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Possible Use of Calcium Methacrylate as Co-agent in
Natural Rubber Vulcanizates in Peroxide Cure System
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ABSTRACT

Possibility of using calcium methacrylate, obtained from the reaction between
calcium oxide (CaO) and methacrylic acid (MAA), as a co-agent for peroxide cure in natural
rubber (NR) was investigated. Cure activation efficiency of calcium methacrylate was compared
with CaO and MAA. Properties of peroxide-cure NR obtained from the addition of these
chemicals were also determined. The results reveal that MAA retards peroxide vulcanization
reaction as it not only lowers cure rate, but also reduces state of cure resulting in impaired
mechanical properties of the vulcanizate. On the contrary, CaO could activate vulcanization
reaction giving the vulcanizate with greater state of cure and better mechanical properties.
Results from FTIR reveal that, in the presence of CaO, crosslinks could take place only through
covalent bonds. When MAA was added together with CaO, the two chemicals could chemically
react and form calcium methacrylate which has greater cure activation efficiency than CaO.
Consequently, the addition of MAA together with CaO gives fastest cure rate and highest state
of cure. In addition, results from FTIR disclose that the addition of MAA together with CaO
gives combined crosslink systems, i.e., a combination of covalent and ionic bonds. The vulcanizate
obtained therefore possesses the best mechanical properties.
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∫∑π”
 “√°√–µÿâπ√à«¡ (co-agents) ®—¥‡ªìπ “√‡§¡’∑’Ë‡√‘Ë¡‡¢â“¡“¡’∫∑∫“∑ ”§—≠¡“°¢÷Èπ„π°“√§ß√Ÿª¬“ß

¥â«¬√–∫∫‡æÕ√åÕÕ°‰´¥å ‡æ√“– “√‡§¡’„π°≈ÿà¡π’ÈπÕ°®“°®–™à«¬°√–µÿâπÕ—µ√“‡√Á«¢Õß°“√‡°‘¥ªØ‘°‘√‘¬“§ß√Ÿª·≈â«
 “√°√–µÿâπ√à«¡∫“ß™π‘¥¬—ß™à«¬‡æ‘Ë¡√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ßÕ’°¥â«¬ µ—«Õ¬à“ß∑’Ë ”§—≠¢Õß
 “√°√–µÿâπ√à«¡∑’Ëπ‘¬¡„™â„πÕÿµ “À°√√¡¬“ß ‰¥â·°à ´‘ß§å‰¥Õ–‰§√‡≈µ (zinc diacrylate, ZDA) ·≈–
´‘ß§å‰¥‡¡∑“‰§√‡≈µ (zinc dimethacrylate, ZDMA) ·¡â«à“°≈‰°°“√∑”ß“π¢Õß “√°√–µÿâπ√à«¡®–¬—ß‰¡à
‡ªìπ∑’Ë‡¢â“„®°—πÕ¬à“ß™—¥‡®π ·µà®“°°“√»÷°…“æ∫«à“°“√‡æ‘Ë¡¢÷Èπ¢Õß√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π
°√≥’∑’Ë¡’°“√‡µ‘¡ “√°√–µÿâπ√à«¡≈ß‰ªπ—Èπ‡°‘¥®“°°“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘° (ionic crosslink) ¥—ßπ—Èπ
°“√‡µ‘¡ “√°√–µÿâπ√à«¡ (‡™àπ ZDA) ≈ß‰ª√–∫∫∑’Ë§ß√Ÿª¥â«¬‡æÕ√åÕÕ°‰´¥å®÷ß àßº≈∑”„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ß
·∫∫º ¡§◊Õ¡’∑—Èßæ—π∏–‚§‡«‡≈π ǻ (C-C) ·≈–æ—π∏–‰ÕÕÕπ‘° (O-Zn-O) ∑—Èßπ’È ‡π◊ËÕß®“°æ—π∏– O-Zn-O
¡’§«“¡¬“«·≈–§«“¡¬◊¥À¬ÿàπ Ÿß°«à“æ—π∏– C-C ¥—ßπ—Èπ¬“ß§ß√Ÿª∑’Ë‰¥â®÷ß¡’ ¡∫—µ‘‡™‘ßæ≈«—µ (dynamic
properties) ¥’¢÷Èπ [1]

°“√‡≈◊Õ°„™â “√°√–µÿâπ√à«¡∑’Ë®–°àÕ„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘°π—Èπ®”‡ªìπµâÕßæ‘®“√≥“∂÷ß™π‘¥
¢Õß¬“ß¥â«¬ ‡™àπ  ”À√—∫¬“ß∑’Ë¡’À¡Ÿà§“√å∫Õ°´‘≈‘°Õ¬Ÿà„π‚¡‡≈°ÿ≈ °“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘° “¡“√∂‡°‘¥¢÷Èπ‰¥â
¥â«¬°“√‡µ‘¡‚≈À– ‡™àπ Zn2+ ≈ß‰ª‡∑à“π—Èπ [2-3] ·µà ”À√—∫¬“ß∑’Ë‰¡à¡’À¡Ÿà§“√å∫Õ° ‘́≈‘°Õ¬Ÿà„π‚¡‡≈°ÿ≈
°“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘°®–‡°‘¥¢÷Èπ‰¥â°ÁµàÕ‡¡◊ËÕ¡’°“√‡µ‘¡ “√º ¡√–À«à“ß‚≈À–°—∫°√¥Õ–‰§√≈‘§ (acrylic
acid) [4] À√◊Õ°√¥‡¡∑“‰§√≈‘§ (methacrylic acid) [5-6] πÕ°®“°π’È ¬—ß¡’°“√√“¬ß“π«à“°“√‡µ‘¡°√¥
‡¡∑“‰§√≈‘§≈ß‰ª„π¬“ß∑’Ë¡’π“‚π·§≈‡´’¬¡§“√å∫Õ‡πµ‡ªìπ “√µ—«‡µ‘¡ “¡“√∂™à«¬‡æ‘Ë¡Õ—πµ√°‘√‘¬“ (interface
interaction) √–À«à“ß¬“ß·≈– “√µ—«‡µ‘¡‰¥âÕ’°¥â«¬ [7]

·§≈‡´’¬¡ÕÕ°‰´¥å (calcium oxide, CaO) π‘¬¡„™â‡ªìπ “√¥Ÿ¥§«“¡™◊Èπ„πº≈‘µ¿—≥±å¬“ß∑’Ë§ß
√Ÿª‚¥¬„™âÕÿ‚¡ß§å≈¡√âÕπ (hot air tunnel) À√◊ÕÕà“ß‡°≈◊ÕÀ≈Õ¡ (molten salt bath) ‡æ◊ËÕªÑÕß°—π‰¡à„Àâ‡°‘¥
øÕßÕ“°“»¢÷Èπ„π‡π◊ÈÕ¬“ß¢≥–§ß√Ÿª ‚¥¬·§≈‡´’¬¡ÕÕ°‰´¥å®–∑”ªØ‘°‘√‘¬“°—∫§«“¡™◊Èπ„π¬“ß‡°‘¥‡ªìπ·§≈‡´’¬¡
‰Œ¥√Õ°‰´¥å (Ca(OH)2) ´÷Ëß¡’§«“¡‡ ∂’¬√µàÕ§«“¡√âÕπ Ÿß¡“° (ª√–¡“≥ 350 Õß»“‡´≈‡´’¬ ) ¥—ß ¡°“√
[8-9]

„πß“π«‘®—¬π’È  π„®∑’Ë®–»÷°…“§«“¡‡ªìπ‰ª‰¥â„π°“√„™â·§≈‡´’¬¡‡¡∑“‰§√‡≈µ ÷́Ëß‡µ√’¬¡‰¥â®“°
ªØ‘°‘√‘¬“√–À«à“ß·§≈‡´’¬¡ÕÕ°‰´¥å·≈–°√¥‡¡∑“‰§√≈‘§¡“‡ªìπ “√°√–µÿâπ√à«¡„π¬“ß∏√√¡™“µ‘∑’Ë§ß√Ÿª¥â«¬
√–∫∫‡æÕ√åÕÕ°‰´¥å ‚¥¬§“¥«à“·§≈‡´’¬¡‡¡∑“‰§√‡≈µ®–™à«¬ª√—∫ª√ÿß ¡∫—µ‘‡™‘ß°≈¢Õß¬“ß„Àâ Ÿß¢÷Èπ‰¥â

CaO (s) + H2O (I) Ca(OH)2 (aq)
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Õÿª°√≥å·≈–«‘∏’°“√∑¥≈Õß
«— ¥ÿ
ß“π«‘®—¬π’È„™â¬“ß∏√√¡™“µ‘‡°√¥ STR 5L º≈‘µ‚¥¬∫√‘…—∑¬Ÿ‡π’Ë¬π√—∫‡∫Õ√å‚æ√¥—° å ®”°—¥ °√¥

‡¡∑“‰§√≈‘§ (methacrylic acid, MAA) ®“°∫√‘…—∑ ‡¡Õ√å§ ®”°—¥ ·§≈‡´’¬¡ÕÕ°‰´¥å (Rhenogran
CaO-80) ®“°∫√‘…—∑‡√Õ‘π ‡§¡’ ®”°—¥ ·≈– ‰¥§‘«¡‘≈‡æÕ√åÕÕ°‰´¥å (DCP, 99%) ®“°∫√‘…—∑§Õπ§Õ√å¥‡§¡’
§Õ≈ Õ‘π¥å ®”°—¥

°“√‡µ√’¬¡·≈–∑¥ Õ∫ ¡∫—µ‘¢Õß¬“ß§Õ¡æ“«¥å
µ“√“ß∑’Ë 1 · ¥ß Ÿµ√°“√º ¡‡§¡’∑’Ë„™â„πß“π«‘®—¬ À≈—ß®“°°“√ÕÕ° Ÿµ√ ‰¥â¥”‡π‘π°“√º ¡‡§¡’

¬“ß‚¥¬„™â‡§√◊ËÕßº ¡√–∫∫ªî¥ (Brabender 350E) µ—ÈßÕÿ≥À¿Ÿ¡‘‡√‘Ë¡µâπ¢ÕßÀâÕßº ¡‡∑à“°—∫ 60°C §«“¡‡√Á«
√Õ∫„π°“√À¡ÿπ¢Õß‚√‡µÕ√å‡∑à“°—∫ 40 √Õ∫µàÕπ“∑’ ∑—Èßπ’È À≈—ß®“°∑’Ë∑”°“√∫¥¬“ß∏√√¡™“µ‘„Àâπ‘Ë¡„π
‡§√◊ËÕßº ¡‡ªìπ√–¬–‡«≈“ 2 π“∑’ ·≈â«®÷ß‡µ‘¡ CaO (∂â“¡’„π Ÿµ√) µ“¡≈ß‰ª·≈–∑”°“√º ¡µàÕ‰ªÕ’°‡ªìπ
√–¬–‡«≈“ 2 π“∑’°àÕπ∑’Ë®–∑”°“√‡µ‘¡ MAA (∂â“¡’„π Ÿµ√)  à«π DCP ®–∂Ÿ°‡µ‘¡„ππ“∑’∑’Ë 6 ·≈â«º ¡µàÕ
Õ’° 3 π“∑’°àÕπ∑’Ë®–π”¬“ß§Õ¡æ“«¥åÕÕ°®“°‡§√◊ËÕßº ¡·≈â«π”‰ª√’¥„Àâ‡ªìπ·ºàπ¥â«¬‡§√◊ËÕß√’¥·∫∫ 2
≈Ÿ°°≈‘Èß ∑â“¬ ÿ¥®÷ß·∫àß¬“ß§Õ¡æ“«¥å∑’Ëº ¡‰¥âÕÕ°‡ªìπ 3  à«π  à«π·√°π”‰ª«—¥§à“§«“¡Àπ◊¥¡Ÿππ’Ëµ“¡
¡“µ√∞“π ISO R289 ¥â«¬‡§√◊ËÕß Mooney viscometer (ViscTech+) ∑’ËÕÿ≥À¿Ÿ¡‘ 100°C  à«π∑’Ë 2 π”‰ª
»÷°…“≈—°…≥–°“√§ß√Ÿª¥â«¬‡§√◊ËÕß Moving Die Rheometer (MDR TechPRO MD+) ∑’ËÕÿ≥À¿Ÿ¡‘ 160°C
µ“¡¡“µ√∞“π ISO 6502 ∑”°“√∫—π∑÷°§à“·√ß∫‘¥µË” ÿ¥ (minimum torque, ML) ·≈–§à“·√ß∫‘¥ Ÿß ÿ¥
(maximum torque, MH) ∑’Ë‰¥â®“°°“√§ß√Ÿª¥â«¬ ∑—Èßπ’È‡π◊ËÕß®“°º≈µà“ß¢Õß§à“·√ß∫‘¥¥—ß°≈à“« (MH-ML)
 “¡“√∂π”‰ª„™â„π°“√∫àß™’È√–¥—∫¢Õß°“√§ß√ŸªÀ√◊Õ√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß [10-11] ·≈–
 à«π∑’Ë 3 π”‰ª¢÷Èπ√Ÿª ”À√—∫∑¥ Õ∫ ¡∫—µ‘µà“ßÊ ¢Õß¬“ß§ß√ŸªµàÕ‰ª

µ“√“ß∑’Ë 1  Ÿµ√°“√º ¡‡§¡’¢Õß¬“ß§Õ¡æ“«¥å

 à«πª√–°Õ∫ ª√‘¡“≥ (phr*)

Control MAA CaO MAA+CaO

¬“ß∏√√¡™“µ‘ (STR 5L) 100 100 100 100

°√¥‡¡∑“‰§√≈‘§ (MAA) - 5 - 5

·§≈‡´’¬¡ÕÕ°‰´¥å (Rhenogran CaO-80) - - 5 5

‰¥§‘«¡‘≈‡æÕ√åÕÕ°‰´¥å (DCP) 1 1 1 1

À¡“¬‡Àµÿ: *parts per hundred of rubber ( à«π„πÀπ÷Ëß√âÕ¬ à«π¢Õß¬“ß)



«“√ “√«‘∑¬“»“ µ√å ¡»« ªï∑’Ë 27 ©∫—∫∑’Ë 1 (2554) 173

°“√‡µ√’¬¡·≈–∑¥ Õ∫ ¡∫—µ‘¢Õß¬“ß§ß√Ÿª
π”¬“ß§Õ¡æ“«¥å‰ª¢÷Èπ√Ÿª¥â«¬‡§√◊ËÕßÕ—¥‰Œ¥√Õ≈‘°∑’ËÕÿ≥À¿Ÿ¡‘ 160°C ‡ªìπ√–¬–‡«≈“ 24 π“∑’

®“°π—Èπ®÷ßπ”¬“ß§ß√Ÿª∑’Ë‰¥â‰ª∑¥ Õ∫ ¡∫—µ‘µà“ßÊ ‰¥â·°à §«“¡·¢Áß (hardness) ¥â«¬‡§√◊ËÕß Wallace Shore
A durometer µ“¡¡“µ√∞“π ISO 7619 (Part 1)  ¡∫—µ‘·√ß¥÷ß (tensile properties) ·≈–§«“¡
∑π∑“πµàÕ°“√©’°¢“¥ (tear strength) ¥â«¬‡§√◊ËÕß universal testing machine (Instron 5566 series)
µ“¡¡“µ√∞“π ISO 37 (die type 1) ·≈– ISO 34 (die B) µ“¡≈”¥—∫ °“√‡ ’¬√Ÿª∂“«√À≈—ß°¥ (compression
set) µ“¡¡“µ√∞“π ISO 815 (method B) ‚¥¬∑”°“√∑¥ Õ∫∑’ËÕÿ≥À¿Ÿ¡‘ 100°C ‡ªìπ√–¬–‡«≈“ 22 ™—Ë«‚¡ß
§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß (crosslink density) ‚¥¬„™â«‘∏’°“√∑¥ Õ∫°“√∫«¡æÕß¢Õß¬“ß„π
µ—«∑”≈–≈“¬‚∑≈ŸÕ’π (toluene) ∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ√–¬–‡«≈“ 72 ™—Ë«‚¡ß ∑”°“√§”π«≥À“§«“¡Àπ“·πàπ
¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ß‚¥¬„™â ¡°“√ Flory-Rehner ¥—ß· ¥ß¢â“ß≈à“ß [12]

‡¡◊ËÕ υ2 §◊Õ —¥ à«π‚¥¬ª√‘¡“µ√¢Õß‡π◊ÈÕ¬“ß∑’Ë¡’Õ¬Ÿà„π™‘Èπ∑¥ Õ∫∑’Ë∫«¡æÕß χ1 §◊Õ§à“µ—«·ª√
Õ—πµ√°‘√‘¬“ (interaction parameter) √–À«à“ß¬“ß∏√√¡™“µ‘°—∫‚∑≈ŸÕ’π´÷Ëß¡’§à“‡∑à“°—∫ 0.393 [13]
V1 §◊Õª√‘¡“µ√¢Õßµ—«∑”≈–≈“¬µàÕÀπ÷Ëß‚¡≈ (molar volume) ÷́Ëß¡’§à“‡∑à“°—∫ 107.09 ¡‘≈≈‘≈‘µ√µàÕ‚¡≈ ·≈–
n §◊Õ®”π«π “¬‚ à́‚¡‡≈°ÿ≈¬“ß∑’Ë¡’§«“¡¬◊¥À¬ÿàπµàÕÀπ÷ËßÀπà«¬ª√‘¡“µ√ πÕ°®“°π’È¬—ß‰¥â¥”‡π‘π°“√«‘‡§√“–Àå
À“À¡Ÿàøíß°å™—π¢Õß¬“ß§ß√Ÿª¥â«¬‡§√◊ËÕß FTIR  ‡ª§‚µ√¡‘‡µÕ√å (Thermo Scientific NicoletTM 6700)
Õ’°¥â«¬

º≈°“√∑¥≈Õß·≈–«‘®“√≥åº≈°“√∑¥≈Õß
 ¡∫—µ‘¢Õß¬“ß§Õ¡æ“«¥å (Compound properties)
µ“√“ß∑’Ë 2 · ¥ß§à“æ≈—ßß“π„π°“√º ¡·≈–§«“¡Àπ◊¥¡Ÿππ’Ë¢Õß¬“ß§Õ¡æ“«¥å Ÿµ√µà“ßÊ ®“°

µ“√“ßæ∫«à“°“√‡µ‘¡ MAA ≈ß‰ª àßº≈∑”„Àâæ≈—ßß“π„π°“√º ¡≈¥≈ß ∑—Èßπ’È‡æ√“– MAA Õ¬Ÿà„π ¿“«–
¢Õß‡À≈«®÷ß “¡“√∂∑”Àπâ“∑’Ë‡ªìπ “√™à«¬„π°√–∫«π°“√º≈‘µ‰¥â Õ¬à“ß‰√°Á¥’ ‡π◊ËÕß®“° MAA ¡’§«“¡‡ªìπ
¢—È« Ÿß®÷ß¡’§«“¡‡¢â“°—π‰¥â°—∫¬“ß∏√√¡™“µ‘µË” ¥â«¬‡Àµÿπ’È ®÷ß¡’§«“¡‡ªìπ‰ª‰¥â Ÿß∑’Ë MAA ®–·¬°µ—«ÕÕ°¡“
®“°¬“ß·≈–∑”Àπâ“∑’Ë‡ ¡◊Õπ‡ªìπ “√À≈àÕ≈◊Ëπ„π√–À«à“ß°√–∫«π°“√º ¡®÷ß àßº≈∑”„Àâ·√ß∫‘¥∑’Ë‡°‘¥¢÷Èπ
„π√–À«à“ß°“√º ¡≈¥≈ß Õ—π®– àßº≈µàÕ‡π◊ËÕß∑”„Àâæ≈—ßß“π„π°“√º ¡¡’·π«‚πâ¡≈¥≈ß¥â«¬‡™àπ°—π
®“°°“√«—¥§à“§«“¡Àπ◊¥æ∫«à“ MAA  àßº≈∑”„Àâ¬“ß§Õ¡æ“«¥å¡’§à“§«“¡Àπ◊¥¡Ÿππ’Ë≈¥≈ßÕ¬à“ß¡’π—¬ ”§—≠
∑—Èßπ’È °“√≈¥≈ß¢Õß§«“¡Àπ◊¥¡Ÿππ’Ë¥—ß°≈à“« à«πÀπ÷Ëßπà“®–‡ªìπº≈¡“®“°°“√À≈àÕ≈◊Ëπ·∫∫¿“¬„π (internal
lubrication) °≈à“«§◊Õ MAA ´÷Ëß‡ªìπ¢Õß‡À≈«®–‡¢â“‰ª™à«¬≈¥·√ß‡ ’¬¥∑“π√–À«à“ß‚¡‡≈°ÿ≈¬“ß∑”„Àâ
‚¡‡≈°ÿ≈¬“ß‡§≈◊ËÕπ∑’Ë‰¥âßà“¬¢÷Èπ ·µà‚¥¬À≈—°Ê ·≈â«πà“®–‡°‘¥®“°°“√À≈àÕ≈◊Ëπ·∫∫¿“¬πÕ° (external
lubrication) ∑—Èßπ’È‡æ√“– MAA  à«π∑’Ë¡“°‡°‘π¢’¥§«“¡ “¡“√∂„π°“√≈–≈“¬®–·æ√àÕÕ°¡“®“°‡π◊ÈÕ¬“ß
·≈–∑”Àπâ“∑’Ë‡ªìπ “√À≈àÕ≈◊Ëπ√–À«à“ß‡π◊ÈÕ¬“ß·≈–æ◊Èπº‘«¢Õß‚√‡µÕ√å„π√–À«à“ß°“√∑¥ Õ∫ àßº≈∑”„Àâ§«“¡
Àπ◊¥∑’Ë«—¥‰¥â¡’§à“µË”≈ß
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 ”À√—∫√–∫∫∑’Ë¡’°“√‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«æ∫«à“ CaO πÕ°®“°®– àßº≈∑”„Àâæ≈—ßß“π„π
°“√º ¡ Ÿß¢÷Èπ·≈â« ¬—ß∑”„Àâ¬“ß§Õ¡æ“«¥å¡’§«“¡Àπ◊¥∑’Ë Ÿß¢÷ÈπÕ’°¥â«¬ ∑—Èßπ’È°“√‡æ‘Ë¡¢÷Èπ¢Õßæ≈—ßß“π„π°“√
º ¡·≈–§«“¡Àπ◊¥¢Õß¬“ß§Õ¡æ“«¥å¥—ß°≈à“«§“¥«à“‡°‘¥®“°º≈¢Õß‰Œ‚¥√‰¥π“¡‘° å (hydrodynamic
effect) ‡æ√“– CaO ‡ªìπ “√Õπ‘π∑√’¬å∑’ËÕ¬Ÿà„π ¿“æ¢Õß·¢Áß´÷Ëß¡’§à“¡Õ¥Ÿ≈—  Ÿß¡“°·≈–‰¡à “¡“√∂‡°‘¥°“√
‡ª≈’Ë¬π·ª≈ß√Ÿª√à“ß‰¥â ‡¡◊ËÕ‡µ‘¡ CaO ≈ß‰ª„π¬“ß®÷ß àßº≈∑”„Àâ —¥ à«π¢Õß‡π◊ÈÕ¬“ß≈¥≈ß (‡ªìπº≈¢Õß°“√
‡®◊Õ®“ß) §«“¡Àπ◊¥¢Õß¬“ß§Õ¡æ“«¥å®÷ß Ÿß¢÷ÈπÕ—π®– àßº≈µàÕ‡π◊ËÕß∑”„Àâæ≈—ßß“π∑’Ë„™â„π°“√º ¡ Ÿß¢÷Èπµ“¡
‰ª¥â«¬‡™àπ°—π Õ¬à“ß‰√°Á¥’ „π√–∫∫∑’Ë¡’°“√‡µ‘¡∑—Èß MAA ·≈– CaO æ∫«à“∑—Èßæ≈—ßß“π∑’Ë„™â„π°“√º ¡·≈–
§«“¡Àπ◊¥¢Õß¬“ß§Õ¡æ“«¥åµà“ß°Á¡’§à“ Ÿß°«à“¬“ß Ÿµ√§«∫§ÿ¡‡≈Á°πâÕ¬·µà°Á¬—ß¡’§à“Õ¬Ÿà√–À«à“ß√–∫∫∑’Ë¡’°“√‡µ‘¡
CaO ·≈– MAA ‡æ’¬ßÕ¬à“ß‡¥’¬«

µ“√“ß∑’Ë 2 æ≈—ßß“π„π°“√º ¡·≈–§«“¡Àπ◊¥¡Ÿππ’Ë¢Õß¬“ß§Õ¡æ“«¥å

µ—«Õ¬à“ß æ≈—ßß“π„π°“√º ¡ (kN.m) §«“¡Àπ◊¥¡Ÿππ’Ë (MU)

Control 304.7 62.0

MAA 300.1 47.0

CaO 348.9 80.3

MAA+CaO 308.3 69.0

√Ÿª∑’Ë 1 · ¥ß≈—°…≥–°“√§ß√Ÿª¢Õß¬“ß§Õ¡æ“«¥å∑’ËÕÿ≥À¿Ÿ¡‘ 160°C „π™à«ß√–¬–‡«≈“°“√
∑¥ Õ∫®“° 0-40 π“∑’ ®“°√Ÿªæ∫«à“≈—°…≥–°“√§ß√Ÿª¢Õß¬“ß∑—ÈßÀ¡¥‡ªìπ·∫∫ çmarchingé π—Ëπ§◊Õ
§à“·√ß∫‘¥ Ÿß ÿ¥¡’·π«‚πâ¡ Ÿß¢÷ÈπÕ¬à“ßµàÕ‡π◊ËÕßµ“¡√–¬–‡«≈“°“√§ß√Ÿª ∑—Èßπ’Èæƒµ‘°√√¡°“√‡°‘¥ çmarchingé
∑’Ëæ∫„π™à«ß‡«≈“°“√∑¥ Õ∫¥—ß°≈à“«‡ªìπº≈¡“®“°°“√·µ°µ—«∑’Ë¬—ß‰¡àÀ¡¥¢Õß‡æÕ√åÕÕ°‰´¥å∑’Ë¡’Õ¬Ÿà„π¬“ßπ—Ëπ‡Õß
Õ¬à“ß‰√°Á¥’ ‡¡◊ËÕæ‘®“√≥“∑’ËÕ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé (marching rate) ‚¥¬æ‘®“√≥“®“°§à“§«“¡
™—π¢Õß°√“ø„π™à«ß√–¬–‡«≈“®“° 25 ∂÷ß 40 π“∑’ æ∫«à“¬“ß§Õ¡æ“«¥å∑’Ë¡’°“√‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«
·≈–∑’Ë¡’°“√‡µ‘¡ MAA √à«¡°—∫ CaO ®–¡’Õ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé ‡∑à“°—∫ 0.0123 ·≈– 0.0137
µ“¡≈”¥—∫ ́ ÷Ëß¡’§à“ Ÿß°«à“Õ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé ¢Õß¬“ß Ÿµ√§«∫§ÿ¡ (0.0090) ·≈– Ÿµ√∑’Ë¡’°“√‡µ‘¡
MAA ‡æ’¬ßÕ¬à“ß‡¥’¬« (0.0086)

Õ¬à“ß‰√°Á¥’ ‡¡◊ËÕæ‘®“√≥“∑’Ë§à“º≈µà“ß·√ß∫‘¥¢Õß¬“ß (√Ÿª∑’Ë 2) °≈—∫æ∫«à“ “¡“√∂‡√’¬ß≈”¥—∫
§à“º≈µà“ß·√ß∫‘¥‰¥â¥—ßπ’È MAA+CaO > CaO > Control >> MAA º≈°“√∑¥≈Õß¥—ß°≈à“« Õ¥§≈âÕß°—∫
§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ß´÷Ëß∫Õ°„π√Ÿª¢Õß®”π«π “¬‚´à‚¡‡≈°ÿ≈¬“ß∑’Ë¡’§«“¡¬◊¥À¬ÿàπµàÕÀπ÷Ëß
Àπà«¬ª√‘¡“µ√ (n) ®“°º≈°“√∑¥≈ÕßÕ“®°≈à“«‰¥â«à“ MAA ‡æ’¬ßÕ¬à“ß‡¥’¬«πÕ°®“°®–¡’ƒ∑∏‘ÏÀπà«ßªØ‘°‘√‘¬“
§ß√Ÿª¥â«¬‡æÕ√åÕÕ°‰´¥å·≈â« ¬—ß àßº≈„π‡™‘ß≈∫µàÕ§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ßÕ’°¥â«¬ „π¢≥–∑’Ë
°“√‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬« “¡“√∂™à«¬‡æ‘Ë¡§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ß‰¥â Õ¬à“ß‰√°Á¥’
°“√‡æ‘Ë¡§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß®–‡ÀÁπ‰¥â™—¥‡®π¡“°∑’Ë ÿ¥„π¬“ß Ÿµ√∑’Ë¡’°“√‡µ‘¡ MAA √à«¡°—∫ CaO
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®“°°“√«‘‡§√“–ÀåÀ“À¡Ÿàøíß°å™—π¢Õß¬“ß¥â«¬‡§√◊ËÕß FTIR  ‡ª§‚µ√¡‘‡µÕ√å (√Ÿª∑’Ë 3) æ∫«à“°“√‡µ‘¡ MAA
√à«¡°—∫ CaO ®–∑”„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘°ºà“πæ—π∏– (Ca2+)›(›COO) ∑’Ë‡≈¢§≈◊Ëπ 1,569 cm›1

„π¢≥–‡¥’¬«°—πæ—π∏–∑’Ë‡°‘¥¢÷Èπ√–À«à“ß Ca2+ ·≈– COO› °Á àßº≈∑”„Àâæ’§∑’Ë‡≈¢§≈◊Ëπ 1,701 cm›1 ´÷Ëß‡ªìπ
¢ÕßÀ¡Ÿà C = O „π MAA À“¬‰ª  ‘Ëß∑’Ë‡°‘¥¢÷Èπ¥—ß°≈à“«· ¥ß„Àâ‡ÀÁπ«à“°“√‡µ‘¡ MAA √à«¡°—∫ CaO ∑”„Àâ
‡°‘¥·§≈‡´’¬¡‡¡∑“‰§√‡≈µ¢÷Èπ (¥—ß· ¥ß„π√Ÿª∑’Ë 4 (¢)) Õ¬à“ß‰√°Á¥’ ·¡â«à“°“√‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«®–
™à«¬‡æ‘Ë¡§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß„π¬“ß‰¥â ·µà§“¥«à“§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß∑’Ë‡æ‘Ë¡ Ÿß¢÷Èππ—Èπ
πà“®–‡°‘¥ºà“π°“√‡™◊ËÕ¡‚¬ß·∫∫‚§‡«‡≈π´å‡∑à“π—Èπ‡æ√“–®“°°“√«‘‡§√“–Àå FTIR  ‡ª§µ√—¡¢Õß¬“ß Ÿµ√
¥—ß°≈à“«‰¡àæ∫æ’§∑’Ë‡ªìπ≈—°…≥–‡©æ“–¢Õß°“√‡™◊ËÕ¡‚¬ß·∫∫‰ÕÕÕπ‘°·µàÕ¬à“ß„¥

√Ÿª∑’Ë 2 §à“º≈µà“ß·√ß∫‘¥·≈–®”π«π “¬‚´à‚¡‡≈°ÿ≈¬“ß∑’Ë¡’§«“¡¬◊¥À¬ÿàπµàÕÀπ÷ËßÀπà«¬ª√‘¡“µ√
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√Ÿª∑’Ë 3 FTIR  ‡ª§µ√—¡

Wave number (cm-1)

%T 

Control 

MAA 

CaO 

MAA+CaO 

µ“√“ß∑’Ë 3  ¡∫—µ‘‡™‘ß°≈¢Õß¬“ß§ß√Ÿª

§«“¡∑π∑“π §«“¡∑π∑“π 100%
µ—«Õ¬à“ß µàÕ°“√©’°¢“¥ µàÕ·√ß¥÷ß ¡Õ¥Ÿ≈— 

§«“¡·¢Áß

(N/mm) (MPa) (MPa)
(Shore A)

Control 40.5 ± 0.9 8.4 ± 0.9 0.52 ± 0.01 32.4 ± 0.2

MAA 22.4 ± 0.4 2.9 ± 0.3 0.44 ± 0.01 30.1 ± 0.3

CaO 46.6 ± 2.7 9.5 ± 0.6 0.62 ± 0.01 36.6 ± 0.3

MAA+CaO 51.5 ± 1.9 12.4 ± 1.0 0.74 ± 0.00 38.9 ± 0.2
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 ¡∫—µ‘‡™‘ß°≈ (Mechanical properties)
µ“√“ß∑’Ë 3 · ¥ß§«“¡∑π∑“πµàÕ°“√©’°¢“¥  ¡∫—µ‘·√ß¥÷ß ·≈–§«“¡·¢Áß¢Õß¬“ß§ß√Ÿª

®“°µ“√“ßæ∫«à“ “¡“√∂‡√’¬ß≈”¥—∫§à“§«“¡∑π∑“πµàÕ°“√©’°¢“¥ §à“§«“¡∑π∑“πµàÕ·√ß¥÷ß §à“ 100% ¡Õ¥Ÿ≈— 
·≈–§à“§«“¡·¢Áß¢Õß¬“ß‰¥â¥—ßπ’È MAA+CaO > CaO > Control > MAA ∑—Èßπ’È°“√‡µ‘¡ MAA √à«¡°—∫ CaO
 àßº≈∑”„Àâ¬“ß§ß√Ÿª∑’Ë‰¥â¡’ ¡∫—µ‘‡™‘ß°≈¥’∑’Ë ÿ¥‡æ√“–·§≈‡´’¬¡‡¡∑“‰§√‡≈∑∑’Ë‡°‘¥®“°°“√∑”ªØ‘°‘√‘¬“√–À«à“ß
CaO °—∫ MAA  “¡“√∂∑”Àπâ“∑’Ë‡ªìπ “√°√–µÿâπ√à«¡‰¥â‡™àπ‡¥’¬«°—∫´‘ß§å‡¡∑“‰§√‡≈∑ àßº≈∑”„Àâ¬“ß
§ß√Ÿª∑’Ë‰¥â¡’√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß Ÿß∑’Ë ÿ¥ πÕ°®“°π’Èæ—π∏–°“√‡™◊ËÕ¡‚¬ß∑’Ë‡°‘¥¢÷Èπ¬—ß‡°‘¥ºà“π
æ—π∏–·∫∫º ¡§◊Õ¡’∑—Èßæ—π∏–‚§«“‡≈π ǻ·≈–æ—π∏–‰ÕÕÕπ‘° ´÷Ëßæ—π∏–‰ÕÕÕπ‘°∑’Ë‡°‘¥¢÷Èππ—Èπ°Á™à«¬∑”„Àâ¬“ß¡’
§«“¡¬◊¥À¬ÿàπ·≈–¡’ ¡∫—µ‘‡™‘ß°≈µà“ßÊ ∑’Ë¥’¢÷Èπ  à«π°“√‡µ‘¡ MAA ‡æ’¬ßÕ¬à“ß‡¥’¬«≈ß‰ªπ—Èπ àßº≈∑”„Àâ
 ¡∫—µ‘‡™‘ß°≈µà“ßÊ ¥âÕ¬≈ßÕ¬à“ß√«¥‡√Á« ∑—Èßπ’ÈÕ“®‡ªìπ‡æ√“– MAA ¡’ƒ∑∏‘ÏÀπà«ßªØ‘°‘√‘¬“§ß√Ÿª ∑”„Àâ¬“ß
§ß√Ÿª∑’Ë‰¥â¡’√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ßµË”∑’Ë ÿ¥  à«π°“√‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«°Á àßº≈„π
‡™‘ß∫«°µàÕ ¡∫—µ‘‡™‘ß°≈µà“ßÊ ¢Õß¬“ß¥â«¬‡™àπ°—π ·¡â«à“®–¬—ß‰¡à‡ªìπ∑’Ë‡¢â“„®°—πÕ¬à“ß™—¥‡®π∂÷ß°≈‰°°“√∑”ß“π
¢Õß CaO „π√–∫∫°“√§ß√Ÿª¥â«¬‡æÕ√åÕÕ°‰´¥å ·µàº≈°“√∑¥≈Õß„π√Ÿª∑’Ë 1 °Á· ¥ß„Àâ‡ÀÁπ«à“°“√‡µ‘¡ CaO
≈ß‰ª®– àßº≈∑”„Àâ¬“ß¡’Õ—µ√“‡√Á«·≈–√–¥—∫¢Õß°“√§ß√Ÿª Ÿß¢÷Èπ

√Ÿª∑’Ë 4 ‚§√ß √â“ß‡§¡’¢Õß (°) °√¥‡¡∑“‰§√≈‘§ (MAA) ·≈– (¢) ·§≈‡ ’́¬¡‡¡∑“‰§√‡≈µ

O

O H

(°)

O

OO

O

Ca2+

(¢)

§à“°“√‡ ’¬√Ÿª∂“«√À≈—ß°¥∑’ËÕÿ≥À¿Ÿ¡‘ 100°C ‡ªìπ√–¬–‡«≈“ 22 ™—Ë«‚¡ß· ¥ß¥—ß√Ÿª∑’Ë 5 ‡π◊ËÕß®“°
‡ªìπ∑’Ë∑√“∫°—π¥’«à“ ¡∫—µ‘°“√‡ ’¬√Ÿª∂“«√¢Õß¬“ß¢÷ÈπÕ¬Ÿà‚¥¬µ√ß°—∫√–¥—∫§«“¡¬◊¥À¬ÿàπ (À√◊Õ√–¥—∫§«“¡Àπ“
·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß) ¥â«¬‡Àµÿπ’È ®÷ßæ∫«à“¬“ß∑’Ë‡µ‘¡ MAA ‡æ’¬ßÕ¬à“ß‡¥’¬«¡’ ¡∫—µ‘°“√‡ ’¬√Ÿª∂“«√·¬à∑’Ë ÿ¥
(¡’§à“°“√‡ ’¬√Ÿª∂“«√ Ÿß∑’Ë ÿ¥) „π¢≥–∑’Ë¬“ß∑’Ë¡’°“√‡µ‘¡ MAA √à«¡°—∫ CaO ¡’ ¡∫—µ‘°“√‡ ’¬√Ÿª∂“«√¥’∑’Ë ÿ¥
(¡’§à“°“√‡ ’¬√Ÿª∂“«√µË”∑’Ë ÿ¥) ‡ªìπ∑’Ëπà“·ª≈°„®∑’Ëæ∫«à“¬“ß∑’Ë‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«°≈—∫¡’§à“°“√‡ ’¬√Ÿª
∂“«√À≈—ß°¥ Ÿß°«à“ Ÿµ√¬“ß§«∫§ÿ¡ (control) ∑—ÈßÊ ∑’Ë¡’√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß Ÿß°«à“  ‘Ëß∑’Ë
‡°‘¥¢÷Èπ¥—ß°≈à“«§“¥«à“‡ªìπº≈¡“®“°°“√√«¡°—π√–À«à“ß (1) º≈¢Õß°“√‡®◊Õ®“ß (dilution effect) ‡π◊ËÕß®“°
CaO ¡’≈—°…≥–‡ªìπ¢Õß·¢Áß´÷Ëß‰¡à¡’§«“¡¬◊¥À¬ÿàπ ‡¡◊ËÕ‡µ‘¡≈ß‰ª„π¬“ß®–‡ªìπ°“√≈¥ —¥ à«π‡π◊ÈÕ¬“ß„ÀâπâÕ¬≈ß
(2) º≈¢ÕßÕ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé ́ ÷Ëß‡¡◊ËÕæ‘®“√≥“®“°§à“§«“¡™—π¢Õß°√“ø„π™à«ß√–¬–‡«≈“®“°
25 ∂÷ß 40 π“∑’ (√Ÿª∑’Ë 1) æ∫«à“¬“ß∑’Ë‡µ‘¡ CaO ‡æ’¬ßÕ¬à“ß‡¥’¬«®–¡’Õ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé
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 Ÿß°«à“ Ÿµ√¬“ß§«∫§ÿ¡ (control) ‡≈Á°πâÕ¬ °“√∑’Ë¬“ß¡’Õ—µ√“‡√Á«¢Õß°“√‡°‘¥ çmarchingé  Ÿß°«à“¥—ß°≈à“«
 àßº≈„Àâ„π¢≥–∑’Ë¬“ß∂Ÿ°°¥¢≥–∑’Ë∑”°“√∑¥ Õ∫ ≥ Õÿ≥À¿Ÿ¡‘ 100°C ‡ªìπ√–¬–‡«≈“ 22 ™—Ë«‚¡ßπ—Èπ ¬“ß∑’Ë¡’
CaO ®–‡°‘¥°“√§ß√ŸªµàÕ‡π◊ËÕßÀ√◊Õ∑’Ë‡√’¬°«à“ çpost curingé „πÕ—µ√“‡√Á«∑’Ë Ÿß°«à“ ∑”„Àâ™‘Èπ∑¥ Õ∫‡°‘¥°“√
§◊πµ—« Ÿà√Ÿª√à“ß‡¥‘¡‰¥âπâÕ¬°«à“À≈—ß®“°§≈“¬·√ß°¥ÕÕ°

√Ÿª∑’Ë 5 §à“°“√‡ ’¬√Ÿª∂“«√À≈—ß°¥

 √ÿªº≈°“√∑¥≈Õß
°“√‡µ‘¡ MAA ‡æ’¬ßÕ¬à“ß‡¥’¬«·¡â«à“®– àßº≈¥’µàÕ ¡∫—µ‘„π°√–∫«π°“√º≈‘µ¢Õß¬“ß‡æ√“–

∑”„Àâæ≈—ßß“π„π°“√º ¡·≈–§«“¡Àπ◊¥¢Õß¬“ß§Õ¡æ“«¥å≈¥≈ß ·µà°“√‡µ‘¡ MAA °Á àßº≈∑”„Àâ¬“ß‡°‘¥
°“√§ß√Ÿª‰¥â™â“·≈–¡’√–¥—∫°“√§ß√ŸªµË” ®÷ß∑”„Àâ¬“ß§ß√Ÿª∑’Ë‰¥â¡’ ¡∫—µ‘‡™‘ß°≈∑’Ë·¬à≈ß  à«π°“√‡µ‘¡ CaO
‡æ’¬ßÕ¬à“ß‡¥’¬«≈ß‰ª·¡â«à“®– àßº≈∑”„Àâ ¡∫—µ‘„π°√–∫«π°“√º≈‘µ¢Õß¬“ß¥âÕ¬≈ß ·µà CaO °Á àßº≈∑”„Àâ
¬“ß‡°‘¥°“√§ß√Ÿª‰¥â‡√Á«·≈–¡’√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß∑’Ë Ÿß¢÷Èπ ¥â«¬‡Àµÿπ’È ®÷ßæ∫«à“°“√‡µ‘¡
CaO ≈ß‰ª®÷ß àßº≈∑”„Àâ¬“ß¡’ ¡∫—µ‘‡™‘ß°≈∑’Ë¥’¢÷Èπ Õ¬à“ß‰√°Á¥’ º≈°“√∑¥≈Õß· ¥ß„Àâ‡ÀÁπ«à“‡¡◊ËÕ∑”°“√‡µ‘¡
MAA √à«¡°—∫ CaO  “√‡§¡’∑—Èß 2 ™π‘¥®–∑”ªØ‘°‘√‘¬“°—π‡°‘¥‡ªìπ·§≈‡ ’́¬¡‡¡∑“‰§√‡≈∑∑’Ë “¡“√∂∑”Àπâ“∑’Ë
‡ªìπ “√°√–µÿâπ√à«¡„π√–∫∫‡æÕ√åÕÕ°‰´¥å ∑”„Àâ¬“ß§Õ¡æ“«¥åπÕ°®“°®–¡’Õ—µ√“‡√Á«¢Õß°“√§ß√Ÿª∑’Ë Ÿß¢÷Èπ
·≈â« ¬—ß¡’√–¥—∫§«“¡Àπ“·πàπ¢Õß°“√‡™◊ËÕ¡‚¬ß∑’Ë Ÿß¡“°¢÷ÈπÕ’°¥â«¬ ‚¥¬æ—π∏–°“√‡™◊ËÕ¡‚¬ß∑’Ë‡æ‘Ë¡¢÷Èπ‡ªìπ
º≈¡“®“°°“√‡°‘¥æ—π∏–‰ÕÕÕπ‘°¢Õß (Ca2+)›(›COO) ¥â«¬‡Àµÿπ’È °“√‡µ‘¡ MAA √à«¡°—∫ CaO ®÷ß àßº≈
∑”„Àâ¬“ß§ß√Ÿª∑’Ë‰¥â¡’ ¡∫—µ‘‡™‘ß°≈∑’Ë¥’∑’Ë ÿ¥‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫¬“ß Ÿµ√Õ◊ËπÊ
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