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 ĚŅĬĺŇěńĵĬňŘœħƟĻŉĔļŅŀŇĪīŇıĸĕŀĚėĺŅĴŏĶŖĺŒĬĔŅĶįŇħĶŌĮŒĬĝƞĺĚȮ10-500ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪňȮĨƞŀĽĴĭńĨŇħƟŅĬĔŅĶŀƞŀĬĨńĺĕŀĚėĺŅĴ
ŏėƟĬȮŐĸŃıĸńĚĚŅĬĽŌĠľŅĵĕŀĚĵŅĚīĶĶĴĝŅĨŇĺńĸėŅœĬĞƢĪňŗįĽĴĽŅĶĨńĺŏĨŇĴ 3 ĝĬŇħȮėŊŀȮŏĕĴƞŅħŜŅŏĔĶħȮN550ȮŐėĸŏĞňĵĴėŅĶƢĭŀŏĬĨȮŐĸŃĞŇĸŇ
ĔŅŒĬĮĶŇĴŅĦȮ40Ȯphr ħƟĺĵŏėĶŊŗŀĚȮuniversal testing machine őħĵħŉĚĵŅĚŒľƟĵŊħŀŀĔȮ300ȮŏĮŀĶƢŏĞŖĬĨƢŐĸƟĺĮĸƞŀĵŒľƟĵŅĚľħĨńĺĔĸńĭ
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Abstract 
 This research studies the influence of deformation speed in the range of 10-500 mm/min on stress 
softening and loss energy of filled natural rubber (NR) vulcanizates by using the universal testing machine. Three 
types of filler: carbon black (N550 grade), calcium carbonate and silica were used at the content of 40 phr (parts 
(by weight) per hundred parts of rubber). The rubber specimens were extended to 300% of elongation, and then 
retracted for 7 cycles in cyclic mode. It was found that the stress softening of filled NR vulcanizates incorporated 
with three filler types exhibited the similar level with increasing the deformation speed. Silica-filled NR 
vulcanizate showed the highest stress softening, followed by carbon black and calcium carbonate-filled NR 
vulcanizates, respectively. However, the loss energy of filled NR vulcanizates increased with increasing the 
deformation speed. Carbon black-filled NR vulcanizate presented higher loss energy with applied dynamic force 
than those of silica and calcium carbonate, respectively. This research result can be applied to the rubber 
engineering design, especially for the rubber products which applied dynamic force rubbers. 

Keywords:Ȯdeformation speed, stress softening, loss energy, natural rubber, filler 

ėĺŅĴŏĮƦĬĴŅĕŀĚĮƤĠľŅ 
 ĮƤěěŋĭńĬĵŅĚĩŌĔĬŜŅœĮŒĝƟĚŅĬĪŅĚħƟŅĬĺŇĻĺĔĶĶĴŀĵƞŅĚĴŅĔĴŅĵȮőħĵĔŅĶĬŜŅœĮŒĝƟĚŅĬħƟŅĬĔŅĶĶńĭŐĶĚĪŅĚıĸĺńĨĽŅĴŅĶĩŏľŖĬœħƟ
ĪńŗĺœĮŒĬĝňĺŇĨĮĶŃěŜŅĺńĬȮŀĵƞŅĚŏĝƞĬȮĵŅĚĶŀĚėŀĽŃıŅĬȮľĶŊŀȮĵŅĚĪňŗŏĮƦĬŀŋĮĔĶĦƢŒĬľƟŀĚŏėĶŊŗŀĚĕŀĚĶĩĵĬĨƢȮĵŅĚĸƟŀȮĽŅĵıŅĬĵŅĚȮĵŅĚĵŊħ
ĽŜŅľĶńĭŀŀĔĔŜŅĸńĚĔŅĵȮŏĮƦĬĨƟĬȮįĸŇĨĳńĦĤƢĵŅĚĬńŘĬȮŏĴŊŗŀĩŌĔĔĶŃĪŜŅŀĵƞŅĚĨƞŀŏĬŊŗŀĚěŃĴňĔŅĶŀƞŀĬĨńĺĕŀĚėĺŅĴŏėƟĬȮ&stress softening) ľĶŊŀ
ŏĔŇħĔŅĶŐĨĔľńĔŏĽňĵľŅĵœħƟȮ&Boonstra, 1982; Donnet and Custodero, 2014'ȮĮĶŅĔĢĔŅĶĦƢĔŅĶŀƞŀĬĨńĺĕŀĚėĺŅĴŏėƟĬĬňŘĶŌƟěńĔĔńĬŒĬ
ĝŊŗŀįĸĕŀĚĴŌĸĸŇĬĽƢȮ&Mullins effect) ĬŀĔěŅĔĬňŘĵŅĚĞŉŗĚŏĮƦĬĺńĽħŋĮĶŃŏĳĪľĵŋƞĬľĬŊħěŃŏĔŇħĔŅĶĽŌĠŏĽňĵıĸńĚĚŅĬěŅĔŐĶĚĔĶŃĪŜŅŀĵƞŅĚ
ĨƞŀŏĬŊŗŀĚȮĔĸƞŅĺėŊŀŐĶĚĪňŗŒĝƟŒĬĔŅĶįŇħĶŌĮěŃĴŅĔĔĺƞŅŐĶĚĪňŗŒĝƟŒĬĔŅĶėŊĬĨńĺĔĸńĭȮőħĵıĸńĚĚŅĬĪňŗĽŌĠŏĽňĵœĮĬňŘěŃŀĵŌƞŒĬĶŌĮĕŀĚıĸńĚĚŅĬėĺŅĴ
ĶƟŀĬĽŃĽĴȮ&heat build-up) 

ĽŅĶĨńĺŏĨŇĴȮ&filler) ŏĮƦĬĽŅĶŏėĴňĪňŗĬŇĵĴŒĝƟįĽĴŏĕƟŅœĮĔńĭĵŅĚŒĬĔĶŃĭĺĬĔŅĶįĸŇĨŏĮƦĬįĸŇĨĳńĦĤƢĨƞŅĚŕȮĨŅĴĺńĨĩŋĮĶŃĽĚėƢĪňŗ
ĨƟŀĚĔŅĶȮŏĝƞĬȮŏıŊŗŀŏıŇŗĴėĺŅĴŐĕŖĚŐĶĚȮŐĸŃėĺŅĴĪĬĪŅĬŒľƟĔńĭĵŅĚīĶĶĴĝŅĨŇȮěŃĴňĔŅĶŏĨŇĴĽŅĶĨńĺŏĨŇĴĝĬŇħŏĽĶŇĴŐĶĚĭŅĚĝĬŇħȮŏĝƞĬȮŏĕĴƞŅħŜŅȮ
1ȮŀŅěŅĶĵƢĮĶŃěŜŅȮĽŅĕŅĺŇĝŅŏĪėőĬőĸĵňĵŅĚŐĸŃıŀĸŇŏĴŀĶƢȮėĦŃĺŇĪĵŅĻŅĽĨĶƢŐĸŃŏĪėőĬőĸĵňȮĴľŅĺŇĪĵŅĸńĵĶŅĝĳńġĽĚĕĸŅ 
0ȮĬńĔĻŉĔļŅľĸńĔĽŌĨĶĺŇĪĵŅĻŅĽĨĶĭńĦĤŇĨȮĽŅĕŅĺŇĝŅŏĪėőĬőĸĵňĵŅĚŐĸŃıŀĸŇŏĴŀĶƢȮėĦŃĺŇĪĵŅĻŅĽĨĶƢŐĸŃŏĪėőĬőĸĵňȮĴľŅĺŇĪĵŅĸńĵĶŅĝĳńġĽĚĕĸŅ 
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&carbon black) (Laube, Monthey and Wang, 2001; Donnet and Custodero, 2014'ȮľĶŊŀȮĞŇĸŇĔŅȮ&silica) (Waddell and 
Evans, 2001'ȮĞŉŗĚĽŅĶĨńĺŏĨŇĴŏľĸƞŅĬňŘěŃĵŉħĨŇħĔńĭőĴŏĸĔŋĸĵŅĚħƟĺĵŀńĬĨĶĔŇĶŇĵŅĪŅĚĔŅĵĳŅıŐĸŃĪŅĚŏėĴňȮŀňĔĺńĨĩŋĮĶŃĽĚėƢĕŀĚĔŅĶĽŅĶĨńĺ
ŏĨŇĴȮėŊŀŏıŊŗŀĝƞĺĵĸħĨƟĬĪŋĬŒĬĔŅĶįĸŇĨȮŐĸŃĝƞĺĵŒľƟĔĶŃĭĺĬĔŅĶįĸŇĨĚƞŅĵĕŉŘĬȮŒĬĔĶĦňĬňŘěŃĬŇĵĴŒĝƟĽŅĶĨńĺŏĨŇĴĪňŗĴňĶŅėŅĩŌĔȮŐĸŃŏĮƦĬĽŅĶĨńĺ
ŏĨŇĴĮĶŃŏĳĪĪňŗĴňœĴƞŏĽĶŇĴŐĶĚěĬĩŉĚŏĽĶŇĴŐĶĚœħƟĮŅĬĔĸŅĚȮ&Waddell and Evans, 2001'ȮœħƟŐĔƞȮħŇĬĕŅĺľĶŊŀŏėĸĵƢȮ&clay) ŐėĸŏĞňĵĴ
ėŅĶƢĭŀŏĬĨȮ&CaCO3'ȮŐĸŃĪńĸėńĴȮ&talcum) ŏĮƦĬĨƟĬ 
 ĵŅĚīĶĶĴĝŅĨŇěńħŏĮƦĬĺńĽħŋĮĶŃŏĳĪľĵŋƞĬľĬŊħȮ&viscoelastic material) ĮĶŃĔŀĭħƟĺĵĔŅĶĨŀĭĽĬŀĚŐĭĭĕŀĚŐĕŖĚĪňŗĵŊħľĵŋƞĬȮ
&elastic response) ŐĸŃĔŅĶĨŀĭĽĬŀĚŐĭĭĕŀĚŏľĸĺľĬŊħȮ&viscous response) (Ward and Hadley, 1993; Ngai, Capaccioli 
and Plazek, 2014'ȮĞŉŗĚĵŅĚĽŅĴŅĶĩĵŊħľĶŊŀœľĸœħƟŏĴŊŗŀœħƟĶńĭŐĶĚĔħȮĞŉŗĚŏĮƦĬĽĴĭńĨŇĕŀĚĕŀĚŏľĸĺľĬŊħȮ&viscous) ŏĴŊŗŀŏŀŅŐĶĚŀŀĔĵŅĚ
ĽŅĴŅĶĩĔĸńĭėŊĬĽŌƞĶŌĮŏħŇĴœħƟȮĞŉŗĚŏĮƦĬĽĴĭńĨŇĕŀĚŐĕŖĚĵŊħľĵŋƞĬȮ&elastic) ħńĚĬńŘĬŏĴŊŗŀĵŅĚĴňĽĴĭńĨŇĪńŘĚĕŀĚŏľĸĺľĬŊħŐĸŃĕŀĚŐĕŖĚĵŊħľĵŋƞĬȮĪŜŅŒľƟ
ĵŅĚĵŋĭĨńĺľĶŊŀĵŊħŏĴŊŗŀœħƟĶńĭŐĶĚĔħľĶŊŀŐĶĚħŉĚȮŐĨƞŏĴŊŗŀėĸŅĵŐĶĚĔĶŃĪŜŅŀŀĔȮĵŅĚěŃėŊĬĶŌĮĔĸńĭŐĨƞœĴƞŏĪƞŅŏħŇĴȮĬńŗĬėŊŀěŃŏĔŇħĔŅĶėĚĶŌĮĩŅĺĶȮ
&permanent set) ĕŉŘĬĭŅĚĽƞĺĬħƟĺĵȮőħĵĪňŗĽĴĭńĨŇĪŅĚħƟŅĬĔŅĶŏĮĸňŗĵĬŐĮĸĚĶŌĮĶƞŅĚħńĚĔĸƞŅĺĬňŘĕŉŘĬŀĵŌƞĔńĭŏĺĸŅȮŀŋĦľĳŌĴŇȮėĺŅĴŏėƟĬȮ&stress) 
ŐĸŃŀńĨĶŅėĺŅĴŏėĶňĵħȮ&strain rate) (Brown, 2006' 
 ŒĬĚŅĬĺŇěńĵĬňŘěŉĚĴňŐĬĺėŇħĪňŗěŃĻŉĔļŅŀŇĪīŇıĸĕŀĚėĺŅĴŏĶŖĺŒĬĔŅĶįŇħĶŌĮĨƞŀĔŅĶŀƞŀĬĨńĺĕŀĚėĺŅĴŏėƟĬȮŐĸŃıĸńĚĚŅĬĽŌĠľŅĵĕŀĚ
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ŏĬňĵĶŇŗĚȮěŜŅĔńħ ĮĶŃŏĪĻœĪĵ 
   3.1.2 ŏėĶŊŗŀĚȮMoving die rheometerȮ&MDR) ĵňŗľƟŀȮGotech ĶŋƞĬȮMD 3000AȮįĸŇĨőħĵĭĶŇļńĪȮGotech Testing 
Machines Inc.ĮĶŃŏĪĻœĨƟľĺńĬ 
   3.1.3 ŏėĶŊŗŀĚȮUniversal testing machine ĵňŗľƟŀȮNRI UNIVERSAL TESTING MACHINE ĶŋƞĬȮNRI-TS500-20BȮ
įĸŇĨőħĵĭĶŇļńĪȮĬĶŇĬĪĶƢŀŇĬĽĪĶŌŏĴƟĬĪƢȮěŜŅĔńħȮĮĶŃŏĪĻœĪĵ 
  3.2 ĽŅĶŏėĴň 
   3.2.1 ĵŅĚīĶĶĴĝŅĨŇĪňŗŒĝƟŒĬĚŅĬĺŇěńĵĬňŘȮŏĮƦĬĵŅĚŐĪƞĚĴŅĨĶģŅĬŏĔĶħȮ20 (STR 20) įĸŇĨőħĵĭĶŇļńĪȮĩŅĺĶŀŋĨĽŅľĔĶĶĴ
ĵŅĚıŅĶŅȮ&1982) ěŜŅĔńħȮěńĚľĺńħĽĚĕĸŅ ĮĶŃŏĪĻœĪĵ 
   3.2.2 ĔĶħĽŏĨňĵĶŇėȮĪŜŅľĬƟŅĪňŗŏĮƦĬĽŅĶĔĶŃĨŋƟĬĮĢŇĔŇĶŇĵŅĺńĸėŅœĬĞƢȮŏĔĶħĪňŗŒĝƟŒĬŀŋĨĽŅľĔĶĶĴȮįĸŇĨőħĵĭĶŇļńĪȮŀŇĴıňŏĶňĵĸȮ
ŀŇĬħńĽŏĨňĵĸŏėĴňėńĸĸƢȮ&ĮĶŃŏĪĻœĪĵ'ȮěŜŅĔńħ 
   3.2.3 ĞŇĚėƢŀŀĔœĞħƢȮĪŜŅľĬƟŅĪňŗŏĮƦĬĽŅĶĔĶŃĨŋƟĬĮĢŇĔŇĶŇĵŅĺńĸėŅœĬĞƢȮŏĔĶħĪňŗŒĝƟŒĬŀŋĨĽŅľĔĶĶĴȮįĸŇĨőħĵĭĶŇļńĪȮĵŌĬŇœĪĵ
ŀŀĔœĞħƢŀŀĔœĞħƢȮ&ĮĶŃŏĪĻœĪĵ'ȮěŜŅĔńħ 



 
 

  ~ 1523 ~  
 

   3.2.4 ĞňĭňŏŀĽȮ(CBS, N-cyclohexyl-0-benzothiazyl sulphenamide) ŏĮƦĬĽŅĶĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĺńĸėŅœĬĞƢȮįĸŇĨ
őħĵȮĭĶŇļńĪȮBehn Meyer Co., Ltd. ĮĶŃŏĪĻœĪĵ 
   3.2.5 ĔŜŅĴŃĩńĬȮĪŜŅľĬƟŅĪňŗŏĮƦĬĽŅĶĺńĸėŅœĬĞƢȮŏĮƦĬŏĔĶħĪňŗŒĝƟŒĬŀŋĨĽŅľĔĶĶĴĵŅĚȮįĸŇĨőħĵĭĶŇļńĪȮCiech S.A ĮĶŃŏĪĻ
őĮŐĸĬħƢ 
   3.2.6 ĬŘŜŅĴńĬŀŃőĶĴŅĨŇĔȮŏĮƦĬĬŘŜŅĴńĬĝƞĺĵŐĮĶĶŌĮȮěńħěŜŅľĬƞŅĵőħĵĭĶŇļńĪȮĽĵŅĴŏęĴňȮěŜŅĔńħȮ&ĴľŅĝĬ' ĮĶŃŏĪĻœĪĵ 
   3.2.7 ŏĕĴƞŅħŜŅŏĔĶħȮN550ȮŏĮƦĬĽŅĶĨńĺŏĨŇĴĽňħŜŅȮįĸŇĨőħĵĭĶŇļńĪȮœĪĵėŅĶƢĭŀĬŐĭĸŖĔȮěŜŅĔńħȮ&ĴľŅĝĬ'ȮĮĶŃŏĪĻœĪĵ 
   3.2.8 ŐėĸŏĞňĵĴėŅĶƢĭŀŏĬĨȮŏĮƦĬĽŅĶĨńĺŏĨŇĴĽňĕŅĺȮįĸŇĨőħĵȮĭĶŇļńĪȮĽŋĶŇĬĪĶƢȮŀŀĴĵƞŅȮŏėĴŇėŀĸȮěŜŅĔńħȮĮĶŃŏĪĻœĪĵ 
   3.2.9 ĞŇĸŇĔŅȮŏĮƦĬĽŅĶĨńĺŏĨŇĴĽňĕŅĺȮįĸŇĨőħĵĭĶŇļńĪȮıňıňěňȮĽĵŅĴĞŇĸŇĔŅȮěŜŅĔńħȮ&ĴľŅĝĬ'ȮĮĶŃŏĪĻœĪĵ 
 4. ĔŅĶŏĔŖĭĶĺĭĶĺĴĕƟŀĴŌĸ 
  įĽĴĵŅĚėŀĴıŅĺħƢĨŅĴĽŌĨĶĔŅĶĪħĸŀĚŒĬĨŅĶŅĚĪňŗȮ1ȮőħĵĬŜŅĵŅĚŐĪƞĚĴŅĨĶģŅĬŏĔĶħȮ20ȮĴŅĭħįĽĴĵŅĚĔńĭĽŅĶŏėĴňĨŅĴĺŇīň
ĴŅĨĶģŅĬȮISO 2393Ȯ&2014'ȮħƟĺĵŏėĶŊŗŀĚĭħįĽĴĵŅĚŐĭĭĽŀĚĸŌĔĔĸŇŘĚĕĬŅħȮ10x20ȮĬŇŘĺȮĞŉŗĚĴňȮfriction ratio ŏĪƞŅĔńĭȮ181.2ȮįĸŇĨőħĵ
ĭĶŇļńĪĝńĵŏěĶŇĠŏŀŖĬěŇŏĬňĵĶŇŗĚȮľĸńĚěŅĔĬńŘĬĬŜŅĵŅĚėŀĴıŅĺħƢĴŅĪħĽŀĭľŅŏĺĸŅŀńħŏĭƟŅħƟĺĵŏėĶŊŗŀĚȮmoving die rheometer (MDR) ĨŅĴĺŇīň
ĴŅĨĶģŅĬȮISO 6502-3Ȯ&2018'ȮĪňŗŀŋĦľĳŌĴŇȮ150ȮŀĚĻŅŏĞĸŏĞňĵĽȮĪħĽŀĭȮ5ȮĝŇŘĬĪħĽŀĭȮĶŅĵĚŅĬįĸħƟĺĵėƞŅŏĜĸňŗĵȮŐĸƟĺĬŜŅĵŅĚėŀĴıŅĺħƢ
ĴŅŀńħŏĭƟŅŏĮƦĬŐįƞĬĪħĽŀĭĨŅĴĺŇīňĴŅĨĶģŅĬȮISO 2393Ȯ&2014' 
 5. ĔŅĶĺŇŏėĶŅŃľƢĕƟŀĴŌĸȮȮ 
  ĬŜŅŐįƞĬĪħĽŀĭĴŅĨńħŏĮƦĬĝŇŘĬĪħĽŀĭĶŌĮħńĴĭƢŏĭĸȮ&dumb-bell) ŐĸƟĺĬŜŅœĮĪħĽŀĭħƟĺĵŏėĶŊŗŀĚȮuniversal testing 
machine ħƟĺĵėĺŅĴŏĶŖĺŒĬĔŅĶħŉĚȮ10, 30, 50, 100, 300ȮŐĸŃȮ500ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪňȮőħĵħŉĚĵŅĚŒľƟĵŊħŀŀĔȮ300ȮŏĮŀĶƢŏĞŖĬĨƢŐĸƟĺŒľƟľħ
ĨńĺĔĸńĭȮŒĬőľĴħȮcycle ěŜŅĬĺĬȮ7ȮĶŀĭȮĭńĬĪŉĔėƞŅėĺŅĴŏėƟĬĽŌĚĽŋħȮ&maximum stress) ĕŀĚŐĨƞĸŃĶŀĭȮěŅĔĬńŘĬėŜŅĬĺĦĔŅĶŀƞŀĬĨńĺĕŀĚ
ėĺŅĴŏėƟĬȮ&stress softening) ħńĚĽĴĔŅĶĪňŗȮ&1'ȮĪħĽŀĭȮ5ȮĝŇŘĬĪħĽŀĭȮĶŅĵĚŅĬįĸħƟĺĵėƞŅŏĜĸňŗĵ 

    Stress softening (%) =
   1

i

T
T

x 100      (1) 

   őħĵĪňŗȮ T1  ľĴŅĵĩŉĚȮėƞŅėĺŅĴŏėƟĬĽŌĚĽŋħĕŀĚĔŅĶħŉĚĵŅĚŒľƟĵŊħŀŀĔ-ľħĨńĺĔĸńĭȮŒĬĶŀĭŐĶĔ 
    Ti  ľĴŅĵĩŉĚȮėƞŅėĺŅĴŏėƟĬĽŌĚĽŋħĕŀĚĔŅĶħŉĚĵŅĚŒľƟĵŊħŀŀĔ-ľħĨńĺĔĸńĭȮŒĬĶŀĭĪňŗȮ1-7 
 
ĨŅĶŅĚĪňŗ 1ȮĮĶŇĴŅĦĵŅĚŐĸŃĽŅĶŏėĴňĪňŗŒĝƟĕŀĚĵŅĚėŀĴıŅĺħƢ 

ĵŅĚŐĸŃĽŅĶŏėĴň 
ĮĶŇĴŅĦȮ&phr*) 

N550 CaCO3 Silica 
ĵŅĚīĶĶĴĝŅĨŇ 100 100 100 
ĔĶħĽŏĨňĵĶŇė 2 2 2 
ĞŇĚėƢŀŀĔœĞħƢ 5 5 5 
ĽŅĶĨńĺŏĶƞĚȮĞňĭňŏŀĽ 1 1 1 
ŏĕĴƞŅħŜŅŏĔĶħȮN550 40 - - 
ŐėĸŏĞňĵĴėŅĶƢĭŀŏĬĨ - 40 - 
ĞŇĸŇĔŅ - - 40 
ĬŘŜŅĴńĬŀŃőĶĴŅĨŇĔ 2 2 2 
ĔŜŅĴŃĩńĬ 2 2 2 
(phr: parts (by weight) per hundred parts of rubber 

 ěŅĔėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚėĺŅĴŏėƟĬĔńĭĶŃĵŃĵŊħȮħńĚŐĽħĚŒĬĳŅıĮĶŃĔŀĭĪňŗȮ1ȮėŜŅĬĺĦıĸńĚĚŅĬĽŌĠľŅĵœĮŒĬŏĬŊŘŀĵŅĚȮ
&hysteresis loss energy) ħńĚĽĴĔŅĶĪňŗȮ&2'ȮĪħĽŀĭȮ5ȮĝŇŘĬĪħĽŀĭȮĶŅĵĚŅĬįĸħƟĺĵėƞŅŏĜĸňŗĵ 

    Hysteresis loss energy (kJ/m2)  = AE ů AR       (2) 
   őħĵĪňŗȮ AE  ľĴŅĵĩŉĚȮıŊŘĬĪňŗŒĨƟĔĶŅĲĶŃľĺƞŅĚėĺŅĴŏėƟĬȮ&N/mm2'ȮĔńĭĶŃĵŃĵŊħȮ&ĴŇĸĸŇŏĴĨĶ'ȮĕĦŃĵŊħŀŀĔȮ&extension) 
    AR  ľĴŅĵĩŉĚȮıŊŘĬĪňŗŒĨƟĔĶŅĲĶŃľĺƞŅĚėĺŅĴŏėƟĬȮ&N/mm2'ȮĔńĭĶŃĵŃĵŊħȮ&ĴŇĸĸŇŏĴĨĶ'ȮĕĦŃľħĔĸńĭȮ&retraction) 
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 ĳŅıĮĶŃĔŀĭĪňŗȮ1ȮėƞŅėĺŅĴŏėƟĬĽŌĚĽŋħŐĸŃıĸńĚĚŅĬĽŌĠľŅĵěŅĔĔŅĶĔŅĶĵŊħ-ľħĵŅĚŒĬŐĨƞĸŃĶŀĭ 

įĸĔŅĶĺŇěńĵŐĸŃŀĳŇĮĶŅĵįĸ 
 ėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚėĺŅĴŏėƟĬĔńĭĶŃĵŃĵŊħĕŀĚĵŅĚīĶĶĴĝŅĨŇĺńĸėŅœĬĞƢĪňŗįĽĴĽŅĶĨńĺŏĨŇĴĪńŘĚȮ3ȮĝĬŇħȮėŊŀȮŏĕĴƞŅħŜŅŏĔĶħȮN550Ȯ
ŐėĸŏĞňĵĴėŅĶƢĭŀŏĬĨȮŐĸŃĞŇĸŇĔŅȮŒĬĮĶŇĴŅĦȮ40Ȯphr ħƟĺĵėĺŅĴŏĶŖĺŒĬĔŅĶįŇħĶŌĮȮ10ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪňȮŐĽħĚħńĚĳŅıĮĶŃĔŀĭĪňŗȮ2&Ĕ',    
2&ĕ'ȮŐĸŃȮ2&ė'ȮĨŅĴĸŜŅħńĭȮőħĵħŉĚĵŅĚŒľƟĵŊħŀŀĔȮ300ȮŏĮŀĶƢŏĞŖĬĨƢŐĸƟĺĮĸƞŀĵŒľƟĵŅĚľħĨńĺĔĸńĭȮĪŜŅĔŅĶĪħĸŀĚħŉĚŒľƟĵŅĚĨńĺŀĵƞŅĚĵŊħ-ľħ
ěŜŅĬĺĬȮ7ȮĶŀĭȮıĭĺƞŅėƞŅėĺŅĴŏėƟĬĕŀĚĔŅĶħŉĚŒľƟĵŅĚĵŊħŀŀĔŒĬĶŀĭŐĶĔĴňėƞŅĽŌĚĔĺƞŅȮėĺŅĴŏėƟĬĕŀĚĔŅĶľħĔĸńĭĕŀĚĵŅĚȮĞŉŗĚŒĬĔŅĶľħĨńĺ
ĔĸńĭȮĵŅĚěŃœĴƞĔĸńĭĽŌƞĨŜŅŐľĬƞĚŏħŇĴœħƟŀĵƞŅĚĽĴĭŌĶĦƢȮĔĸƞŅĺėŊŀėƞŅėĺŅĴŏėƟĬěŃŏĮƦĬĻŌĬĵƢĪňŗėĺŅĴŏėĶňĵħėƞŅľĬŉŗĚȮŏĮƦĬĔŅĶėĚĶŌĮŀĵƞŅĚĩŅĺĶȮ
ĬŀĔěŅĔĬňŘėƞŅėĺŅĴŏėƟĬŒĬĔŅĶĵŊħĵŅĚħńĚĔĸƞŅĺĵńĚĴňėƞŅĽŌĚĔĺƞŅėĺŅĴŏėƟĬŒĬĔŅĶĵŊħĵŅĚĶŀĭĨƞŀŕȮĴŅȮĞŉŗĚěŃœħƟıŇěŅĶĦŅĔŅĶŀƞŀĬĨńĺĕŀĚėĺŅĴ
ŏėƟĬĨŅĴĽĴĔŅĶĪňŗȮ&1'ȮŐĸŃėĺŅĴŏėĶňĵħĪňŗėĚĶŌĮŀĵƞŅĚĩŅĺĶĨƞŀœĮȮĽƞĺĬėĺŅĴŐĨĔĨƞŅĚĶŃľĺƞŅĚėĺŅĴŏėƟĬĕŀĚĔŅĶħŉĚŒľƟĵŅĚĵŊħŀŀĔĔńĭėĺŅĴ
ŏėƟĬĕŀĚĔŅĶľħĔĸńĭĕŀĚĵŅĚŒĬŐĨƞĸŃĶŀĭĕŀĚĔŅĶįŇħĶŌĮȮĽŅĴŅĶĩėŜŅĬĺĦľŅıĸńĚĚŅĬĽŌĠľŅĵľĶŊŀıĸńĚĚŅĬĪňŗĽŃĽĴŒĬŏĬŊŘŀĵŅĚĨŅĴĽĴĔŅĶ
ĪňŗȮ&2'ȮħńĚĔĸƞŅĺŐĸƟĺĕƟŅĚĨƟĬ 

 
 

 

 ĳŅıĮĶŃĔŀĭĪňŗȮ2 ėĺŅĴŏėƟĬĔńĭĶŃĵŃĵŊħěŅĔĔŅĶĵŊħ-ľħŀĵƞŅĚĨƞŀŏĬŊŗŀĚěŜŅĬĺĬȮ7ȮĶŀĭĕŀĚĵŅĚīĶĶĴĝŅĨŇįĽĴȮ&Ĕ'ȮŏĕĴƞŅħŜŅŏĔĶħȮN550,  
    &ĕ'ȮŐėĸŏĞňĵĴėŅĶƢĭŀŏĬĨȮ&ė'ȮĞŇĸŇĔŅȮŐĸŃȮ&Ě'ȮĔŅĶĵŊħ-ľħĶŀĭŐĶĔȮħƟĺĵėĺŅĴŏĶŖĺŒĬĔŅĶįŇħĶŌĮȮ10ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň 
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