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Abstract
Sombatsompop, N., Wimolmala, E. and Markpin, T.
Effects of Si69 treatment on fly ash particles and thermal ageing
on the properties of NR/SBR blend
Songklanakarin J. Sci. Technol., 2007, 29(5) : 1377-1391

The research involved property development of NR/SBR blend filled fly ash particles used for
reinforcement in comparison with commercial silica. The effects of silica content and surface treatment by
Si69 silane coupling agent were studied. The experimental results suggested that as the silica content from fly
ash particles increased the cure time decreased. The increase in silica content in fly ash resulted in increases
in tensile modulus, hardness, tears strength and percent compression set, but led to decreases in elongation
at break, abrasion, percent resilience and tensile strength. When adding the silane coupling agent the cure

π‘æπ∏åµâπ©∫—∫

Polymer Processing and Flow Group, Division of Materials Technology, School of Energy, Environment and
Materials, King Mongkut's University of Technology Thonburi (KMUTT), Bangmod, Thung Khru, Bangkok,
10140 Thailand.

1
Ph.D. (Polymer Processing & Rheology) »“ µ√“®“√¬å 

2
M.Eng. (Materials Technology) π—°«‘®—¬ °≈ÿà¡«‘®—¬°“√º≈‘µ·≈–¢÷Èπ√Ÿª

æÕ≈‘‡¡Õ√å  “¬«‘™“‡∑§‚π‚≈¬’«— ¥ÿ §≥–æ≈—ßß“π ‘Ëß·«¥≈âÕ¡·≈–«— ¥ÿ ¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’æ√–®Õ¡‡°≈â“∏π∫ÿ√’ (¡®∏.) ·¢«ß

∫“ß¡¥ ‡¢µ∑ÿàß§√ÿ °√ÿß‡∑æœ 10140

Corresponding e-mail: narongrit.som@kmutt.ac.th

√—∫µâπ©∫—∫ 4 °—π¬“¬π 2549       √—∫≈ßæ‘¡æå 16 °ÿ¡¿“æ—π∏å 2550



Songklanakarin J. Sci. Technol.

Vol. 29  No. 5  Sep. - Oct. 2007 1378

The properties of NR/SBR blend
Sombatsompop, N., et al.

time and overall mechanical properties were improved. After thermal ageing, the tensile modulus and tensile
strength increased, but the elongation at break decreased. Overall results recommended that 20 phr of silica
in 2% Si69-treated fly ash particles gave the optimum mechanical properties of the blend and can be used to
replace the commercial silica.

Key words : natural rubber, SBR rubber, fly ash, surface treatment, silane coupling agent,
thermal aging
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º≈°“√«‘®—¬‰¥â¢âÕ √ÿª«à“ ´‘≈‘°“®“°‡∂â“≈Õ¬∑’Ëª√‘¡“≥ —¥ à«π 20 phr ·≈–ºà“π°“√ª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫

‰´‡≈π 2% ‚¥¬πÈ”Àπ—°¡’§«“¡‡À¡“– ¡∑’Ë®–π”¡“‡µ‘¡≈ß„π¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å ·≈–

 “¡“√∂π”¡“„™â‡ªìπ “√‡µ‘¡·µàß∑¥·∑π´‘≈‘°“‡°√¥°“√§â“‰¥â

ªí®®ÿ∫—π¬“ß∏√√¡™“µ‘ ‡ªìπ¬“ß∑’Ë „™â¡“°„π¿“§
Õÿµ “À°√√¡ ·≈– “¡“√∂º≈‘µ¬“ß¥‘∫‰¥â‡Õß„πª√–‡∑»‰∑¬
2.93 ≈â“πµ—π „πªï æ.». 2548 ·≈–‡ªìπª√–‡∑»∑’Ë àßÕÕ°
¬“ß∏√√¡™“µ‘‡ªìπÕ—π¥—∫ 1 ¢Õß‚≈°¥â«¬  à«π¬“ß‡Õ ∫’Õ“√å
‡ªìπ¬“ß —ß‡§√“–Àå∑’Ë¡’ª√‘¡“≥°“√„™â∑’Ë¡“°¥â«¬‡™àπ°—π ´÷Ëß
ª√–‡∑»‰∑¬¡’°”≈—ß°“√º≈‘µµàÕªï ª√–¡“≥ 60,000 µ—π
(Àπà«¬‡∑§‚π‚≈¬’¬“ß, 2545)   ”À√—∫°“√π”‰ª„™â„π
Õÿµ “À°√√¡¬“ß√∂¬πµå   à«π∑’Ë‡À≈◊Õ„™â„πÕÿµ “À°√√¡∑”
 “¬æ“π  æ◊Èπ√Õß‡∑â“  ¬“ßÕ—¥‡∫â“   “¬‡§‡∫‘≈  ·≈–∑àÕ¬“ß
‡ªìπµâπ ®“°°“√∑’Ëª√‘¡“≥°“√º≈‘µ¬“ß¥‘∫„πª√–‡∑»‡æ‘Ë¡¢÷Èπ
·≈–§«“¡µâÕß°“√„™â«—µ∂ÿ¥‘∫¬“ß∏√√¡™“µ‘„πª√–‡∑»‡æ‘Ë¡¢÷Èπ
Õ¬à“ßµàÕ‡π◊ËÕß √—∞∫“≈‰∑¬®÷ßæ¬“¬“¡ àß‡ √‘¡„Àâ¡’°“√·ª√√Ÿª

«—µ∂ÿ¥‘∫¬“ß‡æ◊ËÕ‡æ‘Ë¡¡Ÿ≈§à“‡æ◊ËÕº≈‘µ‡ªìπº≈‘µ¿—≥±å¬“ß„Àâ¡“°
¢÷Èπ (∏π“§“√·Ààßª√–‡∑»‰∑¬, 2546)

°√–∫«π°“√º ¡¬“ß®—¥‡ªìπ‡∑§‚π‚≈¬’∑’Ë¡’°“√»÷°…“
·≈–æ—≤π“‡ªìπ®”π«π¡“° ∑—Èßπ’ÈÕ“®¡’ “‡Àµÿ®“°°√–∫«π°“√
º≈‘µ¬“ßº ¡¡’°√√¡«‘∏’∑’Ë‰¡à¬ÿàß¬“°‡¡◊ËÕ‡∑’¬∫°—∫«‘∏’°“√Õ◊ËπÊ
‡™àπ °“√ —ß‡§√“–Àå¬“ßº ¡™π‘¥„À¡à¢÷Èπ¡“®“°‚¡‚π‡¡Õ√å
À≈“¬Ê ™π‘¥ ´÷Ëß¡’¢—ÈπµÕπ∑’Ë¬ÿàß¬“°¡“°°«à“ Õ’°∑—Èß«‘∏’°“√π’È
¬—ßµâÕß„™âºŸâ∑’Ë¡’§«“¡√Ÿâ‡©æ“–¥â“π‡°’Ë¬«°—∫‡§¡’æÕ≈‘‡¡Õ√å„π°“√
∑”ß“π ·≈–‡¡◊ËÕæ‘®“√≥“„π·ßà¢Õß°“√º≈‘µ„πª√‘¡“≥¡“°Ê
«‘∏’°“√ —ß‡§√“–Àå¬“ßº ¡πà“®–¡’§à“„™â®à“¬„π°“√≈ß∑ÿπ∑’Ë Ÿß
°«à“  „π¢≥–∑’Ë°“√º ¡æÕ≈‘‡¡Õ√å‚¥¬µ√ß “¡“√∂∑”‰¥âßà“¬
°«à“ ·≈–‰¥âª√‘¡“≥¢Õßº≈‘µ¿—≥±å (%Yield) ∑’Ë Ÿß¡“°°«à“
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‡Àµÿº≈‚¥¬∑—Ë«‰ª¢Õß°“√∑”¬“ßº ¡ §◊Õ °“√ª√—∫ª√ÿß ¡∫—µ‘
∫“ßª√–°“√¢ÕßæÕ≈‘‡¡Õ√å∑’Ë¡’Õ¬Ÿà·≈â«„Àâ¥’¬‘Ëß¢÷Èπ ‡æ◊ËÕµÕ∫
 πÕßµàÕ‡ß◊ËÕπ‰¢¢Õß ¿“«–°“√„™âß“π ‚¥¬ “¡“√∂º ¡°—∫
æÕ≈‘‡¡Õ√å∑’Ë¡’ ¡∫—µ‘µ“¡§«“¡µâÕß°“√‰¥â

 ”À√—∫Õÿµ “À°√√¡∑’Ë„™â«—µ∂ÿ¥‘∫¬“ßº ¡√–À«à“ß¬“ß
∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å  ‰¥â·°à  Õÿµ “À°√√¡°“√º≈‘µ
 “¬æ“π≈”‡≈’¬ß („π à«π¬“ß©“∫ºâ“„∫)  √Õß‡∑â“¬“ß  ·≈–
¬“ß∑’Ë„™â„πÕÿµ “À°√√¡¬“π¬πµå ‡™àπ ¬“ß√∂®—°√¬“π ‡ªìπµâπ
„π°“√º≈‘µ¬“ß “¬æ“π°“√≈”‡≈’¬ßπ—Èπ °“√‡µ‘¡¬“ß∏√√¡™“µ‘
≈ß„π¬“ß‡Õ ∫’Õ“√å ¡’«—µ∂ÿª√– ß§å‡æ◊ËÕµâÕß°“√„Àâ “¬æ“π¡’
§«“¡‡Àπ’¬«∑’Ë “¡“√∂¬÷¥µ‘¥°—∫™—Èπ¢Õßºâ“‰¥â¥’ ·≈–¡’§«“¡
π‘Ë¡‡æ◊ËÕ∑’Ë®–‰¥â·π∫∫π™—Èπºâ“‰¥âßà“¬ „πÕÿµ “À°√√¡°“√º≈‘µ
¬“ß√∂®—°√¬“ππ—Èπ °“√‡µ‘¡¬“ß‡Õ ∫’Õ“√å‡¢â“‰ª„π¬“ß∏√√¡™“µ‘
‡æ◊ËÕµâÕß°“√‡æ‘Ë¡§«“¡ “¡“√∂„π°“√µâ“π∑“πµàÕ°“√¢—¥∂Ÿ¢≥–
„™âß“π‰¥â¥’¢÷Èπ

‡∂â“≈Õ¬®—¥‡ªìπ«— ¥ÿ‡À≈◊Õ„™â∑’Ë‡°‘¥¢÷Èπ®“°°√–∫«π°“√
‡º“∂à“πÀ‘π„π°“√º≈‘µ°√–· ‰øøÑ“‚¥¬¡’ª√‘¡“≥ Ÿß∂÷ß 3 ≈â“π
µ—π/ªï  ·≈–À“°‰¡àπ”¡“„™â„Àâ‡°‘¥ª√–‚¬™πå°Á®–°≈“¬‡ªìπ
¢Õß‡ ’¬„π∑’Ë ÿ¥ Õ’°∑—Èß¬—ß∑”„Àâ‡°‘¥ªí≠À“°“√°”®—¥¢Õß‡ ’¬„π
 à«ππ’È¥â«¬ (¡Ÿ≈π‘∏‘ àß‡ √‘¡«‘∑¬“»“ µ√å·≈–‡∑§‚π‚≈¬’„πæ√–
∫√¡√“™Ÿª∂—¡¿å, 2545) ´÷Ëß°“√π”«— ¥ÿÀ√◊Õ ‘Ëß∑’Ë„™âª√–‚¬™πå
·≈â«°≈—∫¡“À¡ÿπ‡«’¬π„™â„À¡à¡’¢âÕ¥’¥—ßπ’È (1) ≈¥ª√‘¡“≥°“√
„™â«— ¥ÿÀ√◊Õ “√µ—Èßµâπ∫√‘ ÿ∑∏‘Ï‰¥â (2) ≈¥ª√‘¡“≥¢Õß‡ ’¬∑’Ë„™â
ª√–‚¬™πå·≈â«Õ—π®– àßº≈„Àâ‡°‘¥°“√≈¥µâπ∑ÿπ·≈–æ≈—ßß“π∑’Ë
®–„™â„π°“√°”®—¥¢Õß‡ ’¬ ‡™àπ °“√¢π¬â“¬„π√–À«à“ß°“√°”®—¥
°“√‡º“À√◊Õ∂¡¥‘π (3) ≈¥ª√‘¡“≥¡≈æ‘…À√◊Õ ¿“«–·«¥≈âÕ¡
∑’Ë‡ªìπæ‘… Õ—π‡π◊ËÕß¡“®“°°“√¬àÕ¬ ≈“¬¢Õß‡ ’¬ (4) ∑”„Àâ
√“§“ ‘π§â“∑’Ë‰¥â®“°°“√π”«— ¥ÿ∑’Ë„™âª√–‚¬™πå·≈â«°≈—∫¡“„™â
„À¡à≈¥µË”≈ß ·≈– (5) æ—≤π“«— ¥ÿ™π‘¥„À¡à®“°°“√∑’Ë°≈ÿà¡
π—°‡∑§‚π‚≈¬’¥’‡¥àπª√–®”ªï æ.». 2545 ∑’Ëæ—≤π“°“√„™â‡∂â“
≈Õ¬≈‘°‰πµå„πª√–‡∑»‰∑¬ æ∫«à“ „πªí®®ÿ∫—π‡√‘Ë¡¡’°“√π”‡∂â“
≈Õ¬¡“„™âª√–‚¬™πå°—π¡“°¢÷Èπ „πªï æ.».2545 ¡’ª√‘¡“≥
°“√„™â‡∂â“≈Õ¬ Ÿß∂÷ß 1.8 ≈â“πµ—π/ªï §‘¥‡ªìπ√âÕ¬≈– 60 ¢Õß
∑’Ëº≈‘µ‰¥â (¡Ÿ≈π‘∏‘ àß‡ √‘¡«‘∑¬“»“ µ√å·≈–‡∑§‚π‚≈¬’„πæ√–
∫√¡√“™Ÿª∂—¡¿å, 2545) Õ¬à“ß‰√°Áµ“¡ ª√‘¡“≥¢Õß‡∂â“≈Õ¬„π
ª√–‡∑»¬—ß¡’Õ¬Ÿà‡ªìπ®”π«π¡“° ‰¡à‡æ’¬ß·µà‡∂â“≈Õ¬≈‘°‰πµå
®“°‚√ß‰øøÑ“·¡à‡¡“–‡∑à“π—Èπ  ·µà¬—ß¡’‡∂â“≈Õ¬®“°°“√‡º“
∂à“πÀ‘π„π·À≈àßµà“ßÊ „πª√–‡∑»¥â«¬ Õ“∑‘ ‡∂â“≈Õ¬∂à“πÀ‘π

´—∫∫‘∑Ÿ¡‘π—  ®“°®—ßÀ«—¥√–¬Õß  ∂à“πÀ‘π·Õπ∑√“‰´µå ®“°
®—ßÀ«—¥°“≠®π∫ÿ√’ ‡∂â“≈Õ¬®“°·À≈àßµà“ßÊ π—Èπ ≈â«π·≈â«·µà
¡’ à«πª√–°Õ∫¢Õß´‘≈‘°“Õ¬Ÿà¥â«¬ πÕ°®“°π’È¬—ß¡’Õß§åª√–°Õ∫
Õ◊ËπÊ ‡™àπ Õ≈Ÿ¡‘‡π’¬¡ÕÕ°‰´¥å ‚≈À–ÕÕ°‰´§å ´÷Ëß¡’ à«π√à«¡
„π°√–∫«π°“√º≈‘µº≈‘µ¿—≥±å¬“ßÕ’°¥â«¬ (™—¬ ·≈–§≥–,
2542)

„πÕ¥’µ∑’Ëºà“π¡“‰¥â¡’ß“π«‘®—¬‡°’Ë¬«°—∫¬“ßº ¡√–À«à“ß
¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å‡ªìπ®”π«π¡“° ¬“ß∑—Èß Õß™π‘¥
 “¡“√∂π”¡“º ¡‡¢â“°—π‰¥â¥’ (Findik ·≈–§≥–, 2004)
‡π◊ËÕß®“°‚§√ß √â“ß∑“ß‡§¡’∑’Ë‰¡à¡’¢—È«‡À¡◊Õπ°—π·≈–¡’§à“§«“¡
 “¡“√∂„π°“√≈–≈“¬∑’Ë„°≈â‡§’¬ß°—π ®“°ß“π«‘®—¬æ∫«à“‡¡◊ËÕ
π”¬“ß∏√√¡™“µ‘º ¡„π¬“ß‡Õ ∫’Õ“√å ∑”„Àâ ¡∫—µ‘‡™‘ß°≈¢Õß
¬“ßº ¡¥â“π§«“¡µâ“π·√ß¥÷ß  ‡ªÕ√å‡´Áπµå°“√¬◊¥µ—«·≈–
§«“¡·¢Áß∑’Ë‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“°‚¡‡≈°ÿ≈¢Õß¬“ß∏√√¡™“µ‘‡¡◊ËÕ
√—∫·√ß¥÷ß “¡“√∂‡°‘¥‡ªìπº≈÷° ∑”„Àâ¬“ßº ¡¡’§«“¡·¢Áß·√ß
¡“°¢÷Èπ (Boochathum ·≈– Chiewnawin, 2001) „π
 à«π°“√„™â “√‡µ‘¡·µàß„π¬“ß ¡’°“√§âπ§«â“‚¥¬ Chuayjuljit
·≈–§≥– (2001) ‰¥â»÷°…“°“√π”´‘≈‘°“®“°‡∂â“·°≈∫‡ªìπ
 “√‡ √‘¡·√ß„π¬“ß∏√√¡™“µ‘‡∑’¬∫°—∫ ‘́≈‘°“‡°√¥°“√§â“ æ∫«à“
´‘≈‘°“®“°·°≈∫∑’Ëºà“π°“√∑”ªØ‘°‘√‘¬“°—∫°√¥‰Œ‚¥√§≈Õ≈‘°
∑”„Àâ¬“ß∏√√¡™“µ‘¡’ ¡∫—µ‘‡™‘ß°≈¥â“π°“√µâ“π·√ß¥÷ß §«“¡
µâ“π°“√©’°¢“¥ °“√°√–¥Õπ∑’Ë‡æ‘Ë¡¢÷Èπ  à«π Yin ·≈–§≥–
(2003) ‰¥â»÷°…“°“√π” ‘́≈‘°“‡°√¥°“√§â“·∫∫‰¡àª√—∫ª√ÿß
·≈–∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π ¡“‡ªìπ “√‡ √‘¡·√ß
„π¬“ß‡Õ ∫’Õ“√å æ∫«à“ ‘́≈‘°“‡°√¥°“√§â“∑’Ë‰¡àª√—∫ª√ÿßº‘«¡’
°“√‡°“–°≈ÿà¡°—π‡Õß„π¬“ß‡Õ ∫’Õ“√å ·µà‡¡◊ËÕ∑”°“√ª√—∫ª√ÿß
º‘«∑”„Àâ´‘≈‘°“‡°√¥°“√§â“¡’°“√°√–®“¬µ—«‰¥â¥’¢÷Èπ  àßº≈„Àâ
ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“° “√§Ÿà§«∫
‰´‡≈π∑”„Àâ‡°‘¥æ—π∏–‡§¡’·≈–°“√¬÷¥‡°“–∑’Ë¥’√–À«à“ßº‘«¢Õß
´‘≈‘°“°—∫¬“ß‡Õ ∫’Õ“√å „π à«π¢Õß°“√π”´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬
¡“„™â„π¬“ßπ—Èπ¡’ß“π«‘®—¬¢Õß Sombatsompop ·≈–§≥–
(2004) ‰¥â»÷°…“º≈¢Õß°“√‡µ‘¡´‘≈‘°“‡°√¥°“√§â“·≈–´‘≈‘°“
®“°‡∂â“≈Õ¬∑’Ë‰¡àª√—∫ª√ÿßº‘«„π¬“ß∏√√¡™“µ‘·≈–¬“ß‡Õ ∫’Õ“√å
„π à«π¢Õß¬“ß∏√√¡™“µ‘ æ∫«à“ „π‡∂â“≈Õ¬¡’Õß§åª√–°Õ∫
¢Õß ‘́≈‘°“ª√–¡“≥ 40%  °“√‡µ‘¡ ‘́≈‘°“‡°√¥°“√§â“·≈–
´‘≈‘°“®“°‡∂â“≈Õ¬∑’Ëª√‘¡“≥ —¥ à«π‰¡à‡°‘π 30 phr ¡’ ¡∫—µ‘
‡™‘ß°≈ ¥â“π§«“¡µâ“π·√ß¥÷ß §«“¡µâ“π·√ß©’°¢“¥·≈–§«“¡
·¢Áß∑’Ë§≈â“¬§≈÷ß°—π ·µà‡¡◊ËÕª√‘¡“≥ —¥ à«π¢Õß´‘≈‘°“¡“°°«à“
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30 phr æ∫«à“ °“√‡µ‘¡´‘≈‘°“‡°√¥°“√§â“„π¬“ß∏√√¡™“µ‘
 ¡∫—µ‘‡™‘ß°≈¥â“π¡Õ¥ÿ≈—  §«“¡·¢Áß ·≈–§«“¡µâ“π·√ß©’°
¢“¥¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ „π¢≥–∑’Ë°“√‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬
¡’·π«‚πâ¡§ß∑’Ë  à«π„π°√≥’¢Õß¬“ß‡Õ ∫’Õ“√å∑’Ë‡µ‘¡´‘≈‘°“∑—Èß
 Õß™π‘¥π—Èπ æ∫«à“  ¡∫—µ‘‡™‘ß°≈‚¥¬√«¡§≈â“¬§≈÷ß°—∫√–∫∫
¢Õß¬“ß∏√√¡™“µ‘ ¬°‡«âπ§«“¡µâ“π·√ß¥÷ß·≈–§«“¡µâ“π·√ß
©’°¢“¥∑’Ë≈¥≈ß    à«πß“π«‘®—¬¢Õß Thongsang ·≈–
Sombatsompop (2006) ‰¥â»÷°…“°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 ∑’Ëª√‘¡“≥§«“¡‡¢â¡¢âπµà“ßÊ „π
¬“ß∏√√¡™“µ‘ ‚¥¬æ∫«à“°“√ª√—∫ª√ÿß‡∂â“≈Õ¬∑’Ëª√‘¡“≥§«“¡
‡¢â¡¢âπ “√§Ÿà§«∫‰´‡≈π∑’Ë‡À¡“– ¡ 2 ·≈– 4% ‚¥¬πÈ”Àπ—°
∑”„Àâ‡«≈“„π°“√§ß√Ÿª¬“ß≈¥≈ß‡≈Á°πâÕ¬  à«π ¡∫—µ‘‡™‘ß°≈
¥â“π¡Õ¥ÿ≈— ·√ß¥÷ß ·≈–§«“¡µâ“π·√ß©’°¢“¥‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß
®“°ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡„π¬“ß∏√√¡™“µ‘∑’Ë‡æ‘Ë¡¢÷Èπ
 à«πß“π«‘®—¬¢Õß ‡Õ°™—¬ ·≈–§≥– (2549) ‰¥â»÷°…“°“√π”
‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘«·≈–∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫
‰´‡≈π Si69 ∑’Ëª√‘¡“≥·≈– —¥ à«πµà“ßÊ ¢Õß‡∂â“≈Õ¬‡µ‘¡„π
¬“ß‡Õ ∫’Õ“√å  ‚¥¬æ∫«à“°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà
§«∫‰´‡≈π∑’Ëª√‘¡“≥§«“¡‡¢â¡¢âπ 4% ‚¥¬πÈ”Àπ—° ∑”„Àâ
‡«≈“„π°“√§ß√Ÿª¬“ß≈¥≈ß  à«π ¡∫—µ‘‡™‘ß°≈ ¥â“π¡Õ¥ÿ≈— 
·√ß¥÷ß  §«“¡µâ“π·√ß¥÷ß  §«“¡µâ“π·√ß©’°¢“¥  ·≈–§«“¡
·¢Áß ¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ¡’°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬

∫∑§«“¡«‘®—¬π’È®÷ß¡’·π«§‘¥„π°“√π”‡∂â“≈Õ¬¡“„™â‡ªìπ
 “√‡µ‘¡·µàß„π¬“ßº ¡ ‡æ◊ËÕ∑¥·∑π°“√„™â “√‡µ‘¡·µàß´‘≈‘°“
‡°√¥°“√§â“ ‚¥¬°“√π”‡∂â“≈Õ¬¡“º ¡„πº≈‘µ¿—≥±å¬“ßº ¡
√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å ´÷Ëß¬—ß‰¡à¡’À≈—°∞“π°“√
«‘®—¬¡“°àÕπ ‚¥¬∑”°“√»÷°…“ª√‘¡“≥¢Õß´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬
·≈–º≈°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π∑’Ëª√‘¡“≥
§«“¡‡¢â¡¢âπµà“ßÊ µàÕ ¡∫—µ‘‡™‘ß°≈‚¥¬√«¡¢Õß¬“ßº ¡
·≈–»÷°…“º≈¢Õß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ∑’Ë¡’µàÕ°“√
‡ª≈’Ë¬π·ª≈ß ¡∫—µ‘‡™‘ß°≈¢Õß«— ¥ÿº ¡

«‘∏’°“√∑¥≈Õß

1. «—µ∂ÿ¥‘∫·≈– “√‡§¡’∑’Ë„™â

1) ¬“ß∏√√¡™“µ‘ ‡°√¥ STR 20 (Standard Thai
Rubber 20) ®“°∫√‘…—∑ Œà«¬™«π ®”°—¥ (°√ÿß‡∑æ¡À“π§√)

2) ¬“ß‡Õ ∫’Õ“√å ‡°√¥ SBR 1712 ¡’ à«πª√–°Õ∫

¢Õß  ‰µ√’π 24.5% πÈ”¡—π 28.8% ·≈–°√¥Õ‘π∑√’¬å 5.7%
®“°∫√‘…—∑ BST Elastomers ®”°—¥ (°√ÿß‡∑æ¡À“π§√)

3)  “√§Ÿà§«∫ (coupling agents) ª√–‡¿∑‰´‡≈π
bis-(3-triethoxysilylpropyl) tetrasulfane (Si69),
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∫√‘…—∑ JJ-DEGUSSA (THAILAND) ®”°—¥ (°√ÿß‡∑æ-
¡À“π§√)

4)  “√°√–µÿâπªØ‘°‘√‘¬“´‘ß§åÕÕ°‰´¥å (Zinc Oxide,
ZnO) ‡ªìπ “√°√–µÿâπªØ‘°‘√‘¬“«—≈§“‰π´å „π°√–∫«π°“√
º≈‘µ¬“ß ®“°∫√‘…—∑ Õÿ∑‘» Õ‘π‡∑Õ√å‰æ√ å ®”°—¥ (°√ÿß‡∑æ-
¡À“π§√)

5)  “√°√–µÿâπªØ‘°‘√‘¬“°√¥ ‡µ’¬√‘° (Stearic acid)
‡ªìπ “√°√–µÿâπªØ‘°‘√‘¬“«—≈§“‰π´å „π°√–∫«π°“√º≈‘µ¬“ß
®“°∫√‘…—∑ Imperial Industrial ®”°—¥ (°√ÿß‡∑æ¡À“π§√)

6)  “√‡√àßªØ‘°‘√‘¬“‡¡Õ√å·§∫‚µ‡∫Áπ‚´‰∑‚´≈å (Mer-
captobenzthiazole, MBT) ‡ªìπ “√‡√àßªØ‘°‘√‘¬“«—≈§“‰π´å
‡ªìπ‡°√¥ ZAP ACCEL M-R ®“°∫√‘…—∑ Zeon Advanced
Polymix ®”°—¥ (°√ÿß‡∑æ¡À“π§√)

7)  “√·Õπµ’ÈÕÕ°´‘·¥π∑å (Antioxidant) ‡ªìπ “√
ªÑÕß°—π°“√‡ ◊ËÕ¡ ¿“æ¢Õß¬“ß®“°ÕÕ°´‘‡®π·≈– ¿“«–
·«¥≈âÕ¡ ‡≈◊Õ°„™â‡°√¥ Butylated hydroxytoluene, BHT
‡ªìπ‡°√¥√«¡∑’Ë„™â°—∫¬“ß·≈–æ≈“ µ‘° ®“°∫√‘…—∑ ¬“ß 5 ¡—ß°√
®”°—¥ (°√ÿß‡∑æ¡À“π§√)

8) °”¡–∂—π (Sulfur) ‡ªìπ “√™à«¬„π°“√§ß√Ÿª¬“ß
„π°√–∫«π°“√º≈‘µ¬“ß „πß“π«‘®—¬π’È„™â°”¡–∂—π¢π“¥ 325
mesh ®“°∫√‘…—∑  ¬“¡‡¶¡’ ®”°—¥ (¡À“™π) (°√ÿß‡∑æ-
¡À“π§√)

9) ‡∂â“≈Õ¬ (Fly ash) ¡’Õß§åª√–°Õ∫¢Õß´‘≈‘°“
ª√–¡“≥ 40% ·≈–¬—ß¡’‚≈À–ÕÕ°‰´¥åÕ◊ËπÊ ª√–°Õ∫Õ¬Ÿà ‡™àπ
Õ≈Ÿ¡‘‡π’¬¡ÕÕ°‰´¥å ‡À≈Á°ÕÕ°‰´¥å ‡ªìπµâπ „πß“π«‘®—¬π’È
‡≈◊Õ°‡∂â“≈Õ¬®“°∂à“πÀ‘π≈‘°‰πµå‚√ß‰øøÑ“·¡à‡¡“– ®—ßÀ«—¥
≈”ª“ß ¢π“¥Õπÿ¿“§‰¡à‡°‘π 250 ‰¡§√Õπ  ‡∂â“≈Õ¬¡’§«“¡
Àπ“·πàπ 2.65 °√—¡/≈∫.´¡. ®“°∫√‘…—∑ K.N.R. Group
®”°—¥ (°√ÿß‡∑æ¡À“π§√)

10) ´‘≈‘°“‡°√¥°“√§â“ (Commercial silica) ‡ªìπ
 “√‡µ‘¡·µàßª√–‡¿∑ “√‡ √‘¡·√ß∑’Ë„™â°—π∑—Ë«‰ª„πÕÿµ “À-
°√√¡¬“ß ‡≈◊Õ°„™â´‘≈‘°“·∫∫µ°º≈÷° (Precipitated) ‡°√¥
TOKUSIL 233 ¡’¢π“¥Õπÿ¿“§ª√–¡“≥ 50 -100 ‰¡§√Õπ
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 ¡∫—µ‘¢Õß¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å

≥√ß§åƒ∑∏‘Ï   ¡∫—µ‘ ¡¿æ ·≈–§≥–1381

§à“ pH 6.8 ·≈–¡’§à“ Bulk density 0.232 g/cm3 ®“°
∫√‘…—∑ Tokuyama Siam Silica ®”°—¥ (√–¬Õß)

11) æÕ≈‘‡Õ∑‘≈’π‰°≈§Õπ (Polyethylene glycol,
PEG) ‡≈◊Õ°„™â‡°√¥ PEG # 4000 ®“°∫√‘…—∑ Nicschem
®”°—¥ (°√ÿß‡∑æ¡À“π§√)

2. ¢—ÈπµÕπ°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬‚¥¬„™â “√§Ÿà§«∫‰´‡≈π

¡’¢—ÈπµÕπ¥—ßπ’È (Thongsang ·≈– Sombatsompop,

2006)

1) ‡µ√’¬¡ “√§Ÿà§«∫‰´‡≈π∑’Ëª√‘¡“≥§«“¡‡¢â¡¢âπµà“ßÊ
¥—ßπ’È 0 2 4 ·≈– 6 ‡ªÕ√å‡´Áπµå‚¥¬πÈ”Àπ—°‡∂â“≈Õ¬

2) ‡µ‘¡ “√§Ÿà§«∫‰´‡≈π≈ß„π‡Õ∑“πÕ≈ ‚¥¬‡µ√’¬¡
‡Õ∑“πÕ≈„πÕ—µ√“ à«π 100 ¡≈./ πÈ”Àπ—°‡∂â“≈Õ¬ 100 °√—¡
·≈–°«π “√≈–≈“¬¥â«¬·∑àß°«π·¡à‡À≈Á°‡ªìπ‡«≈“ 30 π“∑’
À≈—ß®“°π—Èππ”‡∂â“≈Õ¬‡∑≈ß„π “√≈–≈“¬√–À«à“ß “√§Ÿà§«∫
‰´‡≈π°—∫‡Õ∑“πÕ≈

3) „™â·∑àß·°â«°«π„Àâ¢Õßº ¡‡¢â“°—π‚¥¬„™â‡«≈“ 15
π“∑’

4) ∑”°“√Õ∫‡∂â“≈Õ¬∑’ËÕÿ≥À¿Ÿ¡‘ 100-110oC ‡ªìπ
‡«≈“ 12 ™—Ë«‚¡ß

3. ¢—ÈπµÕπ°“√º ¡·≈–‡µ√’¬¡µ—«Õ¬à“ß™‘Èπß“π¬“ßº ¡

°—∫‡∂â“≈Õ¬

 à«πª√–°Õ∫¢Õß Ÿµ√ “√ª√–°Õ∫¬“ßº ¡∑’Ë„™â„π
ß“π«‘®—¬ ¥—ß· ¥ß„π Table 1

1) ∑”°“√∫¥º ¡¬“ßº ¡·≈–‡∂â“≈Õ¬¥â«¬‡§√◊ËÕß∫¥
º ¡≈Ÿ°°≈‘Èß§Ÿà (Two roll mill) ®“°∫√‘…—∑ Yong Fong
Machinery ®”°—¥ ®”π«π 24  Ÿµ√ µ“¡ à«πª√–°Õ∫¢Õß
 “√ª√–°Õ∫¬“ßº ¡ ¥—ß· ¥ß„π Table 1 ‚¥¬‡µ‘¡ª√‘¡“≥
´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬„π¬“ßº ¡∑’Ë —¥ à«π 0 ∂÷ß 50 phr
(§”π«≥®“°°“√∑’Ë∑√“∫«à“„π‡∂â“≈Õ¬¡’Õß§åª√–°Õ∫¢Õß
‘́≈‘°“ª√–¡“≥ 40%) ‚¥¬„™â‡«≈“„π°“√º ¡∑’Ë 35 π“∑’

Õÿ≥À¿Ÿ¡‘„π°“√º ¡‡∑à“°—π∑’Ë 25oC §«“¡™◊Èπ —¡æ—∑∏å‰¡à‡°‘π
50%

2) π” “√ª√–°Õ∫¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫
¬“ß‡Õ ∫’Õ“√å∑’Ë¡’‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß‰ª‡µ√’¬¡¢÷Èπ√Ÿª·ºàπ
™‘Èπß“π∑¥ Õ∫¥â«¬‡§√◊ËÕßÕ—¥¢÷Èπ√Ÿª√âÕπ (Hot press) ®“°
∫√‘…—∑ LAB TECH ®”°—¥ Õÿ≥À¿Ÿ¡‘„π°“√¢÷Èπ√Ÿª∑’Ë 160oC
„™â·√ß¥—π‚¡≈¥å∑’Ë 170 °°./µ√.´¡. ·≈–‡µ√’¬¡¢÷Èπ√Ÿª™‘Èπß“π
∑¥ Õ∫ °“√µâ“π·√ß¥÷ß¥â«¬·¡àæ‘¡æåµ—¥ (Die stamping)
‡ªìπ√Ÿª¥—¡‡∫≈≈å ™π‘¥ Die C

4. °“√µ√«® Õ∫À“‡«≈“„π°“√§ß√Ÿª¬“ß

π” “√ª√–°Õ∫¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß
‡Õ ∫’Õ“√å∑’Ë¡’‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß∑’Ë‰¥â®“°‡§√◊ËÕß∫¥º ¡
≈Ÿ°°≈‘Èß§Ÿà ∑¥ Õ∫À“‡«≈“„π°“√§ß√Ÿª∑’Ë 90% (tc

90
) ¥â«¬

‡§√◊ËÕß Oscillating Disk Rheometer (ODR) ®“°∫√‘…—∑
GOTECH Testing Machine √ÿàπ GT 70-70-S2 µ“¡
¡“µ√∞“π ASTM D2084-01 ∑’ËÕÿ≥À¿Ÿ¡‘∑¥ Õ∫ 160oC

Table 1. Formulation of NR/SBR blend compounds

                     Ingredients content (phr*)

1. Natural rubber, STR 20 and 100
Styrene butadiene rubber ,SBR 1712

2. ZnO (Zinc Oxide) 5.0
3. Stearic acid 3.0
4. MBT (Mercaptobenzthiazol) 0.3
5. Antioxidant BHT** 1.0
6. Sulfur 1.5
7. Filler (fly ash and commercial silica grade) Varying 0 10 20 30 40 and 50

* phr: parts per hundred of rubber by weight
** BHT: Butylated hydroxytoluene
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5. °“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈

°“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¢Õß¬“ßº ¡√–À«à“ß¬“ß
∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å∑’Ë¡’‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß ¡’√“¬
≈–‡Õ’¬¥¥—ßπ’È

1) ∑”°“√∑¥ Õ∫§«“¡µâ“π·√ß¥÷ß  ‚¥¬„™â‡§√◊ËÕß
Universal Testing Machines ®“°∫√‘…—∑ Shimadzu √ÿàπ
Autograph AG-I ¥â«¬°“√„™âµ—«®—∫¬÷¥ (grip) ¢π“¥ 5 °‘‚≈
π‘«µ—π ‚¥¬¡’°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘∑’Ë„™â„π°“√∑¥ Õ∫∑’ËÕÿ≥À¿Ÿ¡‘
25oC §«“¡‡√Á«„π°“√¥÷ß§ß∑’Ë 500 ¡¡./π“∑’ ∑¥ Õ∫À“§à“
¡Õ¥ÿ≈— ∑’Ë°“√¬◊¥µ—« 200% §«“¡µâ“π·√ß¥÷ß ·≈–‡ªÕ√å‡´Áπµå
°“√¬◊¥µ—«∑’Ë®ÿ¥¢“¥ µ“¡¡“µ√∞“π ASTM D412-98 ·≈–
°“√∑¥ Õ∫°“√µâ“π·√ß©’°¢“¥  µ“¡¡“µ√∞“π ASTM
D624-00

2) ∑”°“√∑¥ Õ∫§à“§«“¡·¢Áß¢Õß·ºàπ¬“ß∑’Ë§ß√Ÿª
‚¥¬„™â‡§√◊ËÕß∑¥ Õ∫§«“¡·¢Áß ®“°∫√‘…—∑ Tech Lock ®”°—¥
µ“¡¡“µ√∞“π ASTM D2240-03 Shore A

3) ∑”°“√∑¥ Õ∫§«“¡µâ“π∑“πµàÕ°“√¢—¥∂Ÿ  ®“°
∫√‘…—∑ Hampden Test Equipment ®”°—¥ µ“¡¡“µ√∞“π
DIN 53516

4) ∑”°“√∑¥ Õ∫‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â
√—∫·√ßÕ—¥ ‚¥¬°“√Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 100oC „πµŸâÕ∫ ‡ªìπ‡«≈“
22 ™—Ë«‚¡ß µ“¡¡“µ√∞“π ASTM D395-01

5) ∑”°“√∑¥ Õ∫°“√°√–¥Õπ ‚¥¬„™â‡§√◊ËÕß∑¥ Õ∫
Wallance Dunlop Tripsometer  ®“°∫√‘…—∑ H. W.
Wallance ®”°—¥ µ“¡¡“µ√∞“π ASTM D 2632-01

6. °“√∑¥ Õ∫ ¡∫—µ‘°“¬¿“æ·≈–‚§√ß √â“ß®ÿ≈¿“§

°“√∑¥ Õ∫ ¡∫—µ‘°“¬¿“æ·≈–‚§√ß √â“ß®ÿ≈¿“§¢Õß
¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å∑’Ë¡’‡∂â“≈Õ¬
‡ªìπ “√‡µ‘¡·µàß ¡’√“¬≈–‡Õ’¬¥¥—ßπ’È

1) °“√µ√«® Õ∫¿“æ∂à“¬‚§√ß √â“ß®ÿ≈¿“§
‡µ√’¬¡™‘Èπß“πµ—«Õ¬à“ß‚¥¬°“√‡§≈◊Õ∫∑Õß≈ß∫π

º‘«™‘Èπß“π¬“ßº ¡¥â«¬‡§√◊ËÕß‡§≈◊Õ∫√–∫∫ ÿ≠≠“°“»
(Vacuum coating) √ÿàπ JEE-400 ¢Õß∫√‘…—∑ JEOL ®”°—¥
‚¥¬„™â§«“¡¥—π∑’Ë 10-4 Pa „™â°√–· ‰øøÑ“„π°“√‡§≈◊Õ∫º‘«
15 ·Õ¡·ª√å ®“°π—Èπ®÷ßπ”‰ªµ√«® Õ∫‚§√ß √â“ß®ÿ≈¿“§
¥â«¬‡§√◊ËÕß®ÿ≈∑√√»πåÕ‘‡≈Á°µ√Õπ·∫∫ àÕß°√“¥ (Scanning
Electron Microscope : SEM) ®“°∫√‘…—∑ JEOL ®”°—¥

√ÿàπ JSM-5800 ¥â«¬°√–· ‰øøÑ“ 20 °‘‚≈‚«≈µå ∑’Ë°”≈—ß¢¬“¬
1000 ‡∑à“ ‚¥¬µ√«® Õ∫≈—°…≥–√Ÿª√à“ß ·≈–°“√¬÷¥‡°“–
√–À«à“ß‡ø ¢Õß‡∂â“≈Õ¬°—∫¬“ßº ¡

2) °“√µ√«® Õ∫ª√‘¡“≥§«“¡Àπ“·πàπæ—π∏–¢â“¡
(Crosslink density)

∑”°“√∑¥ Õ∫ª√‘¡“≥§«“¡Àπ“·πàπæ—π∏–¢â“¡
(Crosslink density) ¥â«¬«‘∏’°“√∫«¡µ—« (Swelling method)
(Sombatsompop, 1999) ‚¥¬°“√‡µ√’¬¡™‘Èπß“π¬“ßº ¡∑’Ë
§ß√Ÿª¡’¢π“¥ 2x2 µ√.´¡. ·≈â«∑”°“√™—ËßπÈ”Àπ—°™‘Èπß“π°àÕπ
®“°π—Èππ”‰ª·™à„π “√≈–≈“¬‚∑≈ŸÕ’π∑’Ëª√‘¡“µ√ 25 ≈∫.´¡.
‡ªìπ‡«≈“ 168 ™—Ë«‚¡ß À≈—ß®“°π—Èππ”™‘Èπß“πÕÕ°®“° “√
≈–≈“¬‚∑≈ŸÕ’π  ∑”°“√™—ËßπÈ”Àπ—°À≈—ß°“√·™àÕ’°§√—Èß  ‚¥¬
ª√‘¡“≥¢Õßæ—π∏–¢â“¡   “¡“√∂§”π«≥‰¥â®“° ¡°“√¢Õß
Flory-Rehner ‚¥¬„™â§à“ Vs ∑’Ë 106.2 ≈∫.´¡./‚¡≈  §à“ χ
¢Õß NR °”Àπ¥„™â 0.379  à«π χ ¢Õß SBR ¡’§à“ 0.413
‚¥¬· ¥ß√“¬≈–Õ’¬¥°“√§”π«≥‰«â„πß“π«‘®—¬¢Õß Sombat-
sompop ·≈–§≥– (2006)

7. °“√∑¥ Õ∫ ¡∫—µ‘À≈—ß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ

π”¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å∑’Ë¡’
‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß ¡“∑¥ Õ∫°“√∫à¡‡√àß ¿“«–¥â«¬
§«“¡√âÕπ (Thermal aging) µ“¡¡“µ√∞“π∑¥ Õ∫ ASTM
D573-99 ‚¥¬∑”°“√Õ∫¥â«¬§«“¡√âÕπ∑’ËÕÿ≥À¿Ÿ¡‘ 70oC
‡ªìπ‡«≈“ 96 ™—Ë«‚¡ß„πµŸâÕ∫ ®“°π—Èππ”™‘Èπß“πÕÕ°¡“‰«â∑’Ë
Õÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“Õ¬à“ßπâÕ¬ 16 ™—Ë«‚¡ß ·≈â«®÷ßπ”‰ª
∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¥â“π¡Õ¥ÿ≈— ·√ß¥÷ß  §«“¡µâ“π·√ß¥÷ß
‡ªÕ√å‡´Áπµå°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥ §«“¡·¢Áß ·≈–µ√«® Õ∫
ª√‘¡“≥§«“¡Àπ“·πàπæ—π∏–¢â“¡ ‡æ◊ËÕ∑”°“√‡ª√’¬∫‡∑’¬∫
 ¡∫—µ‘°—∫™‘Èπß“π°àÕπ°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ

º≈°“√∑¥≈Õß·≈–°“√«‘‡§√“–Àåº≈

„π à«π·√° π”¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß
‡Õ ∫’Õ“√å ‚¥¬¡’ª√‘¡“≥¬“ß∏√√¡™“µ‘∑’Ë 0 25 50 75 ·≈–
100  à«π  ®“°π—Èπ‡µ‘¡‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘«∑’Ëª√‘¡“≥
20 phr ·≈–∑”°“√µ√«® Õ∫‡«≈“„π°“√§ß√Ÿª ·≈– ¡∫—µ‘
‡™‘ß°≈ ´÷Ëß “¡“√∂ √ÿªº≈°“√∑¥≈Õß‰¥â¥—ß· ¥ß„π Table 2
‚¥¬æ∫«à“‡¡◊ËÕ —¥ à«π¢Õß¬“ß∏√√¡™“µ‘‡æ‘Ë¡¢÷Èπ  ‡«≈“„π°“√
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 ¡∫—µ‘¢Õß¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å

≥√ß§åƒ∑∏‘Ï   ¡∫—µ‘ ¡¿æ ·≈–§≥–1383

§ß√Ÿª¢Õß¬“ßº ¡¡’·π«‚πâ¡≈¥≈ß ‡π◊ËÕß®“°‡Àµÿº≈À≈—°¥—ßπ’È
1. ‚§√ß √â“ß¢Õß¬“ß∏√√¡™“µ‘¡’µ”·Àπàß„π°“√‡°‘¥

ªØ‘°‘√‘¬“ (Reactive sites) ¡“°°«à“¬“ß‡Õ ∫’Õ“√å ®÷ß∑”„Àâ¡’
°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡‰¥â‡√Á«°«à“

2. ‚§√ß √â“ß∑“ß‡§¡’¢Õß¬“ß∏√√¡™“µ‘‰¡à́ —∫ ấÕπ·≈–
 “¡“√∂‡§≈◊ËÕπ‰À«‡¡◊ËÕ‡°‘¥ªØ‘°‘√‘¬“‰¥âßà“¬°«à“¬“ß‡Õ ∫’Õ“√å
÷́Ëß¡’À¡Ÿà‡∫π ‘́π∑’ËÕ“®‡¢â“‰ª¢—¥¢«“ß°“√‡°‘¥ªØ‘°‘√‘¬“«—≈§“‰π ǻ

∑”„Àâ ‡°‘¥ªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡‰¥â¬“°°«à“
(Sombatsompop ·≈–§≥–, 2004)

 à«π ¡∫—µ‘‡™‘ß°≈¢Õß¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘
°—∫¬“ß‡Õ ∫’Õ“√å æ∫«à“ ∑’Ë —¥ à«π¢Õß¬“ß∏√√¡™“µ‘ 50  à«π
„Àâ ¡∫—µ‘‡™‘ß°≈‚¥¬√«¡¥’∑’Ë ÿ¥ ¥—ßπ—Èπ§≥–«‘®—¬œ ®÷ß‡≈◊Õ°¡“
‡æ◊ËÕ∑”°“√»÷°…“º≈¢Õß°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà
§«∫‰´‡≈π Si69 ∑’Ëª√‘¡“≥µà“ßÊ µàÕ‰ª

º≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ‡«≈“„π°“√
§ß√Ÿª¢Õß¬“ßº ¡√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ë
ª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π Figure
1 ®“°º≈°“√∑¥≈Õßæ∫«à“ ‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬
‡æ‘Ë¡¢÷Èπ ∑”„Àâ‡«≈“„π°“√§ß√Ÿª¢Õß¬“ßº ¡≈¥≈ß ‡π◊ËÕß®“°
„π‡∂â“≈Õ¬¡’‚≈À–ÕÕ°‰´¥å‡ªìπÕß§åª√–°Õ∫ ‡™àπ Õ–≈Ÿ¡‘‡π’¬¡
ÕÕ°‰´¥å ·§≈‡´’¬¡ÕÕ°‰´¥å ‡À≈Á°ÕÕ°‰´¥å ‡ªìπµâπ ´÷Ëß
‚≈À–ÕÕ°‰´¥å‡À≈à“π’È‡ªìπ à«πÀπ÷Ëß∑’Ë∑”Àπâ“∑’Ë‡ªìπ “√°√–µÿâπ
ªØ‘°‘√‘¬“«—≈§“‰π´å„Àâ‡√Á«¢÷Èπ (Sombatsompop ·≈–§≥–,
2004) ‡«≈“„π°“√§ß√Ÿª¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥ “√§Ÿà
§«∫‰´‡≈π ∑—Èßπ’ÈÕ“®‡π◊ËÕß®“° “√§Ÿà§«∫‰´‡≈π‡¢â“‰ª‡°‘¥
æ—π∏–‡§¡’√–À«à“ß‡ø ¢Õß¬“ßº ¡°—∫‡∂â“≈Õ¬ ‚¥¬ªØ‘°‘√‘¬“

‡§¡’°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢Õß “√§Ÿà§«∫‰´‡≈π„π¬“ßº ¡
√–À«à“ß‡∂â“≈Õ¬°—∫¬“ß∏√√¡™“µ‘·≈–¬“ß‡Õ ∫’Õ“√å · ¥ß¥—ß
Figure 2 ·≈– Figure 3  µ“¡≈”¥—∫

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ¡Õ¥ÿ≈— 
∑’Ëª√‘¡“≥°“√¬◊¥µ—« 200% °àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–
¥â«¬§«“¡√âÕπ¢Õß¬“ßº ¡√–À«à“ß  NR/SBR  ∑’Ë —¥ à«π
50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 · ¥ß„π
Figure 4 ®“°º≈°“√∑¥≈Õßæ∫«à“°àÕπ°“√ª√—∫ª√ÿßº‘«‡∂â“

Table 2. Cure time and mechanical properties of NR:SBR blend with 20 phr silica
content in fly ash

          Properties of NR:SBR adding silica content in fly ash at 20 phr

Cure time Modulus Tensile Elongation Tear Hardness
(min) at 200% strength at break strength (Shore A)

(x105 Pa) (MPa) (%) (kN/m)

0:100 31 2.2±0.1 1.2±0.1   720±10   6.8±0.3 34±1
25:75 21 2.7±0.1 2.6±0.2 1016±15   8.2±0.4 38±0
50:50 16 3.1±0.1 4.3±0.3 1126±26 10.0±0.4 36±0
75:25 15 3.0±0.2 5.0±0.6 1096±20   9.7±0.2 35±1
100:0 12 2.2±0.1 4.5±0.1   900±12   9.3±0.5 27±1

NR:SBR
blends

ratio (%)

Figure 1. Effect of silica content in fly ash on cure
time at various Si69 concentrations for
50:50 NR/SBR blend
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Figure 2.  A chemical reaction of fly ash and NR via Si69

≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π ª√‘¡“≥‡∂â“≈Õ¬‰¡à àßº≈°√–∑∫µàÕ
§à“¡Õ¥ÿ≈— ·√ß¥÷ß¢Õß¬“ßº ¡ ‡π◊ËÕß®“°‡∂â“≈Õ¬∑’Ë‰¡àª√—∫ª√ÿß
º‘«‰¡à‡°‘¥æ—π∏–∑“ß‡§¡’°—∫‚¡‡≈°ÿ≈¢Õß¬“ßº ¡ ·µàÀ≈—ß®“°
∑’Ëª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π·≈â« §à“¡Õ¥ÿ≈— 
·√ß¥÷ß¢Õß¬“ßº ¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥´‘≈‘°“∑’Ë¡’„π
‡∂â“≈Õ¬  ‡π◊ËÕß®“°Õπÿ¿“§¢Õß‡∂â“≈Õ¬‡ªìπ«— ¥ÿ∑’Ë¡’§«“¡
·¢Áß·°√àß Ÿß (Rigidity) ·≈– “√§Ÿà§«∫‰´‡≈π ∑”„Àâ‡°‘¥
æ—π∏–∑“ß‡§¡’√–À«à“ß‚¡‡≈°ÿ≈¢Õß¬“ßº ¡°—∫‡∂â“≈Õ¬ §à“
¡Õ¥ÿ≈— ·√ß¥÷ß¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥ “√§Ÿà§«∫‰´‡≈π
‡π◊ËÕß®“°‡∂â“≈Õ¬∑’Ë∑”°“√ª√—∫ª√ÿßº‘«¡’ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ß
æ—π∏–¢â“¡∑’Ë‡æ‘Ë¡¢÷Èπ ¥—ß· ¥ß„π Figure 5 À≈—ß°“√∫à¡‡√àß
 ¿“«–¥â«¬§«“¡√âÕπ  §à“¡Õ¥ÿ≈— ·√ß¥÷ß¢Õß¬“ßº ¡¡’
·π«‚πâ¡‡æ‘Ë¡¢÷Èπ‡π◊ËÕß®“° “√«—≈§“‰π´å (Curatives) ∑’Ë‡À≈◊Õ
Õ¬Ÿà∑”„Àâ‡°‘¥ª√‘¡“≥æ—π∏–¢â“¡¢Õß¬“ßº ¡‡æ‘Ë¡¢÷ÈπÀ≈—ß°“√
Õ∫ ÿ°  (Sombatsompop  ·≈–  Kumnuantip,  2003)
πÕ°®“°π’È¬—ßæ∫«à“º≈¢Õßª√‘¡“≥ “√§Ÿà§«∫∑’Ë¡’µàÕ§à“¡Õ¥ÿ≈— 
·√ß¥÷ß¢Õß«— ¥ÿÀ≈—ß°“√∫à¡‡√àß¡’§«“¡™—¥‡®π°«à“°àÕπ°“√∫à¡
‡√àß ∑—Èßπ’ÈÕ“®‡π◊ËÕß¡“®“°„π “√§Ÿà§«∫‰´‡≈π Si69 ¡’ à«π
ª√–°Õ∫¢Õß´—≈‡øÕ√å (Sulfur donor) (Berlekamp ·≈–

§≥– 2003) ∑’Ë™à«¬„πªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡
Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕª√‘¡“≥

§«“¡Àπ“·πàπ¢Õßæ—π∏–¢â“¡ °àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–
¥â«¬§«“¡√âÕπ¢Õß¬“ßº ¡√–À«à“ß NR/SBR ∑’Ë —¥ à«π
50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 · ¥ß„π
Figure 5 ®“°º≈°“√∑¥≈Õßæ∫«à“ ‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π
‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ  §«“¡Àπ“·πàπ¢Õßæ—π∏–¢â“¡¢Õß¬“ßº ¡
¡’·π«‚πâ¡≈¥≈ß ∑—Èßπ’ÈÕ“®‡π◊ËÕß®“°Õπÿ¿“§‡∂â“≈Õ¬‡¢â“‰ª
¢—¥¢«“ß°“√∑”ªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ßæ—π∏–√–À«à“ß¬“ßº ¡
°—∫ —́≈‡øÕ√å  ª√‘¡“≥§«“¡Àπ“·πàπæ—π∏–¢â“¡¡’·π«‚πâ¡
‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ‡∑’¬∫°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ·≈–‡æ‘Ë¡¢÷Èπ
µ“¡ª√‘¡“≥ “√§Ÿà§«∫‰´‡≈π  Õ“®‡π◊ËÕß®“°°“√‡™◊ËÕ¡‚¬ß
æ—π∏–√–À«à“ß¬“ßº ¡°—∫‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π‡ªìπ
°“√ √â“ßæ—π∏–‡§¡’Õ¬à“ßÀπ÷Ëß ´÷Ëß‡Àµÿº≈¥—ß°≈à“«π’È‡°’Ë¬«¢âÕß
°—∫«‘∏’°“√À“ª√‘¡“≥§«“¡Àπ“·πàπ¢Õßæ—π∏–¢â“¡∑’Ë„™â„π
∫∑§«“¡π’È („™â«‘∏’ swelling) ∑’Ë‰¡à “¡“√∂·¬°À√◊Õ·µ°
æ—π∏–¢Õß¬“ßº ¡ÕÕ°®“°°—π‚¥¬´—≈‡øÕ√å·≈–¬“ßº ¡°—∫
‡∂â“≈Õ¬ÕÕ°®“° “√§Ÿà§«∫‰´‡≈π‰¥â À≈—ß°“√∫à¡‡√àß ¿“«–
¥â«¬§«“¡√âÕπ¢Õß¬“ßº ¡ æ∫«à“ ª√‘¡“≥§«“¡Àπ“·πàπ
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Figure 3.  A chemical reaction of fly ash and SBR via Si69

æ—π∏–¢â“¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“°°“√∫à¡‡√àß ¿“«–¥â«¬
§«“¡√âÕπ∑”„Àâ‡°‘¥ªØ‘°‘√‘¬“‡™◊ËÕ¡‚¬ßæ—π∏–¢â“¡¢Õß¬“ßº ¡
‡æ‘Ë¡¡“°¢÷ÈπÀ≈—ß°“√∫à¡‡√àß¥â«¬§«“¡√âÕπ (Post curing)

º≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ§«“¡µâ“π
·√ß¥÷ß°àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ¢Õß¬“ß
º ¡√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬
 “√§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π Figure 6 ®“°º≈°“√
∑¥≈Õßæ∫«à“°àÕπ°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π
§«“¡µâ“π·√ß¥÷ß¡’·π«‚πâ¡≈¥≈ßµ“¡ª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“
≈Õ¬ ‡π◊ËÕß®“°‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘«‰¡à‡°‘¥°“√¬÷¥‡°“–
°—∫‡ø ¢Õß¬“ßº ¡ · ¥ß¥—ß‚§√ß √â“ß®ÿ≈¿“§®“°¿“æ SEM

„π Figure 7 (a) ·µàÀ≈—ß®“°∑’Ëª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√
§Ÿà§«∫‰´‡≈π·≈â« æ∫«à“‡¡◊ËÕ‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ëª√‘¡“≥
10-20 phr ∑”„Àâ§«“¡µâ“π·√ß¥÷ß¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß
®“°‡∂â“≈Õ¬ “¡“√∂¬÷¥‡°“–°—∫‡ø ¢Õß¬“ßº ¡‰¥â¥’¢÷Èπ ‚¥¬
 “¡“√∂æ‘®“√≥“‰¥â®“°‚§√ß √â“ß®ÿ≈¿“§ ¥—ß· ¥ß„π Figure
7 (b) ·µà‡¡◊ËÕ‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬‡æ‘Ë¡¡“°¢÷Èπ∑’Ëª√‘¡“≥
30-50 phr §«“¡µâ“π·√ß¥÷ß¡’·π«‚πâ¡≈¥≈ß ∑—Èßπ’È‡π◊ËÕß¡“
®“°ª√‘¡“≥‡π◊ÈÕ¢Õß¬“ßº ¡´÷Ëß‡ªìπ‡¡∑√‘°´å‡ø ≈¥≈ß¥â«¬
ª√‘¡“≥∑’Ë‡æ‘Ë¡¡“°¢÷Èπ¢Õß‡∂â“≈Õ¬ §«“¡µâ“π·√ß¥÷ß¡’·π«‚πâ¡
‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ‡∑’¬∫°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ‡π◊ËÕß®“°°“√
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬∑”„Àâ¡’°“√¬÷¥‡°“–√–À«à“ß‡ø ¢Õß
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‡∂â“≈Õ¬°—∫¬“ßº ¡‰¥â¥’¢÷Èπ ¥—ß· ¥ß„π¿“æ∂à“¬‚§√ß √â“ß
®ÿ≈¿“§ Figure 7 (b) ´÷Ëß®–‡ÀÁπ‰¥â«à“°“√ª√—∫ª√ÿßº‘«∑”„Àâ
™àÕß«à“ß√–À«à“ß‡ø ¢Õß‡∂â“≈Õ¬°—∫¬“ßº ¡≈¥≈ß·≈–¬—ß™à«¬
∑”„Àâ‡∂â“≈Õ¬¡’°“√°√–®“¬µ—«‰¥â¥’¢÷Èπ (Herrera-Franco ·≈–
Valadez-Gonzalez, 2005) ‡π◊ËÕß®“° “√§Ÿà§«∫‰´‡≈π
‡¢â“‰ª‡°“–°—∫À¡Ÿàøíß°å™—π OH ∫πº‘«¢Õß‡∂â“≈Õ¬ ®÷ß™à«¬
≈¥°“√®—∫µ—«°—π‡Õß¢Õß‡∂â“≈Õ¬ ·µà‡¡◊ËÕ‡µ‘¡ “√§Ÿà§«∫‰´‡≈π
„πª√‘¡“≥ Ÿß¢÷Èπ∑’Ë 4-6 ‡ªÕ√å‡´Áπµå‚¥¬πÈ”Àπ—°‡∂â“≈Õ¬ §«“¡
µâ“π·√ß¥÷ß°≈—∫¡’·π«‚πâ¡≈¥≈ß ∑—Èßπ’ÈÕ“®‡π◊ËÕß¡“®“° “√§Ÿà
§«∫‰´‡≈π∑’Ë¡’ª√‘¡“≥ Ÿß‡°‘¥°“√®—∫µ—«°—π‡Õß¡“°°«à“∑’Ë®–‰ª
¬÷¥‡°“–°—∫‚¡‡≈°ÿ≈¢Õß¬“ßº ¡·≈–‡∂â“≈Õ¬ (Thongsang
·≈– Sombatsompop, 2006) ·≈–∑”„Àâ§«“¡‡¢â“°—π‰¥â
√–À«à“ßæÕ≈‘‡¡Õ√å°—∫‡∂â“≈Õ¬≈¥≈ß À≈—ß°“√∫à¡‡√àß ¿“«–
¥â«¬§«“¡√âÕπæ∫«à“§«“¡µâ“π·√ß¥÷ß¢Õß¬“ßº ¡¡’·π«‚πâ¡
‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“°ª√‘¡“≥æ—π∏–¢â“¡∑’Ë‡æ‘Ë¡¢÷ÈπÀ≈—ß°“√∫à¡‡√àß
µ“¡∑’Ë‰¥â°≈à“«¡“·≈â«

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’ „π‡∂â“≈Õ¬∑’Ë¡’µàÕ
‡ªÕ√å‡´Áπµå°“√¬◊¥µ—«∑’Ë®ÿ¥¢“¥°àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–
¥â«¬§«“¡√âÕπ¢Õß¬“ßº ¡√–À«à“ß NR/SBR ∑’Ë —¥ à«π

Figure 4. Influence of silica content in fly ash on
tensile modulus at 200% elongation at
various Si69 concentrations for 50:50
NR/SBR blend

Figure 5. Effect of silica content in fly ash on
crosslink density at various Si69 con-
centrations for 50:50 NR/SBR blend

Figure 6. Influence of silica content in fly ash on
tensile strength at various Si69 con-
centrations for 50:50 NR/SBR blend
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50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π
Figure 8 ®“°º≈°“√∑¥≈Õßæ∫«à“‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π
‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ ‡ªÕ√å‡´Áπµå°“√¬◊¥µ—«∑’Ë®ÿ¥¢“¥¢Õß¬“ßº ¡¡’
·π«‚πâ¡≈¥≈ß¥â«¬‡Àµÿº≈‡™àπ‡¥’¬«°—∫∑’Ë‰¥âÕ∏‘∫“¬„π à«π¢Õß
§«“¡µâ“π·√ß¥÷ß ‡ªÕ√å‡´Áπµå°“√¬◊¥µ—«¡’·π«‚πâ¡≈¥≈ß‡¡◊ËÕ
‡∑’¬∫°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ·≈–≈¥≈ßµ“¡ª√‘¡“≥
 “√§Ÿà§«∫‰´‡≈π  Õ“®‡π◊ËÕß®“°°“√‡°‘¥ªØ‘°‘√‘¬“§«∫·πàπ
°—π‡Õß¢Õß Si69 ´÷Ëß‡°‘¥°“√°àÕµ—«‡ªìπ™—Èπ¢Õß‚¡‡≈°ÿ≈æÕ≈‘-
‰´≈Õ°‡´π∫πº‘«¢Õß‡∂â“≈Õ¬ (Sae-oui ·≈–§≥–, 2004)
∑”Àπâ“∑’Ë§≈â“¬°—∫‡ªìπæ≈“ µ‘°‰´‡´Õ√å√–À«à“ß¬“ßº ¡°—∫
‡∂â“≈Õ¬ (Herrera-Franco ·≈– Valadez-Gonzalez, 2004)
À≈—ß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ æ∫«à“ ‡ªÕ√å‡´Áπµå°“√
¬◊¥µ—«¢Õß¬“ßº ¡¡’·π«‚πâ¡≈¥≈ß ‡π◊ËÕß®“°ª√‘¡“≥æ—π∏–
¢â“¡∑’Ë‡æ‘Ë¡¢÷ÈπÀ≈—ß°“√∫à¡‡√àßµ“¡∑’Ë‰¥â°≈à“«¡“·≈â«

º≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ§«“¡·¢Áß
°àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ¢Õß¬“ßº ¡

(a)

(b)

Figure 7. SEM fracture surfaces of silica in fly
ash for NR/SBR blend
(a) without silane coupling agent
(b) with Si69 2%wt silane coupling

agent

Figure 8. Influence of silica content in fly ash on
elongation  at  break  at  various  Si69
concentrations for 50:50 NR/SBR blend

Figure 9. Effect of silica content in fly ash on
hardness at various Si69 concentrations
for 50:50 NR/SBR blend
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√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√
§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π Figure 9 ®“°º≈°“√∑¥≈Õß
æ∫«à“‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ §«“¡·¢Áß¢Õß
¬“ßº ¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ  Õ¥§≈âÕß°—∫§à“¡Õ¥ÿ≈— ·√ß¥÷ß∑’Ë
‡æ‘Ë¡¢÷Èπ §«“¡·¢Áß¢Õß¬“ßº ¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ‡∑’¬∫
°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ·≈–‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥ “√
§Ÿà§«∫‰´‡≈π ´÷Ëß Õ¥§≈âÕß°—∫§à“¡Õ¥ÿ≈— ·√ß¥÷ß·≈–ª√‘¡“≥
æ—π∏–¢â“¡∑’Ë‡æ‘Ë¡¢÷Èπ¥—ß∑’Ë‰¥â°≈à“«¡“·≈â«  À≈—ß°“√∫à¡‡√àß
 ¿“«–¥â«¬§«“¡√âÕπ æ∫«à“§«“¡·¢Áß‚¥¬√«¡¢Õß¬“ßº ¡¡’
§à“‰¡à·µ°µà“ß°—∫§«“¡·¢Áß°àÕπ°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡
√âÕπ

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ§«“¡
µâ“π·√ß©’°¢“¥°àÕπ·≈–À≈—ß°“√∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ
¢Õß¬“ßº ¡√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿß
º‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π Figure 10 ®“°
º≈°“√∑¥≈Õßæ∫«à“°àÕπ°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà
§«∫‰´‡≈π §«“¡µâ“π·√ß©’°¢“¥¡’·π«‚πâ¡≈¥≈ßµ“¡ª√‘¡“≥
‡∂â“≈Õ¬ ‡π◊ËÕß®“°‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘«‰¡à‡°‘¥°“√¬÷¥

Figure 10. Influence of silica content in fly ash
on tear strength at various Si69 con-
centrations for 50:50 NR/SBR blend

Figure 11. Effect of silica content in fly ash on
compression set at various Si69 con-
centrations for 50:50 NR/SBR blend

Figure 12. Influence of silica content in fly ash
on resilience at various Si69 con-
centrations for 50:50 NR/SBR blend
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‡°“–°—∫‡ø ¢Õß¬“ßº ¡ ·µàÀ≈—ß®“°∑’Ëª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
¥â«¬ “√§Ÿà§«∫‰´‡≈π·≈â« §«“¡µâ“π·√ß©’°¢“¥¢Õß¬“ßº ¡
¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬ ‡π◊ËÕß®“°
‡∂â“≈Õ¬ “¡“√∂¬÷¥‡°“–°—∫‡ø ¢Õß¬“ßº ¡‰¥â¥’¢÷Èπ §«“¡
µâ“π·√ß©’°¢“¥¢Õß¬“ßº ¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ‡∑’¬∫°—∫
‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ·≈–‡æ‘Ë¡¢÷Èπµ“¡ª√‘¡“≥ “√§Ÿà§«∫
‰´‡≈π ‡π◊ËÕß®“°ª√‘¡“≥§«“¡Àπ“·πàπ¢Õßæ—π∏–¢â“¡∑’Ë‡æ‘Ë¡
¢÷Èπ·≈–¬“ßº ¡°—∫‡∂â“≈Õ¬¡’°“√¬÷¥‡°“–°—π‰¥â¥’¢÷Èπµ“¡∑’Ë‰¥â
°≈à“«¡“·≈â«

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’ „π‡∂â“≈Õ¬∑’Ë¡’µàÕ
‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â√—∫·√ßÕ—¥¢Õß¬“ßº ¡
√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√
§Ÿà§«∫‰´‡≈π Si69 ¥—ß· ¥ß„π Figure 11 ®“°º≈°“√
∑¥≈Õßæ∫«à“‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’ „π‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ
‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â√—∫·√ßÕ—¥¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ
´÷Ëß· ¥ß∂÷ß§«“¡ “¡“√∂„π°“√°≈—∫§◊πµ—«¢Õß¬“ßº ¡∑’Ë≈¥≈ß
∑—Èßπ’È‡π◊ËÕß®“°ª√‘¡“≥∑’Ë≈¥≈ß¢Õß‡π◊ÈÕ¬“ßº ¡´÷Ëß‡ªìπ‡ø ∑’Ë¡’
 ¡∫—µ‘§«“¡‡ªìπÕ’≈“ µ‘°  ‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ
‰¥â√—∫·√ßÕ—¥¡’·π«‚πâ¡≈¥≈ß ( ¡∫—µ‘°“√§◊πµ—«°≈—∫¥’¢÷Èπ)
‡¡◊ËÕ‡∑’¬∫°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ´÷Ëß· ¥ß∂÷ß§«“¡
 “¡“√∂„π°“√°≈—∫§◊πµ—«¢Õß¬“ßº ¡∑’Ë‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“°
¬“ßº ¡°—∫‡∂â“≈Õ¬¡’°“√¬÷¥‡°“–°—π‰¥â¥’¢÷Èπ

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’ „π‡∂â“≈Õ¬∑’Ë¡’µàÕ
‡ªÕ√å‡´Áπµå°“√°√–¥Õπ¢Õß¬“ßº ¡√–À«à“ß NR/SBR ∑’Ë
 —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69
· ¥ß„π Figure 12  ®“°º≈°“√∑¥≈Õßæ∫«à“°àÕπ°“√
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π  ‡ªÕ√å‡ Á́πµå°“√
°√–¥Õπ¡’·π«‚πâ¡≈¥≈ßµ“¡ª√‘¡“≥‡∂â“≈Õ¬ À≈—ß®“°∑’Ë
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫‰´‡≈π·≈â« æ∫«à“‡¡◊ËÕ‡µ‘¡
´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ëª√‘¡“≥ 10-20 phr ∑”„Àâ‡ªÕ√å‡´Áπµå
°“√°√–¥Õπ¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß®“°‡∂â“≈Õ¬ “¡“√∂¬÷¥
‡°“–°—∫‡ø ¢Õß¬“ßº ¡‰¥â¥’¢÷Èπ  ·µà‡¡◊ËÕ‡µ‘¡´‘≈‘°“∑’Ë¡’„π
‡∂â“≈Õ¬‡æ‘Ë¡¡“°¢÷Èπ∑’Ëª√‘¡“≥ 30-50 phr ‡ªÕ√å‡ Á́πµå°“√
°√–¥Õπ¡’·π«‚πâ¡≈¥≈ß ∑—Èßπ’È‡π◊ËÕß¡“®“°ª√‘¡“≥∑’Ë≈¥≈ß
¢Õß‡π◊ÈÕ¬“ßº ¡´÷Ëß‡ªìπ‡ø ∑’Ë¡’ ¡∫—µ‘§«“¡‡ªìπÕ’≈“ µ‘° Ÿß

Õ‘∑∏‘æ≈¢Õßª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬∑’Ë¡’µàÕ°“√
 Ÿ≠‡ ’¬‡π◊ÈÕ«— ¥ÿ®“°°“√¢—¥∂Ÿ™‘Èπß“π∑¥ Õ∫¢Õß¬“ßº ¡
√–À«à“ß NR/SBR ∑’Ë —¥ à«π 50:50 ∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√

§Ÿà§«∫‰´‡≈π Si69 „πª√‘¡“≥µà“ßÊ · ¥ß„π Table 3
®“°º≈°“√∑¥≈Õßæ∫«à“°“√ Ÿ≠‡ ’¬‡π◊ÈÕ«— ¥ÿ¢Õß¬“ßº ¡¡’
·π«‚πâ¡‡æ‘Ë¡¢÷Èπ‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ
πÕ°®“°π’È¬—ßæ∫«à“°“√ Ÿ≠‡ ’¬‡π◊ÈÕ«— ¥ÿ¢Õß¬“ßº ¡¡’
·π«‚πâ¡≈¥≈ß‡¡◊ËÕ‡∑’¬∫°—∫‡∂â“≈Õ¬∑’Ë‰¡à‰¥âª√—∫ª√ÿßº‘« ·≈–
≈¥≈ßµ“¡ª√‘¡“≥ “√§Ÿà§«∫‰´‡≈π ∑—Èßπ’È‡π◊ËÕß®“° “√§Ÿà§«∫
‰´‡≈π™à«¬∑”„Àâ°“√¬÷¥‡°“–√–À«à“ß‡ø ¢Õß¬“ßº ¡°—∫
‡∂â“≈Õ¬¥’¢÷Èπ

°“√‡ª√’¬∫‡∑’¬∫ ¡∫—µ‘¢Õß¬“ßº ¡√–À«à“ß¬“ß
∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å∑’Ëª√‘¡“≥ —¥ à«π 50:50 ∑’Ë‡µ‘¡
¥â«¬ “√‡µ‘¡·µàß´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬ ·≈–´‘≈‘°“‡°√¥°“√§â“∑’Ë
ª√‘¡“≥ 20 ·≈– 30 phr ·≈–ª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫
‰´‡≈π Si69 ∑’Ë§«“¡‡¢â¡¢âπ 2% ‚¥¬πÈ”Àπ—° · ¥ß„π
Table 4 º≈°“√∑¥≈Õßæ∫«à“¬“ßº ¡∑’Ë¡’°“√‡µ‘¡´‘≈‘°“®“°
‡∂â“≈Õ¬„™â‡«≈“„π°“√§ß√ŸªπâÕ¬°«à“ ·≈–¡’ ¡∫—µ‘‡™‘ß°≈¥â“π
°“√µâ“π°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â√—∫·√ßÕ—¥ §«“¡µâ“π·√ß©’°¢“¥
‡ªÕ√å‡´Áπµå°“√°√–¥Õπ ·≈–°“√µâ“π∑“πµàÕ°“√¢—¥∂Ÿ∑’Ë¥’°«à“
¬“ßº ¡∑’Ë¡’°“√‡µ‘¡´‘≈‘°“‡°√¥°“√§â“ „π¢≥–∑’Ë ¡∫—µ‘‡™‘ß°≈
¥â“π¡Õ¥ÿ≈— ·√ß¥÷ß §«“¡µâ“π·√ß¥÷ß ·≈–‡ªÕ√å‡´Áπµå°“√¬◊¥
µ—«∑’Ë®ÿ¥¢“¥¡’§à“≈¥≈ß‡¡◊ËÕ‡∑’¬∫°—∫¬“ßº ¡∑’Ë‡µ‘¡´‘≈‘°“‡°√¥
°“√§â“  à«π ¡∫—µ‘¥â“π§«“¡·¢Áß¢Õß¬“ßº ¡∑’Ë‡µ‘¡ “√‡µ‘¡
·µàß∑—Èß Õß™π‘¥¡’§à“‰¡à·µ°µà“ß°—π  ‚¥¬‡©æ“–‡¡◊ËÕæ‘®“√≥“
∑’Ëª√‘¡“≥´‘≈‘°“ 20 phr

 √ÿªº≈°“√∑¥≈Õß

®“°°“√»÷°…“¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß
‡Õ ∫’Õ“√å∑’Ë‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬ ·≈–ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
¥â«¬ “√§Ÿà§«∫‰´‡≈πª√‘¡“≥§«“¡‡¢â¡¢âπµà“ßÊ  √ÿªº≈‰¥â
¥—ßπ’È

1.  —¥ à«π¢Õß¬“ß∏√√¡™“µ‘ 50  à«π „π¬“ßº ¡
√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß‡Õ ∫’Õ“√å 100  à«π „Àâ ¡∫—µ‘
‡™‘ß°≈‚¥¬√«¡∑’Ë‡À¡“– ¡∑’Ë ÿ¥

2.  ¡∫—µ‘¢Õß¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß
‡Õ ∫’Õ“√å∑’Ë‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß °àÕπ°“√
∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ æ∫«à“‡¡◊ËÕª√‘¡“≥´‘≈‘°“∑’Ë¡’„π
‡∂â“≈Õ¬‡æ‘Ë¡¢÷Èπ  ‡«≈“„π°“√§ß√Ÿª¢Õß¬“ßº ¡¡’·π«‚πâ¡
≈¥≈ß  à«π ¡∫—µ‘‡™‘ß°≈¥â“π¡Õ¥ÿ≈— ·√ß¥÷ß §«“¡·¢Áß §«“¡
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µâ“π·√ß©’°¢“¥ ‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â√—∫·√ßÕ—¥¡’
·π«‚πâ¡‡æ‘Ë¡¢÷Èπ „π¢≥–∑’Ë‡ªÕ√å‡´Áπµå°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥
°“√µâ“π∑“πµàÕ°“√¢—¥∂Ÿ ‡ªÕ√å‡´Áπµå°“√°√–¥Õπ ·≈–§«“¡
µâ“π·√ß¥÷ß¡’·π«‚πâ¡≈¥≈ß ‚¥¬¡’§à“ Ÿß ÿ¥∑’Ëª√‘¡“≥´‘≈‘°“„π
‡∂â“≈Õ¬ 20 phr ‡¡◊ËÕª√‘¡“≥ “√§Ÿà§«∫‰´‡≈π‡æ‘Ë¡¢÷Èπ ‡«≈“
„π°“√§ß√Ÿª¢Õß¬“ßº ¡¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ  ¡∫—µ‘‡™‘ß°≈¥â“π
¡Õ¥ÿ≈— ·√ß¥÷ß §«“¡·¢Áß §«“¡µâ“π·√ß¥÷ß §«“¡µâ“π·√ß
©’°¢“¥ °“√µâ“π∑“πµàÕ°“√¢—¥∂Ÿ·≈–‡ªÕ√å‡´Áπµå°“√°√–¥Õπ
¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ „π¢≥–∑’Ë‡ªÕ√å‡´Áπµå°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥
¡’·π«‚πâ¡≈¥≈ß   à«π‡ªÕ√å‡´Áπµå°“√¬ÿ∫µ—«∂“«√‡¡◊ËÕ‰¥â√—∫
·√ßÕ—¥‰¡à‡ª≈’Ë¬π·ª≈ß¡“°π—°

3.  ¡∫—µ‘¢Õß¬“ßº ¡√–À«à“ß¬“ß∏√√¡™“µ‘°—∫¬“ß
‡Õ ∫’Õ“√å∑’Ë‡µ‘¡´‘≈‘°“∑’Ë¡’„π‡∂â“≈Õ¬‡ªìπ “√‡µ‘¡·µàß À≈—ß°“√
∫à¡‡√àß ¿“«–¥â«¬§«“¡√âÕπ æ∫«à“ ¡∫—µ‘‡™‘ß°≈¥â“π¡Õ¥ÿ≈— 

·√ß¥÷ß §«“¡µâ“π·√ß¥÷ß¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ  „π¢≥–∑’Ë‡ªÕ√å-
‡´Áπµå°“√¬◊¥µ—«¡’·π«‚πâ¡≈¥≈ß ·≈–§«“¡·¢Áß¡’§à“‰¡à‡ª≈’Ë¬π
·ª≈ß

4. ª√‘¡“≥ ‘́≈‘°“®“°‡∂â“≈Õ¬∑’Ëª√‘¡“≥‰¡à‡°‘π 20 phr
·≈–ºà“π°“√ª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫‰´‡≈π Si69 ∑’Ë 2%
‚¥¬πÈ”Àπ—°‡∂â“≈Õ¬  “¡“√∂∑”„Àâ ¡∫—µ‘‚¥¬√«¡¢Õß¬“ßº ¡
¡’ª√– ‘∑∏‘¿“æ‡∑’¬∫‡∑à“¬“ßº ¡∑’Ë„™â´‘≈‘°“‡°√¥°“√§â“‡ªìπ
 “√‡µ‘¡·µàß

°‘µµ‘°√√¡ª√–°“»

§≥–«‘®—¬œ ¢Õ¢Õ∫§ÿ≥  ”π—°ß“π°Õß∑ÿπ π—∫ πÿπ
°“√«‘®—¬ ( °«.) ∑’Ë„Àâ°“√ π—∫ πÿπ‡ß‘π∑ÿπ«‘®—¬µ“¡ —≠≠“
‡≈¢∑’Ë RDG 4750027

Table 3. Effect of silica content in fly ash on volume loss at various Si69 concentrations for
50:50 NR/SBR blend

Volume loss  (mm3) of 50 : 50 NR/SBR blend            Remark
adding silica content in fly ash (phr)

0 10 20 30 40 50

0 N/A 197±4 201±5 178±4 207±5 241±4
2 N/A 144±1 115±2 123±2 131±2 123±1 N/A
4 N/A 132±2 127±1 114±2 125±2 125±4 (Not Applicable)
6 N/A 113±4 116±4 115±2 124±2 123±2

Silane coupling
agent content

(%)

Table 4. Comparison of the properties of 50:50 NR/SBR blend filled with fly ash and
commercial silica treated with 2% Si69

Silica content at 20 phr Silica content at 30 phr

             Properties   Fly ash   Commercial Fly ash   Commercial
  silica   silica

Cure time (min)    16 21 14   19
Tensile Modulus at 200% (x105 Pa)     6±1   11±1 7±1   12±1
Tensile strength (MPa)     7±1   11±1 6±1   14±1
Elongation at break (%)   920±16 1084±20 819±22 1124±22
Tear strength (kN/m)   16±0   15±1 16±1   18±1
Hardness (Shore A)   38±1   38±1 43±1   43±1
Compression set (%)   64±1   71±0 65±1   76±1
Resilience (%)   60±1   37±0 58±1   31±0
Abrasion (mm3) 115±2 126±2 123±2   111±1
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