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In this research, the effect of curing techniques and silane treatment on mechanical and morphological

properties of fly ash (20 and 80 phr) filled epoxy composites were studied. The addition of N-2(amino-ethyl)-

3 aminopropyltrimethoxysilane (KBM603) coupling agent was varied 0.0, 0.5, 1.0 and 1.5 %wt of the fly ash,

for surface treatment of fly ash particles. The optimum curing conditions of conventional thermal and micro-

wave curing system were determined using a differential scanning calorimetry (DSC). The conven-

tional hermal curing was performed at 70OC for 80 min while microwave  curing was carried out at 240 watt

for 18 minutes in order to achieve the optimum curing conditions of the composites. The silane concentration

of 0.5 wt% was recommended for the optimum mechanical properties of the fly ash, epoxy compo-

sites. Beyond these recommended contents, the mechanical properties greatly reduced, except for the flexural
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moduli. By comparing microwave cured composites with conventional thermal cured composites, it was found

that microwave cured composites consumed shorter cure time and had higher ultimate strengths and elonga-

tion at break than those by the conventional thermal cure. The composites with higher tensile and flexural

moduli could be obtained by the conventional  thermal cure. The comparative results of composites cured

using different microwave powers showed that the ultimate strengths and elongation at break decreased with

increasing microwave power while the effect was opposite for the tensile and flexural moduli.

Key words : coupling agent, epoxy resin, microwave, fly ash, polymer-matrix composites.
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ß“π«‘®—¬π’È ‰¥â∑”°“√»÷°…“Õ‘∑∏‘æ≈¢Õß‡∑§π‘§°“√‡™◊ËÕ¡‚¬ß “¬‚´à·≈–°“√ª√—∫ª√ÿßº‘«¥â«¬‰´‡≈π ∑’Ë¡’µàÕ

 ¡∫—µ‘‡™‘ß°≈·≈– —≥∞“π«‘∑¬“¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π∑’Ë¡’°“√‡µ‘¡‡∂â“≈Õ¬„πª√‘¡“≥ 20 ·≈– 80 phr ´÷Ëß

ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫™π‘¥ N-2(aminoethyl)-3-aminopropyltrimethoxysilane (KBM603) ‚¥¬

ª√—∫‡ª≈’Ë¬π§«“¡‡¢â¡¢âπ‰´‡≈πµ—Èß·µà 0.0 ∂÷ß 1.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ‚¥¬»÷°…“ ¿“«–∑’Ë‡À¡“– ¡

„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à‚¥¬°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß·≈–°“√„™â§≈◊Ëπ‰¡‚§√‡«ø¥â«¬‡∑§π‘§ Differential Scanning

Calorimetry (DSC) ‚¥¬¿“«–∑’Ë‡À¡“– ¡ §◊Õ Õÿ≥À¿Ÿ¡‘ 70
o
C ‡ªìπ‡«≈“ 80 π“∑’  ·≈–°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë 240 «—µµå

‡ªìπ‡«≈“ 18  π“∑’ µ“¡≈”¥—∫ ‡¡◊ËÕ«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π‡°‘¥°“√‡™◊ËÕ¡‚¬ß “¬‚´àµ“¡¿“«–∑’Ë‡À¡“– ¡¢â“ßµâπ

æ∫«à“ ≥ §«“¡‡¢â¡¢âπ¢Õß “√§Ÿà§«∫‰´‡≈π∑’Ë 0.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬  àßº≈„Àâ ¡∫—µ‘‡™‘ß°≈‚¥¬√«¡¡’§à“ Ÿß¢÷Èπ

·µà‡¡◊ËÕ§«“¡‡¢â¡¢âπ‰´‡≈π¡“°°«à“ 0.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬  ¡∫—µ‘‡™‘ß°≈¡’·π«‚πâ¡≈¥≈ß ¬°‡«âπ ¡Õ¥ÿ≈— ‚§âßßÕ

‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à∑—Èß Õß√–∫∫¢Õß°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß·≈–°“√„™â§≈◊Ëπ‰¡‚§√‡«ø æ∫«à“ °“√

„™â§≈◊Ëπ‰¡‚§√‡«ø¡’√–¬–‡«≈“ —Èπ„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à ‚¥¬§«“¡µâ“π Ÿß ÿ¥·≈–‡ªÕ√å‡´Áπµå°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥¡’

§à“ Ÿß°«à“‡¡◊ËÕ‡∑’¬∫°—∫°“√„™â§«“¡√âÕπ‚¥¬µ√ß ¢≥–∑’Ë¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ¡’§à“µË”°«à“  ”À√—∫º≈¢Õß

°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë¡’µàÕ ¡∫—µ‘¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫ æ∫«à“ °“√‡æ‘Ë¡°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø ∑”„Àâ°“√‡™◊ËÕ¡

‚¬ß “¬‚´à„™â√–¬–‡«≈“ —Èπ≈ß·≈–§«“¡µâ“π Ÿß ÿ¥¡’·π«‚πâ¡≈¥≈ßµà“ß®“°¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ

‡∂â“≈Õ¬ (fly  ash, pulverized  fuel  ash, dry ash)

‡°‘¥®“°°√–∫«π°“√‡º“‰À¡â¢Õß∂à“πÀ‘π ´÷Ëß¡’Õπÿ¿“§‡ªìπ
¢Õß·¢ÁßÕ¬Ÿà„π·°ä ∑’Ë‡°‘¥®“°°“√‡º“‰À¡â·≈–≈Õ¬ÕÕ°¡“
®“°À¡âÕµâ¡‰ÕπÈ”æ√âÕ¡°—∫°ä“´Õ◊ËπÊ ·≈–‡∂â“≈Õ¬ à«π„À≠à∂Ÿ°
¥—°‡°Á∫‚¥¬‡§√◊ËÕß¥—°®—∫∑“ß‰øøÑ“ (electrostatic preci-

pitator) „πª√–‡∑»‰∑¬¡’‚√ßß“π∑’Ë„™â∂à“πÀ‘π‡ªìπ‡™◊ÈÕ‡æ≈‘ß
·≈–¡’»—°¬¿“æ„π°“√π”‡∂â“≈Õ¬‰ª„™â‰¥â ‡™àπ ‚√ßß“π„ππ‘§¡
Õÿµ “À°√√¡®—ßÀ«—¥√–¬Õß  ¡ÿ∑√ “§√ ·≈–°“≠®π∫ÿ√’
‚√ß‰øøÑ“·¡à‡¡“–  ®—ßÀ«—¥≈”ª“ß  ‡ªìπµâπ  „πªïæ.». 2545

‚√ß‰øøÑ“·¡à‡¡“–º≈‘µ°√–· ‰øøÑ“‚¥¬„™â∂à“πÀ‘π≈‘°‰πµå
‡ªìπ‡™◊ÈÕ‡æ≈‘ß ´÷Ëß°“√º≈‘µ‰øøÑ“®“°‚√ß‰øøÑ“ 10 Àπà«¬ ¡’
§à“‡∑à“°—∫ 1,725 ‡¡°–«—µµå ‡¡◊ËÕ„™â∂à“πÀ‘π≈‘°‰πµå 12 ≈â“π
µ—π/ªï ®–∑”„Àâ‰¥â‡∂â“≈Õ¬·¡à‡¡“– 2.9 ≈â“πµ—π ‡∂â“≈Õ¬
 à«πÀπ÷Ëßπ”‰ª„™â„πß“π¥â“π‚¬∏“ 1.8 ≈â“πµ—π («√“¿√≥å,
2540 ·≈– ™—¬ ·≈–§≥–, 2542) ‡æ◊ËÕº≈‘µ§Õπ°√’µ∑’Ë¡’πÈ”
Àπ—°‡∫“·≈–§«“¡·¢Áß·√ß Ÿß ¥â«¬ ¡∫—µ‘¢Õß‡∂â“≈Õ¬∑’Ë¡’
√“§“∂Ÿ°πÈ”Àπ—°‡∫“ §«“¡·¢Áß·√ß Ÿß  ¡’§«“¡∑π∑“πµàÕ
°“√°—¥°√àÕπ ·≈–¡’§«“¡ “¡“√∂„π°“√π”‰ª„™â∑’ËÕÿ≥À¿Ÿ¡‘
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CaCO
3
 GPR ‡π◊ËÕß®“°‡∂â“≈Õ¬∂Ÿ°∑”„Àâ¡’æ≈—ßß“πæ◊Èπº‘«

≈¥≈ß·≈– “√§Ÿà§«∫ “¡“√∂∑”„Àâ‡°‘¥æ—π∏–‡§¡’‰¥â¥’°—∫‡∂â“
≈Õ¬·≈–æÕ≈‘‡Õ ‡µÕ√å ÷́Ëßæ—π∏–‡§¡’∑’Ë‡°‘¥¢÷Èπ‡ªìπ “¬‚´à
‚¡‡≈°ÿ≈∑’Ë‡™◊ËÕ¡√–À«à“ß “√Õπ‘π∑√’¬å°—∫ “√Õ‘π∑√’¬å ¢≥–∑’Ë
¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ≈¥≈ß‡¡◊ËÕ‡∑’¬∫°—∫ GPR

·≈– CaCO
3
 - GPR  Sen ·≈–§≥– (2000) »÷°…“

ª√‘¡“≥·≈–°“√ª√—∫ª√ÿßº‘«¢Õß‡∂â“≈Õ¬∑’Ë¡’º≈µàÕ ¡∫—µ‘‡™‘ß
°≈·≈–‡«≈“§ß√Ÿª¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫¢Õß‡∂â“≈Õ¬°—∫æÕ-
≈‘‡Õ ‡µÕ√å‰¡àÕ‘Ë¡µ—« æ∫«à“ °“√‡µ‘¡‡∂â“≈Õ¬≈ß„πæÕ≈‘‡Õ -
‡µÕ√å‰¡àÕ‘Ë¡µ—«π—Èπ∑”„ÀâÕ—µ√“°“√‡°‘¥ªØ‘°‘√‘¬“„π°“√∑”„Àâ
§ß√Ÿª™â“≈ß ‡π◊ËÕß®“°§«“¡Àπ◊¥¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫ Ÿß¢÷Èπ
·≈–°“√„™â “√§Ÿà§«∫ (coupling agent) ™à«¬∑”„Àâ‡«≈“°“√
§ß√Ÿª≈¥≈ß∫â“ß‡≈Á°πâÕ¬ ‡π◊ËÕß®“°º≈¢Õß°“√ª√—∫ª√ÿßº‘«
¢Õß‡∂â“≈Õ¬∑”„ÀâªØ‘°‘√‘¬“„π√–À«à“ß°“√§ß√Ÿª‡√Á«¢÷Èπ
πÕ°®“°π’È§«“¡Àπ◊¥¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫∑’Ë¬—ß‰¡à§ß√Ÿª æ∫-
«à“ ‡¡◊ËÕ‡µ‘¡‡∂â“≈Õ¬¡“°¢÷Èπ àßº≈„Àâ§«“¡Àπ◊¥‡æ‘Ë¡ Ÿß¢÷Èπ
·≈–°“√„™â “√§Ÿà§«∫™à«¬ª√—∫ª√ÿßº‘«∑”„Àâ§«“¡Àπ◊¥≈¥≈ß
≈¥°“√‡°“–°—π‡ªìπ°≈ÿà¡¢Õß‡∂â“≈Õ¬ ·≈–™à«¬„π°“√°√–®“¬
µ—«¢ÕßæÕ≈‘‡Õ ‡µÕ√å‰¡àÕ‘Ë¡µ—«‰¥â¥’¥â«¬  ”À√—∫ ¡∫—µ‘‡™‘ß°≈
‡¡◊ËÕ‡µ‘¡‡∂â“≈Õ¬ª√‘¡“≥¡“°¢÷Èπ  àßº≈„Àâ§à“§«“¡µâ“π·√ß
¥÷ß≈¥µË”≈ß‡π◊ËÕß®“°Õπÿ¿“§¢Õß‡∂â“≈Õ¬¡’§«“¡≈–‡Õ’¬¥
¡“°‡°‘π‰ª ∑”„Àâ°“√°√–®“¬µ—«‡∂â“≈Õ¬µË”·≈–¡’°“√‡°“–
°≈ÿà¡°—π‡Õß¢ÕßÕπÿ¿“§‡∂â“≈Õ¬ ·µà‡¡◊ËÕª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
®–™à«¬„Àâ§à“§«“¡µâ“π·√ß¥÷ß Ÿß¢÷Èπ Thongsang ·≈–
Sombatsompop (2006) ∑”°“√»÷°…“ ¡∫—µ‘‡™‘ß°≈¢Õß
«— ¥ÿ‡™‘ßª√–°Õ∫¬“ß∏√√¡™“µ‘°—∫‡∂â“≈Õ¬™π‘¥‰¡àª√—∫ª√ÿß
º‘«·≈–ª√—∫ª√ÿßº‘«¥â«¬ bis-(3-triethoxysilylpropyl)

tetrasulfane (Si69) ´÷Ëßª√‘¡“≥ “√§Ÿà§«∫∑’Ë‡À¡“– ¡ §◊Õ
2.0-4.0%wt

°“√‡™◊ËÕ¡‚¬ß “¬‚´à¢Õß‡∑Õ√å‚¡‡´µª°µ‘µâÕßπ”‡¢â“
µŸâÕ∫§«“¡√âÕπ‚¥¬µ√ß ‡æ◊ËÕ°√–µÿâπ°“√∑”ªØ‘°√‘¬“¿“¬„π
‚¡‡≈°ÿ≈ ́ ÷Ëß‡ªìπ°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß®“°·À≈àß®à“¬§«“¡
√âÕπ (heater) ‰ª Ÿà‡√´‘π „π°√–∫«π°“√º≈‘µ¢Õß‡∑Õ√å‚¡-
‡´µ∑’Ë‰¥â√—∫§«“¡√âÕπ‚¥¬µ√ß (conventional thermal

curing) ¡—°ª√– ∫ªí≠À“‰¥â·°à √–¬–‡«≈“„π°√–∫«π°“√
º≈‘µπ“π ·≈–§«“¡·µ°µà“ß¢ÕßÕÿ≥À¿Ÿ¡‘ Ÿß (temperature

gradients) ‡ªìπµâπ (Zhou et al., 2003) §≈◊Ëπ‰¡‚§√‡«ø
®—¥‡ªìπ·À≈àßæ≈—ßß“π∑“ß‡≈◊Õ°„À¡à∑’Ë¡’ª√– ‘∑∏‘¿“æ„π°“√
‡™◊ËÕ¡‚¬ß “¬‚´à¢Õß‡∑Õ√å‚¡‡´µ ‡π◊ËÕß®“°„™â√–¬–‡«≈“ —Èπ

 Ÿß ®÷ßπ”‰ª Ÿà°“√«‘®—¬·≈–æ—≤π“„Àâ‡∂â“≈Õ¬‡ªìπ “√µ—«‡µ‘¡
„π«— ¥ÿ‡™‘ßª√–°Õ∫ ‡æ◊ËÕ„™â„πß“π‡°’Ë¬«°—∫¬“π¬πµå·≈–
Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å  ‡ªìπµâπ

ß“π«‘®—¬∑’Ëºà“π¡“ à«π„À≠à‡°’Ë¬«¢âÕß°—∫°“√„™â‡∂â“-
≈Õ¬‡ªìπ “√µ—«‡µ‘¡„πæÕ≈‘‡¡Õ√å∑’Ëºà“π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́
¥â«¬§«“¡√âÕπ‚¥¬µ√ß Õ“∑‘ Kishore ·≈–§≥– (2002)

»÷°…“æƒµ‘°√√¡µâ“π·√ß°√–·∑°¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫
Õ’æÕ°´’‡√´‘π°—∫‡∂â“≈Õ¬™π‘¥ª√—∫ª√ÿßº‘« 10 % ‚¥¬ª√‘¡“µ√
¥â«¬Õ–´’‚µπ  “√§Ÿà§«∫ª√–‡¿∑‰´‡≈π™π‘¥ 3-(trietho-

xysilyl)-propylamine ·≈–¥â«¬πÈ”¡—πæ“√“øîπ ´÷Ëß°“√
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬‡ªìπ°“√≈¥æ≈—ßß“πæ◊Èπº‘« ‚¥¬æ∫«à“
°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬Õ–´’‚µπ·≈–‰´‡≈π¡’§«“¡
 “¡“√∂„π°“√¬÷¥‡°“–∑’Ë Ÿß¢÷Èπ ‡π◊ËÕß®“°æ≈—ßß“π„π°“√
¥Ÿ¥´—∫·≈–°“√√—∫·√ß°√–·∑°‰¥â Ÿß ‡¡◊ËÕ‡∑’¬∫°—∫«— ¥ÿ‡™‘ß
ª√–°Õ∫∑’Ë‡µ‘¡‡∂â“≈Õ¬‰¡àª√—∫ª√ÿßº‘« ·≈–ª√—∫ª√ÿßº‘«¥â«¬
πÈ”¡—πæ“√“øîπ Guhanathan ·≈–§≥– (2002) »÷°…“
Õ‘∑∏‘æ≈¢Õß§«“¡‡§âπµ“¡ ¿“æ·«¥≈âÕ¡µà“ßÊ ∑’Ë¡’º≈
µàÕ ¡∫—µ‘‡™‘ß°≈¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫æÕ≈‘‡Õ ‡µÕ√å‰¡à
Õ‘Ë¡µ—«°—∫‡∂â“≈Õ¬∑’Ëª√—∫ª√ÿßº‘«¥â«¬ “√§Ÿà§«∫ 2 ™π‘¥ §◊Õ
vinyltriethoxysilane (VES) ·≈–  aminopropyl-

trimethoxysilane (AMP) ·≈–‡¡◊ËÕπ”«— ¥ÿ‡™‘ßª√–°Õ∫π’È
‰ª‰«â„π ¿“æ·«¥≈âÕ¡µà“ßÊ Õ“∑‘ πÈ” πÈ”‡¥◊Õ¥ πÈ”‡°≈◊Õ °√¥
 “√Õ—≈§“‰≈πå ·≈–µ—«∑”≈–≈“¬ ‡ªìπµâπ ·≈â«∑¥ Õ∫
 ¡∫—µ‘‡™‘ß°≈ æ∫«à“ „π°“√„™â “√§Ÿà§«∫ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
∑”„Àâ§«“¡∑π∑“πµàÕ°“√°—¥°√àÕπæ«°πÈ” πÈ”‡¥◊Õ¥ πÈ”‡°≈◊Õ
°√¥  ¿“æÕ“°“» ·≈–πÈ”·¢Áß∑’Ë≈–≈“¬¥’¢÷Èπ ·µà ”À√—∫
°“√°—¥°√àÕπæ«°µ—«∑”≈–≈“¬·≈– “√Õ—≈§“‰≈πå‰¡à™à«¬„Àâ
§«“¡∑π∑“π¥’¢÷Èπ  ”À√—∫ “√§Ÿà§«∫∑’Ë™à«¬∑”„Àâ∑π∑“πµàÕ
°“√°—¥°√àÕπµàÕ ¿“æ·«¥≈âÕ¡∑’Ë¥’ §◊Õ AMP ÷́Ëß¡’À¡Ÿà
Õ–¡‘‚π∑’Ë™à«¬„Àâ‡°‘¥æ—π∏–‚§«“‡≈πµå°—∫æÕ≈‘‡Õ ‡µÕ√å‰¡àÕ‘Ë¡
µ—«‰¥â¥’ Guhanathan ·≈–§≥– (2001) »÷°…“ ¡∫—µ‘
‡™‘ß°≈¢ÕßæÕ≈‘‡Õ ‡µÕ√å‰¡àÕ‘Ë¡µ—« «— ¥ÿ‡™‘ßª√–°Õ∫æÕ≈‘‡Õ -
‡µÕ√å™π‘¥‰¡àÕ‘Ë¡µ—«°—∫‡∂â“≈Õ¬ (FA-GPR) ·≈–·§≈‡´’¬¡-
§“√å∫Õ√å‡πµ (CaCO

3 
- GPR) æ∫«à“ °“√‡µ‘¡‡∂â“≈Õ¬≈ß„π

æÕ≈‘‡Õ ‡µÕ√åπ—Èπ ∑”„Àâ§«“¡µâ“π·√ß¥÷ß≈¥≈ß ‡π◊ËÕß®“°¡’
æ≈—ßß“πæ◊Èπº‘«¢Õß‡∂â“≈Õ¬∑’Ë‰¡à “¡“√∂¬÷¥‡°“–°—∫æÕ≈‘‡Õ -
‡µÕ√å‰¥â ·µà‡¡◊ËÕª√—∫ª√ÿßæ◊Èπº‘«¥â«¬ “√§Ÿà§«∫ª√–‡¿∑‰´‡≈π
 àßº≈µàÕ ¡∫—µ‘§«“¡µâ“π·√ß¥÷ß  µâ“π·√ß¥—¥  µâ“π·√ßÕ—¥
·≈–µâ“π·√ß°√–·∑°‰¥â¥’¢÷Èπ‡¡◊ËÕ‡∑’¬∫°—∫ GPR ·≈–
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Figure1.  SEM micrographs of the fly ash  particles.

„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à °“√‡™◊ËÕ¡‚¬ß “¬‚´à¡’ª√– ‘∑∏‘¿“æ
·≈– “¡“√∂ª√—∫ª√ÿß ¡∫—µ‘‡™‘ß°≈‰¥â (Prasad and Hsu,

2004) ¥—ßπ—Èπ „πß“π«‘®—¬π’È ®÷ß»÷°…“Õ‘∑∏‘æ≈¢Õß°“√ª√—∫ª√ÿß
º‘«‡∂â“≈Õ¬¥â«¬‰´‡≈π √–∫∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à·≈–°”≈—ß
§≈◊Ëπ‰¡‚§√‡«ø∑’Ë¡’º≈µàÕ ¡∫—µ‘‡™‘ß°≈·≈– ¡∫—µ‘∑“ß —≥∞“π-
«‘∑¬“¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’°—∫‡∂â“≈Õ¬ª√‘¡“≥‡∂â“
≈Õ¬ 20 ·≈– 80 phr

  «‘∏’°“√∑¥≈Õß

1. «—µ∂ÿ¥‘∫

     1.1 Õ’æÕ°´’‡√´‘π (epoxyresin) ·≈– “√‡™◊ËÕ¡‚¬ß

         (hardener)

       “√∑’Ë„™â„πß“π«‘®—¬π’È ®—¥‡ªìπÕ’æÕ°´’‡√´‘π™π‘¥
Diglycidyl ether of bisphenol-A (DGEBA) ·≈– Iso-

phorone diamine ‡ªìπ “√‡™◊ËÕ¡‚¬ß¢Õß∫√‘…—∑ I-Chem

®”°—¥ (ª√–‡∑»‰∑¬)  —¥ à«π‚¥¬πÈ”Àπ—°¢Õß Õ’æÕ° ’́‡√ ‘́π
µàÕ “√‡™◊ËÕ¡‚¬ß∑’Ë‡À¡“– ¡§◊Õ 100:60 Õ’æÕ°´’‡√´‘π
·≈– “√‡™◊ËÕ¡‚¬ß∑’Ë„™â¡’ Ÿµ√‚§√ß √â“ß¥—ß Table 1

   1.2 ‡∂â“≈Õ¬     (fly ash, FA)

‡∂â“≈Õ¬∑’Ë„™â„πß“π«‘®—¬π’È  ‡ªìπ‡∂â“≈Õ¬∑’Ë‡°‘¥®“°
°√–∫«π°“√‡º“‰À¡â¢Õß∂à“πÀ‘π≈‘°‰πµå ®“°‚√ß‰øøÑ“
·¡à‡¡“– ®—ßÀ«—¥≈”ª“ß ¥”‡π‘π°“√·¬°¢π“¥¢Õß‡∂â“≈Õ¬
¥â«¬µ–·°√ß√àÕπ‡∫Õ√å 325 §«“¡∂à«ß®”‡æ“–‡∑à“°—∫ 2.650

·≈–§à“ pH = 10.4  ®“°ß“π«‘®—¬¢Õß Sombatsompop  ·≈–
§≥– (2004) ∑”°“√µ√«® Õ∫§ÿ≥≈—°…≥–¢Õß‡∂â“≈Õ¬‚¥¬
¥Ÿ√Ÿª√à“ß¥â«¬‡§√◊ËÕß®ÿ≈∑√√»πåÕ‘‡≈Á°µ√Õπ·∫∫ àÕß°√“¥
(Scanning Electron Microscope: SEM) ·≈– à«π
ª√–°Õ∫¢Õß‡∂â“≈Õ¬‚¥¬„™â‡∑§π‘§ X-ray fluorescence  ¥—ß
Figure 1 ·≈– Table 2  µ“¡≈”¥—∫ „πß“π«‘®—¬π’È ‡≈◊Õ°
‡∂â“≈Õ¬∑’Ëª√‘¡“≥ 20 ·≈– 80 phr ≈ß„πÕ’æÕ°´’‡√´‘π ´÷Ëß
‡ªìπ°“√‡µ‘¡‡∂â“≈Õ¬∑’Ëª√‘¡“≥µË”·≈– Ÿß µ“¡≈”¥—∫
   1.3  “√Õ–¡‘‚π‰´‡≈π     (aminosilane)

„πß“π«‘®—¬π’È  “√§Ÿà§«∫∑’Ë„™â §◊Õ N-2(aminoethyl)-

3-aminopropyltrimethoxysilane (KBM603) ¢Õß∫√‘…—∑
Shin-Etsu Chemical ®”°—¥ (ª√–‡∑»≠’ËªÿÉπ) πÈ”Àπ—°‚¡‡≈
°ÿ≈‡©≈’Ë¬‡∑à“°—∫ 222.4 ¡’ Ÿµ√‚§√ß √â“ß¥—ß Table 1  ”À√—∫
ß“π«‘®—¬π’È ∑”°“√ª√—∫‡ª≈’Ë¬πª√‘¡“≥ “√§Ÿà§«∫µ—Èß·µà 0.0 ∂÷ß

Table 1.  The chemical strutures and descriptions of

  the epoxy, isohorone diamine and KBM603.

Chemical  description        Chemical  structure

DGEBA

isophorone diamine

KBM603

1.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬

2. °“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬

°“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ N-2(aminoethyl)-3-

aminopropyltrimethoxysilane ‚¥¬∑”°“√ª√—∫‡ª≈’Ë¬π
ª√‘¡“≥ KBM603 ∑’Ë 0.0, 0.5, 1.0 ·≈– 1.5% ‚¥¬πÈ”
Àπ—°¢Õß‡∂â“≈Õ¬ ‚¥¬¡’°√–∫«π°“√ª√—∫ª√ÿßº‘«¥—ßπ’È
   2.1 π”‡∂â“≈Õ¬Õ∫‰≈à§«“¡™◊Èπ„πµŸâÕ∫§«“¡√âÕπ‚¥¬µ√ß
≥ Õÿ≥À¿Ÿ¡‘ 80OC ‡ªìπ‡«≈“ 24 ™—Ë«‚¡ß
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 ∏π«√√≥ ‡™“« °Ÿ
 

 ·≈– ≥√ß§åƒ∑∏‘Ï   ¡∫—µ‘ ¡¿æ221

   2.2 ‡µ√’¬¡ “√≈–≈“¬ KBM603 §«“¡‡¢â¡¢âπ 1%

‚¥¬πÈ”Àπ—°‡µ√’¬¡‚¥¬°“√À¬¥ KBM603 ≈ß„ππÈ”∑’Ëºà“π
°√–∫«π°“√¥’‰ÕÕÕ‰π‡´™—Ëπ (deionised  water) °«π “√
≈–≈“¬¥â«¬·∑àß°«π·∫∫·¡à‡À≈Á° (magnetic stirrer)

‡ªìπ‡«≈“ 30 π“∑’ ‡æ◊ËÕ„Àâ‡°‘¥‰Œ‚¥√‰≈´‘  (hydrolysis  reac-

tion)

    2.3 π”‡∂â“≈Õ¬„ à≈ß„π “√≈–≈“¬∑’Ë‡µ√’¬¡‰¥â  À≈—ß®“°
π—Èππ”¡“Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 100OC ‡ªìπ‡«≈“ 24 ™—Ë«‚¡ß

3. °“√º ¡·≈–¢÷Èπ√Ÿª™‘Èπß“π∑¥ Õ∫

º ¡Õ’æÕ°´’‡√´‘π°—∫ “√‡™◊ËÕ¡‚¬ß¥â«¬‡§√◊ËÕß°«π
(stirring machine) ‚¥¬Õ’æÕ°´’‡√´‘π 100  à«π·≈– “√
‡™◊ËÕ¡‚¬ß 60  à«π §àÕ¬Ê‡µ‘¡‡∂â“≈Õ¬µ“¡ª√‘¡“≥∑’Ë°”Àπ¥
≈ß‰ª„π¢Õßº ¡ ‡æ◊ËÕÀ≈’°‡≈’Ë¬ßøÕßÕ“°“»∑’Ë‡°‘¥¢÷Èπ
√–À«à“ß°“√°«πº ¡ ‡ªìπ‡«≈“ 20 π“∑’ À≈—ß®“°π—Èπ‰≈à§«“¡
™◊Èπ„π√–∫∫ ÿ≠≠“°“» ≥ Õÿ≥À¿Ÿ¡‘ÀâÕß ¥â«¬‡µ“Õ∫ ÿ≠≠“-
°“»‡ªìπ‡«≈“ 15 π“∑’ ‡∑¢Õßº ¡≈ß„π·¡àæ‘¡æå‚≈À–
¢π“¥ 160 ××160 ××3 ≈∫.‡¡µ√ ®π‡µÁ¡ ·≈â«π”‰ª‡™◊ËÕ¡‚¬ß
 “¬‚ à́¥â«¬§«“¡√âÕπ‚¥¬µ√ß (conventional thermal cur-

ing, CV) „πµŸâÕ∫§«“¡√âÕπ „π°√≥’¢Õß°“√‡™◊ËÕ¡‚¬ß “¬-
‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø (microwave curing, MW) ‡∑¢Õß
º ¡≈ß„π·¡àæ‘¡æå‡∑ø≈Õπ¢π“¥ 160 ××30 ××3 ≈∫.‡¡µ√
®π‡µÁ¡·≈â«®÷ßπ”‰ª‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø„π
µŸâÕ∫‰¡‚§√‡«ø§«“¡∂’Ë 2.45 GHz (Sharp Model: R-212,

ª√–‡∑»‰∑¬) ∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 80 240 ·≈– 400

«—µµå ´÷ËßÀ“°„™â°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë Ÿß°«à“π’È (°”≈—ß§≈◊Ëπ

‰¡‚§√‡«ø 540 ·≈– 800 «—µµå)  àßº≈„ÀâÕ’æÕ°´‘‡√´‘π¡’ ’
‡À≈◊Õß®π∂÷ßπÈ”µ“≈‡¢â¡ (°√≥’∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø Ÿß
¡“°‡°‘π‰ª) ‡π◊ËÕß¡“®“°°“√ ≈“¬µ—«¥â«¬§«“¡√âÕπ¢Õß
Õ’æÕ° ’́‡√ ‘́π°“√°”Àπ¥Õÿ≥À¿Ÿ¡‘·≈–‡«≈“∑’Ë‡À¡“– ¡„π
°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ‚¥¬µ√ß·≈–‰¡‚§√‡«ø
 “¡“√∂À“‰¥â‚¥¬°“√∑¥ Õ∫¥â«¬‡∑§π‘§ Differential

scanning calorimetry (DSC)

4. °“√∑¥ Õ∫ ¡∫—µ‘

  4.1 °“√°”Àπ¥Õÿ≥À¿Ÿ¡‘·≈–‡«≈“∑’Ë‡À¡“– ¡„π°“√

‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬§«“¡√âÕπ‚¥¬µ√ß·≈–§≈◊Ëπ‰¡‚§√-

‡«ø¥â«¬‡∑§π‘§ Differential  Scanning  Calorimetry

(DSC)

 ß“π«‘®—¬π’È °”Àπ¥Õÿ≥À¿Ÿ¡‘·≈–‡«≈“„π°“√‡™◊ËÕ¡‚¬ß
 “¬‚´à¥â«¬‡∑§π‘§ Differential Scanning Calorimetry

(Pyris1 DSC, Perkin-Elmer,  À√—∞Õ‡¡√‘°“) ‡æ◊ËÕÀ“
‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß “¬‚´à (percentage cure) ¢Õß°“√
„Àâ§«“¡√âÕπ‚¥¬µ√ß·≈–§≈◊Ëπ‰¡‚§√‡«ø „π°√≥’¢Õß°“√
‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬§«“¡√âÕπ‚¥¬µ√ßπ”¢Õßº ¡Õ’æÕ°´’
‡√´‘π·≈– “√‡™◊ËÕ¡‚¬ß„ à≈ß„π®“πÕ–≈Ÿ¡‘‡π’¬¡„Àâ¡’πÈ”Àπ—°
3 ¡°.‡æ◊ËÕÀ“æ≈—ßß“π§«“¡√âÕπ∑—ÈßÀ¡¥¢ÕßÕ’æÕ°´’‡√´‘π
∑’Ë‰¡àºà“π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́ ‚¥¬¥”‡π‘π°“√„Àâ§«“¡√âÕπ
µ—Èß·µà 25 ∂÷ß 200OC ¥â«¬Õ—µ√“§«“¡√âÕπ 10OC/min ®“°
ß“π«‘®—¬¢Õß Boey ·≈–§≥– (Boey et al., 1999) °≈à“«
«à“°“√°”Àπ¥Õÿ≥À¿Ÿ¡‘„π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́∑’Ë‡À¡“– ¡
(optimal cure temperature) §«√Õ¬Ÿà√–À«à“ßÕÿ≥À¿Ÿ¡‘∑’Ë
µË”°«à“Õÿ≥À¿Ÿ¡‘‡√‘Ë¡‡°‘¥ªØ‘°‘√‘¬“ (T

i
) 10OC ∂÷ß®ÿ¥°÷Ëß°≈“ß

√–À«à“ßÕÿ≥À¿Ÿ¡‘‡√‘Ë¡‡°‘¥ªØ‘°‘√‘¬“°—∫Õÿ≥À¿Ÿ¡‘ Ÿß ÿ¥∑’Ë‡°‘¥
ªØ‘°‘√‘¬“ (T

p
)  ”À√—∫‡«≈“°“√‡™◊ËÕ¡‚¬ß “¬‚ à́ (cure time)

¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ‚¥¬µ√ß·≈–§≈◊Ëπ
‰¡‚§√‡«ø “¡“√∂À“‚¥¬°“√π”Õ’æÕ°´’‡√´‘π∑’Ëºà“π°“√
‡™◊ËÕ¡‚¬ß “¬‚ à́∫“ß à«π ≥ ‡«≈“„¥Ê ¡“À“§à“æ≈—ßß“π
§«“¡√âÕπ∑’Ë‡À≈◊Õ ∑’Ë∑”„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ß “¬‚ à́Õ¬à“ß
 ¡∫Ÿ√≥å ‚¥¬À“æ≈—ßß“π§«“¡√âÕπ∑’Ë‡À≈◊Õ ¥â«¬°“√‡æ‘Ë¡
Õÿ≥À¿Ÿ¡‘®“° 25 ®π∂÷ß 200OC ‡æ◊ËÕÀ“‡ªÕ√å‡´Áπµå°“√
‡™◊ËÕ¡‚¬ß “¬‚ à́¢ÕßÕ’æÕ° ’́‡√ ‘́π·≈– “√‡™◊ËÕ¡‚¬ß®“°
 ¡°“√∑’Ë 1

          (1)

Table 2.   The chemical compositions of the fly ash

                particles.

Chemicals                        Content (%)

Silica 46.25

Alumina 26.43

Iron oxide 10.71

Calcium oxide 7.61

Magnesium oxide 2.21

Sodium oxide 1.11

Potassium oxide 3.07

Sulfur dioxide 1.85

Percentage cure =  
∆HRxn − ∆Hr

∆HRxn
×100
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‡¡◊ËÕ ∆HRxn§◊Õ æ≈—ßß“π§«“¡√âÕπ∑—ÈßÀ¡¥¢ÕßÕ’æÕ°´’‡√-
´‘π∑’Ë‰¡àºà“π°“√‡™◊ËÕ¡‚¬ß “¬‚´à

∆Hr §◊Õ æ≈—ßß“π§«“¡√âÕπ∑’Ë‡À≈◊Õ¢ÕßÕ’æÕ°-
´’‡√´‘π∑’Ëºà“π°“√‡™◊ËÕ¡‚¬ß “¬‚´à‰ª∫“ß à«π ≥ ‡«≈“„¥Ê
   4.2 °“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¥â“π°“√µâ“π·√ß¥÷ß

„π°“√∑¥ Õ∫ ¡∫—µ‘°“√µâ“π·√ß¥÷ß ∑¥ Õ∫µ“¡
¡“µ√∞“π ASTM  D638 (1990) ¥â«¬‡§√◊ËÕß SHIMADZU

√ÿàπ Autograph AG-1 (Japan) ‚¥¬ load cell ∑’Ë„™âπ—Èπ¡’
¢π“¥ 5 °‘‚≈π‘«µ—π §«“¡‡√Á«„π°“√¥÷ß 50 ¡¡./π“∑’ ´÷Ëß¡’
°“√§«∫§ÿ¡Õÿ≥À¿Ÿ¡‘∑’Ë„™â„π°“√∑¥ Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 25OC

    4.3 °“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¥â“π°“√µâ“π°“√‚§âßßÕ

„π°“√∑¥ Õ∫ ¡∫—µ‘°“√µâ“π°“√‚§âßßÕ µ“¡
¡“µ√∞“π ASTM D790  (1990) ¥â«¬‡§√◊ËÕß SHIMADZU

√ÿàπ Autograph AG-I (Japan) ‚¥¬·√ß°¥ Load cell 5

°‘‚≈π‘«µ—π √–¬–Àà“ß√–À«à“ß∞“π√Õß√—∫ (support span)

50 ¡¡.§«“¡‡√Á«„π°“√°¥ 1.3 ¡¡./π“∑’ ´÷Ëß¡’°“√§«∫§ÿ¡
Õÿ≥À¿Ÿ¡‘∑’Ë„™â„π°“√∑¥ Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 25OC

     4.4 °“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¥â“π°“√µâ“π·√ß°√–·∑°

     „π°“√∑¥ Õ∫ ¡∫—µ‘°“√µâ“π·√ß°√–·∑° ™π‘¥
Izod ·∫∫‰¡à¡’√Õ¬∫“° (unnotch) ™‘Èπß“π≈—°…≥–·∑àß ’Ë
‡À≈’Ë¬¡¢π“¥ 10 ××50 ××3 ≈∫.‡¡µ√ ¥â«¬‡§√◊ËÕß∑¥ Õ∫§«“¡
µâ“π·√ß°√–·∑° Yasuda Imopact Tester √ÿàπ 258 ¢Õß
∫√‘…—∑ YASUDA Seiki Seisakusho LTD. Nishinomiya

ª√–‡∑»≠’ËªÿÉπ ‚¥¬„™âµ—«‡À«’Ë¬ß (pendulum) ∑’Ë¡’¢π“¥ 4 ®ÿ≈
    4.5  °“√∑¥ Õ∫ ¡∫—µ‘‡™‘ß°≈¥â“π°“√µâ“π·√ß°√–·∑°

Õ‘‡≈§µ√Õπ·∫∫ àÕß°√“¥

  ”À√—∫°“√µ√«® Õ∫ —≥∞“π«‘∑¬“π—Èπ ‡ªìπ°“√
»÷°…“°“√°√–®“¬µ—«¢Õß‡∂â“≈Õ¬ ·≈–°“√¬÷¥‡°“–√–À«à“ß
‡ø  ‡æ◊ËÕª√–°Õ∫°“√Õ∏‘∫“¬º≈¢Õß ¡∫—µ‘‡™‘ß°≈∑’Ë‡°‘¥¢÷Èπ
‚¥¬µ√«® Õ∫¥â«¬°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈§µ√Õπ·∫∫ àÕß
°√“¥¢Õß∫√‘…—∑ JEOL ®”°—¥ √ÿàπ JSM-5800 Scanning

Microscope ¥â«¬°√–· ‰øøÑ“ 20 °‘‚≈‚«≈µå

º≈°“√∑¥≈Õß·≈–°“√«‘‡§√“–Àåº≈

 ‡«≈“·≈–‡ªÕ√å‡´Áπµå„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à¢Õß
Õ’æÕ°´’‡√´‘π ≥ Õÿ≥À¿Ÿ¡‘°“√‡™◊ËÕ¡‚¬ß “¬‚´à§ß∑’Ë∑’Ë 50 60

·≈– 70oC · ¥ß„π Table 3 æ∫«à“ Õÿ≥À¿Ÿ¡‘„π°“√‡™◊ËÕ¡
‚¬ß “¬‚´à§ß∑’Ë∑’Ë  50 60 ·≈– 70oC

Table 3. The percentage cures of the composites

  from the conventional thermal curin sys-

 tem using differential scanning calori-

     meter (DSC).

Conventional thermal   Cure time (min)   Percentage cure (%)

         curing (
O
C)

  50 80 99.4

  60 80 99.8

  70 80 99.9

   Microwave Cure time (min)       Percentage cure (%)

  curing (Watt)

  80           60             95.9
240           18             96.8
400           12                              98.1

‰¡à¡’º≈µàÕ√–¬–‡«≈“„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à ·≈–‡ªÕ√å‡´Áπµå
°“√‡™◊ËÕ¡‚¬ß “¬‚´à ‚¥¬Õÿ≥À¿Ÿ¡‘„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à§ß∑’Ë∑’Ë
50 60 ·≈– 70oC ¡’√–¬–‡«≈“„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à‡∑à“°—π
§◊Õ 80 π“∑’ ¥—ßπ—Èπ  ¿“«–∑’Ë‡À¡“– ¡„π°“√‡™◊ËÕ¡‚¬ß “¬
‚ à́¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ° ’́‡√ ‘́π°—∫‡∂â“≈Õ¬ §◊Õ Õÿ≥À¿Ÿ¡‘
°“√‡™◊ËÕ¡‚¬ß “¬‚´à 70oC ‡ªìπ‡«≈“ 80 π“∑’ ‡π◊ËÕß®“°∑’Ë
Õÿ≥À¿Ÿ¡‘°“√‡™◊ËÕ¡‚¬ß “¬‚´à Ÿß ¡’Õ—µ√“‡√Á«„π°“√‡™◊ËÕ¡‚¬ß
 “¬‚´à‡√Á« (Boey et al., 1999)

‡«≈“·≈–‡ªÕ√å‡ Á́πµå„π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¢Õß
Õ’æÕ°´’‡√´‘π∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 80 240 ·≈– 400 «—µµå
· ¥ß„π Table 4  æ∫«à“ ‡¡◊ËÕ°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø Ÿß¢÷Èπ  àß
º≈„Àâ√–¬–‡«≈“„π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¡’·π«‚πâ¡≈¥≈ß
‡π◊ËÕß®“°°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë Ÿß¢÷Èπ “¡“√∂°√–µÿâπÀ¡Ÿà
øíß°å™—Ëπ∑’Ë¡’¢—È«„Àâ‡°‘¥°“√‡§≈◊ËÕπ∑’Ë‡ ’¬¥ ’À√◊Õ —Ëπ‰¥â¡“°°«à“
´÷Ëß‡¡◊ËÕ‡°‘¥°“√‡ ’¬¥ ’°—π¿“¬„π‚¡‡≈°ÿ≈®÷ß‡°‘¥§«“¡√âÕπ
‡ªìπº≈„Àâ«— ¥ÿ “¡“√∂∑”ªØ‘°‘√‘¬“°“√‡™◊ËÕ¡‚¬ßæ—π∏–°—π
‰¥â‡√Á«¢÷Èπ πÕ°®“°π’È ‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß “¬‚´à¡’§à“‡æ‘Ë¡
¢÷Èπ µ“¡°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë Ÿß¢÷Èπ¥â«¬ ·µàÕ¬à“ß‰√°Áµ“¡
°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø∑’Ë Ÿß‡°‘π‰ªÕ“®¡’øÕßÕ“°“»¿“¬„π™‘Èπ
ß“π ‡æ√“–√–¬–‡«≈“„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à‡√Á«‡°‘π‰ª ´÷Ëß

Table 4. The percentage cures of the composites

     from the microwave curing system using

 differen tial scanning calorimeter (DSC).
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øÕßÕ“°“»π’È‡°‘¥®“°§«“¡™◊Èπ·≈–√Õ¬µàÕ√–À«à“ß‡ø ‡∂â“-
≈Õ¬·≈–‡¡µ√‘°´å ‰¡à “¡“√∂·æ√à¡“ Ÿà∫√‘‡«≥º‘«¢Õß™‘Èπ
ß“π‰¥â ‡π◊ËÕß®“°§«“¡Àπ◊¥∑’Ë‡æ‘Ë¡¢÷ÈπÕ¬à“ß√«¥‡√Á«®“°°“√∑”
ªØ‘°‘√‘¬“‡™◊ËÕ¡‚¬ß “¬‚´à√–À«à“ßÕ’æÕ°´’‡√´‘π°—∫ “√‡™◊ËÕ¡
‚¬ß ¥—ßπ—Èπ ®÷ß‡≈◊Õ°°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 240 «—µµå ‡ªìπ‡«≈“
18 π“∑’ „π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°-
´’‡√´‘π°—∫‡∂â“≈Õ¬™π‘¥ª√—∫ª√ÿßº‘«¥â«¬‰´‡≈π∑’Ëª√‘¡“≥µà“ßÊ

§«“¡ —¡æ—π∏å√–À«à“ß¡Õ¥ÿ≈— ·√ß¥÷ß°—∫§«“¡‡¢â¡¢âπ
(KBM603) ∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 ·≈– 80 phr · ¥ß„π
Figure 2  “¡“√∂æ‘®“√≥“ÕÕ°‡ªìπ 2 ™à«ß „π™à«ß·√°
¡Õ¥ÿ≈— ·√ß¥÷ß¡’·π«‚πâ¡∑’Ë Ÿß¢÷Èπ ‡¡◊ËÕª√—∫ª√ÿßº‘«‡∂â“≈Õ¬
¥â«¬‰´‡≈π§«“¡‡¢â¡¢âπ 0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬
 “‡Àµÿ∑’Ë∑”„Àâ„π™à«ß·√°§à“¡Õ¥ÿ≈— ·√ß¥÷ß Ÿß¢÷Èπ ‡π◊ËÕß®“°
§«“¡‡¢â¡¢âπ¢Õß‰´‡≈πµË”Ê ‡°‘¥¡ÕπÕ‡¡Õ√å√‘°‰´‡≈ππÕ≈
ª√‘¡“≥ Ÿß ´÷ËßÀ¡Ÿà‰Œ¥√Õ°´‘≈ (-OH) ¢Õß‰´‡≈ππÕ≈‡¢â“
∑”ªØ‘°‘√‘¬“°—∫À¡Ÿà‰Œ¥√Õ°´‘≈∫πº‘«¢Õß‡∂â“≈Õ¬‡°‘¥æ—π∏–
‚§«“‡≈πµå¬÷¥‡°“–√–À«à“ß‡ø  (interfacial covalent

bonds)  à«πÀ¡Ÿà‡Õ¡’π (-NH
2
) ¢Õß‰´‡≈π‡¢â“∑”ªØ‘°‘√‘¬“

°—∫ÕÕ°´‘‡®πÕ–µÕ¡¢Õß«ß·À«πÕ’æÕ°‰´¥å ‡ªìπ‡Àµÿ„Àâ
«— ¥ÿ‡™‘ßª√–°Õ∫ “¡“√∂√—∫·√ß°√–∑”‰¥â¡“°¢÷Èπ (Abel et

al., 2006) (Figure 3) µàÕ¡“‡¡◊ËÕæ‘®“√≥“™à«ß∑’Ë 2 æ∫«à“
¡Õ¥ÿ≈— ·√ß¥÷ß≈¥≈ß·≈â«§ß∑’Ë ‡¡◊ËÕª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬
‰´‡≈π§«“¡‡¢â¡¢âπ¡“°°«à“ 0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬
 “‡Àµÿ∑’Ë‡ªìπ‡™àππ—Èπ ‡π◊ËÕß®“°ªØ‘°‘√‘¬“§«∫·πàπ°—π‡Õß
(self- condensation) ¢Õß‰´‡≈π ´÷Ëß§“¥«à“ æÕ≈‘‰´≈Õ§-
‡´π∑’Ë‡°‘¥¢÷Èπ∫√‘‡«≥º‘«‡∂â“≈Õ¬ ∑”Àπâ“∑’Ë¢—¥¢«“ß°“√·æ√à
¢ÕßÕ’æÕ°´’‡√´‘π∑’Ë‡¢â“‰ª∑”ªØ‘°√‘¬“°—∫À¡Ÿà‡Õ¡’π¢Õß‰´‡≈π
´÷Ëß Õ¥§≈âÕß°—∫ß“π«‘®—¬¢Õß Culler ·≈–§≥– (1986) ∑’Ë
‰¥â»÷°…“ªØ‘°√‘¬“¢Õß γ-aminopropyltriethyloxysilane

(γ-APS) °—∫Õ’æÕ°´’‡√´‘π¥â«¬‡∑§π‘§ FT-IR æ∫«à“ §«“¡
«àÕß‰«¢Õß°“√‡°‘¥ªØ‘°‘√‘¬“√–À«à“ß γ-APS °—∫Õ’æÕ° ’́
¢÷ÈπÕ¬Ÿà°—∫ª√‘¡“≥°“√‡°‘¥ªØ‘°‘√‘¬“§«∫·πàπ¢Õß‰´‡≈π  ‚¥¬
§«“¡«àÕß‰«¢Õß°“√‡°‘¥ªØ‘°‘√‘¬“√–À«à“ß γ-APS °—∫Õ’æÕ°-
´’≈¥≈ß ‡¡◊ËÕ‡°‘¥ªØ‘°√‘¬“§«∫·πàπ¢Õß‰´‡≈π¡“°¢÷Èπ ®÷ß¡’
æÕ≈‘‰´≈Õ§‡´π‰ª¢—¥¢«“ß ‡ªìπº≈„Àâ°“√·æ√à¢ÕßÕ’æÕ°´’
‰ª Ÿà‰´‡≈π≈¥≈ß  ”À√—∫°“√‡ª√’¬∫‡∑’¬∫‡™◊ËÕ¡‚¬ß “¬‚´à
¥â«¬§«“¡√âÕπ‚¥¬µ√ß·≈–°“√„™â§≈◊Ëπ‰¡‚§√‡«ø æ∫«à“ °“√
‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø¡’§à“¡Õ¥ÿ≈— ·√ß¥÷ßµË”
°«à“°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß

Figure 2. Tensile modulus of the fly ash/epoxy

                  composites with 20 and 80 phr fly ash

     for conventional (CV) and microwave

     (MW) cures at different KBM603 con-

     tents.

Figure 3.  A model of the treated fly ash/epoxy com-

       posites using KBM603 concentration 0.5

     wt% of the fly ash.

 —ππ‘…∞“π«à“‡°‘¥®“°°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø
¡’‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß “¬‚´àµË”°«à“°“√‡™◊ËÕ¡‚¬ß “¬‚´à
¥â«¬°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß¥—ß· ¥ß„π Table 3 ·≈– 4
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Effects of curing techniques and silane treatment

Chaowasakoo, T. and  Sombatsompop, N.

Figure 4. Effect of KBM603 content on tensile

strength for conventional (CV) and mi-

crowave (MW) cured fly ash/epoxy

composites with 20 and 80 phr fly ash.

Figure 5. Effect of KBM603 content on flexural

 strength for conventional (CV) and

     microwave (MW) cured fly ash/epoxy

       composites with 20 and 80 phr fly ash.

§«“¡ —¡æ—π∏å√–À«à“ß§«“¡µâ“π·√ß¥÷ß°—∫§«“¡
‡¢â¡¢âπ¢Õß KBM603 ∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 ·≈– 80 phr

· ¥ß„π Figure 4 ‚¥¬ ¡∫—µ‘¥â“π§«“¡µâ“π·√ß¥÷ß¡’
≈—°…≥–‡™àπ‡¥’¬«°—∫º≈¢Õß§à“¡Õ¥ÿ≈— ·√ß¥÷ß π—Ëπ§◊Õ §à“
§«“¡µâ“π·√ß¥÷ß‡æ‘Ë¡¢÷Èπ∑’Ë§«“¡‡¢â¡¢âπ‰´‡≈π 0.5 % ‚¥¬
πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ‡ªìπ‡æ√“–‰´‡≈π‡¢â“‰ª∑”ªØ‘°‘√‘¬“
°—∫Õ’æÕ°´’·≈–Õπÿ¿“§‡∂â“≈Õ¬ ∑”„Àâ‡°‘¥∑”„Àâ‡°‘¥æ—π∏–
√–À«à“ß‡ø ∑’Ë·¢Áß·√ß¢÷Èπ ·µà‡¡◊ËÕ§«“¡‡¢â¡¢âπ‰´‡≈π¡“°¢÷Èπ
(¡“°°«à“ 0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬) §à“§«“¡µâ“π
·√ß¥÷ß≈¥≈ß·≈â«§ß∑’Ë ‚¥¬æƒµ‘°√√¡‡™àππ’È æ∫„π§à“§«“¡
µâ“π°“√‚§âßßÕ¥—ß· ¥ß„π Figure 5 „π à«π¢Õß§à“§«“¡
µâ“π·√ß°√–·∑°¥—ß Figure 6 ‡ÀÁπ«à“ «— ¥ÿ‡™‘ßª√–°Õ∫Õ’
æÕ°´’‡√´‘π∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 ·≈– 80 phr ∑’Ëºà“π°“√
‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß¡’§à“§«“¡
µâ“π·√ß°√–·∑°‡æ‘Ë¡¢÷Èπ ∑’Ë§«“¡‡¢â¡¢âπ‰´‡≈π 0.5% ‚¥¬
πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ®“°π—Èπ≈¥≈ß·≈â«§ß∑’Ë∑’Ë§«“¡‡¢â¡¢âπ
 Ÿß°«à“ 0.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ µà“ß°—∫°“√„™â§≈◊Ëπ
‰¡‚§√‡«ø∑’Ë§à“§«“¡µâ“π·√ß°√–·∑°¡’·π«‚πâ¡≈¥≈ß
æƒµ‘°√√¡°“√≈¥≈ß¢Õß§à“§«“¡µâ“π∑“π·√ß°√–·∑°π’È‡ªìπ
‡æ√“–æÕ≈‘‰´≈Õ§‡´π∑’Ë‡°‘¥¢÷Èπ¢—¥¢«“ß°“√·æ√à¢ÕßÕ’æÕ°-
´’‡√´‘π∑’Ë‡¢â“∑”ªØ‘°√‘¬“°—∫À¡Ÿà‡Õ¡’π¢Õß‰´‡≈π¥—ß‰¥â°≈à“«
¡“·≈â«„π¢â“ßµâπ ´÷Ëß “¡“√∂‡ÀÁπ‰¥â™—¥‡®π®“° Figure 7
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Figure 6.  Impact strength of the fly ash/epoxy com-

           posites with 20 and 80 phr fly ash for

conventional (CV) and microwave (MW)

cures at different KBM603 contents.
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· ¥ß‚§√ß √â“ß∑“ß®ÿ≈¿“§¢Õß°“√·µ°À—°™‘Èπß“π∑’Ëºà“π
°“√∑¥ Õ∫§«“¡µâ“π·√ß°√–·∑°¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫-
Õ’æÕ°´’°—∫‡∂â“≈Õ¬∑’Ëª√‘¡“≥ 20 phr ™π‘¥ª√—∫ª√ÿßº‘«∑’Ë
§«“¡‡¢â¡¢âπ‰´‡≈π 0.0 0.5 1.0 ·≈– 1.5% ‚¥¬πÈ”Àπ—°
¢Õß‡∂â“≈Õ¬ ∑’Ëºà“π°“√‡™◊ËÕ¡‚¬ß “¬‚ à́‚¥¬°“√„™â§«“¡√âÕπ
æ∫«à“ ‡∂â“≈Õ¬™π‘¥‰¡àª√—∫ª√ÿßº‘« ª√“°Æ™àÕß«à“ß√–À«à“ß
‡ø ‡∂â“≈Õ¬°—∫Õ’æÕ°´’ (Figure 7 (a)) ´÷Ëß™àÕß«à“√–À«à“ß
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Figure 7. SEMmicrographs of the conventional cured fly ash/epoxy composites with 20

phr fly ash(2000 magnification): KBM603 contents at (a) 0.0 wt%, (b) 0.5 wt%,

(c) 1.0 wt%, and (d) 1.5 wt%.

‡ø π’È ‡ªìπ‡Àµÿ„Àâ°“√ àßºà“π·√ß‡ªìπ‰ª‰¥â¬“°µà“ß®“°°“√
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬∑’Ë§«“¡‡¢â¡¢âπ‰´‡≈π 0.5 % ‚¥¬πÈ”Àπ—°
¢Õß‡∂â“≈Õ¬  æ∫«à“√Õ∫Õπÿ¿“§‡∂â“≈Õ¬¡’‡ âπ°“√¬◊¥µ—«
(elongated line) (µ“¡≈Ÿ°»√™’È¥—ß Figure 7 (b)) ´÷Ëß· ¥ß
„Àâ‡ÀÁπ«à“·√ß∑’Ë¡“°√–∑” à«πÀπ÷Ëß∂Ÿ°·∫àß‰ª∑’Ë√Õ¬µàÕ√–À«à“ß
‡ø ¢Õß‡∂â“≈Õ¬·≈–Õ’æÕ° ’́‡√ ‘́πµà“ß°—∫∑’Ë§«“¡‡¢â¡¢âπ‰´-
‡≈π Ÿß°«à“ 0.5% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ Figure 7 (c) ·≈–
(d) ‰¡àæ∫‡ âπ°“√¬◊¥µ—« À¡“¬§«“¡«à“ ·√ß∑’Ë¡“°√–∑”‰¡à
 “¡“√∂ àßºà“π‰ª‰¥â ‡π◊ËÕß®“°‡ø æÕ≈‘‰´≈Õ§‡´π∑’Ë·∑√°
Õ¬Ÿà‡ªìπ™—ÈπÊ √–À«à“ßÕπÿ¿“§‡∂â“≈Õ¬°—∫Õ’æÕ°´’‡√ ‘́π¢—¥¢«“ß
‡¡◊ËÕæ‘®“√≥“Õ‘∑∏‘æ≈¢Õß√–∫∫°“√‡™◊ËÕ¡‚¬ß “¬‚ à́ æ∫«à“
§«“¡µâ“π·√ß¥÷ß §«“¡µâ“π°“√‚§âßßÕ·≈–§«“¡µâ“π·√ß
°√–·∑°¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬°“√„™â§≈◊Ëπ‰¡‚§√‡«ø

¡’§à“ Ÿß°«à“°“√‡™◊ËÕ¡‚¬ß “¬‚ à́‚¥¬°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß
πà“®–‡ªìπ‡æ√“–ªØ‘°√‘¬“°“√‡°‘¥°“√‡™◊ËÕ¡‚¬ß “¬‚´à∑’Ë·µ°
µà“ß°—π °“√‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬§«“¡√âÕπ‚¥¬µ√ß Õ“»—¬À≈—°
°“√∂à“¬‡∑∑“ß§«“¡√âÕπ ‚¥¬°“√π”·≈–°“√æ“§«“¡√âÕπ
‡¢â“ Ÿà¿“¬„π‚¡‡≈°ÿ≈ ‡æ◊ËÕ°√–µÿâπÀ¡Ÿàª≈“¬ “¬‚ à́ „Àâ “¡“√∂
∑”ªØ‘°‘√‘¬“‰¥â (Prasad and Hsu, 2004) µà“ß‰ª®“°°“√
‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø ∑’ËÕ“»—¬∑—Èß°≈‰°°“√
‡°‘¥‚æ≈“‰√‡´™—Ëπ (polarization) ·≈–°“√π”§«“¡√âÕπ ¥—ß-
π—Èπ ∑”„Àâ°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬§«“¡√âÕπ‚¥¬µ√ß¡’§«“¡
·µ°µà“ß¢ÕßÕÿ≥À¿Ÿ¡‘ (temperature gradient)  Ÿßµà“ß°—∫
°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬ §≈◊Ëπ‰¡‚§√‡«ø∑’ËÕÿ≥À¿Ÿ¡‘ ‡ªìπ·∫∫
‡¥’¬«°—π∑—ÈßÀ¡¥ (uniformed temperature) °“√‡™◊ËÕ¡‚¬ß
 “¬‚´à®÷ß¡’§«“¡ ¡Ë”‡ ¡Õ ‡¡◊ËÕ¡’Õÿ≥À¿Ÿ¡‘·∫∫‡¥’¬«°—π

          (c) (d)

(a) (b)
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µ≈Õ¥™‘Èπß“π  àßº≈„Àâ§à“§«“¡µâ“π·√ß¥÷ß §«“¡µâ“π‚§âßßÕ
·≈–§«“¡µâ“π·√ß°√–·∑°¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬
§≈◊Ëπ‰¡‚§√‡«ø Ÿß°«à“°“√„™â§«“¡√âÕπ‚¥¬µ√ß‡ÀÁπ‰¥â™—¥
‡®π®“° Figure 8 · ¥ß‚§√ß √â“ß®ÿ≈¿“§¢Õß°“√·µ°
À—°™‘Èπß“πÕ’æÕ°´’‡√´‘π‰¡à‡µ‘¡‡∂â“≈Õ¬ ∑’Ëºà“π°“√∑¥ Õ∫
§«“¡µâ“π·√ß°√–·∑° ‡ÀÁπ«à“ ‡¡µ√‘°´å∑’Ëºà“π°“√‡™◊ËÕ¡
‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø¡’æƒµ‘°√√¡°“√·µ°À—°‡ªìπ
·∫∫‡ª√“–πâÕ¬°«à“°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ ‚¥¬
‡¡µ√‘°´å∑’Ë‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ‚¥¬µ√ß ¡’º‘«
·µ°À—°∑’Ë§àÕπ¢â“ß‡√’¬∫ ‡¡◊ËÕ‡∑’¬∫°—∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à
¥â«¬§≈◊Ëπ‰¡‚§√‡«ø

‡¡◊ËÕæ‘®“√≥“ Figure 9 · ¥ß§«“¡ —¡æ—π∏å√–À«à“ß

‡ªÕ√å‡´Áπµå„π°“√¬◊¥µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥°—∫§«“¡‡¢â¡
¢âπ KBM603 ∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 ·≈– 80 phr æ∫«à“
«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π ∑’Ë‡∂â“≈Õ¬ª√‘¡“≥ 20 phr ‡¡◊ËÕ
ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬‰´‡≈π§«“¡‡¢â¡¢âπ 0.5% ‚¥¬πÈ”
Àπ—°¢Õß‡∂â“≈Õ¬  ¡’‡ªÕ√å‡´Áπµå„π°“√¬◊¥µ—«®“°·√ß¥÷ß  ≥
®ÿ¥¢“¥¡’§à“ Ÿß¢÷Èπ ®“°π—Èπ§ß∑’Ë∑’Ë§«“¡‡¢â¡¢âπ‰´‡≈π¡“°°«à“
0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ∑—Èßπ’È‡π◊ËÕß®“°‚¡‡≈°ÿ≈¢Õß
æÕ≈‘‰´≈Õ§‡´π∑’Ë‡°‘¥®“°ªØ‘°‘√‘¬“§«∫·πàπ¢Õß‰´‡≈π ¢—¥
¢«“ß°“√·æ√à¢ÕßÕ’æÕ°´’‡√´‘π‰ª ŸàÀ¡Ÿà‡Õ¡’π¢Õß‰´‡≈π´÷Ëß
µà“ß®“°«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ° ’́‡√ ‘́π ∑’Ë‡∂â“≈Õ¬ª√‘¡“≥ 80

phr ∑’Ë‡ªÕ√å‡ Á́πµå„π°“√¬◊¥µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥¡’§à“
§ß∑’Ëµ≈Õ¥§«“¡‡¢â¡¢âπ‰´‡≈π∑’Ë‡æ‘Ë¡¢÷Èπ  “‡Àµÿ∑’Ë‡ªìπ‡™àππ’È

Figure 8.  SEM micrographs of the conventional and microwave cured epoxy resin (50 and

 500 magnification): (a) Conventional curing ( ××50), (b) Conventional curing ( ××500),

 (c) Microwave curing ( ××50), and (d) Microwave curing ( ××500).
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Figure 9.  Tensile strain at break of the fly ash/

      epoxy composites with 20 and 80 phr

  fly ash for conventional (CV) and mi

                    crowave (MW)cures at different KBM

        603 contents.

‡æ√“–‡∂â“≈Õ¬ª√‘¡“≥ Ÿß¡’°“√°√–®“¬µ—«∑’Ë‰¡à ¡Ë”‡ ¡Õ°—π
 à«πÕ‘∑∏‘æ≈¢Õß√–∫∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à¡’º≈µàÕ‡ªÕ√å‡´Áπµå
„π°“√¬◊¥µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥‚¥¬‡ªÕ√å‡´Áπµå„π°“√¬◊¥
µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ
‰¡‚§√‡«ø¡’§à“ Ÿß°«à“ ‡¡◊ËÕ‡∑’¬∫°—∫°“√„Àâ§«“¡√âÕπ‚¥¬µ√ß
·µàÕ‘∑∏‘æ≈¢Õß√–∫∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à¡’º≈µàÕ«— ¥ÿ‡™‘ß
ª√–°Õ∫Õ’æÕ°´’‡√´‘π∑’Ë‡∂â“≈Õ¬ª√‘¡“≥ 20 phr ¡“°°«à“«— ¥ÿ
‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π∑’Ë‡∂â“≈Õ¬ª√‘¡“≥ 80 phr ‡π◊ËÕß®“°
¡’‡π◊ÈÕ‡¡µ√‘° ǻ¡“°°«à“∑”„Àâ‡ÀÁπº≈°“√¬◊¥µ—«‰¥â™—¥‡®π°«à“
     §«“¡ —¡æ—π∏å√–À«à“ß¡Õ¥ÿ≈— ‚§âßßÕ°—∫§«“¡‡¢â¡¢âπ
KBM603 ∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 ·≈– 80 phr · ¥ß„π
Figure 10 ‡ÀÁπ«à“ §à“¡Õ¥ÿ≈— ‚§âßßÕ¡’·π«‚πâ¡∑’Ë Ÿß¢÷Èπ µ≈Õ¥
§«“¡‡¢â¡¢âπ‰´‡≈π∑’Ë‡æ‘Ë¡¢÷Èπ ́ ÷Ëß¢—¥·¬âß°—∫§à“¡Õ¥ÿ≈— ·√ß¥÷ß
∑’Ë¡’§à“‡æ‘Ë¡¢÷Èπ‡¡◊ËÕª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬‰´‡≈π‡¢â¡¢âπ 0.5

% ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ®“°π—Èπ≈¥≈ß·≈â«§ß∑’Ë∑’Ë§«“¡
‡¢â¡¢âπ‰´‡≈π¡“°°«à“ 0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬ ´÷Ëß
‡ªìπº≈¡“®“°§«“¡·µ°µà“ß¢Õß™π‘¥°“√‡ ’¬√Ÿª (mode  of

deformation) ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬
§«“¡√âÕπ‚¥¬µ√ß·≈–§≈◊Ëπ‰¡‚§√‡«ø æ∫«à“¡Õ¥ÿ≈— ‚§âßßÕ
¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø¡’§à“µË”°«à“°“√

Figure 10.  Effect of KBM603 content on flexural

  modulus for conventional (CV) and

   microwave (MW) cured fly ash/epoxy

                      composites with 20 and 80 phr fly ash.

„™â§«“¡√âÕπ‚¥¬µ√ß æƒµ‘°√√¡‡™àππ’È Õ¥§≈âÕß°—∫§”Õ∏‘∫“¬
∑’Ë°≈à“«¡“·≈â«¢â“ßµâπ

Õ‘∑∏‘æ≈¢Õß°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø ∑’Ë¡’µàÕ ¡∫—µ‘‡™‘ß°≈
¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ° ’́‡√ ‘́π°—∫ª√‘¡“≥‡∂â“≈Õ¬ 20

·≈– 80 phr ∑’Ëª√—∫ª√ÿßº‘« 0.5 % ‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬¥—ß
Figure 11  æ∫«à“§à“¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ°”≈—ß

Figure 11. Tensile modulus of the fly ash/epoxy

                    composites with 20 and 80 phr fly ash

                   at different microwave powers.
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∑’Ë§≈◊Ëπ‰¡‚§√‡«ø 80 ·≈– 240 «—µµå  ¡’§à“„°≈â‡§’¬ß°—π
(Figure 11 ·≈– 12) ·µàµË”°«à“°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 400

«—µµå ‡æ√“–‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß “¬‚´à∑’Ë°”≈—ß§≈◊Ëπ
‰¡‚§√‡«ø 400 «—µµå¡’§à“ Ÿß°«à“∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 80

·≈– 240 «—µµå ·µà‡¡◊ËÕ‡∑’¬∫°—∫°“√‡™◊ËÕ¡‚¬ß “¬‚ à́¥â«¬
§«“¡√âÕπ‚¥¬µ√ß ‡ÀÁπ«à“¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ
¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ‚¥¬µ√ß¡’§à“ Ÿß°«à“
°“√„™â§≈◊Ëπ‰¡‚§√‡«ø∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø  80  240 ·≈–
400 «—µµå ‡æ√“–‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß “¬‚´à¢Õß°“√„Àâ
§«“¡√âÕπ‚¥¬µ√ß¡’§à“ Ÿß°«à“°“√„™â§≈◊Ëπ‰¡‚§√‡«ø

πÕ°®“°π’È Õ‘∑∏‘æ≈¢Õß°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø¬—ß àß
º≈µàÕ§à“§«“¡µâ“π·√ß¥÷ß  §«“¡µâ“π°“√‚§âßßÕ ·≈–§«“¡
µâ“π·√ß°√–·∑° (Figure 13 14 ·≈– 15) æ∫«à“ §à“
§«“¡µâ“π·√ß¥÷ß §«“¡µâ“π°“√‚§âßßÕ·≈–§«“¡µâ“π·√ß
°√–·∑°¡’·π«‚πâ¡≈¥≈ß ‡¡◊ËÕ°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø Ÿß¢÷Èπ
‡π◊ËÕß®“°∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø Ÿß¡’√–¬–‡«≈“„π°“√‡™◊ËÕ¡
‚¬ß “¬‚´à —Èπ (°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 80 240  ·≈– 400  «—µµå
„™â‡«≈“„π°“√‡™◊ËÕ¡‚¬ß “¬‚´à  60 18  ·≈–  12  π“∑’)  àß
º≈„Àâ‡°‘¥°“√°—°¢—ß¢ÕßøÕßÕ“°“»‡≈Á°Ê¿“¬„π™‘Èπß“π ´÷Ëß
øÕßÕ“°“»∑’Ë‡°‘¥¢÷Èππ’È¡“®“° Õß·À≈àß §◊Õ §«“¡™◊Èπ∑’Ë¡’
Õ¬Ÿà¿“¬„π‡¡µ√‘°´å ·≈–√Õ¬µàÕ√–À«à“ß‡ø ‡∂â“≈Õ¬°—∫
‡¡µ√‘°´å (Boey et al., 1995) ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°“√‡™◊ËÕ¡
‚¬ß “¬‚´à¥â«¬§«“¡√âÕπ‚¥¬µ√ß°—∫§≈◊Ëπ‰¡‚§√‡«ø  æ∫«à“
∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 80 ·≈– 240 «—µµå  ¡’§«“¡µâ“π·√ß¥÷ß
§«“¡µâ“π°“√‚§âßßÕ ·≈–§«“¡µâ“π√âÕπ‚¥¬µ√ß·≈–°“√
„™â§≈◊Ëπ‰¡‚§√‡«ø æ∫«à“ °“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ
‰¡‚§√‡«ø ¡’Õÿ≥À¿Ÿ¡‘‡ªìπ·∫∫‡¥’¬«°—π∑—ÈßÀ¡¥ ·µà ”À√—∫
∑’Ë°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø 400 «—µµå ¡’§à“§«“¡µâ“π·√ß¥÷ß  §«“¡
µâ“π°“√‚§âßßÕ ·≈–§«“¡µâ“π·√ß°√–·∑°„°≈â‡§’¬ß°—∫°“√
„™â§«“¡√âÕπ‚¥¬µ√ß  ‡π◊ËÕß®“°‡°‘¥°“√°—°¢—ßøÕßÕ“°“»‡¡◊ËÕ
¡’·√ß¡“°√–∑”®÷ß∑”„Àâ™‘Èπß“π¢“¥·≈–·µ°À—°°àÕπ°”Àπ¥
‡¡◊ËÕæ‘®“√≥“Õ‘∑∏‘æ≈¢Õß°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø ∑’Ë¡’µàÕ
‡ªÕ√å‡ Á́πµå„π°“√¬◊¥µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥¥—ß Figure 16

‡ÀÁπ«à“ °”≈—ß§≈◊Ëπ‰¡‚§√‡«ø¡’º≈µàÕ‡ªÕ√å‡´Áπµå„π°“√¬◊¥
µ—«®“°·√ß¥÷ß ≥ ®ÿ¥¢“¥¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ° ’́‡√-
´‘π∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 phr ¡“°°«à“«— ¥ÿ‡™‘ßª√–°Õ∫Õ’
æÕ°´’‡√´‘π∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 80 phr ‡π◊ËÕß®“°«— ¥ÿ‡™‘ß

Figure 12.  Effect of microwave power on flexural

  modulus for fly ash/epoxy composites

  with 20 and 80 phr fly ash.

Figure 13. Effect of microwave power on tensile

      strength for fly ash/epoxy composites

        with 20 and 80 phr fly ash.

ª√–°Õ∫Õ’æÕ°´’‡√´‘π∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 20 phr ¡’‡π◊ÈÕ
‡¡µ√‘° ǻ¡“°°«à“«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ° ’́‡√ ‘́π∑’Ëª√‘¡“≥
‡∂â“≈Õ¬ 80 phr ́ ÷Ëß‡¡µ√‘°´å¡’º≈µàÕ°“√‡°‘¥°“√‡™◊ËÕ¡‚¬ß  “¬
‚ à́‚¥¬À¡Ÿàª≈“¬ “¬‚ à́¿“¬„π‚¡‡≈°ÿ≈¢Õß‡¡µ√‘° ǻ®–‡ªìπ
µ—«∑’Ë∂Ÿ°°√–µÿâπ®“°§≈◊Ëπ‰¡‚§√‡«ø„Àâ “¡“√∂∑”ªØ‘°‘√‘¬“
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°“√‡™◊ËÕ¡‚¬ß “¬‚ à́‰¥â  ¥—ßπ—Èπ ‡¡◊ËÕ‡æ‘Ë¡°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø
®÷ß‡ÀÁπº≈°“√‡ª≈’Ë¬π·ª≈ß¢Õß‡ªÕ√å‡´Áπµå„π°“√¬◊¥µ—«®“°
·√ß¥÷ß ≥ ®ÿ¥¢“¥¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π∑’Ë
ª√‘¡“≥‡∂â“≈Õ¬ 20 phr ¡“°°«à“«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’
‡√´‘π∑’Ëª√‘¡“≥‡∂â“≈Õ¬ 80 phr

     ®“°°“√»÷°…“Õ‘∑∏‘æ≈¢Õß√–∫∫°“√‡™◊ËÕ¡‚¬ß “¬‚´à
∑’Ë¡’µàÕ ¡∫—µ‘¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π°—∫‡∂â“≈Õ¬

Figure 14.  Effect of microwave power on flexural

  strength for fly ash/epoxy composites

        with 20 and 80 phr fly ash.

Figure 15. Impact strength of the fly ash/epoxy

                     composites with 20 and 80 phr fly ash

    at different microwave powers.....

Figure 16. Tensile strain at break of the fly ash/

                    epoxy composites with 20 and 80 phr

    fly ash at  different microwave powers.

 “¡“√∂°≈à“«‚¥¬√«¡‰¥â«à“ °“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ
‰¡‚§√‡«ø   àßº≈∑’Ë¥’µàÕ ¡∫—µ‘°“√µâ“π·√ß Ÿß ÿ¥ (ultimate

properties) ·≈–°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥ (tensile strain at

break) „π¢≥–∑’Ë°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬°“√„Àâ§«“¡√âÕπ
‚¥¬µ√ß àßº≈¥’¥â“π ¡∫—µ‘¥â“πÕ‘≈“ µ‘°‡™‘ß°≈‡™àπ ¡Õ¥ÿ≈— 
·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ ‡ªìπµâπ Õ¬à“ß‰√°Áµ“¡ ¢âÕ‰¥â‡ª√’¬∫
¢Õß°“√‡™◊ËÕ¡‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø  §◊Õ √–¬–‡«≈“
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°√–∫«π°“√º≈‘µ  ·≈–≈¥°“√„™âæ≈—ßß“π

 √ÿªº≈°“√∑¥≈Õß

1. °“√ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬¥â«¬ “√§Ÿà§«∫ KBM603
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‚¬ß “¬‚´à¥â«¬§≈◊Ëπ‰¡‚§√‡«ø  àßº≈∑’Ë¥’µàÕ ¡∫—µ‘°“√µâ“π
·√ß Ÿß ÿ¥ (ultimate properties) ·≈–°“√¬◊¥µ—« Ÿß ÿ¥
(tensile strain at break) „π¢≥–∑’Ë°“√‡™◊ËÕ¡‚¬ß “¬‚´à
¥â«¬§«“¡√âÕπ‚¥¬µ√ß àßº≈¥’¥â“π ¡∫—µ‘Õ‘≈“ µ‘°‡™‘ß°≈ ‡™àπ
¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ ‡ªìπµâπ

3. Õ‘∑∏‘æ≈¢Õß°”≈—ß§≈◊Ëπ‰¡‚§√‡«ø   àßº≈µàÕ
 ¡∫—µ‘‡™‘ß°≈¢Õß«— ¥ÿ‡™‘ßª√–°Õ∫Õ’æÕ°´’‡√´‘π°—∫‡∂â“≈Õ¬
™π‘¥ª√—∫ª√ÿßº‘«‡∂â“≈Õ¬∑’Ë§«“¡‡¢â¡¢âπ 0.5 % ‚¥¬πÈ”
Àπ—°¢Õß‡∂â“≈Õ¬ ‡√’¬ß≈”¥—∫¥—ßπ’È

3.1  ¡∫—µ‘°“√µâ“π·√ß Ÿß ÿ¥·≈–‡ªÕ√å‡´Áπµå
°“√¬◊¥µ—« ≥ ®ÿ¥¢“¥

 80W > 240W > 400W ≥≥   Conventional curing 70OC

3.2  ¡∫—µ‘¡Õ¥ÿ≈— ·√ß¥÷ß·≈–¡Õ¥ÿ≈— ‚§âßßÕ

80 W < 240 W < 400 W < Conventional curing 70OC

°‘µµ‘°√√¡ª√–°“»

§≥–«‘®—¬¢Õ¢Õ∫§ÿ≥ º».¥√.®—π∑√å©“¬  ∑Õßªîòπ
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