
2 e [E— . 4.76
3 NRSOphrTEQSE g 482
4 m v i 4.85
5 238 427
NR/50 p
CTHTH IpnIneans o
7 2.17 3.93

wﬂ %ﬁlﬁrﬁ AU RBAR L it

same gro p (entry 2-4 and entry 5-7) in Table 4.2, it was found that changing the
gelation time from 5 to 10 days did not cause any significant changes in those two
values. Moreover it should be noted here that the scorch and cure times of in situ
filled silica-NR vulcanizates (without TESPT, entry 2-4) are longer than those of NR
without silica (entry ). The addition of 5 phr TESPT (entry 5-7) helps reduce both
scorch and cure times to values that even lower than the NR vulcanizate (entry I).

These observations in fact fit well with the theory. As mentioned earlier in Chapter 2
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that the silanol group on the surface of silica particles can reduce the sulfur curing
process, by interacting with the activator (ZnO) and the amine accelerators instead.
After the incorporation of TESPT, the amount of silanol groups should decrease, and
also TESPT contains sulfur units that can participate in sulfur vulcanization. This
leads to strong chemical linkages between the silane coupling agent and rubber

molecule. Thus vulcanization of in situ filled silica-NR composite is achieved faster

Table 4.3 shows

swelling ratio is calculate er_matrix that was swollen in

io 'of the i sifu.silica-NR vulcanizates. The
LN

L1

toluene, and it is i rifonal fo'the degree
oluene, and 1t 1S 1nverse : L . \ \0\
€ \‘\
\L S8

\ suggest that TESPT increases

crosslinking. The swelling

ratios of NR-silica 4) are higher than those of

the composites with TESP

the crosslinking in the NR ith both silanol groups on the

silica surface and the dou er chain, therefore increasing

chemical bonds between NR a \d-Sitica pa

Finally when increase the gelation
et .

time, the swelling ratig of

Table 4.3 Comparison-hetv

0 ange significantly.
o

b nﬂwf NR vulcanizates with and

without silica reinforcement
-3 LY

gl q elation time Swe;iing ratio

Sample ¢ _G

§ (days) e, (%l

q l : jR I i - 292.98 + 0.67
2 5 260.49 + 1.79
3 NR/50 phr TEOS 7 273.57+0.77
4 10 250.19 + 3.50
L 5 237.76 + 0.95

NR/50 phr TEOS/

5 5 pht TESPT 7 232.07 +3.73
7 10 234.79 + 4.08
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4.1.5 Mechanical Properties of the NR-Silica Composites

The mechanical properties of NR-silica vulcanizates— tensile modulus at 300%
elongation (M300), tear strength and hardness, are listed in Table 4.4. All reported
mechanical properties of the in situ silica-NR vulcanizates (entry 2-7) are higher than
those of the gum vulcanizate (entry 1). The addition of TESPT (entry 5-7) obviously

This confirms the reinforcement

raises all mechanical properties to_hig
capability of silica particles and the ‘ ¢ - as a co-curing agent in the NR
vulcanizate. Again, when ¢omp g ag ﬁsample groups (entry 2-4 and
entry 5-7), increase in ‘ : antly affect the mechanical

properties.

'S o NR vulcanizates with and

3 \\\

Table 4.4 Comparison

without silica reinforc

1 ear strength

E

S Sample (N/mm) Hardness

I NR | _ = -;’ 3076371 39.5%1.10
2 Qo 01+ 065  43.1+2.76
3 NRSOphr TEQSE 7 333 853+3.78 4274092
4 %t 102 43.5+2.44
5 P 4435£0.14  4635£031  47.1£127

NR/50 p

o mmmwmmv
7 4.07 % 0. 52 4528 + 6. o 45.6+0.64

ammmm U138

In this section, the interaction of in situ generated silica @the coupling agent,
TESPT were evaluated. The roles of silica as a reinforcing filler and TESPT a co-
curing agent were confirmed in this vulcanizate system. Lastly, the gelation time of 5
days seems to be appropriate for the sol-gel process of TEOS in the concentrated NR

latex to get a complete reaction.
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4.2 Experimental Design for Study on the Influential Factors on the
Mechanical Properties of NR-Silica Composites

The 2*-factorial design was carried out to study the factors thought to influence
the mechanical properties such as tensile modulus, tear strength and hardness. The 3
factors focused here were the amount of TEOS (T), TESPT (C) and ammonia (N)

added to concentrated NR latex. Each | yas presented at the two levels; high and
low. , {/,

_‘
nve iowo Silica

i \ \Q.\‘T\ and silica content of the

4.2.1 Silica Conten

Table 4.5 Factor leve

composites

£ A tent .
3 TEOS oy %Conversion
(T)
1 - 268+0.11 87
2 * 22+ 038 90
3 . 64 £0.19 91
4 + . 1@4 +0.61 87

J

C Audineninedty
ARTNTUNRNTNY

TEOS : +(50 phr), -(10 phr)
TESPT : +(5 phr), -(1 phr)
added ammonia : +(2.5 %w/w), -(0 Y%ow/w)

Table 4.5 shows the amount of silica, and %conversion of the in situ silica-NR
composites. The amount of in situ silica is 3-4 phr for the sample having 10 phr
TEOS. The silica content increased to ~14 phr when 50 phr TEOS was added to the

latex. The conversion of TEOS to generate in situ silica is 86-96 % indicating that
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nearly all TEOS have turned into silica during the sol-gel process inside the NR

matrix.
4.2.2 Factors that Influence the Mechanical Properties

The results obtained from the three modes of mechanical property measurement
wn in Table 4.6.

of the in situ silica-NR vulcanizates ar

" ica-NR vulcanizates

Factor

ear strength

\\ (N/mm)
\ . | 4.04 +3.07 40.6 +2.00
2\

I Hardness
5 TEOS  TESPT

() ©)

i % , 80+145  43.8+1.50
3 , ¥ ;07 367750  41.5+0.72
i & + .2 47224252 4624099
5 - ’ === 85025 35504295 4124154
6 = 43 23163 44.1+1.66
7. 389+438  43.0+1.65
8 + : 4.43 +0.53 a66i249 44.4 +1.98

From theﬂ iJl%J 2 ﬁé]e&mtﬁ Wekth b} @ the three mechanica

properties (responses) are calculate¢ by Eq. 3.4, The standardyerror (E) for all 7
cims®) R GATTR PRI §) B .51
the main and the interaction effects between the high and low levels were determined,
while Eq. 3.5 was used to calculate the errors between three repeated experiments.

The data are shown in Table 4.7.
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Table 4.7 Values of estimated effect for the 23-factorial design of in situ silica-NR

vulcanizates
Calculated effect M300 (MPa) Tear strength Hardness
(N/mm)
Main
TEOS content (T) 1.3 \ w 8453+1.520  3.083+0.638
TESPT content (C) 0.553+0. /}83 & 1.520 1.333 +0.638

Added ammonia content (N 49 =858 + 1.520 0.117+0.638

Two-factor interaction

TC 0.000 + 0.638
TN -0.917+£0.638
CN -0.300 + 0.638

Three-factor interaction

TCN ] 86 +1.520  -0.767+0.638

The estimated effect is obtained fr
® The standard error (E) is obtained £

In order to identify licnced the properties of the
NR-silica composites, & E valu ssponse rr%t be taken into account by
comparing with the absolgtalalue of all 7 qgmated effects in the same response. If

the absolute cﬁ’nuﬁff}twlg ) fane\feh . [ihaT) effect is considered

significant. (Détailed calculation of the estlmated effects and standard errors are

S“”““‘l"ﬁ’"l‘ﬁ\‘iﬂim AN Y

From Table 4.7, it was found that factors that influence M300 of the silica-NR
vulcanizates are T and C, which confirmed by the factorial design study in Tables 4.6
and 4.7. The M300 increases significantly when increasing the amounts of TEOS and
TESPT added into the latex. High ammonia value does not affect the M300.

Therefore, for a practical method, a silica-NR vulcanizate having a high M300
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requires high TEOS and high TESPT contents without the need to add more ammonia

into the concentrated NR latex which already contains 0.7% NHj.

Tear strength

The T, N, TN and TCN are the main and combined factors that influence the

tear strength significantly. Noted that the, effective values of N, TN and TCN are

negative, suggesting that increase in the in_the system would reduce the tear
strength of the composite. he. adve onia agreed well with the
study made by Nuntivani ing thewel process but without the

adding a large amount of JEOShuy limitithe ammor a content to a low amount. For

TESPT, no obvious trend et -, '

Why the high a iafc s'%dﬁ, e strength? No conclusive
reason could be made butfong possible explanation might relate to the formation
ANl

kinetics of silica particles. Sifice hydrolysis ondensation of TEOS in latex was
known to depend on pH. F mmonia content from 0.7% to 3.2%
could somewhat affect the silica- molecular weight and, thus, size.

Due to time limitatio ?:“ . m*'--'""ﬁ\‘ yet been performed.

iy
o v/

The facto t 18;63:%&?!3% ! ﬂl‘]ﬁﬂ’ﬁN As expected, the
hardness increasﬂ]yen increasing and contents. Additional ammonia
does not=signi ms ? ia content but
decrease ;ﬁ;\:]:afmﬁ rﬁmd ﬂiﬁl hardness.

The highest hardness was obtained from experiment 4 (T+, C+, N-) (Table 4.6).

Hardness .EB

This implies that ammonia is the factor that should be limited to a low value. For
practical usage, the composite with high hardness requires high TEOS, TESPT and no

need to add more ammonia into the latex.
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4.3 Effects of TESPT Content on the Properties of NR-Silica Composites

In this section, the properties of in situ silica-NR composite were studied by

varying the amount of TESPT to 1, 5, and 10 phr.

4.3.1 Morphology and Distribution of Silica in the Composites

¢) NR/50 phr TEOS/

1 phr TESPT

d) NR/50 phr TEQS/5 phr TESPT ) NR/50 phr TEOS/10 phr TESPT
Fig#.2 SEM micrographs of NR-silicalcompgsites

The ,fpagme sunfacessof the Compositesiwere 5nalyzed by'SEM(Hig 4.2). White
spots represent the “silica particles and black area is the Tubber mafrix. The silica
particles are evenly dispersed in the NR matrix. In order to accurately determine
silica particle size in the range of sub-micron, silica-NR composite was subjected to

analysis by TEM.
4.3.2 The Size of Silica Particle in the Composites

Since SEM is not an effective method to determine the size of particle in the

sub-micron range, TEM is used to analyze a sample of in sifu silica-NR composite.
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Figure 4.3 shows the TEM photographs of the NR-silica composites with and without
TESPT. The presence of TESPT further made in situ silica particles very fine and
homogeneous comparing to the NR-silica vulcanizate without TESPT. The single
particle was measured on the picture by using a ruler. An average diameter, out of
five different silica particles, is 123 + 7.63 nm for the vulcanizate without TESPT and
37 £ 1.65 nm for the vulcanizate with TESPT The additional presence of TESPT

' fg E situ silica formation, resulting in a

provided a higher number of initi

greater number of silica part&
| ——

Hé R-si mposites

Fig 4,S)TEM photogi'a

The influence of "I;ESPT content on the cure characteristics of silica-NR

vulcanizate is ﬂoﬁ Ej %b?’]ﬂm Wﬁ{]oﬂI?PT caused Atorque

(difference betwgen the maximum and minimum torques) to increase but reduces

AT A e e

unit volume of rubber [24]. Therefore, it is evident that TESPT acts as a co-curing

agent in the sulfur vulcanization process. Thus, the rate of vulcanization reaction is
faster. At 10 phr TESPT, however, the ts; and tg tend to increase, indicating a slower
curing rate. The behavior was possible due to the fact that at 10 phr, TESPT was in

excess and might plasticize the system.
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Table 4.8 Cure characteristics of in situ silica-NR vulcanizates

TEOS  TESPT ts; too Torque max  Torquemin ~ ATorque
(phr) (phr) (min) (min) (dNm) (dNm) (dNm)
0 0 2.76 4.22 6.42 0.74 5.68
10 0 325 4.82 6.68 0.71 5.97

1 2.65 0.70 5.64
5 0.71 6.35
10 0.77 793
50 0 0.71 5.85
1 0.77 6.26
5 0.59 125
10 1.04 8.68
i
astate * R
4.3.4 Solid-state “SINMR _»° =
A
Silicon-29 CP/MAS NMR Spect: he in situ silica-NR vulcanizates are

S

=Ll J,_} / *

shown in Fig 4.3. - SPT), two peaks are easily

recognized: one -y—__ ppmm, 1S \:'ﬂ on atoms that have one
hydroxyl group, (Si-O)ﬁi- 3 1ed Q%and the other at -109.2 ppm
is due to the silicon atomgwgt.hout hydroxyl group, Si(Si-0)4 (called Q*). A Q”signal,

relating to geﬁl%ﬂ(ﬂa ﬁﬁﬁ@%ﬂ&] ﬂ‘ﬁ because of its low

abundance [36].49When TESPT is added, an additional peak is observed at -67.9 ppm

¢
1 93Dy i 11
R(ora"l% : . réover “whe ¢ TESPT, "the intensity of Q® signal
decreases but the Q* increases. The results imply that the reaction between TESPT

and TEOS leads to a reduction in the density of silanol groups on the silica surface.
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—-101.4

a)

Fig 4.4 29SI‘EP/MAS NMR spegtra of ) without TESPT and b), with TESPT

o Ty bRl g 1208288

Figure 4.4 shows the mechanical properties of NR-silica vulcanizates — tensile
modulus at 300% elongation (M300), tear strength and hardness (see data in
Appendix B). In each plot, a comparison was made among samples prepared from 10
or 50 phr TEOS and 0, 1, 5, and 10 phr TESPT.
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6500 1 —O—TEOS 10phr ~ —e— TEOS 50 phr 55.00 —O—TEOS 10phr ~ —4— TEOS 50 phr

M300 (MPa)
Tear strength (N/mm
&
8

2 4 6 8 10

y/ TESPT content (phr)
’&ear strength

: \ EOS 10phr —&— TEOS 50 phr
0

50.00

f

45.00 . S

O

Hardness

4 6 8 10
TESPT content (phr)

¢) Hardness d) Swelling ratio

Fig 4.5 Variation ;— ies of sili viileanizates with TESPT content

As presented e r M300, tear strength, and mrdness increased with the
presence of TE m interaction between
NR and silica. ﬁhﬁﬁ i:lm gmiomposites are 14-20
MPa. An adverse result was obtained from one fermulation. When 10 phr TESPT
was addod 1§hhe biGY impibe i et o dhded” TGN b be caused by

the excesg of TESPT. For practical usage, high mechanical properties and optimum
cure characteristics require high TEOS content and TESPT 5 phr.

Crosslink density is directly related to the hardness of rubber vulcanizates. An
explanation is the increased crosslink density with increasing TESPT content, as
shown in swelling test results (Fig 4.4d). The swelling ratio (Q) was correlated

closely to the crosslink density. The reciprocal swelling ratio is used to represent
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crosslink density. The crosslink density of vulcanizates increases with increasing
TESPT content. The crosslink density of vulcanizate with higher TEOS content (50
phr) is higher than that with lower TEOS content (10 phr). This is because the
linkage between NR and TESPT-immobilized silica in the former case is more than

that in the latter sample.

4.4 Methods of Addin

In this section, s of adding TESPT in the

process of preparing i SPT could be added together
with TEOS, a major ¢

of TEOS to silica in ru

added after the sol-gel process

possibilities may lead to two

sol-gel process. This wouldfyield sitic: _- : ing their molecular weight and

size limited by TESPT. But when T 1s added to the already formed silica in the
second method, here Silicd Wi can 1 ne linkage with the added
coupling agent. It is.p6 g bups obtained from these

two methods would be differen ach other, thus @sing a different reinforcing
efficiency. ¢

=9 s
In the ﬂ(yng gtﬂ, ﬂlm iomnﬂ :lﬂ jaracteristics, particle
R A
methods qe: co ae dif evin the sili aﬁ t, Yo6anversion of TEOS

to silica, and its distribution in NR matrix could be observed (Table 4.9 and Fig. 4.5).
But when comparing the scorch and cure times (Table 4.10), it was found that adding
TESPT with TEOS resulted in shorter scorch and cure times than when adding the
coupling agent later. It was likely that the density of silanol group on silica particles
in the first case was lower than the second. The crosslink density and mechanical
properties of the silica-NR composites prepared by both methods were not much

different from the other as shown in the Table 4.11.
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a) during the sol-gel reabtion! / 4b) after the sol-gel reaction
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Fig 4.6 SEM micrographs offNR-silica coﬁ@ites, 10 phr of TEOS (a-b) and 50 phr
Haat- iy
of TEOS (c-d) ——
Pl e ey G o
-~ i —‘,_a{?
Y S
Table 4.9 The silica content and %conversion of TEOS {0 silica of the sol-gel process
in NR -
Simole Order of adding Residual ash Silica content e T,
p TESPT* content (phr) (phr) 3
R AR 0:1740.02 ol b 0
NR/10 phr TEOS before 3.81+0.19 3.64£0.19 91.09
after 375+ 026 3.58+£0.26 89.62
NR/50 phr TEOS before 13.54 + 0.49 13.37+0.49 86.04
after 14.59+ 0.37 14.42 + 0.37 92.79

* before = before sol-gel, after = after sol-gel process.



Table 4.10 Cure characteristics of NR-silica compounds

50

Order of adding Scorch time Cure time
Sample . )
TESPT (min) (min)
NR - 2.76 422
NR/10 phr TEOS 221 3.97
2.63 4.96
NR/50 phr TEOS 3.18
= 6.20
e before = before sol-ge
Table 4.11 The swelling gafio dnd meccl ATROS DI f the NR-silica composites
i
Sample e?;j;::)gt . Hardness
NR - 0.01 30.76+3.71 39.5+1.10
NR/10 phr TEOS efore 25583+ 1.9 330,29 . 33.67+7.50 41.5+0.72
at 8 128.09+391 422+ 1.70
I
NR/50 phr TEOS 23207+3.73 4170300 4722+252 46.2+0.99
‘a 5+291 473+1.34

* before = before's

AN TUNNINGA Y
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