
∫∑§«“¡«‘®—¬

Õ‘∑∏‘æ≈¢Õß‡´Õ√å‚§‡π’¬¡ ‘́≈‘‡°μ·≈–∫‘ ¡— ÕÕ°‰´¥å∑’Ë¡’º≈μàÕ
 ¡∫—μ‘¢Õß∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈ ”À√—∫‡§√◊ËÕßª√–¥—∫

Õ‚π™“ À¡—Ëπ¿—°¥’1*  ÿæ‘™¨“  ÿæ√√≥ ¡∫Ÿ√≥å1  ÿ¿‘≠≠“ «ß…å»√’√—°…“1

π‘√—π¥√å æß…åæ—π∏ÿå2 ·≈– ≥—∞æß»å æ‘π‘®§â“1

∫∑§—¥¬àÕ

∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈‡ªìπμ—«‡≈◊Õ°∑’Ëπà“ π„®„π°“√·∑π∑’Ëμ–°—Ë«Õ’π“‡¡≈ ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈„π
ß“π«‘®—¬π’È«—μ∂ÿ¥‘∫ª√–°Õ∫‰ª¥â«¬ SiO2 0-51.28%, CaO 12.05-17.24%, Õ—≈§“‰≈πåÕÕ°‰´¥å√«¡
6.03-18.39%, BaO 3.68-12.05%, Al2O3 1.20-1.72%, TiO2 1.20-1.72%, ZrO2 0-1.59%,
Bi2O3 6.02-14.71%, B2O3 12.05-22.06%, ·≈– ZrSiO4 0-49.40% «—μ∂ÿ¥‘∫®–∂Ÿ°À≈Õ¡∑’Ë 1200°C
π“π 2 ™—Ë«‚¡ß À≈—ß®“°π—Èπ‡∑πÈ”Õ’π“‡¡≈≈ß∫π·¡àæ‘¡æå‡æ◊ËÕ∑¥ Õ∫ ¡∫—μ‘μà“ßÊ ®“°º≈°“√∑¥≈Õßæ∫«à“
∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈∑’Ë‡μ√’¬¡‰¥â¡’§à“§«“¡∂à«ß®”‡æ“–√–À«à“ß 2.7454-3.2262 ·≈–¡’§à“¥—™π’À—°‡À (RI)
„π™à«ß 1.59-1.65 ‚¥¬§à“ ∂.æ. ·≈–§à“ RI ¡’§à“‡æ‘Ë¡¢÷Èπμ“¡°“√‡æ‘Ë¡¢÷Èπ¢Õßª√‘¡“≥ Bi2O3 ·≈– ZrSiO4

Õ¬à“ß‰√°Áμ“¡§à“ ∂.æ. ·≈–§à“ RI ®–¡’§à“≈¥≈ß‡¡◊ËÕ‡æ‘Ë¡ª√‘¡“≥ B2O3 ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈∑’Ë‡μ√’¬¡‰¥â¡’
º‘«‡√’¬∫ ·≈–·¢Áß (546.6-634.8 HV) ∑πμàÕ “√≈–≈“¬ “√ â¡‰¥â„π√–À«à“ß 0.02-0.05% ¡’§à“
 —¡ª√– ‘∑∏‘Ï°“√¢¬“¬μ—«∑’Ë¥’ ®“°ß“π«‘®—¬π’È¡’ 2  Ÿμ√∑’Ë¡’§«“¡‡À¡“– ¡ ”À√—∫°“√ª√–¬ÿ°μå„™â∑“ß‡§√◊ËÕßª√–¥—∫
§◊Õ  Ÿμ√ I ·≈– J ‡π◊ËÕß®“°À≈Õ¡·≈–‰À≈μ—«‰¥âßà“¬ ¡’®ÿ¥À≈Õ¡‰À≈∑’ËμË”°«à“‚≈À–‡™◊ËÕ¡ª√– “π‡ß‘π ∑”„Àâ
‡§√◊ËÕßª√–¥—∫‰¡à‰¥â√—∫§«“¡‡ ’¬À“¬¢≥–Õ¬Ÿà„π°√–∫«π°“√‡ªÉ“‰ø¢≥–≈ß‡§≈◊Õ∫Õ’π“‡¡≈ πÕ°®“°π’È
Õ’π“‡¡≈¬—ß “¡“√∂ª°ªî¥º‘«‚≈À–‡§√◊ËÕßª√–¥—∫‰¥â¥’‡π◊ËÕß®“°¡’§«“¡Àπ◊¥μË”

§” ”§—≠: Õ’π“‡¡≈ ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈ Õ’π“‡¡≈‰√âμ–°—Ë« ø√‘μ
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Effect of Zirconium Silicate and Bismuth Oxide on
the Properties of Borosilicate Enamels for Jewelry

Anocha Munpakdee1*, Supitcha Supansomboon1, Supinya Wongsriruksa1,
Nirand Pongpun2 and Natthapong Phinichka1

ABSTRACT

Borosilicate glass is a good candidate as Lead-free enamel. In this work, Borosilicate
enamel samples were produced by fusing raw materials, which consist of SiO2 0-51.28 wt%,
CaO 12.05-17.24 wt%, alkaline oxide 6.03-18.39 wt%, BaO 3.68-12. 05 wt%, Al2O3

1.20-1.72 wt%, TiO2 1.20-1.72 wt%, ZrO2 0-1.59 wt%, Bi2O3 6.02-14.71%, B2O3

12.05-22.06 wt% and ZrSiO4 0-49.40 wt% at 1200°C for 2 hours in the furnace. The molten
enamel was then poured into a metal mold for determining its properties. Borosilicate enamels
obtained from this method have the specific gravity of 2.7454-3.2262 and the refractive index
of 1.59-1.65. The specific gravity and the refractive index of enamels increased with increasing
the amount of Bi2O3 and ZrSiO4 and decreases with increasing of B2O3. Borosilicate enamel
has many excellent properties: it is smooth, hard (546.6-634.8 HV), good acid resistant about
0.02-0.05 wt% and good coefficient of expansion. From the experiment, there were 2 preferred
compositions (composition I and J) for jewelry applications. The melting points of both enamels
were lower than silver solders. Therefore, silver jewelry remains in good condition without
damage during the enamel firing process. Enamels also covered on metal jewelry item very well
due to its low viscosity.
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∫∑π”
°√–· „π‡√◊ËÕß§«“¡‡ªìπ¡‘μ√°—∫ ‘Ëß·«¥≈âÕ¡°”≈—ß¡’Õ‘∑∏‘æ≈μàÕ°“√´◊ÈÕ¢ÕßºŸâ∫√‘‚¿§ ¡’ß“π«‘®—¬

®”π«π¡“°∑’Ë¡’§«“¡æ¬“¬“¡®–º≈‘μÕ’π“‡¡≈ª√“»®“°μ–°—Ë« ‡æ◊ËÕ„™â„πß“π‡§√◊ËÕßª√–¥—∫ ‚¥¬°“√æ—≤π“
Õ’π“‡¡≈®“°·°â«„π√–∫∫μà“ßÊ ‡™àπ Õ–≈Ÿ¡‘‚πøÕ ‡øμ Õ–≈Ÿ¡‘‚π∫Õ‚√ ‘́≈‘‡°μ ∫Õ‚√øÕμ‡øμ À√◊Õ ∫Õ‚√ ‘́
≈‘‡°μ ‡ªìπμâπ [1-9] ‚¥¬°“√æ—≤π“Õ’π“‡¡≈®–μâÕß§”π÷ß∂÷ß ¡∫—μ‘°“√‡ªìπÕ’π“‡¡≈∑’Ë¥’®“°‡°≥±å
°“√æ‘®“√≥“¥—ßμàÕ‰ªπ’È ¡’º‘«‡ªìπ¡—π·«««“« ¡’ ’ —π «¬ß“¡ À≈Õ¡‡À≈«∑’ËÕÿ≥À¿Ÿ¡‘‰¡à‡°‘π 800°C ‡æ◊ËÕ
ªÑÕß°—π°“√‡°‘¥§«“¡‡ ’¬À“¬∫√‘‡«≥√Õ¬‡™◊ËÕ¡∫π™‘Èπß“π ¡’§«“¡Àπ◊¥μË” ∑”„Àâ‡°‘¥°“√‰À≈·≈–°“√‡ªï¬°
∑’Ë¥’ (Wettability) °“√¢¬“¬μ—«‡π◊ËÕß®“°§«“¡√âÕπ¡’§à“μË”°«à“§à“°“√¢¬“¬μ—«‡π◊ËÕß®“°§«“¡√âÕπ¢Õß‚≈À–∑’Ë
„™â‡≈Á°πâÕ¬ ‡æ√“–®–∑”„Àâº‘«‡§≈◊Õ∫Õ’π“‡¡≈‡°‘¥·√ß¬÷¥‡°“–°—∫º‘«‚≈À–‰¥â¥’‚¥¬‰¡à‡°‘¥°“√À≈ÿ¥√àÕπ À√◊Õ
·μ°√“π Õ—π‡ªìπ¢âÕ∫°æ√àÕß (Defect) ∑’Ë‰¡àμâÕß°“√¢Õß‡§√◊ËÕßª√–¥—∫ ¡’§«“¡·¢Áß·√ß∑π∑“πμàÕ°“√¢’¥¢à«π
·√ß°√–·∑°·≈–μâ“π∑“π°“√°—¥°√àÕπ®“°°√¥‰¥â¥’ ‡π◊ËÕß®“°„π¢—ÈπμÕπ°“√≈ßÕ’π“‡¡≈®–μâÕß¡’°“√„Àâ
§«“¡√âÕπ·°à‚≈À–  àßº≈„Àâ™‘Èπß“π‚≈À–¡—°‡°‘¥øî≈å¡ÕÕ°‰´¥å ’¥”∑’Ëº‘« ‚¥¬„π∑“ß‡∑§π‘§π—Èπ®–μâÕß¡’°“√
·™à°√¥‡®◊Õ®“ß ‡™àπ  “√≈–≈“¬ “√ â¡ À√◊Õ °√¥‡°≈◊Õ ‡æ◊ËÕ°”®—¥øî≈å¡ÕÕ°‰´¥å¥—ß°≈à“«ÕÕ°„π¢—ÈπμÕπ°“√
∑”§«“¡ –Õ“¥À≈—ß‡º“

®“°‡°≥±å°“√æ‘®“√≥“§ÿ≥¿“æÕ’π“‡¡≈¥—ß°≈à“« ·°â«∫Õ‚√ ‘́≈‘‡°μπ—Èπ¡’®ÿ¥‡¥àπ„π‡√◊ËÕß¡’°“√
¢¬“¬μ—«‡π◊ËÕß®“°§«“¡√âÕπμË” ‡°‘¥°“√øÕ√å¡μ—«‡ªìπ·°â«‰¥â∑’ËÕÿ≥À¿Ÿ¡‘μË” ‡°‘¥°“√μ°º≈÷°‰¥â¬“°°«à“·°â«
øÕμ‡øμ ·≈–¡’§«“¡μâ“π∑“π “√‡§¡’§àÕπ¢â“ß Ÿß  “¡“√∂∑π·√ß°√–·∑°‰¥â¡“°°«à“·°â«‚´¥“‰≈¡å 3 ‡∑à“
®÷ß¡’§«“¡‡À¡“– ¡∑’Ë®–π”¡“º≈‘μ‡ªìπ Õ’π“‡¡≈ª√“»®“°μ–°—Ë« ·μà·°â«∫Õ‚√ ‘́≈‘‡°μπ—Èπ ¡’§à“¥—™π’À—°‡À¢Õß
· ß§àÕπ¢â“ßμË”ª√–¡“≥ 1.52 Õ¬à“ß‰√°Áμ“¡ “¡“√∂ª√—∫‡æ‘Ë¡§à“π’È‰¥â‚¥¬°“√ª√—∫Õß§åª√–°Õ∫∑“ß‡§¡’„π
 Ÿμ√·°â«∫Õ‚√´‘≈‘‡°μ¥â«¬°“√‡μ‘¡‚≈À–Àπ—°ÕÕ°‰´¥å∑’Ë‡À¡“– ¡≈ß‰ª‡™àπ ·∫‡√’¬¡  μ√Õπ‡μ’¬¡ ·§≈‡´’¬¡
‰∑‡∑‡π’¬¡ ‡´Õ√å‚§‡π’¬¡ ∫‘ ¡— ÕÕ°‰´¥å ‡ªìπμâπ [10-15] ¥—ßπ—Èπ„πß“π«‘®—¬π’È ®÷ß¡’§«“¡μâÕß°“√∑’Ë®–º≈‘μ
Õ’π“‡¡≈ª√“»®“°μ–°—Ë«∑’Ë¡’§à“¥—™π’À—°‡À Ÿß®“°·°â«∫Õ‚√ ‘́≈‘‡°μ ‚¥¬π”º≈‰ª‡ª√’¬∫‡∑’¬∫°—∫Õ’π“‡¡≈∑’Ë¡’
μ–°—Ë«∑’Ëº≈‘μ·≈–„™âß“π°—πÕ¬à“ß·æ√àÀ≈“¬Õ¬Ÿà ≥ ªí®®ÿ∫—π

Õÿª°√≥å·≈–«‘∏’°“√∑¥≈Õß
«— ¥ÿ·≈–°√√¡«‘∏’º≈‘μÕ’π“‡¡≈
 “√μ—Èßμâπºß‚≈À–ÕÕ°‰´¥å∂Ÿ°º ¡„πÕ—μ√“ à«π¥—ßμ“√“ß∑’Ë 1 ‡ªìπ«—μ∂ÿ¥‘∫„π°“√º≈‘μÕ’π“‡¡≈

‚¥¬∑”°“√º ¡„Àâ‡ªìπ‡π◊ÈÕ‡¥’¬«°—π¿“¬„π‡∫â“À≈Õ¡Õ–≈Ÿ¡‘π“ ·≈–∑”°“√‡º“¥â«¬‡μ“‰øøÑ“∑’ËÕÿ≥À¿Ÿ¡‘
120°C ‡ªìπ‡«≈“ 2 ™—Ë«‚¡ß ¥â«¬Õ—μ√“°“√¢÷Èπ¢ÕßÕÿ≥À¿Ÿ¡‘ 10°C/min À≈—ß®“°π—Èππ”πÈ”·°â«∑’Ë‡ªìπ‡π◊ÈÕ‡¥’¬«°—π
‡∑≈ß∫πæ‘¡æå∑Õß‡À≈◊Õß¢π“¥ 2.5 cm Ó 7 cm Ó 2 cm ·≈–Õ∫‰≈à§«“¡‡§√’¬¥∑’ËÕÿ≥À¿Ÿ¡‘ 500°C
‡ªìπ√–¬–‡«≈“ 2 ™—Ë«‚¡ß¥â«¬‡μ“‰øøÑ“‡™àπ°—π ™‘Èπß“π·∑àßÕ’π“‡¡≈π’È„™â ”À√—∫„π°“√∑¥ Õ∫ ¡∫—μ‘μà“ßÊ
‰¥â·°à §«“¡·¢Áß∑’Ëº‘« §à“ —¡ª√– ‘∑∏‘Ï°“√¢¬“¬μ—«‡π◊ËÕß®“°§«“¡√âÕπ §à“§«“¡μâ“π∑“π°“√≈–≈“¬„π
 “√≈–≈“¬ “√ â¡‡¢â¡¢âπ 10 wt% (pH 3.3) §à“¥—™π’À—°‡À¢Õß· ß §à“§«“¡∂à«ß®”‡æ“– ·≈–§à“§«“¡Àπ◊¥
‡ªìπμâπ  ”À√—∫πÈ”·°â«∑’Ë‡À≈◊Õ¿“¬À≈—ß®“°°“√‡∑æ‘¡æå·≈â« ®–∑”„Àâ‡°‘¥°“√‡¬Áπμ—«Õ¬à“ß√«¥‡√Á«‚¥¬°“√®ÿà¡
≈ß„ππÈ” (quenching) ‡æ◊ËÕ„Àâ‰¥â‡ªìπ°âÕπø√‘μ (frit) „™â ”À√—∫∑”°“√∑¥≈Õß‡§≈◊Õ∫∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈
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∫π·ºàπ™‘Èπß“π‡§√◊ËÕßª√–¥—∫∑Õß‡À≈◊Õß (70%Cu - 30%Zn) √Ÿª·Õª‡ªîô≈¢π“¥‡ âπºà“»Ÿπ¬å°≈“ß 1.5 cm
‡æ◊ËÕ¥Ÿ°“√‰À≈μ—«·≈–°“√‡ªï¬°º‘«

μ“√“ß∑’Ë 1 ª√‘¡“≥Õß§åª√–°Õ∫∑“ß‡§¡’¢Õß “√μ—Èßμâπ„π°“√‡μ√’¬¡Õ’π“‡¡≈

Õß§åª√–°Õ∫∑“ß‡§¡’ (wt%) A B C D E F G H I J K

Sum Alkaline 18.39 19.84 21.55 8.63 7.35 6.85 6.50 6.41 6.03 6.03 6.03

BaO 3.68 3.97 4.31 8.62 7.35 6.85 6.41 6.41 12.05 12.05 12.05

CaO 14.71 15.87 17.24 17.24 14.71 13.70 12.82 12.82 12.05 12.05 12.05

Al2O3 1.47 1.59 1.72 1.72 1.47 1.37 1.28 1.28 1.20 1.20 1.20

Bi2O3 14.71 7.94 8.62 8.62 7.36 6.85 6.41 6.41 6.02 6.02 6.02

B2O3 22.06 23.81 17.24 17.24 14.71 13.70 12.82 12.82 12.05 12.05 12.05

SiO2 22.06 23.81 25.86 34.49 44.12 47.96 51.28 39.74 37.35 25.30 0

TiO2 1.47 1.59 1.72 1.72 1.47 1.36 1.28 1.28 1.20 1.20 1.20

ZrO2 1.47 1.59 1.72 1.72 1.47 1.36 1.28 0 0 0 0

ZrSiO4 0 0 0 0 0 0 0 12.82 12.05 24.10 49.40

Total 100 100 100 100 100 100 100 100 100 100 100

°“√μ√«® Õ∫
·∑àßÕ’π“‡¡≈∑’Ë‡μ√’¬¡‰¥â®–∂Ÿ°π”¡“μ—¥„Àâ‡ªìπ™‘Èπ ·μà≈–™‘Èπß“π®–∂Ÿ°π”¡“¢—¥À¬“∫·≈–¢—¥

≈–‡Õ’¬¥¥â«¬°√–¥“…∑√“¬®π∂÷ß°“√¢—¥¡—π¥â«¬ºß¢—¥Õ–≈Ÿ¡‘π“¢π“¥ 1 ‰¡§√Õπ ‡æ◊ËÕπ”¡“∑¥ Õ∫¥—ßπ’È
- §à“¥—™π’À—°‡À¢Õß· ß¥â«¬‡§√◊ËÕß Refractometer ¬’ËÀâÕ Gem Instrument Corp. √ÿàπ Dupexll
- §à“§«“¡∂à«ß®”‡æ“–¥â«¬‡§√◊ËÕß™—Ëß¬’ËÀâÕ METTLER TOLEDO √ÿàπ CG1003
- §à“§«“¡·¢Áß∑’Ëº‘« ¥â«¬‡§√◊ËÕß MICRO HARDNESS TESTER SHIMADZU √ÿàπ HMV2

TDA ¥â«¬¡“μ√∞“π ASTM E384 ‚À≈¥ 0.1 HV ‡«≈“ 10 «‘π“∑’
- §à“ Tg §à“®ÿ¥ÕàÕπμ—« ·≈– §à“ —¡ª√– ‘∑∏‘Ï°“√¢¬“¬μ—«‡π◊ËÕß®“°§«“¡√âÕπ (Coefficient

of Thermal Expansion: COE) «—¥¥â«¬‡§√◊ËÕß NETZSCH DIL 402 PC ¥â«¬¡“μ√∞“π ISO 7884-8
- §à“§«“¡Àπ◊¥¥â«¬«‘∏’ Fiber Elongation ¬’ËÀâÕ BA¨HR Thermoanalyse GmbH √ÿàπ

VIS402 ¥â«¬¡“μ√∞“π ISO 7884-3
- ‡§√◊ËÕßª√–¥—∫Õ’π“‡¡≈®–μâÕß¡’¢—ÈπμÕπ°“√∑”§«“¡ –Õ“¥¥â«¬°“√μâ¡„π “√≈–≈“¬ “√ â¡∑’Ë

¡’ƒ∑∏‘Ï‡ªìπ°√¥ (pH 3.3) ‚¥¬‡¡◊ËÕ™‘Èπß“πºà“π¢—ÈπμÕπ°“√¢—¥‡√’¬∫√âÕ¬·≈â« π”™‘Èπß“π‰ª™—ËßπÈ”Àπ—° ·≈â«π”
‰ªμâ¡„π “√≈–≈“¬ “√ â¡‡¢â¡¢âπ 10 wt% ª≈àÕ¬„Àâ “√≈–≈“¬ “√ â¡‡¥◊Õ¥π“π 5 π“∑’ ®“°π—Èππ”™‘Èπß“π
ÕÕ°¡“∑”§«“¡ –Õ“¥·≈–‡ªÉ“„Àâ·Àâß ·≈â«∑”°“√«—¥πÈ”Àπ—°∑’ËÀ“¬‰ª§‘¥‡ªìπ√âÕ¬≈–πÈ”Àπ—°∑’ËÀ“¬‰ª ‡æ◊ËÕ
§«“¡ –¥«°„π°“√æ‘®“√≥“°“√≈–≈“¬®“°°“√´’¥®“ß¢Õß ’‡¢’¬« ¥â«¬°“√‡μ‘¡‚§√‡¡’¬¡ÕÕ°‰´¥å „πª√‘¡“≥
∑’Ë‡∑à“°—π„π∑ÿ° Ÿμ√Ê ≈– 2 °√—¡
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º≈°“√∑¥≈Õß
®“°º≈°“√∑¥≈Õßæ∫«à“°“√À≈Õ¡ à«πº ¡∑’Ë„™â∑”Õ’π“‡¡≈∑’ËÕÿ≥À¿Ÿ¡‘ 1200°C ‡ªìπ‡«≈“π“π

2 ™—Ë«‚¡ßπ—Èπ ‡æ’¬ßæÕ∑’Ë®–∑”„Àâ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈‡°‘¥°“√À≈Õ¡‡ªìπ‡π◊ÈÕ‡¥’¬«°—π‰¥â¥’ ®“°°“√∑¥ Õ∫
§à“§«“¡Àπ◊¥ æ∫«à“ ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈¡’®ÿ¥Õÿ≥À¿Ÿ¡‘°“√‰À≈μ—«„π°“√¢÷Èπ√Ÿª (working point) Õ¬Ÿà„π™à«ß
∑’Ë 900-950°C ´÷Ëß¡’§à“ Ÿß°«à“Õÿ≥À¿Ÿ¡‘„π°“√¢÷Èπ√ŸªÕ’π“‡¡≈∑“ß°“√§â“ (815°C)  ¡∫—μ‘Õ◊ËπÊ ∑’Ëμ√«®«—¥
 “¡“√∂· ¥ß‰¥â¥—ßμ“√“ß∑’Ë 2

μ“√“ß∑’Ë 2  ¡∫—μ‘μà“ßÊ ¢Õß∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈∑’Ë‡μ√’¬¡‰¥â‡ª√’¬∫‡∑’¬∫Õ’π“‡¡≈∑“ß°“√§â“

Code SG RI HV Loss Tg Softening Point COE Ó 10-6

(wt%) (°C ) (°C ) (°C-1 )

A 2.8920 1.60 546.6 2.6950 431.0 484.7 11.36
B 2.7454 1.60 583.4 0.7906 430.0 486.7 11.89
C 2.7950 1.60 573.8 1.5635 418.8 474.0 12.45
D 3.0088 1.61 607.4 0.3966 N/A N/A N/A
E 2.9663 1.61 622.2 0.0795 N/A N/A N/A
F 2.9030 1.60 610.4 0.0492 N/A N/A N/A
G 2.7533 1.59 627.6 0.0288 N/A N/A N/A
H 2.9990 1.61 622.2 0.0148 588.2 647.3 8.35
I 3.1011 1.62 634.8 0.0454 579.9 641.2 8.28
J 3.2262 1.64 623.6 0.0512 582.5 633.9 8.66
K 3.2062 1.65 588.4 0.0884 N/A N/A N/A
Commercial 3.0490 1.63 440 0.0250 N/A 575.1 N/A
Lead-Enamel



SWU Sci. J. Vol. 32 No. 2 (2016)102

(a)

(b)

√Ÿª∑’Ë 1 (a) §«“¡∂à«ß®”‡æ“–·≈–§à“¥—™π’À—°‡À (b) §à“§«“¡·¢Áß∑’Ëº‘«¢Õß∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈
 Ÿμ√ A-K
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§à“¥—™π’À—°‡À¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπμ“¡§à“§«“¡∂à«ß®”‡æ“–¥—ß√Ÿª∑’Ë 1 (a) ®“°°“√∑¥≈Õßæ∫«à“
Õ‘∑∏‘æ≈¢Õß∫‘ ¡— ÕÕ°‰´¥å (μ—«Õ¬à“ß A=14.71 wt% ·≈– B=7.94 wt% ) Õ‘∑∏‘æ≈¢Õß·∫‡√’¬¡ÕÕ°‰´¥å
(μ—«Õ¬à“ß H=6.41 wt% °—∫ I=12.05 wt%) À√◊Õ Õ‘∑∏‘æ≈¢Õß‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μ (μ—«Õ¬à“ß I=12.05
wt%, J=24.10 wt% ∂÷ß K=49.40 wt%) ´÷Ëßª√‘¡“≥‡´Õ√å‚§‡π’¬¡∑’Ë‡æ‘Ë¡ Ÿß¢÷Èπ  “¡“√∂∑”„Àâ·°â«∫Õ‚√ ‘́≈‘-
‡°μ¡’§à“¥—™π’À—°‡À Ÿß¢÷Èπ‡¡◊ËÕ‡æ‘Ë¡ª√‘¡“≥ “√¥—ß°≈à“« ´÷Ëß∑”„Àâ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈¡’§à“¥—™π’À—°‡ÀÕ¬Ÿà„π™à«ß
1.59-1.65 ·μàÕ¬à“ß‰√°Áμ“¡‰¡à§«√‡æ‘Ë¡ª√‘¡“≥∫‘ ¡— ÕÕ°‰´¥å‡°‘π 20 wt% ‡æ√“–®–∑”„ÀâÕ’π“‡¡≈‡°‘¥°“√
·¬°‡ø  À√◊Õ ‡°‘¥°“√μ°º≈÷°ÕÕ°¡“ àßº≈∑”„Àâ‡°‘¥°“√ Ÿ≠‡ ’¬§«“¡„ ·≈–§«“¡·«««“« πÕ°®“°π’È¬—ß
æ∫Õ’°«à“ °“√‡æ‘Ë¡ª√‘¡“≥‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μ‡°‘π 40 wt% ®–∑”„Àâ‡°‘¥°“√À≈Õ¡‰¡à ¡∫√Ÿ≥å‡π◊ËÕß®“°
‡´Õ√å‚§‡π’¬¡ ‘́≈‘‡°μπ—Èπ¡’®ÿ¥À≈Õ¡‡À≈«∑’Ë Ÿß (2550°C) π—Ëπ‡Õß ·≈–º≈®“°°“√«—¥§à“§«“¡·¢Áß∑’Ëº‘«· ¥ß
¥—ßμ“√“ß∑’Ë 2 ∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈∑’Ëº≈‘μ‰¥â¡’§«“¡·¢ÁßÕ¬Ÿà„π™à«ß 546-634 HV (√Ÿª∑’Ë 1(b)) ´÷Ëß¡’§à“ Ÿß
°«à“Õ’π“‡¡≈∑“ß°“√§â“„π∑ÿ°°√≥’ π—Ëπ‡æ√“–°“√‡μ‘¡·∫‡√’¬¡ÕÕ°‰´¥å ·≈–ª√‘¡“≥‡´Õ√å‚§‡π’¬¡ (¡“®“°
 “√‡´Õ√å‚§‡π’¬¡ ‘́≈‘‡°μ ∑”„Àâ∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈¡’§«“¡‡ ∂’¬√„π‚§√ß √â“ß‚§√ß¢à“¬ (Network)
¡“°¬‘Ëß¢÷Èπ  àßº≈„ÀâÕ’π“‡¡≈∑’Ë‰¥â¡’§«“¡·¢Áß‡æ‘Ë¡¢÷Èπ¥â«¬ πÕ°®“°π’ÈÀ“°„ àÕ—≈§“‰≈ÕÕ°‰´¥å„πª√‘¡“≥∑’Ë¡“°
·≈â«π—Èπ®– àßº≈„ÀâÕ’π“‡¡≈‰¡à∑πμàÕ “√‡§¡’°√¥·≈–¥à“ß ¡’§à“°“√≈–≈“¬‡æ‘Ë¡¡“°¢÷Èπ ¥—ßπ—Èπ°“√≈¥ª√‘¡“≥
Õ—≈§“‰≈ÕÕ°‰´¥å„ÀâμË”‰¡à‡°‘π 9 wt%  àßº≈„Àâ∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈¡’§à“°“√μâ“π∑“πμàÕ “√≈–≈“¬ “√ â¡
∑’Ë¥’¢÷Èπ ¥—ßμ—«Õ¬à“ß E-K (Õ—≈§“‰≈ÕÕ°‰´¥å¡’§à“Õ¬Ÿà„π™à«ß 6.03-7.35 wt%) ¡’§à“°“√≈–≈“¬μË”≈ß‰¡à∂÷ß
0.1 wt% ´÷Ëß “¡“√∂ —ß‡°μ‰¥â®“° ’¢ÕßÕ’π“‡¡≈®–‰¡à́ ’¥®“ß ‚¥¬μ—«Õ¬à“ß H ¡’§à“μË”∑’Ë ÿ¥‡æ’¬ß 0.014 wt%
πà“®–‡°‘¥®“°Õ‘∑∏‘æ≈¢Õß‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μ∑’Ëª√–°Õ∫‰ª¥â«¬´‘≈‘°“·≈–‡´Õ√å‚§‡π’¬¡ÕÕ°‰´¥å‡ªìπ
Õß§åª√–°Õ∫∑’Ë∑”„Àâ‚§√ß¢à“¬·°â«¡’§«“¡·¢Áß·√ß∑π∑“πμàÕ “√‡§¡’ [11-14]

COE §◊Õ §à“¢Õß§«“¡·μ°μà“ß¢Õß§«“¡¬“«¢Õß™‘Èπß“π∑’Ë‡ª≈’Ë¬π‰ª‡¡◊ËÕÕÿ≥À¿Ÿ¡‘‡ª≈’Ë¬π·ª≈ß‰ª
1°C ‡¡◊ËÕ‡∑’¬∫°—∫§«“¡¬“«‡√‘Ë¡μâπ ÷́Ëß§à“ COE π—Èπ‡ªìπ≈—°…≥–‡©æ“–μ—«¢ÕßÕ’π“‡¡≈π—ÈπÊ ®–¢÷ÈπÕ¬Ÿà°—∫
Õß§åª√–°Õ∫∑“ß‡§¡’¢ÕßÕ’π“‡¡≈ °“√‡§≈◊Õ∫º‘«‚≈À–¥â«¬Õ’π“‡¡≈π—Èπ §à“ COE ¢Õß‚≈À– §«√¡’§à“ Ÿß°«à“
§à“ COE ¢ÕßÕ’π“‡¡≈ ‡æ◊ËÕ„Àâ™—ÈπÕ’π“‡¡≈‡°‘¥°“√‡°“–μ‘¥Õ¬Ÿà„π ¿“æ¢Õß·√ßÕ—¥ (Compressive) ·μà‰¡à
§«√„Àâ¡’§à“ COE ¢Õß‚≈À–·μ°μà“ß®“°§à“ COE ¢ÕßÕ’π“‡¡≈¡“°‡°‘π‰ª ‡æ√“–®–∑”„Àâ‡°‘¥ªí≠À“Õ’π“‡¡≈√àÕπ
(Peeling) º≈°“√μ√«® Õ∫§à“ COE ®“°μ“√“ß∑’Ë 2 æ∫«à“ ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈∑—ÈßÀ¡¥ μ—«Õ¬à“ß A-K
¡’§à“μË”°«à“§à“ COE ¢Õß‚≈À–∑Õß‡À≈◊Õß (19 Ó 10-6 °C-1) ‚¥¬∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈ Ÿμ√ A, B ·≈–
C π—Èπ‡ªìπ∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈∑’Ë¡’°“√‡μ‘¡Õ—≈§“‰≈ÕÕ°‰´¥å„πª√‘¡“≥ Ÿß 18.39-21.55 wt%  àßº≈∑”„Àâ
§à“ COE ¢ÕßÕ’π“‡¡≈¡’§à“§àÕπ¢â“ß Ÿß‚¥¬¡’§à“ª√–¡“≥ 11.36 Ó 10-6 °C-1, 11.86 Ó 10-6 °C-1 ·≈–
12.45 Ó 10-6 °C-1 μ“¡≈”¥—∫ ·≈–¡’§à“μË”°«à“ COE ¢Õß∑Õß‡À≈◊Õß‡æ’¬ß‡≈Á°πâÕ¬  àßº≈∑”„Àâ‡°‘¥
°“√‡°“–μ‘¥√–À«à“ß∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈°—∫º‘«‚≈À–∑Õß‡À≈◊Õßπ—Èπ§àÕπ¢â“ß¥’ ‰¡à°àÕ„Àâ‡°‘¥¢âÕ∫°æ√àÕß
À√◊Õª√“°Ø√Õ¬·μ°‡≈¬ ¥—ß√Ÿª∑’Ë 2 ´÷Ëß Õ¥§≈âÕß°—∫º≈ß“π«‘®—¬¢Õß Tsareva [6] ·≈– Bragina [17] ∑’Ë
æ∫«à“§à“ COE ¢ÕßÕ’π“‡¡≈∑’Ë‡À¡“– ¡„π°“√‡°“–μ‘¥º‘«‚≈À–¡’§à“®–¡’§à“Õ¬Ÿà„π™à«ß 9-12 Ó 10-6 °C-1
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√Ÿª∑’Ë 2 ≈—°…≥–∑’Ëª√“°Æ¢Õß∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈ Ÿμ√ A-K ·≈–Õ’π“‡¡≈ Ÿμ√¡’μ–°—Ë«∑“ß°“√§â“

®“°º≈°“√∑¥≈Õßæ∫«à“‡√‘Ë¡ª√“°Ø¢âÕ∫°æ√àÕß¢Õß∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈¢Õßμ—«Õ¬à“ß F-J ∑’Ë¡’
≈—°…≥–‡°‘¥°“√·μ°√â“«‡ªìπ·ºàπ (Crab-shape) À√◊Õ ‡ªìπ –‡°Á¥™‘Èπ‡≈Á°Ê (Flaking) À√◊Õ °“√À≈ÿ¥ÕÕ°
‡ªìπ·ºàπÊ ∑’Ë∫√‘‡«≥¢Õ∫‚≈À– (Splitting-off at edge) ‡π◊ËÕß®“°§à“ COE ∫Õ‚√´‘≈‘‡°μμ—«Õ¬à“ß H-J
π—Èπ¡’§à“μË”°«à“§à“ COE ¢Õß∑Õß‡À≈◊Õß¡“°‡°‘π‰ª  “‡Àμÿπà“®–¡“®“°°“√≈¥ª√‘¡“≥∫‘ ¡— ÕÕ°‰´¥å
(®“° 14.71 wt% ‡À≈◊Õ‡æ’¬ß 6.02 wt%) ·≈–‚∫√ÕπÕÕ°‰´¥å≈ß (®“° 22 wt% ‡À≈◊Õ 12 wt%) À√◊Õ
ª√‘¡“≥‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μ∑’Ë‡æ‘Ë¡¡“°¢÷Èπ (®“° 12 wt% ‡æ‘Ë¡¢÷Èπ‡ªìπ 49.40 wt%) ∑”„Àâ§à“ COE ¢Õß
∫Õ‚√´‘≈‘‡°μÕ’π“‡¡≈¡’§à“≈¥≈ß‡À≈◊Õ‡æ’¬ß 8.35 Ó 10-6 °C-1, 8.28 Ó 10-6 °C-1 ·≈– 8.66 Ó 10-6 °C-1

μ“¡≈”¥—∫ ¢âÕ∫°æ√àÕß∑’Ë‡°‘¥¢÷Èππ’È  –∑âÕπ„Àâ‡ÀÁπªí≠À“∑’Ë‡°‘¥®“°°“√‡°“–μ‘¥°—π√–À«à“ß∫Õ‚√´‘≈‘‡°μÕ’π“-
‡¡≈°—∫º‘«∑Õß‡À≈◊Õß∑’ËÕàÕπ·Õ ·μàÕ¬à“ß‰√°Áμ“¡∫Õ‚√ ‘́≈‘‡°μ∑’Ëº≈‘μ‰¥â„πß“π«‘®—¬π’È ¬—ß “¡“√∂‡°‘¥°“√
‡°“–μ‘¥∑Õß‡À≈◊Õß‰¥â§àÕπ¢â“ß¥’ —ß‡°μ‰¥â®“°¿“¬À≈—ß®“°¢—ÈπμÕπ°“√∑”§«“¡ –Õ“¥‚¥¬°“√μâ¡„π “√≈–≈“¬
 “√ â¡ ∫Õ‚√´‘≈‘‡°μ¬—ß “¡“√∂‡°“–μ‘¥Õ¬Ÿà‰¥â‚¥¬‰¡àÀ≈ÿ¥√àÕπ

ºŸâ«‘®—¬®÷ß‰¥âπ”∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈μ—«Õ¬à“ß I ·≈– J ÷́Ëß‡ªìπ Ÿμ√∑’Ë¡’°“√‰À≈μ—«¥’ ·≈–¡’§à“
°“√μâ“π∑“πμàÕ “√≈–≈“¬ “√ â¡μàÕ∑’Ë¥’ ¡“º ¡ “√ÕÕ°‰´¥å„Àâ ’μà“ßÊ ‡™àπ π‘°‡°‘≈ ∑Õß·¥ß ‚§√‡¡’¬¡
ÕÕ°‰´¥å ‡ªìπμâπ ‰ª∑¥≈Õß≈ß°—∫™‘Èπß“π‡§√◊ËÕßª√–¥—∫‚∫√“≥¢Õß®—ßÀ«—¥ ÿ‚¢∑—¬´÷Ëß‡ªìπº≈‘μ¿—≥±å¢Õß
√â“π¡πμ√’‡§√◊ËÕß‡ß‘π ÿ‚¢∑—¬ ‡æ◊ËÕ∑¥ Õ∫°“√„™âß“π®√‘ß ‡æ◊ËÕ„Àâ∑√“∫∂÷ßªí≠À“ ·≈–§«“¡æ÷ßæÕ„®®“°™à“ß∑’Ë
‡™’Ë¬«™“≠ æ∫«à“ “¡“√∂≈ß™‘Èπß“π®√‘ß‰¥â ‡π◊ËÕß®“°º≈‘μ¿—≥±åÕ’π“‡¡≈π—Èπ ¡’°“√≈ßÕ’π“‡¡≈·§à‡æ’¬ßæ◊Èπ∑’Ë‡≈Á°Ê
®÷ß¡’°“√‡°“–μ‘¥ ·≈–§«“¡ «¬ß“¡„π√–¥—∫¥’ ™à“ß¡’§«“¡æ÷ßæÕ„®„π°“√„™âß“π º≈ª√“°Ø¥—ß√Ÿª∑’Ë 3
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√Ÿª∑’Ë 3 ‡§√◊ËÕßª√–¥—∫ ÿ‚¢∑—¬≈ß∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈∑’Ëº≈‘μ‰¥â„πß“π«‘®—¬π’È

 √ÿª·≈–«‘®“√≥åº≈°“√∑¥≈Õß
°“√‡æ‘Ë¡ª√‘¡“≥∫‘ ¡— ÕÕ°‰´¥å ·∫‡√’¬¡ÕÕ°‰´¥å ·≈– ‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μ™à«¬∑”„Àâ§à“¥—™π’

À—°‡À¢Õß∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈¡’§à“ Ÿß¢÷Èπ 1.59-1.65 ‚¥¬§à“¥—™π’À—°‡À∑’Ë‰¥â®–¡’§«“¡ —¡æ—π∏å·ª√º—πμ“¡
§à“§«“¡∂à«ß®”‡æ“– À“°Õ’π“‡¡≈¡’§à“§«“¡∂à«ß®”‡æ“– Ÿß°Á®–¡’§à“¥—™π’À—°‡À Ÿß¥â«¬ „π∑“ß°≈—∫°—πÀ“°¡’
°“√‡æ‘Ë¡ª√‘¡“≥‚∫√ÕπÕÕ°‰´¥å„Àâ¡’§à“‡æ‘Ë¡¢÷Èπ®–∑”„Àâ§à“§«“¡∂à«ß®”‡æ“–·≈–§à“¥—™π’À—°‡À¢ÕßÕ’π“‡¡≈≈¥≈ß
°“√‡μ‘¡ “√‡´Õ√å‚§‡π’¬¡´‘≈‘‡°μπÕ°®“°®– àßº≈„π‡√◊ËÕß¢Õß§à“¥—™π’À—°‡À·≈â«¬—ß àßº≈∑”„Àâ∫Õ‚√´‘≈‘‡°μ
Õ’π“‡¡≈¡’§«“¡·¢Áß¡“°¢÷Èπ ·≈–§à“°“√≈–≈“¬„π “√≈–≈“¬ “√ â¡≈¥≈ß´÷Ëß‡ªìπº≈¥’μàÕ°“√„™âß“π„π
Õÿμ “À°√√¡‡§√◊ËÕßª√–¥—∫ º≈®“°∑¥≈Õß “¡“√∂™’È‰¥â«à“∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈∑’Ëª√“»®“°μ–°—Ë« ¡’§à“¥—™π’
À—°‡À∑’Ë Ÿß ¡’§«“¡·¢Áß ∑πμàÕ “√≈–≈“¬ “√ â¡‰¥â¥’ ·≈– “¡“√∂À≈Õ¡‡À≈«‰¥â∑’ËÕÿ≥À¿Ÿ¡‘μË”π—Èπ ‰¥â·°à
∫Õ‚√ ‘́≈‘‡°μÕ’π“‡¡≈ Ÿμ√ I ·≈– J ÷́Ëß§«“¡‡À¡“– ¡∑’Ë®–π”¡“æ—≤π“‡æ◊ËÕ„™â„πÕÿμ “À°√√¡‡§√◊ËÕßª√–¥—∫
μàÕ‰ª

°‘μμ‘°√√¡ª√–°“»
º≈ß“π«‘®—¬ ”‡√Á®≈ß‰¥â§≥–ºŸâ«‘®—¬¢Õ¢Õ∫§ÿ≥ ¡À“«‘∑¬“≈—¬»√’π§√‘π∑√«‘‚√≤  ”À√—∫‡ß‘π∑ÿπ

 π—∫ πÿπ°“√«‘®—¬ß∫√“¬‰¥â¡À“«‘∑¬“≈—¬ ª√–®”ªïß∫ª√–¡“≥ 2558 ( —≠≠“‡≈¢∑’Ë 026/2558) ·≈–¢Õ
¢Õ∫§ÿ≥¿“§«‘™“øî ‘° å·≈–«— ¥ÿ»“ μ√å §≥–«‘∑¬“»“ μ√å ¡À“«‘∑¬“≈—¬‡™’¬ß„À¡à ∑’Ë„Àâ§«“¡™à«¬‡À≈◊Õ„π
°“√∑¥≈Õß·≈–‡μ√’¬¡μ—«Õ¬à“ß ¢Õ¢Õ∫§ÿ≥∫ÿ§≈“°√„π¿“§«‘™“«‘∑¬“»“ μ√å∑—Ë«‰ª §≥–«‘∑¬“»“ μ√å
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