CHAPTER IV

RESULTS AND DISCUSSION

In this research, CPS used as a sulfur donor type vulcanizing agent, was

prepared from the reaction of carg d elemental sulfur. Three parameters
reaction temperature, solvent - ea v ere studied. CPS including other
common additives was thensiixed wi léber sheet. The non-productive
compound was prepared. .o pg & baiibm [he vulcanization ingredients

comprising accelerator (L S Wvare mixed Wi on-productive compounds
Q St was\ varied 1o study the effect of CPS on

vulcanizing the rubber coifipg

by a two-roll mill. The

the ‘rub ompounds were determined,
and the vulcanizatio arabtaristich - a he b ‘\:. cal properties of rubber

compounds were invesii@ata.
4.1 Preparation of Cardang

4.1.1 Effect of Reaction Tex plvent on Preparation of CPS

The effect 7:-"'-;"'“""“""““”' l:"}i °C on the sulfur content
in prepared CPS wasﬁxu . , Prop lycol or non-solvent as a

solvent, using cardanol 0970 g, elemental sulfur of40 g, and reaction time of 2 hrs.

o B U AN DI VED D e o

percentage of sulfur in CPS. The reagtion at 140 °@and no solvenggwas found to give
the laas%‘:)}ﬁoa ﬁuﬁlﬁuP&I M:a Q w)@jl;a atgjl increase in
temperatﬂre, results in an increase in the number of free radicals leading to an
increase the rate of polymerization. However when the reaction temperature at 160 °C
was used it could not be controlled because the mixture was too viscous to stir. And if
there is no solvent diluting the reactant, the most concentrated reaction mixture,

causing high wieght percent of sulfur content in CPS (24 %wt).
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Table 4.1 Effect of reaction temperature and solvent on the %wt of sulfur content in

CPS: reaction time = 2 hrs

Temp. %wt of

€0) solvent - Remark

110 toluene 10 -

120 no solvent 17 -

140 no solvent 24 -

160 no solvent The reaction cannot reach 2 hrs
cause the mixture was too

. WVISEOUS to Stir.
185 | Propylene g : -

4.1.2 Effect of RefiCtig

1 \'I 1 bt =
¢ Téaction time increases from 2 to
.

It can be seen'fromn

3 hrs, the sulfur contedf 1 to 28 %wt. Insignificant

difference of sulfur contegf'i tion time in a range of 3 to 5

hrs. This indicates that the 0

rs within 3 hrs. Thereof, the

reaction time of 3 hrs and temp erafyg o e ere chosen for further experiment.
e

Figure 4.1 shows thelan Action of reaction time, using

reaction temperaturesor.

i |
AULINENTNEINT
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Figure 4.1 Effect of reacti i, content in CPS:

cardanol 70 g géfe and,redetion temperature 140 °C.

\
In the study of Rad he reported that the vulcanizing

agent from CNSL has 30 %
cardanol has 28 %wt of's

\ cdich, the vulcanizing agent from
hedeompatison indicated that insignificant
difference of %wt of sulfur. Consgg ol can react with elemental sulfur as

well as CNSL under the samec i

4.2 Characterizatic V

Flgure A3- A ‘ show FT-IR, '"H-NMR and ' -NMR spectra of cardanol
and CPS. Fro ﬁ ﬁ . ("H-NMR spectra of
cardanol and ﬁuﬁl ﬂﬂl ate “ﬂ are'less*double bonds in alkyl
chain 1 an in ¢ ﬁﬁﬁ illus 1c ons (4.85-5.95
ppm) 0 ﬁ"ﬁ ‘ﬂrf] ﬁl}j ﬁﬁm éj ﬁﬁ«] cardanol and
Sg may have sulfur addition of some double bonds of a side chain of cardanol. The

reaction and possible structure of CPS are shown below.
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OH H g

+ Ss ) (CH ) Sx
CisHs o o \’)\WAW

_S__..

\
|
i

and also

It is believed thg 3, of sulfide resin, comprising

mono-, di- and polysulfide Lifk:
- b LA,
4.3 Effects of CPS in Rubbg TP anization Characteristics

Normally, vulcanizing """“ lcanization characteristics such

as' optimum cure tige{teq), del fa torque, ete._Moreover~CPS may be used as sulfur
; ‘l
donor in place of s V' '-_."; of sulfur (2 %wt) in the

vulcanization process. ‘ he amount of sulfur donor, which may be compounded with

the rubber, is s ﬁ ide 1 r as if sulfur itself
was used. Effﬁiﬁ ﬁﬂ ﬂlﬁl m gjﬁﬁ characteristics were
studied using Monsanto rheometer MDR2000 accgiding to ASTM¢D,2084-95 [31] at
vulcan@%’aaam%ﬂ ﬁwwa}@ﬂ 'E}r] ﬂ &Iall calculated
data are ﬂresented in Appendix B and the vulcanization curves of rubber compounds

are illustrated in Appendix C. The data of vulcanization characteristics are shown in
Table 4.2.
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Table 4.2 Vulcanization characteristics of rubber compounds

Min Max | Delta
Compounds Too Rate
T T T

A 1.21 9.50 8.30 5.65 0.68

B 1.14 8.87 7.74 5.71 0.58

Bl 1.16 9.44 8.29 5.43 0.46

B2 1.11 9.61 8.50 5.26 0.42

B3 1.08 \ 9.24 5:19 0.41

C I 0.53

0.51

0.51

0.46

0.37

0.51

0.50

0.61

431 Vulcanization CHar 0Gessties sf Rubber Compounds A-E (using CPS

in place of sulfi at 2 phr)

The effects @@ C i nd vulcanization curve,

e of sulfu

when using CPS in pl nined by Tt eometry. The results were

compared between rubbers gontaining CPS with the total sulfur of 2 phr (compounds

w.cu0t o U B VAR TRE I G o
TR e sy

Rigure 4.2 illustrates the delta torques of rubber compounds A-E. The delta
torque or the extent of crosslinking is represented as of the degree of crosslinking. It
can be seen from Figure 4.2 that the delta torque of rubbers containing CPS are more
elevated than that of rubbers without CPS. This indicates that CPS can liberate sulfur
to crosslink with the molecules of rubbers, hence the degree of crosslinking was found

to increase.
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Figure 4.2 Delta torque 0£e6 ‘ ‘and Bi-¥ bber containing various
concentrations g afrd éle hsuliapof 0'to 2 phr.
A\ \\
\
4.3.1.2 Optimury

The effect of CRS the optimum cure time and

phe tésults are shown in Figure 4.3.

fo AUEINENINEINT

HIAINT U

0.0 T T T T
0.0 0.5 1.0 1.5 2.0 25

Sulfur (phr)

2y

-

Figure 4.3 Optimum cure time of compounds A-D, and B1-E of rubber containing

various concentrations of CPS and elemental sulfur of 0 to 2 phr.
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From Figure 4.3, compound E (rubber containing only CPS) has a long
optimum cure time. On the other hand, compound A (rubber containing only sulfur)
was found to give a short optimum cure time. This is because large amount of CPS

resulted in the low rate of vulcanization, leading to the long optimum cure time.

4.3.2 Vulcanization Characteristics of Rubber Compounds in Series B (using

CPS combined with sulfur)

The vulcanization characteristi€s

investigated in order to study the-effectio; en CPS combined with sulfur was

used. The amount of CPS NS, V2
constant at 1.5 phr. The d

4.3.2.1 Exten

Figure 4.4 show ' 1g of ageries B of rubbers containing

various concentrations of Slefnohta \ 5 phr. It can be seen that the

extent of crosslinking slig hily inerease an increase of the amount of

j | AUt Ingmingns
AN TUUM TN

Figure 4.4 Delta torque of series B of rubbers containing various concentrations of

CPS and elemental sulfur of 1.5 phr.
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4.3.2.2 Optimum Cure Time (to)

From Figure 4.5, the optimum cure time reduced when the amount of CPS
increased. As vulcanization behavior of CPS that was observed in section 4.3.1.2, it
can be explained for compounds B, B1, B2 and B3 that when the amount of CPS
increased, the onset of vulcanization occurred. The rate of vulcanization becomes

faster, resulting in shorter optimum cure time.

(=}
oL

B3

Optimum cure time (mir
[ 5] S

Figure 4.5 Optimurh.cuuré time of series B of rubbers cofit
concent y% o .

4.3.3 Vulcanization Fharacterlstlcs of Rubber Compounds in Series E

EHAMENINYINT

The vuﬂamzatlon of rubbergrcontaining oply CPS was studigd. The effects of

crs QAR AR TOH R V) PHH s v

investigated and the data are illustrated in Table 4.2.
4.3.3.1 Extent of Crosslinking

The delta torque of rubbers containing only CPS in series E are shown in
Table 4.2 and Figure 4.6. It can be seen that the extent of crosslinking of rubber
compounds in series E increases when the amount of CPS increases. The reason of a

change in the extent of crosslinking due to CPS are previously mentioned.
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Delta torque (dNm)
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Figure 4.6 Delta torqué®® arious concentrations of

CPS of 7.

4.3.3.2 Opti

The optimum curghti series E as shown in Figure

oy

4.7 that the optimum cure | - apounds in series E decreased, as the
amount of CPS raised. It can b&-ebse q is result is quite similar to those of
series B. This indicatgs t fiefi o efte CPS. can reduce the cure time

because it reaches ,;;’_""‘ mﬁ““m':‘ ate. It is confirmed that
Y i

under the appropriate cohdi tedmnced by CPS.

;I 4F
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Figure 4.7 Optimum cugef mtaining various
concentrationg

4.4 Mechanical Properti€s of Riibbet

Mechanical prop€rtigs, _.'

resilience of rubber compoufids 4 ﬂh ~using CPS three systems, i.e. using

ies, hardness and rebound

CPS in place of sulfur, using ﬁf-‘f]:_@;;;_—,,{ sulfur and using only CPS for

vulcanization. The details of all data calculated ar 4 Appendix D. Table 4.3
d

shows values of tenSHe S00%, hardness and rebound

resilience. ' 1

ﬂ‘lJEl’J‘VIEI'VI‘iWEI’]ﬂ’i
ﬂmmmmumwmaa

S TR At aniinins o
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Table 4.3 Effect of CPS content on the mechanical properties of rubber compounds

Tensile | Elongation | Modulus Rebound
Hardness .
Compounds | strength at break 500% resilience
(Shore-A)

(MPa) (%) (MPa) (W/mm)
A 24.18 613.18 15.96 46.40 79.8
B 24.07 619.77 14.32 44.80 76.8
Bl 26.04 633.32 13.83 46.45 80.1
B2 24.79 6439284 , 13.71 46.85 82.7
B3 23.98 J / 36 48.90 83.1
C 23.62 N 7 43.05 744
Cl 24.66 L u0dS p2edl) | 45.75 79.1
D 21.86 /7.«‘! ‘\‘\%vg 37.00 69.8

e
DI 23.68 //7 é ‘\ \ 44.55 78.7
77185 RS
E 14.814F L SbAc = \"\‘x \“'\~ 43.70 69.5
El 1 §2. 3% ’{\\ 45.25 70.4
E2 16. 077 34 1'\\ 45.90 76.5
E3 \ | 46.65 78.0
4.4.1 Mechanical Proper r{! * [ A-E (using CPS in place of
sulfur by con  total suliur at Z phr, -3
\7 Y |
The effect of 8 perLic ] of rubbers containing CPS

when total sulfur was cor}trolled at 2 phr and rubbers wi out CPS (compounds A-E)
s

e TR (124 (e 1) R
” ARIANNIUURINYIAY

4.4.1.1 Tensile Properties

The effect of CPS components on tensile properties of rubber compounds
were compared between rubbers containing CPS (compounds B1, C1, D1 and E) and
rubbers without CPS (compounds A, B, C and D). The results are shown in Figures
4.8,4.9 and 4.10.
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From Figure 4.8, tensile strengths of rubbers containing CPS are higher than
those of rubbers without CPS. The tensile strength increases because the degree of

crosslinking increases from sulfur, which was liberated from CPS.

35
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Figure 4.8 Tensile strefigt "m -E of rubber containing

various concefitrafions gf<€ :2;}"_ L eler el sulfur of 0 to 2 phr.
y r“:— - r"‘ 5
From Figure 4.9, elong ontaining CPS is higher than that of
ey

rubbers without CPS»Thi e} aining cardanol can crosslink
with the molecules d T fitd lecular chains resulting in

high elongation. 1l r.-
!

4F |

ﬂ'lJEl’J‘VIEWI‘ﬁWEI’]ﬂ’i
wmammumwmaa
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Figure 4.9 Elongatio d'Bi-E of rubber containing

various congéntr, [ CPSande \ hsulfur of 0 to 2 phr.

From Figure 440, same trend. The reason for

these observed effects of glbb g \ thetCPS consists of cardanol that
can crosslink with the molgules=os-ri )ading to high mobility of molecular

chains. Hence the modulus is not.faised evemn#hic.degree of crosslinking increases.

Lok

20
18
16
14 A

1A

WRINTUNNIRLUIE

41 —e— Sulfur + CPS
2 -

Bus 500% (MPa)

Mo
=i

0 T T T T
0 0.5 1 15 2 2.5

Sulfur (phr)

Figure 4.10 Modulus 500% of compounds A-D, and B1-E of rubber containing

various concentrations of CPS and elemental sulfur of 0 to 2 phr.
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4.4.1.2 Hardness (Shore-A)

The hardness of rubber compounds is shown in Figure 4.11. It can be seen
that the hardness of rubbers containing CPS are higher than that of rubbers without
CPS. This indicated that CPS could be used as a vulcanizing agent to crosslink with
the molecules of rubber, also increasing the degree of crosslinking. As the degree of

crosslinking increases, the hardness progressively increases.

60

55

35
30 -

Hardness Shore-A

25

r without CPS

2 Sulfur + CPS

15

10

Figure 4.11 Hardness,o

hber containing various

concentref o1 () to 2 phr.

‘ T
4.4.1.3 Rebonﬂ Resilience i

‘o Q/
e BB TN TR B Fove mmns
presented in Figlife 4.12. Analysis of rebound resilience revealed that incorporation of

, i o YR .
e 0 T NP
decrea:i hén mount’o n . The™tr reb ilience is not

dependent on the degree of crosslinking. This phenomenon can be explained as Figure
in 4.13.
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Figure 4.12 Rebound regifien€e 6 ficomp 3 A h, ~ B1-E of rubber containing
various Concg C \\.\ ulfur of 0 to 2 phr.
el A

Resilience ———p»

Ebonite

ﬂﬂﬂ?ﬂﬂﬂiﬁﬁl‘lﬁ‘i"“’“‘“‘

Figure 4.13 Rklationship between ‘rebound re5111ence and degree of crosslinking.

ARIRIATHUNINYA Y

ased on the degree of crosslinking, rubber elasticity is affected by the
crosslink structure. Figure 4.13 illustrates that elasticity increases with increased
crosslinking, raising the rebound resilience to an optimum value. As the number of
crosslinks increase, the molecules or their segments become so firmly attached to one
another that their tendency to return to the basic position after deformation cases, i.e.

the elastomers elasticity, becomes more pronounced.



33

4.4.2 Mechanical Properties of Series B

The effect of CPS content in rubber compounds on the mechanical properties

was investigated when the amount of sulfur was kept constant at 1.5 phr.
4.4.2.1 Tensile Properties

The effect of CPS content on tensile properties of rubber compounds of

series B is shown in Figures 4.14, 4.15 and 4.16.

> SN/

27

26

23
22
21

Tensile strength (MPa)

20

19 -

Figure 4.14 Tensile sire @ various concentrations

of CPS |;| elemental sulfurof™1.5 phr. ;

From "; : e 9“ t has tensile strength
higher than thﬁﬁémmmmﬂs éﬂg than 2 phr into the
rubber_ S i ecrease i fi 3 Jubber. ﬁ‘g be explained
using aﬁﬁ ﬁmlﬁ ﬂﬁtb\:jth Mﬂj résslinks until an

optimum is reached, after which, if the crosslinking is continued (in which case over-

crosslinking takes place), it initially falls steeply.
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Figure 4.15 RelatofShipbetw ensile strengthikg cm™) and elongation (%)
' i 14].

From Figure 4# improved with increasing
the amount of CPS. Thigfa

that when the proportion of ificteasa > fietwiorkiobtained from cardanol results

nentioned in Section 4.4.1.1

o
S| U ——1

: AU INENINGINT
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Figure 4.16 Elongation at break of series B of rubbers containing various

concentrations of CPS and elemental sulfur of 1.5 phr.
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The definite modulus or definite degree of crosslinking is related to the
length of the crosslinking. From Figure 4.17, the modulus of rubber decreased with
increasing CPS in the rubber. This is because CPS can liberate sulfide and crosslink
with the molecules of rubber. The network structures of CPS are obtained from
cardanol, which has a long chain of alkyl phenol. Thus it may be expected that the
network structures consist of long bridge links, having free mobility of chain
segments, leading to low modulus. On the other hand, if the network is obtained from

only sulfur atom, the distance between, the chains is not so long, thus the modulus is

high. The longer the chain, the lowert i alue.

Modulus 500% (MPa)

Figure 4.17 Modulus 0% of series B of rubbers conta n ng various concentrations

W ATOSHYNS

4.4.2.2%Mardness (Shore-A}

@mammmm@nymoﬂm B.

hardness of the rubber compounds improved when the CPS content increased. This is
due to the fact that the high degree of crosslink of the rubber gives the high values of

hardness of the rubber.
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Figure 4.18 Hardness of sgsi: ‘ S Ig various concentrations of
CPS and
4.4.2.3 ReboundRes
The effect of CP§ c@ntéi it pn. el 8silience in rubber compounds of
fales
series B is revealed in Figurgh. f.:?:-"""- resilience of rubber compounds were
improved when the CPS E}T;---r-r Lhe result shows that the degree of
- =y APRY . . .
crosslinking increasedy b the enge"improved due to higher

degree of crosslinki ’ o ,':'l

‘,l.l d¥
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Figure 4.19 Rebound resili€nge / ‘Béofirabbe “eontaining various
alfur'ef 1.5 phr.

‘\ . S
)\

nds of series E on mechanical

4.4.3 Mechanical Prope

The effects of CPS

properties were observed.

4.4.3-1 Te ; :E;m;;
Vi X J

The effects r.] PS content™o ¢ prope of rubber compounds in
series E are shown in Figurgs,4.20, 4.21 and 4,22.

g o ASLELUAIVE U A, e o
ey W TANTT S HA R Y
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Figure 4.20 Tensile streng
of CPS .14

From Figure 4721

the amount of CPS increaSeds”

ng various concentrations

ompounds increased when

in the elongation due to CPS

720

700

680

FUEINENINEIND

RIRINTUNRIINYA Y

9 600 -

ongation (%)

580 T T T

6 8 10 12 14
CPS (phr)

16

Figure 4.21 Elongation at break of series E of rubbers containing various

concentrations of CPS of 7.14 to 15 phr.
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From Figure 4.22, the modulus of rubber compounds of series E was
increased. This is because rubber compounds in series E are the rubbers containing
only CPS, hence, the distances of chain segments of each compound are near. Thus,

the modulus was independent of the degree of crosslinking.

14
13 -

E3

12 E2
11 '
10 {

Modulus 500% (MPa)

16

Figure 4.22 Modulus 500% eEiey L O g taining various concentrations
of CPS of 7.14 to ISwphr——

4.4.3.2 HakdpeSs
F;'

From Figure 432, ibber  cot pounds of series E was
W

1mproved when the CP§ content mcreased This is 1ndlcated that the hardness

e AT ING 1N
RN TUNININYIAE
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Figure 4.23 Hardness o
CPS of 714

arious concentrations of

iy

4.4.3.3 ReboundiRes

From Figure 4.248't ebovag e ceof fubber compounds of series E
ovas improved when the CPS ‘;?7 _- in d. “Phis indicates that the rising of
rebound resilience was based ge of crosslink. The result of this
experiment is quite “Simi re ‘4. WS the increasing rebound

resilience of series By Y}

.1! A¥
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Figure 4.24 Rebound resili€ncgfof series [rubbersiContaining various

concentrations™o

4.5 Effect of CPS on Acgéley Compounds

The difference igful@imate, ¢lon: jation beforeland after heating is the most
useful criterion for judging -7 anized rubbers. The ultimate
elongation of practically all Vi - g decreases during aging; the rate of
decrease depends of“ten " Qn, 8 yellow rubbers. In this

research, the specinleis fd or 1 or 3 days, then the
mechanical properties 1-! ed spccimens SNVE 1gate ‘and shown in Appendix E.
The percentage changesgin.mechanical prgpgrties i.e., tensﬂe strength, elongation,

modulus soooﬁnuaﬁlx’a %08%5 W’q rﬂ.\%ed specimens) were

calculated usingléquations as shown i ‘;n Appendlx E. The data of % reversion of each

AR RINTWANIANYIN Y
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Table 4.4 % Reversion of rubber compounds

E -19.82 21.66 | 2.55 2.75

. Tensile Strength Elongation Modulus 500% Hardness
’ (MPa) at break (%) (MPa) (Shore-A)
reversion
lday | 3days | 1day | 3days | 1day | 3days | 1day | 3 days
A -34.98 | -62.99 | -30.32 | -56.47 - - 2.30 2.50
B -29.41 | -56.62 | -23.87 | -51.50 - - 1.25 2.30
Bl -22.34 | -46.11 | -23.37 | -50.78 - - 1.30 2.50
B2 -14.45 | -36.96 | -1% . 00 | 15.02 - 1.90 3.00
B3 -11.07 | -34.57.§ :_L 4087 1641 - 2.40 3.00
’ e = —
G -28.61 | -40. 4T %670 | »45: -__...f- - 1.45 2.00
Cl -18.87 | -28 79 T T - 2.20 2.30
,/? TIENSS s =0
D -20.95 y \\ . - 1.35 2.10
DI | 2022 | 260 ‘%/ 6 72 \'\_ 162000 1985 | 255 | 2.60
. L L1812
N
El -15.55 23.59 | 2.60 2.80
E2 -11.98 27.67 | 2.50 2.80
. E3 -8.64 28.73 | 3.00 3.20

- cannot determine
4.5.1 Effect of i;‘— on-Accelerate 1 _:‘Fi’ pounds A-E

1l .
The effect ofﬂ’s on accelerated aging of com sounds A-E was studied. The
results of rubber contai ﬁPS were co {ed to rubbers without CPS. All data of

sged speccs hu& HENINEDINT
qﬁ"\‘ﬁﬁ“ﬂ"ﬁ‘fﬁﬂﬁ‘"ﬂ (ERGH

From Table 4. 4, Figures 4.25, 4.26 and 4.27, all % reversion of the tensile
properties, i.e. tensile strength, elongation at break and modulus 500% show that
rubbers containing CPS have lower reversion than rubbers without CPS. It can be
explained that CPS may have mono-, di- or polysulfide linkages, which is a stronger
bond than polysulfide from elemental sulfur. Besides, CPS may crosslink with the

molecules of rubber by carbon-carbon bond from unsaturated alkyl chains of
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cardanol. When the bond energy is high, the compounds will have good heat stability
(see Table 4.5). This indicates that CPS has anti-reversion properties.

0 o
0] M Aged1 day
2204 1 1
g 20 sulfur only
E =30 O Aged 3 days
3 sulfur only
o -40 -
° NAged1 day
e~ 501 sulfur + CPS
-60 - Aged 3 days
70 - sulfur + CPS
AN
-\\1\\\:‘

Figure 4.25 % reversion gf'tg nL'{i ’u\ s A-D, and B1-E of rubber

e m-- F.
containing vagious QONEE] ,;. \\. d elemental sulfur of 0 to

2 phr.

0
-10
B Aged1 day
- 20- sulfur only
‘% | O Aged 3 days
Z -30
o F‘:’ sulfur only
o
= Al ¥ NAged1 day
x sulfur + CPS
-50 s
YW éNﬂ‘iﬁlJ NM‘ I“'J LG & - e
r + CPS
9
-70 T T T T T T
0.0 0.5 1.0 1.5 2.0
Sulfur (phr)

Figure 4.26 % reversion of elongation at break of compounds A-D, and B1-E of
rubber containing various concentrations of CPS and elemental sulfur of

0 to 2 phr.
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30-
251 E M Aged1 day
D1 sulfur only
S 20
.a O Aged 3 days
= sulfur only
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Figure 4.27 % reversion of 5.5 00% 0 compounds™A-D, and B1-E of rubber

containing*vag énira FCP elemental sulfur of 0 to

2 phr.
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%rom Figures 4.27 and 4.28, the values of modulus and hardness of rubber
compounds were accelerated aging or prolonged storage at room temperature. It can
be explained that the postvulcanization which takes place from the accelerated aging
test (or prolonged storaging at room temperature) is due not only to the incorporation
of additional free sulfur after the vulcanization, but also some extent, as seen in
Scheme 4.2 [18], to the shortening of the polythioether bridges and the simultaneous

formation of additional crosslinks. In this reaction, a Sy bridge is of course split before
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being re-established after its shortening. In this splitting of the sulfur chains, which
are incorporated as bridge links, the renewed crosslinking also takes place similarly to
crosslinking processes. Accelerators, which able to activate free sulfur, are at any rate
also capable as far as they survive the vulcanization process without being
decomposed of activating and splitting crosslinked polythio chains, leading to the
hardness is rising after accelerated aging. Moreover, % reversion of hardness of
rubbers containing CPS is higher than rubbers without CPS. This confirms the anti-

reversion properties of CPS.

4] |
3.5
S W Aged1 day
31 sulfur only
.S 2.5 i OAged3 days
o ‘ sulfur only
2 5 5
& ‘5\ Aged1 day
58 1.5 \ sulfur + CPS
1 \; OAgec 3 days
\ sulfur + CPS
0.5
0 !h
.0
P Ee——— ¥ =Y
Figure 4.28 % reversign of hardness « "ahd B1-E of rubber

containinmariou 5

2 phr. g

AUEINYNINING
RN TUANINEAY

PS 'ﬂJ elemental sulfur of 0 to
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B TH; CH, T
o TH —C=—=CH—CH,——CH; ——C=—CH——CH,—|—
= Sx TH:} CH3 - -
—|— cH —c=CH—CH,~™CH, —C==CH—CH,—|—
+ H,S
Scheme 4.2 Spliting g " bondlafter anizatio . Adapted from [18].
4.5.2 Effect of CPS @6 gTest of Rubber

Compounds Cg .5 phr (series B)

The effects of CP§Foy : rubber compound of series B

were investigated. All data offaged=speci i -— gowiin Appendix E.

4.5.2.1 Reversion ¢

1)

From Figute% ’”—’:j’ % reversion of tensile

cs B d creases with an increase in
" CPS. From Figure 4.31, a"O and 1.79 phr ofgS in rubber the modulus values could

rorte me““fﬂ“'ﬁ%}‘il ¥ Ei HFNEan2
ammﬂimumwmaa

strength and elongatio ".[ f rubb
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-20+
g 30 \ NAged1 day
E sulfur + CPS
:>: -40- E Aged 3 days
: -50+ sulfur + CPS
B

-60-

Figure 4.29 % reversi strengt series B, offubbers containing various

concentraié ) ad-elemenitalisu of 1.5 phr.

0_

-10-
£ 201
2 £
5 301 X ] SAged1 day
2 : T sulfur + CPS
o 40 | J
=)

Aged 3 days
-50+ sulfur + CPS

. AUYINUNINYNTT
TR TINENaE

Figure 4.30 % reversion of elongation at break of series B of rubbers containing

various concentrations of CPS and elemental sulfur of 1.5 phr.
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) NAged1 day
3 sulfur + CPS
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X £ Aged 3 days
sulfur + CPS
5 8
0-
0.00

Figure 4.31 % reversion of o { »’Y\\‘%;\- rubbers containing various
X

concentrdtio | oX nd lemental s ..'s Of 1.5 phr.
4.5.2.2 Reversion riess \
— :

=

(=]

[

) N Aged1 day

> sulfur + CPS

o )

X ' \ ﬁAged3 days

N \ \ sulfur + CPS
QARS8
NN AR NSNS BN ® 1
9 0.00 1.79 4.00 6.00
CPS (phr)

Figure 4.32 % reversion of hardness of series B of rubbers containing various

concentrations of CPS and elemental sulfur of 1.5 phr.
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From Figure 4.32 and Section 4.4.2, the results show the nearly improve of
hardness after aging even as the degree of crosslinking increases. This indicates that

CPS can reduce the reversion of rubber compounds.

4.5.3 Effect of CPS Content on Accelerated Aging Test of Rubber

Compounds without Sulfur (series E)

The effects of CPS on accelerated aging test of rubber compounds of series E

From Figures
series E have low %

this is that the sulfur lj splited and re-estab L again after aging, as shown

20 Aged1 day
CPS only

Aged 3 days
-30 CPS only

Vevé"ﬂemri

QRAIN TN INGNY

Figure 4.33 % reversion of tensile strength of series E of rubbers containing various

% reversion

concentrations of CPS of 7.14 to 15 phr.
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Aged1 day
CPS only
Aged 3 days
CPS only

| /ﬁ“

Figure 4.34 % rever

% reversion

7.15 9.00 ¢ 12.00

ammnm&mwmaa

on Qi€ / abd ries | f rubbers containing
various g@ficegirafiofis '-'-
b 1k < )

Aged1 day
CPS only

Aged 3 days
CPS only

Figure 4.35 % reversion of modulus 500% of series E of rubbers containing various

concentrations of CPS of 7.14 to 15 phr.
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4.5.3.2 Reversion of Hardness

From Figure 4.36, the hardness of rubber compounds of series E was
improved after aging. This supports Sections 4.4.2.2 and 4.4.3.2 with the same reason

and this confirms that CPS can reduce the reversion of rubber compounds.

4
E3
351 El E2
3 4
=
S 257
w)
o
2] 24
>
o NAged1 day
e 157 CPS only
=)
ElAged 3 days
17 CPS only
0.5+
0 =
Figure 4.36 % reversion of | 55 {Shor of séties E of rubbers containing
various concentratiQ 3 4 to 15 phr.
4.6 A Comparison gf Propertie: s of Rubber CompoundsiContaining CPS

Voo X

Obtained from Preyic -
] J

4.6.1 Comparison w‘th Radeemada’ s

raacdfl o g E.mﬁ ﬂﬁcﬂsﬂ uining cardanl and

other compounds for preparation of ¥ulcanizing agent, while pure @ardanol separated

rom bbbl Yo VI 2T 6 2

The amount of cardanol in decarboxylated CNSL used in her work was not
reported. In this work, 80% wt/wt cardanol separated from decarboxylated CNSL was
found. Thus, vulcanizing agent used in this work is pure CPS, while that in
Radeemada’s work is expected to be a mixture of 80% CPS and 20% other

compounds.
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Table 4.6 shows a comparison of ingredients in non-productive compound of
this work and Radeemada’s work, and Table 4.7 shows a comparison of ingredients in

productive compounds of this work and Radeemada’s work.

Table 4.6 Comparison of ingredients in non-productive compound

Quantity (phr)
Ingredients
Radeemada’s work This work

NR STR20 100

Peptizer -

Resorcinol 1.1

Aromatic oil -

Naphthenic oil 3.5

Carbon black 24

Stearic acid 2

Zn0O 3

Table 4.7 Comparison of ifig
gredients (phr)
Compounds 7 : This work
CB i.r = B "‘ sulfur Pure CPS

A 2.0 -
B 1.5 -
Bl ﬂ ‘51.5 1.79
B2 . 1.5 4.0
B3 . . 1.&s 6.0
cal I e\ ".7.', 1V N
c1d | 1s 1.0 333 15 1.0 3.57
D 1.5 0.5 - 1.5 0.5 -
D1 1.5 0.5 5.0 1.5 0.5 5.36
E 1.5 - 6.67 1.5 - 7.14
El 1.5 - 9.0 1.3 - 9.0
E2 1.5 - 12.0 1.5 - 12.0
E3 1.5 - 15.0 1.5 - 15.0
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4.6.1.1 Comparison of Vulcanization Characteristics.

The results were compared between Radeemada’s work and this work when

CPS were used equivalent quantity.

10 W
~— 9 i
:
= .
S 7
=
Bt
8
= 6
)
n 5 4 - . "\“ H
.= Radeemada's work
4 1 is research
3 - , ,
4 14 16
Figure 4.37 Delta torque g mada’s work [25] and
this work.
28
— 26 - . l da' k
S 241 x: emada's wor
- 22 - s research
)
£ 20
= 18 -
£ 16 -
: “"ﬂ'LJEl'JVIEW]iWEﬂ
E 12 -
=
£ 10 -
q,.
0 T T T T T 1
4 6 8 10 12 14 16
CPS (phr)

Figure 4.38 Optimum cure time of rubber compounds of Radeemada’s work [25]

and this work.
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From Figure 4.37, at each amount of vulcanizing agent the delta torque of
rubber compounds in this work, was found to be higher than that in Radeemada’s
work. This may be because pure CPS used in this work can liberated sulfur to
crosslinks with the molecules of rubber better than impure CPS in Radeemada’s work.
Consequently, the delta torque of rubber compounds in this work was higher than that
in Radeemada’s work. From Figure 4.38, the optimum cure time of rubber
compounds in this work was found to be lower than that in Radeemada’s work. This

may be because pure CPS used in this occurred rapid onset of vulcanization than

Rabindra used alkg 710) as vulcanizing agent. A

comparison of ingredient hown in Tables 4.8 and 4.9,

respectively.
Table 4.8 Comparison of] otk and this work
Ingredients i)
This work
NR SMR CV -
NR STR20 100
Carbon bla- . 24
ZnO 4 3
Stearic acid 2 2
Arom 2! -
BilE InenInenns.
CBS ¢ 15 & | las
QEW] ANTIITUARIINEIREY
Bcrmx* 0.6 -
Vultac® 710%* 0.5 -
CPS - 1.79

* N, N'-m-xylylene-bis-citraconimide

** alkyl phenol disulfide containing 27.4% sulfur
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Table 4.9 Comparison of mechanical properties with Rabindra’s work

Mechanical properties Rabindra’s Work This research
Tensile strength (MPa) 28.9 26.04
Elongation (%) 455 633.32
Modulus 500% (MPa) ¥ 13.83

* This property was not tested.

compound of this researchweigiiot containe X which anti-reversion coagent.
- , >

unds in this work was slightly

lower than that in Rabjadf® £//) nay be.duesigucarbon black which acts as

reinforcing filler. Elonge Der Compounds.intllis research was higher than

Rabindra’s work. This ma¥ bgfatufributed o the'p dtion effect of CPS.

4.6.3 A Compariso | es ol ¥ ompounds in This Work with
Standard Properties Spe ied by Thar Industrial Standard Institute (TISI)

Table 4.10 showsfa Gombr off e properties of rubber compound

obtained from this work and th 601 : ¢ products reported in [37-39].

Table 4.10 The propk ac’ FTub ¥K dnd standard

spemﬁcatlﬁ " rubb

i

¢ d Automotive |[@Votorcycle Weather

rordfild B Y HRRRH el (oo |

i research
(57 quality) tubes automule

T T T T YR
Elongatiéin (%) 250 min. 500 min. 300 min. 633.32
Hardness 65+5 =¥ 60+5 46.45
Aging (change in)

e Tensile strength 8.3 -25 -22.34
e Elongation at break (%) 200 -35 =23:37
e Hardness +5 +10, -5 +1.3

* This property was not studied, min. refers to minimum value.
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Table 4.10 shows that tensile strength and elongation of rubber compound in
this work are higher than standard properties of all rubber products. Therefore, CPS
can be used as a sulfur donor type vulcanizing agent in rubber compound. However,
the hardness of rubber compound in this work is lower than the standard hardness.
Addition of carbon black into rubber compounds obtained from this work is required
in order to increase hardness of the rubber. It also tended to be high if the carbon

black was used at a higher amount.

AULINENTNEINT
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