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®’ ‚Õ‚æ≈‘‡¡Õ√å ´÷Ëß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å‡μ√’¬¡‚¥¬„™â “√≈–≈“¬‚´‡¥’¬¡‰Œ¥√Õ°‰´¥å (NaOH) ·≈–‚´‡¥’¬¡´‘≈‘‡°μ
(Na2SiO3) ‡ªìπμ—«°√–μÿâπªØ‘°‘√‘¬“ Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß Na2SiO3 μàÕ NaOH (NS/NH) ‡∑à“°—∫ 0.5-2.0 ·≈–
Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬μàÕ “√≈–≈“¬¥à“ß (FA/AS) ‡∑à“°—∫ 2.0-3.0 ®“°°“√∑¥ Õ∫æ∫«à“‡∂â“≈Õ¬ “¡“√∂„™â
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‡¡Õ√å‡æ μåπâÕ¬°«à“´’‡¡πμå‡æ μå ´÷Ëß√–¬–‡«≈“°“√°àÕμ—«≈¥≈ß‡¡◊ËÕÕ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß FA/AS ·≈– NS/NH
‡æ‘Ë¡¢÷Èπ  ”À√—∫°“√∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°´÷ËßÕ¬Ÿà„π√Ÿª§à“§ß∑’Ë‰¥Õ‘‡≈Á°μ√‘° —¡æ—∑∏å (εr′) ‰¥Õ‘‡≈Á°μ√‘°≈Õ ·ø§‡μÕ√å —¡æ—∑∏å
(εr″) ·≈– —¡ª√– ‘∑∏‘Ï≈Õ ·∑π‡®π∑å (tan δ) æ∫«à“«— ¥ÿ à«πº ¡∑’Ë‡ªìππÈ”·≈–«— ¥ÿ∑’Ë¡’πÈ”‡ªìπ à«πª√–°Õ∫ ( “√≈–≈“¬
NaOH ·≈– Na2SiO3) ¡’§à“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° Ÿß°«à“«— ¥ÿ¢Õß·¢Áß (‡∂â“≈Õ¬·≈–∑√“¬)  à«π ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß
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 à«πº ¡„πª√‘¡“≥ Ÿß°«à“®–¡’ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° Ÿß°«à“ ·≈–‡¡◊ËÕæ‘®“√≥“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ à«πº ¡·≈–
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Influence of Mix Proportions on Physical and Dielectric Properties

of Fly Ash-based Geopolymer Mortar

 In this paper, physical and dielectric properties of mixture materials and various mixes of fly

ash-based geopolymer mortars were investigated to determine the feasibility of application microwave

energy in curing geopolymer. Sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) were used as an

activator. The mass ratios of Na2SiO3-to-NaOH (NS/NH) of 0.5 to 2.0 and the fly ash-to-activator (FA/AS)

of 2.0 to 3.0 were used. The test results revealed that fly ash could be used as aluminosilicate material for

production of geopolymer mortars. The flow values of the samples without an additional amount of water

were not in accordance with the ASTM C 109 standard, therefore water was added to the geopolymer

mortar. For setting time of geopolymer paste, it was found that the initial and final setting time was lower

than that of cement paste, and these values decreased when the ratios of FA/AS and NS/NH increased.

In the case of dielectric properties, the relative dielectric constant (εr′), relative dielectric loss factor (εr″)

and loss tangent coefficient (tan δ) were studied, and it was found that the dielectric properties of liquid

portions (water, Na2SiO3 and NaOH) eg. εr′, εr″ and tan δ  were higher than that of the solid portions

(fly ash and sand). For geopolymer mortars, it was found that the dielectric properties decreased with

increasing the time after mixing, and had the highest value at the end of mixing. In addition, the geopolymer

mortars with more liquid (additional water, NaOH and Na2SiO3) contents had high dielectric properties

values as well. The dielectric properties results indicated that geopolymer could be cured with microwave

energy.
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1. ∫∑π”
ªí®®ÿ∫—π§Õπ°√’μ‡ªìπ«— ¥ÿÀ≈—°∑’Ëπ‘¬¡π”¡“„™â„πß“π

°àÕ √â“ßÕ¬à“ß·æ√àÀ≈“¬ ‚¥¬«— ¥ÿ¬÷¥ª√– “π∑’Ë„™â¡“°‡ªìπ
Õ—π¥—∫Àπ÷Ëß„π°“√º≈‘μ§Õπ°√’μ §◊Õ ªŸπ ’́‡¡πμåªÕ√åμ·≈π¥å
(Portland cement) °√–∫«π°“√º≈‘μªŸπ´’‡¡πμåªÕ√åμ
·≈π¥åμâÕß„™âª√‘¡“≥‡™◊ÈÕ‡æ≈‘ß·≈–æ≈—ßß“π Ÿß¡“° ·≈–
¬—ß°àÕ„Àâ‡°‘¥°“√ª≈¥ª≈àÕ¬°ä“´‡√◊Õπ°√–®°∑’Ë ”§—≠ ‰¥â·°à
°ä“´§“√å∫Õπ‰¥ÕÕ°‰´¥å (CO2) ´÷Ëß‡ªìπ°ä“´∑’Ë¡’ à«π ”§—≠
°àÕ„Àâ‡°‘¥¿“«–‚≈°√âÕπ (Global warming) °“√º≈‘μªŸπ
´’‡¡πμå∑”„Àâ‡°‘¥°“√ª≈àÕ¬°ä“´∑’Ë¡’º≈μàÕ°“√‡°‘¥¿“«–
‡√◊Õπ°√–®°∂÷ßªï≈– 13,500 ≈â“πμ—π†À√◊Õª√–¡“≥√âÕ¬≈–
7 ¢Õß°ä“´∑’Ëª≈àÕ¬ÕÕ°¡“„π∫√√¬“°“»∑—ÈßÀ¡¥ [1-2]
®“°º≈°√–∑∫¥—ß°≈à“«®÷ß¡’·π«§‘¥∑’Ë®–≈¥ª√‘¡“≥°“√„™â
ªŸπ´’‡¡πμå ‚¥¬°“√À“«— ¥ÿ™π‘¥Õ◊Ëπ¡“º ¡°—∫ªŸπ ’́‡¡πμå
‡æ◊ËÕº≈‘μªŸπ´’‡¡πμåº ¡ (Blend cement) «— ¥ÿ¥—ß°≈à“«
‰¥â·°à «— ¥ÿªÕ´‚´≈“π (Pozzolanic materials) ·μà«— ¥ÿ
ªÕ´‚´≈“π‰¡à “¡“√∂·∑π∑’ËªŸπ ’́‡¡πμå‰¥â∑—ÈßÀ¡¥ ‡π◊ËÕß®“°
´‘≈‘°“ (SiO2) ·≈–Õ–≈Ÿ¡‘π“ (Al2O3) ∑’Ë¡’Õ¬Ÿà„π«— ¥ÿ¥—ß°≈à“«
μâÕß°“√·§≈‡´’¬¡‰Œ¥√Õ°‰´¥å (Ca(OH)2) ∑’Ë‰¥â®“°ªØ‘°‘√‘¬“
‰Œ‡¥√™—Ëπ¢ÕßªŸπ´’‡¡πμå‡æ◊ËÕ∑”ªØ‘°‘√‘¬“ªÕ´‚´≈“πμàÕ„Àâ
‰¥â “√ª√–°Õ∫·§≈‡´’¬¡´‘≈‘‡°μ‰Œ‡¥√μ (C-S-H) ·≈–
·§≈‡ ’́¬¡Õ–≈Ÿ¡‘‡πμ‰Œ‡¥√μ (C-A-H) ∑’Ë¡’§ÿ≥ ¡∫—μ‘„π
°“√¬÷¥ª√– “π ¥—ßπ—Èπ®÷ß‰¥â¡’§«“¡æ¬“¬“¡„π°“√æ—≤π“
 “√´’‡¡πμå™π‘¥„À¡à´÷Ëß„™â«— ¥ÿªÕ´‚´≈“π∑’Ë¡’ SiO2 ·≈–
Al2O3 ‡ªìπÕß§åª√–°Õ∫À≈—°º≈‘μ«— ¥ÿ¬÷¥ª√– “π∑’Ë‡√’¬°«à“
ç®’‚Õ‚æ≈‘‡¡Õ√åé

®’‚Õ‚æ≈‘‡¡Õ√å (Geopolymer) ‡ªìπ«— ¥ÿ‡™◊ËÕ¡ª√– “π
™π‘¥„À¡à∑’Ë ‰¡à„™âªŸπ´’‡¡πμå  —ß‡§√“–Àå‰¥â®“°«—μ∂ÿ¥‘∫∑’Ë¡’
 à«πª√–°Õ∫¢Õß SiO2 ·≈– Al2O3 ´÷ËßÕ¬Ÿà„π√ŸªÕ —≥∞“π
‚¥¬°“√°√–μÿâπ¥â«¬¥à“ß·≈–∫à¡¥â«¬§«“¡√âÕπ æ∫«à“®’‚Õ
‚æ≈‘‡¡Õ√å§Õπ°√’μ¡’§ÿ≥ ¡∫—μ‘‡¥àπÀ≈“¬ª√–°“√ ‡™àπ
°”≈—ßÕ—¥ Ÿß„π™à«ßÕ“¬ÿμâπ  §«“¡ “¡“√∂„π°“√´÷¡ºà“ππÈ”μË”
°“√À¥μ—«μË” ∑π‰ø ∑π∑“πμàÕ “√≈–≈“¬´—≈‡øμ·≈–
°“√°—¥°√àÕπ¢Õß°√¥ ‡ªìπμâπ [3] ‡π◊ËÕß®“°®’‚Õ‚æ≈‘‡¡Õ√å
‡°‘¥®“°°“√∑”ªØ‘°‘√‘¬“√–À«à“ß ‘́≈‘°Õπ (Si) ·≈–Õ–≈Ÿ¡‘‡π’¬¡
(Al) ÷́Ëß∂Ÿ°™–ÕÕ°¡“®“°«— ¥ÿ‚¥¬ “√≈–≈“¬¥à“ß§«“¡‡¢â¡

¢âπ Ÿß ·≈–„™â§«“¡√âÕπ°√–μÿâπªØ‘°‘√‘¬“∑”„Àâ Si ·≈– Al
‡°‘¥ªØ‘°‘√‘¬“°“√√«¡μ—«·∫∫§«∫·πàπÀ√◊Õ‚æ≈’§Õπ‡¥π‡´™—Ëπ
(Polycondensation) ‡ªìπ‚¡‡≈°ÿ≈≈Ÿ°‚ à́„π≈—°…≥–¢Õß
‚æ≈‘‡¡Õ√å (Polymer) ÷́Ëß‚§√ß √â“ß‡§¡’§≈â“¬°—∫°“√
‡™◊ËÕ¡°—π¢Õß‚¡‡≈°ÿ≈À‘π®÷ß∑”„Àâ®’‚Õ‚æ≈‘‡¡Õ√å¡’§ÿ≥ ¡∫—μ‘
‡¥àπ “¡“√∂π”‰ª„™â „π‡ªìπ«— ¥ÿ‡™◊ËÕ¡ª√– “π„πß“π
§Õπ°√’μ‰¥â [4]

°√–∫«π°“√∫à¡®’ ‚Õ‚æ≈‘‡¡Õ√å„πß“π«‘®—¬∑’Ëºà“π¡“
°√–∑”∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß ·≈â«∫à¡·Àâß¥â«¬§«“¡√âÕπ¿“¬„π
‡μ“Õ∫‰øøÑ“ (Electric oven) À√◊Õ∫à¡¥â«¬‰ÕπÈ”Õÿ≥À¿Ÿ¡‘ Ÿß
Õÿ≥À¿Ÿ¡‘∫à¡Õ¬Ÿà„π™à«ß 25 ∂÷ß 95 Õß»“‡´≈‡´’¬  ‡ªìπ
√–¬–‡«≈“ 6 ™¡. ∂÷ß 4 «—π [5] °“√∫à¡¥—ß°≈à“«‡ªìπ°“√
„Àâ§«“¡√âÕπ®“°¿“¬πÕ°ºà“πº‘««—μ∂ÿ ´÷ËßÕ“®∑”„Àâ‡°‘¥
ªí≠À“‡°’Ë¬«°—∫§ÿ≥¿“æ¢Õßº≈‘μ¿—≥±å‡π◊ËÕß®“°§«“¡‰¡à
 ¡Ë”‡ ¡Õ¢Õß°“√°√–®“¬Õÿ≥À¿Ÿ¡‘·≈–§«“¡™◊Èπ¿“¬„π
º≈‘μ¿—≥±åπ—Èπ [6] ·≈–‡¡◊ËÕ¡Õß„π·ßà¢Õß°“√æ—≤π“„π√Ÿª
·∫∫Õÿμ “À°√√¡∂◊Õ«à“„™â‡«≈“¡“°æÕ ¡§«√ ªí®®ÿ∫—π‰¥â
¡’°“√æ—≤π“Õß§å§«“¡√Ÿâ „À¡à∑“ß¥â“π‡∑§‚π‚≈¬’°“√º≈‘μ
§Õπ°√’μ‡æ◊ËÕ„Àâ ‰¥âº≈‘μ¿—≥±å∑’Ëæ√âÕ¡„™âß“π‰¥âÕ¬à“ß√«¥‡√Á«
·≈–¡’§ÿ≥¿“æμ“¡¡“μ√∞“π ‡∑§‚π‚≈¬’¥—ß°≈à“«§◊Õ °“√
„Àâ§«“¡√âÕπ¥â«¬æ≈—ßß“π‰¡‚§√‡«ø ß“π«‘®—¬∑’Ëºà“π¡“
æ∫«à“æ≈—ßß“π®“°§≈◊Ëπ‰¡‚§√‡«ø “¡“√∂π”¡“ª√–¬ÿ°μå
„™â°—∫°“√º≈‘μ§Õπ°√’μ‰¥â [7] °“√„Àâ§«“¡√âÕπμàÕ«—μ∂ÿ
¥â«¬‰¡‚§√‡«ø‡ªìπÕ’°«‘∏’Àπ÷Ëß∑’Ëπà“ π„®‰¡à‡À¡◊Õπ«‘∏’°“√
„Àâ§«“¡√âÕπ·∫∫‡°à“∑’Ë„Àâ§«“¡√âÕπ®“°¿“¬πÕ°ºà“πº‘««—μ∂ÿ
π—Ëπ§◊Õ√–À«à“ß∑’Ë§≈◊Ëπ‰¡‚§√‡«øºà“π‡¢â“‰ª„π«—μ∂ÿ æ≈—ßß“π
¢Õß‰¡‚§√‡«ø®–≈¥≈ß‚¥¬°“√‡ª≈’Ë¬π‡ªìπæ≈—ßß“π
§«“¡√âÕπ¿“¬„π«—μ∂ÿ ∑”„ÀâÕÿ≥À¿Ÿ¡‘·≈–§«“¡™◊Èπ¿“¬„π
º≈‘μ¿—≥±å°√–®“¬Õ¬à“ß ¡Ë”‡ ¡Õ
  ®“°À≈—°°“√‡°‘¥§«“¡√âÕπ¥—ß°≈à“«¢â“ßμâπ ®÷ß¡’§«“¡
‡ªìπ‰ª‰¥â∑’Ë®–π”æ≈—ßß“π‰¡‚§√‡«ø¡“ª√–¬ÿ°μå„™â°—∫°“√
∫à¡®’‚Õ‚æ≈‘‡¡Õ√å ¥—ßπ—Èπß“π«‘®—¬π’È®÷ß»÷°…“§ÿ≥ ¡∫—μ‘∑“ß
°“¬¿“æ·≈– ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß∑—Èß«— ¥ÿ à«πº ¡ ·≈–
¡Õ√åμâ“√å¢Õß®’‚Õ‚æ≈‘‡¡Õ√å‡∂â“≈Õ¬ ‡æ◊ËÕ»÷°…“§«“¡‡ªìπ‰ª
‰¥â¢Õß°“√ª√–¬ÿ°μå„™âæ≈—ßß“π‰¡‚§√‡«ø„π°√–∫«π°“√
∫à¡®’‚Õ‚æ≈‘‡¡Õ√å
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2. «—μ∂ÿª√– ß§å
‡æ◊ËÕ»÷°…“§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ·≈– ¡∫—μ‘‰¥Õ‘‡≈Á°

μ√‘°¢Õß∑—Èß«— ¥ÿ à«πº ¡·≈–¡Õ√åμâ“√å¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å
‡∂â“≈Õ¬ ‡æ◊ËÕ»÷°…“§«“¡‡ªìπ‰ª‰¥â¢Õß°“√ª√–¬ÿ°μå„™â
æ≈—ßß“π‰¡‚§√‡«ø„π°√–∫«π°“√∫à¡®’‚Õ‚æ≈‘‡¡Õ√å

3. ∑ƒ…Æ’°“√„Àâ§«“¡√âÕπ¢Õß§≈◊Ëπ‰¡‚§√‡«ø
°“√„Àâ§«“¡√âÕπ¢Õß§≈◊Ëπ‰¡‚§√‡«ø·μ°μà“ß®“°°“√

„Àâ§«“¡√âÕπ¥â«¬«‘∏’∏√√¡¥“ (Conventional process)
°≈à“«§◊Õ §«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ¿“¬„π«— ¥ÿ∑’Ë ‰¥â√—∫§≈◊Ëπ
‰¡‚§√‡«ø‡ªìπ§«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ‡Õß¿“¬„π«— ¥ÿ·∑π∑’Ë®–
‡°‘¥®“°°“√‰¥â√—∫§«“¡√âÕπ∑’Ë∂à“¬‡∑¡“®“°·À≈àß°”‡π‘¥
§«“¡√âÕπ¿“¬πÕ° °“√„Àâ§«“¡√âÕπ¥â«¬§≈◊Ëπ‰¡‚§√‡«ø
®–Õ“»—¬§ÿ≥ ¡∫—μ‘¢Õß°“√¥Ÿ¥°≈◊πæ≈—ßß“π®“°§≈◊Ëπ
‰¡‚§√‡«ø¿“¬„π«— ¥ÿ ´÷Ëß«— ¥ÿ∑’Ëºà“π°√–∫«π°“√π’ÈμâÕß
‡ªìπ«— ¥ÿª√–‡¿∑ ç«— ¥ÿ‰¥Õ‘‡≈Á°μ√‘°é (Dielectric materials)
À¡“¬∂÷ß «— ¥ÿ°÷Ëß©π«π∑’Ë¡’ ‚§√ß √â“ßæ◊Èπ∞“π∑“ß®ÿ≈¿“§
≈—°…≥–‡ªìπ¢—È«∑“ß‰øøÑ“ (Dipoles) ‚¥¬Õ—πμ√°‘√‘¬“
(Interaction) ¢Õß¢—È«·≈–§≈◊Ëπ·¡à‡À≈Á°‰øøÑ“∑”„Àâ‡°‘¥
§«“¡√âÕπ¢÷Èπ¿“¬„π (Inter Heat Generation) ¥—ßπ—Èπ
§«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ‚¥¬§≈◊Ëπ‰¡‚§√‡«ø®÷ß‡√’¬°«à“ ç§«“¡
√âÕπ·∫∫¿“¬„π∑’Ë‡°‘¥¢÷Èπ∑—Ë«∑—Èß™‘Èπ«— ¥ÿé (Internal and
Volumetric Heating)

§≈◊Ëπ‰¡‚§√‡«ø‡¡◊ËÕ∑–≈ÿºà“π«— ¥ÿ‰¥Õ‘‡≈Á°μ√‘°®–∂Ÿ°
¥Ÿ¥ —́∫·≈–‡ª≈’Ë¬π‡ªìπæ≈—ßß“π§«“¡√âÕπ¿“¬„πμàÕÀπ÷Ëß
Àπà«¬ª√‘¡“μ√ [6] ª√‘¡“≥§«“¡√âÕπ∑’Ë°”‡π‘¥¢÷Èπ¿“¬„π
μàÕÀπà«¬ª√‘¡“μ√· ¥ß¥—ß ¡°“√∑’Ë (1)

‡¡◊ËÕ Q §◊Õ ª√‘¡“≥§«“¡√âÕπ∑’Ë°”‡π‘¥¢÷Èπ¿“¬„πμàÕÀπ÷Ëß
Àπà«¬ª√‘¡“μ√

ω §◊Õ §«“¡‡√Á«‡™‘ß¡ÿ¡¢Õß§≈◊Ëπ‰¡‚§√‡«ø (‡√‡¥’¬π
μàÕ«‘π“∑’, Rad/s)

ε0 §◊Õ §ÿ≥ ¡∫—μ‘°“√´÷¡ºà“π„π∑’Ë«à“ß (8.854x10-12

ø“√åÀ√—¥μàÕ‡¡μ√, F/m)
εr′ §◊Õ §à“§ß∑’Ë‰¥Õ‘‡≈Á°μ√‘° —¡æ—∑∏å (Relative Dielec-

tric Constant) À√◊Õ ª√‘¡“≥æ≈—ßß“π‰¡‚§√‡«ø∑’Ë∂Ÿ°°—°

(1)

‡°Á∫‰«â„π«— ¥ÿ‰¥Õ‘‡≈Á°μ√‘°
εr″ §◊Õ ‰¥Õ‘‡≈Á°μ√‘°≈Õ ·ø§‡μÕ√å —¡æ—∑∏å (Relative

Dielectric Loss Factor) À√◊Õª√‘¡“≥¢Õß°“√ Ÿ≠‡ ’¬
æ≈—ßß“π‰¡‚§√‡«ø¿“¬„π«— ¥ÿ‰¥Õ‘‡≈Á°μ√‘°

tan δ §◊Õ  —¡ª√– ‘∑∏‘Ï≈Õ ·∑π‡®π∑å (Loss Tangent
Coefficient) À√◊Õ ª√– ‘∑∏‘¿“æ¢Õß°“√‡ª≈’Ë¬πæ≈—ßß“π
¥Ÿ¥´—∫‡ªìπæ≈—ßß“π§«“¡√âÕπ (εr″/εr′)
E §◊Õ §«“¡‡¢â¡ π“¡‰øøÑ“ (‚«≈μåμàÕ‡¡μ√, V/m)

·≈– ƒ §◊Õ  §«“¡∂’Ë (‡Œ‘√åμ´, Hz)

4. √–‡∫’¬∫«‘∏’«‘®—¬
4.1 «— ¥ÿ∑’Ë„™â„π°“√»÷°…“

«— ¥ÿ∑’Ë„™â„π°“√»÷°…“ ‰¥â·°à «— ¥ÿ à«πº ¡∑’Ë„™â
 ”À√—∫°“√º≈‘μ®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å‡∂â“≈Õ¬ ·≈–«— ¥ÿ
 à«πº ¡∑’Ë„™âº≈‘μ¡Õ√åμâ“√å¢ÕßªŸπ´’‡¡πμå ÷́Ëß√“¬≈–‡Õ’¬¥
¢Õß«— ¥ÿ à«πº ¡∑’Ë„™â· ¥ß¥—ßμàÕ‰ªπ’È

4.1.1 «— ¥ÿºß
«— ¥ÿºß∑’Ë „™â „πß“π«‘®—¬π’È¡’ Õß™π‘¥ §◊Õ ‡∂â“≈Õ¬

 ”À√—∫°“√º≈‘μ®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ·≈–ªŸπ´’‡¡πμå
 ”À√—∫°“√º≈‘μ´’‡¡πμå¡Õ√åμâ“√å

4.1.1.1 ‡∂â“≈Õ¬
‡∂â“≈Õ¬∑’Ëπ”¡“„™â‡ªìπ«— ¥ÿºß·À≈àß SiO2 ·≈– Al2O3

„π°“√º≈‘μ®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å π”¡“®“°‚√ß‰øøÑ“∂à“πÀ‘π
≈‘°‰πμå Õ.·¡à‡¡“– ®.≈”ª“ß

4.1.1.2 ªŸπ´’‡¡πμå
ªŸπ´’‡¡πμåªÕ√μå·≈π¥å ª√–‡¿∑∑’Ë 1 ∂Ÿ°π”¡“„™â‡ªìπ

«— ¥ÿºß ”À√—∫°“√‡μ√’¬¡ ’́‡¡πμå¡Õ√åμâ“√å

4.1.2 ∑√“¬
„™â∑√“¬·¡àπÈ”§≈–¢π“¥ (Graded Standard Sand)

∑’ËÕ¬Ÿà„π ¿“«–Õ‘Ë¡μ—«º‘«·Àâß (Saturated Surface-dry,
S.S.D) ¥—ß√–∫ÿ‰«â„π¡“μ√∞“π ASTM C 778 ‚¥¬√àÕπ
ºà“πμ–·°√ß‡∫Õ√å 16 ·≈–§â“ßμ–·°√ß‡∫Õ√å 100

4.1.3  “√≈–≈“¬‚´‡¥’¬¡‰Œ¥√Õ°‰´¥å
‡μ√’¬¡‚¥¬„™â NaOH ¢Õß·¢Áß∑’Ë¡’≈—°…≥–‡ªìπ‡°≈Á¥ ™π‘¥

‡°√¥°“√§â“ §«“¡∫√‘ ÿ∑∏‘Ï√âÕ¬≈– 98 ≈–≈“¬°—∫πÈ”‡æ◊ËÕ
ª√—∫§«“¡‡¢â¡¢âπ¢Õß “√≈–≈“¬„Àâ¡’§à“ 10 ‚¡≈“√å
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4.1.4  “√≈–≈“¬‚´‡¥’¬¡´‘≈‘‡°μ
ª√–°Õ∫¥â«¬√âÕ¬≈–‚¥¬¡«≈¢Õß‚´‡¥’¬¡ÕÕ°‰´¥å

(Na2O) ´‘≈‘°Õπ‰¥ÕÕ°‰´¥å (SiO2) ·≈–πÈ” (H2O) ‡∑à“°—∫
9.58, 28.75 ·≈– 61.67 μ“¡≈”¥—∫

4.1.5 πÈ”
„™âπÈ”ª√–ª“∑’Ë¡’§à“§«“¡‡ªìπ°√¥¥à“ß ‡∑à“°—∫ 7.0

4.2 «‘∏’°“√»÷°…“
4.2.1 °“√»÷°…“§ÿ≥ ¡∫—μ‘¢Õß‡∂â“≈Õ¬

‡π◊ËÕß®“°Õß§åª√–°Õ∫‡§¡’·≈–§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ
¢Õß«— ¥ÿ¢Õß·¢Áß∑’Ë„™â‡ªìπ«— ¥ÿºß¡’Õ‘∑∏‘æ≈μàÕ§ÿ≥ ¡∫—μ‘
¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å [8] ß“π«‘®—¬π’È®÷ß‰¥â»÷°…“§ÿ≥ ¡∫—μ‘
‡∫◊ÈÕßμâπ¢Õß‡∂â“≈Õ¬∑’Ë„™â‡ªìπ«— ¥ÿ„π°“√º≈‘μ®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å ‚¥¬°“√»÷°…“§ÿ≥ ¡∫—μ‘∑“ß‡§¡’ ∑“ß°“¬¿“æ ·≈–
‚§√ß √â“ß®ÿ≈¿“§¢Õß‡∂â“≈Õ¬ ‡æ◊ËÕ«‘‡§√“–Àå·≈–ª√–‡¡‘π
»—°¬¿“æ¢Õß°“√„™â‡ªìπ«—μ∂ÿ¥‘∫·À≈àß SiO2 ·≈– Al2O3

‚¥¬Õß§åª√–°Õ∫∑“ß‡§¡’»÷°…“‚¥¬°“√„™â‡∑§π‘§ X-Ray
Fluorescence (XRF)  ”À√—∫§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ
‰¥â·°à §«“¡μâÕß°“√πÈ” æ◊Èπ∑’Ëº‘«®”‡æ“– §«“¡∂à«ß®”‡æ“–
§«“¡≈–‡Õ’¬¥ ·≈–¥—™π’°”≈—ß  à«π‚§√ß √â“ß®ÿ≈¿“§¢Õß
‡∂â“≈Õ¬»÷°…“¥â«¬¿“æ∂à“¬¢¬“¬‚¥¬„™â‡§√◊ËÕß Scanning
Electron Microscope (SEM)

4.2.2 °“√∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ à«π
º ¡¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

‡π◊ËÕß®“°§à“§ß∑’Ë‰¥Õ‘‡≈Á°μ√‘° (ε′) ¢Õß«— ¥ÿº ¡®–¡’
§à“Õ¬Ÿà√–À«à“ß§à“ ε′ ¢Õß·μà≈–Õß§åª√–°Õ∫ [9] ¥—ßπ—Èπ
°“√»÷°…“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å´÷Ëß
‡ªìπ«— ¥ÿº ¡ ®÷ßμâÕß»÷°…“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ
 à«πº ¡∑’Ë„™â„π°“√º≈‘μ®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¥â«¬ «— ¥ÿ
 à«πº ¡¥—ß°≈à“« ‰¥â·°à ‡∂â“≈Õ¬  “√≈–≈“¬ NaOH
 “√≈–≈“¬ Na2SiO3 ∑√“¬ ·≈–πÈ” ‚¥¬«— ¥ÿ à«πº ¡
·μà≈–™π‘¥∫√√®ÿ„π·∫∫À≈àÕÕ–§≈‘≈‘° ¢π“¥ 5 x 5 x 5 ́ ¡.
·≈–«—¥ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°„π√Ÿª¢Õß§à“§ß∑’Ë ‰¥Õ‘‡≈Á°μ√‘°
 —¡æ—∑∏å (εr′) ·≈–‰¥Õ‘‡≈Á°μ√‘°≈Õ ·ø§‡μÕ√å —¡æ—∑∏å (εr″)
‚¥¬„™â‡∑§π‘§‚§‡Õ°‡´’¬≈‚æ√∫ (Coaxial Probe) ·≈–

√Ÿª∑’Ë 1 ™ÿ¥Õÿª°√≥å‚§‡Õ°‡´’¬≈‚æ√∫ ·≈–‡πÁμ‡«‘√å°Õπ“‰≈‡´Õ√å

‡π◊ËÕß®“°§à“ εr′ ·≈– εr″  “¡“√∂¬ÿ∫√«¡‡ªìπ
μ—«·ª√„À¡à‡æ◊ËÕ§«“¡ –¥«°„π°“√Õ∏‘∫“¬°“√‡°‘¥§«“¡
√âÕπ®“°æ≈—ßß“π‰¡‚§√‡«ø μ—«·ª√¥—ß°≈à“« ‡√’¬°«à“
ç —¡ª√– ‘∑∏‘Ï≈Õ ·∑π‡®π∑åé ‚¥¬ tan δ · ¥ß∂÷ß§«“¡
 “¡“√∂„π°“√º≈‘μæ≈—ßß“π§«“¡√âÕπ∑’Ë‡°‘¥®“°°“√¥Ÿ¥´—∫
æ≈—ßß“π‰¡‚§√‡«ø [9] ¥—ßπ—Èπ‡¡◊ËÕ«—¥ εr′ ·≈– εr″ ·≈â«
®÷ß§”π«≥§à“ tan δ  ¢Õß«— ¥ÿ à«πº ¡·μà≈–™π‘¥ ´÷Ëß§à“
tan δ  “¡“√∂§”π«≥‚¥¬„™â ¡°“√∑’Ë (2)

4.2.3 °“√∑¥ Õ∫§ÿ≥ ¡∫—μ‘¢Õß®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å∑’ËÕ¬Ÿà„π ¿“«– ¥

§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ„π ¿“«– ¥¢Õßμ—«Õ¬à“ß®’‚Õ
‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë»÷°…“„πß“π«‘®—¬π’È ‰¥â·°à °“√‰À≈·ºà
·≈–√–¬–‡«≈“°“√°àÕμ—«

 —¥ à«πº ¡¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë „™â „π°“√
∑¥ Õ∫· ¥ß√“¬≈–‡Õ’¬¥ ¥—ßμàÕ‰ªπ’È

1) Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß‡∂â“≈Õ¬μàÕ “√≈–≈“¬¥à“ß
(FA/AS) ·ª√§à“ 2.0, 2.5 ·≈– 3.0

2) Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß “√≈–≈“¬ Na2SiO3 μàÕ
NaOH (NS/NH)  ·ª√§à“ 0.5, 1.0 ·≈– 2.0

(2)

ª√–¡«≈º≈ºà“π‡§√◊ËÕß‡πÁμ‡«‘√å°Õπ“‰≈‡´Õ√å (Network
Analyzer) (√Ÿª∑’Ë 1) ∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß
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3) §«“¡‡¢â¡¢âπ¢Õß “√≈–≈“¬ NaOH ¡’§à“‡∑à“°—∫ 10
‚¡≈“√å

4) Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß∑√“¬μàÕ‡∂â“≈Õ¬ ‡∑à“°—∫
2.0

¢—ÈπμÕπ°“√º ¡®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’√“¬≈–‡Õ’¬¥
¥—ßμàÕ‰ªπ’È

1) º ¡‡∂â“≈Õ¬·≈– “√≈–≈“¬ NaOH „Àâ‡¢â“°—π„π
À¡âÕº ¡¥â«¬§«“¡‡√Á«¢Õß„∫æ“¬ 285 ± 10 √Õ∫μàÕπ“∑’
‡ªìπ‡«≈“ 5 π“∑’

2) ‡∑∑√“¬≈ß‰ª„πÀ¡âÕ ·≈â«º ¡μàÕÕ’° 3 π“∑’
3) ‡∑ “√≈–≈“¬ Na2SiO3 ·≈â«º ¡μàÕÕ’° 2 π“∑’
4) π”®’‚Õ‚æ≈‘‡¡Õ√å∑’Ëº ¡‡ √Á®´÷ËßÕ¬Ÿà„π ¿“«– ¥‰ª

∑¥ Õ∫§ÿ≥ ¡∫—μ‘μàÕ‰ª

 ”À√—∫μ—«Õ¬à“ß ’́‡¡πμå¡Õ√åμâ“√å‡μ√’¬¡‚¥¬«‘∏’°“√º ¡
μ“¡¡“μ√∞“π ASTM C 305 ‚¥¬„™âÕ—μ√“ à«ππÈ”μàÕ´’‡¡πμå
(w/c) ‡∑à“°—∫ 0.5 ·≈–„™âÕ—μ√“ à«π∑√“¬μàÕªŸπ´’‡¡πμå
‡∑à“°—∫ 2.75

4.2.3.1 °“√‰À≈·ºà
‡π◊ËÕß®“°§à“°“√‰À≈·ºàμ“¡¡“μ√∞“π∫àß∫Õ°∂÷ß

ª√‘¡“≥πÈ”∑’Ë∑”„Àâ à«πº ¡Õ¬Ÿà„π ¿“«–ªíôπ‰¥â ß“π«‘®—¬π’È
®÷ß∑¥ Õ∫°“√‰À≈·ºà¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¥â«¬«‘∏’
‚μä–°“√‰À≈ (Flow Table) ÷́Ëß‡ªìπ«‘∏’»÷°…“§«“¡¢âπ‡À≈«
(ª√‘¡“≥πÈ”∑’Ë‡À¡“– ¡) ¢Õß´’‡¡πμå¡Õ√åμâ“√å μ“¡¡“μ√∞“π
ASTM C 109 ‚¥¬®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë»÷°…“¡’
 —¥ à«πº ¡·μ°μà“ß°—π ¥—ß· ¥ß√“¬≈–‡Õ’¬¥„πμ“√“ß∑’Ë 1

μ“√“ß∑’Ë 1  —¥ à«πº ¡¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å  ”À√—∫°“√∑¥ Õ∫°“√‰À≈·ºà
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À¡“¬‡Àμÿ:  —≠≈—°…≥å¢Õß™ÿ¥μ—«Õ¬à“ßÕ∏‘∫“¬‰¥â¥—ßπ’È
- FA À¡“¬∂÷ß ®’‚Õ‚æ≈‘‡¡Õ√å‡∂â“≈Õ¬
- μ—«‡≈¢ xx Àπâ“ FA À¡“¬∂÷ß Õ—μ√“ à«π‚¥¬πÈ”Àπ—°

¢Õß‡∂â“≈Õ¬μàÕ “√≈–≈“¬¥à“ß (FA/AS)
- μ—«‡≈¢ xx À≈—ß FA À¡“¬∂÷ß Õ—μ√“ à«π‚¥¬πÈ”Àπ—°

¢Õß “√≈–≈“¬ Na2SiO3
 μàÕ NaOH (NS/NH)

- ‡™àπ ™ÿ¥μ—«Õ¬à“ß 2.0FA0.5 À¡“¬∂÷ß ®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å‡∂â“≈Õ¬∑’Ë¡’Õ—μ√“ à«π‚¥¬πÈ”Àπ—° FA/AS ‡∑à“°—∫
2.0 ·≈–Õ—μ√“ à«π‚¥¬πÈ”Àπ—° NS/NH ¡’§à“ 0.5

·≈–∂â“∑¥ Õ∫¥â«¬«‘∏’ ‚μä–°“√‰À≈·≈â«§à“√âÕ¬≈–°“√
‰À≈·ºà¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¢Õß™ÿ¥μ—«Õ¬à“ß„¥‰¡àÕ¬Ÿà
„π¡“μ√∞“π°”Àπ¥ (√âÕ¬≈– 110±5) „Àâ§àÕ¬Ê ‡μ‘¡πÈ”
(Additional water) ≈ß‰ªº ¡‡æ‘Ë¡®π§à“°“√‰À≈·ºàÕ¬Ÿà
„π¡“μ√∞“π ‚¥¬ª√‘¡“≥πÈ”∑’Ë‡æ‘Ë¡≈ß‰ª§‘¥‡ªìπ√âÕ¬≈–‚¥¬
πÈ”Àπ—°¢Õß®’‚Õ‚æ≈‘‡¡Õ√å‡æ μå (‡∂â“≈Õ¬ +  “√≈–≈“¬
Na2SiO3 +  “√≈–≈“¬ NaOH)

4.2.3.2 √–¬–‡«≈“°“√°àÕμ—«
∑¥ Õ∫√–¬–‡«≈“°àÕμ—«¢Õßμ—«Õ¬à“ß®’ ‚Õ‚æ≈‡¡Õ√å

¡Õ√åμâ“√å∑’Ë¡’°“√‡μ‘¡πÈ”‡æ‘Ë¡®π‰¥â§à“√âÕ¬≈–°“√‰À≈·ºà
μ“¡¡“μ√∞“π°”Àπ¥ ‚¥¬ª√–¬ÿ°μå«‘∏’°“√∑¥ Õ∫√–¬–
‡«≈“°“√°àÕμ—« ”À√—∫´’‡¡πμå‡æ μå ÷́Ëß‡ªìπ«‘∏’∑¥ Õ∫¥â«¬
‡¢Á¡‰«·§μ (Vicat Needle Apparatus) μ“¡¡“μ√∞“π
ASTM C 191  ”À√—∫°“√º ¡®’‚Õ‚æ≈‘‡¡Õ√å‡æ μå∑’Ë„™â„π
°“√∑¥ Õ∫√–¬–‡«≈“°“√°àÕμ—«°√–∑”‡™àπ‡¥’¬«°—∫°“√º ¡
®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ‡æ’¬ß·μà¢â“¡¢—ÈπμÕπ°“√„ à∑√“¬

4.2.4 °“√∑¥ Õ∫§ÿ≥ ¡∫—μ‘¢Õß®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ

‚¥¬°“√»÷°…“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°·≈–§ÿ≥ ¡∫—μ‘∑“ß
°“¬¿“æ¢Õß®’ ‚Õ‚æ≈‘ ‡¡Õ√å´÷Ë ß∫à ¡ ‰«â∑’Ë Õÿ≥À¿Ÿ¡‘Àâ Õß
(28±1 ÌC) ∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ (0-24 ™¡.) ‡æ◊ËÕ
»÷°…“Õ‘∑∏‘æ≈¢Õß√–¬–‡«≈“°“√∫à¡®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å
‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß°àÕπ∑’Ë®–π”‰ª∫à¡¥â«¬§«“¡√âÕπ ∑’Ë¡’μàÕ
 ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°·≈–§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ¢Õßμ—«Õ¬à“ß
®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

¢—ÈπμÕπ°“√º ¡®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë „™â „π°“√
∑¥ Õ∫§ÿ≥ ¡∫—μ‘∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ °√–∑”‡™àπ

‡¥’¬«°—∫°“√∑¥ Õ∫§ÿ≥ ¡∫—μ‘„π ¿“«– ¥ ·≈â«®÷ß‡∑®’‚Õ
‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ëº ¡‡ √Á®≈ß„π·∫∫À≈àÕÕ–§≈‘≈‘° ¢π“¥
5 x 5 x 5 ´¡. ‚¥¬·∫àß‡ªìπ Õß™—Èπ ·μà≈–™—Èπ°√–∑ÿâß¥â«¬
‡À≈Á°°√–∑ÿâßμ“¡¡“μ√∞“π ASTM C 109 ®“°π—Èππ”‰ª
 —Ëπ¥â«¬‡§√◊ËÕß —Ëπ‡ªìπ‡«≈“ 10 «‘π“∑’ ‡æ◊ËÕ°”®—¥øÕßÕ“°“»
À√◊Õ√Ÿæ√ÿπ∑’ËÕ¬Ÿà„π‡π◊ÈÕ¡Õ√åμâ“√å ªî¥º‘«Àπâ“μ—«Õ¬à“ß¥â«¬
°“√Àÿâ¡·∫∫À≈àÕ¥â«¬·ºàπæ≈“ μ‘°„ ‡æ◊ËÕªÑÕß°—π°“√
√–‡À¬¢ÕßπÈ”√–À«à“ß°“√‡°‘¥ªØ‘°‘√‘¬“ ·≈â«®÷ß«—¥ ¡∫—μ‘‰¥
Õ‘‡≈Á°μ√‘° ·≈–§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å∑’Ë√–¬–‡«≈“À≈—ßº ¡ ‡∑à“°—∫ 0, 1, 2, 3, 4, 5, 6,
12 ·≈– 24 ™¡. μ“¡≈”¥—∫

4.2.4.1 °“√∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°
‡¡◊ËÕ‡∑®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å≈ß„π·∫∫À≈àÕ·≈â« ∑”°“√

«—¥ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° (εr′ ·≈– εr″) ¢Õßμ—«Õ¬à“ß∑—π∑’
(√–¬–‡«≈“À≈—ßº ¡‡∑à“°—∫ 0) ‚¥¬„™â‡∑§π‘§‚§‡Õ°‡ ’́¬≈
‚æ√∫·≈–ª√–¡«≈º≈¥â«¬Õÿª°√≥å‡πÁμ‡«‘√å°Õπ“‰≈‡´Õ√å
(√Ÿª∑’Ë 1) ®“°π—Èπ®÷ßªî¥º‘«Àπâ“μ—«Õ¬à“ß¥â«¬‰«â¥â«¬·ºàπ
æ≈“ μ‘°„  ·≈â«®÷ß∫à¡μ—«Õ¬à“ß‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß (28 ± 1 ÌC)
·≈â«®÷ß°≈—∫¡“«—¥ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°Õ’° ‡¡◊ËÕ√–¬–‡«≈“
À≈—ßº ¡ ‡∑à“°—∫ 1, 2, 3, 4, 5, 6, 12 ·≈– 24 ™¡.
μ“¡≈”¥—∫

‡¡◊ËÕ«—¥ εr′ ·≈– εr″ ¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å
∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ ·≈â« ®÷ß∑”°“√§”π«≥À“§à“
tan δ ¥—ß ¡°“√∑’Ë (2)

4.2.4.2 °“√∑¥ Õ∫§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ
§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

´÷Ëß∫à¡‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ ∑’Ë»÷°…“
„πß“π«‘®—¬π’È ‰¥â·°à §«“¡Àπ“·πàπ ‡π◊ËÕß®“°§«“¡Àπ“·πàπ
¡’Õ‘∑∏‘æ≈μàÕ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° ´÷Ëß àßº≈μàÕª√– ‘∑∏‘¿“æ
°“√‡°‘¥§«“¡√âÕπ®“°°“√„Àâæ≈—ßß“π‰¡‚§√‡«ø [9]
  ‡¡◊ËÕº ¡®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å‡ √Á®®π‡∑≈ß„π·∫∫
À≈àÕ·≈â« (√–¬–‡«≈“À≈—ßº ¡‡∑à“°—∫ 0) ∑”°“√™—ËßπÈ”Àπ—°
«—¥¢π“¥¢Õßμ—«Õ¬à“ß (§«“¡°«â“ß ¬“« ·≈– Ÿß) ‡æ◊ËÕ
§”π«≥ª√‘¡“μ√ ®“°π—Èπªî¥º‘«Àπâ“μ—«Õ¬à“ß¥â«¬·ºàπ
æ≈“ μ‘°„  ·≈â«®÷ß∫à¡μ—«Õ¬à“ß‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß (28 ± 1 ÌC)
·≈â«®÷ß°≈—∫¡“™—ËßπÈ”Àπ—° «—¥¢π“¥¢Õßμ—«Õ¬à“ßÕ’°∑’Ë√–¬–
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‡«≈“À≈—ßº ¡ 1, 2, 3, 4, 5, 6, 12 ·≈– 24 ™¡. μ“¡≈”¥—∫
§«“¡Àπ“·πàπ¢Õßμ—«Õ¬à“ß∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ
 “¡“√∂§”π«≥‰¥â®“° ¡°“√∑’Ë (3)

D = M/V

‡¡◊ËÕ D §◊Õ §«“¡Àπ“·πàπ‡π◊ÈÕ«— ¥ÿ, °./≈∫.´¡.
M §◊Õ πÈ”Àπ—°¢Õß°âÕπμ—«Õ¬à“ß, °.
V §◊Õ ª√‘¡“μ√¢Õß°âÕπμ—«Õ¬à“ß, ≈∫.´¡.

5. º≈°“√∑¥ Õ∫·≈–°“√«‘‡§√“–Àåº≈
5.1 §ÿ≥ ¡∫—μ‘¢Õß‡∂â“≈Õ¬

º≈°“√∑¥ Õ∫Õß§åª√–°Õ∫‡§¡’¢Õß«— ¥ÿºß∑’Ë„™â
„πß“π«‘®—¬π’È (μ“√“ß∑’Ë 2) æ∫«à“‡∂â“≈Õ¬¡’ª√‘¡“≥‚¥¬

¡«≈¢Õß´‘≈‘§Õπ‰¥ÕÕ°‰´¥å (SiO2)  Ÿß ÿ¥ √Õß≈ß¡“ ‰¥â·°à
Õ–≈Ÿ¡‘‡π’¬¡ÕÕ°‰´¥å (Al2O3) ·§≈‡´’¬¡ÕÕ°‰´¥å (CaO)
·≈–‡øÕ√å√‘°ÕÕ°‰´¥å (Fe2O3) μ“¡≈”¥—∫ ·≈–‡¡◊Ë Õ
‡ª√’¬∫‡∑’¬∫º≈Õß§åª√–°Õ∫∑“ß‡§¡’¢Õß‡∂â“≈Õ¬°—∫
¢âÕ°”Àπ¥¢Õß “√ªÕ´‚´≈“π μ“¡¡“μ√∞“π ASTM C
618 æ∫«à“‡∂â“≈Õ¬∑’Ëπ”¡“„™â®—¥Õ¬Ÿà„πª√–‡¿∑ F ´÷Ëß‡¡◊ËÕ
æ‘®“√≥“ª√‘¡“≥ SiO2 ¢Õß‡∂â“≈Õ¬∑’Ëπ”¡“„™â‡∑’¬∫°—∫
≈—°…≥–¢Õß‡∂â“≈Õ¬∑’Ë‡À¡“– ¡ ÷́Ëß®–π”¡“°√–μÿâπ¥â«¬
 “√≈–≈“¬¥à“ß®“°º≈°“√∑¥ Õ∫„πß“π«‘®—¬ºà“π¡“ [8]
∂◊Õ‰¥â«à“ ‡∂â“≈Õ¬∑’Ëπ”¡“„™âπ’È¡’ª√‘¡“≥ SiO2 (√âÕ¬≈– 37)
μË”°«à“‡≈Á°πâÕ¬ (‡∂â“≈Õ¬∑’Ë‡À¡“– ¡¡’ª√‘¡“≥ SiO2 √âÕ¬
≈– 40-50)  ”À√—∫ªŸπ´’‡¡πμå æ∫«à“¡’ª√‘¡“≥ CaO  Ÿß
∑’Ë ÿ¥ ÷́Ëß‡∑à“°—∫√âÕ¬≈– 65.20 √Õß≈ß¡“ ‰¥â·°à SiO2 ·≈–
Al2O3 ¡’§à“‡∑à“°—∫√âÕ¬≈– 20.66 ·≈– 5.38 μ“¡≈”¥—∫

μ“√“ß∑’Ë 2 Õß§åª√–°Õ∫‡§¡’¢Õß‡∂â“≈Õ¬·≈–ªŸπ´’‡¡πμåªÕ√åμ·≈π¥å ª√–‡¿∑∑’Ë 1 (OPC)

(3)
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μ“√“ß∑’Ë 3 §ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ¢Õß‡∂â“≈Õ¬ ·≈–ªŸπ´’‡¡πμåªÕ√åμ·≈π¥å ª√–‡¿∑∑’Ë 1 (OPC)

º≈°“√∑¥ Õ∫§ÿ≥ ¡∫—μ‘∑“ß°“¬¿“æ¢Õß‡∂â“≈Õ¬
·≈–ªŸπ´’‡¡πμå (μ“√“ß∑’Ë 3) ®–‡ÀÁπ‰¥â«à“‡∂â“≈Õ¬¡’§à“
§«“¡μâÕß°“√πÈ” ·≈–§«“¡∂à«ß®”‡æ“–πâÕ¬°«à“ªŸπ´’‡¡πμå
´÷Ë ß®“°æ◊Èπ∑’Ëº‘«®”‡æ“–®–‡ÀÁπ«à“ªŸπ ’́ ‡¡πμå¡’§«“¡
≈–‡Õ’¬¥¡“°°«à“‡∂â“≈Õ¬

 ”À√—∫°“√»÷°…“¿“æ∂à“¬¢¬“¬¢Õß‡∂â“≈Õ¬·≈–

ªŸπ ’́‡¡πμå¥â«¬°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ·∫∫ àÕß°√“¥
(Scanning Electron Microscope, SEM) ∑’Ë°”≈—ß¢¬“¬
1,000 ‡∑à“ (√Ÿª∑’Ë 2) ®–‡ÀÁπ‰¥â«à“Õπÿ¿“§¢Õß‡∂â“≈Õ¬
¡’≈—°…≥–√Ÿª∑√ß°≈¡ ·≈–¡’¢π“¥‡≈Á°„À≠à§≈–°—π  à«π
Õπÿ¿“§¢ÕßªŸπ´’‡¡πμåªÕ√åμ·≈π¥å ª√–‡¿∑∑’Ë 1 ¡’√Ÿª√à“ß
≈—°…≥–‡ªìπ‡À≈’Ë¬¡¡ÿ¡

√Ÿª∑’Ë 2 ¿“æ∂à“¬°”≈—ß¢¬“¬ 1,000 ‡∑à“ ¢Õß °) ‡∂â“≈Õ¬ ·≈– ¢) ªŸπ´’‡¡πμåªÕ√åμ·≈π¥å ª√–‡¿∑∑’Ë 1

°) ¢)
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5.2 §ÿ≥ ¡∫—μ‘¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ¿“«– ¥
5.2.1 °“√‰À≈·ºà
º≈°“√∑¥ Õ∫ (μ“√“ß∑’Ë 4) æ∫«à“§à“°“√‰À≈·ºà¢Õß

∑ÿ° —¥ à«πº ¡ (∑’Ë‰¡à‰¥â‡μ‘¡πÈ”‡æ‘Ë¡) ‰¡àÕ¬Ÿà„π¡“μ√∞“π
(√âÕ¬≈– 110 ± 5) ‡π◊ËÕß®“°¡’§«“¡‡Àπ’¬«¢âπ Ÿß (∫“ßμ—«Õ¬à“ß
·¢Áßμ—«∑—π∑’À≈—ßº ¡) ‚¥¬ß“π«‘®—¬ºà“π¡“æ∫«à“ “¡“√∂
ª√—∫ª√ÿß°“√‰À≈¢Õß®’‚Õ‚æ≈‘‡¡Õ√å‰¥â‚¥¬°“√‡μ‘¡πÈ”À√◊Õ
 “√≈¥πÈ”æ‘‡»… (Superplastizizer) ·μà°“√„™â “√≈¥πÈ”
æ‘‡»…®– àßº≈‡ ’¬μàÕ°”≈—ßÕ—¥ [10] ¥â«¬‡Àμÿπ’È®÷ß‰¥â¡’°“√
‡μ‘¡πÈ”‡æ‘Ë¡≈ß‰ª„π∑ÿ°™ÿ¥μ—«Õ¬à“ß‡æ◊ËÕ„Àâ¡’§à“°“√‰À≈·ºà
Õ¬Ÿà„π™à«ß∑’Ë¡“μ√∞“π°”Àπ¥ ·≈–‡æ◊ËÕ‰¡à„Àâ§à“√âÕ¬≈–¢Õß
°“√‰À≈·ºà‡°‘π¡“μ√∞“π ®÷ß§àÕ¬Ê ª√—∫ª√‘¡“≥πÈ”‡æ‘Ë¡ ‡¡◊ËÕ

æ‘®“√≥“Õ‘∑∏‘æ≈¢Õß —¥ à«πº ¡ æ∫«à“‡¡◊ËÕÕ—μ√“ à«π
¢Õß “√≈–≈“¬ FA/AS ·≈– NS/NH ‡æ‘Ë¡¢÷Èπ ª√‘¡“≥πÈ”
∑’Ë‡μ‘¡≈ß‰ª (®πμ—«Õ¬à“ß¡’§à“‰À≈·ºàμ“¡¡“μ√∞“π) ®–¡’§à“
‡æ‘Ë¡¢÷Èπ ‡™àπ ™ÿ¥μ—«Õ¬à“ß 2.0FA0.5, 2.0FA1.0 ·≈– 2.0FA2.0
ª√‘¡“≥πÈ”∑’Ë‡μ‘¡≈ß‰ª‡∑à“°—∫ 30, 50 ·≈– 100 °√—¡μàÕ
®’‚Õ‚æ≈‘‡¡Õ√å‡æ μå 1 °°. μ“¡≈”¥—∫ ¥—ß· ¥ß„π√Ÿª∑’Ë 3
´÷Ëßº≈∑’Ë‰¥â Õ¥§≈âÕß°—∫ß“π«‘®—¬¢Õß Duxson ·≈–§≥–
[11] ∑’Ëæ∫«à“°“√æ—≤π“‚§√ß √â“ß¿“¬„π¢Õß®’‚Õ‚æ≈‘‡¡Õ√å
‡æ‘Ë¡¢÷ÈπÕ¬à“ß√«¥‡√Á«·≈–μàÕ‡π◊ËÕß‡¡◊ËÕª√‘¡“≥ Si ‡æ‘Ë¡¢÷Èπ
‡π◊ËÕß®“° Na2SiO3 ™à«¬‡μ‘¡ª√‘¡“≥ SiO2 ∑’Ë«àÕß‰«
μàÕ°“√‡°‘¥ªØ‘°‘√‘¬“‡æ◊ËÕª√—∫Õ—μ√“ à«π Si/Al „Àâ¡’§à“
‡À¡“– ¡μàÕ°“√‡°‘¥®’‚Õ‚æ≈‘‡¡Õ√å [12]

μ“√“ß∑’Ë 4 √âÕ¬≈–°“√‰À≈·ºà¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

À¡“¬‡Àμÿ: 1)  —≠≈—°…≥å (*) À¡“¬∂÷ß §à“√âÕ¬≈–¢Õß°“√‰À≈·ºà∑’ËÕ¬Ÿà„π¡“μ√∞“π ASTM C 109
°”Àπ¥

2)  —≠≈—°…≥å (NA) À¡“¬∂÷ß ‰¡à “¡“√∂À“§à“‰¥â‡π◊ËÕß®“°μ—«Õ¬à“ß¡’§«“¡¢âπ‡À≈«¡“°
À√◊ÕπâÕ¬‡°‘π‰ª

 ”À√—∫´’‡¡πμå¡Õ√åμâ“√å∑’Ë»÷°…“¡’Õ—μ√“ à«ππÈ”μàÕªŸπ
´’‡¡πμå (w/c) ‡∑à“°—∫ 0.5 æ∫«à“¡’§à“°“√‰À≈·ºà ‡∑à“°—∫

√âÕ¬≈– 105 ÷́ËßÕ¬Ÿà„π‡°≥±å¡“μ√∞“π°”Àπ¥
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√Ÿª∑’Ë 3 ª√‘¡“≥πÈ”∑’Ë‡μ‘¡®π∑”„Àâ®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ¡’§à“°“√‰À≈·ºà μ“¡¡“μ√∞“π ASTM C 109

5.2.2 √–¬–‡«≈“°“√°àÕμ—«
‡π◊ËÕß®“°°“√∑¥ Õ∫°“√‰À≈·ºà¢Õß®’‚Õ‚æ≈‘‡¡Õ√å„π

°√≥’∑’Ë‰¡à‡μ‘¡πÈ”‡æ‘Ë¡ æ∫«à“§à“°“√‰À≈·ºà‰¡àÕ¬Ÿà„π¡“μ√∞“π
ASTM C 109 °”Àπ¥ π—Ëπ§◊Õ§«“¡ “¡“√∂∑”ß“π‰¥â ‰¡à
‡ªìπ‰ªμ“¡¡“μ√∞“π ¥—ßπ—Èπß“π«‘®—¬π’È®÷ß»÷°…“‡©æ“–™ÿ¥
μ—«Õ¬à“ß∑’Ë‡μ‘¡πÈ”‡æ‘Ë¡®π∑”„Àâ ‰¥â√âÕ¬≈–°“√‰À≈·ºàÕ¬Ÿà„π
¡“μ√∞“π°”Àπ¥ √“¬≈–‡Õ’¬¥¢Õß —¥ à«πº ¡¢Õß™ÿ¥
μ—«Õ¬à“ß¥—ß°≈à“«· ¥ß„πμ“√“ß∑’Ë 5

®“°º≈°“√∑¥ Õ∫√–¬–‡«≈“°“√°àÕμ—« (√Ÿª∑’Ë 4)
æ∫«à“®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë¡’Õ—μ√“ à«π‚¥¬πÈ”Àπ—°
¢Õß “√≈–≈“¬ NS/NH ‡∑à“°—π ‡«≈“°“√°àÕμ—«¡’§à“≈¥≈ß
‡¡◊ËÕÕ—μ√“ à«π FA/AS ‡æ‘Ë¡¢÷Èπ (¬°‡«âπ°√≥’™ÿ¥μ—«Õ¬à“ß
3.0FA2.0) ¥—ßμ—«Õ¬à“ß‡™àπ ™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3%,
2.5FA0.5+8% ·≈– 3.0FA0.5+13% ¡’‡«≈“°“√°àÕμ—«
√–¬–μâπ ‡∑à“°—∫ 82, 52 ·≈– 42 π“∑’ μ“¡≈”¥—∫ ·≈–

‡«≈“°“√°àÕμ—«√–¬– ÿ¥∑â“¬‡∑à“°—∫ 106, 78 ·≈– 69 π“∑’
μ“¡≈”¥—∫ ∑’Ë‡ªìπ‡™àππ’È‡π◊ËÕß®“°Õ—μ√“ à«π FA/AS ¡’
Õ‘∑∏‘æ≈μàÕ°“√‡°‘¥ªØ‘°‘√‘¬“®’ ‚Õ‚æ≈‘‡¡Õ√å ‰√´å ‡´™—Ëπ
(Geopolymerisation) ‡æ√“–ªØ‘°‘√‘¬“π’ÈμâÕß°“√ SiO2

·≈– Al2O3 ∑’ËÕ¬Ÿà„π‡∂â“≈Õ¬ [13] ¥—ßπ—Èπ‡¡◊ËÕ à«πº ¡
¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡’ª√‘¡“≥‡∂â“≈Õ¬¡“°°«à“®÷ß¡’ª√‘¡“≥
SiO2 ·≈– Al2O3 ¡“°°«à“ ∑”„ÀâªØ‘°‘√‘¬“‡°‘¥ Ÿß  àßº≈
„Àâ ‚§√ß √â“ß¿“¬„π·¢Áß·√ßÕ¬à“ß√«¥‡√Á« √–¬–‡«≈“
°“√°àÕμ—«®÷ßπâÕ¬°«à“  Õ¥§≈âÕß°—∫º≈∑’Ë ‰¥â „πß“π«‘®—¬
¢Õß Provis ·≈– van Deventer [14] ÷́Ëßæ∫«à“ªØ‘°‘√‘¬“
¢Õß®’‚Õ‚æ≈‘‡¡Õ√å “¡“√∂‡°‘¥‰¥â¡“°°«à“„π°√≥’∑’Ëμ—«Õ¬à“ß
¡’Õ—μ√“ à«π¢Õß·¢ÁßμàÕ “√≈–≈“¬¡“°°«à“ π—Ëπ§◊Õ
μ—«Õ¬à“ß∑’Ë¡’ª√‘¡“≥‡∂â“≈Õ¬À√◊Õ “√≈–≈“¬ Na2SiO3  Ÿß°«à“
®–∑”„Àâ®’ ‚Õ‚æ≈‘‡¡Õ√å‡°‘¥ªØ‘°‘√‘¬“·≈– “¡“√∂·¢Áßμ—«
Õ¬à“ß√«¥‡√Á«°«à“ ¥—ßπ—Èπ√–¬–‡«≈“°“√°àÕμ—«®÷ßπâÕ¬°«à“
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À¡“¬‡Àμÿ: 1) πÈ”Àπ—°¢Õß à«πº ¡∑’Ë· ¥ß„πμ“√“ß„™â„π°“√‡μ√’¬¡μ—«Õ¬à“ß 1 À¡âÕº ¡
2)  —≠≈—°…≥å¢Õß™ÿ¥μ—«Õ¬à“ßÕ∏‘∫“¬‰¥â¥—ßπ’È ‡™àπ ™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3% §◊Õ ®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

‡∂â“≈Õ¬∑’Ë¡’Õ—μ√“ à«π‚¥¬πÈ”Àπ—° FA/AS ‡∑à“°—∫ 2.0 Õ—μ√“ à«π‚¥¬πÈ”Àπ—° NS/NH ‡∑à“°—∫ 0.5
·≈–¡’ª√‘¡“≥πÈ”º ¡‡æ‘Ë¡√âÕ¬≈– 3 ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å‡æ μå

μ“√“ß∑’Ë 5  —¥ à«πº ¡¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë‡μ‘¡πÈ”‡æ‘Ë¡®π¡’§à“°“√‰À≈·ºà μ“¡¡“μ√∞“π°”Àπ¥

√Ÿª∑’Ë 4 √–¬–‡«≈“°“√°àÕμ—«¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ”À√—∫ —¥ à«πº ¡μà“ßÊ
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5.3 §ÿ≥ ¡∫—μ‘¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë√–¬–‡«≈“
À≈—ßº ¡μà“ßÊ
5.3.1  ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°
§«“¡√Ÿâ§«“¡‡¢â“„®‡°’Ë¬«°—∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß

«— ¥ÿ‡ªìπ ‘Ëß®”‡ªìπÕ¬à“ß¬‘Ëß„π°“√«‘‡§√“–Àå°√–∫«π°“√∑”
§«“¡√âÕπ¥â«¬‰¡‚§√‡«ø ‡æ√“– ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°· ¥ß
∂÷ß§«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫æ≈—ßß“π‰¡‚§√‡«ø ·≈–
°“√º≈‘μæ≈—ßß“π§«“¡√âÕπ∑’Ë‡°‘¥®“°°“√¥Ÿ¥´—∫æ≈—ßß“π
‰¡‚§√‡«ø ¥—ßπ—Èπß“π«‘®—¬π’È®÷ß‰¥â»÷°…“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°
¢Õß«— ¥ÿ à«πº ¡·≈–¡Õ√åμâ“√å¢Õß®’‚Õ‚æ≈‘‡¡Õ√å∑’Ëº ¡·≈â«
∑”„Àâ∑√“∫§à“§ß∑’Ë‰¥Õ‘‡≈Á°μ√‘° —¡æ—∑∏å (εr′) ´÷Ëß‡ªìπ§à“
∑’Ë∫àß∫Õ°∂÷ßª√‘¡“≥æ≈—ßß“π‰¡‚§√‡«ø∑’Ë∂Ÿ°°—°‡°Á∫‰«â

„π«— ¥ÿ ·≈–‰¥Õ‘‡≈Á°μ√‘°≈Õ ·ø§‡μÕ√å —¡æ—∑∏å (εr″)
´÷Ëß∫Õ°ª√‘¡“≥°“√ Ÿ≠‡ ’¬æ≈—ßß“π‰¡‚§√‡«ø¿“¬„π«— ¥ÿ
‰¥Õ‘‡≈Á°μ√‘°

5.3.1.1  ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ à«πº ¡
º≈°“√∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ∑’Ë „™â‡ªìπ

 à«πº ¡„π°“√º≈‘μ®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ¥—ß· ¥ß„π
μ“√“ß∑’Ë 6 æ∫«à“ πÈ”¡’§à“ εr′  Ÿß ÿ¥ √Õß≈ß¡“ ‰¥â·°à
 “√≈–≈“¬ NaOH  “√≈–≈“¬ Na2SiO3 ‡∂â“≈Õ¬ ·≈–
∑√“¬ μ“¡≈”¥—∫  ”À√—∫°√≥’¢Õß§à“ εr″  æ∫«à“πÈ”¡’§à“
 Ÿß ÿ¥‡™àπ°—π √Õß≈ß¡“ ‰¥â·°à  “√≈–≈“¬ Na2SiO3

 “√≈–≈“¬ NaOH  ‡∂â“≈Õ¬ ·≈–∑√“¬ μ“¡≈”¥—∫

 ”À√—∫§à“ tan δ ÷́Ëß‡ªìπ§à“∑’Ë· ¥ß∂÷ß§«“¡ “¡“√∂
¢Õß°“√º≈‘μæ≈—ßß“π§«“¡√âÕπ∑’Ë ‡°‘¥®“°°“√¥Ÿ¥ —́∫
æ≈—ßß“π‰¡‚§√‡«øÀ“‰¥â®“°§à“ εr″ À“√¥â«¬ εr′ ·≈–
®“°°“√§”π«≥æ∫«à“«— ¥ÿ à«πº ¡∑’Ë¡’§à“ tan δ  Ÿß ÿ¥ §◊Õ
 “√≈–≈“¬ Na2SiO3 √Õß≈ß¡“ ‰¥â·°à πÈ”  ”À√—∫«— ¥ÿ
 à«πº ¡Õ’° “¡™π‘¥ §◊Õ  “√≈–≈“¬ NaOH ‡∂â“≈Õ¬ ·≈–
∑√“¬ ¡’§à“ tan δ „°≈â‡§’¬ß°—π ‚¥¬‡¡◊ËÕæ‘®“√≥“ ∂“π–
¢Õß«— ¥ÿ à«πº ¡ æ∫«à“«— ¥ÿ∑’Ë‡ªìπ¢Õß‡À≈« (πÈ”  “√≈–≈“¬

Na2SiO3 ·≈– NaOH) ¡’§à“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° (εr′, εr″
·≈– tan δ)   Ÿß°«à“«— ¥ÿ¢Õß·¢Áß (‡∂â“≈Õ¬ ·≈–∑√“¬) ∑’Ë
‡ªìπ‡™àππ’È‡π◊ËÕß®“°πÈ”„π ∂“π–¢Õß‡À≈« (Liquid water)
¡’≈—°…≥–‚§√ß √â“ß‡™‘ß¢—È« ¥—ßπ—Èπ‚¡‡≈°ÿ≈¢ÕßπÈ”„π
 ∂“π–¢Õß‡À≈«®÷ß “¡“√∂¥Ÿ¥´—∫æ≈—ßß“π‰¡‚§√‡«ø·≈–
‡ª≈’Ë¬π‡ªìπæ≈—ßß“π§«“¡√âÕπ‰¥âßà“¬°«à“ [9] ¥—ßπ—Èπ«— ¥ÿ
 à«πº ¡∑’Ë¡’ ∂“π–¢Õß‡À≈« ÷́Ëß¡’πÈ”‡ªìπÕß§åª√–°Õ∫
®”π«π¡“°®÷ß¡’§à“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° Ÿß°«à“

μ“√“ß∑’Ë 6  ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ à«π∑’Ë„™â‡ªìπ à«πº ¡¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å
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5.3.1.2  ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å
º≈°“√∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å

¡Õ√åμâ“√å ”À√—∫ —¥ à«πº ¡μà“ßÊ (∑’Ë¡’°“√‡μ‘¡πÈ”‡æ‘Ë¡®π
§à“°“√‰À≈·ºàμ“¡¡“μ√∞“π) æ∫«à“§à“ εr′ ·≈– εr″ ¢Õß
∑ÿ° —¥ à«πº ¡¡’§à“ Ÿß∑’Ë ÿ¥À≈—ß®“°º ¡‡ √Á®∑—π∑’ (√–¬–

‡«≈“À≈—ßº ¡‡∑à“°—∫ 0) ‚¥¬§à“∑—Èß Õß≈¥≈ß‡¡◊Ë Õ∑‘È ß
μ—«Õ¬à“ß‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“π“π¢÷Èπ ·≈–¡’§à“μË” ÿ¥
∑’Ë√–¬–‡«≈“À≈—ßº ¡ 24 ™¡. ¥—ß· ¥ßμ—«Õ¬à“ßº≈
°“√«—¥§à“ εr′ ·≈– εr″ ¢Õß™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3%
„π√Ÿª∑’Ë 5

√Ÿª∑’Ë 5 §«“¡ —¡æ—π∏å√–À«à“ß§à“ Dielectric Constant ·≈– Dielectric Loss Factor °—∫√–¬–‡«≈“À≈—ßº ¡
 ”À√—∫®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3%

‡π◊ËÕß®“°™à«ß·√°Ê (‚¥¬‡©æ“–À≈—ßº ¡‡ √Á®∑—π∑’)
®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’≈—°…≥–‡ªìπ¢Õßº ¡‡À≈«¢âπ∑’Ë¡’
πÈ”Õ‘ √– (Free water) ·≈–‚¡‚π‡¡Õ√å (Monomer) ®”π«π
¡“°‡ªìπÕß§åª√–°Õ∫Õ¬Ÿà¿“¬„π  [16] ·μà‡¡◊ËÕ‡«≈“ºà“π‰ª
πÈ”Õ‘ √–·≈–‚¡‚π‡¡Õ√å¥—ß°≈à“«‡°‘¥°“√‡ª≈’Ë¬π·ª≈ß
‡π◊ËÕß®“°‡°‘¥ªØ‘°‘√‘¬“‡§¡’ ‚¥¬πÈ”Õ‘ √– à«πÀπ÷Ëß∂Ÿ°μ√÷ß‰«â
°—∫‚§√ß √â“ß ·≈–‚¡‚π‡¡Õ√å‡°‘¥‡ªìπ‚æ≈‘‡¡Õ√å (Polymer)
·≈–®“°¢âÕ π—∫ πÿπ§«“¡®√‘ß∑’Ë«à“¢Õß‡À≈« ‡™àπ πÈ”·≈–
‚¡‚π‡¡Õ√å®–‡ªìπμ—«¥Ÿ¥´—∫æ≈—ßß“π‰¡‚§√‡«ø‰¥â¥’°«à“
‚æ≈‘‡¡Õ√å [10] ¥â«¬‡Àμÿπ’È™à«ß·√°Ê (0-3 ™¡. À≈—ßº ¡)
´÷Ëßμ—«Õ¬à“ß¡’πÈ”Õ‘ √–·≈–‚¡‚π‡¡Õ√å„πª√‘¡“≥ Ÿß ®÷ßæ∫
«à“®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’§à“ εr′ ·≈– εr″  Ÿß°«à“„π
™à«ßÀ≈—ßÊ ·≈–‡¡◊ËÕæ‘®“√≥“≈—°…≥–¢Õß°“√‡ª≈’Ë¬π·ª≈ß
§à“ εr′ ·≈– εr″ æ∫«à“Õ—μ√“°“√≈¥≈ß¢Õß εr′ ·≈– εr″
¡’§à“ Ÿß„π™à«ß·√°Ê À≈—ß®“°º ¡‡ √Á® ·μà„π™à«ßÀ≈—ß 3 ™¡.

æ∫«à“Õ—μ√“°“√≈¥≈ß¢Õß εr′ ·≈– εr″ ¡’§à“μË” ‡π◊ËÕß®“°
„π√–¬–·√°¢Õß°“√°√–μÿâπ‡∂â“≈Õ¬¥â«¬ “√≈–≈“¬¥à“ß
®–‡°‘¥‡®≈Õ–≈Ÿ¡‘‚π´‘≈‘‡°μ∑’Ë¡’ª√‘¡“≥ Al  Ÿß [8] ®÷ß∑”„Àâ
ªØ‘°‘√‘¬“‚æ≈‘‡¡Õ√å‰√´å‡´™—Ëπ‡°‘¥ Ÿß‰ª¥â«¬ π—Ëπ§◊Õ‚§√ß √â“ß
·≈–Õß§åª√–°Õ∫‡§¡’‡°‘¥°“√‡ª≈’Ë¬π·ª≈ßÕ¬à“ß√«¥‡√Á«„π
™à«ß·√°  à«π„π™à«ßμàÕ¡“Õ—μ√“¢Õß°“√‡°‘¥ªØ‘°‘√‘¬“≈¥≈ß

‡π◊ËÕß®“° tan δ  ‰¥â®“°§à“ εr″ À“√¥â«¬ §à“ εr′  ®÷ß
æ∫«à“°“√‡ª≈’Ë¬π·ª≈ß tan δ  ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å
∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ ¡’≈—°…≥–‡™àπ‡¥’¬«°—∫°“√
‡ª≈’Ë¬π·ª≈ß§à“ εr′ ·≈– εr″  π—Ëπ§◊Õ§à“ tan δ ¢Õß
μ—«Õ¬à“ß¡’§à“ ŸßÀ≈—ß®“°º ¡‡ √Á®∑—π∑’ ·≈–¡’·π«‚πâ¡≈¥
≈ß‡¡◊ËÕ∑‘Èßμ—«Õ¬à“ß‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ√–¬–‡«≈“π“π¢÷Èπ
(¬°‡«âπ™ÿ¥μ—«Õ¬à“ß 2.0FA2.0+5%, 2.0FA2.0+10% ·≈–
3.0FA2.0+23%) ‚¥¬∑ÿ°™ÿ¥μ—«Õ¬à“ß¡’§à“ tan δ μË” ÿ¥∑’Ë
√–¬–‡«≈“À≈—ßº ¡ 24 ™¡. ¥—ß· ¥ß„π√Ÿª∑’Ë 6



«“√ “√«‘®—¬·≈–æ—≤π“ ¡®∏. ªï∑’Ë 33 ©∫—∫∑’Ë 2 ‡¡…“¬π - ¡‘∂ÿπ“¬π 2553 159

√Ÿª∑’Ë 6 §«“¡ —¡æ—π∏å√–À«à“ß§à“ tan δ  °—∫ √–¬–‡«≈“À≈—ßº ¡¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å

√Ÿª∑’Ë 7 §à“ tan δ  ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√åÀ≈—ß®“°º ¡‡ √Á®∑—π∑’ (√–¬–‡«≈“À≈—ßº ¡‡∑à“°—∫ 0)

‡π◊ËÕß®“° tan δ ‡ªìπÕ’°μ—«·ª√ ”§—≠∑’Ë„™âÕ∏‘∫“¬
§«“¡ “¡“√∂„π°“√º≈‘μ§«“¡√âÕπ¢Õß«— ¥ÿ‰¥Õ‘‡≈Á°μ√‘°
¢≥–∑’Ë¥Ÿ¥´—∫æ≈—ßß“π®“°§≈◊Ëπ‰¡‚§√‡«ø ¥—ßπ—Èπ®÷ß
æ‘®“√≥“§à“ tan δ ¢Õßμ—«Õ¬à“ß‡æ◊ËÕ„™âª√–°Õ∫°“√»÷°…“

 ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å ·≈–‡¡◊ËÕ
æ‘®“√≥“°“√‡ª≈’Ë¬π·ª≈ß§à“ tan δ ∑’Ë —¥ à«πº ¡μà“ßÊ
æ∫«à“¡’§«“¡ —¡æ—π∏å°—∫ —¥ à«πº ¡¢Õß®’ ‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å
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°≈à“«§◊Õ‡¡◊ËÕæ‘®“√≥“Õ‘∑∏‘æ≈¢ÕßÕ—μ√“ à«π NS/NH ∑’Ë
¡’μàÕ§à“ tan δ ¢Õßμ—«Õ¬à“ßÀ≈—ß®“°º ¡‡ √Á®∑—π∑’ ¥—ß
· ¥ß„π√Ÿª∑’Ë 7 æ∫«à“®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë¡’Õ—μ√“ à«π
FA/AS ‡∑à“°—∫ 2.0 ·≈– 2.5 ¡’§à“ tan δ ‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ
Õ—μ√“ à«π NS/NH ‡æ‘Ë¡¢÷Èπ ‡™àπ ™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3%,
2.0FA1.0+5% ·≈– 2.0FA2.0+10% ¡’§à“ tan δ ‡∑à“°—∫
0.72, 1.0 ·≈– 1.01 μ“¡≈”¥—∫  Õ¥§≈âÕß°—∫§à“ tan δ
¢Õß “√≈–≈“¬¥à“ß (μ“√“ß∑’Ë 8) ´÷Ëßæ∫«à“ tan δ ¢Õß
 “√≈–≈“¬ Na2SiO3 ¡’§à“¡“°°«à“ NaOH
  ‡¡◊ËÕæ‘®“√≥“§à“ tan δ ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑ÿ°
 —¥ à«πº ¡æ∫«à“¡’§à“ Ÿß°«à“§à“ tan δ ¢ÕßπÈ”´÷Ëß‡ªìπ
«— ¥ÿ∑’Ë¡’§«“¡‡ªìπ‰¥Õ‘‡≈Á°μ√‘° Ÿß ¥—ßπ—Èπ®÷ß “¡“√∂
«‘‡§√“–Àå ‰¥â«à“®’ ‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å “¡“√∂∫à¡¥â«¬
æ≈—ßß“π‰¡‚§√‡«ø‰¥â

5.3.2 §«“¡Àπ“·πàπ
§«“¡Àπ“·πàπ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’§à“Õ¬Ÿà„π™à«ß

1.62-2.32 °./≈∫.´¡. ·≈–‡¡◊ËÕ√–¬–‡«≈“À≈—ßº ¡‡æ‘Ë¡¢÷Èπ

æ∫«à“§«“¡Àπ“·πàπ¡’§à“‡æ‘Ë¡¢÷Èπ‡≈Á°πâÕ¬ (μ“√“ß∑’Ë 7)
π—Ëπ§◊ÕÀ≈—ß®“°º ¡‡ √Á® (√–¬–‡«≈“À≈—ßº ¡‡∑à“°—∫ 0)
®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’§«“¡Àπ“·πàπμË” ÿ¥ ·≈–¡’§à“ Ÿß
∑’Ë ÿ¥À≈—ß®“°∑‘Èß‰«â∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß‡ªìπ‡«≈“ 24 ™¡. ‡™àπ
§«“¡Àπ“·πàπ¢Õß™ÿ¥μ—«Õ¬à“ß 2.0FA0.5+3% ∑’Ë√–¬–
‡«≈“À≈—ßº ¡ 0, 1, 2, 3, 4, 5, 6, 12 ·≈– 24 ™¡. ¡’§à“
‡∑à“°—∫ 1.86, 1.95, 2.08, 2.12, 2.19, 2.21, 2.27, 2.30
·≈– 2.32 °./≈∫.´¡. μ“¡≈”¥—∫
  ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫§«“¡Àπ“·πàπ√–À«à“ß®’‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å·≈–´’‡¡πμå¡Õ√åμâ“√å∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ
æ∫«à“ ’́‡¡πμå¡Õ√åμâ“√å¡’§«“¡Àπ“·πàπ (∑ÿ°™à«ß‡«≈“)
¡“°°«à“‡≈Á°πâÕ¬ ‚¥¬§«“¡Àπ“·πàπ¢Õß´’‡¡πμå¡Õ√åμâ“√å
∑’Ë√–¬–‡«≈“À≈—ßº ¡ 0, 1, 2, 3, 4, 5, 6, 12 ·≈– 24 ™¡.
¡’§à“‡∑à“°—∫ 2.48, 2.49, 2.49, 2.48, 2.48, 2.48, 2.48, 2.45
·≈– 2.43 °./≈∫.´¡. μ“¡≈”¥—∫  ”À√—∫§«“¡Àπ“·πàπ
¢Õß ’́‡¡πμå¡Õ√åμâ“√å∑’Ë√–¬–‡«≈“À≈—ßº ¡μà“ßÊ ¡’§à“Õ¬Ÿà„π
™à«ß 2.43-2.49 °./≈∫.´¡.

μ“√“ß∑’Ë 7 §«“¡Àπ“·πàπ¢Õß®’‚Õ‚æ≈‘‡¡Õ√å·≈–´’‡¡πμå¡Õ√åμâ“√å
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6.  √ÿªº≈°“√»÷°…“
®“°º≈°“√∑¥ Õ∫ “¡“√∂ √ÿªª√–‡¥Áπ∑’Ë ”§—≠‰¥â¥—ßπ’È
6.1 °“√‡μ‘¡πÈ”‡æ‘Ë¡≈ß‰ª„π®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑”„Àâ

μ—«Õ¬à“ß¡’§à“√âÕ¬≈–°“√‰À≈·ºàÕ¬Ÿà„π¡“μ√∞“π ASTM C
109 °”Àπ¥ ‚¥¬ª√‘¡“≥πÈ”∑’Ë‡μ‘¡¡’§à“‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ®’‚Õ‚æ≈‘
‡¡Õ√å¡Õ√åμâ“√å¡’Õ—μ√“ à«π FA/AS ·≈– NS/NH ‡æ‘Ë¡¢÷Èπ

6.2 ®’‚Õ‚æ≈‘‡¡Õ√å‡æ μå¡’√–¬–‡«≈“°“√°àÕμ—«πâÕ¬°«à“
´’‡¡πμå‡æ μå ´÷Ëß√–¬–‡«≈“°“√°àÕμ—«≈¥≈ß‡¡◊ËÕμ—«Õ¬à“ß¡’
Õ—μ√“ à«π‚¥¬πÈ”Àπ—°¢Õß FA/AS ·≈– NS/NH ‡æ‘Ë¡¢÷Èπ

6.3 «— ¥ÿ à«πº ¡∑ÿ°™π‘¥„π°“√º≈‘μ®’ ‚Õ‚æ≈‘‡¡Õ√å
¡Õ√åμâ“√å “¡“√∂À“§à“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° (εr′, εr″ ·≈–
tan δ) ‰¥â ‚¥¬πÈ”·≈–«— ¥ÿ∑’Ë¡’πÈ”‡ªìπ à«πª√–°Õ∫
( “√≈–≈“¬ NaOH ·≈– Na2SiO3) ¡’ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°
 Ÿß°«à“«— ¥ÿ∑’Ë‡ªìπ¢Õß·¢Áß (‡∂â“≈Õ¬·≈–∑√“¬)

6.4  ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å¡’§à“
≈¥≈ß‡¡◊ËÕ√–¬–‡«≈“À≈—ßº ¡‡æ‘Ë¡¢÷Èπ ‚¥¬ ¡∫—μ‘‰¥Õ‘‡≈Á°
μ√‘°¢Õß∑ÿ° —¥ à«πº ¡¡’§à“ Ÿß∑’Ë ÿ¥À≈—ß®“°º ¡‡ √Á®∑—π∑’
·≈–®’‚Õ‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å∑’Ë¡’¢Õß‡À≈« (πÈ”‡æ‘Ë¡  “√≈–≈“¬
NaOH ·≈–  “√≈–≈“¬ Na2SiO3) ‡ªìπ à«πº ¡„πª√‘¡“≥
 Ÿß°«à“®–¡’ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘° Ÿß°«à“

6.5 ‡¡◊ËÕæ‘®“√≥“ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°¢Õß«— ¥ÿ à«πº ¡
·≈–¡Õ√åμâ“√å¢Õß®’‚Õ‚æ≈‘‡¡Õ√å∑ÿ° —¥ à«πº ¡ æ∫«à“®’‚Õ
‚æ≈‘‡¡Õ√å¡Õ√åμâ“√å “¡“√∂∫à¡¥â«¬æ≈—ßß“π‰¡‚§√‡«ø‰¥â

7. °‘μμ‘°√√¡ª√–°“»
§≥–ºŸâ«‘®—¬„§√à¢Õ¢Õ∫§ÿ≥Àπà«¬«‘®—¬‡æ◊ËÕ°“√„™â

ª√–‚¬™πå®“°‰¡‚§√‡«ø„πß“π«‘»«°√√¡ (R.C.M.E.) ¿“§
«‘™“«‘»«°√√¡‡§√◊ËÕß°≈ §≥–«‘»«°√√¡»“ μ√å ¡À“«‘∑¬“≈—¬
∏√√¡»“ μ√å ∑’Ë „Àâ°“√ π—∫ πÿπ‡§√◊ËÕß¡◊Õ ”À√—∫°“√
∑¥ Õ∫ ¡∫—μ‘‰¥Õ‘‡≈Á°μ√‘°
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