
π‘æπ∏åµâπ©∫—∫
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Cure characteristics and tear properties of epoxidized natural rubber (ENR-33) and natural rubber

were studied. Three types of accelerators, namely 2-mercaptobenzothiazole (MBT), 2-morpholinothio-

benzothiazole (MBS) and N-tert-butyl-2-benzothiazyl sulphenamide (TBBS) were used in this work. The

conventional valcanization (CV) system was used. Cure characteristics were determined using a Monsanto

Oscillating Disk Rheometer (ODR 2000) at 150ºC. Also, a systematic study of tear strength was carried out

before and after ageing at 70ºC for 72 h. A Hounsfield tensometer (Model H10KS) operating at 500 mm/min

was used to determine the tear strength using standard angle test pieces. The results indicated that scorch
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time and cure time of natural rubber are greater than those of ENR-33 compounds. However, the contrary

was observed for the minimum and maximum torques and the torque differences. The observation is attri-

buted to the activation of a double bond by the adjacent epoxide group in ENR-33. Furthermore, we found

that the change in tear strength of aged ENR sample was greater than that of NR vulcanizates.

Key words : Epoxidised natural rubber (ENR), cure characteristic, tear strength, MBT,
MBS, TBBS, accelerator
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ß“π«‘®—¬π’È‡ªìπ°“√»÷°…“≈—°…≥–°“√«—≈§“‰π´å·≈–§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å (33%

‚¥¬‚¡≈) ‡ª√’¬∫‡∑’¬∫°—∫¬“ß∏√√¡™“µ‘ ‚¥¬„™â„π√–∫∫°“√«—≈§“‰π´å¥â«¬°”¡–∂—π·∫∫ª°µ‘ °—∫ “√µ—«‡√àß 3 ™π‘¥

§◊Õ MBT, MBS ·≈– TBBS ∑¥ Õ∫≈—°…≥–°“√«—≈§“‰π´å¥â«¬‡§√◊ËÕß√’‚Õ¡‘‡µÕ√å·∫∫®“πÀ¡ÿπ∑’ËÕÿ≥À¿Ÿ¡‘ 150
o
C ·≈–

∑¥ Õ∫§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥°àÕπ·≈–À≈—ß°“√∫à¡‡√àß¥â«¬Õ“°“»√âÕπ∑’ËÕÿ≥À¿Ÿ¡‘ 70
o
C ‡ªìπ‡«≈“ 72 ™—Ë«‚¡ß

‚¥¬„™â‡§√◊ËÕß∑¥ Õ∫ ¡∫—µ‘¥â“π°“√¥÷ß ¥÷ß∑’Ë§«“¡‡√Á« 500 ¡¡./π“∑’ æ∫«à“¬“ß∏√√¡™“µ‘¡’√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√

§ß√Ÿª ·≈–√–¬–‡«≈“°“√«—≈§“‰π´å π“π°«à“¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å ·µà¡’§à“·√ß∫‘¥ Ÿß ÿ¥·≈–º≈µà“ß√–À«à“ß·√ß∫‘¥

 Ÿß ÿ¥°—∫·√ß∫‘¥µË” ÿ¥πâÕ¬°«à“¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å πÕ°®“°π’È¬“ß∏√√¡™“µ‘¡’§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥µË”°«à“

¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å  ·µàÀ≈—ß®“°∫à¡‡√àß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’°“√‡ª≈’Ë¬π·ª≈ß¢Õß§«“¡µâ“π∑“πµàÕ°“√

©’°¢“¥¡“°°«à“¬“ß∏√√¡™“µ‘

¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å (Epoxidized Natural

Rubber, ENR) ‡µ√’¬¡‚¥¬°“√¥—¥·ª≈ß‚¡‡≈°ÿ≈¬“ß
∏√√¡™“µ‘ ´÷Ëß “¡“√∂‡µ√’¬¡‰¥âÀ≈“¬«‘∏’ ‡™àπ °“√‡µ√’¬¡
‚¥¬«‘∏’‚∫√¡‘‡π™—π °“√‡µ√’¬¡‚¥¬«‘∏’°“√‡√àßªØ‘°‘√‘¬“¥â«¬
‰Œ‚¥√‡®π‡ªÕ√åÕÕ°‰´¥å (Burfield et al., 1984 )  °“√
‡µ√’¬¡‚¥¬«‘∏’°“√„™â°√¥‡ªÕ√åÕ–´‘µ‘° (Burfield et al.,

1984 ·≈– Gelling, 1985) ·≈–°“√‡µ√’¬¡‚¥¬«‘∏’°“√„™â
°√¥‡ªÕ√åøÕ√å¡‘° (Campbell and Farley, 1995) æ∫«à“
°“√‡µ√’¬¡¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å‚¥¬«‘∏’°“√„™â°√¥
‡ªÕ√åøÕ√å¡‘° À“°¡’°“√§«∫§ÿ¡ ¿“«–„π°“√‡µ√’¬¡Õ¬à“ß¥’
®–¡’ªØ‘°‘√‘¬“¢â“ß‡§’¬ßπâÕ¬¡“° (ªØ‘°‘√‘¬“¢â“ß‡§’¬ß®–‡ªìπ
ªØ‘°‘√‘¬“°“√‡ªî¥«ßÕ‘æÕ°‰´¥å ∑”„Àâ‡°‘¥À¡Ÿà‰Œ¥√ÁÕ°´‘≈ À¡Ÿà
§“√å∫Õπ‘≈ ·≈–«ß·À«πøî«‡√π) ¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å
¡’ ¡∫—µ‘‡¥àπÀ≈“¬ª√–°“√ ‡™àπ ¡’°“√´÷¡ºà“π¢ÕßÕ“°“»µË”

§«“¡∑π∑“πµàÕπÈ”¡—π Ÿß ¡’Õÿ≥À¿Ÿ¡‘°≈“ ∑√“π ‘́™—π Ÿß
¡’§«“¡ “¡“√∂„π°“√¬÷¥‡°“–°—∫æ◊Èπº‘«∑’Ë‡ªï¬°¥’  ·≈–¡’
§«“¡ “¡“√∂„π°“√¬÷¥µ‘¥°—∫«— ¥ÿ∑’Ë¡’¢—È« ‡™àπ æ’«’ ’́ ‰¥â¥’
‡ªìπµâπ (Baker and Gelling, 1987)

≈—°…≥–°“√«—≈§“‰π ǻ·≈– ¡∫—µ‘‡™‘ß°≈¢ÕßæÕ≈‘-
‡¡Õ√å‡∫≈π√–À«à“ß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å·≈–¬“ß ‰µ√’π
∫‘«∑“‰¥Õ’π (ENR/SBR blends) æ∫«à“√–¬–‡«≈“∑’Ë¬“ß
‡√‘Ë¡‡°‘¥°“√§ß√Ÿª (scorch  time) ·≈–√–¬–‡«≈“«—≈§“‰π ǻ
(cure time) ¢ÕßæÕ≈‘‡¡Õ√å‡∫≈π¥å —Èπ≈ß ‡¡◊ËÕ‡æ‘Ë¡ª√‘¡“≥
¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å (Ismail and Suzaimah, 2000

·≈– Poh et al., 2001) °“√»÷°…“≈—°…≥–°“√«—≈§“‰π´å
·≈– ¡∫—µ‘‡™‘ß°≈¢ÕßæÕ≈‘‡¡Õ√å‡∫≈π¥å¢Õß¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å°—∫¬“ß ‰µ√’π∫‘«∑“‰¥Õ’π‚¥¬„™âæÕ≈‘‡¡Õ√å√à«¡
·∫∫‰µ√∫≈ÁÕ°¢Õß ‰µ√’π- ¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å-  ‰µ√’π
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(ESBS) ‡ªìπµ—«‡æ‘Ë¡§«“¡‡¢â“°—π‰¥â æ∫«à“°“√„™âµ—«‡æ‘Ë¡
§«“¡‡¢â“°—π‰¥â∑”„Àâ§«“¡ “¡“√∂„π°“√·ª√√Ÿª·≈– ¡∫—µ‘
‡™‘ß°≈¢ÕßæÕ≈‘‡¡Õ√å‡∫≈π¥å¡’§à“ Ÿß¢÷Èπ   à«π√–¬–‡«≈“∑’Ë
¬“ß‡√‘Ë¡‡°‘¥°“√§ß√Ÿª·≈–¥—™π’°“√«—≈§“‰π ǻ¢ÕßæÕ≈‘‡¡Õ√å-
‡∫≈π¥å≈¥≈ß‡¡◊ËÕ‡æ‘Ë¡ª√‘¡“≥¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å
(Ismail and Hairunezam, 2001) πÕ°®“°π’È¬—ß¡’ß“π
«‘®—¬‡°’Ë¬«°—∫≈—°…≥–°“√«—≈§“‰π´å·≈– ¡∫—µ‘‡™‘ß°≈¢Õß
æÕ≈‘‡¡Õ√å‡∫≈π¥å√–À«à“ß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å°—∫¬“ß
§≈Õ‚√æ√’π (ENR/CR blends) (Ismail and Leong,

2001) æ∫«à“ §à“‚¡¥Ÿ≈— ·≈–§«“¡·¢Áß Ÿß ÿ¥∑’ËÕ—µ√“ à«π
¢Õß°“√‡∫≈π¥å√–À«à“ß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å°—∫¬“ß
§≈Õ‚√æ√’π‡∑à“°—∫ 25/75  à«π§à“§«“¡µâ“π∑“πµàÕ°“√¥÷ß
 Ÿß ÿ¥∑’ËÕ—µ√“ à«π¢Õß°“√‡∫≈π¥å√–À«à“ß¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å¬“ß§≈Õ‚√æ√’π‡∑à“°—∫ 75/25

ß“π«‘®—¬π’È‰¥â∑”°“√»÷°…“≈—°…≥–°“√«—≈§“‰π ǻ ·≈–
 ¡∫—µ‘‡™‘ßøî ‘° å¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡Ÿà
Õ‘æÕ°‰´¥å‡∑à“°—∫ 33% ‚¥¬‚¡≈ ‡π◊ËÕß®“°‡ªìπª√‘¡“≥À¡Ÿà
Õ‘æÕ°‰´¥å∫π‚§√ß √â“ß‚¡‡≈°ÿ≈¬“ß∏√√¡™“µ‘∑’Ë§àÕπ¢â“ß Ÿß
´÷Ëß®– “¡“√∂‡ª√’¬∫‡∑’¬∫ ¡∫—µ‘°—∫§Õ¡ª“«¥å¬“ß∏√√¡™“µ‘
‰¥âÕ¬à“ß™—¥‡®π πÕ°®“°π’Èª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å„πª√‘¡“≥
π’È‰¡à Ÿß¡“°®π∑”„Àâ‡°‘¥°“√ Ÿ≠‡ ’¬ ¡∫—µ‘°“√‡ªìπ¬“ß
‡π◊ËÕß®“°°“√¡’ª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å¡“°¢÷Èπ∂÷ß√–¥—∫Àπ÷Ëß
¬“ß®– Ÿ≠‡ ’¬ ¡∫—µ‘§«“¡‡ªìπ¬“ß ‡™àπ ¡’§à“‡ªÕ√å°“√¬◊¥µË”
¡’§«“¡·¢Áß Ÿß ‰«µàÕ§«“¡™◊Èπ·≈–µ—«∑”≈–≈“¬∑’Ë¡’¢—È« ‡ªìπµâπ
πÕ°®“°π’È‰¥â»÷°…“Õ‘∑∏‘æ≈¢Õß™π‘¥¢Õß “√µ—«‡√àßµ—« ¡∫—µ‘
°“√«—≈§“‰π´å·≈– ¡∫—µ‘‡™‘ßøî ‘° å¢Õß¬“ß‚¥¬°“√„™â “√

µ—«‡√àß 3 ™π‘¥ ‚¥¬»÷°…“‡ª√’¬∫‡∑’¬∫°—∫º≈°“√»÷°…“„π
¬“ß∏√√¡™“µ‘∑’Ë‰¡à‰¥â¥—¥·ª≈ß‚¡‡≈°ÿ≈

«— ¥ÿ Õÿª°√≥å ·≈–«‘∏’°“√

1. «— ¥ÿ

¬“ß∏√√¡™“µ‘∑’Ë„™â„π°“√∑¥≈Õßπ’È‡ªìπ¬“ß∏√√¡™“µ‘
∑’Ë‡µ√’¬¡®“°°“√π”πÈ”¬“ß¢âπ™π‘¥·Õ¡‚¡‡π’¬ Ÿß ∑”°“√
‡®◊Õ®“ß¥â«¬πÈ”°≈—Ëπ  ∑”„Àâ®—∫µ—«  ·≈â«√’¥„Àâ‡ªìπ·ºàπ∫“ß
≈â“ß¥â«¬πÈ”À≈“¬Ê §√—Èß  À≈—ß®“°π—Èππ”‰ªÕ∫„πµŸâÕ∫∑’Ë
Õÿ≥À¿Ÿ¡‘ 40ºC ®π°√–∑—Ëß¬“ß·Àâß π‘∑  à«π¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å  „™â¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡Ÿà
Õ‘æÕ°‰´¥å‡∑à“°—∫ 33 ‚¡≈‡ªÕ√å‡´Áπµå (ENR-33) ‡µ√’¬¡
®“°ªØ‘°‘√‘¬“Õ‘æÕ° ‘́‡¥™—π‚¥¬„™â°√¥‡ªÕ√åøÕ¡‘° (Nakason

et al., 2001)   “√µ—«‡√àß (MBT, MBS ·≈– TBBS)

°”¡–∂—π °√¥ ‡µ’¬√‘° ·≈– ‘́ß§åÕÕ°‰´¥å‡ªìπ‡°√¥∑’Ë„™â„π
Õÿµ “À°√√¡¬“ß

2. °“√‡µ√’¬¡¬“ß§Õ¡ª“«¥å

∑”°“√º ¡¬“ß°—∫ “√‡§¡’™π‘¥µà“ßÊ µ“¡ Ÿµ√„π
Table 1 ‚¥¬„™â Ÿµ√µ“¡«‘∏’¡“µ√∞“π ASTM  D 3182-89

(1994) ¡’≈”¥—∫¢—ÈπµÕπ·≈–√–¬–‡«≈“°“√º ¡· ¥ß¥—ß
Table 2  „™â‡§√◊ËÕßº ¡¬“ß·∫∫ Õß≈Ÿ°°≈‘Èß¢π“¥ 10x20

π‘È«  Õ—µ√“ à«π√–À«à“ß§«“¡‡√Á«º‘«¢Õß≈Ÿ°°≈‘ÈßÀπâ“µàÕ
≈Ÿ°°≈‘ÈßÀ≈—ß‡∑à“°—∫ 1:1.25 À≈—ß®“°π—Èπº ¡‡ √Á®·≈â« ‡°Á∫
¬“ß§Õ¡ª“«¥å„π¿“™π–ªî¥∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“ 24

™—Ë«‚¡ß

Table 1.  Compounding formulations

Ingredients Quantity (phr
a
)

Rubber (NR or ENR-33) 100 100 100
Zinc  oxide 0.5 0.5 0.5
MBT 0.5 - -
MBS - 0.75 -
TBBS - - 0.7
Stearic  acid 6.0 6.0 6.0
Sulphur 3.5 3.5 3.5

a 
Part per hundred parts of rubber

Table 2.  Mixing schedule

Description Mixing time (min)

Rubber mastication 5
Zinc oxide 2
Accelerator 2
Stearic acid 2
Sulpur 2
Compound finishing ~5
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3. °“√∑¥ Õ∫≈—°…≥–¢Õß°“√«—≈§“‰π´å (Cure charac-

teristics )

π”¬“ß§Õ¡ª“«¥å¡“∑¥ Õ∫¥â«¬‡§√◊ËÕß ODR 2000

(Monsanto) µ“¡«‘∏’¡“µ√∞“π ASTM D 2084-95 (1995)

‚¥¬µ—ÈßÕÿ≥À¿Ÿ¡‘∑’Ë 150ºC µ—Èß®“π‚≈À–„Àâ¡’¡ÿ¡∫‘¥ 1 Õß»“
À“§à“·√ß∫‘¥µË” ÿ¥∑’Ë‡°‘¥®“°°“√‡©◊Õπ√–À«à“ß¬“ß°—∫®“π
‚≈À– (minimum torque (M

L
), dN.m) §à“·√ß∫‘¥ Ÿß ÿ¥∑’Ë

‡°‘¥®“°°“√‡©◊Õπ√–À«à“ß¬“ß°—∫®“π‚≈À– (maximum

torque (M
H
), dN.m)  À“√–¬–‡«≈“∑’Ë¬“ß‡°‘¥°“√§ß√Ÿª

(scorch time (t
s
1), min) À“‡«≈“„π°“√«—≈§“‰π´å (cure

time (t’
90

), min) ´÷Ëß‡ªìπ‡«≈“∑’Ë¬“ß¡’§à“·√ß∫‘¥‡ªìπ ML+

90(M
H
- M

L
)/100

4. °“√‡µ√’¬¡™‘Èπ∑¥ Õ∫·≈–°“√∑¥ Õ∫§«“¡µâ“π∑“π

µàÕ°“√©’°¢“¥

π”¬“ß§Õ¡ª“«¥å¡“Õ—¥‡∫â“‡æ◊ËÕ‡µ√’¬¡™‘Èπ∑¥ Õ∫
µ“¡«‘∏’¡“µ√∞“π ASTM D 3182-89 (1994) ¥â«¬‡§√◊ËÕß
Õ—¥‡∫â“·∫∫‰Œ¥√Õ≈‘§∑’ËÕÿ≥À¿Ÿ¡‘ 150ºC À≈—ß®“°π—Èππ”™‘Èπ
∑¥ Õ∫∑’Ë‰¥â‰ª∑¥ Õ∫§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥ µ“¡
«‘∏’¡“µ√∞“π ASTM D 624 (2000) ‚¥¬„™â‡§√◊ËÕß∑¥ Õ∫

 ¡∫—µ‘¥â“π°“√¥÷ß (¬’ËÀâÕ Hounsfield √ÿàπ H10KS º≈‘µ
‚¥¬∫√‘…—∑ Hounsfield Test Equipment Ltd. ª√–‡∑»
Õ—ß°ƒ…)  ‚¥¬π”·ºàπ¬“ß∑’Ë‰¥â®“°°“√Õ—¥‡∫â“  ¡“µ—¥™‘Èπ
∑¥ Õ∫·∫∫¡ÿ¡¢π“¥ Die Type B „™âÕ—µ√“‡√Á«„π°“√¥÷ß
™‘Èπ∑¥ Õ∫ 500 ¡¡./π“∑’  ∑¥ Õ∫ ¡∫—µ‘À≈—ß°“√∫à¡‡√àß
¥â«¬Õ“°“»√âÕπµ“¡«‘∏’¡“µ√∞“π ASTM D 573-88 (1994)

‚¥¬°“√∫à¡‡√àß¥â«¬Õ“°“»√âÕπ„π‡µ“Õ∫∫à¡‡√àß∑’ËÕÿ≥À¿Ÿ¡‘
70ºC ‡ªìπ‡«≈“ 72 ™—Ë«‚¡ß ‡¡◊ËÕ§√∫°”Àπ¥·≈â« µ—Èß™‘Èπ
∑¥ Õ∫‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“ 24 ™—Ë«‚¡ß ®“°π—Èππ”
™‘Èπ∑¥ Õ∫‰ª∑¥ Õ∫ ¡∫—µ‘ §”π«≥ ¡∫—µ‘∑’Ë‡ª≈’Ë¬π·ª≈ß
À≈—ß°“√∫à¡‡√àß

º≈°“√∑¥≈Õß·≈–«‘®“√≥å

1. ≈—°…≥–‡©æ“–¢Õß°“√«—≈§“‰π´å

≈—°…≥–‡©æ“–¢Õß°“√«—≈§“‰π´å¢Õß¬“ß∏√√¡™“µ‘
·≈–¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å‡∑à“°—∫
33 ‡ªÕ√å‡ Á́πµå‚¡≈ (ENR-33) ¡’≈—°…≥–‡ªìπ·∫∫√’‡«Õ√å™—π
(reversion) · ¥ß¥—ß Figure 1 ´÷Ëßæ∫«à“§à“·√ß∫‘¥®–¡’
·π«‚πâ¡‡æ‘Ë¡¢÷Èπµ“¡‡«≈“®π∂÷ß®ÿ¥Ê Àπ÷Ëß∑’Ë§à“·√ß∫‘¥¡’§à“

Figure 1.  Cure curves of NR and ENR with various types of accelerator, tested at 150ºC.
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µàÕ°“√«—≈§“‰π´å¢Õß§Õ¡ª“«¥å¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å„π
≈—°…≥–‡™àπ‡¥’¬«°—∫§Õ¡ª“«¥å¬“ß∏√√¡™“µ‘

‡ª√’¬∫§à“·√ß∫‘¥ Ÿß ÿ¥ (Figure 2) §à“·√ß∫‘¥µË” ÿ¥
(Figure 3) ·≈–§à“§«“¡·µ°µà“ß¢Õß·√ß∫‘¥ Ÿß ÿ¥°—∫·√ß
∫‘¥µË” ÿ¥ (Figure 4) ¢Õß¬“ß∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å∑’Ë„™â “√µ—«‡√àß∑—Èß 3 ™π‘¥ æ∫«à“§à“·√ß∫‘¥ Ÿß ÿ¥
·≈–µË” ÿ¥  ·≈–§à“§«“¡·µ°µà“ß¢Õß·√ß∫‘¥¢Õß°“√„™â
 “√µ—«‡√àß∑ÿ°™π‘¥„π¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’§à“ Ÿß°«à“
§Õ¡ª“«¥å¬“ß∏√√¡™“µ‘  πÕ°®“°π’Èæ∫«à“§à“§Õ¡ª“«¥å∑’Ë
„™â MBT ·≈– MBS ¡’§à“·√ß∫‘¥ Ÿß ÿ¥·≈–µË” ÿ¥ ·≈–§à“
§«“¡·µ°µà“ß¢Õß·√ß∫‘¥µË”°«à“°“√„™â TBBS  º≈µà“ß

 Ÿß ÿ¥  ‡¡◊ËÕ‡æ‘Ë¡‡«≈“°“√∑¥ Õ∫  À≈—ß®“°π—Èπ§à“·√ß∫‘¥¡’
·π«‚πâ¡≈¥≈ß  ‚¥¬¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å®–‡°‘¥°“√
√’‡«Õ√å™—ππâÕ¬°«à“¬“ß∏√√¡™“µ‘ ·≈–¡’√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡
§ß√Ÿª —Èπ°«à“¬“ß∏√√¡™“µ‘    πÕ°®“°π’È¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å¬—ß¡’§à“·√ß∫‘¥ Ÿß°«à“¬“ß∏√√¡™“µ‘∑’Ë√–¬–‡«≈“
„π°“√∑¥ Õ∫‡¥’¬«°—π ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫≈—°…≥–‡©æ“–¢Õß
°“√«—≈§“‰π´å„π√–∫∫∑’Ë„™â “√µ—«‡√àß 3 ™π‘¥ §◊Õ MBT,

MBS ·≈– TBBS æ∫«à“°“√„™â MBT ‡ªìπ “√µ—«‡√àß∑”„Àâ
‡°‘¥°“√√’‡«Õ√å™—ππâÕ¬∑’Ë ÿ¥   “√µ—«‡√àß MBS ∑”„Àâ‡°‘¥
°“√√’‡«Õ√å™—πª“π°≈“ß  à«π TBBS ∑”„Àâ‡°‘¥°“√√’‡«Õ√å™—π
 Ÿß∑’Ë ÿ¥ πÕ°®“°π’Èæ∫«à“  “√µ—«‡√àß∑—Èß 3 ™π‘¥ ¡’Õ‘∑∏‘æ≈

Figure 2. Maximum torques of NR and ENR

compounds using various types of

accelerator.

Figure 4.  Torque differences of NR and ENR compounds using various types of accelerator.

Figure 3. Mimimum torques of NR and ENR

compounds using various types of

accelerator.
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√–À«à“ß§à“·√ß∫‘¥ Ÿß ÿ¥°—∫§à“·√ß∫‘¥µË” ÿ¥¢Õß¬“ß∏√√¡™“µ‘
·≈–¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å°√≥’∑’Ë„™â MBT ‡ªìπ “√µ—«‡√àß
¡’§à“πâÕ¬°«à“°“√„™â MBS ·≈– TBBS §à“º≈µà“ß√–À«à“ß
§à“·√ß∫‘¥ Ÿß ÿ¥°—∫§à“·√ß∫‘¥µË” ÿ¥‡ªìπµ—«∫àß™’È∂÷ßª√‘¡“≥
°“√‡™◊ËÕ¡‚¬ß¢Õß‚¡‡≈°ÿ≈¬“ß °≈à“«§◊Õ ‡¡◊ËÕ‡√‘Ë¡‡°‘¥°“√
‡™◊ËÕ¡‚¬ß„π‚¡‡≈°ÿ≈¬“ß §à“·√ß∫‘¥®–‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥
°“√‡™◊ËÕ¡‚¬ß ®π°√–∑—Ëß§à“·√ß∫‘¥∂÷ß®ÿ¥ Ÿß ÿ¥À√◊Õ®ÿ¥§ß∑’Ë
∂◊Õ«à“‡ªìπ®ÿ¥∑’Ë‡°‘¥°“√‡™◊ËÕ¡‚¬ß Ÿß∑’Ë ÿ¥ ∑’Ë®ÿ¥π’È¬“ß∑’Ë¡’√–¥—∫
°“√‡™◊ËÕ¡‚¬ß Ÿß°«à“ ´÷Ëß®–¡’·√ß∫‘¥ Ÿß ÿ¥ Ÿß°«à“¥â«¬ ¥—ßπ—Èπ
®÷ß √ÿª‰¥â«à“°“√„™â TBBS ¡’ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ß¢Õß
‚¡‡≈°ÿ≈¬“ß Ÿß∑’Ë ÿ¥ √Õß≈ß¡“‰¥â·°à MBS ·≈– MBT ‡ªìπ
 “√µ—«‡√àß µ“¡≈”¥—∫

À“°‡ª√’¬∫‡∑’¬∫√–À«à“ß¬“ß∏√√¡™“µ‘·≈–¬“ß
∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë„™â “√µ—«‡√àß™π‘¥‡¥’¬«°—ππ—Èπ æ∫«à“

§à“·√ß∫‘¥ Ÿß ÿ¥ ·√ß∫‘¥µË” ÿ¥ ·≈–º≈µà“ß√–À«à“ß§à“·√ß
∫‘¥ Ÿß ÿ¥°—∫§à“·√ß∫‘¥µË” ÿ¥¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å
¡’§à“ Ÿß°«à“¢Õß¬“ß∏√√¡™“µ‘ ∑—Èßπ’ÈÕ“®®–‡π◊ËÕß¡“®“°¬“ß
∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’À¡ŸàÕ‘æÕ°‰´¥åÕ¬Ÿà∫π‚§√ß √â“ß¢Õß
‚¡‡≈°ÿ≈  À¡ŸàÕ‘æÕ°‰´¥å‡ªìπÀ¡Ÿà∑’Ë ¿“æ¢—È«  ∑”„Àâ‡°‘¥·√ß
¬÷¥‡Àπ’Ë¬«√–À«à“ß‚¡‡≈°ÿ≈ Ÿß¢÷Èπ ∑”„ÀâµâÕß„™â·√ß∫‘¥„π°“√
À¡ÿπ·°«àß®“π‚≈À–¢Õß‡§√◊ËÕß∑¥ Õ∫¡“°¢÷Èπ πÕ°®“°π’È
°“√»÷°…“¢Õß Alex ·≈–§≥– (1989) ·≈– Mohanty ·≈–
Nando (1997) æ∫«à“„π¢≥–À≈Õ¡«ß·À«πÕ‘æÕ°‰´¥å®–
‡°‘¥°“√‡ªî¥«ßÕÕ° °≈“¬‡ªìπÀ¡Ÿà·Õ≈°ÕŒÕ≈å™π‘¥∑ÿµ‘¬¿Ÿ¡‘
·≈–À¡Ÿà·Õ≈°ÕŒÕ≈å™π‘¥µµ‘¬¿Ÿ¡‘ (secondary and tertiary

alcoholic groups) ÷́Ëß “¡“√∂‡°‘¥ªØ‘°‘√‘¬“‡™◊ËÕ¡‚¬ß°—π
‡Õß‰¥â ≈—°…≥–æ—π∏–‡§¡’¥—ß°≈à“«· ¥ß¥—ß Figure 5 ‡æ◊ËÕ
æ‘ Ÿ®πå°“√‡°‘¥ªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ß¥—ß°≈à“« ‰¥â∑”°“√

Figure 5.  Possible reaction mechanism for chemical bonding (Mohanty and Nando, 1997)
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∑¥≈Õß‚¥¬π”¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë‰¡à‰¥âº ¡ “√‡§¡’
„¥Ê ¡“∑¥ Õ∫‡æ◊ËÕµ‘¥µ“¡°“√‡ª≈’Ë¬π·ª≈ß§à“·√ß∫‘¥ ∑’Ë
Õÿ≥À¿Ÿ¡‘ 125, 150 ·≈– 175ºC ‚¥¬„™â‡§√◊ËÕß√’‚Õ¡‘‡µÕ√å
·∫∫®“πÀ¡ÿπ (oscillating disk rheometer) √ÿàπ ODR

2000 ‰¥âº≈°“√∑¥≈Õß· ¥ß¥—ß Figure 6 æ∫«à“§à“·√ß
∫‘¥¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å‡æ‘Ë¡¢÷Èπµ“¡‡«≈“∑’Ë∑¥ Õ∫
‚¥¬‡©æ“–∑’ËÕÿ≥À¿Ÿ¡‘ 150 ·≈– 175ºC  à«π∑’ËÕÿ≥À¿Ÿ¡‘
125ºC §à“·√ß∫‘¥¡’·π«‚πâ¡‡æ‘Ë¡¢÷ÈπÕ¬à“ß™â“Ê ®÷ß “¡“√∂
 √ÿª‰¥â«à“ ‡°‘¥ªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ß„π√–À«à“ß°“√∑¥ Õ∫
∑’ËÕÿ≥À¿Ÿ¡‘¥—ß°≈à“«®√‘ß

√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√§ß√Ÿª (scorch time)

¢Õß¬“ß∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë„™â “√
µ—«‡√àß∑—Èß 3 ™π‘¥ · ¥ß¥—ß„π Figure 7 æ∫«à“„π°√≥’∑’Ë„™â
MBT ‡ªìπ “√µ—«‡√àß ∑—Èß¬“ß∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å ®–¡’√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√§ß√Ÿª„°≈â‡§’¬ß
°—π ´÷Ëß¡’§à“§àÕπ¢â“ß —Èπ°≈à“«§◊Õ ª√–¡“≥ 2.66 ·≈– 2.80

π“∑’ µ“¡≈”¥—∫   à«π°√≥’°“√„™â MBS ·≈– TBBS ‡ªìπ
 “√µ—ß‡√àß ∑—Èß¬“ß∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’
√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√§ß√Ÿª¬“«°«à“°“√„™â MBT ‡ªìπ
 “√µ—«‡√àß ‚¥¬∑’Ë¬“ß∏√√¡™“µ‘¡’√–¬–‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√
§ß√Ÿª¬“«°«à“¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å ∑—Èßπ’È¢÷ÈπÕ¬Ÿà°—∫ ¡∫—µ‘
¢Õß “√µ—«‡√àß∑’Ë„™â‡ªìπ ”§—≠ °≈à“«§◊Õ MBS ·≈– TBBS

‡ªìπ “√µ—«‡√àß„π°≈ÿà¡´—≈øïπ“‰¡¥å (Sulphenamide) ´÷Ëß

 “√µ—«‡√àß„π°≈ÿà¡π’È‡¡◊ËÕ‰¥â√—∫§«“¡√âÕπ®–·µ°µ—«„Àâ MBT

·≈– “√‡§¡’„π°≈ÿà¡‡Õ¡’πÕÕ°¡“ ÷́Ëß√–¬–‡«≈“°àÕπ∑’Ë®–
‡°‘¥°“√·µ°µ—«π’È‡Õß∑’Ë∑”„Àâ “√µ—«‡√àß∑—Èß Õßµ—«π’È¡’√–¬–
‡«≈“∑’Ë¬“ß‡√‘Ë¡‡°‘¥°“√§ß√Ÿª¬“«°«à“ MBT À≈—ß®“°∑’Ë
MBS ·≈– TBBS ·µ°µ—«ÕÕ°¡“‰¥â MBT ·≈–‡Õ¡’π
·≈â« MBT °Á®–∑”Àπâ“∑’Ë‡ªìπµ—«‡√àßªØ‘°‘√‘¬“«—≈§“‰π´å
 à«π‡Õ¡’π´÷Ëß¡’ ¡∫—µ‘‡ªìπ‡∫ ®–‡ªìπµ—«°√–µÿâπ„Àâ MBT

∑”ß“π‡√Á«¢÷Èπ·≈–∑”„Àâ§à“‚¡¥Ÿ≈—  Ÿß¢÷Èπ §«“¡¬“°ßà“¬„π
°“√·µ°µ—«¢Õß “√µ—«‡√àß™π‘¥π’È ¢÷ÈπÕ¬Ÿà°—∫§«“¡‡ªìπ‡∫ 
¢Õß‡Õ¡’π (base strength) ´÷Ëß‡Õ¡’π¢Õß MBS ¡’§«“¡
‡ªìπ‡∫  Ÿß°«à“‡Õ¡’π¢Õß TBBS §à“ pK

b
 ¢Õß‡Õ¡’π∑’Ë

ª√–°Õ∫Õ¬Ÿà„π MBS ·≈– TBBS ¡’§à“ 6.2 ·≈– 4.2

µ“¡≈”¥—∫ (æ√æ√√≥, 2528) ∑”„Àâ‡Õ¡’π∑’Ëª√–°Õ∫Õ¬Ÿà„π
MBS ·µ°µ—«ÕÕ°¡“‰¥â¬“°°«à“  àßº≈„Àâ√–¬–‡«≈“∑’Ë¬“ß
‡√‘Ë¡‡°‘¥°“√§ß√Ÿª¢Õß¬“ß∑’Ë„™â MBS ‡ªìπ “√µ—«‡√àß¬“«°«à“
°“√„™â TBBS πÕ°®“°ªí®®—¬¥â“π§«“¡‡ªìπ‡∫ ·≈â« ¬—ß
¢÷ÈπÕ¬Ÿà°—∫¢π“¥‚¡‡≈°ÿ≈∑’Ë„À≠à¢Õß‡Õ¡’π®÷ß∑”„Àâ‡°‘¥ steric

hindrance

‡ª√’¬∫‡∑’¬∫√–¬–‡«≈“„π°“√«—≈§“‰π ǻ¢Õß¬“ß
∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å · ¥ß¥—ß„π Figure

8 æ∫«à“√–¬–‡«≈“„π°“√«—≈§“‰π ǻ¢Õß¬“ß∏√√¡™“µ‘¬“«
°«à“√–¬–‡«≈“„π°“√«—≈§“‰π ǻ¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å
∑—Èß„π°√≥’∑’Ë„™â MBT, MBS ·≈– TBBS ‡ªìπ “√µ—«‡√àß

Figure 6.  ODR curves of pure ENR at various testing temperature.
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Figure 7.  Scorch time of NR and ENR compounds using various types of accelerator.

Figure 8.  Cure time of NR and ENR compounds using various types of accelerator.

∑—Èßπ’È‡ªìπº≈‡π◊ËÕß¡“®“°°“√¡’À¡ŸàÕ‘æÕ°‰´¥å∫π‚¡‡≈°ÿ≈
¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å ´÷ËßÀ¡ŸàÕ‘æÕ°‰´¥å‡ªìπÀ¡Ÿà∑’Ë¡’
 ¿“æ¢—È« ‚¥¬®–„ÀâÕ‘‡≈§µ√Õπ‡¢â“‰ª Ÿàæ—π∏–§Ÿà„πÀπà«¬¢Õß
‰Õ‚´æ√’π ∑”„Àâæ—π∏–§Ÿà¡’§«“¡«àÕß‰«µàÕÀ¡Ÿà∑’Ë™Õ∫Õ‘‡≈§-
µ√Õπ¡“°¢÷Èπ (Segequl et al., 1999) ®÷ß àßº≈„Àâ¬“ß
∏√√¡™“µ‘Õ‘æÕ°‰´¥å‡°‘¥ªØ‘°‘°‘√‘¬“‰¥â‡√Á«°«à“  àßº≈„Àâ‡°‘¥
‚§√ß √â“ß∑’Ë¡’°“√‡™◊ËÕ¡‚¬ß¢Õß¬“ß«—≈§“‰π´å‰¥â‡√Á«°«à“
°≈à“«§◊Õ ¡’‡«≈“„π°“√«—≈§“‰π´å∑’Ë —Èπ°«à“

2. §«“¡µâ“π∑“πµàÕ°“√©’°¢“¥ (Tear strength)

Figure 9 æ∫«à“§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥¢Õß
¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å‡∑à“°—∫
33 ‡ªÕ√å‡´πµå‚¡≈ ¡’§à“ Ÿß°«à“¬“ß∏√√¡™“µ‘‡≈Á°πâÕ¬
‡π◊ËÕß®“°¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å
‡∑à“°—∫ 33 ‡ªÕ√å‡´πµå‚¡≈   “¡“√∂‡°‘¥º≈÷°‰¥â‡¡◊ËÕ¬◊¥
(strain induced crystallization) ‰¥â¥’¡“° (David et al.,

1983) πÕ°®“°π’È°“√¡’À¡ŸàÕ‘æÕ°‰´¥åÕ¬Ÿà∫π‚¡‡≈°ÿ≈¢Õß
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¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å¬—ß∑”„Àâ‡°‘¥°“√¥÷ß¥Ÿ¥√–À«à“ß
‚¡‡≈°ÿ≈·≈–¬—ß “¡“√∂‡°‘¥æ—π∏–‡§¡’°—π‡ÕßÕ—π‡π◊ËÕß¡“
®“°°“√‡ªî¥«ß·À«πÕ‘æÕ°‰´¥å‰¥â¥—ß∑’Ë· ¥ß‰«â„π Figure

3 §«“¡µâ“π∑“πµàÕ°“√©’°¢“¥¢Õß¬“ß∏√√¡™“µ‘·≈–¬“ß
∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë„™â MBT ·≈– MBS ‡ªìπ “√µ—«‡√àß
¡’§à“„°≈â‡§’¬ß°—π ·µàµË”°«à“¬“ß∏√√¡™“µ‘·≈–¬“ß∏√√¡™“µ‘
∑’Ë„™âÕ‘æÕ°‰´¥å∑’Ë„™â TBBS ‡ªìπ “√µ—«‡√àß

∑¥ Õ∫ ¡∫—µ‘À≈—ß°“√∫à¡‡√àß¢Õß¬“ß∏√√¡™“µ‘·≈–
¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å∑’Ë¡’ª√‘¡“≥À¡ŸàÕ‘æÕ°‰´¥å‡∑à“°—∫
33 ‡ªÕ√å‡´Áπµå‚¡≈ ‚¥¬∑”°“√∑¥≈Õß∑’ËÕÿ≥À¿Ÿ¡‘ 70ºC ‡ªìπ
‡«≈“ 72 ™—Ë«‚¡ß º≈°“√‡ª≈’Ë¬π·ª≈ß¢Õß§à“§«“¡µâ“π∑“π
µàÕ°“√©’°¢“¥ · ¥ß„π Figure 10 æ∫«à“À≈—ß®“°°“√∫à¡
‡√àß§«“¡µâ“π∑“πµàÕ°“√©’°¢“¥¢Õß¬“ß∏√√¡™“µ‘·≈–¬“ß
∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’§à“ Ÿß¢÷Èπ ·µà¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å

Figure 9.  Tear strength of NR and ENR vulcanizates.

Figure 10.  Tear strength change of NR and ENR vulcanizates.
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Figure 11.  Ageing of sulphur vulcanizates of ENR (Gelling and Morrison, 1985)

¡’°“√‡ª≈’Ë¬π·ª≈ß Ÿß°«à“¬“ß∏√√¡™“µ‘  ®“°°“√»÷°…“¢Õß
Roy ·≈–§≥– (1993)  æ∫«à“æ≈—ßß“π°√–µÿâπ¢Õß°“√
‡ ◊ËÕ¡ ¿“æ¥â«¬§«“¡√âÕπ¢Õß¬“ß∏√√¡™“µ‘Õ‘æÕ°‰´¥å¡’
§«“¡«àÕß‰«µàÕ§«“¡√âÕπ¡“°°«à“¬“ß∏√√¡™“µ‘ ‡ªìπº≈„Àâ
 ¡∫—µ‘À≈—ß®“°°“√∫à¡‡√àß¥â«¬§«“¡√âÕπ¢Õß¬“ß∏√√¡™“µ‘
Õ‘æÕ°‰´¥å‡ª≈’Ë¬π·ª≈ß¡“°°«à“¢Õß¬“ß∏√√¡™“µ‘ ÷́Ëß
§«“¡√âÕπ®–∑”„Àâ‡°‘¥°“√‡ªî¥«ßÕ‘æÕ°‰´¥å‡ªìπ·Õ≈°ÕŒÕ≈å
™π‘¥∑ÿµ‘¬¿Ÿ¡‘·≈–µµ‘¬¿Ÿ¡‘ ∑”„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ß¥â«¬æ—π∏–
Õ’‡∑Õ√å·≈–‰´§≈‘°Õ’‡∑Õ√å ¥—ß· ¥ß„π Figure 11  àßº≈„Àâ
¡’ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ß√–À«à“ß‚¡‡≈°ÿ≈ Ÿß¢÷Èπ (Roy ·≈–
§≥–, 1993 ·≈– Gelling ·≈– Morrison, 1985)
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