
A
finite element model is developed for simulation of the curing process of

a thick axisymmetric rubber article reinforced by metal plates during the

molding and cooling stages. The model consists of the heat transfer equa-

tion and a newly developed kinetics model for the determination of the state of cure

in the rubber. The latter is based on the modification of the well-known Kamal-

Sourour model. The thermal contact of the rubber with metallic surfaces (inserts and

molds) and the variation of the thermal properties (conductivity and specific heat)

with temperature and state-of-cure are taken into consideration. The ABAQUS code

is used in conjunction with an in-house developed user subroutine to solve the gov-

erning equations. Having compared temperature profile and variation of the state-of-

cure with experimentally measured data, the accuracy and applicability of the model

is confirmed. It is also shown that this model can be successfully used for the opti-

mization of curing process which gives rise to reduction of the molding time.
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ìõ›õ¬ ô Öé³…– …ð~…²û|âý±ÿ Þ±¬û|…ð~ ]51[. ìÛ†¬ü± Î~¬ÿ …üò Â±ü� ‹ýò

�éýí±ø† ô Öé³…– ¬° ì¥~ô¬û K2m/W |501×52/0-521/0 Ú±…° ¬…°¬.

ìÏ†¬æ– ì±‹õÉ ‹ú ð¥õû ì¥†¶Œú ô ¬° ðË± â±Ö}ò …üò �†°…ì}± ¬° ìÇ†èÏú

�ý»ýò ‹ú {×¿ýê {»±ü¦ º~û …¶• ]41[.

¬° ÚÇÏ†– æ¶}ýßþ Â©ýî ‹©¼ Ú†‹ê {õ›ùþ …² �©• æ¶}ýà ¬°

ì±¤éú ¶±¬ º~ó ‹ý±ôó …² Ú†è� …{×†Ý ìþ|…Ö}~. ‹ñ†‹±…üò€ ¬° ðË± â±Ö}ò

…üò ì±¤éú ¬° ºŒýú|¶†²ÿ …² …øíý• Ú†‹ê ìç¤Ëú|…ÿ ‹±̈õ°¬…° …¶•. ¬°

…üò ì±¤éú ̈±ôž â±ì† …² ÚÇÏú …² °…û  ¬ô ¶†² ô Þ†° …ð}Û†ë â±ì†ÿ

›†‹ú|›†üþ ô {†‹»þ …{×†Ý ìþ|…Ö}~. ¬° …üò �µôø¼€ ø± ¬ô …üò ¶†² ô

Þ†°ø† ¬° ðË± â±Ö}ú º~û …¶•. ð¥õû ì¥†¶Œú Â±ü� …ð}Û†ë â±ì†ÿ

›†‹ú|›†üþ ‹† …¶}×†¬û …² …Î~…¬ ‹~ôó ‹Ï~ ð†¶é• )uN(€ â±ºõÙ )rG( ô

�±…ð~ë )rP( ‹ú ºßê {†‹Ïþ …² ¬ì† ¬° ìÇ†èÏú �ý»ýò {»±ü¦ º~û …¶• ]41[.

Â±ü� â±ì†ÿ ›†‹ú|›†üþ ‹ú ºßê {†‹Ïþ …² ¬ì† ì¥†¶Œú ô ¬° ì~ë

›†ÿ|â̄…°ÿ º~.  |

ìÏ†¬æ– ¶ýñ}ýà �©•

{† Þñõó ì~ë|ø†ÿ ¶ýñ}ýßþ ‹·ý†°ÿ ‹±…ÿ �ý¼|‹ýñþ °Ö}†° �©• �ý»ñù†¬

º~û …¶•. …üò ì~ë|ø† ‹± …¶†¹ ¶ýñ}ýà ô…Þñ¼ {õ¶Ïú|ü†Ö}ú ü† ìÏ†¬æ–

°ü†Âþ ø·}ñ~ Þú Ú†‹éý• ‹±…²½ ìñ¥ñþ �©• °… ¬…°ð~ ô …² „ðù† ‹† ð†ï

ì~ë|ø†ÿ {œ±‹þ ü†¬ ìþ|ºõ¬. ì~ë|ø†üþ Þú ‹± �†üú ¶ýñ}ýà ô…Þñ¼

�ý»ñù†¬ º~û|…ð~€ …Òé� ¬…°…ÿ ìÏ†¬æ– �ý¡ý~û|…ÿ ‹õ¬û ô {ñù† °Ö}†° ðõÑ

¨†¾þ …² ¶†ì†ðú|ø†ÿ �©• ‹ú Þíà „ðù† �ý¼|‹ýñþ ìþ|ºõ¬ ]61[. ‹ñ†‹±…üò€

…¶}×†¬û …² „ðù† ºŒýú|¶†²ÿ Ö±…üñ~ °… �ý¡ý~û ìþ|Þñ~. ì~ë|ø†ÿ {œ±‹þ ‹ú

Æõ° Îí~û �ý¼|‹ýñþ ‹ù}±ÿ …² °Ö}†° �©• ¬° ¤†è•|ø†ÿ ì©}éØ …°…̂ú

¬…¬û ô ºßê ¶†¬û|{±ÿ ðý³ ¬…°ð~. …² …üò °ô€ …¶}×†¬û …² „ðù† ¬° ºŒýú|¶†²ÿ

ì±¶õï …¶•. ¬° �µôø¼ �ý»ýò ð»†ó ¬…¬û º~€ ì~ë Þí†ë -¶±ô° Þú

üßþ …² ìÏ±ôÙ|{±üò ì~ë|ø†ÿ {œ±‹þ ¬° �ý¼|‹ýñþ °Ö}†° �©• …¶•€

Ú†‹éý• �ý¼|‹ýñþ ¬ÚýÜ °Ö}†° …‹}~…üþ ô…Þñ¼ ô ðý³ ô…Þñ¼ �©• ¬° ¤†è•

ð†øî|¬ì† ðý·• ]41[. ‹† {õ›ú ‹ú Þ†¶}þ|ø†ÿ ìõ›õ¬ ¬° ì~ë Þí†ë -¶±ô°€

ºßê ‹ùŒõ¬ ü†Ö}ú|…ÿ …² „ó {õ¶Ïú ü†Ö}ú ô ¬° …üò ìÇ†èÏú ðý³ …¶}×†¬û º~:

Þú ¬° …üò ìÏ†¬èú t|€ it|€ k| ô n| ‹ú {±{ý� ²ì†ó€ ²ì†ó …èÛ†€ ÷†‹• ¶±Î•
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ô…Þñ¼ ô ¬°›ú ô…Þñ¼ ø·}ñ~. ¬° ìÏ†¬èú  )6(€  0| ô b| ìÛ~…° ºŒßú|…ÿ

º~ó ¬° …‹}~… ô …ð}ù†ÿ ²ì†ó �©•|…ð~. ¬° ¾ñÏ• æ¶}ýà …Òé� ²ì†ðþ °…

Þú ¬° „ó ìÛ~…° …{¿†æ– Î±Âþ ‹ú 5 ¬°¾~ ìÛ~…° Þê �ý¼|°Ö• ô…Þñ¼

‹±¶~€ ‹ú Îñõ…ó ²ì†ó …èÛ† ¬° ðË± â±Ö}ú ìþ|âý±ð~. …üò ‹~…ó ìÏñ†¶• Þú ¬°

…‹}~…ÿ º±ôÑ ô…Þñ¼ )0=it-t( 50/0= 0=…¶•. …² ¬ü~â†û ðË±ÿ ô

‹† {õ›ú ‹ú ìÛ~…° ðù†üþ �ý¼|°Ö• ô…Þñ¼€ ìÛ~…° b| ‹†ü~ ‹±…‹± 1 ¬° ðË±

â±Ö}ú ºõ¬. ôèþ …â± …›†²û ¬…¬û ºõ¬€ ìÛ~…° …üò �†°…ì}± øñã†ï ‹±…²½

¬…¬û|ø†ÿ øî|¬ì†ÿ °üõì}±ÿ °ôÿ ìÏ†¬èú ìÏýò ºõ¬€ …â± Ÿú ‹ú ìÛ~…°

‹·ý†° ð†Ÿý³ÿ …² 1 …ð¥±…Ù ̈õ…ø~ ¬…º•€ ôèþ ìñœ± ‹ú ‹±…²½ ‹·ý†°

¬ÚýÜ|{±ÿ …² ¬…¬û|ø†ÿ °üõì}±ÿ °ôÿ ìÏ†¬èú ìþ|ºõ¬.  |

…² „ó ›† Þú Ö±…üñ~ ºŒßú|…ÿ º~ó ¬°ôó Ú†è� ‹ú º~– ð†øî|¬ì†¶•€

ì~ë ‹†ü~ Ú†‹éý• �ý¼|‹ýñþ °Ö}†° �©• °… ¬° ¤†è• ð†øî|¬ì† ðý³ ¬…º}ú

‹†º~. ¬¶•|ü†‹þ ‹ú …üò ìùî ‹† {Ïýýò ìÛ†¬ü± ²ì†ó …èÛ†€ ÷†‹• ¶±Î• ô

¬°›ú ô…Þñ¼ ‹ú ºßê {†‹Ïþ …² ¬ì† …ìß†ó|�̄ü± …¶•. ô…‹·}ãþ ¬ì†üþ

²ì†ó …èÛ† ¬° ¤†è• øî|¬ì† °… ìþ|{õ…ó ‹† …¶}×†¬û …² ìÏ†¬èú )7( ‹ú ºßê

ðí†üþ {Ï±üØ Þ±¬:

Þú ¬° …üò ìÏ†¬èú  0t ô 0T| ÷†‹•|ø†ÿ ì©}À „ìý³û æ¶}ýßþ|…ð~. ²ì†ó …èÛ†

¬° ¤†è• ð†øî|¬ì† ‹† …¶}×†¬û …² �†°…ì}± ‹~ôó ‹Ï~  ì¥†¶Œú ìþ|ºõ¬:

)T(it| ô…‹·}ãþ ¬ì†üþ ²ì†ó …èÛ†ÿ ¬…¬û|ø†ÿ øî|¬ì†ÿ °üõì}±ÿ …¶• Þú ‹†

…¶}×†¬û …² ìÏ†¬èú )7( ‹ý†ó ìþ|ºõ¬. øñã†ìþ Þú ìÛ~…° �†°…ì}± ‹~ôó ‹Ï~  ¬°

ìÏ†¬èú )8(  ‹±…‹±1 ºõ¬€ ¤~ ‹†æüþ …ð}ã±…ë ‹ú Îñõ…ó ²ì†ó …èÛ† ¬° ðË±

â±Ö}ú ìþ|ºõ¬. ¬° ìÏ†¬èú )6( ÷†‹• ¶±Î• ô…Þñ¼ ¬…°…ÿ °…‹Çú|…ÿ

„°ðýõ¶þ ‹† ¬ì†¶• ) ìÏ†¬èú 9(:

÷†‹• ¶±Î• ¬° ìÏ†¬èú Þí†ë -¶±ô° ìÏíõæ_ ì·}Ûê …² ¬ì† ô Î~¬ÿ ÷†‹•

¬° ðË± â±Ö}ú ìþ|ºõ¬. …ð~…²û|âý±ÿ|ø†ÿ {œ±‹þ …ðœ†ï º~û ð»†ó

ìþ|¬ø~€ n| ‹† …Ö³…ü¼ ¬ì† ‹ú Æõ° ̈Çþ …Ö³…ü¼ ìþ|ü†‹~. ‹±…ÿ ¬° ðË±

â±Ö}ò …üò {Óýý±…– ¬° …üò �µôø¼ …² ìÏ†¬èú )01( …¶}×†¬û º~û …¶•:

nA| ô nB ¬° ìÏ†¬èú )01(  ÷†‹•|ø†ÿ „ìý³û æ¶}ýßþ|…ð~. nahC| ô øíß†°…ó

‹† …¶}×†¬û …² °ô½ ²ì†ó Þ†ø¼ ü†Ö}ú ) ²ì†ó ‹~ôó ‹Ï~( …÷Œ†– Þ±¬ð~ Þú

¶±Î• ô…Þñ¼ �©• ¬° ¤†è• ð†øî|¬ì† …² ìÏ†¬èú )11( �ý±ôÿ ìþ|Þñ~ ]71[:

‹† ì¥†¶Œú ì»}Ü  ð·Œ• ‹ú ²ì†ó …² ìÏ†¬èú )6( ô ›†ÿ|â̄…°ÿ ²ì†ó ‹ú ºßê {†‹Ïþ

…²ô k| ¬° „ó€ ìÏ†¬èú )21( ‹±…ÿ ì¥†¶Œú ¶±Î• ô…Þñ¼ ‹ú ¬¶• ìþ„ü~:

ìÛ~…° ºŒßú|…ÿ º~ó ðý³ ‹† …¶}×†¬û …² ìÏ†¬èú {œíÏþ)31( ì¥†¶Œú ìþ|ºõ¬:

²ü±‹±ð†ìú {õ¶Ïú ü†Ö}ú

‹±…ÿ ¤ê ìÏ†¬èú …ð}Û†ë â±ì† )ìÏ†¬èú1( …² °ô½ …›³…ÿ ì¥~ô¬ …¶}×†¬û

º~. ‹~üò {±{ý� Þú ìÏ†¬èú …ð}Û†ë â±ì†ÿ â̄°… ‹† …¶}×†¬û …² °ô½

…¶}†ð~…°¬ â†è±Þýò ‹±…ÿ ‹©¼ ìß†ðþ )z,r( øí±…û °ô½ {×†Âê ì¥~ô¬

Âíñþ| ‹±…ÿ ìÏ†¬æ– ²ì†ó ‹ú Þíà ð±ï|…Ö³…° SUQABA| ¤ê º~.

ºŒýú|¶†²ÿ Ö±…üñ~ �©• ¬…°…ÿ ›ñŒú|ø†ÿ ôüµû|…ÿ …¶• Þú ð±ï|…Ö³…° ‹ú

{ñù†üþ Ú†¬° ‹ú ¬° ðË± â±Ö}ò „ðù† ðý·•. ô…‹·}ãþ Â±ü� °¶†ðñ~âþ

â±ì†üþ ô Ê±Öý• â±ì†üþ ôüµû ‹ú ìÛ~…° �©•€ ô…‹·}ãþ â±ì†ÿ ð†ºþ …²

ô…Þñ¼ ‹ú ¶±Î• ô…Þñ¼€ ì}×†ô– ‹õ¬ó â±ì†ÿ {õèý~ÿ ¬° ðÛ†É

ì©}éØ ÚÇÏú ¬° üà ²ì†ó ì»©À ô ðý†² ‹ú ì¥†¶Œú ìÛ~…° ºŒßú|…ÿ

º~ó ¬° ø± è¥Ëú€ …² ›íéú …üò ôüµâþ|ø†¶•. ‹ñ†‹±…üò€ …¶}×†¬û …² üà

²ü±‹±ð†ìú Þíßþ Â±ô°ÿ …¶• {† ð±ï|…Ö³…° °… Ú†¬° ‹ú …ðœ†ï Ÿñýò

ì¥†¶Œ†{þ Þñ~. LAVTEH| ô THTAMU| ¬ô ²ü±‹±ð†ìú|…ÿ ø·}ñ~ Þú ‹†

¬° ðË± â±Ö}ò ¶ýñ}ýà �©•€ Ú†‹éý• …ðœ†ï Ÿñýò ì¥†¶Œ†{þ °… ‹±…ÿ

ð±ï|…Ö³…° SUQABA| Ö±…øî ìþ„ô°¬. ²ü±‹±ð†ìú LAVTEH| ÚŒç_ ‹±…ÿ

…üò ìñËõ° ìõ°¬ …¶}×†¬û Ú±…° â±Ö}ú …¶• ]5€1[. …üò ²ü±‹±ð†ìú ì¥†¶Œ†–

ì±‹õÉ ‹ú ¶ýñ}ýà �©• ô â±ì†ÿ ð†ºþ …² „ó °… ‹ú ̈õ‹þ …ðœ†ï ìþ|¬ø~€

ôèþ Ú†¬° ‹ú ¬° ðË± â±Ö}ò ô…‹·}ãþ �†°…ì}±ø†ÿ â±ì†üþ ‹ú ìÛ~…°

ºŒßú|…ÿ º~ó ðý·•. …üò ì·‰éú ¬Ú• ì~ë ¬° �ý¼|‹ýñþ ðýî|°« ¬ì† °… ‹ú

ìÛ~…° ²ü†¬ÿ {¥• {†÷ý± Ú±…° ìþ|¬ø~. ¬° …üò �µôø¼€ ²ü±‹±ð†ìú

THTAMU| ‹ú Þ†° â±Ö}ú º~û …¶• {† ÂÏØ â×}ú º~û ‹±Æ±Ù ºõ¬.

Þ~ °…ü†ðú|…ÿ ‹† …¶}×†¬û …² ²‹†ó ‹±ð†ìú|ðõü·þ Öõ°{±ó ô ‹± …¶†¹ ¶†̈}†°

²ü±‹±ð†ìú THTAMU| ðõº}ú º~ Þú ð±ï|…Ö³…° SUQABA| °… Ú†¬° ‹ú ¬°

ðË± â±Ö}ò {í†ï ôüµâþ|ø†ÿ ü†¬ º~û ìþ|Þñ~. ºßê 1 ð¥õû Îíéß±¬ ô
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¬°ôó ÚÇÏú …¶}×†¬û º~. ‹±…ÿ ¬° ðË± â±Ö}ò ô…‹·}ãþ �†°…ì}±ø†ÿ

â±ì†üþ ‹ú ìÛ~…° �©•€ ¬° ðË± â±Ö}ò â±ì†ÿ ð†ºþ …² ô…Þñ¼ ô ðý³ …ðœ†ï

ì¥†¶Œ†– ¶ýñ}ýßþ€ ²ü±‹±ð†ìú THTAMU| ‹ú ð±ï|…Ö³…° ì}¿ê º~.

…èãõ°ü}î ì³‹õ° ‹±…ÿ ºŒýú|¶†²ÿ Ö±…üñ~ �©• ¬°ôó üà ÚÇÏú æ¶}ýßþ

ì}»ßê …² ø×• æüú æ¶}ýà ô Öé³ …¶}×†¬û º~ Þú °ôÿ øî Ú±…° â±Ö}ú

‹õ¬ð~€ )ºßê 2(. ü†¬„ô° ìþ|ºõ¬€ Þ†°‹±¬ …üò ÚÇÏú ‹ú Îñõ…ó è±²û|âý±

¶†̈}í†ó …¶•. Ÿñ†ó Þú ìç¤Ëú ìþ|ºõ¬€ ›·î {Û†°ó ì¥õ°ÿ )¬°

ì©}¿†– …¶}õ…ðú|…ÿ( ¬…°¬. ‹± øíýò …¶†¹ ì~ë|¶†²ÿ ¤†Â± ¬° ¤†è•

¬ô‹Ï~ÿ ô ¬° ì©}¿†– …¶}õ…ðú|…ÿ …ðœ†ï º~. ºßê 3 ðí†ÿ ¬ô‹Ï~ÿ

ìœíõÎú ÚÇÏú ô Ú†è� °… ð»†ó ìþ|¬ø~. ì~ë °¶î º~û ô ìõ°¬ …¶}×†¬û

¬° ºŒýú|¶†²ÿ ¬° ºßê4 ð»†ó ¬…¬û º~û …¶•.

ð†¤ýú ìõ°¬ ‹±°¶þ ‹ú 8917 …›³…ÿ ì}Û†°ó ì¥õ°ÿ Ÿù†°â±û|…ÿ  ‹†

ìœíõÑ 1209 â±û {Û·ýî º~. …üò ðõÑ ô {Ï~…¬ …›³… Þú �̧ …² {¥éýê|ø†ÿ

…ôèýú ìÏýò º~€ ¤~ ‹ùýñú|…ÿ …¶• Þú ¬¶•|ü†‹þ ‹ú ›õ…‹þ �†ü~…°€ øî|â±… ô

¬ÚýÜ °… ¬° ²ì†ðþ Þõ{†û ìíßò ìþ|¶†²¬. {í†ï ¶Çõ§ {í†¹ ÚÇÏú ‹† Ú†è�

ô Öé³ ‹ú ¤†è• {í†¹ â±ì†üþ ¬° ðË± â±Ö}ú º~ {† ºŒýú|¶†²ÿ ‹ú º±…üÈ

ô…ÚÏþ ð³¬üà|{± ºõ¬. ºŒýú|¶†²ÿ ¬° ¬ô ì±¤éú …ðœ†ï º~: ì±¤éú …ôë

â±ì†¬øþ ô �©• ¬°ôó Ú†è� ô ì±¤éú ¬ôï ̈ñà|Þ†°ÿ ô �̧ �©• ‹ý±ôó

…² Ú†è�. â±ì†ÿ ìõ°¬ ðý†² ‹±…ÿ â±ï Þ±¬ó ÚÇÏú ¬° ì±¤éú …ôë …² °…û

¾×¥†– ‹†æ ô �†üýò Ú†è� {†‡ìýò ìþ|º~ Þú ‹† …¶}×†¬û …² â±ï|Þò|ø†ÿ

ìõ›õ¬ ¬° �±¹ â±ï ìþ|º~ð~. ¬ì†ÿ …üò ¾×¥†– ‹† …¶}×†¬û …² {±ìõÞõ�ê

÷Œ• ô ‹ú Îñõ…ó º±É ì±²ÿ ðõÑ …ôë ¬° ¶†ì†ðú ›†ÿ|â̄…°ÿ º~ ) ºßê5(.

…ð}Û†ë â±ì†ÿ ›† ‹ú ›†üþ …² ¾×¥†– ›†ðŒþ Ú†è� ðý³ ‹ú Îñõ…ó º±É
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