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Effect of Fly Ash Fineness on Compressive Strength,

Total Pore Volume and Pore Size of Blended Cement Paste

This paper presents an experimental investigation on the effect of fly ash fineness on compres-

sive strength, total pore volume, and pore size of hardened blended cement pastes. Class F fly ash

with two finenesses; an original fly ash and a classified fly ash with median particle size of 19.1 and

6.4 micron, respectively were used to partially replace Portland cement type I at the rate of 0, 20, and

40% by weight of binder. The water to binder ratio (W/B) of 0.35 was used for all the blended cement

paste mixtures.

Tested results indicated that the blended cement paste with classified fly ash produced paste

with higher compressive strength than that with original fly ash. The pore size of blended cement

paste was significantly affected by the rate replacement and fineness of fly ash. The replacement of

Portland cement by the original fly ash increased the total pore volume but decreased the capillary

pore size of the paste. The incorporation of the classified fly ash decreased the total pore volume and

the capillary pore size of the paste as compared to that with ordinary fly ash. The total pore volume

and capillary pore size of the pastes decreased as a result of the addition of finer fly ash at all

replacement levels.
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1. ∫∑π”

§Õπ°√’µ‡ªìπ«— ¥ÿ∑’Ë„™â°—πÕ¬à“ß·æ√àÀ≈“¬„πß“π°àÕ √â“ß∑—Ë«‰ª ‡™àπ ∂ππ  –æ“π Õ“§“√ ‡¢◊ËÕπ Õÿ‚¡ß§å ‡ªìπµâπ

„π°“√ÕÕ°·∫∫‚§√ß √â“ß§Õπ°√’µ πÕ°®“°§«“¡ “¡“√∂„π°“√µâ“π∑“π·√ß∑—ÈßÀ¡¥¢Õß‚§√ß √â“ß·≈â« §«“¡

∑π∑“π‡ªìπ§ÿ≥ ¡∫—µ‘∑’Ë§«√„Àâ§«“¡ π„®Õ¬à“ß¡“° ‚¥¬∑—Ë«‰ª§«“¡∑π∑“π¢Õß§Õπ°√’µ®–¢÷ÈπÕ¬Ÿà°—∫°“√µâ“π∑“π

°“√ºà“π‡¢â“‰ª¢Õß “√∑’Ë∑”„Àâ‡°‘¥Õ—πµ√“¬µàÕ‚§√ß √â“ß®“° ‘Ëß·«¥≈âÕ¡  §Õπ°√’µ‡ªìπ«— ¥ÿº ¡∑’Ë´—∫´âÕπ ·≈–‡ªìπ

«— ¥ÿ∑’Ë¡’§«“¡æ√ÿπ  ¡’‚§√ß √â“ß√–¥—∫Õπÿ¿“§ (microstructure) ¢π“¥µà“ß°—π ·§≈‡´’¬¡´‘≈‘‡°µ‰Œ‡¥√µ‡ªìπ«— ¥ÿ∑’Ë

¡’¢π“¥π“‚π‡¡µ√ ¢≥–∑’Ë´’‡¡πµå‡æ µå‡ªìπ‚§√ß √â“ß∑’Ë√–¥—∫¢π“¥‰¡‚§√‡¡µ√ ·≈–‡¡◊ËÕº ¡∑√“¬·≈–À‘π∑”„Àâ

§Õπ°√’µ¡’¢π“¥√–¥—∫¡‘≈≈‘‡¡µ√ [1]  °“√»÷°…“‚§√ß √â“ß√–¥—∫Õπÿ¿“§¢Õß´’‡¡πµå‡æ µå‡ªìπ ‘Ëß∑’Ë ”§—≠‡æ√“–∑”„Àâ

‡¢â“„®æƒµ‘°√√¡¢Õß¡Õ√åµâ“√å·≈–§Õπ°√’µ ª√‘¡“µ√¢Õß‚æ√ß (pore volume) ·≈–°“√°√–®“¬¢π“¥¢Õß‚æ√ß (pore

size distribution) ‡ªìπ à«πª√–°Õ∫√–¥—∫Õπÿ¿“§∑’Ë ”§—≠¢Õß´’‡¡πµå‡æ µå∑’Ë·¢Áßµ—« ‡æ√“–¡’º≈µàÕ ¡∫—µ‘∑“ß¥â“π

°“¬¿“æ¢Õß ’́‡¡πµå‡æ µå ‡™àπ °”≈—ß °“√§◊∫ °“√À¥µ—« °“√ ÷́¡ºà“π ·≈–§«“¡∑π∑“π ‡ªìπµâπ  ¡∫—µ‘¢Õß

§Õπ°√’µ¡’§«“¡ —¡æ—π∏å‚¥¬µ√ß°—∫°“√‡ª≈’Ë¬π·ª≈ß‚§√ß √â“ß‚æ√ß„π ’́‡¡πµå‡æ µå ‚§√ß √â“ß‚æ√ß‡ªìπµ—«§«∫§ÿ¡

Õ—µ√“°“√´÷¡ºà“π¢Õß°ä“´·≈–¢Õß‡À≈«∑’Ë∑”„Àâ‡°‘¥Õ—πµ√“¬µàÕ§Õπ°√’µ®“° ‘Ëß·«¥≈âÕ¡ ‚æ√ß¢π“¥„À≠à·≈–‚æ√ß

§“ªî≈≈“√’¡’º≈°√–∑∫∑’Ë ”§—≠µàÕ°”≈—ßÕ—¥·≈–°“√´÷¡ºà“π¢Õß´’‡¡πµå‡æ µå   ́ ’‡¡πµå‡æ µåª√–°Õ∫¥â«¬‚æ√ß 2 ™π‘¥

§◊Õ ‚æ√ß§“ªî≈≈“√’ (capillary pore) ¡’¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß√–À«à“ß 10 ∂÷ß 10,000 π“‚π‡¡µ√  ·≈–‚æ√ß‡®≈

(gel pore) ¡’‡ âπºà“π»Ÿπ¬å°≈“ß‡≈Á°°«à“ 10 π“‚π‡¡µ√ [2]

‡æ◊ËÕ∑”„Àâ§Õπ°√’µ¡’°”≈—ß Ÿß¢÷Èπ §«“¡∑π∑“π¥’¢÷Èπ ·≈–≈¥°“√´÷¡ºà“ππÈ” ®”‡ªìπµâÕß≈¥ª√‘¡“µ√·≈–¢π“¥

‚æ√ß„π ’́‡¡πµå‡æ µå «— ¥ÿªÕ´‚´≈“π (Pozzolan) ‰¥âπ”¡“„™â·∑π∑’Ë„πªŸπ´’‡¡πµå∫“ß à«π‡æ◊ËÕ≈¥°“√ ÷́¡ºà“π

≈¥ª√‘¡“µ√·≈–¢π“¥¢Õß‚æ√ß„π´’‡¡πµå‡æ µå  °≈‰°°“√∑”ß“π¢Õß«— ¥ÿªÕ´‚´≈“π¡’ 2  à«π§◊Õ   à«π∑’ËÀπ÷ËßÕÿ¥

™àÕß«à“ß∑”„Àâ‚§√ß √â“ß‚æ√ß„π´’‡¡πµå‡æ µå·πàπ¢÷Èπ ·≈– à«π∑’Ë Õß∑”ªØ‘°‘√‘¬“°—∫·§≈‡´’¬¡‰Œ¥√Õ°‰´¥å‡°‘¥

·§≈‡´’¬¡ ‘́≈‘‡°µ‰Œ‡¥√µ  ‡ªìπº≈„Àâª√‘¡“µ√·≈–¢π“¥‚æ√ß„π ’́‡¡πµå‡æ µå≈¥≈ß  ·≈–¡’º≈∑”„Àâ°“√´÷¡ºà“ππÈ”

≈¥≈ß¥â«¬ ‡∂â“∂à“πÀ‘π‡ªìπ«— ¥ÿ‡À≈◊Õ∑‘Èß®“°‚√ß‰øøÑ“·≈–¡’ ¡∫—µ‘¢÷ÈπÕ¬Ÿà°—∫™π‘¥·≈–¢—ÈπµÕπ°“√‡º“∂à“πÀ‘π „π

ªí®®ÿ∫—πª√–‡∑»‰∑¬¡’°“√º≈‘µ‡∂â“∂à“πÀ‘πª√–¡“≥ 3.5 ≈â“πµ—πµàÕªï ¡’π—°«‘®—¬®”π«π¡“°»÷°…“º≈°√–∑∫¢Õß‡∂â“

∂à“πÀ‘πµàÕ§ÿ≥ ¡∫—µ‘∑“ß°“¬¿“æ¢Õß§Õπ°√’µ ·µà¡’π—°«‘®—¬ à«ππâÕ¬∑’Ë»÷°…“º≈¢Õß‡∂â“∂à“πÀ‘πµàÕ ¡∫—µ‘‚§√ß √â“ß

¢Õß§Õπ°√’µ√–¥—∫Õπÿ¿“§ ‡™àπ ‚§√ß √â“ß‚æ√ß ÷́Ëß‚§√ß √â“ß¥—ß°≈à“«¡’§«“¡ —¡æ—π∏å°—∫ ¡∫—µ‘∑“ß°“¬¿“æ¢Õß

§Õπ°√’µ∑’Ëº ¡‡∂â“∂à“πÀ‘π ß“π«‘®—¬π’È®÷ß π„®∑’Ë®–»÷°…“º≈°√–∑∫¢Õß§«“¡≈–‡Õ’¬¥¢Õß‡∂â“∂à“πÀ‘πµàÕ ¡∫—µ‘°“√

æ—≤π“°”≈—ßÕ—¥ ª√‘¡“µ√ ·≈–¢π“¥‚æ√ß„π´’‡¡πµå‡æ µå º≈°“√»÷°…“®–∑”„Àâ‡¢â“„®æƒµ‘°√√¡¢Õß‡æ µåº ¡‡∂â“

∂à“πÀ‘π¡“°¢÷Èπ ·≈–‡ªìπ¢âÕ¡Ÿ≈æ◊Èπ∞“π√–¥—∫Õπÿ¿“§ ‡æ◊ËÕæ—≤π“§Õπ°√’µº ¡‡∂â“∂à“πÀ‘π„Àâ¡’§«“¡∑π∑“π Ÿß·≈–

∑”„ÀâÕ“¬ÿ°“√„™âß“π‚§√ß √â“ß§Õπ°√’µ¬“«π“π¢÷Èπ

2. «—µ∂ÿª√– ß§å

°“√«‘®—¬„π§√—Èßπ’È¡’«—µ∂ÿª√– ß§å‡æ◊ËÕ»÷°…“º≈°√–∑∫¢Õß§«“¡≈–‡Õ’¬¥¢Õß‡∂â“∂à“πÀ‘π ∑’Ë¡’º≈µàÕ°”≈—ßÕ—¥

ª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥  ·≈–¢π“¥‚æ√ß„π´’‡¡πµå‡æ µå
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3. «‘∏’°“√»÷°…“

3.1 «— ¥ÿ∑’Ë„™â„π°“√∑¥ Õ∫

«— ¥ÿ∑’Ë„™â„π°“√»÷°…“§√—Èßπ’Èª√–°Õ∫¥â«¬

ªŸπ´’‡¡πµå „™âªŸπ ’́‡¡πµåªÕ√åµ·≈π¥åª√–‡¿∑ 1 µ“¡¡“µ√∞“π ASTM C 150

‡∂â“∂à“πÀ‘π „™â‡∂â“∂à“πÀ‘π®“°‚√ßß“π‰øøÑ“·¡à‡¡“–∑’Ë‰¡àºà“π°“√·¬°¢π“¥¡’¢π“¥Õπÿ¿“§∑’Ë d
50

‡∑à“°—∫ 19.1 ‰¡§√Õπ „™â —≠≈—°…≥å§◊Õ OFA ·≈–π”¡“·¬°„Àâ¡’§«“¡≈–‡Õ’¬¥ Ÿß¥â«¬

‡§√◊ËÕß air classifier ¡’¢π“¥Õπÿ¿“§∑’Ë d
50
 ‡∑à“°—∫ 6.4 ‰¡§√Õπ „™â —≠≈—°…≥å§◊Õ CFA

πÈ” „™âπÈ”ª√–ª“

3.2  à«πº ¡§Õπ°√’µ

«— ¥ÿª√– “π (ªŸπ ’́‡¡πµå°—∫‡∂â“∂à“πÀ‘π) ‰¥â®“°°“√„™â‡∂â“∂à“πÀ‘π OFA À√◊Õ CFA ·∑π∑’ËªŸπ´’‡¡πµå

ªÕ√åµ·≈π¥åª√–‡¿∑∑’Ë 1 „πÕ—µ√“ à«π√âÕ¬≈– 0, 20 ·≈– 40 ‚¥¬πÈ”Àπ—°¢Õß«— ¥ÿª√– “π ·≈–§«∫§ÿ¡Õ—µ√“ à«π

πÈ”µàÕ«— ¥ÿª√– “π‡∑à“°—∫ 0.35 À≈àÕ‡æ µåµ—«Õ¬à“ß√Ÿª≈Ÿ°∫“»°å¢π“¥ 50x50x50 ¡¡.3 µ“¡¡“µ√∞“π

ASTM C 109 ‡¡◊ËÕÀ≈àÕ‡ √Á®®÷ß§≈ÿ¡¥â«¬æ≈“ µ‘°‡æ◊ËÕªÑÕß°—π°“√√–‡À¬¢ÕßπÈ” ¿“¬À≈—ß®“°À≈àÕµ—«Õ¬à“ß 24 ™—Ë«‚¡ß

®÷ß∂Õ¥·∫∫ÕÕ°  ·≈–π”°âÕπµ—«Õ¬à“ß‰ª·™à„ππÈ”∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕßµ“¡‡«≈“∑’Ë°”Àπ¥  ·∫àß°âÕπµ—«Õ¬à“ßÕÕ°‡ªìπ 2  à«π

 à«π·√°π”‰ª∑¥ Õ∫°”≈—ßÕ—¥ ∑’ËÕ“¬ÿ 7, 28, 60 ·≈– 90 «—π ·≈– à«π∑’Ë 2 ∑¥ Õ∫ª√‘¡“µ√·≈–¢π“¥‚æ√ß∑’ËÕ“¬ÿ

28 ·≈– 90 «—π

4. º≈°“√∑¥ Õ∫·≈–«‘‡§√“–Àåº≈

4.1  ¡∫—µ‘¢Õß«— ¥ÿª√– “π

µ“√“ß∑’Ë 1 · ¥ß ¡∫—µ‘∑“ß°“¬¿“æ¢Õß«— ¥ÿª√– “π  æ∫«à“ªŸπ´’‡¡πµå¡’§à“§«“¡∂à«ß®”‡æ“–‡∑à“°—∫

3.15 ‡∂â“∂à“πÀ‘π∑’Ëª√—∫ª√ÿß§ÿ≥¿“æ‚¥¬·¬°¢π“¥„Àâ¡’§«“¡≈–‡Õ’¬¥¡“°¢÷Èπ∑”„Àâ§«“¡∂à«ß®”‡æ“–‡æ‘Ë¡¢÷ÈπÕ¬à“ß

™—¥‡®π®“° 2.33 ‡ªìπ 2.54  à«π§«“¡≈–‡Õ’¬¥¢Õß‡∂â“∂à“πÀ‘π∑’Ë·¬°¢π“¥ CFA ¡’§à“‡∑à“°—∫ 5,070

´¡.2/°. „π¢≥–∑’Ë§«“¡≈–‡Õ’¬¥¢Õß‡∂â“∂à“πÀ‘π∑’Ë‰¡à‰¥âºà“π°“√·¬°≈–‡Õ’¬¥·≈–ªŸπ´’‡¡πµå¡’§à“‡ªìπ 3,570 ·≈– 3,050

´¡.2/°. µ“¡≈”¥—∫ √Ÿª∑’Ë 1 · ¥ß°“√°√–®“¬µ—«¢Õß«— ¥ÿª√– “π æ∫«à“À≈—ß®“°°“√·¬°‡∂â“∂à“πÀ‘π„Àâ¡’§«“¡

≈–‡Õ’¬¥¡“°¢÷Èπ ‡∂â“∂à“πÀ‘π¡’¢π“¥Õπÿ¿“§‡©≈’Ë¬≈¥≈ß®“° 19.1 ‰¡§√Õπ‡ªìπ 6.4 ‰¡§√Õπ ≈—°…≥–º‘«¢Õß

‡∂â“∂à“πÀ‘π∑’Ë‰¡àºà“π°“√·¬°¢π“¥ à«π¡“°¡’√Ÿª√à“ß°≈¡  ¡’∫“ßÕπÿ¿“§∑’Ë¡’¢π“¥Õπÿ¿“§∑’Ë„À≠à∂÷ß 150 ‰¡§√Õπ  ‚¥¬

º‘«¢Õß¢π“¥Õπÿ¿“§∑’Ë„À≠à®–‰¡à‡√’¬∫ ¡’√Ÿª√à“ß‰¡à·πàπÕπ ¥—ß· ¥ß„π√Ÿª∑’Ë 2° ¢≥–∑’Ë‡∂â“∂à“πÀ‘π∑’Ëºà“π°“√·¬°

¢π“¥¡’√Ÿª√à“ß°≈¡¡π º‘«‡√’¬∫  ¥—ß„π√Ÿª∑’Ë 2¢  ́ ÷Ëßº≈°“√»÷°…“§√—Èßπ’È Õ¥§≈âÕß°—∫º≈°“√»÷°…“¢Õß Angsuwattana

·≈–§≥– [3] ∑’Ëæ∫«à“‡∂â“∂à“πÀ‘π®“°‚√ßß“πº≈‘µ°√–· ‰øøÑ“·¡à‡¡“–∑’Ëºà“π°“√·¬°¥â«¬‡§√◊ËÕß air classifier ‡ªìπ

‡∂â“∂à“πÀ‘π∑’Ë¡’§«“¡≈–‡Õ’¬¥ Ÿß·≈–¬—ß§ß¡’√Ÿª√à“ß°≈¡¡π   à«πªŸπ´’‡¡πµå¡’≈—°…≥–‡ªìπ‡À≈’Ë¬¡¡ÿ¡√Ÿª√à“ß‰¡à·πàπÕπ

(√Ÿª 2°)
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µ“√“ß∑’Ë 2 · ¥ßÕß§åª√–°Õ∫∑“ß‡§¡’¢Õß«— ¥ÿª√– “π æ∫«à“‡∂â“∂à“πÀ‘π∑’Ë‰¡àºà“π°“√·¬°¢π“¥·≈–

ºà“π°“√·¬°¢π“¥  ¡’Õß§åª√–°Õ∫∑“ß‡§¡’„°≈â‡§’¬ß°—π·≈–®—¥Õ¬Ÿà„π Class F µ“¡ ASTM C 618 ‡π◊ËÕß®“°¡’º≈

√«¡Õß§åª√–°Õ∫∑“ß‡§¡’¢Õß SiO
2
, Al

2
O

3
 ·≈– Fe

2
O

3
 ‡∑à“°—∫√âÕ¬≈– 83.39 ·≈– 80.61 µ“¡≈”¥—∫ ´÷Ëß¡“°°«à“

√âÕ¬≈– 70  ¡’§à“ LOI (Loss On Ignition) ·≈–ª√‘¡“≥ SO
3
 ‰¡à‡°‘π√âÕ¬≈– 6 ·≈– 5 µ“¡≈”¥—∫

§à“§«“¡∂à«ß®”‡æ“– 3.15 2.33 2.54

Retained on Sieve No. 325 (%) 4.8 31.0 0.0

§«“¡≈–‡Õ’¬¥ (´¡.2/°.) 3,570 3,050 5,070

¢π“¥Õπÿ¿“§‡©≈’Ë¬ d
50
 (‰¡§√Õπ) 14.1 19.1 6.4

 ¡∫—µ‘∑“ß°“¬¿“æ ªŸπ´’‡¡πµå
‡∂â“∂à“πÀ‘π∑’Ë‰¡à

ºà“π°“√·¬°¢π“¥
‡∂â“∂à“πÀ‘π∑’Ë

ºà“π°“√·¬°¢π“¥

Õß§åª√–°Õ∫∑“ß‡§¡’
ªŸπ´’‡¡πµå
ª√–‡¿∑ 1

‡∂â“∂à“πÀ‘π∑’Ë‰¡à
ºà“π°“√·¬°¢π“¥

‡∂â“∂à“πÀ‘π∑’Ë
ºà“π°“√·¬°¢π“¥

SiO
2

20.90 45.69 44.72

Al
2
O

3
4.76 24.59 23.69

Fe
2
O

3
3.41 11.26 11.03

SO
3

2.71 1.57 1.28

CaO 64.41 12.15 12.67

MgO 1.25 2.87 2.63

Na
2
O 0.24 0.07 0.07

K
2
O 0.35 2.66 2.87

Loss On Ignition 0.39 1.23 1.42

SiO
2
 + Al

2
O

3
 + Fe

2
O

3
- 83.39 80.61

µ“√“ß∑’Ë 1   ¡∫—µ‘∑“ß°“¬¿“æ¢Õß«— ¥ÿª√– “π

µ“√“ß∑’Ë 2 Õß§åª√–°Õ∫∑“ß‡§¡’¢Õß«— ¥ÿª√– “π
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ªŸπ ’́‡¡πµåªÕ√åµ·≈π¥å ª√–‡¿∑ 1
‡∂â“∂à“πÀ‘π∑’Ë‰¡à·¬°¢π“¥
‡∂â“∂à“πÀ‘π∑’Ë·¬°¢π“¥

√Ÿª∑’Ë 1  °“√°√–®“¬µ—«¢ÕßÕπÿ¿“§¢Õß«— ¥ÿª√– “π

√Ÿª∑’Ë 2  ¿“æ¢¬“¬°”≈—ß Ÿß¢Õß«— ¥ÿª√– “π

4.2 °”≈—ßÕ—¥¢Õß‡æ µå

º≈∑¥ Õ∫°”≈—ßÕ—¥· ¥ß‰«â„π√Ÿª∑’Ë 3  æ∫«à“°”≈—ßÕ—¥¢Õß‡æ µå OFA ·≈– CFA ∑ÿ°Õ—µ√“ à«π

„Àâ°”≈—ßÕ—¥µË”°«à“ ’́‡¡πµå‡æ µå ·≈–‡¡◊ËÕÕ—µ√“°“√·∑π∑’Ë¥â«¬ OFA ·≈– CFA ‡æ‘Ë¡¢÷Èπ §à“¢Õß°”≈—ßÕ—¥¢Õß‡æ µå

°Á≈¥≈ß∑ÿ°Õ“¬ÿ¢Õß°“√∫à¡®π∂÷ß 90 «—π ·µà¡’·π«‚πâ¡«à“°”≈—ßÕ—¥¢Õß‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π®– Ÿß°«à“´’‡¡πµå‡æ µå

‡¡◊ËÕ¡’Õ“¬ÿ¡“°¢÷Èπ ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ëºà“π°“√·¬°¢π“¥

∑’ËÕ“¬ÿ 7 «—π  °”≈—ßÕ—¥¢Õß‡æ µå OFA20 ·≈– OFA40 ¡’§à“‡∑à“°—∫ 45.2 ·≈– 30.6 ‡¡°–ª“ §“≈

‚¥¬∑’Ë´’‡¡πµå‡æ µå¡’§à“°”≈—ßÕ—¥‡∑à“°—∫ 60.9 ‡¡°–ª“ §“≈  ¢≥–∑’Ë‡æ µå CFA20 ·≈– CFA40 ¡’§à“°”≈—ßÕ—¥‡∑à“°—∫

47.2 ·≈– 44.1 ‡¡°–ª“ §“≈ µ“¡≈”¥—∫ ·≈–‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫ª√‘¡“≥°“√·∑π∑’Ë∑’Ë‡∑à“°—π æ∫«à“°”≈—ßÕ—¥¢Õß

‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥‡≈Á°¡’§à“ Ÿß°«à“‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥„À≠à ‡™àπ °”≈—ßÕ—¥¢Õß‡æ µå

CFA20 ·≈– OFA20 ¡’§à“‡∑à“°—∫ 47.2 ·≈– 45.2 ‡¡°–ª“ §“≈   à«π‡æ µå CFA40 ·≈– OFA40 ¡’§à“‡∑à“°—∫

100µm 10µm 10µm

°. ‡∂â“∂à“πÀ‘π‰¡à‰¥â·¬°¢π“¥ ¢. ‡∂â“∂à“πÀ‘π·¬°¢π“¥ §. ªŸπ´’‡¡πµå
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44.1 ·≈– 30.6 ‡¡°–ª“ §“≈  µ“¡≈”¥—∫  ‡¡◊ËÕÕ“¬ÿ¢Õß‡æ µå‡æ‘Ë¡‡ªìπ 28 ·≈– 60 «—π  æ∫«à“¡’·π«‚πâ¡°“√

æ—≤π“°”≈—ßÕ—¥¢Õß‡æ µå‡À¡◊Õπ°—∫∑’ËÕ“¬ÿ 7 «—π

∑’ËÕ“¬ÿ 90 «—π  §à“°”≈—ßÕ—¥¢Õß‡æ µå OFA20, OFA40, CFA20, ·≈– CFA40 ¡’§à“‡∑à“°—∫ 74.5, 61.4, 81.4,

·≈– 78.5 ‡¡°–ª“ §“≈ µ“¡≈”¥—∫ ·≈–¬—ß§ßµË”°«à“°”≈—ßÕ—¥¢Õß´’‡¡πµå‡æ µå´÷Ëß‡∑à“°—∫ 84.8 ‡¡°–ª“ §“≈

„π°√≥’¢Õß‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑—ÈßÀ¡¥æ∫«à“‡æ µå CFA20 „Àâ°”≈—ßÕ—¥ Ÿß ÿ¥ ·≈–¡’·π«‚πâ¡∑’Ë®–„Àâ°”≈—ßÕ—¥ Ÿß

°«à“´’‡¡πµå‡æ µå‡¡◊ËÕÕ“¬ÿ¡“°¢÷Èπ „π∑“ßµ√ß°—π¢â“¡‡æ µå OFA40 „Àâ°”≈—ßÕ—¥µË” ÿ¥ ‡æ√“–¢π“¥¢ÕßÕπÿ¿“§∑’Ë„À≠à

·≈–¡’Õ—µ√“ à«π°“√·∑π∑’Ë∑’Ë Ÿß

0 10 20 30 40 50 60 70 80 90 100
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≈—ß

Õ—¥
 (‡

¡°
–ª

“ 
§“
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Õ“¬ÿ°“√∫à¡ («—π)

PC
OFA20
OFA40
CFA20
CFA40

√Ÿª∑’Ë 3  °”≈—ßÕ—¥¢Õß´’‡¡πµå‡æ µå, ‡æ µå OFA, ·≈– ‡æ µå CFA

∑’ËÕ—µ√“ à«ππÌÈ“µàÕ«— ¥ÿª√– “π = 0.35

À¡“¬‡Àµÿ : PC = ’́‡¡πµå‡æ µå∑’Ë„™âªŸπ ’́‡¡πµåªÕ√åµ·≈π¥åª√–‡¿∑∑’Ë 1

OFA20, OFA40 = ‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ë‰¡à‰¥â·¬°¢π“¥ (OFA) „πÕ—µ√“ à«π√âÕ¬≈– 20 ·≈– 40

µ“¡≈”¥—∫

CFA20, CFA40 = ‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ë·¬°¢π“¥ (CFA) „πÕ—µ√“ à«π√âÕ¬≈– 20 ·≈– 40

µ“¡≈”¥—∫

º≈°“√∑¥ Õ∫ “¡“√∂ √ÿª‰¥â«à“ ‡¡◊ËÕ¡’°“√·¬°¢π“¥¢Õß‡∂â“∂à“πÀ‘π„Àâ¡’¢π“¥‡≈Á°≈ß °”≈—ßÕ—¥·≈–°“√æ—≤π“

°”≈—ßÕ—¥¢Õß‡æ µå¡’§à“‡æ‘Ë¡¢÷Èπ  “‡Àµÿ∑’Ë∑”„Àâ°”≈—ßÕ—¥·µ°µà“ß°—π ‡π◊ËÕß®“°ªí®®—¬ 3 ª√–°“√ ª√–°“√·√°§◊Õ ¢π“¥

Õπÿ¿“§¢Õß‡∂â“∂à“πÀ‘π∑’Ë·µ°µà“ß°—π‡æ√“–‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥‡≈Á°®–¡’æ◊Èπ∑’Ëº‘«„π°“√∑”ªØ‘°‘√‘¬“ªÕ´‚´≈“π‰¥â‡√Á«

·≈–¡“°°«à“‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥„À≠à ª√–°“√∑’Ë Õß ‡π◊ËÕß®“°º≈¢Õß°“√Õ—¥µ—« (packing effect) ¢ÕßÕπÿ¿“§

‡æ√“–‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥‡≈Á°·≈–¡’§«“¡≈–‡Õ’¬¥ Ÿß ®–·∑√°Õ¬Ÿà„π‚æ√ß¢Õß‡æ µå ∑”„Àâ‡æ µå·πàπ¢÷Èπ ‡ªìπº≈„Àâ

°”≈—ßÕ—¥ Ÿß¢÷Èπ ·≈–ª√–°“√∑’Ë “¡ º≈®“°°“√°√–®“¬µ—«¢Õß‡∂â“∂à“πÀ‘π„π‡æ µå∑”„Àâ‡°‘¥°√–∫«π°“√ Nucleation

°√–µÿâπ„Àâ‡°‘¥ªØ‘°‘√‘¬“‰Œ‡¥√™—π‰¥â¥’¢÷Èπ  Õ¥§≈âÕß°—∫ß“π«‘®—¬∑’Ëºà“π¡“¢Õß Erdogdu ·≈– Turker [4] Slanicka
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[5] Paya ·≈–§≥– [6] ·≈– Jaturapitakkul ·≈–§≥– [7] ´÷Ëßæ∫«à“‡¡◊ËÕπ”‡∂â“∂à“πÀ‘π¡“·¬°„Àâ¡’§«“¡≈–‡Õ’¬¥

µà“ß°—π ¡Õ√åµâ“√åÀ√◊Õ§Õπ°√’µ∑’Ëº ¡‡∂â“∂à“πÀ‘π∑’Ë¡’§«“¡≈–‡Õ’¬¥ Ÿß ®–¡’§à“°”≈—ßÕ—¥ Ÿß°«à“¡Õ√åµâ“√åÀ√◊Õ§Õπ°√’µ∑’Ë

º ¡¥â«¬‡∂â“∂à“πÀ‘π∑’ËÀ¬“∫

4.3 º≈°√–∑∫¢Õß§«“¡≈–‡Õ’¬¥‡∂â“∂à“πÀ‘πµàÕ°“√°√–®“¬¢π“¥‚æ√ß

√Ÿª∑’Ë 4° ·≈– 4¢  · ¥ß§«“¡ —¡æ—π∏å√–À«à“ß¢π“¥‚æ√ß·≈–°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß„π´’‡¡πµå

‡æ µå, ‡æ µå OFA20, ·≈– OFA40 ∑’ËÕ“¬ÿ 28 «—π ·≈– 90 «—π µ“¡≈”¥—∫  „π¢≥–∑’Ë√Ÿª∑’Ë 5° ·≈– 5¢ · ¥ß

§«“¡ —¡æ—π∏å√–À«à“ß¢π“¥‚æ√ß·≈–°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß„π ’́‡¡πµå‡æ µå, ‡æ µå CFA20, ·≈– CFA40

∑’ËÕ“¬ÿ 28 «—π ·≈– 90 «—π µ“¡≈”¥—∫  æ∫«à“‡æ µå CFA20 ·≈– CFA40 ¡’¢π“¥‚æ√ß§“ªî≈≈“√’≈¥≈ß‡¡◊ËÕ‡ª√’¬∫

‡∑’¬∫°—∫‡æ µå OFA20 ·≈– OFA40  æ‘®“√≥“∑’ËÕ“¬ÿ 28 «—π ®ÿ¥¬Õ¥‚æ√ß§“ªî≈≈“√’¢Õß‡æ µå CFA20 ·≈– CFA40

¡’§à“‡∑à“°—∫ 50.4 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.0266 ¡≈./°. ·≈– 44.7 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ

¢Õßª√‘¡“µ√‚æ√ß 0.0195 ¡≈./°. µ“¡≈”¥—∫ „π¢≥–∑’Ë‡æ µå OFA20 ¡’§à“‡∑à“°—∫ 54.5 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ

¢Õßª√‘¡“µ√‚æ√ß 0.026 ¡≈./°. ·≈– OFA40 ¡’§à“‡∑à“°—∫ 55.1 π“‚π‡¡µ√  ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.019

¡≈./°. ∑’Ë®ÿ¥¬Õ¥®ÿ¥∑’ËÀπ÷Ëß ·≈– 29.1 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.018 ¡≈./°.  ∑’Ë®ÿ¥¬Õ¥®ÿ¥∑’Ë Õß

µ“¡≈”¥—∫  „π™à«ßÕ“¬ÿµâπ°≈à“«‰¥â«à“ªØ‘°‘√‘¬“∑’Ë‡°‘¥¢÷Èπ®–‡ªìπªØ‘°‘√‘¬“‰Œ‡¥√™—π‡ªìπÀ≈—°   à«πªØ‘°‘√‘¬“ªÕ´‚´≈“π

®“°‡∂â“∂à“πÀ‘π‡°‘¥¢÷ÈππâÕ¬  ¥—ßπ—Èπ‡¡◊ËÕ¡’°“√·∑π∑’Ë‡∂â“∂à“πÀ‘π„πª√‘¡“≥·≈–¢π“¥∑’Ë‡À¡“– ¡®–™à«¬≈¥¢π“¥

‚æ√ß§“ªî≈≈“√’≈ß‰¥â   ‚¥¬Õ“»—¬Õπÿ¿“§¢π“¥‡≈Á°™à«¬Õÿ¥‚æ√ß„π‡æ µå

∑’ËÕ“¬ÿ 90 «—π æ∫«à“¡’®ÿ¥¬Õ¥¢π“¥‚æ√ß 2 ®ÿ¥∑’Ë™—¥‡®π ®ÿ¥·√°· ¥ß¢π“¥‚æ√ß∑’Ë„À≠à°«à“ 10 π“‚π

‡¡µ√‡√’¬°«à“‚æ√ß§“ªî≈≈“√’ ·≈–®ÿ¥∑’Ë 2 · ¥ß¢π“¥‚æ√ß∑’Ë‡≈Á°°«à“ 10 π“‚π‡¡µ√‡√’¬°«à“‚æ√ß‡®≈ ‡™àπ ®ÿ¥¬Õ¥®ÿ¥

∑’ËÀπ÷Ëß·≈– Õß¢Õß‚æ√ß§“ªî≈≈“√’¢Õß‡æ µå CFA20 ¡’§à“‡∑à“°—∫ 29.0 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß

0.0204 ¡≈./°. ·≈– 15.3 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.0114 ¡≈./°.  „π¢≥–∑’Ë‡æ µå OFA20 ¡’

§à“‡∑à“°—∫ 36.0 π“‚π‡¡µ√ ∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.009 ¡≈./°. ∑’Ë®ÿ¥¬Õ¥®ÿ¥∑’ËÀπ÷Ëß ·≈– 15.3 π“‚π‡¡µ√

∑’Ë°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß 0.01 ¡≈./°. ∑’Ë®ÿ¥¬Õ¥®ÿ¥∑’Ë Õß µ“¡≈”¥—∫ ·≈–æ∫«à“¢π“¥‚æ√ß§“ªî≈≈“√’¢Õß

‡æ µåº ¡‡∂â“∂à“πÀ‘π¡’¢π“¥‡≈Á°≈ß ‡¡◊ËÕ¡’°“√·∑π∑’Ë‡∂â“∂à“πÀ‘π„πª√‘¡“≥∑’Ë‡æ‘Ë¡¢÷Èπ·≈–Õ“¬ÿ¢Õß‡æ µå‡æ‘Ë¡¢÷Èπ  Õ¥§≈âÕß

°—∫ß“π«‘®—¬¢Õß Poon ·≈–§≥– [8, 9] ·≈– Chindaprasirt ·≈–§≥– [10] πÕ°®“°π’È¬—ßæ∫«à“‡æ µåº ¡‡∂â“

∂à“πÀ‘π∑’Ë¡’§«“¡≈–‡Õ’¬¥ Ÿß¡’¢π“¥‚æ√ß§“ªî≈≈“√’¢Õß‡æ µå≈¥≈ß¥â«¬ ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫‡æ µåº ¡‡∂â“∂à“πÀ‘π∑’Ë

À¬“∫°«à“

4.4 º≈°√–∑∫¢Õß§«“¡≈–‡Õ’¬¥‡∂â“∂à“πÀ‘πµàÕª√‘¡“µ√‚æ√ß

√Ÿª∑’Ë 6 · ¥ßª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥¢Õß‡æ µå∑’ËÕ“¬ÿ 28, 60, ·≈– 90 «—π  æ∫«à“ª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥

¢Õß‡æ µå CFA20 ∑’ËÕ“¬ÿ 28, 60, ·≈– 90 «—π ¡’§à“‡∑à“°—∫ 138.5, 108.8, ·≈– 88.75 ¡¡.3/°.  µË”°«à“‡æ µå OFA20

´÷Ëß¡’§à“‡∑à“°—∫ 140.8, 125.9, ·≈– 101.3 ¡¡.3/°. ∑’ËÕ“¬ÿ‡¥’¬«°—π µ“¡≈”¥—∫ „π¢≥–∑’Ëª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥¢Õß

´’‡¡πµå‡æ µå¡’§à“‡∑à“°—∫ 120.1, 86.6, ·≈– 82.8 ¡¡.3/°.  ∑’ËÕ“¬ÿ 28, 60, ·≈– 90 «—π µ“¡≈”¥—∫  ”À√—∫°“√

·∑π∑’Ë‡∂â“∂à“πÀ‘π√âÕ¬≈– 40  æ∫«à“ª√‘¡“≥‚æ√ß∑—ÈßÀ¡¥¢Õß‡æ µå CFA40 ∑’ËÕ“¬ÿ 28, 60, ·≈– 90 «—π  ¡’§à“‡∑à“°—∫

159.0, 145.5, ·≈– 138.7 ¡¡.3/°.  „π¢≥–∑’Ë‡æ µå OFA40 ¡’§à“‡∑à“°—∫ 174.2, 160.8, ·≈– 155.4 ¡¡.3/°. ∑’Ë
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Õ“¬ÿ‡¥’¬«°—π °“√∑¥≈Õß§√—Èßπ’È “¡“√∂ √ÿª‰¥â«à“ ª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥¢Õß‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π∑ÿ°Õ—µ√“ à«π°“√

·∑π∑’Ë¡’§à“ Ÿß°«à“ ’́‡¡πµå‡æ µå ·≈–¡’§à“ Ÿß¢÷Èπ‡¡◊ËÕ√âÕ¬≈–°“√·∑π∑’Ë‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß¡“®“°™àÕß«à“ß∑’Ë Ÿß¢÷Èπ√–À«à“ß

Õπÿ¿“§¢Õß‡∂â“∂à“πÀ‘π·≈–√Ÿæ√ÿπ„πÕπÿ¿“§∫“ß à«π¢Õß‡∂â“∂à“πÀ‘π‡Õß ‡¡◊ËÕ¡’°“√·∑π∑’Ë„πÕ—µ√“ à«π∑’Ë‡æ‘Ë¡¢÷Èπ

 àßº≈„Àâª√‘¡“µ√∑—ÈßÀ¡¥¢Õß‚æ√ß Ÿß¢÷Èπ¥â«¬ ·µà‡¡◊ËÕ‡æ‘Ë¡§«“¡≈–‡Õ’¬¥¢Õß‡∂â“∂à“πÀ‘πæ∫«à“‡æ µåº ¡‡∂â“∂à“πÀ‘π∑’Ë

¡’¢π“¥‡≈Á°∑”„Àâª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥≈¥≈ß‡¡◊ËÕ‡∑’¬∫°—∫‡∂â“∂à“πÀ‘π∑’ËÀ¬“∫°«à“ ªí®®—¬∑’Ë∑”„Àâ‡°‘¥º≈¥—ß°≈à“«

ª√–°“√·√° §◊Õ ¢π“¥Õπÿ¿“§¢Õß‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥‡≈Á°·≈–°≈¡™à«¬Õÿ¥™àÕß«à“ß¢Õß‚æ√ß‰¥â¥’ ∑”„Àâ‚§√ß √â“ß

¢Õß‚æ√ß·πàπ¢÷Èπ ª√–°“√∑’Ë Õß §◊Õ Õπÿ¿“§‡∂â“∂à“πÀ‘π∑’Ë¡’¢π“¥‡≈Á°‡¡◊ËÕº ¡„π‡æ µå  ∑”„ÀâÕπÿ¿“§‡¡Á¥ªŸπ´’‡¡πµå

 “¡“√∂°√–®“¬µ—«„π‡æ µå‰¥â¥’·≈– “¡“√∂ —¡º— °—∫πÈ”‰¥âÕ¬à“ß∑—Ë«∂÷ß  àßº≈„Àâ‡°‘¥ªØ‘°‘√‘¬“‰Œ‡¥√™—π‰¥â¥’ ·≈–

ª√–°“√∑’Ë “¡ ‡ªìπº≈‡π◊ËÕß®“°‡∂â“∂à“πÀ‘π∑’Ë¡’§«“¡≈–‡Õ’¬¥∑”„Àâ‡°‘¥ªØ‘°‘√‘¬“ªÕ´‚´≈“π‰¥â¥’¢÷Èπ ‰¥â·§≈‡´’¬¡

´‘≈‘‡°µ‰Œ‡¥√µ‡æ‘Ë¡¢÷Èπ   àßº≈„Àâª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥„π‡æ µå≈¥≈ß

(54.5 π“‚π‡¡µ√ 0.026 ¡≈./°.)

PC
OFA20
OFA40

(55.2 π“‚π‡¡µ√ 0.022 ¡≈./°.)

(55.1 π“‚π‡¡µ√ 0.019 ¡≈./°.)

(29.1 π“‚π‡¡µ√ 0.018 ¡≈./°)
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PC
OFA20 
OFA40

(15.3 π“‚π‡¡µ√ 0.022 ¡≈./°.)

(35.9 π“‚π‡¡µ√ 0.018 ¡≈./°.)

(15.3 π“‚π‡¡µ√ 0.01 ¡≈./°.)

(36.0 π“‚π‡¡µ√ 0.01 ¡≈./°. : PC)

(36.0 π“‚π‡¡µ√ 0.009 ¡≈./°. : OFA20)

(15.3 π“‚π‡¡µ√ 0.006 ¡≈./°.)

√Ÿª∑’Ë 4  §«“¡ —¡æ—π∏å√–À«à“ß¢π“¥‚æ√ß·≈–°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß„π´’‡¡πµå‡æ µå,

‡æ µå OFA20 ·≈–‡æ µå OFA40 ∑’ËÕ—µ√“ à«ππÌÈ“µàÕ«— ¥ÿª√– “π = 0.35
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°√≥’∑’Ëæ‘®“√≥“§«“¡ —¡æ—π∏å√–À«à“ßª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥°—∫°”≈—ßÕ—¥ æ∫«à“‡æ µå∑’Ëº ¡‡∂â“∂à“πÀ‘π„π

Õ—µ√“ à«π∑’Ë‡æ‘Ë¡¢÷Èπ  ∑”„Àâª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥‡æ‘Ë¡¢÷Èπ   àßº≈„Àâ§à“¢Õß°”≈—ßÕ—¥¢Õß‡æ µå≈¥≈ß¥â«¬ (√Ÿª∑’Ë 3)

´÷Ëß Õ¥§≈âÕß°—∫ß“π«‘®—¬¢Õß  Poon ·≈–§≥– [9] Khan ·≈–§≥– [11] ·≈– Pandey ·≈– Sharma [12]
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(50.4 π“‚π‡¡µ√ 0.0266 ¡≈./°.)

(50.2 π“‚π‡¡µ√ 0.022 ¡≈./°.)

(44.7 π“‚π‡¡µ√ 0.0195 ¡≈./°.)

(15.3 π“‚π‡¡µ√ 0.0127 ¡≈./°.)

PC
CFA20
CFA40

(15.3 π“‚π‡¡µ√ 0.0154 ¡≈./°.)

(15.3 π“‚π‡¡µ√ 0.0114 ¡≈./°.)

(36.0 π“‚π‡¡µ√ 0.01 ¡≈./°. : PC)
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¢. Õ“¬ÿ°“√∫à¡ 90 «—π

PC
CFA20 
CFA40

(25.8 π“‚π‡¡µ√ 0.0215 ¡≈/°.)

(29.0 π“‚π‡¡µ√ 0.0204 ¡≈./°.)

√Ÿª∑’Ë 5  §«“¡ —¡æ—π∏å√–À«à“ß¢π“¥‚æ√ß·≈–°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“µ√‚æ√ß„π´’‡¡πµå‡æ µå,

‡æ µå CFA20 ·≈–‡æ µå CFA40 ∑’ËÕ—µ√“ à«ππÌÈ“µàÕ«— ¥ÿª√– “π = 0.35
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√Ÿª∑’Ë 6  ª√‘¡“µ√‚æ√ß∑—ÈßÀ¡¥¢Õß´’‡¡πµå‡æ µå, ‡æ µå OFA ·≈– ‡æ µå CFA
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