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This paper presents an application of microwave radiation for pre-heating of natural rubber-
compounding with various sulphur contents. The natural rubber-compounding was pre-heated by micro-
wave radiation using a rectangular wave guide system (MODE: TE10) operating at frequency of 2.45 GHz
in which the power can vary from 0 to 1500 W. In the present work, the influence of power input, sample
thickness, and sulphur content were examined after applying microwave radiation to the rubber samples.
Results are discussed regarding the thermal properties, 3-D network, dielectric properties and chemical
structures. From the result, firstly, it was found that microwave radiation can be applied to pre-heating
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Microwave pre-heating of natural rubber

Doo-ngam, N., et al.

natural rubber-compounding before the vulcanization process. Secondly, microwave radiation was very
useful for pre-heating natural rubber-compounding that has a thickness greater than 5mm. Thirdly, cross-
linking in natural rubber-compounding may occurs after pre-heating by microwave radiation though
Fourier Transform Infrared Spectroscopy(FTIR). Finally, there a little effect of sulphur content on temper-
ature profiles after applying microwave radiation to the natural rubber-compounding. Moreover, natural
rubber-compounding without carbon black showed a lower heat absorption compared with natural rubber-
compounding filled carbon black. This is due to the difference in dielectric loss factor. This preliminary
result will be useful information in terms of microwave radiation for pre-heating natural rubber-compound-
ing and rubber processing in industry.

Key words : microwave pre-heating, natural rubber-compounding, rectangular wave guide
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‡°‘¥√Õ¬√â“«·≈–√Õ¬‰À¡â„πº≈‘µ¿—≥±å ´÷Ëß°“√„™âæ≈—ßß“π®“°
§≈◊Ëπ‰¡‚§√‡«ø®– “¡“√∂π”‰ªª√–¬ÿ°µå„™â„πß“π∑“ß
Õÿµ “À°√√¡‰¥âÀ≈“¬ª√–‡¿∑ (Metaxas and Meridith,
1983)

®“°ß“π«‘®—¬∑’Ëºà“π¡“‰¥â¡’°“√»÷°…“‡°’Ë¬«°—∫°“√π”
æ≈—ßß“π‰¡‚§√‡«ø¡“„™â°—∫¬“ß≈âÕ√∂¬πµå‚¥¬∑”°“√·¬°ÕÕ°
¡“‡ªìπ§“√å∫Õπ (Dobozy, 2004 ) °“√·µ°æ—π∏–‡§¡’¢Õß
‡»…¬“ß«—≈§“‰π´å¥â«¬§≈◊Ëπ‰¡‚§√‡«ø (Wicks et al., 2002)
„™â‡µ“Õ∫‰¡‚§√‡«ø°—∫¬“ß√’‡§≈¡‡æ◊ËÕ‡ªìπ«—µ∂ÿ¥‘∫π”‰ª„™â
ª√–‚¬™πåµàÕ‰ª (Anderson, 1978)  À√◊Õ°“√π”§≈◊Ëπ
‰¡‚§√‡«ø¡“„™â„π°“√»÷°…“ ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°¢Õß¬“ß
∏√√¡™“µ‘°àÕπ·≈–À≈—ß°“√«—≈§“‰π ǻ (Bovtun et al., 2001)
ß“π«‘®—¬∑’Ëºà“π¡“ à«π„À≠à»÷°…“§≈◊Ëπ‰¡‚§√‡«ø·∫∫¡—≈µ‘‚¡¥
(multi-mode) ´÷Ëß‡ªìπ‰¡‚§√‡«ø∑’Ë„™â°—πµ“¡∫â“π‡√◊Õπ
æ≈—ßß“π‰¡‚§√‡«ø “¡“√∂π”¡“ª√–¬ÿ°µå„™â°—∫Õÿµ “À°√√¡
¬“ß∏√√¡™“µ‘‰¥â ·µà„πª√–‡∑»‰∑¬¬—ß¡’°“√»÷°…“‡°’Ë¬«°—∫
‡√◊ËÕßπ’ÈπâÕ¬¡“°‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß°—∫Õÿµ “À°√√¡¬“ß∏√√¡™“µ‘
Õ—π‡π◊ËÕß¡“®“°§«“¡ —́∫ ấÕπ¢Õß°√–∫«π°“√·≈–ª√“°Ø-
°“√≥å∑’Ë‡°‘¥¢÷Èπ  ß“π«‘®—¬π’Èπ”‡ πÕ‡°’Ë¬«°—∫°“√„™â√–∫∫
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‰¡‚§√‡«ø·∫∫∑àÕπ”§≈◊Ëπ√Ÿª∑√ß ’Ë‡À≈’Ë¬¡ (Mode:TE
10
) ¡“

Õÿàπ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å‡æ◊ËÕ¥Ÿæƒµ‘°√√¡∑“ß§«“¡√âÕπ
·≈–‚§√ß √â“ß∑“ß‡§¡’¢Õß¬“ß∏√√¡™“µ‘ ‚¥¬º≈®“°°“√
∑¥≈Õßπ’È®–π”‰ª Ÿà°“√«‘‡§√“–Àå‡™‘ß∑ƒ…Æ’µàÕ‰ª  ª√–‚¬™πå
∑’Ë‰¥â√—∫®“°ß“π«‘®—¬π’È “¡“√∂π”‰ª„™â„πÕÿµ “À°√√¡¬“ß
∏√√¡™“µ‘‰¥â  ‡™àπ  Õÿµ “À°√√¡¬“ß√∂¬πµå  ¬“ß∑àÕµà“ßÊ
·≈–¬“ßøÕßπÈ” ‡ªìπµâπ

«— ¥ÿ Õÿª°√≥å ·≈–«‘∏’°“√

1. »÷°…“ ¡∫—µ‘‡©æ“–‡™‘ß§«“¡√âÕπ¢Õß¬“ß∏√√¡™“µ‘

§Õ¡æ“«¥å (Thermal characteristic)

¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë„™â„π°“√∑¥≈Õßª√–°Õ∫
¥â«¬ ¬“ß∏√√¡™“µ‘ (STR 20)  “√«—≈§“‰π´å (sulfer)  “√
°√–µÿâπ (ZnO, stearic acid)  “√µ—«‡µ‘¡ (carbon black
grade N330) ·≈– “√µ—«‡√àß (MBTS, DPG) ¥—ß· ¥ß
Õ—µ√“ à«π°“√º ¡¢Õß¬“ß§Õ¡æ“«¥å„π Table 1 ¢π“¥
§«“¡Àπ“¢Õß™‘Èπß“π¡’ 3 ¢π“¥ §◊Õ 1, 2, ·≈–3 ´¡.

°“√‡µ√’¬¡¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å‡√‘Ë¡®“°∑”°“√∫¥
º ¡¬“ß¬“ß∏√√¡™“µ‘·≈– “√‡§¡’µà“ßÊ (·∫àßÕÕ°‡ªìπ 2 ™ÿ¥
‚¥¬™ÿ¥·√°®–‰¡àº ¡‡¢¡à“¥” à«π™ÿ¥∑’Ë Õßº ¡‡¢¡à“¥”¥â«¬)
∫π≈Ÿ°°≈‘Èß (Two Roll Mill, Lab Tech Company Ltd)
∑’ËÕÿ≥À¿Ÿ¡‘ 50oC  ‡«≈“ 20 π“∑’  À≈—ß®“°π—Èππ”¡“Õ—¥‡¢â“
·¡àæ‘¡æå (Compression Molding, Lab Tech company
Ltd) ‰¥â‡ªìπ™‘Èπß“π¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å ∑”°“√«—¥§à“
 ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°  ‡√‘Ë¡®“°π”¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å®“°

Table 1 ¡“‡µ√’¬¡„Àâ¡’§«“¡Àπ“ª√–¡“≥ 1 ´¡. ‡ âπºà“
»Ÿπ¬å°≈“ß 6.5 ´¡. ∑”°“√«—¥ 5 ®ÿ¥µàÕÀπ÷Ëß™‘Èπß“π‚¥¬„™â
‡§√◊ËÕß Network Analyzer (Figure 2) ‡æ◊ËÕ„™â‡ªìπ¢âÕ¡Ÿ≈
æ◊Èπ∞“π‡ª√’¬∫‡∑’¬∫„π°“√«‘‡§√“–Àå‡™‘ß≈÷°√«¡‰ª∂÷ß‡ªìπ
¢âÕ¡Ÿ≈ªÑÕπ‡¢â“ ”À√—∫°“√«‘‡§√“–Àå‡™‘ß∑ƒ…Æ’¥â«¬‡æ√“– ¡∫—µ‘
‰¥Õ‘‡≈Á°µ√‘° ‡ªìπ ¡∫—µ‘∑’Ë· ¥ß∂÷ß§«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫
æ≈—ßß“π‰¡‚§√‡«ø·≈–°“√º≈‘µæ≈—ßß“π§«“¡√âÕπ∑’Ë‡°‘¥®“°
°“√¥Ÿ¥´—∫æ≈—ßß“π‰¡‚§√‡«ø ∫—π∑÷°§à“∑’Ë‰¥â·≈â«π”‡√’¬ß≈”¥—∫
µ—¥§à“∑’Ë¡“°·≈–πâÕ¬∑’Ë ÿ¥ÕÕ° π”§à“∑’Ë‡À≈◊Õ¡“À“§à“‡©≈’Ë¬
∫—π∑÷°‡ªìπ§à“ ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘° À≈—ß®“°π—Èππ”¡“À“§à“ loss
tangent coefficient (tanδ) ∑”°“√‡ª√’¬∫‡∑’¬∫§à“ ¡∫—µ‘
‰¥Õ‘‡≈Á°µ√‘°∑’Ë‰¥â√–À«à“ß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë‡µ‘¡·≈–‰¡à
‡µ‘¡‡¢¡à“¥”  µàÕ®“°π—Èπ∑”°“√Õÿàπ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å
¥â«¬‰¡‚§√‡«ø ‚¥¬„™â√–∫∫‰¡‚§√‡«ø™π‘¥∑àÕπ”§≈◊Ëπ√Ÿª∑√ß
 ’Ë‡À≈’Ë¬¡ (MODE: TE

10
) ´÷Ëß· ¥ß„π Figure 2 √–∫∫

‰¡‚§√‡«øπ’È¡’§«“¡∂’Ë„™âß“π‡∑à“°—∫ 2.45 °‘°–‡Œ‘√åµ (GHz)
‡™àπ‡¥’¬«°—∫‡µ“‰¡‚§√‡«ø∑—Ë«‰ª §≈◊Ëπ‰¡‚§√‡«ø∑’ËÕ¬Ÿà„π∑àÕ¡’
≈—°…≥–‡ªìπ§≈◊Ëπ‡¥’¬«  (monochromatic  À√◊Õ  single-
mode)   π“¡·¡à‡À≈Á°‰øøÑ“∑’Ë‡°‘¥¢÷Èπ¡’√Ÿª·∫∫‡ªìπ TE

10

mode (transverse electric wave) §≈◊Ëπ‰¡‚§√‡«ø¥—ß°≈à“«
°”‡π‘¥®“°·¡°π’µ√Õπ (Micro Denshi Co., model UM-
1500) ·≈–‡§≈◊ËÕπ∑’Ëºà“π™àÕß«à“ß¿“¬„π∑àÕπ”§≈◊Ëπ√Ÿª√à“ß
 ’Ë‡À≈’Ë¬¡º◊πºâ“¢π“¥¿“¬„π‡∑à“°—∫ 109.22 x 54.61 ¡¡.
µ“¡∑‘»∑“ß„π·π«·°π z ‚¥¬¡’πÈ”¥Ÿ¥´—∫§≈◊ËπÀ√◊Õæ≈—ßß“π∑’Ë
‡À≈◊Õ∑—ÈßÀ¡¥∫√‘‡«≥¢Õ∫‡¢µ¥â“π≈à“ß (lower absorbing
boundary) ‡æ◊ËÕªÑÕß°—π°“√ –∑âÕπ°≈—∫¢Õß§≈◊Ëπ‰¡‚§√‡«ø

Table 1. Admixture of natural rubber-compounding  (unit : phr)

Raw material Formula 1 Formula 2 Formula 3 Formula 4

STR 20 100 100 100 100
ZnO 5.0 5.0 5.0 5.0
Stearic acid 1.0 1.0 1.0 1.0
MBTS 0.8 0.8 0.8 0.8
DPG 0.2 0.2 0.2 0.2
Sulphur 1.5 2.0 2.5 3.0
Carbon black 10 10 10 10

Note: phr (part per hundred part from rubber by dry weight)
MBTS (Dibenzothiazyl disulphide)
DPG (Diphenyl guanidine)



«.  ß¢≈“π§√‘π∑√å «∑∑.

ªï∑’Ë 29 ©∫—∫∑’Ë 6 æ.¬. - ∏.§. 2550
°“√Õÿàπ¬“ß∏√√¡™“µ‘¥â«¬§≈◊Ëπ‰¡‚§√‡«ø

πæ«√√≥  ¥Ÿß“¡ ·≈–§≥–1603

‰ª Ÿà«— ¥ÿ∑¥ Õ∫ πÕ°®“°π—Èπ¬—ß¡’‰Õ‚´‡≈‡µÕ√å (isolator)
‡ªìπµ—«¥—°§≈◊Ëπ‰¡‚§√‡«ø∑’Ë –∑âÕπ®“°«— ¥ÿ∑¥ Õ∫∫√‘‡«≥
¢Õ∫‡¢µ¥â“π∫π (upper absorbing boundary) ‡æ◊ËÕ
ªÑÕß°—π§«“¡‡ ’¬À“¬¢Õß·¡°π’µ√Õπ  °”≈—ß‰øøÑ“¢Õß
‰¡‚§√‡«ø∑’ËÕÕ°®“°·¡°π’µ√Õπ “¡“√∂ª√—∫‰¥âµ—Èß·µà 0-
1,500 «—µµå  °“√«—¥§à“°”≈—ß‰øøÑ“§≈◊Ëπµ°°√–∑∫ §≈◊Ëπ
 –∑âÕπ·≈–§≈◊Ëπ àßºà“π¢Õß«— ¥ÿ∑¥ Õ∫¿“¬„π∑àÕπ”§≈◊Ëπ
 “¡“√∂«—¥‰¥â‚¥¬«—µµå¡‘‡µÕ√å (Micro Denshi Co., model

DR-500) „π√–À«à“ß°“√∑¥≈ÕßÕÿ≥À¿Ÿ¡‘«— ¥ÿ∑¥ Õ∫ “¡“√∂
«—¥‰¥â‚¥¬„™â‡∑Õ√å‚¡¡‘‡µÕ√å„¬·°â«π”· ß (Luxtron fluroptic
thermometer model 790 (§«“¡∂Ÿ°µâÕßÕ¬Ÿà„π™à«ß ±0.5oC))
·≈–§à“Õÿ≥À¿Ÿ¡‘∑’Ë‰¥â®“°‡∑Õ√å‚¡¡‘‡µÕ√å„¬·°â«π”· ß®–∂Ÿ°
∫—π∑÷°¢âÕ¡Ÿ≈≈ß‡§√◊ËÕß§Õ¡æ‘«‡µÕ√å¥â«¬´Õø∑å·«√å∑’Ë‡™◊ËÕ¡µàÕ
¢âÕ¡Ÿ≈°—∫‡∑Õ√å‚¡¡‘‡µÕ√å∑—π∑’ ‚¥¬π”¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å
∑’Ë‡µ√’¬¡‰«â (Table 1) ¡“‡®“–√Ÿ ”À√—∫„ à “¬‡∑Õ√å‚¡¡‘‡µÕ√å
„¬·°â«π”· ß À≈—ß®“°π—Èππ”¡“„ à°≈àÕßæ≈“ µ‘° (poly-
propylene) √Ÿª∑√ß ’Ë‡À≈’Ë¬¡„ à„π‡§√◊ËÕß‰¡‚§√‡«ø ∑”°“√
ª√—∫°”≈—ß‰øøÑ“∑’ËµâÕß°“√ (1,000, 800, 500 ·≈– 200 «—µµå
µ“¡≈”¥—∫) „Àâ‡§√◊ËÕß∑”ß“π®π™‘Èπß“π¡’Õÿ≥À¿Ÿ¡‘ª√–¡“≥
150oC (‡ªìπ™à«ßÕÿ≥À¿Ÿ¡‘∑’Ëπ‘¬¡„™â„π°“√∑”„Àâ¬“ß§ß√Ÿª‚¥¬
∑—Ë«‰ª) ®÷ßªî¥‡§√◊ËÕß À≈—ß®“°π—Èπ‡ª√’¬∫‡∑’¬∫º≈¢ÕßÕ—µ√“
°“√‡æ‘Ë¡¢÷Èπ¢ÕßÕÿ≥À¿Ÿ¡‘„π·µà≈–°”≈—ß‰øøÑ“ Õß§åª√–°Õ∫
¢Õß à«πº ¡ ·≈–§«“¡Àπ“¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å ‚¥¬
°”≈—ß‰øøÑ“®–¡’§«“¡ —¡æ—π∏å‚¥¬µ√ß°—∫§à“Õ—µ√“°“√°”‡π‘¥
ª√‘¡“≥§«“¡√âÕπ¿“¬„π (microwave power absorbed,
Q) · ¥ß¥—ß ¡°“√∑’Ë 1 (Rattandecho, 2001)

Q = 2πfε0εr
1(tanδ)E2 (1)

‡¡◊ËÕ Q §◊Õ microwave power absorbed (W/m3)
f §◊Õ §«“¡∂’Ë („πß“π«‘®—¬π’È„™â 2.45 GHz.)

(a) Diagram of experimental facility
(Ratanadecho, P., 2002)

(b) Experimental measuring
(Micro Denshi Co., model UM-1500)

Figure 1. Microwave system
(Color figure can be viewed in the electronic version)

Figure 2. Network Analyzer (PUSCHNER,
GERNAMY;Dielectric Measure-
ment Kit)

(Color figure can be viewed in the electronic version)
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ε0 §◊Õ free space permittivity (F/m)
§◊Õ relative permittivity (F/m)

tanδ §◊Õ loss tangent coefficient
E §◊Õ §«“¡‡¢â¡ π“¡‰øøÑ“ (V/m)

2. »÷°…“‚§√ß √â“ß∑“ß‡§¡’

2.1 ‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß (% cross-linked)

‡ªìπ§à“∑’Ë· ¥ß∂÷ß°“√‡°‘¥‚§√ß √â“ßµ“¢à“¬ 3 ¡‘µ‘
(3D network) ´÷Ëß¬“ß∑’Ë§ß√Ÿª·≈â«®–¡’‚§√ß √â“ß¥—ß°≈à“«
‡æ◊ËÕ„Àâ “¡“√∂π”‰ª„™âß“π‰¥â ‚¥¬¡’°”¡–∂—π (sulphur) ‡ªìπ
 “√‡§¡’∑’Ë∑”„Àâ‡°‘¥‚§√ß √â“ßµ“¢à“¬ 3 ¡‘µ‘ À“‰¥â®“°°“√π”
¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ëºà“π°“√Õÿàπ„Àâ√âÕπ¥â«¬‰¡‚§√‡«ø
·≈â«¡“µ—¥„Àâ‡ªìπ∑√ß ’Ë‡À≈’Ë¬¡π”‰ª™—Ëß·≈–∫—π∑÷°πÈ”Àπ—°
®“°π—Èπ·™à„π‚∑≈ŸÕ’πª√‘¡“µ√ 30 ¡≈. ∑‘Èß‰«â 1  —ª¥“Àå π”¡“
™—ËßπÈ”Àπ—°Õ’°§√—Èß·≈–§”π«≥À“§à“‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß
µ“¡ Ÿµ√„π ¡°“√∑’Ë 2 (Sperling, 1932; Allen et al.,
2000; Hamed et al., 1989; Flory 1953) À≈—ß®“°π—Èπ
π”¡“‡ª√’¬∫‡∑’¬∫§à“‡ªÕ√å‡´Áπµå°“√‡™◊ËÕ¡‚¬ß (% cross-
linked) „π¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë¡’ Ÿµ√ °”≈—ß‰øøÑ“ ·≈–
§«“¡Àπ“µà“ß°—π

− ln(1− V
r
) − V

r
− χV

r

2 = V
s
η

swell
V

r

1/3 −
V

r

2





 (2)

‡¡◊ËÕ V
r

§◊Õ volume fraction of rubber in
swollen gel

χ §◊Õ rubber-solvent interaction para-
meter (0.406)

V
s

§◊Õ molar volume of toluene (106.8
cm3/mol-1)

η
swell

§◊Õ % °“√∫«¡µ—«¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å
(mol cm-3)

2.2 «‘‡§√“–Àå‚§√ß √â“ß¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å

¥â«¬‡§√◊ËÕßø≈Ÿ‡√’¬∑√“πøÕ√å¡Õ‘πø√“‡√¥ ‡ª°‚µ√¡‘‡µÕ√å

(Fourier Transform Infrared Spectrometer; FT-IR,

Nicolet NEXUS 470)

‚¥¬∑—Ë«‰ª‡∑§π‘§ ‡ª°‚∑√ ‚°ªï¡—°„™âÀ≈—°°“√
°“√°√–®“¬· ß (dispersion) ¢Õß ‡ª°µ√—¡°“√·ºà√—ß ’
·¡à‡À≈Á°‰øøÑ“„π™à«ß∑’Ë π„®‡ªìπµ—«°”Àπ¥ ‚¥¬«—¥§«“¡‡¢â¡
¢Õß· ßÀ√◊Õ°”≈—ß¢Õß· ß∑’Ë§«“¡¬“«§≈◊Ëπµà“ßÊ °—πÕ¬à“ß
µàÕ‡π◊ËÕß‡∑’¬∫°—∫‡«≈“‡√’¬°«à“ time-domain spectrum À√◊Õ
‚¥¬∑—Ë«‰ª‡√’¬°«à“ Fourier transform spectroscopy ®“°
π—Èπ time-domain spectrum ®–∂Ÿ°‡ª≈’Ë¬π‡ªìπ frequency-
domain spectrum ¥â«¬ Fourier transform ®“°°“√„™â
¥‘®‘µÕ≈§Õ¡æ‘«‡µÕ√å   ‡ª°µ√—¡®“° Fourier transform
spectroscopy ‰¥â®“°°“√«—¥°“√¥Ÿ¥°≈◊π∑’Ë§«“¡∂’Ëµà“ßÊ
æ√âÕ¡°—π∑—ÈßÀ¡¥ ¥—ßπ—Èπ Fourier transform ®÷ß„Àâ‡°‘¥°“√
«‘‡§√“–Àå∑’Ë√«¥‡√Á«¢÷Èπ°“√·¬° resolution °Á¥’¢÷Èπ ¢—ÈπµÕπ
°“√∑¥ Õ∫∑”‚¥¬°“√µ—¥™‘Èπß“π„Àâ¡’¢π“¥ 1 x 2 x 0.1 ́ .¡.
„ à„πÕÿª°√≥å∫√√®ÿ™‘Èπß“π π”‡¢â“‡§√◊ËÕßø≈Ÿ‡√’¬∑√“πøÕ√å¡

Table 2. Dielectric properties

Raw material Relative Dielectric Loss tangent Penetration depth
dielectric loss factor (ε′′ε′′ε′′ε′′ε′′

r
) coefficient (tanδδδδδ) (cm.)

constant(ε′ε′ε′ε′ε′
r
)

   NR(a)-01(c) 2.043 0.000002 0.000001 27
   NR-02 2.161 0.000004 0.000002 25
   NR-03 2.017 0.000009 0.000004 27
   NR-04 2.272 0.000004 0.000002 24
   NRC(b)-01 3.790 0.007 0.002 16
   NRC-02 3.330 0.006 0.002 18
   NRC-03 3.375 0.011 0.003 18
   NRC-04 3.269 0.009 0.003 18

Note: (a) Natural rubber-compounding without carbon black
(b) Natural rubber-compounding with carbon black
(c) Amount of sulphur (phr)

εr

1
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Õ‘πø√“‡√¥ ‡ª°‚µ√¡‘‡µÕ√å  π”§à“∑’Ë‰¥â¡“«‘‡§√“–Àåº≈°“√
‡ª≈’Ë¬π·ª≈ß‚§√ß √â“ß‡ª√’¬∫‡∑’¬∫°—π√–À«à“ß¬“ß∏√√¡™“µ‘
·≈–¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’ËÕÿàπ„Àâ√âÕπ¥â«¬‰¡‚§√‡«ø·≈â«∑’Ë
¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë¡’ Ÿµ√ °”≈—ß‰øøÑ“ ·≈–§«“¡Àπ“
µà“ß°—π

º≈°“√∑¥≈Õß·≈–°“√«‘®“√≥åº≈

1.  ¡∫—µ‘‡©æ“–‡™‘ß§«“¡√âÕπ

§à“ ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë
«—¥‚¥¬„™â‡§√◊ËÕß Network Analyzer · ¥ß¥—ß Table 2
‚¥¬®–·∫àß‡ªìπ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë‡µ‘¡‡¢¡à“¥”·≈–‰¡à
‡µ‘¡‡¢¡à“¥”  „π à«π∑’Ë‰¡à‡µ‘¡‡¢¡à“¥”æ∫«à“§à“ tanδ µË”°«à“
¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë‡µ‘¡‡¢¡à“¥”¡“°‡π◊ËÕß®“°‚¥¬ª°µ‘
·≈â«¬“ß∏√√¡™“µ‘®–‡ªìπ«— ¥ÿª√–‡¿∑‰¡à¡’¢—È« (non-polar)
‡¡◊ËÕ‡µ‘¡‡¢¡à“¥”≈ß‰ª„π¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å®÷ß àßº≈„Àâ
¬“ß∏√√¡™“µ‘°≈“¬‡ªìπ«— ¥ÿ∑’Ë¡’¢—È« (polar material) ·≈–¡’
 ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘° Ÿß¢÷Èπ¥â«¬ · ¥ß„π Table 2 ¥—ßπ—Èπ‡æ◊ËÕ
„Àâ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å “¡“√∂‡°‘¥§«“¡√âÕπ‰¥â¥’¢÷Èπ®÷ß
µâÕß¡’°“√‡µ‘¡‡¢¡à“¥”≈ß‰ª°àÕππ”¡“∑”°“√Õÿàπ¿“¬„µâ
æ≈—ßß“π‰¡‚§√‡«ø

1.1 Õ‘∑∏‘æ≈°”≈—ß‰øøÑ“µàÕÕÿ≥À¿Ÿ¡‘

§«“¡ —¡æ—π∏å√–À«à“ß°”≈—ß‰øøÑ“∑’Ë¡’º≈µàÕÕ—µ√“
°“√‡æ‘Ë¡¢ÕßÕÿ≥À¿Ÿ¡‘· ¥ß„π Figure 3 æ∫«à“‡¡◊ËÕ‡æ‘Ë¡°”≈—ß
‰øøÑ“„Àâ°—∫¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë¡’¢π“¥‡∑à“°—π Õ—µ√“

°“√‡æ‘Ë¡¢ÕßÕÿ≥À¿Ÿ¡‘¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å°Á®–‡æ‘Ë¡¢÷Èπ
µ“¡‰ª¥â«¬ ‡π◊ËÕß®“°‡¡◊ËÕ°”≈—ß‰øøÑ“¡“°¢÷Èπ∑”„Àâ§«“¡‡¢â¡
¢Õß π“¡‰øøÑ“¡“°¢÷Èπ àßº≈∑”„Àâ°“√¥Ÿ¥´—∫æ≈—ß‰¡‚§√‡«ø
¡’¡“°¢÷Èπ¥â«¬ àßº≈„Àâ‡°‘¥§«“¡√âÕπ¿“¬„π (Q) ¡“°¢÷Èπ ‡¡◊ËÕ
§«“¡√âÕπ¡“°°Á®– àßº≈∑”„ÀâÕÿ≥À¿Ÿ¡‘‡æ‘Ë¡¢÷Èπµ“¡‰ª¥â«¬
(®“° ¡°“√∑’Ë 1) ∑’Ë°”≈—ß‰øøÑ“ 200 «—µµåÕÿ≥À¿Ÿ¡‘‡æ‘Ë¡¢÷Èπ
®“° ¿“«–ª°µ‘‡æ’¬ß‡≈Á°πâÕ¬‡π◊ËÕß®“°§«“¡√âÕπ∑’Ë™‘Èπß“π‰¥â
√—∫¡’πâÕ¬·≈–¡’°“√∂à“¬‡∑§«“¡√âÕπ¿“¬„π™‘Èπß“π¥â«¬  ∑’Ë
°”≈—ß‰øøÑ“ 500, 800 ·≈– 1,000 «—µµå Õ—µ√“°“√‡æ‘Ë¡

Figure 3. Characteristics of temperature rise for
natural  rubber-compounding  with
various power input values

Figure 4. Characteristics of temperature rise for
natural  rubber-compounding  with
various  formulas  and  thickness  at
power input 1,000 watt.
(a) Natural rubber-compounding with

various formulas
(b) Natural rubber-compounding with

various thicknesses

(a)

(b)
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Õÿ≥À¿Ÿ¡‘¡’¡“°¢÷Èπµ“¡≈”¥—∫‡π◊ËÕß®“°§«“¡‡¢â¡¢Õß π“¡
·¡à‡À≈Á°‰øøÑ“ (E) ∑’Ë‡æ‘Ë¡¢÷Èπ∑”„Àâ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å
¥Ÿ¥´—∫æ≈—ßß“π·≈–·ª≈ß‡ªìπ§«“¡√âÕπ‰¥â¡“°¢÷Èπµ“¡≈”¥—∫
„π¢≥–∑’Ë°“√∂à“¬‡∑§«“¡√âÕπ¿“¬„π™‘Èπß“π¬—ß¡’§à“‡∑à“‡¥‘¡
(‡π◊ËÕß®“°ª√‘¡“µ√‡∑à“‡¥‘¡)

Figure 4 · ¥ß§«“¡ —¡æ—π∏å√–À«à“ßÕÿ≥À¿Ÿ¡‘
¢Õß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å°—∫‡«≈“ (a) · ¥ßÕ—µ√“°“√‡æ‘Ë¡
¢÷Èπ¢ÕßÕÿ≥À¿Ÿ¡‘¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å 4  Ÿµ√ (‚¥¬·µà≈–
 Ÿµ√¡’ª√‘¡“≥°”¡–∂—πµà“ß°—π) ∑’Ëºà“π°√–∫«π°“√Õÿàπ¬“ß
∏√√¡™“µ‘§Õ¡æ“«¥å¥â«¬æ≈—ßß“π‰¡‚§√‡«ø ‚¥¬¬°µ—«Õ¬à“ß
°√≥’™‘Èπß“πÀπ“ 3 ´¡. °”≈—ß‰øøÑ“∑’ËªÑÕπ 1,000 «—µµå ®“°
º≈°“√∑¥≈Õßæ∫«à“ª√‘¡“≥°”¡–∂—π àßº≈πâÕ¬¡“°µàÕÕ—µ√“
°“√‡ª≈’Ë¬π·ª≈ßÕÿ≥À¿Ÿ¡‘ ∑—Èßπ’È‡π◊ËÕß®“°ª√‘¡“≥§«“¡√âÕπ∑’Ë
‡°‘¥¢÷ÈππÕ°®“°§«“¡‡¢â¡¢Õß π“¡·¡à‡À≈Á°‰øøÑ“ (E) ·≈â«
 ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°¬—ß‡ªìπÕ’°ªí®®—¬Àπ÷Ëß∑’Ë¡’º≈µàÕ°“√º≈‘µ
ª√‘¡“≥§«“¡√âÕπ (¥—ß ¡°“√∑’Ë 1)  ®“°°“√«—¥¥â«¬‡§√◊ËÕß
network analyzer æ∫«à“¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑—Èß 4  Ÿµ√
∑’Ë‰¡à‡µ‘¡‡¢¡à“¥”¡’§à“ tanδ „°≈â‡§’¬ß°—π¡“°®÷ß “¡“√∂¬◊π¬—π
‰¥â«à“ª√‘¡“≥°”¡–∂—π∑’Ëµà“ß°—π àßº≈µàÕ ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°
·≈–°“√º≈‘µª√‘¡“≥§«“¡√âÕππâÕ¬¡“° ‡¡◊ËÕæ‘®“√≥“ Figure
4 (b) ´÷Ëß· ¥ß„Àâ‡ÀÁπ∂÷ßÕ‘∑∏‘æ≈¢Õß§«“¡Àπ“∑’Ëµà“ß°—π§◊Õ
1, 2 ·≈– 3 ´¡. æ∫«à“Õ—µ√“°“√‡ª≈’Ë¬π·ª≈ßÕÿ≥À¿Ÿ¡‘¡’
·π«‚πâ¡„°≈â‡§’¬ß°—π„π™à«ß·√° (ª√–¡“≥ 5 π“∑’·√°) À≈—ß
®“°π—Èπ∑’Ë 1 ·≈– 2 ´¡. ‡«≈“∑’Ë„™â„π°“√‡æ‘Ë¡¢ÕßÕÿ≥À¿Ÿ¡‘¡’
§à“„°≈â‡§’¬ß°—π  à«π∑’Ë 3 ´¡. ®–„™â‡«≈“π“π°«à“·µà°Á‰¡à¡“°
‡¡◊ËÕ‡∑’¬∫°—∫°“√„™â‡«≈“·∫∫¥—Èß‡¥‘¡ ∑—Èßπ’È‡π◊ËÕß¡“®“°ª√‘¡“≥

æ≈—ßß“π∑’Ë™‘Èπß“π¥Ÿ¥´—∫·≈â«·ª≈ß‡ªìπæ≈—ßß“π§«“¡√âÕπ¡’
§à“‡∑à“°—π (°”≈—ß‰øøÑ“·≈– ¡∫—µ‘‰¥Õ‘‡≈Á°µ√‘°‡∑à“°—π) ·µà
µà“ß°—πµ√ßª√‘¡“µ√„π°“√∂à“¬‡∑§«“¡√âÕπ‡æ√“–™‘Èπß“π¡’
¢π“¥§«“¡Àπ“∑’Ëµà“ß°—π ∑”„Àâ™‘Èπ∑’ËÀπ“¡“°°«à“µâÕß∂à“¬‡∑
§«“¡§«“¡√âÕπ¡“°°«à“¥â«¬

2. ‚§√ß √â“ß∑“ß‡§¡’

2.1 §«“¡Àπ“·πàπ¢Õßæ—π∏– (Crosslink density)

§«“¡Àπ“·πàπæ—π∏–¢Õß¬“ß∏√√¡™“µ‘¢÷ÈπÕ¬Ÿà°—∫
ª√‘¡“≥°”¡–∂—π∑’Ë‡µ‘¡≈ß‰ª ª√‘¡“≥°”¡–∂—π¡“°°“√‡°‘¥°“√
‡™◊ËÕ¡‚¬ß°Á®–¡’·π«‚πâ¡¡“°µ“¡‰ª¥â«¬¥—ß· ¥ß„π Figure 5
‡ÀÁπ‰¥â«à“¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å Ÿµ√∑’Ë 1, 2 ·≈– 3 ∑’Ë¡’
ª√‘¡“≥°”¡–∂—π‡æ‘Ë¡¢÷Èπµ“¡≈”¥—∫ °“√‡°‘¥°“√‡™◊ËÕ¡‚¬ß°Á¡’
‡æ‘Ë¡¢÷Èπµ“¡‰ª¥â«¬   à«π¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å Ÿµ√∑’Ë 4
·¡â«à“®–¡’ª√‘¡“≥∑’Ë‡µ‘¡≈ß‰ª¡“°·µàª√‘¡“≥°“√‡™◊ËÕ¡‚¬ß∑’Ë
‡°‘¥¢÷Èπ¡’πâÕ¬°«à“ Ÿµ√∑’Ë 2 ·≈– 3 π—ÈπÕ“®‡π◊ËÕß¡“®“°°“√∑’Ë
‡µ‘¡ª√‘¡“≥°”¡–∂—π¡“°‡°‘π‰ª∑”„Àâ‡°‘¥°“√∫≈Ÿ¡ (Bloom)
(∫ÿ≠∏√√¡ ·≈–§≥–, 2530) ¢Õß°”¡–∂—π¢÷Èπ‰¥â  °“√∫≈Ÿ¡
§◊Õ °“√∑’Ë¡’ª√‘¡“≥°”¡–∂—π„π¬“ß§Õ¡æ“«¥å¡“°‡°‘π‰ª ∑”„Àâ
°”¡–∂—π∫“ß à«π·∑√°µ—«ÕÕ°¡“¬—ß∫√‘‡«≥º‘«¢Õß™‘Èπß“π
¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë¡’ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ßæ—π∏–¡“°®–
°Á¡’§«“¡·¢Áß·√ß¡“° ´÷Ëßµà“ß°—∫‡¢¡à“¥”°≈à“«§◊Õ ·¡â®–‡µ‘¡
‡¢¡à“¥”≈ß‰ª°Á‰¡à àßº≈µàÕ°“√‡°‘¥°“√‡™◊ËÕ¡‚¬ßæ—π∏–¢Õß¬“ß
∏√√¡™“µ‘§Õ¡æ“«¥å·µàÕ¬à“ß‰√ ‡π◊ËÕß®“°°“√‡°‘¥°“√‡™◊ËÕ¡‚¬ß
æ—π∏–‡°‘¥®“°°“√∑’Ë°”¡–∂—π‰ª √â“ßæ—π∏–°—∫¬“ß∏√√¡™“µ‘
‡∑à“π—Èπ ª°µ‘‚§√ß √â“ß¢Õß¬“ß∏√√¡™“µ‘∑’Ë¬—ß‰¡à‡µ‘¡ “√‡§¡’

Figure 5.  Cross-linked of natural rubber- compounding
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®–¡’æ—π∏–§ŸàÕ¬Ÿà´÷Ëß¡’§«“¡«àÕß‰«„π°“√‡°‘¥ªØ‘°‘√‘¬“ ‡¡◊ËÕ‡µ‘¡
°”¡–∂—π‡¢â“‰ª√à«¡°—∫°“√‰¥â√—∫§«“¡√âÕπ®“°æ≈—ßß“π
‰¡‚§√‡«ø ÷́Ëß‡ªìπ°“√‡°‘¥§«“¡√âÕπ‡™‘ßª√‘¡“µ√ (volumetric
heat) °≈à“«§◊Õ §«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ„π™‘Èπß“π¬“ß∏√√¡™“µ‘
§Õ¡æ“«¥å®–‡°‘¥¢÷Èπ„π√–¥—∫‚¡‡≈°ÿ≈  ‡°‘¥®“°¿“¬„π·≈â«
°√–®“¬ÕÕ° Ÿà¿“¬πÕ° §«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ®÷ß‡°‘¥·∫∫ ¡Ë”
‡ ¡Õ °“√·µ°æ—π∏–§ŸàÕÕ°°≈“¬‡ªìπæ—π∏–‡¥’Ë¬«‡™◊ËÕ¡µàÕ°—∫
Õ–µÕ¡¢Õß°”¡–∂—π®÷ß‡°‘¥·∫∫ ¡Ë”‡ ¡Õ∑—Ë«∑—Èß™‘Èπß“π ®÷ß
∑”„Àâ “¡“√∂∑”„Àâ‡°‘¥°“√‡™◊ËÕ¡‚¬ßæ—π∏–‰¥â¥’°«à“°“√„Àâ
§«“¡√âÕπ·∫∫‡°à“´÷Ëß„Àâ§«“¡√âÕπ∑’Ëº‘«™‘Èπß“π‡∑à“π—Èπ ‡√“
 “¡“√∂µ√«® Õ∫‚§√ß √â“ß∑“ß‡§¡’‰¥â‚¥¬‡∑§π‘§Õ‘πø√“‡√¥
Figure  6  · ¥ß  FTIR  spectrum  ¢Õß¬“ß∏√√¡™“µ‘
(STR20), ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë„Àâ§«“¡√âÕπ·∫∫‡°à“
·≈–¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’ËÕÿàπ¥â«¬æ≈—ßß“π‰¡‚§√‡«ø  ®“°
 ‡ª§µ√—¡‡¡◊ËÕ‡∑’¬∫°—∫¬“ß∏√√¡™“µ‘ (STR20) æ∫«à“æ’§∑’Ë
§«“¡¬“«§≈◊Ëπ 834 cm-1 ´÷Ëß· ¥ß∂÷ßæ—π∏– C=C ¢ÕßÀ¡Ÿà
‰Õ‚´æ√’π∑—Èß¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë„Àâ§«“¡√âÕπ·∫∫‡°à“
·≈–¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å∑’ËÕÿàπ¥â«¬æ≈—ßß“π‰¡‚§√‡«ø¡’§à“
≈¥≈ß · ¥ß«à“¡’°“√‡°‘¥°“√‡™◊ËÕ¡‚¬ß∑“ßæ—π∏–‡°‘¥¢÷Èπ

¢âÕ‡ πÕ·π–

®“°°“√∑¥≈Õß æ∫«à“ ™‘Èπß“π∑’Ë‰¥âÀ≈—ß®“°Õÿàπ¬“ß
∏√√¡™“µ‘§Õ¡æ“«¥å¥â«¬æ≈—ßß“π‰¡‚§√‡«ø‡°‘¥°“√∫«¡µ—«
∑“ß¥â“π≈à“ß∑’Ë°”≈—ß‰øøÑ“ 1,000 «—µµå  ·≈–°“√∫«¡µ—«®–
≈¥≈ß∑’Ë°”≈—ß‰øøÑ“ 500 «—µµå πÕ°®“°π’È¬—ß‡°‘¥øÕßÕ“°“»
¢÷Èπ„π™‘Èπß“πÕ’°¥â«¬ ÷́Ëß®–∑”°“√»÷°…“‡æ◊ËÕ·°â‰¢¢âÕ®”°—¥
¥—ß°≈à“«µàÕ‰ª

 √ÿª

®“°º≈°“√»÷°…“ß“π«‘®—¬™‘Èππ’Èæ∫«à“æ≈—ßß“π‰¡‚§√‡«ø
 “¡“√∂π”¡“„™âÕÿàπ¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å‰¥â‚¥¬ “¡“√∂
 √ÿªº≈‰¥â¥—ßπ’È

1. æ≈—ßß“π‰¡‚§√‡«ø “¡“√∂π”‰ªª√–¬ÿ°µå„™âÕÿàπ
¬“ß∏√√¡™“µ‘§Õ¡æ“«¥å„Àâ‡√‘Ë¡√âÕπ°àÕπ‡¢â“ Ÿà°√–∫«π°“√
§ß√Ÿª‰¥â ‚¥¬ªí®®—¬À≈—°∑’Ë¡’º≈µàÕÕ—µ√“°“√‡ª≈’Ë¬π·ª≈ß
Õÿ≥À¿Ÿ¡‘§◊Õ §«“¡‡¢â¡ π“¡‰øøÑ“ (E) ÷́Ëß§à“¥—ß°≈à“«·ª√º—π
µ√ß°—∫°“√‡ª≈’Ë¬π·ª≈ß°”≈—ß‰øøÑ“∑’ËªÑÕπ‡¢â“‰ª

Figure 6. FTIR spectrum of (a) STR 20, (b) natural rubber- compounding under conventional
heating and (c) natural rubber- compounding under microwave pre-heating
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2. æ≈—ßß“π‰¡‚§√‡«ø “¡“√∂„Àâ§«“¡√âÕπ„π¬“ß
∏√√¡™“µ‘§Õ¡æ“«¥å∑’Ë¡’§«“¡Àπ“¡“°Ê ‰¥â ·≈– “¡“√∂„Àâ
§«“¡√âÕπ ¡Ë”‡ ¡Õ∑ÿ°Ê §«“¡Àπ“

3. æ≈—ßß“π‰¡‚§√‡«ø “¡“√∂∑”„Àâ°“√Õÿàπ¬“ß
∏√√¡™“µ‘§Õ¡æ“«¥å¡’ª√‘¡“≥°“√‡™◊ËÕ¡‚¬ßæ—π∏–‡°‘¥¢÷Èπ¥â«¬
‚¥¬∑’ËÕÿ≥À¿Ÿ¡‘¥—ß°≈à“«¬—ß‰¡à∂÷ßÕÿ≥À¿Ÿ¡‘°“√§ß√Ÿª (cure) ‡¡◊ËÕ
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