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A /012 345 6718 9:;8 :15</8 67= 3> 7?@ 6 ABCDEFGHIJKLM LNHO PQORQHS T UV WXYZ [\SQ]Q̂ VL_`Al-SiQM ` aHY^ bWIcb Qd W\ef gMb hdQiIj kbWl b ` md WnQef WMQcopc qQcU gHd qbmd kQHrsf Wl b tHuvK QM ` gIZWd PqQc[j [JHIJKLM aHYHrHc UQI]QcVVWwx yMbzZ bUb{ijW\efmd[j qQcVVWw [|LJc`WJHj UQI]Qc Wd WXYZ [Xej kbWl b }bWp_ opc {̂ bLKxgMb UV[JH^QJj ~bL] ` [JHIJKLM aHYHrHc qQZ [|LJc`WJHj UQI]Qc Wd WXYZ ` aHY^ bWIcb hdQiIj kbWl b yO`�|HeHjLST RQHS Ta���
A�ZWw UbW� [cUWd VULj GHKQsIYHc UL�dx[j }Q�^ �{jT �c{d �MQI^[�MbW� UV {OV ��jQ� UQI]Qc GM md }{HcU ��cb VQMq WXYZ [\SQ] Q̂ Ub{ij m�mdgJsjWH� QM ` hJ�j UQHYd �{� PqQc VLd {ObL]x��� QM ` yOQ� opc aHY^bWIcb Qd WXYZ hdQiIj kbWl b gHe�sO~bL] Wd aHY^bWIcb �p�j kbWlb [JH^QJj��L� VQMVqb {nUV�[jVVWwxaHY^ bWIcb Ub{ij yMbzZ bkQHrsf UV �QjLsf m� �UQuIj WMVQij qb yHd md md[j UbW� �VQXIcb VULj PqQcVWHwaHYHrHc UQI]Qc VLp�d opc m�WwP`Q� RQHS T GM UVWXYZ[j[S` VVWw yMbzZb gMbVLp�d opc h� UV{MVWw {ObL�^ [JH^QJj ~bL]yMbzZb Qd aHY^ bWIcb Ub{ij yMbzZ b gMb bWMq � {M{�mu�� UV h�r�K��LK[j{�Qdx A��� BC¡¢  £¤FRQHS T���

A
�[|LJc`WJHj UQI]Qc�aHY^ bWIcb ` WXYZ hdQiIj kbWl b�[JH^QJj ~bL] ¥¦§̈ ©ª¨«¬nb PRQ¬HS T W¬nQef Wd �`�f aHeHjLST [I�MU PQORQHS TW¬H®^ [rW¬nQef qb [¬¯z_ WMVQ¬ij P`Q¬� �QjLsf �aMzHej ` °j �aHYHrHc[j zH^ WMV{e�Qdx~bL] VLp�d ` PqQcRQHS T UL®esd �cb gJsj WnQef gMb qb [vudmd Q�^T qb PUQHYd [S` �{^L� �V`zZ b ±b�j md [I�MU ²u��}bLef WnQefWvjbz¬d b �qLY¬^ VbL¬j ³MW� qbU[\¬SQ]Q̂ Q¬M ` ±`´PQ¬O mµbW� QM ` }{uj ¶ec UV VL_LjPqQcRQHS T UV �VQXIcb VULj PQO [j ±b�j VUb`{^L�[1]x¬d aM{¬c ` aHY¬^ bWIcb W¬H®^ PWnQef }V`zZ bmPqQY¬�d UL¬®ej d }Le�b aO aHYHrHc UQI]QcmGM }bLef[rnb [XH� kQHrsfUV PQORQHS T ±`´Al-Si[j UbW� �VQXIcb VULjVWHwx ·MbW� UV[uHp�QZaHYHrHc q[JHIJKLMdmQ¬d ` �Lr¸j Q̂ kULn [^qL¬c ` ��UV UQI]QchJ¬�(Large Acicular)

²¬eHjq UV
                                                 ¹º» ¼½ »¾ ¿À ¼ÁÂÃÄÅÆÅÇÈÆÈ¹º» ¼½ »¾ É ÊËÌ ÍÎ¼º»¾ÃÏÅÇÃÅÇÈÆÈÐºÑÒÓ½ ¿Ô ÍÕÖ ÊË×Õ» Øº¼ÙÚÛÊËÜÝÓÚ Ö¾ Þ¾ÖÑÓÂ É ßà»ÑÀ ¼ÓáÂ ÊÉâÓã » ¼º ¾¼áÓÕ Ö Þäå×æ ¼çÕÖâ×Â ßËÙÂ Ë×Õ âáè¾Þäº ¼é» Ë×ÙÌ Ê¼êÝÚ Ö¾ äÕËëÙÂs.m.miresmaili@srttu.edu»ÑÀ ¼ÓáÂ ÊÉâã ¿áìÑÂí îÚ Ö¾ ÞäÂÖâº ¼Ô âïè Ö ðËëÙÂË×ÙÓÌ Ê¼êÝÓÚ Ö¾ Þ¾ÖÑÓÂ É ßà äº¼é» 

aHeHjLST[j ñMqLKVVWwxqQ¬Z UQI]Q¬c �qQY¬�d W¬nQef ULv¬� UV aHYHrHc�¬SQ� m¬d [JHIJKL¬MmI¬�UPbt¬MWò hJ¬�(Fine 

Fibrous)[j hM{pKVVWw
[2-4]x aHYHrHc UQI]Qc ó�nbyMbz¬Zb opcpY¬^[[JH^Q¬Jj ~bL¬][j mdWµ md �j`Qij ` �L� VQMVqb {nUV ~L\�dVL�[1-2]xQd ·iZ [JHIJKLM aHYHrHc UQI]Qc PqQY�d kQHrsf m� [¯Qô^T qbqQY¬�d W¬nQef qb [¬¯z_ WMVQ¬ij }V`z¬Z b�õö�÷õøõõ�÷õ{¬¬nUV [^q`�[j �Qô^ ba¬� UQHY¬d WMVQij UV [\SQ]Q̂ WnQef VL_` �VL� [j zH^UV {^ bLK{�Qd Ub�wWHlùK PqQY�d Wj bx{^L� PqQY�d ·MbW� VLp�d opc �cb gJsj WnQef gMb qb []WdW¬nQef W¬l b Ļ j QM ` yOQ� opc [\SQ]Q̂ WnQef qb PUQHYd [S`[j qQY�d{^VWw[1]xqQY¬�d W\¬ef G¬M }bL¬ef md [¯Q�eK md VL] }bLsHI^T �Q�j PbWd[jrHc UQI]Qc ó�nb ` PqQc tMWò opc {^ bLKQ¬d �VVW¬w aHY¬HRQ¬HS T G¬M ±b�¬j UV }bL¬sHI^T [¬¯z_ WMVQ¬ij ULv¬� VL_` gMbaHY^ bWIcb Qd �{� PqQY�dQML¬¸j [¬I� QM ` yOQ� opc aM{c [j PqQY�d kQHrsf kbWl bVVWw

[5-7]x{M{¬� �QIpY¬^ [¯QHsH¬� h¬MQsK �{¬jT hsf md kQiHi¸K úQcb WdhHJ�K ` }bLsHI^T Qd ye�b` md aM{c ` aHY^ bWIcbgH¬d kQpH�WK WH®^ aMzHej Qd m̂ Qw{e� PzrZMg2Sb2Sr, NaMgSb2-5
opc
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����������� ��� �� yOQ¬� gMbWd Q¬ed ` ±b�¬j UV aHY¬^ bWIcb ` aM{¬c Ub{¬ij yOQ�[j PqQY�d }Qj{^ bUVVWwx}bLef md ±b�j UV qQY�d W\ef {HXj �®r� yMbzZ b �QpKUb gMb UV�bU GM�cb �{� }bLef hJ�j gMb Wd mpr� ��_ h�[7]x WIs�jPW\ef gM[j [\SQ] Q̂ }bLef md m�PqQY�d kQHrsf {^ bLK�cb WXYZ {OV UbW� WHlùK �¸K PVQMq {� QK bUx[j WXYZqb {¬^ bLK VVWw ±b�j VUb` qLY^ VbLj ³MW�xGHIJKLMWNHO PQORQHS T UV [ZW� qbAl-Si�¬�_ WXY¬Z �QjLsf �m¬¬¬¬HS`b aHY¬¬¬¬HrHc qQ¬¬¬¬Z PqQ¬¬¬¬c t¬¬¬¬MWò ` [¬¬¬¬^q m¬¬¬¬^ bL_
(Primary Silicon)[j �V`zZ b ±b�j mdVL�x�Q¬pMWiK P`Q¬� G¬HIJKLM PQORQHS T UV gHe�sOö�[¬^q` {¬nUV aHYHrHc�}LIYH| PQORQHS T�m¬HS`b aHYHrHc hHJ�K �QsI�b m� � d ��cb a�m�¬�_ WXY¬Z �yMQ¬c m¬d �¬j`Qij yMbz¬Z b UL¬®ej�V`z¬Z b ±b�j md mHS`b aHYHrHc hHJ�K �QsI�b yMbzZ b ` PUb{MQ|[jVL�x `WeM b qbmµbW� [dQMqQd kQHrsf [� ±b�j RQHS T md WXYZ V`U`QOzH^ hsI¸j�cbx�{¬jT h¬sf md kQiHi¸K úQcb Wd[8]Q¬d WXY¬Z h¬dQiIj kbW¬l b �PqQY¬�d kQHrsf kbWl b Ļ j QM ` yOQ� opc aM{c ` aHY^ bWIcb[jVVWwxHXj Ub{ij yMbzZ b m� �cb �{� �Ubzw zH^ �QpKUb gMb UVW\ef { [j ±b�j UV qQY�dVVWw WXYZ [Xej kbWl b Wd mpr� opc {^ bLKx

Garat`Scalliet[8]
W¬d aHY¬^ bWIcb ` WXY¬Z h¬dQiIj kbWlb �hJ� UV VL_Lj PQOUbVLs^ kUL\d bU [JHIJKLM aHYHrHc UQI]Qcö�VbV }Q�^{^ bx
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F=fibrous;  L=Lamellar;  A=acicular  [j m®��j m� UL�^QsOVVWw&V`{¬¸j WXY¬Z Ub{¬ij yMbz¬Z b Q¬dm¬M' ` hJ¬� [^qL¬c PRL¬SLZULj Qd aHYHrHc PUb{MQ|hJ¬� Pb
(Lamellar)[j yMbzZ b{dQMxhJ� úQcb Wd m_LK hdQ� ²IJ^öm¬� U{¬i� WO �Q� WO md mJeM b [\SQ]Q̂ �®r��®r� yMbzZ b Qd aO qQd {dQM yMbzZ b RQHS T UV WXYZ

PRL¬SLZULj m¬� �{� PqQY�d UQI]Qc GM md }bLK [j aHY^ bWIcbmI�U }T UV aHYHrHc{HcU �cb hJ� PbxUV bU aHY¬^ bWIcb ` WXY¬Z h¬dQiIj kbWlb W��S b (LZ gHii¸j mIpS b�VbV UbW� [dQMqUb VULj WXYZ qb a� �QIpY^ &V`{¸j GM{^ bx [dQ¬¬MqUb UL¬¬®esd&V`{¬¬¸j G¬¬M UV )L¬¬µLj g¬¬M bñH¬¬c` �QIpY¬¬^�
Heusler`Schneider[9]

�WXY¬Z ` aHY^ bWIcb hdQiIj kbWl b�V`{¬¸j UV bU aHYHrHc UQI]Qc WdP`Q¬� PbQ¬Kppm
*õWXY¬Z � muS Q�j VULjW�VbV UbhJ¬� m¬d mHp¬� PUbVL¬s^ ` {¬^ böm¬¯ bUb bU �VLs^{^ bxLK �{� �Ubzw �MQI^ úQcb Wdm¬� [�MbW¬� UV gHii¸j gMb ·cP`Q¬� RQ¬HS T G¬M UV qQH^ VULj aHY^ bWIcb Ub{ijppm
+õWXY¬Z m¬M' md hJ� [^qLc qb aHYHrHc PRLSLZULj WHH,K PbWdhJ¬� Pb V`{�ppmö�õmM' qb WHH,K PbWd ` �mI�U md hJ� PbhJ¬� Pb V`{¬�ppm

��õ�¬¬cbm¬¬d WXY¬¬Z [\¬¬S Q]Q̂ Ub{¬ij yMbz¬¬Zb Q¬¬d �
ppm

*õ}V`zZ b[I�ppm
+�õ[¬s^ zH^ aHY^ bWIcbG¬M {¬^ bLK mI�U UQI]QcVU`T VL_Ld bU hJ� Pb[9]x VL_Lj kQMW®^ úQcb Wd[1,8-10]o¬H�WK hHJ�K opc WXYZ �

AlP[j ±b�j UVVVWwxo¬H�WK gMb[¬j{¬^ bLK}bL¬ef m¬dz¬�Wj m̂ bL_[^qm¬^ bL_ ` �VW¬� hsf [JHIJKLM aHYHrHc qQZ hHJ�K UVV aHYHrHc qQZ [^qo¬H�WK ULv¬� UV a¬� �QIpY¬^ {¬MWpK }`VQj U
AlP
�[JHIJKLM aHYHrHc ��UV kQ̧ Xn hHJ�K PbWd bU ·MbW�[j aObWZ{e�xqb W¬Is� m¬d }bL¬Id bU ±b�¬j WXY¬Z Ub{¬ij m� [KULn UV

ppmö �UbLsO {^QcU�qQY¬�d W¬nQef }V`z¬Z b }`{d�aHY¬HrHc UQI]Q¬c � PqQY�d ²_UV PbUbV [JHIJKLM(Modification Rate)
�VQuj ú�� Qd�mM' UQI]Qc }QsO QMVLd {ObL] hJ� Pb[8]x qb yHd WMVQij UV WXYZ �®r� VL_` WMV }QHd mdppmöop¬c [jPbUbV �UbL¬sO aHY¬HrHc UQI]Q¬c �[uHp� ·MbW� UV m� VVWwPqQY�d ²_UVöhJ¬� [^qL¬c ` �{�¬^ PqQY�d ��jQ� UQI]Qc QM {�Qd�f m¬d P{¬ed m¬_UV úQcb Wd·¬cLK �{¬jT h¬sApelian

[11][^qL¬c aHY¬HrHc qb hJ�Ij �{�^ PqQY�d ��jQ� UQI]Qc �PqQY�d ²_UV PbUbV ��UV hJ�ö�{¬� PqQY�d ��jQ� UQI]Qc � mI�U aHYHrHc qb hJ�IjPqQY�d ²_UV PbUbV tMWò hJ� Pb� aHYHrHc qb [�Lr�j P`Q� PQOUQI]Qc `mM' PQOmI¬�U ` PbPb Q_UV PbUbV hJ�PqQY�d k+ø�[j{e�Qdx�UV WXYZ Qd ye�b` md aHY^ bWIcb WK{M{� [¯QHsH� hMQsKhHJ�¬KhjQ¬� P{HXYZ ²̂ Qw {e� kQpH�WK QM ` aHY^ bWIcb {HXYZ oH�WKWXYZ�aHY^ bWIcbaHeHjLST `±b�j UVUV aHeHjL¬S T Q¬d mYMQij UV oH�WK hHJ�KAlP
�` �{� WXYZ Wvj kbWl b PqQc [�e] opc ��sfQdyOQ�oH�WKAlPqQ¬Z hHJ�¬K PbWd bU ·MbW� ±b�j UVmI�U PRLSLZULj Qd [JHIJKLM aHYHrHchJ� Pb��jQ¬� UQI]Qc QM �{� PqQY�d[j aObWZ{MQs^x
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 Ub{ij �P{HXYZ kQpH�WK hHJ�K UV aHY^ bWIcb ��W� md m_LK Qdqb [ZQ¬� {^QsY¬| �UbL¬sO m¬� {�Qd P{� UV {MQd aHY^ bWIcb [r�^ bWIcbVL¬_` PqQY¬�d y¬i^ �QXM b PbWd ±b�j UV �Lr¸j VbqT aHY{�Qd mI�bV[1,8]x ñdQej Wd U`Wj&{eO{^Q�^kbW¬l b gH¬ii¸j WI�¬Hd m¬� �¬cb g¬M bUQI]Q¬¬c W¬¬d ·¬¬iZ bU qQY¬¬�d W¬¬nQef ` WXY¬¬Z [\¬¬S Q]Q̂ h¬¬d QiIj�VbV UbW� [cUWd VULj aHYHrHc [|LJc`WJHjgs¬µ �Q¬jLsf ` {^ b bzZ b �WXYZ Wvj kbWl b {HMùK[�e] ��_ bU qQY�d W\ef Ub{ij yM Wvj kbWl b PqQc}T�VLs^ mHnLK{^ bx [ZW� qb�{¬jT h¬sf m¬d kQ¬iHi¸K úQ¬cb W¬d[2-4]

����ø���yMbz¬¬Z b Q¬¬M ` hHJ�¬¬K op¬¬c aHY¬¬^ bWIcb Q¬¬d PqQY¬¬�d kQ¬¬Hrsfh�r�K[j [I�MU kQu�� UV �{e�bW| ` zMU PQOm¬� W¬O ` VVWw WI�Hd �{� �V`zZb aHY^ bWIcb Ub{ijh�r�K VQud b ` Vb{uK {�QdPQO {� {ObL] WI�Hd UL��jxm� �cb [eHd yH| hdQ� `WeM b qbPqQY¬�d kQ¬HrsfPbUbVW¬lb `V [I�MU kQu�� [JH^QJj ~bL] Wd VQvIj{�Qdxqb kQ¬Hrsf g¬Mb~bL¬] VL¬p�d PbWd bU ·MbW� aHYHrHc UQI]Qc ó�nb Qd Lc GM[j aObWZ [JH^QJjz¬Z b Q¬d [ZW� qb �{e�h¬�r�K yMb` z¬MU PQ¬O [j [JH^QJj ~bL] yOQ� opc �{e�bW|VVWw
[11]x �| gMb UV`Wd VULj )LµLj `V yOU�¬ZWw {¬ObL] UbW¬� [cx�`b [j QMT WXYZ [\SQ]Q̂ qb VQMq �QIpY^ Ub{ij ULv� UV mJeM bQ¬d }bL¬K{HcU �{� PqQY�d ��jQ� UQI]Qc GM md aHY^ bWIcb Ub{ij yMbzZ bx gMb mJeM b �`Vm¬� UQI]Q¬c [SQ¬sI�b VL¬p�d ` aHY^ bWIcb yMbzZb��bV {ObL] [JH^QJj ~bL] Wd PWHlùKx �¦����� ���� �̈ � aHeHjLST RQHS T yO`�| gMb UV �VQXIcb VULj RQHS T���

 A
VLdx ys� UL®ej gM{d���UV �{� m̄ bUb [¯QHsH� oH�WK Qd LJS bWM b �`{_ö�ZWw UbW� �VQXIcb VULjx[\SQ]Q̂ Ub{ijys� UV WXYZhdQ� PWIj`WIJNcb zHS Q̂ T �`Wd m� VLp^ P{� UV �VQXIcb VULj�qb{^ b ` !H��K{�Qd PWHw�gHe� PbWd WXYZ Ub{ij h�b{� V`{� {MQd PzHS Q̂ Tppm

�õ{�Qdx� "�B#��$%
 &'£C%C
 (C¢) !"
 A�� A�£��� � ��*� $¤�+,

Si Fe Cu Mg Zn Mn Ti Al -./0 11/2 23/2 
-./2 24/2 25/2 

1/2 678 9:;< {� �Qô^ b aHYHrHc {HdUQ� ²KLd Qd [Ij`Qij &UL� UV ±`´ kQHrsfxmd RQHS T [JH^QJj ~bL] ` UQI]Qc Wd WXYZ kbWl b [cUWd UL®ej���
A QORQHS T �aHY^ bWIcb Qd �{� PqQY�dqb °| ` WXYZ }V`zZ b }`{d [¯ WXYZ yMbzZ bMU ` mH�K aHY^ bWIcb trI�j WMVQij P`Q�mI�PWw {^{�x

±`´ qb °| �mr�Wj WO UV
kg
�PQjV }{HcU ` UL��j ys� qb md ±b�joC 

=�õ�V`{�õõ�÷õ[^q` {nUV�ppm
�õ�qb WXYZ ~W� ³MW�m̂ bL_ PQO}bWM b úUQZ ��W� UbVWXYZ Pbq

(Nucleant-11M)±b�j }{� �bUT qb °| ` {� �V`zZb ±b�j mdUb{ij �WXYZ yMbzZb kQHrsf �QsKb `aHY^ bWIcb qb W®^ VULj�õõ�÷õ� õõ�÷õ�õõ*÷õ�õö�÷õ�õö�÷õ�õ�÷õ�õ�÷õ�õ+÷õ`õ�÷õ{nUV [^q`�}b�HjT ³MW� qbSr
>öõAl-{� �V`zZ b ±b�j mdx�õmiH�V}T qb °| ` {� mIZWw W®^ UV aHY^ bWIcb hjQ� ��¸^b ��_ }Qjqm̂ Ls^ oSQ� }`UV ±b�jmI�MU y�� VWw PQO{� PWwx m̂ Ls^PQOy�� VWwhJ� UV m� UL�^QsO��cb �{� �VbV }Q�^ �[YHrHc mcQj qb �VQXIcb Qd �`U ` aM{c kQJHrHc oY� PWHwVL]CO2

oSQ�{^{� PWHwxUQI]Qc [cUWd UL®ej mdmH�K UQpO bU Pb{Id b qb W®^ VULj ²̂ Ls^ �trI�j PQORQHS T [|LJc`WJHj{�xPUL̂ ?LJc`WJHj qbNicon FX-35DX�ôjUbzZ b �Ŵ md z
Snazzi{� �VQXIcb [ZbWwLSQIj WM`Q\K ²H�K UVxkbWl b md m_LK Qd [pY^d ` [|LJc`WJHj UQI]Qc Wd [KUbW� kQHrsfm[cUWd UL®ejm̂ Ls^ �[|LJc`WJHj UQI]Qc Wd aHY^ bWIcb trI�j WMVQij Wl bPQO {eIZWw UbW� muS Q�j VULj [I�MU ·MbW� UV W®^ VULjxqb [ZW� qb ^ Tqb °| �QK{sf �{� PqQY�d PQORQHS T qb [I�MU kQu�� m� [¯Qô[j UbW� �VQXIcb VULj �uen UV [KUbW� kQHrsf[cUWd ��_ �{^WHw m̂ Ls^ �[JH^QJj ~bL]kQHrsf �¸K PUQJeH�Qj qb hp� y�� PQO{eIZWw UbW� [I�c ±LcU ` [SLr¸j [KUbW�xm̂ Ls^ }T qb °|Wd QO VUb{^QIcb úQcbASTM-B557M{^{� PUQJeH�QjxyMQjqT �QIcV qb �VQXIcb Qd y�@MTS

�{j20/M�dQl �fWc Qd `
mm/min

A÷�{� �Qô^ bx
Width of riser (runner): 23mm

Length of cylindrical specimens: 100mm

Ø30 Ø18
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Metallographic samples

  	D
B��� CCD�£E F�� � "B�  ���*%� $G£%�$H¢ �I  £¤ J�*%�  I J�KG�L¦M� �NOm̂ Ls^ UV WXYZ [\SQ] Q̂ Ub{ijI�MU PQO[WXY¬Z yMbzZ b qb °| dmV`{� ·cLIj UL�ppm
+õ{jT �c{dxUV m¬HS`b ys¬� UV W\¬ef g¬Mb Ub{¬ij m� �Y^T &{eO{̂ Q�^ gMbV`{�ppmöõ�cb �VLd�`WeM b qbgI¬j �UQ^ UV �SL�c ��_
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����������� ��� �� W¬®^ UV WXY¬Z a¬� PQ¬ORQHS T }bL¬ef md [¯QORQHS T gHe� mjbVb UV[j mIZWw{^L�x [ZW� qbm̂ Ls^ qb mIc{^TmI�MU qb hp� Q�^T ±b�j md m� [¯QOPW¬w Ub{ijppm
�õPQORQHS T }bLef md �cb �{� mZQµb WXYZW|WXYZ UV[j mIZWw W®^{̂ L�xRQHS T UV [JHIJKLM aHYHrHc UQI]Qc���

 APqQY¬�d ·MbW¬� UV RQHS T `V WO UV �{�^WXY¬Z W|`a¬�UQ¬®I^ b m¬� UL�^Q¬sO WXY¬Z [jd �ZUmLd hJ� [^qLc kULnVx Ub{¬¬ij m¬¬d aHY¬¬^ bWIcb }V`z¬¬Z bõõ�÷õ`õõ�÷õ[¬¬^q` {¬¬nUV �ppm
�õ`ppm

�õ�qQ¬¬Z PRL¬¬SLZULj [pY¬¬^ ó�¬¬nb op¬¬c RQHS T UV aHYHrHca�aHY¬^ bWIcb qb WMVQij gMb [S` �{MVWw WXYZ m®��j hdQ� WHlùKRQHS T UV aHY¬HrHc PRL¬SLZULj W¬d PbPQ¬OW¬| ��b{̂ WXYZxd )LµLj gMbmhJ¬� UV [dL]��¬^�{¬� �VbV }Q �cbx
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���� hJ� UV+�{� PqQY�d ·MbW� UV RQHS T `V [|LJc`WJHj UQI]Qc Qdõõ*÷õ�cb �{� �VbV }Q�^ aHY^ bWIcb [^q` {nUVx O[j m®��j m� UL�^Qsm¬d aHY¬^ bWIcb Ub{¬ij g¬M b }V`zZb VVWwqQ¬Z m¬_LK h¬dQ� PqQ¬c t¬MWò ` ó�¬nb op¬c WXY¬Z a� RQHS T�cb �{MVWw aHYHrHcxbU ·MbW¬� g¬Mb UV mr¬nQ� PqQY�d ²_UV [jkQ_UV {� UV }bLK+ø�VLs^ [dQMqUbx yMbzZ b �WXYZ W| RQHS T UV [ZW� qbõõ*÷õaHY^ bWIcb [^q` {nUVmI¬�b{^ aHY¬HrHc PRLSLZULj ó�nb Wd PWHlùKQ¬K ·¬iZ ` �¬cb tMWò opc P{�UQI]Q¬c UV hJ� [^qLc aHYHrHc qQZ }{� WK �cb �{MVWwx
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A £� AB
  �£��������C�� ��� � &��� B��� �&'£%�I�	�
���� yMbz¬Zb Qdm¬d aHY¬^ bWIcb Ub{¬ijõö�÷õUQI]Q¬c �[¬^q` {¬nUVmI¬�U �¬SQ� m¬d �Q¬pMWiK WXYZ a� RQHS T UV aHYHrHc` t¬MWò Pb {HcU �{� PqQY�d ��jQ�x hJ� m� UL�^QsO�[j }Q�^UQI]Q¬c Ub{¬ij ·MbW� gMb UV {OV mM'bU PqQY¬�d ²¬_UV ` �¬cb zH�Q¬^ UQHY¬d m¬eHjq UV hJ� Pb [j&V`{¸j UV }bLK�ø+VLs^ [OVVUb{^QIcbx RQ¬HS T UV m¬� �cb [SQ� UV gMbWXY¬Z W¬|}V`z¬Z b [¬I�õö�÷õ m¬®��j hdQ� WHlùK zH^ aHY^ bWIcb [^q` {nUVPRL¬SLZULj W¬d PbtMWò bU qQZ gMb [pY^ UL�d ·iZ aO qQd ` �cb mI�b{̂ aHYHrHc�cb �VW� WKxUV aHYHrHc qQZ UQI]Qc �aHY^ bWIcb qb PWI�Hd WMVQij yMbzZb Qd{MVWw ó�nb [pY^ UL� md WXYZW| RQHS TxUQI]Qc [pY^ PqQY�d yMbzZb Qd aHYHrHcõö�÷õhJ� UV aHY^ bWIcb [^q` {nUV� �cb �{� �VbV }Q�^xmd hJ� [^qLc �SQ� qb aHYHrHc PRLSLZULj ·MbW� gMb UVmM' �SQ�� PbhJ�PqQY�d ²_UV��{� hM{pKxUb{ij yMbzZ b md aHY^ bWIcbõ�÷õhJ� [^q` {nUV=WI�Hd PqQY�d �fQd mI�U UQI]Qc &{OQ�j ` aHYHrHcmM' UQI]Qc UQe� UV hJ� PbPb {MVWw hJ��PqQY�d ²_UV�x�aHY^ bWIcb Ub{ij yMbzZb m�WwaHYHrHc UQI]Qc WI�Hd ó�nb opc WXYZ W| RQHS T md[S` {MVWw yMbzZ b [I�õ�÷õUV{nbU ·MbW� �Y^bLI^ zH^ aHY^bWIcb [^q`{MQs^ aObWZ �{� PqQY�d ��jQ� UQI]Qc GM qbW�b PbWdx
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W|WXYZ��{¬� [¬KUbW� kQ¬Hrsf ·MbW¬� UV aHY^ bWIcb �®r� kbWHH,K Qd�cb mIZWw UbW� [cUWd VULjxQ¬I^ úQ¬cb W¬dUV �{¬jT �¬c{d �M hJ�*yMbzZb opc aHY^ bWIcb Qd PqQY�d kQHrsf �[pY^{nUV
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����������� ��� �� �cb �{� �YJ� �L� VQMVqbx{¬nUV m¬_LK h¬dQ� yMbz¬Zb mIpS baHY¬^ bWIcb W¬Is� WMVQ¬ij }Q¬sO UV �L� VQMVqb�qb W¬Is�õ�÷õ [^q` {nUVUbW¬� �VQXI¬cb VUL¬j PqQY¬�d kQ¬Hrsf UV �QK{sf m� [jVWHw�[j �{OQ�jVL�WMVQ¬ij UV aHY^ bWIcb �®r� yMbzZb ` qb yHdõ�÷õaHYHrHc UQI]Qc [pY^ ó�nb VL_` Qd [^q` {nUVPWM�| �Q�u^ b VLp�d opc �cb mIY^ bLI^(Ductility)
VVWwxqbWHlù¬¬K aHY¬¬^ bWIcb t¬¬rI�j WMVQ¬¬ij Q¬¬d PqQY¬¬�d kQ¬¬Hrsf [¬¬ZW�[KUbW� kQHrsf ·MbW� UV RQHS T gMb �YJ� �QJ¸Icb Wd [\��j{��cb mI�b{^ �xhJ� UV [dL] md )LµLj gMb�öõ��VbV }Q�^ �cb �{�x
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��&��£�£� ��� �¦	
 ��� ^[j }Q�^ ³Hi¸K gMb UV �{jT �c{d �MQIVL¬_` m¬� {OVUb{¬ij qb VQMqRQHS T UV WXYZ [\SQ]Q̂���
A

��¬� Q¬M ` yOQ¬� op¬c aHY^ bWIcb kbWl bUVaHYHrHc UQI]Qc ó�nb[JHIJKLM[jVVW¬w �WM`Q\K=ø��x[j �{OQ�j m� UL�^QsOVVWw�hJ���ULv� UV � õõ+÷õ{¬¬nUVWXY¬¬Z [¬¬^q`yMbz¬¬Z b [¬¬I�õ�÷õ[¬¬^q` {¬¬nUV

zH^ aHY^ bWIcb{^ bLK [s^VL_Ld bU �{� PqQY�d ��jQ� UQI]Qc GM VU`TxUV)bL¬¬^ b ` �¬¬cb gsOQ¬¬^ aHY¬¬HrHc UQI]Q¬¬c ·MbW¬¬� g¬¬M bPRLSLZULj�PQOmI¬�Um¬M' �t¬MWò hJ¬� Pb[¬I� ` hJ¬� Pb ��UV hJ� [^qLczH^[j �ZQM meHjq UVL�^{xUQI]Qc [esOQ̂ qQY�d RQHS T UV aHYHrHcQd �{� Põ�÷õaHY¬^ bWIcb [¬^q` {nUV [j �{OQ�j zH^VVWw�hJ�=x�a� RQHS T UV m� �cb [SQ� UV gMb aHYHrHc UQI]Qc WXYZ�{� PqQY�d`�¬cb gsO PVQMq {� QK �WM`Q\¬K�ø+�xhHJ�¬¬K Q¬¬d aHY¬¬^ bWIcb {¬¬� W¬¬�´ m¬¬� UL�^Q¬¬sO[¯ bVq WXYZ Qd ñ� b` UV ` P{HXYZ kQpH�WKUb{ij yOQ� opc m� oH�WKAlP[j ±b�j UV�VL�[¬Xej kbW¬l b PqQ¬c [�e] opcPqQY¬�d opc ±b�j UV �{^Qj [�Qd aHY^ bWIcb Ub{ij ` �{� WXYZVVW¬w [¬j aHYHrHc UQI]Qcxqb PUQHY¬d {¬e^ QsO VL¬_` g¬Mb Q¬d ye�b`PQ¬jV UV [¬I�` m¬� �¬cb [eHd yH| hdQ� [¯QHsH� PQOP{HXYZ kQpH�WK hHJ�K ye�b` ±b�j [XH� kQHrsfaHY^ bWIcb [j �VQuK mdVL¬_` ±b�¬j UV �Lr¸j WXYZ PUb{ij aO qQd �{ecU VUbVxWMVQ¬ij hHJ�¬K op¬c m¬� �YH^ P{� UV mIpS b Ub{ij gMbWv¬¬j o¬¬H�WK qb [�_L¬¬K h¬¬dQ�AlP
VVW¬¬wxVQ¬¬sô^ b )`W¬¬� Q¬¬d aHY¬^ bWIcb �aHYHrHc ULrpK ` [JHIJKLMVbqT±b�¬j UV �L¬r¸j ` � VL� [j ±�_ aHYHrHc qQZ ·cLKqQZ PqQY�d opc VL] gMb m [j aHYHrHcVVWw

[1]x�Vq °¬| aHY^ bWIcb ` aHYHrHc yMbzZb ` QjV yOQ� Qd gHe�sOkQ¬pH�WK hHJ�K PbWd [¯QHsH� hMQsK �VQsô^ b ²�p_ ·cLK �{�{¬dQM [j yMbzZb aHYHrHc ` aHY^ bWIcb qb [e� PzrZ gHd[3-4]x {ij [JHIJKLM VQsô^ b W]b`b UV m� �cb [�M{dVbqT aHY¬^ bWIcb Ub {�Qp^ m_LK hdQ� ±b�j UVx�{¬^Qj [�Q¬d WXYZ m� �YHSQ� UV gMb[j �Vq °| VQsô^ b ²�p_ ·cLK ±b�j UVW]b`b UV gMb Wd Qed �VL� VQsô^ bm¬_LK hdQ� [JHIJKLM PQ�SLrc gHd ±b�j UV WXYZ �®r� [jVVWwxaHY¬^ bWIcb ²IMLHI�b QM Ub{ij �cb gJsj ·MbW� gMb UV j [�QdP{HXY¬Z kQpH�WK hHJ�K ye�b` m� {�Qp^ P{� UV �{^QhHJ�K ye�b` md bU UbV aHY^ bWIcbAlP{¬^ bVWw _WjxhHJ�¬K oH�WK [SQsI�bAlPm̂ bL_ ` [SLrc gHd ³�Qej qb []Wd UV[¬^q m¬M' aHYHrHc hHJ�K opc oH�WK gMb ·cLK aHYHrHc` PbQ¬M ³�Qej gMb UV hJ� [^qLc[j�{M{| gMb m� VVWw[j VL]{¬^ bLK VL� aHYHrHc UQI]Qc UV [esOQ̂ opc�hJ���x�Q¬� W¬O md IJ^²�¬cb gMb VWHw UbW� m_LK VULj {MQd mr�Wj gMb UV m� [s�jPQORQHS T UV WXYZ [\SQ] Q̂ Ub{ij m� [KULn UV m�Al-Si
GM qb��jQ¬� UQI]Q¬c GM md }{HcU }QJjb WMV �V`U WKbWZ !��j {�VL¬_` �{� PqQY�d�¬�bV {¬ObL�^xUb{¬ij [�MbW¬� gH¬e� UV ±b�j UV WXYZ [\SQ]Q̂WMVQ¬ij yMbz¬Zb [I� m� �cb P{� UV[s^ zH^ aHY^ bWIcb VQMq �QIpY^PqQc [�e] opc {^ bLKhjQ�Wl bkb VVWw }TxoH�WK [SQsI�b VL_` ñ�b` UVAlP
WMVQ¬ij VL¬_` QM `HY¬^ bWIcb P`Q¬� P{HXY¬Z ²¬^Qw{e� kQ¬pH�WK qb VQMq �QIpY^` a
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 aHeHjLST�±b�j UVqbhHJ�K[JHIJKLM aHYHrHc qQZUQI]Q¬c Q¬d �{� PqQY�d ��jQ�[j PWHwLr_{ee�xPqQY¬�d kQHrsf [ZW� qb PQORQHS TAl-Si` PWM�¬| �Q¬�u^ b yMbz¬Zb UL¬®ej m¬d �QK{sf[j �Qô^ b [I�MU kQu�� ²dWµ md �j`Qij²¬_UV m¬� W¬O ` VL� K'Q¬d aHYHrHc UQI]Qc PqQY�d�Q¬�u^ b UV yMbz¬Zb g¬M b �{¬�Qd W VLd {ObL] WI�Hd PWM�|[1]xyO`�¬| g¬M b UV �{jT �c{d �MQI^ �hJ�*�[¬j }Q�¬^ zH^RQ¬HS T G¬M UV m¬� {¬OV���

AP`Q¬� [\SQ]Q̂Q¬d b{Id b UV �{� �V`zZ b aHY^ bWIcb Ub{ij yMbzZ b Qd �WXYZ tMWò[pY¬^ UL� md �L� VQMVqb {nUV aHYHrHc UQI]Qc }{� WK bzZ bm�Ww aHY^ bWIcb WI�Hd yMbzZb }T qb °| [S` �cb mIZQM yMUV ` Pb m¬M' m¬d hJ¬� [^qL¬c qb aHYHrHc UQI]Qc WHH,K opcmI�U P{� QK mj bVbPbhJ�UV W¬HH,K g¬M b [S` �cb �{� tMWò m®��j hdQ� Wl b UQI]Qc�cb mI�b{^ �L� VQMVqb {nUV Wd PbxUV {� qb aHY^ bWIcb Ub{ij yMbzZ b ñ� b`V`õ�÷õQK [^q` {nUVõ�÷õ~bL¬] W¬d [S` �cb �{� UQI]Qc VLp�d opc m�Ww [^q` {nUV�cb mI�b{^ PWHlùK [JH^QJjxhJ¬� m¬d m¬_LK Q¬d gH¬e�sOöõW¬d [\¬��j WHlù¬K aHY^ bWIcb trI�j WMVQij Qd PqQY�d kQHrsfm̂ Ls^ �QJ¸Icb�cb mI�b{̂ QOx[¬j �MQ¬I^ gMb mH_LK UVm¬d }bL¬K yMbzZb &{M{|aHY¬^ bWIcb Q¬d �{¬� PqQY¬�d PQORQHS T UV h�r�K VW� �UQ�bx{¬� W¬�´ m¬j{ij �sY¬� UV m¬� UL�^Q¬sOkQ¬Hrsf[¬I�MU kQ¬u�� [JH^QJj ~bL] Wd VQvIj Wlb `V PbUbV PqQY�d�cbxbU ·MbW� aHYHrHc UQI]Qc ó�nb Qd Lc GM qb kQHrsf gMb[¬j aObW¬Z [JH^Q¬Jj ~bL] VLp�d PbWdqb �{¬e�W¬MV PL¬cQ¬d h�r�K yMbzZ b�{e�bW| ` zMU PQO~bL¬] yOQ¬� opc mu�� UV [j [JH^QJjVVWwx` yMbz¬Zb opc VQvIj Wlb `V gMb {eM bWd mJeM b[j [JH^QJj ~bL] yOQ� QM` mr¬nQ� PqQY¬�d ²¬_UV m¬d VVWwVUbV [IYd mIZQM yMbzZ b h�r�K Ub{ijx�¬c{d UbVLs^ mH_LK UV hJ� UV �{jT*[jK UL�eM b }bLKyMbz¬Zb b{¬Id b UV m¬� VbV HµLt¬MWò `WeM b qb ��VLp^ m_LK hdQ� aHY^ bWIcb yMbzZb Wl b UV h�r�K}{�[pY^ ó�nb `{nUV [pY^ yMbzZ b opc aHYHrHc UQI]Qc�¬cb �{MVWw �L� VQMVqbxm¬�Ww �aHY¬^ bWIcb Ub{¬ij yMbz¬Z b Q¬dyMbz¬Zb [Xej kbWlb [S` �cb �{� ó�nb PWI�Hd {� QK UQI]Qc{ij�¬p�j kbW¬l b m� �VLd P{� UV [JH^QJj ~bL] Wd h�r�K Ub�cb �VWd gHd qb bU UQI]Qc ó�nbxm¬d P{¬_ m_LK �`zS W^QHd ³Hi¸K gMb �MQI^ [r� [dQMqUb GM UV�¬cb UbW� m� �cb [¯QORQHS T md WXYZ [\SQ]Q̂ V`U` qb PWHwLr_WHw UbW� �VQXIcb VULj PqQY�d kQHrsf qb °| P{ud h�bWj UV{^�QIpY¬^ WMVQij md [¯QORQHS T gHe� ±b�j }{� �VLST kULn UV bWMqVL¬d {¬ObL] hJ�¬j �{� PqQY�d UQI]Qc md }{HcU �WXYZ VQMqxP{¬� Q¬K �¬cb g¬Jsj m�Ww aHY^ bWIcb Ub{ij yMbzZ b gHe�sOQ¬d [S` {��d VLp�d bU [|LJc`WJHj UQI]Qc Wd WXYZ [Xej kbWl bQ�eK m̂ �kQu�� UV h�r�K yMbzZ bhnQ� ±Lr�j [JH^QJj ~bL]

úQcb Wd mJrd {� {ObL�^[cUWdPQO�{¬jT h¬sf md�ö��g¬Mb � h�r�K{MVWw {eObL] PWM�| [I�^ yMbzZb opc VL] QOxm_LK Qd mJeM b mdaô� WµQ� �Q� UVPQ¬ORQHSTqbPVQ¬Mq[¬I�MUqb aHeHjL¬S T mµbW� [dQMqQd ³MW�[j mH�K QOmI¬cV ` [¯Q¬cQe� b�S {̂ L�¬edP{ �VQXIcb VULj kQuMQµ±b�j [¯ bVq WXYZ kQHrsf �Qô^ b gHe�sO `{cU [j W®ed PU`Wµ (LZ k�J�j qb PWH�H| ��_x �¦���� §��NO �xRQHS T GM UV WXYZ [\SQ]Q̂ VL_`Al-Si}T h¬dQiIj kbW¬l b `�¬cb �{� �V`zZb ±b�j md PqQY�d kQHrsf [� m� aHY^ bWIcb QdW¬l b ��¬� Q¬M ` yOQ¬� opcUQI]Q¬c ó�¬nb UV aHY¬^ bWIcb kb [j [JHIJKLM aHYHrHcVVWwx �x[j aHY^ bWIcb Ub{ij yMbzZ b[¬Xej kbW¬l b }bW¬p_ op¬c {^ bLKUb{¬ij m� [�MbW� UV m�Ww �VVWw [|LJc`WJHj UQI]Qc Wd WXYZPqQY¬�d ��jQ¬� UQI]Qc GM md }{HcU ��cb VQMq WXYZ [\SQ]Q̂O bL] gJsj WH� QM ` hJ�j UQHYd �{�VLd {x �xRQHS T GM UV WXYZ [\SQ]Q̂ VL_`Al-Si}T h¬dQiIj kbW¬l b `W¬d aHY¬^ bWIcb �¬p�j kbWl b ��� QM ` yOQ� opc aHY^ bWIcb Qd[JH^QJj ~bL]��L� VQMVqb {nUV�[jVVWwx�{¬jT �c{d �MQI^ RQ¬¬HS T UV VbV }Q�¬¬^���
AP`Q¬¬�ppm

+õ�WXY¬¬Zqb �VQXI¬¬cb aHY^ bWIcb �LcWj WMVQij�õ�÷õøõö÷õ[^q` {nUV�}{HcU opc [s^ �{� PqQY�d UQI]Qc mdVVWwxyMbzZbaHY¬^ bWIcb Ub{¬ijm¬d �LcWj WMVQij qb yHd PWMVQij�õ�÷õøõ�÷õ[^q` {nUV�m¬�Ww [¬j aHYHrHc UQI]Qc VLp�d opcQ¬d W¬MV PL¬c qb [¬S` VVW¬w~bL¬] VL¬p�d op¬c h¬� UV �[¬I�MU ²u�� UV h�r�K yMbzZ bw {ObL�^ [JH^QJj{MVWx�¦�O ���©� 	 �
�� �W¬¬I¸j he¬¬cW| qbPQ�OQ�¬¬MQjqT ` Q¬¬�OQwUQ�[¬¬c{e�j �`W¬¬w [¯Q_U {H�� �Q�^ bV UV VbLj ` PRULS QIjk{fQY¬j W�Q¬�dPQ¬O [j [^bVU{� ` WJ�K ³Hi¸K gMb �Qô^ b UV m̂ QsHsnVVWwx �� ��¨
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