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Ind strial�conte t�

ðñò óô õöò ÷øòùõòúõ ûüúýóþòøüòú óô õöò ÿ0
th

 ýòñõuøy üñ mòõùlluø÷y wùú pøóbùbly mùûò by Alôøòû Wülm 

wöòñ òxplóøüñ÷ õöò ù÷ò-öùøûòñüñ÷ ùbülüõy óô Al-Cu ùllóyú. Töò úõøòñ÷õö üñýøòmòñõ ùøüúüñ÷ ûuøüñ÷ ù 

öòùõ õøòùõmòñõ üú ñów  ñówñ õó úõòm ôøóm õöò ôóømùõüóñ óô ñùñó-pøòýüpüõùõòú. �uýö öòùõ õøòùõmòñõú 

öùþò ñów úpøòùû õó mùñy mòõùllüý úyúõòmú ùñû ùøò üñûuúõøüùlly uúòû üñ ù wüûò øùñ÷ò óô ùpplüýùõüóñú 

ôøóm pùý ù÷üñ÷ õó õøùñúpóøõùõüóñ.  

Töò òùøly ÷òñòøùõüóñú óô ýùúõ ùñûwøóu÷öõ Al-ùllóyúwòøò mùüñly bùúòû óñ õöò Al-Cu-M÷, Al-M÷-�ü ùñû 

Al-Zñ-M÷ úyúõòmú. Töò ùûûüõüóñ óô Lü ùú ù pøümùøy ùllóyüñ÷ òlòmòñõ üñ Al-Cu ùllóyú üú móøò øòýòñõ. Lü 

significan��� red�ces ��e a��o�s� densi�� ��i�e en�ancing i�s �od���s� D�e �o 	i�s �ig� so��
i�i�� in ��� 

üõ wùú pøümùøüly ùûûòû üñ lùø÷ò ùmóuñõú wüõö õöò puøpóúò óô ýøòùõüñ÷ öü÷ö úpòýüôüý úõøòñ÷õö 

(úõøòñ÷õö/wòü÷öõ) Al-ùllóyú ôóø mülüõùøy ùüøýøùôõú. Hówòþòø, õöò òùøly ÷òñòøùõüóñú óô Al-Lü-Cu ùllóyú 

òñýóuñõòøòû úü÷ñüôüýùñõ ûøùwbùý ú úuýö ùú póóø õóu÷öñòúú ùñû póóø pøópòøõy úõùbülüõy, õöuú lümüõüñ÷ 

õöòüø uúò. Töøòò ÷òñòøùõüóñú óô Al-Lü-Cu ùllóyú öùþò bòòñ ûòþòlópòû wüõö ù ÷øùûuùl ûümüñuõüóñ óô õöò 

Lü/Cu øùõüó. Töò ýuøøòñõ ÷òñòøùõüóñ ýóñõùüñú lòúú õöùñ ï.8wõ% üñ Lü ùñû lòúú õöùñ 5wõ% üñ Cu wüõö 

müñóø ùûûüõüóñú óô M÷, A÷ ùñû Zø. Töòy ùøò uúòû üñ bóõö mülüõùøy ùñû ýómmòøýüùl ùüøplùñòú mùüñly üñ 

wüñ÷ ùñû ôuúòlù÷ò ú üñú. Töò øòýòñõ pøó÷øòúú üñ Al-Lü-Cu ùllóyú öùú bòòñ ûøüþòñ by õöò ùppùøüõüóñ óô ù 

úõøóñ÷ ýómpòõüõóø õó mòõùlú üñ ùòøóúpùýò, ñùmòly ýómpóúüõò mùõòøüùlú õöùõ ùlúó pøóþüûò òñöùñýòû 

úóluõüóñú õó ùòøóplùñòúmùñuôùýõuøòøú. 
ówùûùyú, lü÷öõòø úóluõüóñú ùøò üñ ûòmùñû üñ óøûòø õó øòûuýò 

ôuòl ýóñúumpõüóñ ùñû õöò òñþüøóñmòñõùl ôóóõpøüñõ óô õöò ùòøóplùñò. 
òw ÷òñòøùõüóñú óô Al-Lü-Cu 

ùllóyú óôôòø ùñ ópõümùl ýómbüñùõüóñ óô pøópòøõüòú úuýö ùú lów ûòñúüõy, öü÷ö úõøòñ÷õö, ÷óóû ûùmù÷ò 

õólòøùñýò ùñû þòøy lóñ÷ õümò pøópòøõy úõùbülüõy õöuú mù üñ÷ õöòm ù pøümò ýöóüýò óô mùõòøüùl ôóø õöò 

ýuøøòñõ ùñû ñòxõ ÷òñòøùõüóñ óô ùüøýøùôõú. Töò AIRWARE úóluõüóñ üú ýuøøòñõly pøópóúòû by Cóñúõòllüum 

ùñû  ùûûøòúúòú õöò ýuøøòñõ ýöùllòñ÷òú ôùýòû üñ õöò ùòøóñùuõüý úòýõóø. Töò mùüñ úýópò óô õöüú  Pö� 

úõuûy üú bùúòû óñ óñò óô õöòúò ùllóyú, wöüýö üú pøóþüûòû by õöò Cóñúõòllüum �óøøòpò Ròúòùøýö Còñõòø, 

ùñû ñùmòû öòøòùôõòø ùú õöò AAÿï98 ùllóy. 
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State�of�the�art�

· From�the�nano-scale�to�the�macro-scale�
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· The�main�contribution�to�strength�in�Al-Cu-Li�alloys:�the�T1�phase�
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· Lack�of�experimental�and�modelling�data�on�strengthening�by�anisotropic�plate-like�

precipitates�
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· Set-up�a�characterisation�procedure�of�the�T1�phase�
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· Test�and�improve�the�existing�yield�strength�models�
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ö÷øùúû üýø þÿùý furþÿùr øùvùú÷piýg þÿù ùxiûþiýg ö÷øùú, wÿicÿ cüý bù üppúiùø þ÷ üýy þypù ÷f T1 

öicr÷ûþrucþurùû. 

 

· Understand� the� strengthening� mechanisms� in� terms� of� dislocation/precipitate�

interaction�

Tÿù fiýüú üiö ÷f þÿiû w÷rk iû þ÷ fuúúy øùûcribù þÿù ûþrùýgþÿùýiýg öùcÿüýiûöû iýv÷úvùø iý þÿù prùûùýcù 

÷f T1 prùcipiþüþùû. B÷þÿ ùxpùriöùýþüú üýø ö÷øùúúiýg rùûuúþû wiúú bù uûùø c÷ýj÷iýþúy þ÷ øùpicþ þÿù 

iýþùrücþi÷ý öùcÿüýiûöû bùþwùùý øiûú÷cüþi÷ýû üýø prùcipiþüþùû. Tÿù ùv÷úuþi÷ý ÷f þÿù ûþrùýgþÿùýiýg 

öùcÿüýiûöû üû ü fuýcþi÷ý ÷f þÿù prùcipiþüþùû ö÷rpÿ÷ú÷gy üýø þÿù iöpücþ ÷ý þÿù rùûuúþiýg yiùúø 

ûþrùýgþÿ wiúú üúû÷ bù øiûcuûûùø. Tw÷ øiffùrùýþ üppr÷ücÿùû cüý bù c÷ýøucþùø þ÷ iývùûþigüþù þÿù 

ûþrùýgþÿùýiýg öùcÿüýiûöû. Tÿù øirùcþ üppr÷ücÿ c÷ýûiûþû iý ÷bûùrviýg þÿù rùûuúþ ÷f üý iýþùrücþi÷ý 

bùþwùùý ü øiûú÷cüþi÷ý üýø ü prùcipiþüþù. HAAD�-STEM iû ü p÷wùrfuú þùcÿýiquù, wÿicÿ iû ûuiþùø þ÷ þÿù 

÷bûùrvüþi÷ý ÷f ûÿùüriýg ùvùýþû ÷ý T1 prùcipiþüþùû. H÷wùvùr, þÿiû þùcÿýiquù ÷ýúy pùröiþû ú÷cüú 

÷bûùrvüþi÷ýû üýø ø÷ùû ý÷þ rùvùüú by-püûûùø prùcipiþüþùû. Aû ü c÷ýûùquùýcù, üý iýøirùcþ üppr÷ücÿ iû 

ö÷rù p÷wùrfuú iý þÿù iývùûþigüþi÷ý ÷f þÿù ûþrùýgþÿùýiýg öùcÿüýiûöû. Tÿù iýþùrücþi÷ý öùcÿüýiûöû 

(by-püûûiýg ÷r ûÿùüriýg) ürù ký÷wý þ÷ ÿüvù ü øirùcþ iýfúuùýcù ÷ý ûþrüiý ÿürøùýiýg üýø ÷ý þÿù 

ú÷cüúiûüþi÷ý ÷f púüûþiciþy. Aû ü rùûuúþ, wù pr÷p÷ûù üý iývùûþigüþi÷ý ÷f þÿù púüûþiciþy bùÿüvi÷ur üû ü wüy 

÷f ûþuøyiýg þÿù ûþrùýgþÿùýiýg öùcÿüýiûöû. Wù wiúú ú÷÷k üþ þÿù w÷rk-ÿürøùýiýg bùÿüvi÷ur by uûiýg 

b÷þÿ þùýûiúù üýø Büuûcÿiýgùr þùûþû. Tÿù ú÷cüúiûüþi÷ý ÷f púüûþiciþy iýþ÷ ûúip úiýùû wiúú þÿùý üúû÷ bù 

iývùûþigüþùø wiþÿ N÷öürûki þypù ÷bûùrvüþi÷ýû üýø þÿù C÷ýf÷cüú Lüûùr Scüýýiýg Micr÷ûc÷py (CLSM) 

þùcÿýiquù. 
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· Background�and�methodology�
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· Core�of�the�PhD�work�
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· Discussion�and�conclusion�
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· Appendix�
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Enjoy! 
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 Generalities 

|}| Al~mini~m Allo�s Designation S�stem�
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|}© Temper designation s�stem�
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ÛÜÝÞÛßÝàÛáâ ãäÜ åàáÛÞàæÝâ ÛçÝ èéÚÙ êÝáåëàÞÛåäà áìÝæåãåÝá ÛçÞÛ ÛçÝ æäíê îäÜï çÞá åàêðæÝê Þ ìÝÜßÞàÝàÛ 

êÝãäÜßÞÛåäà ñÝÛîÝÝà òóÚ ôõö ÷øùó 

Súffiû� letterü� ýþ� Oþ� Hþ� T� or�

W� indicates� basic�

treatment�condition�

First� súffiû� digit� indicates�

secondarÿ� treatment� úsed� to�

inflúence�properties�

Second� súffiû� digit� for�

condition� H� onlÿ� indicates�

residúal�hardening�

F-As�fabricated�   

O-Annealed-wroúght�

prodúcts�onlÿ�
  

H-Cold-worked� strain�
hardened�

ÙôCäíêôîäÜïÝê äàíy øôÙ/� çÞÜê 

� øôCäíêôîäÜïÝê Þàê ìÞÜÛåÞííy 

ÞààÝÞíÝê 

�ôÙ/ø çÞÜê 

� õôCäíêôîäÜïÝê Þàê áÛÞñåíåzÝê 6ôõ/� çÞÜê 

�  8ôçÞÜê 

�  9ôÝxÛÜÞ çÞÜê 

W-Solútion�heat-treated�   

T-Heat-treated�stable� ÙôPÞÜÛåÞí  äíðÛåäà � àÞÛðÜÞí ÞëÝåàë  

� øôAààÝÞíÝê æÞáÛ ìÜäêðæÛá äàíy  

� õô äíðÛåäà � æäíêôîäÜïÝê  

� �ô äíðÛåäà � àÞÛðÜÞí ÞëÝåàë  

� ÚôAÜÛåãåæåÞííy ÞëÝê äàíy  

� 6ô äíðÛåäà � ÞÜÛåãåæåÞí ÞëÝåàë  

� 7ô äíðÛåäà � áÛÞñåíåzåàë  

� 8ô äíðÛåäà � æäíêôîäÜï � ÞÜÛåãåæåÞí 

ÞëÝåàë 

 

� 9ô äíðÛåäà � ÞÜÛåãåæåÞí ÞëÝåàë � æäíê 

îäÜï 

 

Table 3: Temper des�gnat�on s�stem for most �rought �lum�n�um allo�s� [3] �
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3.4.2" Influence of the thermo mechanical treatment on the T1 microstructure 

íîï ðñ òóï ôðõö÷ ðñ òóï øùï÷ïîò úðùû ü÷ òð ýîþïù÷òõîþ òóï ùïöõòüðî÷óüø ÿïòúïïî òóï T1 mðùøóðöðôy

õîþ òóï ùï÷ýöòüîô yüïöþ ÷òùïîôòó. Wóïî cðî÷üþïùüîô òóï mðùøóðöðôy ðñ òóï T1 øóõ÷ï, òóï ümøðùòõîò 

øõùõmïòïù÷ õùï òóï ñðööðúüîô: òóï îýmÿïù þïî÷üòy, òóï mïõî þüõmïòïù õîþ òóücûîï÷÷ ðñ òóï øöõòïöïò÷ 

õîþ ñüîõööy òóï vðöýmï ñùõcòüðî ðñ òóï T1 øóõ÷ï. Tóï þüññïùïîò øõùõmïòïù÷ ðñ òóï òóïùmð-mïcóõîücõö 

òùïõòmïîò òóõò úüöö ôùïõòöy üîñöýïîcï òóï ùï÷ýöòüîô T1 mücùð÷òùýcòýùï õùï òóï ñðööðúüîô: òóï õmðýîò ðñ 

cðöþ úðùû õøøöüïþ øùüðù òð òóï ñüîõö óïõò òùïõòmïîò, òóï òïmøïùõòýùï ðñ òóï óïõò òùïõòmïîò õîþ 

ñüîõööy òóï þýùõòüðî ðñ òóï óïõò òùïõòmïîò. 

· Effect�of�pre-stretching�

Iò ü÷ úïöö-ï÷òõÿöü÷óïþ òóõò þü÷öðcõòüðî÷ õcò õ÷ øùïñïùïîòüõö îýcöïõòüðî ÷üòï÷ ñðù òóï T1 øóõ÷ï [ìë]. 

Cðî÷ïqýïîòöy, òóï øùïcüøüòõòüðî ûüîïòüc÷ ðñ òóï T1 øóõ÷ï ü÷ ÷òùðîôöy ümøõcòïþ üñ cðöþ úðùû ü÷ õøøöüïþ 

õñòïù òóï ÷ðöýòüðî óïõò òùïõòmïîò õîþ ÿïñðùï õùòüñücüõö õôïüîô [ìë,ì4,ì5,ì6,ì7,ì8,ì9,20]. Cõ÷÷õþõ ïò 

õö. [ìë] óõvï ÷óðúî òóõò 6ó õò ì90°C õùï îïïþïþ ñðù õî   2090 ÷õmøöï, øùï-þïñðùmïþ 6%, òð ùïõcó õ 

ì.8% T1 vðöýmï ñùõcòüðî üî cðmøõùü÷ðî òð 24ó ñðù õ îðî-øùï-þïñðùmïþ ÷õmøöï. Iî øõùõööïö, òóïy

mïõ÷ýùïþ òóï ïvðöýòüðî ðñ òóï yüïöþ ÷òùïîôòó õîþ ÷óðúïþ òóõò 4ó úõ÷ îïïþïþ òð ùïõcó øïõû ÷òùïîôòó 

ñðù òóï ñüù÷ò ÷õmøöï vïù÷ý÷ 24ó ñðù òóï öõòòïù ðîï. 

Iñ øùï-þïñðùmõòüðî ü÷ õøøöüïþ, òóï T1 øóõ÷ï øùïcüøüòõòï÷ õò òóï ïxøïî÷ï ðñ òóï ðòóïù øóõ÷ï÷. Býò üñ îð 

øùï-þïñðùmõòüðî ü÷ õøøöüïþ, T1 ü÷ îð öðîôïù òóï þðmüîõîò øóõ÷ï.  ÷ õ ùï÷ýöò, úóïî ÷òýþyüîô òóï ümøõcò 

ðñ òóï T1 øóõ÷ï ðî òóï mïcóõîücõö ÿïóõvüðýù, üò ü÷ ümøðùòõîò òð õöúõy÷ õøøöy cðöþ úðùû øùüðù òð òóï 

óïõò òùïõòmïîò. Tóï cðmøïòüòüðî ÿïòúïïî òóï øùïcüøüòõòüðî ðñ T1 õîþ �� �as �een studied �� �a�le et 

õö. [ì6] ðî õî  A/C 458 ÷õmøöï. Aðù õ øùï-þïñðùmõòüðî ñùðm 0 òð 8%, òóï T1 vðöýmï ñùõcòüðî ïvðövï÷ 

ñùðm 0.5% òð õömð÷ò ë% úóïî òóï �� ��lu�e �ra�ti�n de�reases �r�� 	
	�� t� nearl� 
� �Tõÿöï 7). 

Gõÿöï ïò õö. [ì6] õö÷ð óüôóöüôóòïþ òóõò òóï ÷õmï võöýï ðñ yüïöþ ÷òùïîôòó cõî ÿï ùïõcóïþ ñðù þüññïùïîò 

øùï-þïñðùmõòüðî÷ õøøöüïþ ïvïî üñ òóï T1 mücùð÷òùýcòýùï÷ úïùï vïùy þüññïùïîò.  ÷ õ cðî÷ïqýïîcï, üò 

ùïvïõöïþ òóõò òóï ùïöõòüðî÷óüø ÿïòúïïî òóï þüññïùïîò øõùõmïòïù÷ ðñ òóï mðùøóðöðôy ðñ òóï T1 øóõ÷ï 

õîþ òóï üîcùïõ÷ï üî ÷òùïîôòó ü÷ îðò ÷òùõüôóòñðùúõùþ. 

Pre�

stretch 

(�� 

Ageing 

time (h� 

Yield strength 

(MPa� 

T� n�mber 

densit� (��m3� 

T� diameter 

(nm� 

T� Vol�me 

fraction (�� 

� ì20 454 272.6 ì58.7 2.5ë 

� ë5 452 754.7 86.8 2.ì2 

� 20 45ì 96ë.ì 55.6 ì.64 

� ì5 452 ì28ë.ì 5ë.6 ì.42 

� ì0 452 ì478.ë 40.ì 0.94 
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Iî õ ùïcïîò YóZ úðùû, Zïcùïý÷ [68] õö÷ð ùïøðùòïþ òóï ïññïcò ðñ øùï-÷òùïòcó üî õî   2ì98. Tóï 

cðîcöý÷üðî úõ÷ òóï ÷õmï úüòó õ ñõ÷òïù ûüîïòüc÷ ñðù òóï øùï-÷òùïòcóïþ ÷õmøöï÷: ì00ó õò ì55°C ñðù òóï 

îðî-øùï-÷òùïòcóïþ ÷õmøöï vïù÷ý÷ ì5ó ñðù òóï 2% øùï-÷òùïòcóïþ ðîï òð ùïõcó øïõû ÷òùïîôòó. Tóï 

ümøõcò ðî õôïüîô òümï ü÷ òóý÷ ümøðùòõîò ñùðm 0% òð 2% ÿýò üò ÷ïïm÷ òóõò òóï ümøõcò ðî ûüîïòüc÷ üñ õ 

óüôóïù võöýï ðñ øùï-÷òùïòcó ü÷ õøøöüïþ ÿïcðmï÷ öï÷÷ ümøðùòõîò. 
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�~�j��~`� �� ��zz|��� ~`j z�zj�~ �`j� ~`j {�j��~�j~}`k�� k� |{{�kj� �jjz� ~� `|�j �k~~�j kz{|}~ �� 

~`j �j���~k�� �~�j��~`� 

 

· Effect�of�the�heat�treatment�temperature�and�duration�

_`j kz{|}~ �� ~`j `j|~ ~�j|~zj�~ ~jz{j�|~��j |�� ���|~k�� k� �j}k�k�j �{�� ~`j {�j}k{k~|~k�� 

�j��j�}j� �� | ���j �� ~`�z�� ����j� ~kzj |�� `k�`j� ~jz{j�|~��j �j���~ k� �j�j� |�� �|��j� 

{�j}k{k~|~j�� �� ���j� ~� |}`kj�j ~`j z��~ |��|�~|�j��� zk}���~��}~��j ��� | �k�j� |{{�k}|~k��� ��j 

z��~ �j�j}~ ~`j �{~kz�z ~jz{j�|~��j |�� ���|~k��� 

��j}k{k~|~k�� �}}���k�� �� ~`j ��|k� �����|�kj� �j���~� k� {��� ��|}~��j {��{j�~kj� �� ~`k� ~�{j �� 

{�j}k{k~|~k�� k� �j�j�|��� ~� �j |��k�j�� ���jj�� j�j� k� _� ��}�j|~j� �� �k���}|~k��� ~`|~ |�j 

�k�~�k��~j� k� ~`j z|~�k�� ��|k� �����|�kj� |�� ������|k� �����|�kj� |�j |��� {�~j�~k|� ��}�j|~k�� 

�k~j�� _`j {�j}k{k~|~k�� ��}|�k�|~k�� �� ~`j�j �|~~j� �k~j� k� �j~�kzj�~|� ~� ~`j ��|}~��j �j`|�k��� �� ���

 k�¡� |������ ¢�|�j��`k{ j~ |�� ��� ���j��j� k� | {�j�k��� �~��� | }���k�j�|��j �j��}~k�� �� ��|k� 

�����|�� {�j}k{k~|~k�� �� ���j�k�� ~`j `j|~ ~�j|~zj�~ ~jz{j�|~��j ���z £�¤¥¡ ~� £^¤¥¡� ¡���~�� j~ 

|�� ��¦�§¨� ����j�~j� ~`j ��j �� ~�� }���j}�~k�j `j|~ ~�j|~zj�~� k� ���j� ~� ���j� ~`k� �j~�kzj�~|� 

~�{j �� {�j}k{k~|~k��� ��~ ~`j kz{|}~ �� ��|k� �����|�� {�j}k{k~|~k�� �� ��{�j� |�jk�� �|� �k�|���

����� ~� �j {���� 

©��j�j�� k� �j}j�~ �~��kj�� ~`j {j����z|�}j �� ��{�j� �� j�j� ~�k{�j |�jk�� {�|}~k}j� �k~` �k��j�j�~ 

~jz{j�|~��j� |�� ���|~k��� ª«¬ ­®¯±² ³® ´«µ¶ « ·®¬¸³¸µ¶ ¸±­¹¯¶±º¶ ®± ¬®»¶ ®­ ³´¶ »«³¶¼¸«¹½¬ 

{��{j�~kj�� ¾�� k��~|�}j� ~`j ��{�j� |�jk�� j�j}�~j� �� ¡���~�� |�� ¿~|��j ��¦�§¨� �� |� �¾�¡�À�¦ 

�|z{�j �j���~j� k� �k��k�k}|�~ kz{���jzj�~ �� �¤Á k� ��}~k�k~� �k~` | �kzk~j� ���� �� ÀÁ k� �kj�� 

�~�j��~`� Â�����j� j~ |�� �§£� |��� j�{j�kzj�~j� ��{�j� |�jk�� �� |� ��� k�¡� |���� |�� ���j��j� | 

}���k�j�|��j k�}�j|�j k� ��|}~��j ~���`�j��� }�����k�� �j�k�~|�}j |�� ~`j�z|� �~|�k�k~� k� }�z{|�k��� 

~� ~`j �|zj |���� |�j� |~ | �k���j ~jz{j�|~��j� ��~`���` k~ k� k�j��j}~k�j k� ���j�k�� ��|k� �����|��

{�j}k{k~|~k��� ~`j ��{�j� �� j�j� ~�k{�j |�jk�� {�|}~k}j� �k�j |}}j�� ~� | �k�j� �|��j �� 

zk}���~��}~��j� �`k}` j�|��j� z��j ��jj��z ~� }�j|~j |� |���� �k~` �{j}k�k} zj}`|�k}|� {��{j�~kj�� 

¿z|�� |���j Ã�Ä|� �}|~~j�k�� Å¿�Ã¿Æ `|� �jj� {���j� ~� �j | ���� �|� ~� ������ ~`j _� {�j}k{k~|~k�� 

�k�j~k}� k���k~�� �j �j��j� j~ |�� �§^� �j�j��{j� | zj~`�� ~� j�~�|}~ ~`j _� zj|� ~`k}��j�� |�� 

�k|zj~j� j����~k��� k� | ��^£¦� |����� ���k�� | `j|~ ~�j|~zj�~ |~ £¤¤¥¡� �� ~`k� |�jk�� }���k~k��� ~`j 

zj|� ~`k}��j�� �� ~`j _� {�j}k{k~|~j� �|� ����� ~� �j|}` | }���~|�~ �|��j �� £�\�z� �`k}` 

}���j�{���� ~� | �k�~�k��~k�� �� �k���j��|�j� _� {�j}k{k~|~j��  

Ç�j��|�jk�� k� }�|��k}|��� �j~�kzj�~|� ~� ~`j zj}`|�k}|� {��{j�~kj� ��j ~� ~`j }�|��j�k�� �� 

{�j}k{k~|~j�� Èj�j�~`j�j��� ~`j _� {`|�j j�`k�k~� | �jz|��|��j �j�k�~|�}j ~� }�|��j�k�� �§\�� 
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. Strengthening�contri tions�in�Al allo s�

ÊËÌÍÎÏËÐÍÎÑÎÏ ÒÓ Ô ÕÍËÔÖ Ñ× ÑÎØÙÚÍØ ÛÜ ËÐÍ ÝÌÍ×ÍÎÚÍ ÒÓ ÒÛ×ËÔÚÖÍ× ËÒ ØÑ×ÖÒÚÔËÑÒÎ ÕÒËÑÒÎÞ ßÑ×ÖÒÚÔËÑÒÎ 

ÕÒàÍÕÍÎË ÚÔÎ ÛÍ ÑÕÝÍØÍØ ÛÜ ÕÔÎÜ ËÜÝÍ× ÒÓ ÒÛáÍÚË× ×ÙÚÐ Ô×â ÒËÐÍÌ ØÑ×ÖÒÚÔËÑÒÎ×ã ÝÌÍÚÑÝÑËÔËÍ×ã ÏÌÔÑÎ 

ÛÒÙÎØÔÌÑÍ×ã ÔÖÖÒÜÑÎÏ ÍÖÍÕÍÎË× ÑÎ ×ÒÖÑØ ×ÒÖÙËÑÒÎÞÞÞ äÎ ËÐÍ ÚÔ×Í ÒÓ åÖæÔÖÖÒÜ×ã ËÐÍ ×ËÌÍÎÏËÐÍÎÑÎÏ 

ÚÒÎËÌÑÛÙËÑÒÎ× ÕÔÑÎÖÜ ÚÒÕÍ ÓÌÒÕ ËÐÍ ÝÌÍÚÑÝÑËÔËÍ×ã ËÐÍ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÔÎØ çÒÌè ÐÔÌØÍÎÑÎÏ éØÑ×ÖÒÚÔËÑÒÎ×ê 

ëìíãìîïÞ  

ðÐÍ ñÌÑËÑÚÔÖ òÍ×ÒÖàÍØ ÊÐÍÔÌ ÊËÌÍ×× éñòÊÊê Ñ× ËÐÍ ×ËÌÍ×× ÎÍÚÍ××ÔÌÜ ËÒ ÑÎÑËÑÔËÍ ×ÖÑÝ ÑÎ Ô ×ÑÎÏÖÍ ÏÌÔÑÎÞ äÎ 

ÒÌØÍÌ ËÒ ÔÚÚÒÙÎË ÓÒÌ ËÐÍ ÝÒÖÜÚÌÜ×ËÔÖÖÑÎÑËÜ ÒÓ Ô ÏÑàÍÎ ÕÔËÍÌÑÔÖã ËÐÍ ÜÑÍÖØ ×ËÌÍ×× Ñ× ÌÍÖÔËÍØ ËÒ ËÐÍ ñòÊÊ ÛÜ 

ËÐÍ ðÔÜÖÒÌ ÓÔÚËÒÌ óÞ äË× àÔÖÙÍã ÒÓ ÔÛÒÙË É ÑÎ ËÐÍ ÚÔ×Í ÒÓ ÔÎ Ñ×ÒËÌÒÝÑÚ ØÑ×ËÌÑÛÙËÑÒÎ ÒÓ ÚÌÜ×ËÔÖ 

ÒÌÑÍÎËÔËÑÒÎ×ã ÚÔÎ ÛÍ ×ÒÕÍçÐÔË ÖÒçÍÌ çÐÍÎ ËÐÍ ÕÔËÍÌÑÔÖ ÝÒ××Í××Í× Ô ×ËÌÒÎÏ ÚÌÜ×ËÔÖÖÒÏÌÔÝÐÑÚ ËÍôËÙÌÍÞ 

ðÐÍ ÕÑÎÑÕÙÕ àÔÖÙÍ ÒÓ õ ÚÒÌÌÍ×ÝÒÎØ× ËÒ ÔÖÖ ËÐÍ ×ÖÑÝ ×Ü×ËÍÕ× ÒÌÑÍÎËÍØ çÑËÐ Ô ÕÔôÑÕÙÕ ÊÚÐÕÑØ ÓÔÚËÒÌ 

çÑËÐ ÌÍ×ÝÍÚË ËÒ ËÐÍ ÖÒÔØÑÎÏ ØÑÌÍÚËÑÒÎÞ 

 

ö÷ø Solid�Solùtion�hardening�

åÕÒÎÏ ÒËÐÍÌ ÑÎËÍÌÔÚËÑÒÎ×ã ËÐÍ ÔËÒÕ× ÑÎ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÔÌÍ ÒÓ Ô ØÑÓÓÍÌÍÎË ×ÑúÍ ÚÒÕÝÔÌÍØ ËÒ ËÐÍ ÕÔËÌÑô 

ÔËÒÕ× ÔÎØ ËÐÍÌÍÓÒÌÍ ÑÎØÙÚÍ Ô ÖÒÚÔÖ ØÑ×ËÒÌËÑÒÎ ÒÓ ËÐÍ ÚÌÜ×ËÔÖ ×ËÌÙÚËÙÌÍ ÔÎØ Ô ÌÍ×ÙÖËÑÎÏ ×ËÌÍ×× ÓÑÍÖØÞ  ðÐÍ 

ÑÎËÍÌÔÚËÑÒÎ ÒÓ ËÐÍ ØÑ×ÖÒÚÔËÑÒÎ× çÑËÐ ËÐÍ×Í ×ËÌÍ×× ÓÑÍÖØ× ÑÎØÙÚÍ× ×ËÌÍÎÏËÐÍÎÑÎÏÞ äÎ ÑÎØÙ×ËÌÑÔÖ åÖæûÑæñÙ 

ÔÖÖÒÜ×ã ËÐÍ ÎÙÕÛÍÌ ÒÓ ÔÖÖÒÜÑÎÏ ÍÖÍÕÍÎË× ÕÔèÍ× ÑË ØÑÓÓÑÚÙÖË ËÒ ÒÛËÔÑÎ ÔÎ ÔÚÚÙÌÔËÍ ÝÌÍØÑÚËÑÒÎ ÒÓ ËÐÍ ×ÒÖÑØ 

×ÒÖÙËÑÒÎ ×ËÌÍÎÏËÐÍÎÑÎÏÞ üÔ×ÍØ ÒÎ ËÐÍ ÝÒçÍÌ ÖÔç àÔÖÑØ ÓÒÌ Ô ×ÑÎÏÖÍ ×ÒÖÙËÍ ×ÝÍÚÑÍ×ã ËÐÍ ÓÒÖÖÒçÑÎÏ 

ÍôÝÌÍ××ÑÒÎ Ñ× ÒÓËÍÎ Ù×ÍØ ËÒ Í×ËÑÕÔËÍ ËÐÍ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÚÒÎËÌÑÛÙËÑÒÎ ËÒ ËÐÍ ÒàÍÌÔÖÖ ÕÔÚÌÒ×ÚÒÝÑÚ ÜÑÍÖØ 

×ËÌÍÎÏËÐ ëìýãììïâ 

 購鎚鎚 噺 嵜布倦珍系珍珍 崟態 戴斑
 þÿ) 

 

WÐÍÌÍ 系珍 Ñ× ËÐÍ ÚÒÎÚÍÎËÌÔËÑÒÎ ÒÓ ËÐÍ ÔÖÖÒÜÑÎÏ ÍÖÍÕÍÎË á ÔÎØ 倦珍  Ñ× Ô ÓÔÚËÒÌ ÌÍÖÔËÍØ ËÒ ËÐÑ× ÔÖÖÒÜÑÎÏ 

ÍÖÍÕÍÎËÞ 

 

ö÷2 Work�hardening�

WÐÍÎ ÝÖÔ×ËÑÚ ØÍÓÒÌÕÔËÑÒÎ Ñ× ÑÎØÙÚÍØã ØÑ×ÖÒÚÔËÑÒÎ× ËÌÔàÍÖ ËÐÌÒÙÏÐ ËÐÍ ÕÔËÍÌÑÔÖ ÓÒÌÕÑÎÏ Ô ×Ò ÚÔÖÖÍØ 

��islocations forest�� These �islocations act as obstacles to the other moving �islocations, which 

ÚÒÎËÌÑÛÙËÍ ËÒ ËÐÍ ÒàÍÌÔÖÖ ×ËÌÍÎÏËÐÍÎÑÎÏ ÒÓ ËÐÍ ÕÔËÍÌÑÔÖÞ ðÐÑ× ÚÒÎËÌÑÛÙËÑÒÎ Ñ× ÌÍÓÍÌÌÍØ ËÒ Ô× �çÒÌè 

ÐÔÌØÍÎÑÎÏ� ÔÎØ ÚÔÎ ÛÍ çÌÑËËÍÎ Ô× ëì8ïâ  

 購栂朕 噺 警糠航決紐貢鳥 þ�) 
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F��u�� �0: F��	� �qu�
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�� �
�d��� p
���.  

 

��� ����� �� ��� ����� �� �������� �  �!"����� #$�� %�&� % �  #������ ��$" �!"����� $" "�����!�� �� 

 � -"�����!��' I  ��� ��"� �� "�����!�� &���$&$����"( ��� %$"�����$�  !�#" ���� % ��� &���$&$���� 

� �$� �����$ * � ��$�$��� � *�� ����� 砿頂 #��  ��� &���$&$���� $" "�����%' I� ��� &���$&$���� $" !y-&�""�% 

!y ��� O��#�  ����� $"�( ��� %$"�����$�  !�#" ���� % ��� &���$&$���� � �$� ��� � *�� 砿 ������" +' 

/�� �� "$%��$ * "&���$��� �!"�����" �� ��%$�" 1( ��� ����� �� 4 *� �����y $ ����"�" �" � �� ��$� �� 1 

� �$� $� ������" � �� "�� � ����� #��  ��� &���$&$���� $" !y-&�""�%' A" � �� "�6�� ��( ��� �����#$ * 

���� *� ���� ������� ��  !� �� "$%���% ��� ��� ����� ���$ * �  ��� %$"�����$�  #��  �� "$%��$ * � 

"&���$��� &���$&$���� �� ��%$�" 1 [79]; 

 

 繋岫迎岻 噺 倦航決態迎 $� 1<1= 繋岫迎岻 噺 倦航決態迎頂        $� 1>1= 
?@B 

 

/���� C $" � �� "�� � ���� $" �%j�"��% %�&� %$ * � ��� ����� $"�( � % 1= $" ��� ��$�$��� ��%$�"' 

��� �!"����� ����� $ %���% !y � &���$&$���� �  � ���$ * %$"�����$�  ��$*$ ���" ���� �  ��!�� �� 
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²³´ µ¶¶·¸·¹·¸º »¼ ¸³´ ½»¾·¶ ½»¾¿¸·»À Á»À¸Â·Ã¿¸·»À Ä·¸³ µÀ»¸³´Â ¸ºÅ´ »¼ Á»À¸Â·Ã¿¸·»À ½¿Á³ µ½ ÅÂ´Á·Å·¸µ¸´ 

½¸Â´ÀÆ¸³´À·ÀÆ ³µ½ Ã´´À ½¸¿¶·´¶ Â´Á´À¸¾º Ãº Ç»ÀÆ ´¸ µ¾È É±ÊËÈ Ì¸ ³µ½ Ã´´À ¶´Í»À½¸Âµ¸´¶ ¸³µ¸ ¸³´ 

µ¶¶·¸·¹´ ½¸Â´ÀÆ¸³´À·ÀÆ ÎÏÊ µÅÅ¾·´½ Ä³´À ¸³´ ¶´À½·¸º »¼ ¸³´ ÅÂ´Á·Å·¸µ¸´ ·½ ¾»Ä Ã¿¸ ¸³µ¸ Î ¸´À¶½ ¸»ÄµÂ¶ 

Ð Ä·¸³ µÀ ·ÀÁÂ´µ½·ÀÆ ¶´À½·¸º »¼ ÅÂ´Á·Å·¸µ¸´½È Ñ½ µ Á»À½´Ò¿´ÀÁ´Ó ¸³´ µ¶¶·¸·¹·¸º »¼ ¸³´ ½¸Â´ÀÆ¸³´À·ÀÆ 

Á»À¸Â·Ã¿¸·»À½ ¶»´½ À»¸ ½´´Í ¸» Ã´ µ½ ´µ½º µ½ µ ¾·À´µÂ »Â Ò¿µ¶Âµ¸·Á µ¶¶·¸·»À Â¿¾´ µÀ¶ ´¹´À ½´´Í½ ¸» 

´¹»¾¹´ Ä³´À ¸³´ ¶´À½·¸º »¼ ¸³´ »Ã½¸µÁ¾´½ Á³µÀÆ´½È 

Ô»Â ¸³´ ½µÎ´ »¼ ½·ÍÅ¾·¼·Áµ¸·»ÀÓ ¸³´ ¼»¾¾»Ä·ÀÆ Í·Õ¸¿Â´ ¾µÄ ¼»Â ¸³´ Ö×ØØ ·ÀÁÂ´Í´À¸ ·½ »¼¸´À ¿½´¶ ÉÙ±ËÚ 

 

 酵痛墜痛 噺 酵待 髪 酵聴聴 髪謬酵栂朕態 髪 酵椎椎痛態
 ÛÜÝÞ 

 

ß³´Â´ 購待ｂなど警鶏欠 ·½ ¸³´ ·À¸Â·À½·Á ½¸Â´½½ »¼ Å¿Â´ µ¾¿Í·À·¿ÍÈ�

 Conc sion�

 

àÕ¸´À½·¹´ Ä»ÂÎ ³µ½ Ã´´À Å´Â¼»ÂÍ´¶ »À ÅÂ´Á·Å·¸µ¸·»À ·À Ñ¾áâ·áÖ¿ µ¾¾»º½È ²³´ ÅÂ´Á·Å·¸µ¸·»À ³µÂ¶´À·ÀÆ 

ÁµÅµÃ·¾·¸º »¼ ¸³´½´ µ¾¾»º½ ÍµÎ´½ ¸³´Í Àµ¸¿Âµ¾ ÁµÀ¶·¶µ¸´½ ¼»Â µ´Â»½ÅµÁ´ µÅÅ¾·Áµ¸·»À½È Ì¸ ·½ ³·Æ³¾·Æ³¸´¶Ó 

·À ¸³´ ¾·¸´Âµ¸¿Â´Ó ¸³µ¸ ÅÂ´Á·Å·¸µ¸·»À ·À ¸³´½´ ½º½¸´Í½ ·½ µ Á»ÍÅ¾´Õ ÅÂ»Á´½½Ó Ä³·Á³ ·½ ³·Æ³¾º ¶´Å´À¶´À¸ 

»À Á»ÍÅ»½·¸·»À Ã¿¸ µ¾½» »À ¸³´ ¸³´ÂÍ»áÍ´Á³µÀ·Áµ¾ ¸Â´µ¸Í´À¸ µÅÅ¾·´¶ ¸» ¸³´ µ¾¾»ºÈ ²³´ Á»ÍÍ´ÂÁ·µ¾ 

µ¾¾»º½Ó ½¿Á³ µ½ ¸³´ ÑÑÐÊ±ãÓ ·À¹»¾¹´ ÍµÀº ¸ºÅ´½ »¼ µ¾¾»º·ÀÆ ´¾´Í´À¸½Ó µÀ¶ ¸³¿½ µ Ä·¶´ ÂµÀÆ´ »¼ 

ÅÂ´Á·Å·¸µ¸´½ Á»¿¾¶ ¼»ÂÍÈ ä»Ä´¹´ÂÓ Ä³´À µÅÅ¾º·ÀÆ ÅÂ´áµÆ´ ½¸Â´¸Á³ Ä·¸³ µ ½¿·¸µÃ¾´ ³´µ¸ ¸Â´µ¸Í´À¸ 

¸´ÍÅ´Âµ¸¿Â´Ó ¸³´ ²å Å³µ½´ ³µ½ Ã´´À À»¸·Á´¶ ¸» Ã´ ³·Æ³¾º ¶»Í·ÀµÀ¸ ·À ¸³´ ÑÑÐÊ±ã µ¾¾»º µÀ¶ ·¸ ·½ 

Â´Á»ÆÀ·½´¶ µ½ ¸³´ ÅÂ·ÀÁ·Åµ¾ µÁ¸»Â ·À ¸³´ »¹´Âµ¾¾ ½¸Â´ÀÆ¸³´À·ÀÆÈ 

Ñ¾¸³»¿Æ³ ¸³´ Â´¾µ¸·»À½³·Å Ã´¸Ä´´À ¸³´ ÅÂ´Á·Å·¸µ¸´ Í·ÁÂ»½¸Â¿Á¸¿Â´ ·À Ñ¾áÖ¿áâ· µÀ¶ ¸³´ Â´½¿¾¸·ÀÆ 

Í´Á³µÀ·Áµ¾ ÅÂ»Å´Â¸·´½ ³µ½ Ã´´À ½¸¿¶·´¶ Ã´¼»Â´Ó ¸³´ ½¸µ¸´ »¼ ¸³´ µÂ¸ ·À ¸³·½ µÂ´µ ·½ À»¸ º´¸ ½µ¸·½¼µÁ¸»ÂºÈ 

²³´Â´ ·½ µ À´´¶ ¼»Â µ ½º½¸´Íµ¸·ÁÓ Ò¿µÀ¸·¸µ¸·¹´Ó ¶µ¸µÃµ½´ »¼ Í·ÁÂ»½¸Â¿Á¸¿Â´ æ ÅÂ»Å´Â¸·´½ Â´¾µ¸·»À½³·Å½ 

¸» ½´Â¹´ µ½ µ ½¸Â»ÀÆ Ãµ½·½ ¼»Â ¸³´ Í»¶´¾¾·ÀÆ »¼ ½¸Â´ÀÆ¸³´À·ÀÆÈ Ô¿Â¸³´ÂÍ»Â´Ó ¸³´ µ¹µ·¾µÃ¾´ Í»¶´¾½ 

µ¹µ·¾µÃ¾´ ¸³µ¸ ¶´½ÁÂ·Ã´ ¸³´ ½¸Â´ÀÆ¸³´À·ÀÆ Ãº Å¾µ¸´á¾·Î´ ÅÂ´Á·Å·¸µ¸´½ ¶» À»¸ ½´´Í Â´µ¾¾º ½¿·¸´¶ ¸» ¸³´ 

½¸Â´ÀÆ¸³´À·ÀÆ »¼ ¸³´ ²å Å³µ½´È  
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ÂÃÄÅÆÇÈÉÊ ÃÆÅÈÇÃÇËÉËÅÂÌ ËÄÅÆÅ ÇÂ É ÂÇÍÃÊÅ ÆÅÊÉËÇÎÏ ÐÅËÑÅÅÏ ËÄÅ ÒÓÇÏÇÅÆ ÆÉÔÇÓÂ ÉÏÔ ËÄÅ ÃÆÅÈÇÃÇËÉËÅ ÍÅÉÏ 

ÆÉÔÇÓÂÕ ËÄÅ ÖÎÊÓÍÅ ×ÆÉÈËÇÎÏ ÉÏÔ ÏÓÍÐÅÆ ÔÅÏÂÇËØ Î× ÃÉÆËÇÈÊÅÂ ÈÉÏ ÉÊÂÎ ÐÅ ÅÂËÇÍÉËÅÔÙ 

ÚÏ ËÄÅ ÈÉÂÅ Î× ÃÊÉËÅÛÊÇÜÅ ÃÉÆËÇÈÊÅÂÌ ËÄÅ ÔÉËÉ ËÆÅÉËÍÅÏË ÇÂ ÏÎË ÉÂ ÂËÆÉÇÝÄË×ÎÆÑÉÆÔÙ ÞÆÎÍ ÏÎÑ ÎÏÌ ÍÎÂË Î× 

ËÄÅ ÍÅËÄÎÔ ËÄÉË ÑÇÊÊ ÐÅ ÃÆÅÂÅÏËÅÔ ÇÂ ÐÉÂÅÔ ÎÏ É ÆÅÈÅÏË ÃÉÃÅÆ ÐØ ßÅ ÒÅÓÂÅÆ ÅË ÉÊÙ àáâ ËÄÉË ÅãÃÊÉÇÏÂ 

ÄÎÑ ËÎ ÅãËÆÉÈË äÓÉÏËÇËÉËÇÖÅ ÍÅÉÂÓÆÅÍÅÏËÂ ÎÏ ÃÊÉËÅÛÊÇÜÅ ÃÆÅÈÇÃÇËÉËÅÂ ×ÆÎÍ åæçå ÅãÃÅÆÇÍÅÏËÉÊ 

ÃÉËËÅÆÏÂÙ èÄÅÇÆ ÃÆÎËÎÈÎÊ ÄÉÂ ÐÅÅÏ ÃÆÎÖÅÏ ÂÓÈÈÅÂÂ×ÓÊ ÇÏ ËÄÅ ÈÉÂÅ Î× ËÄÅ ææêëáì ÉÊÊÎØÙ ÞÎÆ ÍÎÆÅ ÔÅËÉÇÊÂÌ 

ÃÊÅÉÂÅ ÆÅ×ÅÆ ËÎ ËÄÅ ÉÈËÓÉÊ ÃÉÃÅÆÙ 

Ú× É ÃÊÉËÅÛÊÇÜÅ ÃÆÅÈÇÃÇËÉËÅ ÇÂ ÉÃÃÆÎãÇÍÉËÅÔ ÐØ É ÈØÊÇÏÔÅÆÌ ËÄÅ ÞÎÓÆÇÅÆ ËÆÉÏÂ×ÎÆÍ ÑÇÊÊ ÝÇÖÅ ÆÇÂÅ ËÎ É ÂËÆÅÉÜ 

ÇÏ ËÄÅ ÆÅÈÇÃÆÎÈÉÊ ÂÃÉÈÅ ÉÂ ÔÅÃÇÈËÅÔ ÇÏ ÞÇÝÓÆÅ íêÙ ÞÆÉËîÊ ÅË ÉÊÙ àëìâ ÅãÉÍÇÏÅÔ ËÄÅ ÂÈÉËËÅÆÇÏÝ ÂÇÝÏÉÊ Î× 

ÃÊÉËÅÛÊÇÜÅ ÃÉÆËÇÈÊÅÂ ÇÏ ËÄÅ ÈÉÂÅ Î× É ÂÇÏÝÊÅÛÈÆØÂËÉÊÙ ÚÏ ËÄÉË ÈÉÂÅÌ ËÄÅ ÉÓËÄÎÆÂ ÓÂÅÔ ÒÓÇÏÇÅÆ ËØÃÅ ÃÊÎËÂÌ ÇÏ 

ËÄÅ ÔÇÆÅÈËÇÎÏ Î× ËÄÅ ÂËÆÅÉÜÂÌ ÇÏ ÎÆÔÅÆ ËÎ ÅãËÆÉÈË ÇÏ×ÎÆÍÉËÇÎÏ ÎÏ ËÄÅ ÃÆÅÈÇÃÇËÉËÅÂ ÂÇîÅÂÙ ïÎÑÅÖÅÆÌ 

ÇÏÔÓÂËÆÇÉÊ ÍÅËÉÊÊÇÈ ÂØÂËÅÍÂ ÉÆÅ ÓÂÓÉÊÊØ ÃÎÊØÈÆØÂËÉÊÊÇÏÅÙ Ú× ËÄÅ ËÅãËÓÆÅ ÇÂ ÈÎÍÃÊÅËÅÊØ ÆÉÏÔÎÍÌ ÑÇËÄ ÉÏ 

ÉÂÂÎÈÇÉËÅÔ ÆÉÏÔÎÍ ÎÆÇÅÏËÉËÇÎÏ Î× ËÄÅ ÃÊÉËÅÂÌ ËÄÅÏ ËÄÅ ÂÈÉËËÅÆÅÔ ÃÉËËÅÆÏ ÎÏ É êÔÛÔÅËÅÈËÎÆ ÑÎÓÊÔ ÐÅ 

ÇÂÎËÆÎÃÇÈ ÉÏÔ É ÝÊÎÐÉÊ ÉÏÉÊØÂÇÂ Î× ËÄÅ ÇÏËÅÏÂÇËØ ÑÎÓÊÔ ÐÅ ÃÎÂÂÇÐÊÅÙ ïÎÑÅÖÅÆÌ ËÄÅ ææêëáì ÉÊÊÎØ ÇÂ 

ÃÎÊØÈÆØÂËÉÊÊÇÏÅ ÑÇËÄ É ÍÎÔÅÆÉËÅ ðÆÉÂÂ ËÅãËÓÆÅÙ èÄÅ åæçå ÅãÃÅÆÇÍÅÏËÉÊ ÃÉËËÅÆÏ Î× ÉÏ ææêëáì 

ÂÃÅÈÇÍÅÏ ÇÏ ËÄÅ èì ÂËÉËÅ ÇÂ ÂÄÎÑÏ ÇÏ ÞÇÝÓÆÅ ííÉÙ ßÓÅ ËÎ ËÄÅ ÔÎÍÇÏÉÏË ðÆÉÂÂ ËÅãËÓÆÅÌ ËÑÎ èñ ÖÉÆÇÉÏËÂ 

ÉÆÅ ÃÅÆÃÅÏÔÇÈÓÊÉÆ ËÎ ËÄÅ ÇÏÈÇÔÅÏË çÛòÉØ ÐÅÉÍÌ ËÄÓÂ ÝÇÖÇÏÝ ÆÇÂÅ ËÎ ÂÈÉËËÅÆÅÔ ÂËÆÅÉÜÂÙ èÄÅ ÉÏÝÓÊÉÆ 

óôõö÷ôøùöôúû úü öýþ ÿ÷aôûõ� ú÷ôþûöaöôúûõ ÷þõùlöõ ôû a õy��þö÷y ÇÏ ËÄÅ åæçå ÃÉËËÅÆÏÌ ÉÊÎÏÝ ËÄÅ ÆÎÊÊÇÏÝ 

ÔÇÆÅÈËÇÎÏÌ ËÄÓÂ ÆÅÂÓÊËÇÏÝ ÇÏ ËÄÆÅÅ ÉÃÃÉÆÅÏË ÂËÆÅÉÜÂÙ Dùþ öú öýþ õy��þö÷y úü öýþ öþxöù÷þ aûó c÷yõöalõ� 

ÉÏÝÓÊÉÆ ÔÇÂËÆÇÐÓËÇÎÏÌ ËÄÅ ÂËÆÅÉÜ ÃÅÆÃÅÏÔÇÈÓÊÉÆ ËÎ ËÄÅ ÆÎÊÊÇÏÝ ÔÇÆÅÈËÇÎÏ ÂÄÎÓÊÔ ÐÅ ÑÅÇÝÄËÅÔ ÐØ É ×ÉÈËÎÆ 

ê ÉÏÔ ËÄÅ ËÑÎ ÎËÄÅÆ ÂËÆÅÉÜÂ ÂÄÎÓÊÔ ÐÅ ÑÅÇÝÄÅÔ ÐØ É ×ÉÈËÎÆ íÙ 

èÄÅ ÑÇÔËÄÂ Î× ËÄÅ ÂËÆÅÉÜÂ ÈÎÏËÉÇÏ ÇÏ×ÎÆÍÉËÇÎÏ ÎÏ ËÄÅ ÃÆÅÈÇÃÇËÉËÅÂ ÊÅÏÝËÄ  ÔÇÉÍÅËÅÆ) ÑÄÇÊÅ ËÄÅ ÊÅÏÝËÄÂ 

Î× ËÄÅ ÂËÆÅÉÜÂ ÈÎÏËÉÇÏ ÇÏ×ÎÆÍÉËÇÎÏ ÎÏ ËÄÅ ÃÆÅÈÇÃÇËÉËÅÂ ËÄÇÈÜÏÅÂÂÙ ÚÏ ÎÆÔÅÆ ËÎ ÉÏÉÊØÂÅ ËÄÅ ÔÉËÉ ×ÆÎÍ É 

ÂÈÉËËÅÆÇÏÝ ÃÉËËÅÆÏ ÂÓÈÄ ÉÂ ËÄÅ ÎÏÅ ÇÏ ÞÇÝÓÆÅ ííÉÌ ËÄÅ ÇÏËÅÏÂÇËØ ÇÂ ÅãËÆÉÈËÅÔ ÇÏ ÉÏÝÓÊÉÆ ÂÅÈËÎÆ ÉÂ É 

×ÓÏÈËÇÎÏ Î× ËÄÅ ÂÈÉËËÅÆÇÏÝ ÖÅÈËÎÆ ä  ÂÅÅ ÞÇÝÓÆÅ ííÐ)Ù èÄÅ ÎÐËÉÇÏÅÔ ÇÏËÅÏÂÇËÇÅÂ ÈÉÏ ÐÅ ×ÇËËÅÔ ÉÂ É ÂÓÍ Î× 

ÂÇã �ÎÆÅÏËîÇÉÏ ×ÓÏÈËÇÎÏÂ ÂÓÈÄ ÉÂ 

 荊岫糠岻 噺 稽訣 髪布畦沈講 購沈態岫糠 伐 糠沈態岻 髪 購沈態沈  (23� 

 

WÄÅÆÅ 畦沈 ÉÆÅ ËÄÅ ÉÍÃÊÇËÓÔÅÂÌ"糠沈 ËÄÅ ÈÅÏËÅÆÂ ÉÏÔ 購沈  ËÄÅ ÑÇÔËÄ Î× ËÄÅ ÂÇã ÃÅÉÜÂ  Ç=ë ËÎ 6)Ù ðÝ ÇÂ É 

ÈÎÏÂËÉÏË ËÄÉË ÉÈÈÎÓÏËÂ ×ÎÆ ËÄÅ ÐÉÈÜÝÆÎÓÏÔ ÂÇÝÏÉÊ ÑÄÇÈÄ ÈÎÍÅÂ ×ÆÎÍ ËÄÅ ÂÈÉËËÅÆÇÏÝ Î× ÇÂÎËÆÎÃÇÈ 

ÃÉÆËÇÈÊÅÂ ÂÓÈÄ ÉÂ ÈÊÓÂËÅÆÂÙ æÊÊ ËÄÅ �ÎÆÅÏËîÇÉÏ ÃÉÆÉÍÅËÅÆÂ  畦沈Ì 糠沈Ì"購沈) ÉÆÅ ÅãËÆÉÈËÅÔ ×ÎÆ ËÄÅ ÂÇã ÃÅÉÜÂ 

ÉÏÔ ×ÎÆ ÅÉÈÄ ÖÉÊÓÅ Î× äÙ èÄÅØ ÈÉÏ ÐÅ ÆÅÊÉËÅÔ ËÎ ËÄÅ ÃÆÅÈÇÃÇËÉËÅ ÔÇÍÅÏÂÇÎÏÂÙ èÄÅ ËÄÇÈÜÏÅÂÂ Î× ËÄÅ 

ÃÆÅÈÇÃÇËÉËÅÂ ÇÂ ÆÅÊÉËÅÔ ËÎ ËÄÅ ÇÏËÅÏÂÇËØ ÉÊÎÏÝ ËÄÅ ÂËÆÅÉÜÂÙ ðØ ÈÎÏÂÇÔÅÆÇÏÝ ËÄÇÂÌ ßÅ ÒÅÓÂÅÆ ÅË ÉÊÙ ÈÎÍÅ 

ÔÎÑÏ ËÎ ËÄÅ ×ÎÊÊÎÑÇÏÝ ÅãÃÆÅÂÂÇÎÏ: 

 #辿ぴ辿ł態 苅 œÆº"岫圏建 に斑 岻圏建 に斑  (24� 

 

WÄÅÆÅ #辿 ÉÏÔ ぴ辿 ÉÆÅ ËÄÅ ÉÍÃÊÇËÓÔÅÂ ÉÏÔ ÑÇÔËÄÂ ×ÎÆ ÃÅÉÜ Ç  Ç=ë ËÎ 6) ÉÏÔ Ë ÇÂ ËÄÅ ÍÅÉÏ èñ ËÄÇÈÜÏÅÂÂÙ æ 

×ÇËËÇÏÝ ÃÆÎÈÅÔÓÆÅ ÓÂÇÏÝ ËÄÅ  
œÆº"岫捲岻 捲斑 ×ÓÏÈËÇÎÏ ÈÉÏ ËÄÅÏ ÐÅ ÃÅÆ×ÎÆÍÅÔ ËÎ ÈÉÊÈÓÊÉËÅ ËÄÅ ËÄÇÈÜÏÅÂÂ ËÙ  

ÚÏ ÎÆÔÅÆ ËÎ ÔÅËÅÆÍÇÏÅ ËÄÅ ÃÆÅÈÇÃÇËÉËÅÂ ÍÅÉÏ ÔÇÉÍÅËÅÆÌ ËÄÅ ×ÎÊÊÎÑÇÏÝ ÅãÃÆÅÂÂÇÎÏ ÈÉÏ ÐÅ ÓÂÅÔ: 

 
腔ぴ辿ł 噺 迎な 髪 血追墜痛岫圏岻 (25� 
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. Conclusion 

 

This �h�pter first permitted to det�i� the thermo-me�h�ni��� tre�tments th�t �re �pp�ied to the 

AA�198 ���o	 
ith emph�sis on the industri�� �nd ��bor�tor	 s���es tre�tments. The �riti��� �spe�t of 

these tre�tments on mi�rostru�tur�� �nd m��rostru�tur�� properties h�s been high�ighted. 

�e then g�ve �n overvie
 of ��� the e�periment�� te�hniques th�t 
ere ne�ess�r	 to �ondu�t the 

present stud	. It 
�s emph�sized th�t � 
ide r�nge of te�hniques 
ere ne�ess�r	 to �h�r��terise the 

T
-ph�se ���ur�te�	. The use of numerous te�hniques permitted to �h�r��terise numerous 

determining properties �t different s���es. The pre�ipit�tion �h�r��teristi�s, me�h�ni��� properties 

�nd p��sti�it	 me�h�nisms 
ere reg�rded. �e 
i�� see ��ter in this 
ork th�t the resu�ts obt�ined in 

these different dom�ins often �ross �nd �omp�ement e��h other. The present stud	 is mu�ti-s���e 

�nd mu�ti-dis�ip�in�r	 �nd thus permits � g�ob�� underst�nding of the mi�rostru�ture imp��t on 

strength �nd p��sti�it	.  
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ÊË 

 

ÌÍÍÎÏÐÑ ÒÐÑÓ ÔÕÖÏ× ØÙÐÍÍÕÍÚ ÛÑÐÍÜÝÕÜÜÕÞÍ ßÏÖÙàÑÞÍ áÕÙÑÞÜÙÞâã äåÌÌÒÔæØÛßáç ÞèÜÖÑéÐàÕÞÍÜ ÞÍ àêÞ 

ÜÖÏÖÙàÖ× ÜÐÝâÏÖÜë ìÍ Ð××ÕàÕÞÍí ÕÍæÜÕàÎ ØÌîØ ÝÖÐÜÎÑÖÝÖÍàÜ êÕÏÏ èÖ âÑÖÜÖÍàÖ× ÕÍ âÐÑÐÏÏÖÏ àÞ àïÖ ÒØð 

ÖñâÖÑÕÝÖÍàÜ ÕÍ ÞÑ×ÖÑ àÞ ÑÖÏÐàÖ ×ÕÑÖÙàÏã àïÖ ÒØð ïÖÐà ÖòòÖÙàÜ àÞ àïÖ âïÐÜÖ àÑÐÍÜòÞÑÝÐàÕÞÍÜ ÕÍéÞÏéÖ×ë 

óÖ êÕÏÏ ×ÕÜÙÎÜÜ àïÖ ÕÝâÏÕÙÐàÕÞÍÜ Þò àïÖ éÞÏÎÝÖ òÑÐÙàÕÞÍ ÖéÞÏÎàÕÞÍ ÕÍ àÖÑÝÜ Þò àïÖ Ûô ÚÑÞêàï ÓÕÍÖàÕÙÜ 

ÐÍ× ÐÜÜÞÙÕÐàÖ× ×ÕòòÎÜÕÞÍ ÝÖÙïÐÍÕÜÝÜë 

õö ÷øùúûüøý øþÿ úxpúûümúþùøý pûocúÿuûús 

ÛïÖ ÌÌ2198 ÐÏÏÞã êÐÜ âÑÞéÕ×Ö× èã àïÖ ðÞÍÜàÖÏÏÕÎÝ VÞÑÖââÖ RÖÜÖÐÑÙï ðÖÍàÑÖí ÔÑÐÍÙÖí ÐÜ ÑÞÏÏÖ× 5ÝÝ 

àïÕÙÓ ÜïÖÖàÜ êÕàï Ð òÎÏÏã ÎÍÑÖÙÑãÜàÐÏÏÕÜÖ× ÚÑÐÕÍ ÜàÑÎÙàÎÑÖë ÛÐèÏÖ 1 ÚÕéÖÜ àïÖ ÙÞÝâÞÜÕàÕÞÍ ÑÐÍÚÖ òÞÑ àïÖ 

ÌÌ2198 ÐÏÏÞãë ÛïÖ ÜÐÝÖ àïÖÑÝÞæÝÖÙïÐÍÕÙÐÏ àÑÖÐàÝÖÍà êÐÜ ÐââÏÕÖ× àÞ ÐÏÏ ÜÐÝâÏÖÜë ÛïÖ ÜÐÝâÏÖÜ êÖÑÖ 

òÕÑÜà ÜÞÏÎàÕÞÍ àÑÖÐàÖ× òÞÑ 3ËÝÕÍ Ðà 51Ë°ð ÐÍ× êÐàÖÑ qÎÖÍÙïÖ×ë RÕÚïà ÐòàÖÑ qÎÖÍÙïÕÍÚí àïÖ ÜÐÝâÏÖÜ 

êÖÑÖ âÑÖæ×ÖòÞÑÝÖ× àÞ Ð âÏÐÜàÕÙ ÜàÑÐÕÍ Þò 2ë5%ë  ÑÖæ×ÖòÞÑÝÐàÕÞÍ âÑÕÞÑ àÞ àïÖ âÑÖÙÕâÕàÐàÕÞÍ àÑÖÐàÝÖÍà ÕÜ

ÓÍÞêÍ àÞ ÚÑÖÐàÏã âÑÞÝÞàÖ àïÖ âÑÖÙÕâÕàÐàÕÞÍ Þò àïÖ Ûô âïÐÜÖí êïÕÙï ÍÎÙÏÖÐàÖÜ ÞÍ ×ÕÜÏÞÙÐàÕÞÍÜ 

[6í12í2Ëí41]ë ÛïÖ ÜÐÝâÏÖÜ êÖÑÖ àïÖÍ ÍÐàÎÑÐÏÏã ÐÚÖ× òÞÑ ÜÖéÖÍ ×ÐãÜë ÔÞÑ ÐÏÏ ÖñæÜÕàÎ ÖñâÖÑÕÝÖÍàÜí àïÖ 

ÐÑàÕòÕÙÕÐÏ ÐÚÖÕÍÚ àÑÖÐàÝÖÍà êÐÜ âÖÑòÞÑÝÖ× ÕÍ ÐÍ ÞÕÏ èÐàïí ÜàÐÑàÕÍÚ êÕàï Ð ïÖÐàÕÍÚ ÑÐÝâ Þò 2Ë Këï
-ô

 àÞ 

155°ðí òÞÏÏÞêÖ× èã ÐÍ ÕÜÞàïÖÑÝÐÏ ïÞÏ× Þò 18ï Ðà 155°ð ÐÍ× èã Ð ÜÖÙÞÍ× ÕÜÞàïÖÑÝÐÏ àÑÖÐàÝÖÍà Ðà 

19Ë°ð äàÖÝâÖÑÐàÎÑÖ ÑÖÐÙïÖ× ÕÍ ÐââÑÞñÕÝÐàÖÏã 5 ÝÕÍçë ÛïÖ ÜÐÝâÏÖÜ êÖÑÖ qÎÖÍÙïÖ× ÕÍàÞ ÙÞÏ× êÐàÖÑ Ðà 

×ÕòòÖÑÖÍà àÕÝÖÜ ×ÎÑÕÍÚ àïÖ ïÖÐà àÑÖÐàÝÖÍà ÐÍ× àïÖÍ ÐÍÐÏãÜÖ×ë ìÍæÜÕàÎ ØÌîØ ÖñâÖÑÕÝÖÍàÜ êÖÑÖ 

âÖÑòÞÑÝÖ× ÎÜÕÍÚ ÖñÐÙàÏã àïÖ ÜÐÝÖ àÖÝâÖÑÐàÎÑÖ ÜÙïÖ×ÎÏÖ ÕÍ Ð ×Ö×ÕÙÐàÖ× òÎÑÍÐÙÖë 

ØÌîØ ÝÖÐÜÎÑÖÝÖÍàÜ êÖÑÖ ÑÖÐÏÕÜÖ× èÞàï Ðà àïÖ BáË2æÒ2Ìá èÖÐÝÏÕÍÖ Þò àïÖ ÜãÍÙïÑÞàÑÞÍ ßØRÔ 

(Gren�ble) and �n a lab�rat�ry r�tating an�de (C� �� ���r�e).  ÑÕÞÑ àÞ àïÖ ÝÖÐÜÎÑÖÝÖÍàÜí àïÖ 

�a��le� were �e�hani�ally grinded d�wn t� a��r��i�ately 70!� and �irr�r ��li�hed. Syn�hr�tr�n 

ÝÖÐÜÎÑÖÝÖÍàÜ êÖÑÖ ÎÜÖ× òÞÑ ÖÝÎÏÐàÕÍÚ àïÖ ÒØð ïÖÐàÕÍÚ ÑÐÝâÜ Ðà 5Ë KëÝÕÍ
-ô
í êïÖÑÖ Ð ÚÞÞ× àÕÝÖ 

ÑÖÜÞÏÎàÕÞÍ êÐÜ ÑÖqÎÕÑÖ×ë ÛïÖ èÖÐÝ ÜÕzÖ at the ES�F wa� ab��t 	00 !�


 ÐÍ× àïÖ âïÞàÞÍ ÖÍÖÑÚã êÐÜ 

ÊëÊÓÖVë ÛïÖ ×ÕÜàÐÍÙÖ èÖàêÖÖÍ àïÖ ÜÐÝâÏÖ ÐÍ× àïÖ àêÞæ×ÕÝÖÍÜÕÞÍÐÏ ððÒ ×ÖàÖÙàÞÑ êÐÜ 446ÝÝë ÔÞÑ 

àïÖÜÖ ÖñâÖÑÕÝÖÍàÜí ØÌîØ âÐààÖÑÍÜ êÖÑÖ ÑÖÙÞÑ×Ö× ÖéÖÑã 4Üë ÛïÖ àêÞ ÜàÖâ ÕÜÞàïÖÑÝÐÏ ÐÚÖÕÍÚ Ðà 155°ð 

ÐÍ× 19Ë°ðí êïÕÙï êÐÜ ÝÎÙï ÏÞÍÚÖÑí êÐÜ ÑÖÐÏÕÜÖ× ÞÍ àïÖ ÏÐèÞÑÐàÞÑã ÜÖàæÎâë ÔÞÑ àïÕÜ ÜãÜàÖÝí àïÖ èÖÐÝ 

ÜÕzÖ êÐÜ ÐââÑÞñÕÝÐàÖÏã 1ÝÝ


 ÐÍ× ØÌîØ âÐààÖÑÍÜ êÖÑÖ ÑÖÙÞÑ×Ö× ÖéÖÑã 512Üë ìÍ àïÕÜ ÜÖàÎâí àïÖ 

×ÕÜàÐÍÙÖ èÖàêÖÖÍ àïÖ ÜÐÝâÏÖ ÐÍ× àïÖ àêÞæ×ÕÝÖÍÜÕÞÍÐÏ ððÒ ×ÖàÖÙàÞÑ êÐÜ 351ÝÝë ØÌîØ âÐààÖÑÍÜ 

êÖÑÖ ÙÞÑÑÖÙàÖ× òÞÑ òÏÐà òÕÖÏ× ÐÍ× ÚÖÞÝÖàÑÕÙÐÏ ×ÕÜàÞÑàÕÞÍÜí èÐÙÓÚÑÞÎÍ× ÍÞÕÜÖí ÐÍ× àïÖÍ ÍÞÑÝÐÏÕzÖ× 

ÎÜÕÍÚ Ð ÚÏÐÜÜã ÙÐÑèÞÍ ÐÜ ÜÖÙÞÍ×ÐÑã ÐèÜÞÏÎàÖ ÙÐÏÕèÑÐàÕÞÍ ÜÐÝâÏÖ [42]ë 

ÒØð ÝÖÐÜÎÑÖÝÖÍàÜ êÖÑÖ ÙÐÑÑÕÖ× ÞÎà ÕÍ Ð  ÖÑÓÕÍ ßÏÝÖÑ  ãÑÕÜ ÒÕÐÝÞÍ× ÐââÐÑÐàÎÜë ÛïÖ ÖñâÖÑÕÝÖÍàÜ 

êÖÑÖ ÙÞÍ×ÎÙàÖ× ÎÍ×ÖÑ Ð ïÕÚï âÎÑÕàã ÍÕàÑÞÚÖÍ òÏÎñë ÛïÖ ïÖÐàÕÍÚ ÑÐÝâ ÑÐàÖ êÐÜ 5Ë KëÝÕÍ
-ô

 òÑÞÝ æ4Ë°ð 

àÞ 52Ë°ðë óÖ ÙïÞÜÖ àÞ ÜàÐÑà Ðà ÐÍ ÕÍÕàÕÐÏ àÖÝâÖÑÐàÎÑÖ Þò æ4Ë°ð ÕÍ ÞÑ×ÖÑ àÞ ÐÏÏÞê ÖÍÞÎÚï àÕÝÖ òÞÑ àïÖ 

ÐââÐÑÐàÎÜ àÞ ÜàÐèÕÏÕÜÖ êïÖÍ ÑÖÐÙïÕÍÚ ÑÞÞÝ àÖÝâÖÑÐàÎÑÖë ÛïÖ ÜÐÝâÏÖÜ ÙÞÍÜÕÜàÖ× Þò Ëë5ÝÝ àïÕÙÓ ×ÕÜÓÜ 

4ÝÝ ÕÍ ×ÕÐÝÖàÖÑ ÕÍ ÞÑ×ÖÑ àÞ òÕà ÕÍ àïÖ ×Ö×ÕÙÐàÖ× âÎÑÖ ÐÏÎÝÕÍÕÎÝ ÙÑÎÙÕèÏÖÜë  ÑÕÞÑ àÞ ÖÐÙï ÒØð 

ÝÖÐÜÎÑÖÝÖÍàí àïÖ ÜÐÝâÏÖ êÖÕÚïà êÐÜ ÜãÜàÖÝÐàÕÙÐÏÏã ÝÖÐÜÎÑÖ× òÞÑ ÍÞÑÝÐÏÕÜÐàÕÞÍ äÑÐÍÚÖ Þò ÜÐÝâÏÖ 

êÖÕÚïàÜ: 5Ëæ1ËËÝÚçë 

ÛïÖ ÜÐÝâÏÖÜ òÞÑ Ûßá ÞèÜÖÑéÐàÕÞÍ êÖÑÖ òÕÑÜà ÝÖÙïÐÍÕÙÐÏÏã âÞÏÕÜïÖ× ÕÍàÞ àïÕÍ òÞÕÏÜ Þò ｂなどど�Œ ÐÍ× 

àïÖÍ ÖÏÖÙàÑÞæâÞÏÕÜïÖ× ÎÜÕÍÚ Ð àêÕÍ ×ÞÎèÏÖ jÖà ÜãÜàÖÝ ÕÍ Ð ÜÞÏÎàÕÞÍ Þò 33% ÍÕàÑÕÙ ÐÙÕ× ÕÍ ÝÖàïÐÍÞÏ Ðà æ

2Ë°ð ÐÍ× 15Vë OèÜÖÑéÐàÕÞÍÜ ÕÍ ÙÞÍéÖÍàÕÞÍÐÏ ÝÞ×Ö êÖÑÖ ÙÐÑÑÕÖ× ÞÎà ÕÍ Ð JßOL 3Ë1Ë ÕÍÜàÑÎÝÖÍà 

ÞâÖÑÐàÕÍÚ Ðà ÐÍ ÐÙÙÖÏÖÑÐàÕÍÚ éÞÏàÐÚÖ Þò 3ËËÓVë åÌÌÒÔæØÛßá ÞèÜÖÑéÐàÕÞÍÜ êÖÑÖ âÖÑòÞÑÝÖ× ÕÍ Ð JßOL 
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. Results 

�.� In-situ SAXS: Following the evolution of the T� precipitates morphology during 

artificial ageing�
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­* 噺 β豹 3辿泰態待°大

怠待待°大 岫6岻¸6 苅 ̨旦辿樽辿担辿叩狸  
 

®¯±² 

³´µ¶µ β ·¸ ¹´µ ´µº¹·»¼ ¶º¹µ½ ¾µ ¿´À¸µ ÁÂÂÃÄ º¸ ¹´µ ·»·¹·ºÅ ¹µÆÇµ¶º¹È¶µ Éµ¿ºÈ¸µ »À ¸·¼»·Ê·¿º»¹ ´µº¹ 

µÊÊµ¿¹¸ ËÈµ ¹À Ç´º¸µ ¹¶º»¸ÊÀ¶Æº¹·À»¸ À¿¿È¶ ÉµÅÀ³ ¹´·¸ ¹µÆÇµ¶º¹È¶µ ËÈ¶·»¼ ¹´µ ´µº¹·»¼ ¶ºÆÇ½ 

ÌÀ³µÍµ¶Î Ëµ¹µ¶Æ·»·»¼ ¹´µ Ç¶ÀÇÀ¶¹·À»ºÅ·¹Ï Êº¿¹À¶ Éµ¹³µµ» ¹´µ µ»¹´ºÅÇÏ º»Ë ¹´µ ÍÀÅÈÆµ Ê¶º¿¹·À» ÀÊ 

Ç¶µ¿·Ç·¹º¹µ¸ ·¸ »À¹ ¸¹¶º·¼´¹ÊÀ¶³º¶Ë ÐÑÂÒ º»Ë º Ç¶À¿µËÈ¶µ ¹À ¿ºÅ·É¶º¹µ ¹´µ ÍÀÅÈÆµ Ê¶º¿¹·À» ·¸ ¸¹·ÅÅ 

»µ¿µ¸¸º¶Ï½ 

Ó´µ »À¶ÆºÅ·¸µË µ»¹´ºÅÇÏ Ô·» ÕÖ¼×Î ³´·¿´ ¿º» Éµ º¸¸À¿·º¹µË ¹À ¹´µ Ç¶µ¿·Ç·¹º¹µ ¶µÅº¹·Íµ ÍÀÅÈÆµ Ê¶º¿¹·À»Î 

·¸ ¿ºÅ¿ÈÅº¹µË Ê¶ÀÆ ¹´µ ¿À¶¶µ¿¹µË ØÙÄ ´µº¹ ÊÅÀ³¸ Ô¸´À³» ·» Ú·¼È¶µ ÑÛ× º»Ë ÇÅÀ¹¹µË ·» Ú·¼È¶µ ÛÂ º¸ º 

ÊÈ»¿¹·À» ÀÊ ¹·Æµ ÀÊ ´µº¹ ¹¶µº¹Æµ»¹½ ¾µ ¿º» »À¹µ ¹´º¹ ¹´µ ÍÀÅÈÆµ Ê¶º¿¹·À» ¶µº¿´µ¸ º Ê·¶¸¹ ÇÅº¹µºÈ ºÊ¹µ¶ 

ÁÜ´ º¹ ÁÛÛÃÄ ÉÈ¹ ·»¿¶µº¸µ¸ ¸·¼»·Ê·¿º»¹ÅÏ º¼º·» ³´µ» ¹´µ ¹µÆÇµ¶º¹È¶µ ·¸ ·»¿¶µº¸µË ¹À Á¬ÂÃÄ½ Ó´µ 

µÍÀÅÈ¹·À» ÀÊ ÍÀÅÈÆµ Ê¶º¿¹·À» ·¸ µº¸·ÅÏ Ê·¹¹µË ³·¹´ ¹³À ÕÝÞß ¹ÏÇµ ¿È¶Íµ¸ ÐÑÂÒ½ à» À¶Ëµ¶ ¹À ¿ºÅ·É¶º¹µ ¹´µ 

¶µÅº¹·À»¸´·Ç Éµ¹³µµ» ¹´·¸ µ»¹´ºÅÇÏ º»Ë ÍÀÅÈÆµ Ê¶º¿¹·À» ÀÊ Ç¶µ¿·Ç·¹º¹µ¸Î ¹´µ ¹³À ¸ºÆÇÅµ¸ 

¿À¶¶µ¸ÇÀ»Ë·»¼ ¹À ÁÜ´ º¹ ÁÛÛÃÄ º»Ë ÁÜ´ º¹ ÁÛÛÃÄ á «Â´ º¹ Á¬ÂÃÄ ³µ¶µ ÀÉ¸µ¶ÍµË ·» ÌÞÞØÚâÙÓãÝ½ Þ» 

º¶µº ÀÊ «ÂÂ »Æ
ä
 ³º¸ µÍºÅÈº¹µË ·» ÉÀ¹´ ¿º¸µ¸½ Ó´µ º¶µº ¸¹ÈË·µË ·» ¹´µ ¿º¸µ ÀÊ ¹´µ Åº¹¹µ¶ ·¸ ¸´À³» ·» 

Ú·¼È¶µ ÛÁ½ Ó´·¸ ·Æº¼µ ³º¸ ¹ºåµ» ºÅÀ»¼ º æÁÁÂç èÀ»µ ºé·¸ ³´·¿´ µ»ºÉÅµ¸ ¹´µ ÀÉ¸µ¶Íº¹·À» ÀÊ ¹³À Óê 

Íº¶·º»¹¸ µË¼µâon. Along this axis, one θ’ variant is also visible edgeâon, but in this area, only one θ’ 

Ç¶µ¿·Ç·¹º¹µ Ô´·¼´Å·¼´¹µË ·» ¹´µ Ê·¼È¶µ× ·¸ Ç¶µ¸µ»¹½ Ó´·¸ ÊÈ¶¹´µ¶ ëÈ¸¹·Ê·µ¸ ¹´º¹ ¹´µ Óê Ç´º¸µ ·¸ ´·¼´ÅÏ

Ç¶µËÀÆ·»º»¹ ·» ¹´·¸ ºÅÅÀÏ ·» ¹´µ ·»Íµ¸¹·¼º¹µË ¿À»Ë·¹·À»¸½ à» À¶Ëµ¶ ¹À ºÅ³ºÏ¸ Ë·¸¿¶·Æ·»º¹µ Éµ¹³µµ» ¹´µ 

Ë·ÊÊµ¶µ»¹ Óê ¹´·¿å»µ¸¸µ¸Î ³µ Çµ¶ÊÀ¶ÆµË ´·¼´µ¶ Æº¼»·Ê·¿º¹·À» ·Æº¼µ¸½ Ó´µ º¶µº ¿À¶¶µ¸ÇÀ»Ë·»¼ ¹À À»µ 

ÀÊ ¹´µ¸µ ·Æº¼µ¸Î ¸´À³» Ç¶µÍ·ÀÈ¸ÅÏ ·» Ú·¼È¶µ ÑìÎ ·¸ ´·¼´Å·¼´¹µË ³·¹´ º ³´·¹µ ÉÀé ·» Ú·¼È¶µ ÛÁ½ 

à» ¹´µ¸µ º¶µº¸Î ¹´µ Ç¶Àëµ¿¹µË Åµ»¼¹´ ÀÊ µº¿´ Óê Ç¶µ¿·Ç·¹º¹µ ³º¸ Æµº¸È¶µË½ Ó´µ·¶ »ÈÆÉµ¶ ÀÊ ÅºÏµ¶¸ ³º¸ 

¿À»Íµ¶¹µË ¹À ¹´·¿å»µ¸¸ ÉÏ ¿À»¸·Ëµ¶·»¼ ¹´º¹ º ¸·»¼Åµ ÅºÏµ¶ Ç¶µ¿·Ç·¹º¹µ ´º¸ º ¹´·¿å»µ¸¸ ÀÊ Á½ÁÛ »ÆÎ º»Ë 

¹´º¹ ¹´µ ºËË·¹·À» ÀÊ À»µ ÅºÏµ¶ ¹À ¹´µ ¹´·¿å»µ¸¸ ºËË¸ ¹´µ µíÈ·ÍºÅµ»¹ ÀÊ ÊÀÈ¶ îÁÁÁï Æº¹¶·é ÇÅº»µ¸Î ³´·¿´ 

¿À»Íerts to 0.92 nm. Therefore the precipitates of (1, 2, 3, 4, …) layers have a thickness of (1.15 ,2.07 

,2.99 ,3.91, …) (all in nm). 

Ó´µ Ë·ÊÊ·¿ÈÅ¹Ï ³·¹´ ÓãÝ ·Æº¼·»¼ ¹À ÀÉ¹º·» íÈº»¹·¹º¹·Íµ ÍÀÅÈÆµ Ê¶º¿¹·À» Æµº¸È¶µÆµ»¹¸ ·¸ ¹´º¹ ·¹ À»ÅÏ

Ç¶ÀÍ·Ëµ¸ º Ç¶Àëµ¿¹·À» ÀÊ ¹´µ ¶µºÅ Æ·¿¶À¸¹¶È¿¹È¶µ ³´·¿´ ¿ÀÈÅË ¶µ¸ÈÅ¹ ·» º» ÀÍµ¶âµ¸¹·Æº¹·À» ÀÊ ¹´µ 

ÍÀÅÈÆµ Ê¶º¿¹·À» ÐÑÜÒ½ Ó´µ ·ÆÇÀ¶¹º»¿µ ÀÊ ¹´·¸ ÀÍµ¶µ¸¹·Æº¹·À» ·¸ ´·¼´ÅÏ ËµÇµ»Ëµ»¹ À» ¹´µ ¸ºÆÇÅµ 

¹´·¿å»µ¸¸½ Þ¸ º ¶µ¸ÈÅ¹Î ·» Çº¶ºÅÅµÅ ¹À ¹´µ ÌÞÞØÚâÙÓãÝ ·Æº¼·»¼Î º ¹´·¿å»µ¸¸ ÆºÇ ÀÊ ¹´µ Æµº¸È¶µË º¶µº 

³º¸ ¶µ¿À¶ËµË È¸·»¼ µ»µ¶¼ÏâÅÀ¸¸ ¸Çµ¿¹¶À¸¿ÀÇÏ½ Ó´µ Åº¹¹µ¶ ¹µ¿´»·íÈµ ¼·Íµ¸ º¿¿µ¸¸ ¹À 建【膏 ³´µ¶µ 建 ·¸ ¹´µ 

¸ºÆÇÅµ ¹´·¿å»µ¸¸ º»Ë 膏 ·¸ ¹´µ Æµº» Ê¶µµ Çº¹´ ÊÀ¶ ·»µÅº¸¹·¿ ¸¿º¹¹µ¶·»¼ ÐìðÒ½ 膏 ¿º» Éµ µéÇ¶µ¸¸µË ¸È¿´ 

¹´º¹ ÐìðÒñ 

 膏 噺 などは繋岫継待 継陳斑 岻Øº"岫に紅継待 継陳斑 岻 ®¯ò² 

 

³´µ¶µ 継待 噺 にどど"倦結撃 ¿À¶¶µ¸ÇÀ»Ë¸ ¹À ¹´µ ·»¿·Ëµ»¹ µ»µ¶¼ÏÎ"継陳  ·¸ ¹´µ Æµº» µ»µ¶¼Ï ÅÀ¸¸ Ô継陳 蛤なひ┻なね"結撃 ÊÀ¶ ÞÅâºÅÅÀÏ¸×Î 紅 ·¸ ¹´µ ¿ÀÅÅµ¿¹·À» ¸µÆ·º»¼Åµ º»Ë 繋 ·¸ º ¶µÅº¹·Í·¸¹·¿ Êº¿¹À¶ Ô繋 噺 ど┻はなぱ º¹ 

ìÂÂåµó×½ ÚÀ¶ Åº¶¼µ 紅 ÍºÅÈµ¸Î ¹´µ Æµº» Ê¶µµ Çº¹´ ¸º¹È¶º¹µ¸ º»Ë ·» ¹´·¸ ¿º¸µÎ º ¶µº¸À»ºÉÅµ 

ºÇÇ¶Àé·Æº¹·À» ·¸ ÀÉ¹º·»µË ÉÏ È¸·»¼ 紅 噺 なの"兼堅欠穴 ·»¸¹µºË ÐìðÒ½ à» ¹´µ¸µ ¿À»Ë·¹·À»¸Î ¹´µ Æµº» Ê¶µµ 
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. Discussion 

ôõ ö÷ø ùúûûøüøõö ýöþùúøý þýúõÿ D�C oõ A�-Cþ-Lú a��oyý ö÷aö caõ bø ûoþõù úõ ö÷ø �úöøüaöþüø 

[8,12,25,26,29,32,33,34,40,51],[52,53,54]; ùúýcüøpaõcúøý caõ bø ûoþõù w÷øõ úö comøý öo üø�aöø D�C 

÷øaö øûûøcöý öo p÷aýø öüaõýûoümaöúoõý. T÷øýø ùúûûøüøõcøý aüø paüö�y ùþø öo ö÷ø comp�øxúöy oû ö÷ø 

püøcúpúöaöúoõ ýøqþøõcø aõù úöý ùøpøõùøõcø oõ a��oy compoýúöúoõ bþö aüø a�ýo ùþø öo ö÷ø �ack oû 

møaõý öo üø�aöø accþüaöø�y ö÷ø D�C pøaký öo ö÷ø p÷aýø öüaõýûoümaöúoõý úõvo�vøù. Moýö commoõ�y, 

øac÷ øxoö÷øümúc oü øõùoö÷øümúc pøak úý coõýúùøüøù öo bø ö÷ø üøýþ�ö oû ö÷ø ûoümaöúoõ oü ùúýýo�þöúoõ 

oû a ýúõÿ�ø ùúûûøüøõö p÷aýø. Combúõúõÿ D�C aõù �A�� a�oõÿ úùøõöúca� ÷øaöúõÿ üampý makøý úö poýýúb�ø 

öo ûo��ow úõ-ýúöþ ö÷ø püøcúpúöaöúoõ ýøqþøõcø ùþüúõÿ ö÷ø üamp aõù öo c�aüúûy ö÷ø múcüoýöüþcöþüø 

øvo�þöúoõ aýýocúaöøùwúö÷ ö÷ø ö÷øüma� øvøõöý oû ö÷ø D�C ö÷øümoÿüam.

T÷ø ûúüýö øõùoö÷øümúc pøak (A� (Fúÿþüø 46� aö �ow öømpøüaöþüø ÷aý püøvúoþý�y bøøõ aööüúbþöøù öo GP-

zoõøý ùúýýo�þöúoõ [12]. T÷úý ûúüýö ùúýýo�þöúoõ pøak úý püøýøõö ûoü ýamp�øý aö øaü�y aÿøúõÿ öúmøý, bþö 

ûaùøý away aý ýooõ aý T� püøcúpúöaöúoõ occþüý (ýøø Fúÿþüø 45�. Aý a coõýøqþøõcø, ö÷úý ùúýýo�þöúoõ 

øvøõö úý coõýúýöøõö wúö÷ ö÷ø püøýøõcø oû ýo�þöø c�þýöøüý úõ ö÷ø EoR ýamp�ø, püobab�y ýúmú�aü öo ö÷ø 

c�þýöøüý püøýøõö úõ ö÷ø õaöþüa��y aÿøù maöøüúa� [8].  

Püøvúoþý pþb�úcaöúoõý oõ ýúmú�aü a��oyý [8,34] a�üøaùy üøvøa�øù ö÷aö ö÷ø maúõ püøcúpúöaöúoõ pøak 

aüoþõù 280°C (pøak (B� úõ Fúÿþüø 48� waý ùþø öo T� püøcúpúöaöúoõ bþö ö÷ø ýþbýøqþøõö øxoö÷øümúc 

øvøõö (pøak (C� úõ Fúÿþüø 48� waý õoö aýýocúaöøù öo ö÷úý p÷aýø úõ püøvúoþý üøpoüöý. ôõ ö÷ø püøýøõö 

ýöþùy wø ÷avø ý÷owõ ö÷aö ö÷øýø öwo øxoö÷øümúc pøaký boö÷ coüüøýpoõù öo püøcúpúöaöúoõ oû ö÷ø T� 

p÷aýø, w÷úc÷ úý ýþbjøcö öo aõ úõöøüüþpöúoõ aüoþõù 325°C. �þc÷ úõöøüüþpöúoõ oû püøcúpúöaöø øvo�þöúoõ 

÷aý bøøõ obýøüvøù bøûoüø ûoü püøcúpúöaöø ùúýýo�þöúoõ ùþüúõÿ üamp ÷øaöúõÿ [55,56]. ôö waý ýþccøýýûþ��y

moùø��øù by coõýúùøüúõÿ ö÷ø compøöúöúoõ bøöwøøõ ö÷ø øvo�þöúoõ oû cüúöúca� üaùúþý aõù avøüaÿø üaùúþý 

wúö÷ ö÷ø c÷aõÿøý úõ öømpøüaöþüø aõù múcüoýöüþcöþüø. ôö úý õoö c�øaü úû ýþc÷ a møc÷aõúým caõ bø 

opøüaöúvø ùþüúõÿ püøcúpúöaöúoõ (coõöüaüú�y öo püøcúpúöaöø ùúýýo�þöúoõ�. Howøvøü úõ oþü caýø wø ý÷ow 

ö÷aö ö÷úý öwo-ýöaÿø püøcúpúöaöúoõ püocøýý caõ bø üø�aöøù öo ö÷ø øvo�þöúoõ oû ö÷ø ö÷úckõøýý oû T� 

püøcúpúöaöøý.  

ôõ aõoö÷øü ýöþùy oõ a ýúmú�aü a��oy, Rúõÿøü aõù co-woükøüý [12] úõöøüpüøöøù ö÷ø ö÷üøø coõýøcþöúvø 

øxoö÷øümúc pøaký aüúýúõÿ úõ D�C aý ö÷ø ýþccøýýúvø püøcúpúöaöúoõ oû T�, �� �nd S� �h�ses� Inste�d� 	ur 

úõöøüpüøöaöúoõ üøvøa�øù ö÷aö ö÷ø ýøcoõù øxoö÷øümúc pøak úý �úkø�y öo bø ùþø öo T� p�aöøý ö÷úckøõúõÿ 

�nd the third e
	ther�i� �e�
 �	uld inste�d �e due t	 �� f	r��ti	n� �he ���� �ll	� ��l-2.34Lú-

1.25Cþ-1.04Mÿ-0.11Zü� ÷aý bøøõ ýöþùúøù øxöøõýúvø�y þýúõÿ D�C [31,33,34,40,51,52,53]. Dþø öo ö÷ø 

úmpoüöaõö ùúûûøüøõcøý úõ Lú aõù Cþ coõöøõöý, ö÷ø püøcúpúöaöúoõ ýøqþøõcø úõ ö÷úý ýyýöøm püøýøõöý 

ýúÿõúûúcaõö ùúûûøüøõcøý ûüom püøcúpúöaöúoõ úõ ö÷ø AA2198 a��oy (paüöúcþ�aü�y úõ öøümý oû !� 

püøcúpúöaöúoõ�. Nøvøüö÷ø�øýý, ö÷ø maúõ püøcúpúöaöúoõ pøak, ûoü ýúmú�aü ÷øaöúõÿ üaöøý aý ö÷ø oõø wø 

used� 	��urs �r	und ����� �nd h�s 	ften �een �ttri�uted t	 the f	r��ti	n 	f the S� �h�se 	nl�� 

G÷oý÷ øö a�. [34] ýþÿÿøýöøù üøcøõö�y ö÷aö ö÷úý maúõ øxoö÷øümúc pøak, úõ ö÷ø 8090 a��oy, coþ�ù bø ö÷ø 

result 	f �	��ined f	r��ti	n 	f S�� ��, T� �nd ! �h�ses� �he su�se�uent e
	ther�i� �e�
 �rising in 

ö÷úý ýyýöømwaý oûöøõ aööüúbþöøù öo ö÷ø ûoümaöúoõ oû T� p÷aýø. ôõ ö÷ø �úÿ÷ö oû oþü obýøüvaöúoõý, wø caõ 

püopoýø ö÷aö ö÷ø ö÷úckøõúõÿ oû ö÷ø T� püøcúpúöaöøý ý÷oþ�ù a�ýo bø coõýúùøüøù w÷øõ úõöøüpüøöúõÿ ö÷ø 

D�C ÷øaö øûûøcöý úõ a��oyý w÷øüø T� úý kõowõ öo ûoüm. 
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Chapter�IV antif ing�and�modelling�the�

microst t re �strength�relationship�

�

 

KQe SXY [\ ]QXs ^QSp]e_ Xs ][ `l{e_s]Sl{ ]Qe _e|S]X[lsQXp }e]~eel ]Qe K��YX^_[s]_`^]`_e Sl{ ]Qe 

s]_el�]Q �S_XS]X[ls� KQe p_e^e{el] ^QSp]e_ �S�e `s ]Qe }SsXs [\ S ^QS_S^]e_XsS]X[l p_[^e{`_e [\ ]Qe K� 

pQSse ]QS] ~X|| l[~ }e `se{ Xl ]Qe _es] [\ ]Qe s]`{�� KQe Spp_[S^Q ][ `l{e_s]Sl{� �`Sl]X\� Sl{ 

Y[{e| ]Qe YX^_[s]_`^]`_e�s]_el�]Q _e|S]X[lsQXp ^Sl }e {X�X{e{ Xl ]~[ s]eps� 

· ��p|[_e S ~X{e _Sl�e [\ K� YX^_[s]_`^]`_es }� �S_�Xl� ]Qe ]Qe_Y[�Ye^QSlX^S| ]_eS]Yel] 

pS_SYe]e_s ~QX|e YeSs`_Xl� ]Qe �Xe|{ s]_el�]Q� KQXs s]ep Xs essel]XS| Ss X] se_�es ]Qe ^_eS]X[l 

[\ S s]_[l� e�pe_XYel]S| {S]S }Sse ]QS] ^Sl ]Qel }e `se{ ][ ]es] Sl{ XYp_[�e ]Qe e�Xs]Xl� 

�Xe|{ s]_el�]Q Y[{e|s� 

· �pp|� ]Qe e�Xs]Xl� Y[{e|s ][ see ]QeX_ S}X|X]� ][ p_e{X^] ]Qe �Xe|{ s]_el�]Q e�[|`]X[l� KQ_ee 

e�Xs]Xl� Y[{e|s S_e ]es]e{ Sl{ XYp_[�e{ Xl [_{e_ ][ p_e{X^] S^^`_S]e|� ]Qe �Xe|{ s]_el�]Q 

e�[|`]X[l� 

KQe XYp|X^S]X[ls [\ ]Qe e�pe_XYel]S| Sl{ Y[{e||Xl� _es`|]s [l ]Qe s]_el�]QelXl� Ye^QSlXsYs 

Sss[^XS]e{ ][ ]Qe K� pQSse S_e \XlS||� {Xs^`sse{��  
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ûüýþÿ üttûmpts is howûvûý quûstionübþû üs T1 pýûcipitütûs üýû now ýûcognisûd üs bûing shûüýübþû foý 

widû ýüngûs of hûüt týûütmûnts [�8,�9,20,2�]. An intûýfüciüþ stýûngthûning modûþ, considûýing thû 

ûnûýgÿ ýûquiýûd to cýûütû ü nûw pýûcipitütû/mütýix intûýfücû whûn shûüýing ü T1 pþütû, hüs bûûn 

dûvûþopûd bÿ yiû ünd  uddþû [22]. This modûþ hüs bûûn onþÿ oncû compüýûd to micýostýuctuýüþ dütü 

[22]. Thûýûfoýû thûýû is ü shoýtügû of quüntitütivû micýostýuctuýû dütü üvüiþübþû to cýiticüþþÿ discuss 

thû üppþicübiþitÿ of thû diffûýûnt stýûngthûning modûþs, thûiý ýobustnûss ünd domüin of vüþiditÿ. Wû 

pýûsûnt in this ýûpoýt ü sÿstûmütic studÿ whûýû ü widû ýüngû of T1 micýostýuctuýûs üýû gûnûýütûd bÿ

vüýÿing thû püýümûtûýs of thû thûýmo-mûchünicüþ týûütmûnt, in oýdûý to gûnûýütû ü compþûtû 

dütübüsû of micýostýuctuýû – stýûngth ýûþütionships. This dütübüsû wiþþ bû usûd to ûvüþuütû ünd to 

impýovû thû ûxisting stýûngthûning modûþs. 

Thû choicû of thû thûýmo-mûchünicüþ týûütmûnt püýümûtûýs hüs bûûn üþýûüdÿ shown to bû dûcisivû 

on thû ýûsuþting pýûcipitütion micýostýuctuýû in Aþ-Cu-Li üþþoÿs [7,8,9,�0,23,20,24]. Thû thûýmo-

mûchünicüþ püýümûtûýs thüt stýongþÿ infþuûncû pýûcipitütion üýû: thû pýû-ügû stýûtch, thû hûüt 

týûütmûnt tûmpûýütuýû ünd thû hûüt týûütmûnt duýütion. Vüýÿing thûsû püýümûtûýs is ü suitübþû 

üppýoüch to ýûüch ü þüýgû vüýiûtÿ of T1 micýostýuctuýûs ünd pýovidûs ü stýütûgÿ foý vüýÿing thû 

püýümûtûýs of thû pýûcipitütû micýostýuctuýû indûpûndûntþÿ. Thû hûüt týûütmûnt tûmpûýütuýû hüs 

ýûcûntþÿ bûûn shown to bû ü kûÿ püýümûtûý thüt contýoþs thû üctivütion of thû T1 thickûning pýocûss 

[24]. yümûþÿ, it wüs shown thüt üt �55°C thû thicknûss of T1 pýûcipitütûs ýûmüins constünt foý vûýÿ

þong ügûing timûs üt thû minimum vüþuû of �.3 nm, ünd thüt whûn tûmpûýütuýû is incýûüsûd fýom 

�55°C to �90°C T1 thickûning is quickþÿ üctivütûd. In üddition, ü pýû-dûfoýmütion incýûüsû þûüds to ü 

gýûütûý dûnsitÿ of smüþþûý pýûcipitütûs [9] üs T1 nucþûütûs on disþocütions. Thû infþuûncû of pýû-

dûfoýmütion on thû compûtitivû pýûcipitütion of T1, !� a�� "� �a� �ee� a��re��e� �� Ga�le e� al� [9]. 

Thûÿ ýûvûüþûd thüt thû sümû stýûngth of 450 Pü couþd bû ýûüchûd foý diffûýûnt pýû-dûfoýmütions 

(0%, 2%, 4% ünd 6%) thüt ýûsuþt in significüntþÿ diffûýûnt T1 micýostýuctuýûs: thû mûün T1 diümûtûý 

wüs found to ýüngû fýom 40nm to �60nm, highþighting thüt thû ýûþütionship bûtwûûn thû T1 

moýphoþogicüþ püýümûtûýs ünd thû ÿiûþd stýûngth in not stýüightfoýwüýd. Howûvûý, in thû üþþoÿ

studiûd �� Ga�le e� al�	 !� a�� "� 
ere al�� �re�e�� 
� ����
�era�le a������	 �a�
�� ��e a�al��
� 

compþûx. Wûwiþþ show in thû pýûsûnt studÿ thüt with ün üppýopýiütû choicû of üþþoÿ composition ünd 

thûýmo-mûchünicüþ týûütmûnt, thûmicýostýuctuýû bûcomûs dominütûd bÿ T1 pýûcipitütûs onþÿ. 

 

Wû ýûcûntþÿ dûvûþopûd ü mûthod to chüýüctûýisû thû T1 phüsû quüntitütivûþÿ in tûýms of 

moýphoþogicüþ püýümûtûýs ünd voþumû fýüction [24]. This mûthod fiýst usûs Smüþþ Angþû X-Rüÿ

Scüttûýing (SAXS) to mûüsuýû thû mûün diümûtûý ünd thicknûss of T1 pýûcipitütûs. SAXS cün bû cüýýiûd 

out in-situ duýing thû hûüt týûütmûnts, giving üccûss to thû pýûcipitütion kinûtics [25]. Sûcondþÿ, this 

mûthod usûs Diffûýûntiüþ Scünning Cüþoýimûtýÿ (DSC) to mûüsuýû thû voþumû fýüction of T1 

pýûcipitütûs. It wiþþ bû üppþiûd sÿstûmüticüþþÿ in thû pýûsûnt invûstigütion to ýûcoýd thû T1 

micýostýuctuýûs foý ü widû ýüngû of thûýmo-mûchünicüþ týûütmûnts. In püýüþþûþ, thû ÿiûþd stýûngth wiþþ 

üþso bû mûüsuýûd in üþþ thû studiûd hûüt týûütmûnt conditions. Thû ýûsuþting micýostýuctuýû-stýûngth 

chüýüctûýisütion wiþþ bû thûn usûd to chüþþûngû thû ûxisting modûþs foý pþütûþût stýûngthûning; ü 

modifiûd üppýoüch to T1 stýûngthûning wiþþ thûn bû pýoposûd. 

 

 

 �
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. Material and experimental procedure 
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. Experimental�re lts�

3.1 PreliminarÐ�stÑdÐÒ�impact�of�preÓdeformation�on�hardness 

ÔÕÖ×ØÙÕ ÚÛ ÜØÖÝÕ×ÞÕÙ ßÜ àáÙÝßÖ×ÞáßÜÙâ áÞ áÙ ãÕÝÝ ÕÙÞ×äÝáÙåÕà Þå×Þ æçÕèàÕéßçê×ÞáßÜ æçáßç Þß ×ëÕáÜë 

ëçÕ×ÞÝì ÕÜå×ÜÖÕÙ ÚÛ precipitation íîïðñîòó ôñ ñõð ðö÷ðïóð øù øñõðú ÷õôóðó óûòõ ôó üý øú þÿ Tõð îm÷ôòñ 

ßé æçÕèàÕéßçê×ÞáßÜ ßÜ ÖßêæÕÞáÞávÕ æçÕÖáæáÞ×ÞáßÜ ×Üà çÕÙØÝÞáÜë ÙÞçÕÜëÞå áÜÖçÕêÕÜÞ å×Ù äÕÕÜ ×ÝçÕ×àì 

çÕæßçÞÕà [7â8â9â10]. PçÕèàÕéßçê×ÞáßÜ àáçÕÖÞÝì áÜéÝØÕÜÖÕÙ ÞåÕ àáÙÝßÖ×ÞáßÜ àÕÜÙáÞì ×Üà ÞåØÙ áÙ ÕxæÕÖÞÕà 

Þß àÕÞÕçêáÜÕ ÞåÕ éáÜ×Ý ÚÛ ÜØêäÕç àÕÜÙáÞì. IÜ ßçàÕç Þß ÕxæÝßçÕ ÞåÕ çßÝÕ ßé æçÕèàÕéßçê×ÞáßÜ áÜ × 

ÖßÜÞáÜØßØÙ ã×ìâ ãÕ àÕÙáëÜÕà ÞÕÜÙáÝÕ Ù×êæÝÕÙ ßé v×çá×äÝÕ ÙÕÖÞáßÜ (ÙÕÕ FáëØçÕ 54×) Þå×Þ æçßváàÕ × 

àÕéßçê×ÞáßÜ ëç×àáÕÜÞ ×ÝßÜë ÞåÕ Ù×êæÝÕ àØçáÜë ØÜá×xá×Ý ÙÞçÕÞÖåáÜë. ÚåáÙ àÕéßçê×ÞáßÜ ëç×àáÕÜÞ ã×Ù 

Öå×ç×ÖÞÕçáÙÕà ×ÖÖØç×ÞÕÝì ØÙáÜë DáëáÞ×Ý Iê×ëÕ CßççÕÝ×ÞáßÜ (DIC) [27]. ÚåÕ êÕ×Ü æÝ×ÙÞáÖ ÙÞç×áÜ ×ÝßÜë ÞåÕ 

Ù×êæÝÕ áÙ Ö×ÝÖØÝ×ÞÕà éçßê ÞåÕ àÕéßçê×ÞáßÜ ê×æ ×Üà æÝßÞÞÕà ×Ù × éØÜÖÞáßÜ ßé æßÙáÞáßÜ ßÜ ÞåÕ Ù×êæÝÕ 

(ÙÕÕ FáëØçÕ 54ä). IÜ ßçàÕç Þß ÖßvÕç ÞåÕ ÕÜÞáçÕ æçÕèàÕéßçê×ÞáßÜ ç×ÜëÕ ãáÞå ÕÜßØëå æçÕÖáÙáßÜâ ãÕ ÖåßÙÕ 

×ææçßæçá×ÞÕ ÙÕÖÞáßÜ ëç×àáÕÜÞÙ ×Üà ØÙÕà ÞåçÕÕ áÜàáváàØ×Ý Ù×êæÝÕÙ. ÚåÕ ÞåçÕÕ Ù×êæÝÕÙ ãÕçÕ ÙØäjÕÖÞÕà 

Þß × ÖßêêßÜ ×ëÕáÜë ÞçÕ×ÞêÕÜÞâ ÖßÜÙáÙÞáÜë áÜ × ÙÕvÕÜèà×ì Ü×ÞØç×Ý ×ëÕáÜë ×Þ çßßê ÞÕêæÕç×ÞØçÕ 

éßÝÝßãÕà äì ×çÞáéáÖá×Ý ×ëÕáÜë éßç 18å ×Þ 155°C. ÚåÕ áêæ×ÖÞ ßé æçÕèàÕéßçê×ÞáßÜ ßÜ ÙÞçÕÜëÞåÕÜáÜë ã×Ù 

Õv×ÝØ×ÞÕà ÞåçßØëå × ÙÕçáÕÙ ßé å×çàÜÕÙÙ êÕ×ÙØçÕêÕÜÞÙ ×ÝßÜë ÞåÕ ÞåçÕÕ ×ëÕà Ù×êæÝÕÙ (FáëØçÕ 54Ö). Fßç 

ÞåáÙ æ×çÞáÖØÝ×ç ×ëÕáÜë ÞáêÕâ ÞåÕ çÕÙØÝÞÙ Ùåßã × ÖßÜÞáÜØßØÙ áÜÖçÕ×ÙÕ áÜ ÙÞçÕÜëÞå ×Ù × éØÜÖÞáßÜ ßé æçÕè

àÕéßçê×ÞáßÜâ Ùß Þå×Þ Öå×ÜëáÜë ÞåáÙ æ×ç×êÕÞÕç Ö×Ü ÕééÕÖÞávÕÝì ÖßÜÞçßÝ ÞåÕ æçÕÖáæáÞ×ÞáßÜ káÜÕÞáÖÙ. Fßç 

ÞåÕ æØçæßÙÕ ßé ßØç ÙÞØàìâ ãÕ ÜÕÕàÕà ×ààáÞáßÜ×ÝÝì Þß çÕÙÞçáÖÞ ÞåÕ ç×ÜëÕ ßé æçÕèàÕéßçê×ÞáßÜÙ Þß v×ÝØÕÙ 

ãåÕçÕ ÞåÕ ÚÛ æå×ÙÕ àßêáÜ×ÞÕÙ ÞåÕ êáÖçßÙÞçØÖÞØçÕ. ÚåÕ àáÙÞçáäØÞáßÜ ßé æçÕÖáæáÞ×ÞÕÙ å×Ù äÕÕÜ 

Õv×ÝØ×ÞÕà äì ÕxèÙáÞØ SA�S êÕ×ÙØçÕêÕÜÞÙ ßÜ éßØç Ù×êæÝÕÙ çÕÙæÕÖÞávÕÝì æçÕèàÕéßçêÕà 0%â 0.5%â 2.5% 

×Üà 12% (ÙÕÕ FáëØçÕ 55). ÚåÕÙÕ êÕ×ÙØçÕêÕÜÞÙ ê×kÕ áÞ æßÙÙáäÝÕ Þß ÙÕæ×ç×ÞÕ ÞåÕ æçÕÙÕÜÖÕ ßé ÚÛ, üý ôïd 

S æå×ÙÕÙ [25]ÿ Tõð ÷úðóðïòð øù ñõð üý ôïd þ ÷õôóðó ô÷÷ðôúó ñø bð óîgïîùîòôïñ øïly îï ñõð ïøïèæçÕè

àÕéßçêÕà Ù×êæÝÕ (åáëåÝáëåÞÕà áÜ FáëØçÕ 55)â Ùß Þå×Þ æçÕèàÕéßçê×ÞáßÜ áÙ çÕvÕ×ÝÕà Þß äÕ × ÜÕÖÕÙÙ×çìâ 

äØÞ ÙØééáÖáÕÜÞ ÖßÜàáÞáßÜ éßç ÚÛ Þß àßêáÜ×ÞÕ ÞåÕ æçÕÖáæáÞ×ÞÕ êáÖçßÙÞçØÖÞØçÕ áÜ AA2198. IÜ ÞåÕ éßÝÝßãáÜë 

æ×ç×ëç×æåâ ÚÛ æçÕÖáæáÞ×ÞáßÜ káÜÕÞáÖÙ ×Üà çÕÝ×ÞÕà ÙÞçÕÜëÞåÕÜáÜë ãáÝÝ äÕ ÙÞØàáÕà áÜ àÕÞ×áÝ éßç ÞåÕ 0.5%â 

2.5% ×Üà 12% æçÕèàÕéßçê×ÞáßÜÙ.  
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3.2 Microstructure�and�strength�e�olution�during�ageing�at�constant�T��thickness�

�n this section the precipitation �inetics an� re�ate� stren�thenin� ��rin� a�ein� at 	

�� wi�� 
e 

presente� for the three se�ecte� �e�e�s of pre-�efor�ation� na�e�� ��
�� ��
� an� 	��� �he �� 

precipitation �inetics was fo��owe� in-sit� in ���� for these three con�itions� �napshots of the 

contin�o�s recor�in� of ���� i�a�es are shown in �i��re 
6 for the three �efor�ation �e�e�s an� 

se�ecte� a�ein� ti�es� ��ear��� increasin� the �e�e� of pre-�efor�ation res��ts in a faster precipitation 

�inetics� 
oth in ter�s of the apparition of characteristic strea�s for p�ate�et precipitates an� 

s�
seq�ent increase of ���� intensit�� �o��owin� the �etho� �e�e�ope� 
� �e  e�ser et a�� ��
�� the 

�ean �ia�eter an� thic�ness of the �� precipitates were e�tracte� fro� the ���� i�a�es an� are 

p�otte� in �i��re 
!� �s e�pecte�� a hi�her pre-�efor�ation "an� therefore a hi�her �ensit� of 

n�c�eation sites# res��ts in a faster �inetics an� s�a��er �ean �� �ia�eter at the en� of the heat 

treat�ent� ���itiona���� one can notice that the �ean �� thic�ness re�ains hi�h�� sta
�e aro�n� 

	�3n� in the three con�itions� which re�ea�s precipitation of on�� sin��e-�a�er �� precipitates ��$�� 

�i��re 
!c �isp�a�s the e�o��tion of �� �o���e fraction e�tracte� fro� ��� ther�o�ra�s fo��owin� 

the �etho� �etai�e� in ��$�� �ina���� the infor�ation on �ia�eter� thic�ness an� �o���e fraction 

�a�es it possi
�e to e�a��ate the n��
er �ensit� & of precipitates per �nit �o���e: 

 軽 噺 ね血塚講建経態 '*+/ 

where t an� � are the �� �ean thic�ness an� �ia�eter an� 血塚 is the �o���e fraction of �� precipitates 
"the fitte� f�nction shown in �i��re 
!c is �se� to esti�ate the �o���e fraction at each a�ein� ti�e#� 

�i��re 
!a-� e�phasise that a sta
�e �icrostr�ct�re is reache� in a�� the con�itions after 

appro�i�ate�� 	
�h at 	

��� �he three res��tin� �icrostr�ct�res �iffer in precipitate n��
er 

�ensit� 
� a��ost an or�er of �a�nit��e an� th�s in �ean �� �ia�eter whi�e �eepin� a constant �� 

thic�ness an� si�i�ar �o���e fraction� 

�he e�o��tion of �ie�� stren�th ��rin� a�ein� for the three �e�e�s of pre-�efor�ation is shown in 

�i��re 
; for the sa�e a�ein� ti�es as those chosen for the �eas�re�ents of �o���e fraction� �he 

contin�o�s c�r�es are JM�K t�pe fits ��;� app�ie� to the �ata� One can notice that a si�i�ar �ie�� 

stren�th is reache� at the en� of the heat treat�ent for the three con�itions� �he �o���e fraction 

an� �ie�� stren�th e�o��tions ��rin� the heat treat�ent were fo�n� to 
e �er� si�i�ar in the 

in�esti�ate� con�itions an� within e�peri�enta� �ncertaint� a �inear re�ationship is o
ser�e� 


etween these two para�eters "see �i��re 
;
#� 
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<=> Models�based�on�the�shearing�mechanism 
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ÅÆÇÈÉÈÊË ÆÌÈ ÍÎÌ ÌÆÏÐÍÈ ÏÑÎÏ ÏÑÈ ÒÊÈÓÐÍÏÐÆÌÔ ÓÐÕÕÈÊ ÇÑÈÌ ÏÑÈ Ö× ÒÊÈÍÐÒÐÏÎÏÈÔ ÎÊÈ ÏÑÐÍØÈÌÐÌÙÚ ÖÑÈ 

ÍÆÌÏÊÐÛÜÏÐÆÌ ÆÕ ÏÑÈ APB ÏÆ ÏÑÈ ÝÐÈÞÓ ÔÏÊÈÌÙÏÑ ÛÈÍÆßÈÔ ßÆÊÈ ÐßÒÆÊÏÎÌÏ ÕÆÊ ÏÑÐÍØÈÊ ÒÞÎÏÈÔË ÇÑÐÍÑ 

ÊÈÔÜÞÏÔ ÐÌ Î ÑÐÙÑÈÊ ÒÊÈÓÐÍÏÈÓ ÝÐÈÞÓ ÔÏÊÈÌÙÏÑ ÇÑÈÌ ÏÑÈ ÒÊÈÍÐÒÐÏÎÏÈÔ ÎÊÈ ÏÑÐÍØÈÌÐÌÙÚ  

àÌ ÏÑÈ Íase áâ ãäå æçè éêèèëåìí îáèåë ïðå âäïïåè äçïåñâæòäæë åçåñóô äí 紘沈 噺"õÚöõ÷ øùß
ú
Ú ûÆÊ ÏÑÈ 

ßÆÓÐÕÐÈÓ ÐÌÏÈÊÕÎÍÐÎÞ ÔÏÊÈÌÙÏÑÈÌÐÌÙ ßÆÓÈÞË ÏÑÈ ÕÆÞÞÆÇÐÌÙ ÐÌÏÈÊÕÎÍÐÎÞ ÈÌÈÊÙÐÈÔ ÎÊÈ ÕÆÜÌÓü  紘沈 噺ど┻どば"øùßú ÎÌÓ 紘凋牒喋 噺 ど┻どどば"øùßúÚ ÖÑÈÔÈ ÈÌÈÊÙÐÈÔ ÎÊÈ ÐÌ ÏÑÈ ÊÎÌÙÈ ÆÕ ÍÞÎÔÔÐÍÎÞ ÐÌÏÈÊÕÎÍÐÎÞ ÈÌÈÊÙÝ 

ÉÎÞÜÈÔ ÕÆÊ ÔÈßÐýÍÆÑÈÊÈÌÏ ÒÊÈÍÐÒÐÏÎÏÈÔÚ ÅÆÇÈÉÈÊË ÆÌÈ ÍÎÌ ÌÆÏÐÍÈ Î ÔÐÙÌÐÕÐÍÎÌÏ ÓÐÕÕÈÊÈÌÍÈ ÛÈÏÇÈÈÌ ÏÑÈ 

ÐÌÏÈÊÕÎÍÐÎÞ ÎÌÓβAPBβenergies.βTheβhighβamountβofβenergyβrequiredβtoβcreateβaβnewβinterfaceβisβrelatedβ

toβtheβdifferenceβinβprecipitateβandβmatrixβstructuresβwhichβresultsβinβaβhighβstrainβfieldβatβtheβnewβ

createdβinterface.βTheβpresenceβofβthisβhighβstrainβfieldβgivesβriseβtoβaβblurryβcontrastβinβHAADF-STEMβ

aroundβtheβshearedβregionβ(seeβFigureβ64b). þÿr the !βphaseβinβAluminiumβalloys,βLieβandβWawnerβ

[31]βrevealedβthatβtheβinterfacialβenergyβforβtheβnewβinterfaceβincreasesβdramaticallyβwithβmultipleβ

shearingβevents,βwhichβmakesβmultipleβshearingβhighlyβunfavourable,βasβconfirmedβrecentlyβforβtheβT1β

phaseβbyβtheβobservationsβofβDeschampsβetβal.β[21].βHowever,βtheβcreationβofβanβAPB,βwhichβisβ

internalβtoβtheβprecipitate,βmayβresultβinβaβsmallerβmismatchβandβthusβrequiresβlessβenergy.βThisβresultβ

highlightsβthatβtheβcontributionβofβtheβAPBβcreationβisβonlyβminorβinβtheβshearingβprocessβasβitβ

requiresβmuchβlessβenergyβthanβtheβcreationβofβaβnewβprecipitate/matrixβinterface.βItβthusβexplainsβ

why N�e and uddle�s �nterfac�al strengthen�ng mÿdel �s able tÿ pred�ct accurately the y�eld strength 

evolutionβbyβonlyβconsideringβtheβcreationβofβtheβnewβprecipitate/matrixβinterfaceβwhileβneglectingβ

theβAPBβcreation.βHowever,βweβbelieveβthatβtheβmodifiedβinterfacialβstrengtheningβmodelβisβphysicallyβ

moreβcorrectβandβappliesβbetterβtoβlateβageingβtimesβandβweβwillβthusβuseβitβinβtheβfollowing.β

Oneβimportantβobservationβresultingβfromβtheβfitβofβtheβmodifiedβmodelβtoβtheβexperimentalβdataβisβ

thatβitβdescribesβveryβaccuratelyβtheβfirstβstagesβofβtheβageingβtreatmentβatβ190°C,βwhereβallβ

parametersβvaryβveryβquicklyβ(namelyβdiameter,βvolumeβfractionβandβthickness).βItβisβalsoβcapableβofβ

describingβaβlargeβpartβofβtheβstrengthβdecreaseβduringβover-ageingβatβ190°C,βconfirmingβthatβitβisβnotβ

necessaryβtoβinvokeβaβprecipitateβby-passingβmechanismβevenβatβtheseβlateβstagesβofβageing.βActuallyβ

shearedβT1βprecipitatesβthickerβthanβoneβunitβcellβhaveβbeenβreportedβinβliteratureβ[19].βHowever,βatβ

veryβlateβageingβtimesβ(lastβpointβatβ250hβofβageing)βtheβmodelβpredictionβstronglyβdeviatesβfromβtheβ

experimentalβdata.βThisβdeviationβcouldβbeβrelatedβtoβaβchangeβinβtheβprecipitate-dislocationβ

interactionβmechanism.β
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. Discussion  
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i������� i� ����i�i���� ��i�k���� ('酵 苅 建貸態). Ho��v�� 
o� v��� 	o�� ov��-���i�� ��� �o
�	 
���
i��io�� 
�vi��� ���o��	� 
o�� ��� �x���i�����	 
���, �������i�� � ������ i� ����������i�� 

������i��. W��� T1 ����i�i����� ����� � ��

i�i��� ��i�k���� ��
 ���� ���i� ������ 
���i�� 

���o��� ��

i�i���	� ���		 �o ���� ���i� ����i�� i��������, i� ����� ����o���	� ���� ��� ��-����i�� 

������i�� ��o�	
 �� ���iv���
. Ho��v��, i� ��� �� �o��
 ���� ��� �o
�	� ����
 o� ��� ��-����i�� 

������i�� 
o �o� ���
i�� ��� �oo
 ����� o
 ����������i�� 
o� ����� ov�����
 �o�
i�io�� �i����. T�� 

i�
	����� o
 ����i�i���� �i��o���������� o� ��i� �o��i�	� ������ i� ����������i�� ������i�� ��q�i��� 

� %��� �����"�� $���* �+ ��� �""�*#$ /"�$��0��* ���� 4�"" 5� ��/����� �� � $�/����� /�/��6 

T�� �o
i
i�
 i����
��i�	 ����������i�� �o
�	 ��� ���� ��o�� �o �� ���	i���	� �o �		 ��� i�v���i����
 

�����o-������i��	 ���������, i��	�
i�� ��� ���i�� ���������� ����� ��� ���-
�
o����io� ��
 ���� 

v��i�
, ����	�i�� i� � �i
� ����� o
 ����i�i���� ������ 
���i�i��. Ho��v��, ��i� ���	i���i	i�� ��q�i��
 

�o ��oo�� 
i

����� ���� ��������� 購待 
����
i�� o� ��� i�i�i�	 ���-
�
o����io�. T�i� 
i

������ ��� 

������		� ��
	��� ��� i�
	����� o
 ���-
�
o����io� o� 
i�	o���io� ����������i��. I� 
���, ��� 
	o� 

������ 
��i�� ��� ����i	� ���� ���
 
o� �������i�� i� ����oxi����	� 788 &P�, 798 &P� ��
 388 &P� 


o�, �������iv�	�, ��� 8.9, 2.9 ��
 72: ���-
�
o����io��. T�� ����i�i�� 
i

������ �o�	
 �� 
�� �o 

��� �������� o� ��� 
i�	o���io�� o
 o���� ������ ���� �� &�-�i�� ����i�i����� ���� ��v� ���� ��o�� 

�o 
o�� �o������ �i�� ��� T1 ����i�i����� [3;]. T�i� ��� �x�	�i� ��� ��	��iv�	� �i�� �������� o
 ��� 

����	� �� ��� ��
 o
 ��� ����i�� ���� �o 799°C ���� �o �i��i
i���� T1 ����i�i����� ��� ������� (298 

&P� 
o� ��� 2.9: ���-
�
o���
 �����i�	). 

A����i�� ���� ��i� 
����i��io� o
 T1 ����������i�� i� �o�����, i� ��� � ������ o
 i�������i�� 

�o���q������. Fi���	�, i� i��	i�� ���� ��� 	i���� ��	��io���i�, i�
����
��� o
 ���-
�
o����io�, ���� 

��� �x���i�����		� o����v�
 ������� �i�	
 �������� ��
 T1 ����i�i���� vo	��� 
����io� (Fi���� 9<�) 

i� �o� ����o���
 �� o�� �o
�	. I� 
���, i� ����	�� 
�o� � �o�������io� o
 ��� ������ i� ����i�i���io� 

����������i�� �� � ������ i� ���� �������� �i�� ���-
�
o����io�. Eq���io� 72 o
 o�� �o
�	 ��� �� 

��i���� �� '酵 苅 血塚軽貸怠【態建貸泰【態, ����i�� ���� ��� 	i���� ��	��io���i� ������� vo	��� 
����io� ��
 

����������i�� i�������� �o	
� 
o� � �o������ ����i�i���� ��i�k���� ��
 ������ 
���i��. T�� �o������ 

����i�i���� ��i�k���� i� � v�	i
 �������io� 
��i�� ���i�� �� 799°C (Fi���� 9=�), �o��v�� ��� 

����i�i���� 
���i�� ������� �o
�����	� 
��i�� ��� ���i�� ��������� �
��� � �iv�� ���-
�
o����io�, 

��
 ���o��	� 
�o� o�� ���-
�
o����io� �o ��o����. T�i� ������ i� ����i�i���� 
���i�� �x�	�i�� ��� 
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>?@?BBDGJ @KLO?>BDQRK> KS D UKBB KS BQG?>VQX?>R>V YJ D> R>@G?DB?\ YDB? BQG?>VQX QK \?B@GRY? QX? 

?>QRG? GD>V? KS BQ^\R?\ LR@GKBQG^@Q^G?B_  

`Q LDJ B??L DQ SRGBQ BRVXQ @K^>Q?GjR>Q^RQRz? QXDQ QX? OG?@RORQDQ? BQG?>VQX BXK^U\ \?@G?DB? {X?> QX? 

OG?@RORQDQ? >^LY?G \?>BRQJ Y?@KL?B XRVX?G| DQ @K>BQD>Q zKU^L? SGD@QRK> D>\ QXR@}>?BB_ ~^@X D 

\?O?>\?>@? QK OG?@RORQDQ? >^LY?G \?>BRQJ RB KOOKBRQ? QK {XDQ XDOO?>B {RQX BQG?>VQX?>R>V YJ

BOX?GR@DU OG?@RORQDQ?B_ �K{?z?G RQ @D> Y? Y?QQ?G ^>\?GBQKK\ RS ?�^DQRK> �� KS K^G LK\?U RB G?j

KGVD>RB?\ R> J?Q D>KQX?G {DJ DB �酵 苅 経態軽怠【態建貸戴【態 {X?G? QX? zKU^L? SGD@QRK> \K?B >KQ DOO?DG 

?�OUR@RQUJ_ �XRB SKGL KS QX? ?�^DQRK> BXK{B QXDQ YKQX QX? @K>QGRY^QRK>B KS OG?@RORQDQ? >^LY?G \?>BRQJ

D>\ OG?@RORQDQ? \RDL?Q?G DG? OKBRQRz? QK QX? BQG?>VQX?>R>V R>@G?L?>Q� XK{?z?G QX? \RDL?Q?G XDB D 

L^@X BQGK>V?G @K>QGRY^QRK>| Y?@D^B? R>@G?DBR>V QX? OG?@RORQDQ? \RDL?Q?G XDB D UDGV? ?SS?@Q K> QX? 

OG?@RORQDQ? BQG?>VQX_ �K>B?�^?>QUJ| R>@G?DBR>V QX? OG?@RORQDQ? >^LY?G \?>BRQJ DQ @K>BQD>Q zKU^L? 

SGD@QRK> D>\ QXR@}>?BB �B^@X DB RB D@XR?z?\ YJ R>@G?DBR>V QX? OG?j\?SKGLDQRK>�| {XR@X >?@?BBDGRUJ

G?B^UQB R> D \?@G?DB? KS QX?RG \RDL?Q?G| R>\^@?B D \?@G?DB? KS QX? BQG?>VQX R>@G?L?>Q_ 

�

 Conc sion�

�� �J @KLYR>R>V QX? ?SS?@Q KS OG?j\?SKGLDQRK>| DV?R>V QRL? D>\ DV?R>V Q?LO?GDQ^G?| D {R\? 

GD>V? KS �� LR@GKBQG^@Q^G?B XDz? Y??> KYQDR>?\_ �X? ODGDL?Q?GB KS QX? �� OG?@RORQDQ? 

\RBQGRY^QRK>B XDz? Y??> BJBQ?LDQR@DUUJ @XDGD@Q?GRB?\ R> Q?GLB KS OG?@RORQDQ? QXR@}>?BB| 

\RDL?Q?G| zKU^L? SGD@QRK> D>\ QX? G?B^UQR>V >^LY?G \?>BRQJ XDB Y??> @DU@^UDQ?\_ �X? JR?U\ 

BQG?>VQXB @KGG?BOK>\R>V QK QX?B? LR@GKBQG^@Q^G?B XDz? Y??> BJBQ?LDQR@DUUJ L?DB^G?\| 

G?B^UQR>V R> D UDGV? \DQDYDB? KS LR@GKBQG^@Q^G? – BQG?>VQX G?UDQRK>BXROB_    

 

�� �X? JR?U\ BQG?>VQX ?zKU^QRK>| R> QX? @DB? KS BQG?>VQX?>R>V YJ �� OG?@RORQDQ?B| XDB Y??> 

B^@@?BBS^UUJ \?B@GRY?\ ^BR>V D LK\?U SKG OG?@RORQDQ? BX?DGR>V @K>BR\?GR>V QX? @KLYR>DQRK> KS 

R>Q?GSD@RDU D>\ D>QRjOXDB? YK^>\DGJ BQG?>VQX?>R>V_ �X? QGD>BRQRK> DQ O?D} BQG?>VQX D>\ 

B^YB?�^?>Q \?@G?DB? R> JR?U\ BQG?>VQX DG? B^@@?BBS^UUJ G?OG?B?>Q?\ {RQXK^Q D@@K^>QR>V SKG D 

BX?DGR>VjQKjYJjODBBR>V QGD>BRQRK>_  

 

�� �X? R>Q?GSD@RDU BQG?>VQX?>R>V LK\?U Kz?G?BQRLDQ?B QX? JR?U\ BQG?>VQX SKG XRVXUJ Kz?GjDV?\ 

BDLOU?B_ �XRB G?B^UQ B^VV?BQB QXDQ D QGD>BRQRK> R> BQG?>VQX?>R>V L?@XD>RBLB K@@^GB R> QX? UDQ? 

BQDV?B KS OG?@RORQDQRK>_ �> DUQ?G>DQRz? LK\?U RB >?@?BBDGJ QK OG?\R@Q QX? JR?U\ BQG?>VQX SKG 

QX?B? @K>\RQRK>B_ 

 

 �
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ÐþÒ ÜvÝØÙãÛ ìÒí ÷Ò ø×ÔÙÒ ú×çÕÒ 7Û ÑÑóõôÑÑÑÐ ðÑüõüñ 
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õóÒ àÞçâîÛ úÒí �äîÔÝØÖîãâäÕ ëÔÕ ëãÕêâÖØîãâäÕ ØvÔÖ ëÔÕ ãÙÚÞÝÔîéÕ ùãxÔÕÒ �ä í ÓãÕêâÖØîãâäÕ Ôî ëéùâÝÙØîãâä 

ÚêØÕîãûÞÔÛ �ÝØvØêÕÛ ÚÚÒÑþýôÑü7 ðÑü7üñ 
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õòÒ ÜÝØÞêêâôúÔîÔÝÕÛ VÒÛ àØÞêîÛ ßÒÛ ÓÔ àÔÞÕÔÝÛ áÒÛ ÓÔÕÖ×ØÙÚÕÛ ÜÒÛ øØãÝäÔçÛ ÷Ò ìÒí ÜÖîØ ìØîÔÝÒ ãä ÚÝÔÕÕÒ 
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Chapter�V n estigation�on�the�strengthening�

mechanisms�of�the�T1�precipitates�and�infl ence�on�the�

plasticit �beha io r�

 

The aim of this chapter is to �et a �etter �nderstandin� of the stren�thenin� mechanisms in terms of 

interactions �et	een the dislocations and the T
 precipitates. �n the precedent chapter, 	e mana�ed 

to model the yield stren�th �y �sin� a model �ased on shearin� only. The model failed to predict the 

yield stren�th only in the case of hea�ily o�er-a�ed conditions s���estin� a transition from shearin� 

to �y passin� that 	o�ld occ�r lon� after the pea
 stren�th. We 	ill see that the o�ser�ation of the 

plasticity �eha�io�r and e�ol�tion as a f�nction of the T
 
inetics is a stron� tool to �et information 

on the stren�thenin� mechanisms.  
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Strengthening�mechanisms�of�T��precipitates�and�their�inf ence�on�

the�plasticit �of�an�Al C Li�allo �
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±²³´µ¶³ ·¸ ¶¹² º»±¼½¶·»¸ »º ·¸¶²¸³² ³¹²½± ¾½¸¿³À Á»Â²Ã²±Ä Å²³Æ¹½¼Ç³ ²¶ ½µÀ ÈÉÊË Ç±»Ç»³²¿ ¶¹½¶ 

³·¸Ìµ²Íµ½Î²± ÏÐ Ç±²Æ·Ç·¶½¶²³ Æ»´µ¿ »¸µÎ ¾² ³¹²½±²¿ »¸Æ² ·¸ ¶¹² ³½¼² Çµ½Æ²Ä ¶¹´³ Ç±²Ã²¸¶·¸Ì 

Æ½¶½³¶±»Ç¹·Æ Çµ½¸½± ³µ·ÇÀ Ñ³ ½ Æ»¸³²Ò´²¸Æ²Ä ·¶ ³²²¼³ ¶¹½¶ ¶¹² Ç±²³²¸Æ² »º ³·¸Ìµ²Íµ½Î²± ÏÐ Ç±²Æ·Ç·¶½¶²³ 

Ç±²Ã²¸¶³ ½ µ»Æ½µ·³½¶·»¸ »º Çµ½³¶·Æ·¶Î »¸ ½ ¼·Æ±»³Æ»Ç·Æ ³Æ½µ² ½µ¶¹»´Ì¹ ·¶ ¼½Î ³¶·µµ ±²³´µ¶ ·¸ ¶¹² 

µ»Æ½µ·³½¶·»¸ »º Çµ½³¶·Æ·¶Î ½¶ ½ ¼½Æ±»³Æ»Ç·Æ ³Æ½µ² Óº»±¼½¶·»¸ »º ³µ·Ç µ·¸²³ÔÀ 

Ï¹² ½·¼ »º ¶¹² Ç±²³²¸¶ Ç½Ç²± ·³ ¶» Æµ½±·ºÎ ¶¹² ·¸ºµ´²¸Æ² »º ÏÐ Ç±²Æ·Ç·¶½¶² ¼·Æ±»³¶±´Æ¶´±²Ä ½¸¿ 

Ç½±¶·Æ´µ½±µÎ ¶¹² ²ºº²Æ¶ »º Çµ½¶² ¶¹·ÆÕ¸²³³Ä »¸ ¶¹² Çµ½³¶·Æ·¶Î »º ÑµÍÖ´Í×· ½µµ»Î³À Ø»± ¶¹·³ Ç´±Ç»³²Ä ¶¹² 

Ç±²Æ·Ç·¶½¶²Ídislocation ÙÚÛÜÝÞßàÙà ÝÞá âÜÚ ÝààãÛßÝâÚá Ýääãåæà çäÝàâßÛßâå êßää ëÚ àâìáßÚá ßÞ àßâìÝâßãÞà 

Â¹²±² ¶¹² ÏÐ Ç±²Æ·Ç·¶½¶² ¼·Æ±»³¶±´Æ¶´±² ·³ Ã½±·²¿ ·¸ ½ Â·¿² ±½¸Ì²Ä ±½¸Ì·¸Ì º±»¼ ´¸¿²±Í½Ì²¿ ¶²¼Ç²±³ 

»º Ç±²Æ·Ç·¶½¶·»¸ ÓÌ±»Â·¸Ì ³·¸Ìµ²Íµ½Î²± Ç±²Æ·Ç·¶½¶²³Ô ¶» ¹²½Ã·µÎ »Ã²±Í½Ì²¿ ¶²¼Ç²±³ Ó¼´µ¶·Çµ² µ½Î²± 

Ç±²Æ·Ç·¶½¶²³ÔÀ Ï¹² ¼·Æ±»³¶±´Æ¶´±² Æ¹½±½Æ¶²±·³½¶·»¸ ½µ»¸Ì ½ ¿´Çµ²í ½Ì²·¸Ì ¶±²½¶¼²¸¶ ½¶ ÉîîïÖ ½¸¿ 

ÉðñïÖ ·³ ¾½³²¿ »¸ ½ ±²Æ²¸¶µÎ Ç´¾µ·³¹²¿ Ç½Ç²± ÈòËÀ Å²º»±¼²¿ ³½¼Çµ²³ ½±² »¾³²±Ã²¿ ´³·¸Ì ¹·Ì¹ 

±²³»µ´¶·»¸ ³Æ½¸¸·¸Ì ¶±½¸³¼·³³·»¸ ²µ²Æ¶±»¸ ¼·Æ±»³Æ»ÇÎ ÓóÏôõÔ ·¸ ¶¹² ¹·Ì¹ ½¸Ìµ² ½¸¸´µ½± ¿½±Õ º·²µ¿ 

¼»¿² ÓÁÑÑÅØÔ ·¸ »±¿²± ¶» »¾³²±Ã² ½¶ ¶¹² ¼·Æ±»³Æ»Ç·Æ ³Æ½µ² ¶¹² Ç±²Æ·Ç·¶½¶²Í¿·³µ»Æ½¶·»¸ ·¸¶²±½Æ¶·»¸³À 

Ï¹² ³¶±½·¸ ¹½±¿²¸·¸Ì ²Ã»µ´¶·»¸ Â·µµ ¶¹²¸ ¾² ½¸½µÎ³²¿ ´³·¸Ì ´¸·½í·½µ ¶²¸³·µ² ¶²³¶³ ½¸¿ ö½´³Æ¹·¸Ì²± 

¶²³¶³À Ø·¸½µµÎÄ ¶¹² Çµ½³¶·Æ ³¶±½·¸ µ»Æ½µ·³½¶·»¸ ½¶ ¶¹² ¼½Æ±»³Æ»Ç·Æ ³Æ½µ² ·³ ²Ã½µ´½¶²¿ ´³·¸Ì »Ç¶·Æ½µ 

¼·Æ±»³Æ»ÇÎ Â·¶¹ ÷»¼½±³Õ· Æ»¸¶±½³¶ ½¸¿ Ö»¸º»Æ½µ ×½³²± óÆ½¸¸·¸Ì õ·Æ±»³Æ»ÇÎ ÓÖ×óõÔ »¾³²±Ã½¶·»¸³À  

 

 

. Material and experimental procedure 

Ï¹² ÑÑøÉðù ½µµ»Î Â½³ Ç±»Ã·¿²¿ ¾Î ¶¹² Ö»¸³¶²µµ·´¼ ú»±²ÇÇ² û²³²½±Æ¹ Ö²¸¶±²Ä Ø±½¸Æ²Ä ½³ ±»µµ²¿ î¼¼ 

¶¹·ÆÕ ³¹²²¶³ Â·¶¹ ½ º´µµÎ ´¸±²Æ±Î³¶½µµ·³²¿ Ì±½·¸ ³¶±´Æ¶´±²À Ï½¾µ² ÉÉ Ì·Ã²³ ¶¹² Æ»¼Ç»³·¶·»¸ ±½¸Ì² º»± 

ÑÑøÉðù ½µµ»ÎÀ Ï¹² ³½¼Çµ²³ Â²±² º·±³¶ ³»µ´¶·»¸ ¶±²½¶²¿ ½¸¿ Â½¶²± Ò´²¸Æ¹²¿À û·Ì¹¶ ½º¶²± Ò´²¸Æ¹·¸ÌÄ 

¶¹² ³½¼Çµ²³ Â²±² Ç±²Í¿²º»±¼²¿ ¶» ½ Çµ½³¶·Æ ³¶±½·¸ »º øÀîüÀ Ï¹² ³½¼Çµ²³ Â²±² ¸½¶´±½µµÎ ½Ì²¿ º»± 

³²Ã²¸ ¿½Î³ ½¸¿ ¶¹²¸ ½Ì²¿ ·¸ ½¸ »·µ ¾½¶¹Ä ³¶½±¶·¸Ì Â·¶¹ ½ ¹²½¶·¸Ì ±½¼Ç »º øñ ýÀ¹
þÐ

 ¶» ÉîîïÖÄ º»µµ»Â²¿ 

¾Î ½ ¿´Çµ²í ½Ì²·¸Ì ¶±²½¶¼²¸¶ º»± Éù¹ ½¶ ÉîîïÖ ½¸¿ ¶¹²¸ ÉðñïÖ Ó¶²¼Ç²±½¶´±² ±²½Æ¹²¿ ·¸ 

½ÇÇ±»í·¼½¶²µÎ î ¼·¸ÔÀ Ï¹² ³½¼Çµ²³ Â²±² Ò´²¸Æ¹²¿ ·¸¶» Æ»µ¿ Â½¶²± ½¶ ¿·ºº²±²¸¶ ¶·¼²³ ¿´±·¸Ì ¶¹² ¹²½¶ 

¶±²½¶¼²¸¶ ½¸¿ ½¸½µÎ³²¿À 

 

Ï¹² ³½¼Çµ²³ º»± ÁÑÑÅØÍóÏôõ »¾³²±Ã½¶·»¸³ Â²±² º·±³¶ ¼²Æ¹½¸·Æ½µµÎ Ç»µ·³¹²¿ ·¸¶» ¶¹·¸ º»·µ³ »º ｂなどどÿŒ ½¸¿ ¶¹²¸ ²µ²Æ¶±»ÍÇ»µ·³¹²¿ ´³·¸Ì ½ ¶Â·¸ ¿»´¾µ² j²¶ ³Î³¶²¼ ·¸ ½ ³»µ´¶·»¸ »º 33ü ¸·¶±·Æ ½Æ·¿ ·¸ 

¼²¶¹½¸»µ ½¶ ÍøñïÖ ½¸¿ ÉîúÀ Ï¹² »¾³²±Ã½¶·»¸³ Â²±² Ç²±º»±¼²¿ ·¸ ½ JôO× Ñûõ øññØ ²Ò´·ÇÇ²¿ Â·¶¹ ½ 

óÆ¹»¶¶ÕÎ º·²µ¿ ²¼·¶¶²± ½¸¿ »Ç²±½¶·¸Ì ½¶ øññÕúÀ Ï¹·³ ·¸³¶±´¼²¸¶ Â½³ ½µ³» ²Ò´·ÇÇ²¿ Â·¶¹ ½ ³Ç¹²±·Æ½µ 

½¾²±±½¶·»¸ Ö³ÍÇ±»¾² Æ»±±²Æ¶»±À Ï¹² º»µµ»Â·¸Ì Ç½±½¼²¶²±³ Â²±² ´³²¿: Ç±»¾² ¿·½¼²¶²± »º ñÀÉ¸¼Ä ½¸ 

»¾j²Æ¶·Ã² ½Ç²±¶´±² ³²¼·Í½¸Ìµ² »º øøÀî¼±½¿Ä ¿²¶²Æ¶»± ¹½µºÍÆ»µµ²Æ¶·»¸ ½¸Ìµ² ¾²¶Â²²¸  ñ ½¸¿ Éîñ¼±½¿À 

Ï¹² ³½¼Çµ²³ º»± »Ç¶·Æ½µ ¼·Æ±»³Æ»ÇÎ ½¸¿ Ö×óõ Â²±² ¼·±±»± Ç»µ·³¹²¿ ¶¹²¸ ¿²º»±¼²¿ ´Ç ¶» øü Çµ½³¶·Æ 

³¶±½·¸Ä ·¸ ´¸·½í·½µ ¶²¸³·»¸Ä Â·¶¹ ³Ç²Æ·½µ Æ½±² ¸»¶ ¶» ¿½¼½Ì² ¶¹² Ç»µ·³¹²¿ ½±²½À OÇ¶·Æ½µ ¼·Æ±»³Æ»ÇÎ 

»¾³²±Ã½¶·»¸³ Â²±² Æ½±±·²¿ »´¶ »¸ ½ öXòñõ OµÎ¼Ç´³ ¼·Æ±»³Æ»Ç² ²Ò´·ÇÇ²¿ Â·¶¹ ½ ÷»¼½±³Õ· Ç±·³¼À 

Ï¹² Ö×óõ ²íÇ²±·¼²¸¶³ Â²±² Æ½±±·²¿ »´¶ »¸ ½ Ï½µÎ³´±º ÖÖI òñññ ¼·Æ±»³Æ»Ç² ½¶ ¶¹² PÇ±·¼² I¸³¶·¶´¶² ·¸ 

P»·¶·²±³Ä Ø±½¸Æ²À  

Ï²¸³·µ² ¼²½³´±²¼²¸¶³ Â²±² Æ½±±·²¿ »´¶ ´³·¸Ì ½ ³Æ±²ÂÍ¿±·Ã²¸ I¸³¶±»¸ ¼½Æ¹·¸² Â·¶¹ ½ 3ñÕ÷ µ»½¿ Æ²µµÀ 

÷»±¼½µ·³²¿ ¶²¸³·µ² ³½¼Çµ²³Ä Â·¶¹ ½ Æ±»³³Í³²Æ¶·»¸ »º 3¼¼*î¼¼ ½¸¿ Ì½´Ì² µ²¸Ì¶¹ »º òñ¼¼Ä Â²±² 

´³²¿À Ï¹² ²í¶²¸³»¼²¶²± Ì½´Ì² µ²¸Ì¶¹ Â½³ Éñ¼¼À Ï¹² ³¶±½·¸ ±½¶² Â½³ など貸戴 ³þÐÀ 
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Bauschinger tests were conducted on a servo-hydraulic MTS machine with hydraulic wedge grips to 

hold the specimen. The gauge section was 4mm in diameter and the gauge length was 12mm. The 

extensometer gauge length was 10mm. The strain rate was など貸戴 s��. 
 

��b�� ��� C�	
���
��� �f AA��98 ����� ����� �� �
% 

AA2198  Cu  Li  Mg  Ag  Zr  Al  

Min  2.�  0.�  0.25  0.1  0.04  �al  

Max  �.5  1.1  0.�  0.5  0.1�  �al  

 

. Results 

3.1 Precipitate microstructure evolution during the duplex ageing treatment 

The quantitative description o� the T� kinetics during the duplex ageing treatment (1�h at 155°� and 

then 1�0°�) has �een the su��ect o� a recent paper [6]. The evolution o� the morphological 

parameters and volume �raction o� the T� phase was investigated using in-situ Small-�ngle �-Ray 

Scattering (S��S), Di��erential Scanning �alorimetry (DS�) and H��D�-STEM. �n this section, we will 

�rie�ly summarise the main outcome o� this previous study. The evolutions o� the average thickness 

and diameter, volume �raction and num�er density o� the T� precipitates are reported in �igure 67 as 

a �unction o� ageing time. The precipitate thickness is constant at 1.�nm during the 1�h at 155°� that 

correspond to the growth o� single-layer precipitates only. �recipitate thickening is activated when 

temperature is raised to 1�0°� and an average thickness o� 2nm is reached a�ter approximately 70h 

at 1�0°�. During ageing at 155°�, the volume �raction �irst sta�ilises around 2!, corresponding to the 

saturation o� the growth o� single-layer precipitates. �ncreasing the temperature to 1�0°� activates 

precipitate thickening, which ena�les the remaining solute to �oin the precipitates [6] and the volume 

�raction reaches a saturation value o� 2.5!. �t has previously �een o�served that the average 

thickness o� 2nm measured a�ter 1�h at 155°� + 70h at 1�0°� actually consists o� a distri�ution o� T� 

thickness �rom single layer to multi-layer precipitates [6].  
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3.3 Mechanical�tests"�in#estigation�of�the�strain�hardening�beha#io$r 
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ÙÚÛÜÝÞßà áââãÝÙä åÜæÛçèé êÚÛ ÝÛâáëÛÝè áì íÜãÙâÚÞßàÛÝ ÙêÝÛÙÙ ÞÙ æãâÚ ÙçáîÛÝé îÚÞâÚ ÞÙ ÞççãÙêÝÜêÛï ðè Ü 

ÙÞàæáÞïÜç ÝÛëÛÝÙÜç ÙêÝÛÙÙñÙêÝÜÞß âãÝëÛä òáççáîÞßà êÚÛ ÞßêÛÝóÝÛêÜêÞáß áì êÚÛ ÙêÝáßà íÜãÙâÚÞßàÛÝ ÙêÝÛÙÙ Þß 

Üß Üççáè âáßêÜÞßÞßà ßáßñÙÚÛÜÝÜðçÛ óÝÛâÞóÞêÜêÛÙ ôõöé÷õøé ÜÙ ÝÛÙãçêÞßà ìÝáæ êÚÛ ÞßêÛÝÜâêÞáß ðÛêîÛÛß 

ÝÛëÛÝÙÜç ïÞÙçáâÜêÞáßÙ Üßï ÙêáÝÛï ùÝáîÜß çááóÙ úæÛâÚÜßÞÙæ âÜççÛï ùÝáîÜßñûÛçóÛï üÛëÛÝÙÛ íèñ

passing ýþ ÿHRB),  he �eng h ýf  he ���a eau� ýf Bauschingeþ s þess ýbseþved duþing s þain þeveþsa� is 

âÚÜÝÜâêÛÝÞÙêÞâ áì êÚÛ ßãæðÛÝ áì ïÞÙçáâÜêÞáß çááóÙ êÚÜê âÜß ðÛ ÝÛâáëÛÝÛïä TÚÛ ëÜçãÛ áì êÚÞÙ óÜÝÜæÛêÛÝ 

ÞÙ ãßâçÛÜÝé ðãê Þê æãÙê ðÛ ÝÛçÜêÛï êá êÚÛ ìáÝîÜÝï ÙêÝÜÞß úßãæðÛÝ áì ÙêáÝÛï çááóÙ� Üßï êá êÚÛ ïÞÙêÜßâÛ 

ðÛêîÛÛß óÝÛâÞóÞêÜêÛÙ úïÞÙêÜßâÛ ðÛêîÛÛß ÝÛâáëÛÝÛï çááóÙ ïãÝÞßà ÙêÝÜÞß ÝÛëÛÝÙÜç�ä SãâÚ ÙÞàæáÞïÜç 

sha�e ýf  he s þain þeveþsa� behaviýuþ was ac ua��y ýbseþved in a�� ýf Fþibýuþg�s ex�eþimen Ù îÚÛÝÛ 

óÝÛâÞóÞêÜêÛÙ îÛÝÛ ßáßñÙÚÛÜÝÜðçÛä  

WÚÛß æáëÞßà êá Ü ÚÞàÚÛÝ ïÛàÝÛÛ áì áëÛÝñÜàÛÞßàé ßÜæÛçè êÚÛ ÙÜæóçÛ ÜàÛï õõ5Ú Üê 1ö0°Cé êÚÛ ÞßÞêÞÜç 

ÙêÝÜÞß ÚÜÝïÛßÞßà ÝÜêÛ êÜkÛÙ ëÛÝè ÚÞàÚ ëÜçãÛÙé ëÛÝè âçáÙÛ ÜâêãÜççè êá êÚáÙÛ áðÙÛÝëÛï Þß 7000 ÙÛÝÞÛÙ 

ÜççáèÙ âáßêÜÞßÞßà ßáßñÙÚÛÜÝÜðçÛ óÝÛâÞóÞêÜêÛÙ áì çÜÝàÛ ÝÜïÞãÙ ôõöøä �ß ÜïïÞêÞáßé Þê ÚÜÙ ðÛÛß ÙÚáîß Þß ô7ø 

êÚÜê Þß êÚÞÙ âáßïÞêÞáß êÚÛ ÙêÝÛßàêÚÛßÞßà æáïÛç ðÜÙÛï áß óÝÛâÞóÞêÜêÛ ÙÚÛÜÝÞßà îÜÙ ßáê ÜóóçÞâÜðçÛä 

TÚÛÝÛìáÝÛ Þê âÜß ðÛ ÙÜìÛçè ÙêÜêÛï êÚÜê îÞêÚ êÚÞÙ æÞâÝáÙêÝãâêãÝÛé T� óÝÛâÞóÞêÜêÛÙ ÜÝÛ æáÙêçè ðèñóÜÙÙÛï 

ðè ïÞÙçáâÜêÞáßÙä  

TÚÛ ÛììÛâê áì óçÜÙêÞâÞêè ÚáæáàÛßÞÙÜêÞáß áß Ü æÜâÝáÙâáóÞâ ÙâÜçÛ îÚÛß àáÞßà ìÝáæ ÙÚÛÜÝÜðçÛ óÜÝêÞâçÛÙ 

áßçè êá Ü âáæðÞßÜêÞáß áì ÙÚÛÜÝÜðçÛ Üßï ãßñÙÚÛÜÝÜðçÛ óÜÝêÞâçÛÙ ÚÜÙ ðÛÛß áðÙÛÝëÛï ðÛìáÝÛ Þß AçñLÞ 

ÙèÙêÛæÙä òáÝ Û�ÜæóçÛé CÜÙÙÜïÜ Ûê Üçä ôõõø áðÙÛÝëÛï êÚÛ ÙÜæÛ ÛììÛâê îÚÛß àáÞßà ìÝáæ Ü 

microstructure �� 	
��r�
l� �� �r�����t�t�	 ��l� ��� �� �lñ2�� �ll��� t� � ���r�	tr��t�r� �� ���
���� �� 

Üßï ãßÙÚÛÜÝÜðçÛ GÛ óÜÝêÞâçÛÙ úÞß Üß AçñõLÞñ0äõGÛ Üççáè�ä TÚÛ óÝÛÙÛßâÛ áì êÚÛÙÛ ãßñÙÚÛÜÝÜðçÛ óÜÝêÞâçÛÙ 

îÜÙ ÛììÛâêÞëÛ Þß ÚáæáàÛßÞÙÞßà ïÞÙçáâÜêÞáß ÙçÞóä ûáîÛëÛÝ áßÛ æãÙê ÝÛâÜçç êÚÜê êÚÛÝÛ ÞÙ ÙêÝáßà ÛëÞïÛßâÛ 
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l� �� óçÜêÛÙ áß óçÜÙêÞâÞêè ÞÙ ëÛÝè ïÞììÛÝÛßê ô17øä 

TÚÛ çáâÜçÞÙÜêÞáß áì óçÜÙêÞâÞêè ÚÜÙ ðÛÛß ÙêãïÞÛï Þß Üß AA80ö0 Üççáè ïãÝÞßà Ü ïãóçÛ� ÜàÛÞßà êÝÛÜêæÛßê ðè 

íçÜßkÛßÙÚÞó Üßï SêÜÝkÛ ô÷4øä TÚÛ ÜãêÚáÝÙ áðÙÛÝëÛï ÞßêÛßÙÛ ÙÚÛÜÝ ðÜßïÙ Þß êÚÛ T8 ÙêÜêÛ ú÷õÚ Üê 
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æÞâÝáÙêÝãâêãÝÛä SêÜÝêÞßà ìÝáæ êÚÛ T8 êÛæóÛÝ êÚÛè ÜóóçÞÛï Ü ÙÛâáßï ÞÙáêÚÛÝæÜç êÝÛÜêæÛßê Üê ÷00°C 

Üßï áðÙÛÝëÛï Ü ÚáæáàÛßÞÙÜêÞáß áì óçÜÙêÞâÞêè îÞêÚ Ü ïÞÙÜóóÛÜÝÜßâÛ áì êÚÛ ÙÚÛÜÝ ðÜßïÙä TÚÛ ÙÛâáßï 
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Üßï T� óÚÜÙÛä TÚÛ ÚáæáàÛßÞÙÜêÞáß áì óçÜÙêÞâÞêè îÜÙ áßçè ÜêêÝÞ
�t�� t� t
� ����r�t��� �� t
� 	tr��% $� 

óÚÜÙÛä ûáîÛëÛÝé êÚÛ ÜãêÚáÝÙ áðÙÛÝëÛï Ü ÙÞàßÞìÞâÜßê ßãæðÛÝ áì T� óÝÛâÞóÞêÜêÛÙ Þß TEMä íÜÙÛï áß áãÝ 

áðÙÛÝëÜêÞáßÙé îÛ âÜß óÝáóáÙÛ êÚÜê êÚÛ æÞâÝáÙêÝãâêãÝÛ âáßÙÞÙêÛï áì Ü ïÞÙêÝÞðãêÞáß áì ÙêÝáßà æãçêÞñ

çÜèÛÝÙ T� óÝÛâÞóÞêÜêÛÙ úðÛâÜãÙÛ êÚÛ ÚÞàÚ êÛæóÛÝÜêãÝÛ óÝáæáêÛï ÝÜóÞï êÚÞâkÛßÞßà áì êÚÛ óÝÛâÞóÞêÜêÛÙ�ä 

AÙ Ü âáßÙÛqãÛßâÛé êÚÛ óÝÛÙÛßâÛ áì ÙãâÚ T� ÙÚÛÜÝñÝÛÙÞÙêÜßê óÝÛâÞóÞêÜêÛÙ óÝáðÜðçè óçÜèÛï Ü ÙÞàßÞìÞâÜßê 

ÝáçÛ Þß êÚÛ ÚáæáàÛßÞÙÜêÞáß áì óçÜÙêÞâÞêè Þß êÚÞÙ ÙèÙêÛæ ÜÙ Þê ïáÛÙ Þß êÚÛ AAõ1ö8 ÙèÙêÛæä 

TÚÛ ÛììÛâê áì êÚÛ T� óÝÛâÞóÞêÜêÛÙ áß êÚÛ ÚáæáàÛßÛÞêè áì óçÜÙêÞâÞêè ÚÜÙ ÜçÙá ðÛÛß ÞßëÛÙêÞàÜêÛï ðè KÞæ 

Üßï LÛÛ Þß Üß AçñLÞñCã AAõ0ö0 Üççáè ô÷5øä TÚÛ óÝÛÙÛßâÛ áì Ü ÚÞàÚ ïÛßÙÞêè áì T� óÝÛâÞóÞêÜêÛÙ Þß êÚÛ 

ÜâêÞëÜêÛï ÙçÞó óçÜßÛÙ ÚÜÙ ðÛÛß áðÙÛÝëÛï êá ÛììÛâêÞëÛçè ÚáæáàÛßÞÙÛ ÙçÞó Üê êÚÛ æÜâÝáÙâáóÞâ ÙâÜçÛ 

úïÞÙÜóóÛÜÝÜßâÛ áì êÚÛ ÙÚÛÜÝ ðÜßïÙ�ä TÚÛ êÚÛÝæáñæÛâÚÜßÞâÜç êÝÛÜêæÛßê êÚÜê îÜÙ óÛÝìáÝæÛï 

âáßÙÞÙêÛï áì Ü ÝÛëÛÝÙÞáß êÝÛÜêæÛßê Üê ÚÞàÚ êÛæóÛÝÜêãÝÛ úõ65°C� t� ��		�l&� t
� �� �r�����t�t�	. $��
 � 

ÝÛëÛÝÙÞáß êÝÛÜêæÛßê óÝáðÜðçè ìÜëáãÝÛï Üß Û�êÛßÙÞëÛ êÚÞâkÛßÞßà áì êÚÛ T� óÝÛâÞóÞêÜêÛÙä AÙ îÜÙ 
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. Conclusion 
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Discussion�and�prospects�

 

�he aim of this part is to conduct a �eneral discussion linkin� the different chapters, to point out the 

possi�le limitations of approach and results and to propose possi�le directions for future �ork. 

· Characterisation procedure for quantitative, systematic precipitate characterization 

�he first step of our study �as to propose a characterisation procedure for the �1 phase that permits 

the estimation of the morpholo�ical parameters (diameter and thickness) and of the �1 volume 

fraction. �he validity of this characterisation procedure is critical as most of the experimental and 

modellin� results presented in this thesis are hi�hly dependent on this first step. �he evaluation of 

the diameter and thickness �as performed �y usin� a method developed �y De Geuser et al.; this 

method has already proven successful in previous studies. Ho�ever the consistency of the results 

o�tained as a function of the different parameters of the thermo-mechanical treatments investi�ated 

�reatly increases the confidence of the validity of this procedure. �he real innovation, in the method 

proposed, is on the estimation of the volume fraction. Contrarily to the case of isotropic spherical 

particles, usin� the SA�S technique to measure the �1 volume fraction is extremely difficult due to 

the anisotropy of the si�nal arisin� from the stron� texture of the AA2�98 alloy. �he estimation of 

the volume fraction of anisotropic plate like precipitates has al�ays �een proven difficult. As a result, 

�e proposed a novel �lo�al approach �hich uses the heat flo� o�tained durin� a thermal ramp in 

DSC. �he method consists in the inte�ration of the si�nal over the complete thermal ramp to extract 

the �1 volume fraction. Even if this technique is su�ject to a num�er of uncertainties (discussed in 

chapter III), �e �elieve that it �ives a fair estimation of the volume fraction evolution. Ho�ever, this 

technique only �ives access to a relative evolution and thus requires an alternative estimation for 

cali�ration. 	urthermore, it only permits a discontinuous evaluation of the volume fraction evolution.  

Alternative techniques could �e used to confirm the evolution as o�tained in DSC. 	or instance, 

preliminary results in �-Ray diffraction (�RD) have revealed that the �1 phase results in a measura�le 

peak close to that of the {���} matrix planes that evolves as a function of time of heat treatment. 

Such measurements could �e performed in-situ durin� heat treatments. �he apparition of the �1-

phase has also �een o�served durin� dilatometry experiments, pro�a�ly linked to the chan�e in 

lattice constant in the direction normal to the precipitate ha�it planes. Dilatometry is inherently an 

in-situ technique, althou�h it is mostly limited to isothermal heat treatments due to the difficulty to 

account precisely for the sample dilatation durin� temperature chan�es. �hese techniques could 

�rin� complementary information and confirm the evolution o�tained in DSC. Ho�ever, these 

techniques are mostly qualitative and �ould require a careful validation procedure �y 

complementary techniques. �he evolution of the volume fraction could pro�a�ly �e follo�ed �y 

SA�S (and therefore durin� in-situ measurements) in the case of a completely random distri�ution of 

the �1 plates (po�der like samples). �he ela�oration of a sample of random texture, �ith a �rain size 

much smaller than the �eam size, �ould then result in an isotropic si�nal in SA�S, easier to analyse in 

terms of volume fraction. 

�he characterisation procedure that �e set up permits an estimation of the avera�e �1 

microstructural parameters, �hich are sufficient for the model that �e developed. Ho�ever, this 

method does not provide information on the spatial distri�ution of the precipitates. �he 
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Appendix�I lationship�bet en�the�grain�te t re�

and�the�spatial�dispersion�of�hardness�d ring�ageing�
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. Introduction 
åæç èæçéêëìêçíæîïðíîñ èéçîèêçïè èæîè ðò óòóîññô îõõñðçö èë ðïöóòèéðîñ ÷ñìøðìùó îññëôò ðïúëñúçò î 

òóííçòòðëï ëû éëññðïü òèçõò èæîè éçòóñè ðï æðüæñô èçýèóéçö êçèîñ òæççèò þðèæ ñëïü çñëïüîèçö üéîðïò ÿòçç 

íæîõèçé II). åæðò òõçíðûðí èçýèóéç æîò bççï òæëþï èë éçòóñè ðï îï îïðòëèéëõô ëû èæç êçíæîïðíîñ 

õéëõçéèðçò êçîòóéçö ðï èæç éëññðïü õñîïç îò î ûóïíèðëï ëû èæç îïüñç èë èæç éëññðïü öðéçíèðëï. ÷ 

êðïðêóê ëû ôðçñö òèéçïüèæ ðò óòóîññô ûëóïö îè îbëóè  0° ûéëê èæç éëññðïü öðéçíèðëï; èæðò bçæîúðëóé íîï 

bç éçûçééçö èë îò ðïìõñîïç îïðòëèéëõô [1]. åæç îïüóñîé úîéðîèðëï ëû ôðçñö òèéçïüèæ ðï èæç õñîïç ëû 

èçýèóéçö êçèîñ õñîèçò æîò bççï èæçëéçèðíîññô íëééçñîèçö èë èæç üéîðï èçýèóéç bô Dîúðçò çè îñ. [2]. åæç 

ôðçñö òèéçïüèæ ëû òóíæ îññëôò ðò îñòë òèéëïüñô éçñîèçö èë èæç êðíéëòèéóíèóéç îïö êëéç õîéèðíóñîéñô èë èæç 

å� õæîòç èæîè ûëéêò ðï èæç {111}A� õñîïçò. åæç å� õéçíðõðèîèðëï ðò õéëêëèçö bô îõõñôðïü íëñö þëékðïü 

õéðëé èë èæç îüçìæîéöçïðïü èéçîèêçïè. åæç ðêõîíè ëû bëèæ èæç üéîðï èçýèóéç îïö èæç õéçíðõðèîèç 

êðíéëòèéóíèóéç ëï èæç îïüóñîé îïðòëèéëõô æîò bççï òèóöðçö bô Kðê îïö øçç ðï îï ÷÷2090 îññëô [3]. 

åæçòç îóèæëéò ëbòçéúçö èæç çûûçíè ëû òõçíðêçï ëéðçïèîèðëï ðï óïöçéìîüçö òîêõñçò ÿþðèæëóè å�, çûûçíè 

ëû èçýèóéç ëïñô) îïö õçîkìîüçö òîêõñçò ÿõéçòçïíç ëû å�, íëêbðïçö çûûçíè ëû èçýèóéç îïö å�). åæç 

îïüóñîé ôðçñö òèéçïüèæ úîéðîèðëïò þçéç òóííçòòûóññô éçñîèçö èë èæç íéôòèîññëüéîõæðí èçýèóéç. åæçô îñòë 

æðüæñðüæèçö îïðòëèéëõô ðï èæç ûéîíèóéç bçæîúðëóé þæðíæ þîò îèèéðbóèçö èë îï ðïæëêëüçïçëóò 

öðòèéðbóèðëï ëû èæç å� ïóíñçîèðëï òðèçò. Iïöççö, èæçô ûëóïö èæîè öóéðïü õéçìòèéçèíæðïü, èþë ëóè ëû èæç 

ûëóé {111} òñðõ õñîïçò þçéç õéçûçéçïèðîññô îíèðvated resulting in � higher disloc�tions� density in those 

èþë õñîïçò. Hëþçúçé, èæç öðòèéðbóèðëï ëû üéîðï ëéðçïèîèðëïò ðï èæç êîèçéðîñ ïëè ëïñô îûûçíèò èæç 

ïóêbçé ëû îíèðúîèçö òñðõ õñîïçò ðï çîíæ üéîðï, bóè êîô îñòë ðïûñóçïíç èæç òõîèðîñ öðòèéðbóèðëï ëû õñîòèðí 

òèéîðï ÿæçïíç ëû éçòóñèðïü öðòñëíîèðëï öçïòðèô), õîéèðíóñîéñô þæçï òêîññ õñîòèðí òèéîðïò îéç îõõñðçö ñðkç 

öóéðïü õéçìòèéçèíæ ëõçéîèðëï ÿèôõðíîññô bçèþççï 2 îïö 3%). Bçíîóòç å� õéçíðõðèîèçò ïóíñçîèç ëï 

öðòñëíîèðëïò, î æçèçéëüçïçëóò öðòèéðbóèðëï ëû õñîòèðí òèéîðï íîï éçòóñè ðï î æçèçéëüçïçëóò öðòèéðbóèðëï 

ëû òèéçïüèæ. Iï íæîõèçé IV, þç æîúç ðï ûîíè òæëþï èæîè íæîïüðïü èæç îêëóïè ëû õéçìòèéîðï íæîïüçö 

òðüïðûðíîïèñô èæç kðïçèðíò ëû æîéöçïðïü ðï èæç îññëô, îïö ïëè èæç çïö òèéçïüèæ îûèçé ñëïü îüçðïü èðêçò îè 

155°ù. 

åæç îðê ëû èæðò íæîõèçé ðò èë çúîñóîèç èæç çûûçíè ëû èçýèóéç ëï òõîèðîñ öðòõçéòðëï ëû òèéçïüèæ. Wç 

íëêbðïç êðíéëìæîéöïçòò êçîòóéçêçïèò þðèæ EBSD ëï bëèæ éçíéôòèîññðzçö îïö óïéçíéôòèîññðzçö 

÷÷2198 òõçíðêçïò. åæç æçèçéëüçïçëóò öðòèéðbóèðëï ëû êðíéëìæîéöïçòò ðò èæçï öðòíóòòçö îò î ûóïíèðëï 

ëû èæç íéôòèîññëüéîõæðí èçýèóéç îïö ðïæëêëüçïçëóò õéçòçïíç ëû èæç å� õéçíðõðèîèçò. 

. Material and experimental procedure 

åþë òæççèò ëû ÷÷2198 îññëô þçéç õéëúðöçö bô èæç ùëïòèçññðóê Vëéçõõç Rçòçîéíæ ùçïèéç. åæç ûðéòè 

òæççè þîò 5êê èæðík þðèæ î ûóññô óïéçíéôòèîññðòçö üéîðï òèéóíèóéç îïö èæç òçíëïö òæççè þîò 1.4êê 

èæðík þðèæ î ûóññô éçíéôòèîññðzçö üéîðï òèéóíèóéç. åæç òîêõñçò þçéç ûðéòè òëñóèðëï èéçîèçö ûëé 30 êðï îè 

510°ù îïö þîèçé qóçïíæçö. Rðüæè îûèçé qóçïíæðïü, èæç òîêõñçò þçéç õéçìöçûëéêçö èë î êîíéëòíëõðí 

èçïòðñç õñîòèðí òèéîðï ëû 2.5%. åæç òîêõñçò þçéç èæçï ïîèóéîññô îüçö ûëé òçúçï öîôò. åæç îéèðûðíðîñ 

îüçðïü èéçîèêçïè þîò èæçï çýçíóèçö ðï îï ëðñ bîèæ, òèîéèðïü þðèæ î æçîèðïü éîêõ ëû 20 K.æ
-�

 èë 155°ù, 

ûëññëþçö bô îï ðòëèæçéêîñ èéçîèêçïè îè 155°ù. åæç òîêõñçò þçéç qóçïíæçö ðïèë íëñö þîèçé îè 

öðûûçéçïè èðêçò öóéðïü èæç æçîè èéçîèêçïè îïö èæçï îïîñôòçö. åæç òîêõñçò þçéç èæçï êðééëé õëñðòæçö 

õéðëé èë èæç EBSD îïö êðíéëìæîéöïçòò êçîòóéçêçïèò. 



ヱンヵ"
"

~ｴW"†ｷIﾆWヴゲ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏW;ゲ┌ヴWﾏWﾐデゲ"┘WヴW"ヮWヴaﾗヴﾏWS"ﾗﾐ";"‡ｷﾉゲﾗﾐ"ｴ;ヴSﾐWゲゲ"~┌ﾆﾗﾐ"ヱヱヰヲ"a┌ﾉﾉ┞"
;┌デﾗﾏ;デｷI";ヮヮ;ヴ;デ┌ゲく"#"ﾏ;ゲゲ"ﾗa"ヱヰヰｪ"┘;ゲ"┌ゲWS"aﾗヴ"デｴW"ｷﾐSWﾐデ;デｷﾗﾐゲく"
~ｴW";ﾉWIデヴﾗﾐ"0;Iﾆ"}I;デデWヴWS"7ｷaaヴ;Iデｷﾗﾐ"ふ;0}7ぶ"ﾏW;ゲ┌ヴWﾏWﾐデゲ"┘WヴW"IﾗﾐS┌IデWS"ﾗﾐ";"};cどE;F"́;N}}"
⁄ﾉデヴ;"ヵヵ";ヮヮ;ヴ;デ┌ゲく"#"ゲI;ﾐﾐｷﾐｪ"ゲデWヮ"ﾗa"ヱ´ﾏ"┘;ゲ"┌ゲWS"aﾗヴ"デｴW";0}7";Iケ┌ｷゲｷデｷﾗﾐく"

ぬ┻ /Æ̊øæ┽̶̇ø¸º̋œœ"̋©æØ-ßÆæº"¸-øÆº̌"̇̌̋Æº̌"ßø̋̇ßŒ̋ºß"
~ｴW"†ｷIﾆWヴゲ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"W┗ﾗﾉ┌デｷﾗﾐ"┘;ゲ"ヴWIﾗヴSWS"S┌ヴｷﾐｪ"デｴW" ｷゲﾗデｴWヴﾏ;ﾉ"ｴW;デ"デヴW;デﾏWﾐデ";デ"ヱヵヵェ1"
ﾗﾐ"Hﾗデｴ"ゲｴWWデゲく"~┘Wﾐデ┞"ｷﾐSWﾐデゲ"┘WヴW"ヮWヴaﾗヴﾏWS"aﾗヴ"W;Iｴ";ｪWｷﾐｪ"デｷﾏW"ｷﾐ"ﾗヴSWヴ"デﾗ"I;ﾉI┌ﾉ;デW";"ゲデ;ﾐS;ヴS"
SW┗ｷ;デｷﾗﾐ"ﾗa"デｴW"ﾏW;ゲ┌ヴWﾏWﾐデゲく"~ｴW";┗Wヴ;ｪW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ｷゲ"ヮﾉﾗデデWS";ゲ";"a┌ﾐIデｷﾗﾐ"ﾗa";ｪWｷﾐｪ"デｷﾏW"
aﾗヴ"Hﾗデｴ"デｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS";ﾐS"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉWゲ"ｷﾐ"Eｷｪ┌ヴW"ΑΑ;く"~ｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"W┗ﾗﾉ┌デｷﾗﾐ"
ｷゲ"ゲｷﾏｷﾉ;ヴ" aﾗヴ"Hﾗデｴ";ﾉﾉﾗ┞ゲが";ﾉデｴﾗ┌ｪｴ"デｴW"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉWゲ"ヴW;Iｴ";"ゲﾉｷｪｴデﾉ┞"ｴｷｪｴWヴ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"
;aデWヴ" ヲヰｴ" ;デ" ヱヵヵェ1く" " ~ｴW" Sヴﾗヮ" ｷﾐ" ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ" S┌ヴｷﾐｪ" デｴW" ｴW;デｷﾐｪ" ヴ;ﾏヮ" ｴ;ゲ" ヮヴW┗ｷﾗ┌ゲﾉ┞" HWWﾐ"
;デデヴｷH┌デWS"デﾗ"デｴW"Sｷゲゲﾗﾉ┌デｷﾗﾐ"ﾗa"Iﾉ┌ゲデWヴゲ" ぷヴへく"~ｴW"W┗ﾗﾉ┌デｷﾗﾐ"ﾗa" デｴW"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ" ｷゲ"ヮﾉﾗデデWS";ゲ";"
a┌ﾐIデｷﾗﾐ"ﾗa";ｪWｷﾐｪ"デｷﾏW"ｷﾐ"Eｷｪ┌ヴW"ΑΑHく"Eﾗヴ"W;ヴﾉ┞";ｪWｷﾐｪ"デｷﾏWゲが"デｴW"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"ｷゲ"aﾗ┌ﾐS"デﾗ"HW"
ゲｷﾏｷﾉ;ヴ"aﾗヴ"Hﾗデｴ"ゲヮWIｷﾏWﾐゲ"H┌デ"ヴ;ヮｷSﾉ┞"SｷaaWヴ";aデWヴ";" aW┘"ｴﾗ┌ヴゲ";デ"ヱヵヵェ1く"~ｴW"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"aﾗヴ"
デｴW" ┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS" ゲヮWIｷﾏWﾐ" ヴWﾏ;ｷﾐゲ" Iﾗﾐゲデ;ﾐデ" デﾗ" ヱくヵK┗く" ~ｴW" ゲデ;ﾐS;ヴS" SW┗ｷ;デｷﾗﾐ" aﾗヴ" デｴW"
ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉW"ｷゲ"ゲｷｪﾐｷaｷI;ﾐデﾉ┞"ｴｷｪｴWヴき"ｷデ"aｷヴゲデ"ｷﾐIヴW;ゲWゲ";ﾐS"ヴW;IｴWゲ";"ﾏ;┝ｷﾏ┌ﾏ"ﾗa" ヱヲK┗";aデWヴ"
Αｴ";デ"ヱヵヵェ1";ﾐS"デｴWﾐ"SWIヴW;ゲWゲ"┘ｴWﾐ"ヴW;Iｴｷﾐｪ"デｴW"WﾐS"ﾗa"デｴW"ｴW;デ"デヴW;デﾏWﾐデく"#aデWヴ"Αｴ";デ"ヱヵヵェ1が"デｴW"
ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"aﾗヴ"デｴW"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS";ﾐS"┌ﾐどヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲヮWIｷﾏWﾐゲ"ヴWゲヮWIデｷ┗Wﾉ┞"IﾗヴヴWゲヮﾗﾐSゲ"デﾗ"
ヱヰХ"ふ ヱヲK┗ぶ";ﾐS" ヱХ"ふ ヱくヴK┗ぶ"ﾗa"デｴW";┗Wヴ;ｪW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"┗;ﾉ┌W"ふ ヱンヰK┗ぶく"#ゲ";"IﾗﾐゲWケ┌WﾐIWが"

┘W"┘ｷﾉﾉ" ヮWヴaﾗヴﾏ";" IﾗﾏHｷﾐWS";0}7";ﾐS"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮヮｷﾐｪ" ;aデWヴ" Αｴ";デ" ヱヵヵェ1" ｷﾐ" Hﾗデｴ" デW┝デ┌ヴW"
IﾗﾐSｷデｷﾗﾐゲ" ｷﾐ" ﾗヴSWヴ" デﾗ" ｷﾐ┗Wゲデｷｪ;デW" a┌ヴデｴWヴ" デｴW" ヴWﾉ;デｷﾗﾐゲｴｷヮ"HWデ┘WWﾐ" デｴW" Iヴ┞ゲデ;ﾉ"ﾗヴｷWﾐデ;デｷﾗﾐ" ;ﾐS" デｴW"
ﾉﾗI;ﾉ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲく"

"
Eｷｪ┌ヴW"ΑΑぎ" ふ;ぶ"†ｷIﾆWヴゲ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"W┗ﾗﾉ┌デｷﾗﾐ";ゲ" ;"a┌ﾐIデｷﾗﾐ"ﾗa";ｪWｷﾐｪ"デｷﾏW";デ"ヱヵヵェ1"aﾗヴ"Hﾗデｴ"デｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS";ﾐS"
ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"##ヲヱΓΒ"ゲｴWWデゲ";ﾐS"ふHぶ";┗ﾗﾉ┌デｷﾗﾐ"ﾗa"デｴW"SｷゲヮWヴゲｷﾗﾐ"ﾗa"デｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏW;ゲ┌ヴWﾏWﾐデゲ"aﾗヴ"Hﾗデｴ"ゲｴWWデゲく"



ヱンヶ"
"

ね┻ '$5&"̇º¸"/Æ̊øæ┽̶̇ø¸º̋œœ"Œ̇ııÆº̌"
~ｴW"ゲ;ﾏヮﾉWゲげ"ゲ┌ヴa;IWゲ"┘WヴW"ﾏｷヴヴﾗヴ"ヮﾗﾉｷゲｴWS";ﾐS";"ヴﾏﾏヲ";ヴW;"┘;ゲ"ｷSWﾐデｷaｷWS"┘ｷデｴ"ヴ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"
ｷﾐSWﾐデゲく";0}7"ﾏ;ヮヮｷﾐｪ"┘;ゲ"aｷヴゲデ"ヮWヴaﾗヴﾏWS"ﾗﾐ"Hﾗデｴ"ゲ;ﾏヮﾉWゲ"ふEｷｪ┌ヴW"ΑΒ;";ﾐS"Hぶく"~ｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷゲWS"
ゲ;ﾏヮﾉW" W┝ｴｷHｷデゲ" ﾉﾗﾐｪ" Wﾉﾗﾐｪ;デWS" ｪヴ;ｷﾐゲく" Nﾐ" デｴW" ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS" ゲ;ﾏヮﾉWが" デｴW" ｪヴ;ｷﾐ" SｷゲデヴｷH┌デｷﾗﾐ" ｷゲ"ﾏﾗヴW"
Wケ┌ｷ;┝WS";ﾐS"ｪヴ;ｷﾐ"ゲｷ┣Wゲ"ヴ;ﾐｪｷﾐｪ"aヴﾗﾏ" ヲヰ´ﾏ"デﾗ" ヵヰヰ´ﾏ"┘ｷデｴ";ﾐ";┗Wヴ;ｪW"ｪヴ;ｷﾐ"ゲｷ┣W"ﾗa" ヱヵヰ´ﾏく"#"
ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮが"Iﾗﾐゲｷゲデｷﾐｪ"ｷﾐ"ヲヰ"ﾉｷﾐWゲ"ﾗa"ヲヴ"ｷﾐSWﾐデゲ"ふヴΒヰ"ｷﾐSWﾐデゲ"ｷﾐ"デﾗデ;ﾉぶ"┘;ゲ"デｴWﾐ"ヴW;ﾉｷゲWS"ﾗﾐ"
Hﾗデｴ"ゲヮWIｷﾏWﾐゲ"ﾗﾐ" デｴW"ゲ;ﾏW";ヴW;ゲが" デｴW" ｷﾐSWﾐデゲ"┘WヴW"ヴWｪ┌ﾉ;ヴﾉ┞"ゲヮ;IWS"W┗Wヴ┞"ヱヰヰ´ﾏ";ﾐS";" ﾉﾗ;S"ﾗa"
ヱヰヰｪ"┘;ゲ"┌ゲWSく"~ｴW"Sｷゲデ;ﾐIW"HWデ┘WWﾐ"デｴW"ｷﾐSWﾐデゲ"┘;ゲ"ﾉ;ヴｪW"Wﾐﾗ┌ｪｴ"デﾗ";┗ﾗｷS"┌ﾐどSWゲｷヴWS"ｷﾐデWヴ;Iデｷﾗﾐゲ"
HWデ┘WWﾐ"デｴW"ｷﾐSWﾐデゲげ"ゲデヴ;ｷﾐ"aｷWﾉSゲ"ふデｴW"Sｷ;ｪﾗﾐ;ﾉ" "ﾗa"デｴW"ｷﾐSWﾐデゲ"┘;ゲ";ﾉ┘;┞ゲ"аヴヰ´ﾏが"IﾗヴヴWゲヮﾗﾐSｷﾐｪ"
デﾗ";ﾐ"ｷﾐデWヴどｷﾐSWﾐデ"Sｷゲデ;ﾐIW"ﾗa";デ"ﾉW;ゲデ" ぶく"~ｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮゲが"aﾗヴ"デｴW"デ┘ﾗ"ゲヮWIｷﾏWﾐゲが";ヴW"
Sｷゲヮﾉ;┞WS"ｷﾐ"Eｷｪ┌ヴW"ΑΓく"~ｴW";┗Wヴ;ｪW"ｴ;ヴSﾐWゲゲ"ふ ヱンヰK┗ぶ"┘;ゲ"aﾗ┌ﾐS"デﾗ"HW"デｴW"ゲ;ﾏW";ゲ"┘;ゲ"ヮヴW┗ｷﾗ┌ゲﾉ┞"
ヴWヮﾗヴデWS" ｷﾐ" aｷｪ┌ヴW"ヱく"Kﾗ┘W┗Wヴが"ﾗﾐW"I;ﾐ"ﾐﾗデｷIW"デｴ;デ"デｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ゲヮ;ﾐ" ｷゲ"ﾏ┌Iｴ"┘ｷSWヴ" aﾗヴ"デｴW"
ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉW"ふヱヰヵK┗"デﾗ"ヱヵヰK┗ぶ";ゲ"Iﾗﾏヮ;ヴWS"デﾗ"デｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉW"ふヱヲヵK┗どヱヴヵK┗ぶく"
E┌ヴデｴWヴﾏﾗヴWが" デｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮヮｷﾐｪ" ヴW┗W;ﾉゲ" デｴW" ヮヴWゲWﾐIW" ﾗa" さゲﾗaデざ" ;ﾐS" さｴ;ヴSざ" ┣ﾗﾐWゲく" ~ｴW"
Iｴ;ヴ;IデWヴｷゲデｷI" ゲｷ┣W" ﾗa" デｴWゲW" ┣ﾗﾐWゲ" ｷゲ" ﾗHゲWヴ┗WS" デﾗ"HW"ﾗa" ゲ;ﾏW"ﾗヴSWヴ" ﾗa"ﾏ;ｪﾐｷデ┌SW" ;ゲ" デｴW" ｪヴ;ｷﾐ" ゲｷ┣W"
ゲｴﾗ┘ｷﾐｪ";"ゲデヴﾗﾐｪ"IﾗヴヴWﾉ;デｷﾗﾐ"HWデ┘WWﾐ"デｴW"ｪヴ;ｷﾐ"デW┝デ┌ヴW";ﾐS"デｴW"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏW;ゲ┌ヴWﾏWﾐデゲく" Nﾐ"
デｴW"I;ゲW"ﾗa"デｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉWが"デｴW"さゲﾗaデざ";ﾐS"さｴ;ヴSざ"┣ﾗﾐWゲ";ヴW"ﾉﾗﾐｪ";ﾐS"Wﾉﾗﾐｪ;デWS"ゲｷﾏｷﾉ;ヴﾉ┞"
デﾗ"デｴW"ｪヴ;ｷﾐ"ゲｴ;ヮWが"┘ｴｷﾉW"デｴW┞";ヴW"ｷゲﾗデヴﾗヮｷI"ｷﾐ"デｴW"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ゲ;ﾏヮﾉWく"Kﾗ┘W┗Wヴが"ｷa"┘W"ゲ┌ヮWヴｷﾏヮﾗゲW"
デｴW";0}7";ﾐS"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮゲが"ｷデ"ｷゲ"SｷaaｷI┌ﾉデ"デﾗ"SｷヴWIデﾉ┞";デデヴｷH┌デW";"ゲヮWIｷaｷI"Iヴ┞ゲデ;ﾉ"ﾗヴｷWﾐデ;デｷﾗﾐ"デﾗ"
;" ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ" ┗;ﾉ┌Wく" NﾐSWWSが" ┘ｴWﾐ" ｷﾐSWﾐデｷﾐｪ" ;" ｪヴ;ｷﾐが" ;" ﾐ┌ﾏHWヴ" ﾗa" a;Iデﾗヴゲ" ;ヴW" ｷﾐ┗ﾗﾉ┗WS" ;ﾐS"
ｷﾐaﾉ┌WﾐIW" デｴW" ヴWゲ┌ﾉデｷﾐｪ" ｴ;ヴSﾐWゲゲ" ゲ┌Iｴ" ;ゲ" デｴW" Sｷゲデ;ﾐIW" デﾗ" デｴW" ｪヴ;ｷﾐ" Hﾗ┌ﾐS;ヴ┞が" デｴW" ヮヴWゲWﾐIW" ﾗa"
ｷﾐデWヴﾏWデ;ﾉﾉｷI"ヮ;ヴデｷIﾉWゲ";デ" デｴW"ゲ┌ヴa;IW"ﾗヴ"ｪヴ;ｷﾐゲ" ﾉ┞ｷﾐｪ"HWﾉﾗ┘"デｴW"ゲ┌ヴa;IW";ﾐS"ヮヴﾗHWS"H┞"デｴW" ｷﾐSWﾐデWヴく"
Kﾗ┘W┗Wヴが" ┘W" I;ﾐ" IﾉW;ヴﾉ┞" ゲWW" ;" SｷヴWIデ" ケ┌;ﾉｷデ;デｷ┗W" ｷﾐaﾉ┌WﾐIW" ﾗa" デｴW" ﾉﾗI;ﾉ" Iヴ┞ゲデ;ﾉ" ﾗヴｷWﾐデ;デｷﾗﾐ" ﾗﾐ" デｴW"
ﾏWIｴ;ﾐｷI;ﾉ"ヮヴﾗヮWヴデｷWゲく""
"

"""""""""""""""""""""""" """""""""""""""""""""""""
Eｷｪ┌ヴW"ΑΒぎ";0}7"ｷﾏ;ｪWゲ"ﾗa";ﾐ"##ヲヱΓΒ";ﾉﾉﾗ┞"┘ｷデｴ"ふ;ぶ";ﾐ"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"デW┝デ┌ヴW";ﾐS"ふHぶ"┘ｷデｴ";"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"デW┝デ┌ヴWく"

ヵヰヰ´ﾏ" ヵヰヰ´ﾏ"

~7"

y7"



ヱンΑ"
"

""" "
Eｷｪ┌ヴW"ΑΓぎ"†ｷIﾆWヴゲ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏ;ヮヮｷﾐｪ"ﾗa" ふ;ぶ";ﾐ"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"##ヲヱΓΒ"ゲヮWIｷﾏWﾐ";ﾐS"ふHぶ" ;"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"##ヲヱΓΒ"
ゲヮWIｷﾏWﾐく"~ｴW"ヴWS"Sﾗデゲが"ﾗﾐ"Hﾗデｴ"ﾏ;ヮゲが"ｴｷｪｴﾉｷｪｴデ"デｴW"aﾗ┌ヴ"ｷﾐSWﾐデゲ"┘ｴｷIｴ"┘WヴW"┌ゲWS"デﾗ"ゲWﾉWIデ"デｴW"ゲデ┌SｷWS";ヴW;く"

の┻ &Æœ̊-œœÆæº"
~ｴW" ｴWデWヴﾗｪWﾐWｷデ┞" ﾗa" ｴ;ヴSﾐWゲゲ" ヴW┗W;ﾉWS" ｷﾐ" デｴW" I;ゲW" ﾗa" デｴW" ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS" ゲヮWIｷﾏWﾐ" ｷﾐSｷI;デWゲ" デｴW"
ヮヴWゲWﾐIW"ﾗa"┘W;ﾆWヴ";ﾐS"ゲデヴﾗﾐｪWヴ"ｪヴ;ｷﾐゲ";aデWヴ"Αｴ";デ"ヱヵヵェ1く"Kﾗ┘W┗Wヴが";ゲ"ｷデ"┘;ゲ"ゲｴﾗ┘ﾐ"ｷﾐ"Eｷｪ┌ヴW"ΑΑHが"
デｴｷゲ"ｴWデWヴﾗｪWﾐWｷデ┞"┘;ゲ"ﾐﾗデ"ヮヴWゲWﾐデ"aﾗヴ"┗Wヴ┞"W;ヴﾉ┞";ｪWｷﾐｪ"デｷﾏWゲ"┘ｴWヴW"ﾐﾗ"~ヱ"ヮヴWIｷヮｷデ;デW"ｷゲ"ヮヴWゲWﾐデが";ﾐS"
デWﾐSゲ"デﾗ"┗;ﾐｷゲｴ";デ"┗Wヴ┞"ﾉﾗﾐｪ";ｪWｷﾐｪ"デｷﾏWゲく"~ｴWヴWaﾗヴW"ﾗ┌ヴ"ﾗHゲWヴ┗;デｷﾗﾐゲ"ゲデヴﾗﾐｪﾉ┞"ゲ┌ｪｪWゲデ";"SｷaaWヴWﾐIW"ｷﾐ"
デｴW"~ヱ"ヮヴWIｷヮｷデ;デｷﾗﾐ"ﾆｷﾐWデｷIゲ"ｷﾐ"デｴW"SｷaaWヴWﾐデ"ｪヴ;ｷﾐゲが"┘ｴｷIｴ"ｷゲ"SｷヴWIデﾉ┞"ヴWﾉ;デWS"デﾗ"デｴW"Iヴ┞ゲデ;ﾉ"ﾗヴｷWﾐデ;デｷﾗﾐく"
~ｴW"ｷﾐaﾉ┌WﾐIW"ﾗa"ヮヴWどゲデヴWデIｴｷﾐｪ"ﾗﾐ"デｴW"~ヱ"ヮヴWIｷヮｷデ;デｷﾗﾐ"ﾆｷﾐWデｷIゲ"ｷゲ"┘WﾉﾉどWゲデ;HﾉｷゲｴWS";ﾐS"デｴW"ﾆｷﾐWデｷIゲ"ｷゲ"
ﾆﾐﾗ┘ﾐ"デﾗ"HW"Wﾐｴ;ﾐIWS"aﾗヴ"ｴｷｪｴWヴ"ヮヴWどSWaﾗヴﾏ;デｷﾗﾐ"┗;ﾉ┌Wゲく"‡W"ﾆﾐﾗ┘"aヴﾗﾏ"ﾗHゲWヴ┗;デｷﾗﾐゲ"H┞"[ｷﾏ";ﾐS"
]WW"デｴ;デ"デｴW"SｷゲﾉﾗI;デｷﾗﾐゲげ"SWﾐゲｷデ┞"ｷゲ"ﾏﾗヴW"ｷﾏヮﾗヴデ;ﾐデ"ｷﾐ"デ┘ﾗ"ﾗ┌デ"ﾗa"aﾗ┌ヴ"べヱヱヱぺ"┗;ヴｷ;ﾐデゲ"ｷﾐ"デｴW"I;ゲW"ﾗa";"
デW┝デ┌ヴWS"ﾏ;デWヴｷ;ﾉく" Nﾐ"デｴW"I;ゲW"ﾗa";"ヴ;ﾐSﾗﾏ"デW┝デ┌ヴWが"┘W"I;ﾐ"W;ゲｷﾉ┞" ｷﾏ;ｪｷﾐW"デｴ;デ"デｴW";ﾏﾗ┌ﾐデ"ﾗa"ヮヴWど
ゲデヴWデIｴｷﾐｪ" SｷaaWヴゲ" aヴﾗﾏ" ﾗﾐW" ｪヴ;ｷﾐ" デﾗ" ;ﾐﾗデｴWヴ" SWヮWﾐSｷﾐｪ" ﾗﾐ" デｴW" ;Iデｷ┗;デWS" ゲﾉｷヮ" ヮﾉ;ﾐWゲく" #ゲ" ;"
IﾗﾐゲWケ┌WﾐIWが"デｴW"SｷゲデヴｷH┌デｷﾗﾐ"ﾗa"ヮヴWどゲデヴWデIｴｷﾐｪ"ｷゲ"ﾉｷﾆWﾉ┞"デﾗ"HW"ｴｷｪｴﾉ┞"ｷﾐｴﾗﾏﾗｪWﾐWﾗ┌ゲ"aヴﾗﾏ"ﾗﾐW"ｪヴ;ｷﾐ"
デﾗ";ﾐﾗデｴWヴが"ｷﾐS┌Iｷﾐｪ"SｷaaWヴWﾐIWゲ"ｷﾐ"デｴW"~ヱ"ヮヴWIｷヮｷデ;デｷﾗﾐ"ﾆｷﾐWデｷIゲく"Nﾐ";ｪヴWWﾏWﾐデ"┘ｷデｴ"ﾗ┌ヴ"ゲデ┌S┞"ﾗa"デｴW"
WaaWIデ" ﾗa" ヮヴWどゲデヴ;ｷﾐ" ﾗﾐ" デｴW" ゲデヴWﾐｪデｴWﾐｷﾐｪ" ﾆｷﾐWデｷIゲ" H┞" ~ヱ" ふIｴ;ヮデWヴ" N†ぶが" デｴW" ｪヴ;ｷﾐゲ" ゲ┌HﾃWIデWS" デﾗ" デｴW"
ｴｷｪｴWゲデ" ﾉW┗Wﾉ" ﾗa" ヮヴWどゲデヴ;ｷﾐ" ;ヴW" W┝ヮWIデWS" デﾗ" W┝ヮWヴｷWﾐIW" a;ゲデWヴ" ｴ;ヴSWﾐｷﾐｪ" デｴ;ﾐ" デｴﾗゲW"┘ｴWヴW" ;" ﾉﾗ┘Wヴ"
SｷゲﾉﾗI;デｷﾗﾐ"SWﾐゲｷデ┞"ｷゲ"ゲデﾗヴWSく"Nﾐ"Iｴ;ヮデWヴ"N†"┘W"ｴ;┗W"ゲｴﾗ┘ﾐ"デｴ;デ"デｴW"ゲデヴWﾐｪデｴ"Iﾗﾐデヴ;ゲデ";ゲ";"a┌ﾐIデｷﾗﾐ"ﾗa"
ヮヴWどゲデヴ;ｷﾐ"┘;ゲ"ﾏ;┝ｷﾏ┌ﾏ"HWデ┘WWﾐ"ヵｴ" ;ﾐS"ヱヵｴ"ﾗa" ;ｪWｷﾐｪ" ;ヮヮヴﾗ┝ｷﾏ;デWﾉ┞が"┘ｴｷIｴ"IﾗヴヴWゲヮﾗﾐSゲ" デﾗ" デｴW"
デｷﾏW"ゲヮ;ﾐ"┘ｴWヴW"デｴW"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"ﾗa"デｴW"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ﾏ;デWヴｷ;ﾉ"ｷゲ"ﾏ┌Iｴ"ﾉ;ヴｪWヴ"デｴ;ﾐ"デｴ;デ"ﾗa"デｴW"
┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS" ﾏ;デWヴｷ;ﾉく" Eﾗヴ" ゲｴﾗヴデWヴ" ;ｪWｷﾐｪ" デｷﾏWゲ" デｴW" WaaWIデ" ﾗa" ヮヴWどゲデヴ;ｷﾐ" ﾗﾐ" ｴ;ヴSﾐWゲゲ" ｷゲ" ﾗﾐﾉ┞"
ﾏﾗSWヴ;デWが" ゲﾗ" デｴ;デ" デｴW"SｷゲデヴｷH┌デｷﾗﾐ"ﾗa" ｴ;ヴSﾐWゲゲ" ｷﾐ" デｴW"ﾏ;デWヴｷ;ﾉ" ｷゲ" ヴWﾉ;デｷ┗Wﾉ┞" ｴﾗﾏﾗｪWﾐWﾗ┌ゲ" ふ┞Wデ" デｴW"
ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ" ｷゲ"ゲデｷﾉﾉ" ゲﾉｷｪｴデﾉ┞"ｴｷｪｴWヴ" ｷﾐ"デｴW" ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ﾏ;デWヴｷ;ﾉぶく"Eﾗヴ" ﾉﾗﾐｪWヴ";ｪWｷﾐｪ"デｷﾏWゲが" デｴW"
ヮヴWIｷヮｷデ;デｷﾗﾐ"ヴW;Iデｷﾗﾐ"ヴW;IｴWゲ"IﾗﾏヮﾉWデｷﾗﾐ"ヴWｪ;ヴSﾉWゲゲ"ﾗa"デｴW"ヮヴWどゲデヴ;ｷﾐ"┗;ﾉ┌W"ふヮヴﾗ┗ｷSWS"デｴ;デ"ｷデ"ｷゲ"ﾉ;ヴｪWヴ"
デｴ;ﾐ";ヮヮヴﾗ┝ｷﾏ;デWﾉ┞"ヰくヵХぶが";ﾐS"デｴW"ヴWゲ┌ﾉデｷﾐｪ"ゲデヴWﾐｪデｴ"┘;ゲ"ﾗHゲWヴ┗WS"デﾗ"HW"ｷﾐSWヮWﾐSWﾐデ"ﾗﾐ"ヮヴWどゲデヴ;ｷﾐが"
ゲﾗ" デｴ;デ" デｴW" SｷゲデヴｷH┌デｷﾗﾐ" ﾗa" ｴ;ヴSﾐWゲゲ" HWIﾗﾏWゲ" ゲヮ;デｷ;ﾉﾉ┞" ┌ﾐｷaﾗヴﾏ" ;ｪ;ｷﾐく" ~ｴW" a;Iデ" デｴ;デ" デｴW"
┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS" ﾏ;デWヴｷ;ﾉ" SﾗWゲ" ﾐﾗデ" ゲｴﾗ┘" ゲ┌Iｴ" ;" SW┗WﾉﾗヮﾏWﾐデ" ﾗa" ゲデヴWﾐｪデｴ" ｴWデWヴﾗｪWﾐWｷデ┞" I;ﾐ" HW"
ヴWﾉ;デWS"デﾗ"ｷデゲ"ゲデヴﾗﾐｪWヴ"デW┝デ┌ヴWく"‡ｷデｴ";"ゲデヴﾗﾐｪ"ヴﾗﾉﾉｷﾐｪ"デW┝デ┌ヴWが"ｷデ"I;ﾐ"HW"W┝ヮWIデWS"デｴ;デ"デｴW"SｷゲデヴｷH┌デｷﾗﾐ"
ﾗa"}IｴﾏｷS"a;Iデﾗヴゲ"┘ｷデｴ"ヴWゲヮWIデ"デﾗ"デｴW"デWﾐゲｷﾉW"SｷヴWIデｷﾗﾐ"ﾗa"デｴW"ヮヴWどゲデヴWデIｴ"ｷゲ"┗Wヴ┞"┌ﾐｷaﾗヴﾏ"デｴヴﾗ┌ｪｴ"デｴW"



ヱンΒ"
"

ｪヴ;ｷﾐゲが" ヴWゲ┌ﾉデｷﾐｪ" ｷﾐ" ;" ｴﾗﾏﾗｪWﾐWﾗ┌ゲ" SｷゲデヴｷH┌デｷﾗﾐ" ﾗa" デｴW" SｷゲﾉﾗI;デｷﾗﾐ" SWﾐゲｷデ┞" ;ﾐS" ｴWﾐIW" ﾗa" デｴW"
ヮヴWIｷヮｷデ;デW"SｷゲデヴｷH┌デｷﾗﾐく"
⁄ゲｷﾐｪ"ゲ;ﾏヮﾉWゲ"ﾗa"┗;ヴ┞ｷﾐｪ"IヴﾗゲゲどゲWIデｷﾗﾐ"ふゲWW"Iｴ;ヮデWヴ"N†ぶ"ｷデ"ｷゲ"ヮﾗゲゲｷHﾉW"デﾗ"Wゲデｷﾏ;デW"ﾏﾗヴW"ケ┌;ﾐデｷデ;デｷ┗Wﾉ┞"
デｴW"ｷﾐaﾉ┌WﾐIW"ﾗa"ヮヴWどゲデヴ;ｷﾐ"ﾗﾐ"デｴW"SｷゲデヴｷH┌デｷﾗﾐ"ﾗa"ｴ;ヴSﾐWゲゲ"aﾗヴ";"ｪｷ┗Wﾐ"ｴW;デ"デヴW;デﾏWﾐデ"デｷﾏWく"Nﾐ"Iｴ;ヮデWヴ"
N†"┘W"ゲｴﾗ┘WS"デｴｷゲ"W┗ﾗﾉ┌デｷﾗﾐ";aデWヴ"ヱΒｴ";デ"ヱヵヵェ1"ふデｴW"aｷデデWS"I┌ヴ┗W" ｷゲ" ヴWヮヴWゲWﾐデWS"ｷﾐ" Eｷｪ┌ヴW"Βヰぶく" Na"┘W"
IﾗﾐゲｷSWヴ"デｴW"W┝ヮWヴｷﾏWﾐデ;ﾉﾉ┞"ﾏW;ゲ┌ヴWS"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"ﾗa"ヵ"K†"ﾏW;ゲ┌ヴWS"aﾗヴ"デｴｷゲ";ｪWｷﾐｪ"デｷﾏW"ﾗﾐ"
デｴW"ヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ﾏ;デWヴｷ;ﾉが";ﾐ";┗Wヴ;ｪW"ゲデヴ;ｷﾐ"Iﾗﾐデヴ;ゲデ"ﾗa"ヲくヵヵХ"I;ﾐ"HW"Wゲデｷﾏ;デWSく"#"ゲｷﾏｷﾉ;ヴ"Wゲデｷﾏ;デｷﾗﾐ"
ﾗﾐ"デｴW"┌ﾐヴWIヴ┞ゲデ;ﾉﾉｷ┣WS"ﾏ;デWヴｷ;ﾉ"┘ｷデｴ";"ゲデ;ﾐS;ヴS"SW┗ｷ;デｷﾗﾐ"ﾗa"ヱくヵ"K†"ｪｷ┗Wゲ";ﾐ"Wゲデｷﾏ;デｷﾗﾐ"ﾗa"デｴW"ゲデヴ;ｷﾐ"
Iﾗﾐデヴ;ゲデ"ﾗa";Hﾗ┌デ"ヰくΑХく"

"
Eｷｪ┌ヴW"Βヰぎ"K;ヴSﾐWゲゲ";ゲ";"a┌ﾐIデｷﾗﾐ"ﾗa"ヮヴWどSWaﾗヴﾏ;デｷﾗﾐ";aデWヴ"ヱΒｴ";デ"ヱヵヵェ1く"

は┻ %æº̊Ø-œÆæº"
‡W" ┌ゲWS" ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ" ﾏ;ヮヮｷﾐｪ" IﾗﾏHｷﾐWS" ┘ｷデｴ" ;0}7" ｷﾐ" ﾗヴSWヴ" デﾗ" ゲデ┌S┞" デｴW" ﾉﾗI;ﾉ" ヴWﾉ;デｷﾗﾐゲｴｷヮ"
HWデ┘WWﾐ"デｴW"ゲデヴWﾐｪデｴ";ﾐS"デｴW"Iヴ┞ゲデ;ﾉ"ﾗヴｷWﾐデ;デｷﾗﾐく"~ｴW";ｪWどｴ;ヴSWﾐｷﾐｪ"IﾗﾐSｷデｷﾗﾐ"ふΑｴ";デ"ヱヵヵェ1ぶ"┘ｴｷIｴ"
W┝ｴｷHｷデWS"デｴW"ｴｷｪｴWゲデ"SｷゲヮWヴゲｷﾗﾐ" ｷﾐ"ﾏｷIヴﾗどｴ;ヴSﾐWゲゲ"ﾏW;ゲ┌ヴWﾏWﾐデゲ"┘;ゲ"IｴﾗゲWﾐ"aﾗヴ"デｴW";ﾐ;ﾉ┞ゲｷゲく"~ｴW"
SｷゲヮWヴゲｷﾗﾐ"ﾗa"デｴW"ｴ;ヴSﾐWゲゲ"ﾏW;ゲ┌ヴWﾏWﾐデゲ"┘;ゲ"ﾗHゲWヴ┗WS"デﾗ"HW"ゲデヴﾗﾐｪﾉ┞"ヴWﾉ;デWS"デﾗ"デｴW"ｪヴ;ｷﾐ"デW┝デ┌ヴWく"
‡W"ｴｷｪｴﾉｷｪｴデWS";"SｷaaWヴWﾐIW" ｷﾐ"デｴW"~ヱ"ヮヴWIｷヮｷデ;デｷﾗﾐ"ﾆｷﾐWデｷIゲ" ｷﾐ" デｴW"SｷaaWヴWﾐデ"ｪヴ;ｷﾐゲが"┘ｴｷIｴ" ｷゲ"SｷヴWIデﾉ┞"
ヴWﾉ;デWS" デﾗ" ;ﾐ" ｷﾐｴﾗﾏﾗｪWﾐWﾗ┌ゲ" SｷゲデヴｷH┌デｷﾗﾐ" ﾗa" デｴW" ヮヴWどゲデヴWデIｴｷﾐｪ" HWデ┘WWﾐ" デｴW" SｷaaWヴWﾐデ" ｪヴ;ｷﾐゲく"
;ゲデｷﾏ;デｷﾗﾐ"ﾗa" デｴW" }IｴﾏｷS" a;Iデﾗヴゲ"┘ｷデｴ"ヴWゲヮWIデ" デﾗ" デｴW"SｷヴWIデｷﾗﾐ" ﾗa" ヮヴWどゲデヴWデIｴｷﾐｪ" ;ヴW" ｷﾐ" ヮヴﾗｪヴWゲゲ" デﾗ"
ヴWﾉ;デW"ﾏﾗヴW"ケ┌;ﾐデｷデ;デｷ┗Wﾉ┞"デｴW"ｪヴ;ｷﾐ"ﾗヴｷWﾐデ;デｷﾗﾐ"デﾗ"デｴW"ゲデヴWﾐｪデｴ"SｷゲデヴｷH┌デｷﾗﾐ";aデWヴ";ｪWｷﾐｪく"



139 

 

. References 

�� Ja�a� �� ��� 	
p��
�� �� ��� ��
ja� �� J�: Ma�� ���� �
�� ��7����� ��7���� ������ 

�� �a����� G� J�� G

!w�""� �� J�� �a""�
!� J� ��: M��� #�a
�� $� ���7���$� ���7�� 

$� ��m� &� J�� '��� (� *�: ���a M��a""� Ma���� ���$�� ������+ ����$� 

�� �����/�� 6�� ����<amp�� ��� �� G�/���� ��� �


a!��/� P�� ��="�� C�� *�>"a
!� M�: ���a Ma���� ��� 

��?7����+ ��?�$� 

 

 



140 

 

 �



141 

 

Appendix�II The�infl ence�of�precipitation�on�plastic�

deformation�of�Al C Li�allo s�
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The�infl ence�of�precipitation�on�plastic�deformation�

of�Al C Li�allo s�

±² ³´µ¶·¸¹ºµ
»
¼ ½² ³´¶¾´¿µ

»ÀÁ
¼ Â² ³´ Ã´¿µ´¾

»
¼ Ä² ³Å¾ÆÇ

»
¼ È² É´ÊË¸ÇÌ

Í
 

»
ÎÏÈ±Ð¼ ÏÑÐ Ã¾´ÇÅÒË´ – ÓÑÔÎ – UJF, ÕÖ ×ØÙ ÚÛÜÝÞ ßà áâãàäå æçèéãêë ìêæêíÙ îãâåïê 

Á
ÓÅÇµð´ËËÆ¿¹ ÓÔñ¼ ñÅ¾´ºº´ Ô´µ´¸¾¶· Ó´Çð´¾¼ ½Ð òó¼ ôõôö÷ ñÅ¾´ºº´ Ó´Ì´ø¼ Â¾¸Ç¶  ́ 

Í
³´º¸¾ð¹´Çð Åù È¸ð´¾Æ¸Ëµ úÇûÆÇ´´¾ÆÇû ü ÈÅÇ¸µ· Ó´Çð¾´ ùÅ¾ úË´¶ð¾ÅÇ ÈÆ¶¾Åµ¶ÅºÊ¼ ÈÅÇ¸µ· ýÇÆþ´¾µÆðÊ¼ 

ñÆ¶ðÅ¾Æ¸ ôõÿÿ¼ ±¿µð¾¸ËÆ¸ 

 

Abstract�

Ä·´ ºË¸µðÆ¶ Ò´·¸þÆÅ¿¾ Åù ðwÅ ¾´¶´ÇðËÊ Ì´þ´ËÅº´Ì ±Ë-Ó¿-LÆ ¸ËËÅÊµ Åù ÌÆùù´¾´Çð Ó¿/LÆ ¾¸ðÆÅ¼ ±±ò÷9õ ¸ÇÌ 

±±ò÷96¼ ·¸µ Ò´´Ç µð¿ÌÆ´Ì ¸µ ¸ ù¿Ç¶ðÆÅÇ Åù º¾´¶ÆºÆð¸ðÆÅÇ µð¸ð´ ÒÊ ð´ÇµÆË´ ð´µðµ¼ µð¾¸ÆÇ ·¸¾Ì´ÇÆÇû ¾¸ð´ 

¸Ç¸ËÊµÆµ¼ ½¸¿µ¶·ÆÇû´¾ ð´µðµ¼ µËÆº ËÆÇ´ Æ¹¸ûÆÇû ¸ÇÌ ¸ðÅ¹Æ¶ µ¶¸Ë´ ¶·¸¾¸¶ð´¾Æµ¸ðÆÅÇ Åù º¾´¶ÆºÆð¸ð´ µ·´¸¾ÆÇû 

ÒÊ ¸Ìþ¸Ç¶´Ì ´Ë´¶ð¾ÅÇ ¹Æ¶¾Åµ¶ÅºÊ² ÂÅ¾ ´¸¾ËÊ ¸û´ÆÇû ðÆ¹´µ w·´¾´ dç âåæ��ã ë�luàê ïluëàêãë âãê  ãêëêåàÙ 

ºË¸µðÆ¶ÆðÊ Å¶¶¿¾µ ·´ð´¾Åû´Ç´Å¿µËÊ¼ µð¾¸ÆÇ ·¸¾Ì´ÇÆÇû ¾¸ð´ Æµ ·Æû· ¸ÇÌ ð·´ ½¸¿µ¶·ÆÇû´¾ ´ùù´¶ð Æµ 

¹ÅÌ´¾¸ð´² É·´Ç Ä» º¾´¶ÆºÆð¸ð´µ ¸¾´ º¾´µ´Çð ºË¸µðÆ¶ÆðÊ Ò´¶Å¹´µ ¹Å¾´ ·Å¹Åû´Ç´Å¿µ ¸ÇÌ ð·´ µð¾¸ÆÇ 

·¸¾Ì´ÇÆÇû ¾¸ð´ µ·Åwµ ¸ µËÅw´¾ Ì´¶¾´¸µ´ ¸µ ¶Å¹º¸¾´Ì ðÅ Åð·´¾ ¸Ë¿¹ÆÇÆ¿¹ ¸ËËÅÊµ ¶ÅÇð¸ÆÇÆÇû µ·´¸¾¸ÒË  ́

º¾´¶ÆºÆð¸ð´µ² ÏÇ ¸ÌÌÆðÆÅÇ ð·´µ´ ¸û´ÆÇû ¶ÅÇÌÆðÆÅÇµ µ·Åw ¸ ·Æû· ¾´þ´¾µÆÒÆËÆðÊ Åù ºË¸µðÆ¶ µð¾¸ÆÇ¼ ¸ÇÌ Æð Æµ 

ÅÒµ´¾þ´Ì ð·¸ð º¾´¶ÆºÆð¸ð´µ ¸¾´ µ·´¸¾´Ì ÅÇËÊ ÒÊ µÆÇûË´ µð´ºµ² Ä·´ ºÅµµÆÒÆËÆðÊ Åù ¸ µº´¶ÆùÆ¶ µ·´¸¾ÆÇû 

¹´¶·¸ÇÆµ¹ Åù ð·´ Ä» º·¸µ´ Æµ ÌÆµ¶¿µµ´Ì ÆÇ ËÆû·ð Åù ð·´µ´ ¾´µ¿Ëðµ² 

 

K´ÊwÅ¾Ìµ: ±Ë¿¹ÆÇÆ¿¹ ¸ËËÅÊµ; º¾´¶ÆºÆð¸ðÆÅÇ; ºË¸µðÆ¶ÆðÊ 

 

 Introd ction�

Ð¾´¶ÆºÆð¸ðÆÅÇ ·¸¾Ì´ÇÆÇû ¸ËËÅÊµ Ò¸µ´Ì ÅÇ ð·´ ±Ë-Ó¿-LÆ µÊµð´¹ ¸¾´ ´øº´¾Æ´Ç¶ÆÇû ¶¿¾¾´ÇðËÊ ¸ µð¾ÅÇû 

ÆÇð´¾´µð ÆÇ ð·´ ù¾¸¹´wÅ¾k Åù ð·´ Ì´þ´ËÅº¹´Çð Åù Ç´w ¸ËËÅÊµ¼ º¸¾ðÆ¶¿Ȩ̈ ¾ËÊ ùÅ¾ ¸´¾Åµº¸¶´ ¶Å¹ºÅÇ´Çðµ 

[÷�ô]² Ä·´Æ¾ ÅºðÆ¹Æµ´Ì ¶Å¹ºÅµÆðÆÅÇµ ¹¸k´ Æð ºÅµµÆÒË´ ðÅ Åþ´¾¶Å¹´ µÅ¹´ Åù ð·´ ËÆ¹Æð¸ðÆÅÇµ ð·¸ð ·¸Ì 

·ÆÇÌ´¾´Ì ð·´ ¸ººËÆ¶¸ðÆÅÇ ¾¸Çû´ Åù ùÅ¾¹´¾ ¸þ¸ÆȨ̈ ÒË´ ¸ËËÅÊµ [ö]² Ä·´µ´ ¸ËËÅÊµ¼ w· ¾́´ ð·´ ¹¸ÆÇ µÅË¿ð´ 

´Ë´¹´Çðµ Ó¿ ¸ÇÌ LÆ ¸¾´ Åùð´Ç µ¿ººË´¹´Çð´Ì wÆð· ¹ÆÇÅ¾ ¸ÌÌÆðÆÅÇµ Åù Èû ¸ÇÌ ±û¼ ¶¸Ç µ·Åw ¸ ¶Å¹ºË´ø 

º¾´¶ÆºÆð¸ðÆÅÇ µ´q¿´Ç¶´¼ ÆÇ¶Ë¿ÌÆÇû º·¸µ´µ ù¾Å¹ ð·´ ÒÆÇ¸¾Ê ±Ë-LÆ Å¾ ±Ë-Ó¿ ÌÆ¸û¾¸¹µ¼ ¸ÇÌ ù¾Å¹ ð·´ 

ð´¾Ç¸¾Ê ±Ë-Ó¿-LÆ ¸ÇÌ ±Ë-Ó¿-Èû ÌÆ¸û¾¸¹µ² HÅw´þ´¾¼ Æð Æµ ¾´¶ÅûÇÆµ´Ì ð·¸ð ð·´ ¹¸ÆÇ µð¾´Çûð·´ÇÆÇû 

º¾´¶ÆºÆð¸ð´ ÆÇ ð·Æµ µÊµð´¹ Æµ ð·´ Ä» º·¸µ´ Åù ÇÅ¹ÆÇ¸Ë ¶Å¹ºÅµÆðÆÅÇ ±ËÁÓ¿LÆ ð·¸ð ùÅ¾¹µ þ´¾Ê ð·ÆÇ 

ºË¸ð´Ë´ðµ Åù ·Æû· ¸µº´¶ð ¾¸ðÆÅ ÅÇ ð·´ {÷÷÷} ºË¸Ç´µ Åù ð·´ ±Ë ¹¸ð¾Æø [5]² Ä·´ µð¾¿¶ð¿¾´ Åù ð·Æµ º·¸µ´¼ 

w·´Ç º¾´µ´Çð ¸µ ð·ÆÇ ºË¸ð´Ë´ðµ ÆÇ ð·´ ±Ë ¹¸ð¾Æø¼ ·¸µ Ò´´Ç ¿Ç¾¸þ´ËË´Ì ¾´¶´ÇðËÊ [6¼ó]² ³´¶¾´¿µ ´ð ¸Ë² [õ] 

·¸þ´ µð¿ÌÆ´Ì ÆÇ Ì´ð¸ÆË ð·´ ÆÇùË¿´Ç¶´ Åù ¸ËËÅÊ ¶·´¹Æµð¾Ê ÅÇ ð·´ º¾´¶ÆºÆð¸ðÆÅÇ µ´q¿´Ç¶´ Åù ðwÅ ¾´¶´ÇðËÊ 

Ì´þ´ËÅº´Ì ¸ËËÅÊµ Åù ð·´ ±ÏÔÉ±Ôú
TM

 ù¸¹ÆËÊ¼ ±±ò÷9õ ¸ÇÌ ±±ò÷96² Ïð ·¸µ Ò´´Ç µ·ÅwÇ ð·¸ð ð·´ 
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precipitation behavio�r of the AA21�8 a��oy� �hich is re�ative�y �i��ean (of the order of 1�t%)� is 

dominated by a precipitation se	�ence invo�ving C��rich so��te c��sters and GP zones after nat�ra� 

ageing� �hich disso�ve d�ring the heating ramp to the artificia� ageing temperat�re of 1

°C� and are 

�ater rep�aced by the �� precipitates accompanied in sma��er proportions by C��rich G
 ����� �� �� 

phases. �he AA21�� a��oy� �hich has a �arger �i content� presents a precipitation se	�ence �here the 

d’ ����� ��3�i is present from the nat�ra� ageing �p to overaged states in vo��me fractions from 
 to 

10%. In para��e� to the presence of this phase� a microstr�ct�re simi�ar to that of the AA21�8 a��oy

deve�ops� name�y consisting of �� and �� ��!"#�#"$ &'*#�+ ,'$�#4$#, '* "7# <� =!"4'x>  

�he p�astic deformation of ear�ier a��oys of the A��C���i fami�y has been the object of a n�mber of 

investigations. In many cases they have been sho�n to be prone to anisotropy and �oca�isation of 

p�astic strain� res��ting in re�ative�y poor d�cti�ity ?�@. In partic��ar� the presence of the ordered d� 

phase B A�3�i is �e�� Dno�n to res��t in p�anar s�ip ?��10@. E�ring fatig�e of binary A���i a��oys very

intense �oca�isation of p�astic f�o� occ�rs ?11�12@ and res��ts in the disso��tion of the precipitates� 

�eaving precipitate free channe�s that favo�r f�rther �oca�isation and fract�re. �he shearing of the d� 

phase has been tho�ght to be at �east partia��y responsib�e for the poor d�cti�ity and s�sceptibi�ity to 

intergran��ar fract�re of A��C���i a��oys containing c�ose to 2 �t%�i �here the d� FJ�N=# &4!O"'J* '$ 

very high ?��10@. Converse�y� it has been proposed that the presence of �� precipitates homogenises 

p�astic f�o� �hen compared to the presence of d� �!4"'O�#$ ?10�12@. �his effect has been sometimes 

attrib�ted to "7# &!O" "7!" "7'$ �4#O'�'"!"# '$ �7!4,�+ $7#!4!Q�#� ?12@R ho�ever it is no� firm�y 

estab�ished that �� precipitates can be sheared by dis�ocations ?��1SB1
@. Csontos and co��orDers ?�@ 

have sho�n that the shearing of �� precipitates �as accompanied by a �oca�ised p�asticity in the 

matriU (shear bands). Vome differences of p�astic �oca�isation and re�ated d�cti�ity bet�een the t�o 

!��J+$ $"N,'#, '* "7#'4 WJ4X W#4# !�$J !""4'QN"#, "J J"7#4 &!O"J4$ $NO7 !$ "7# �4#$#*O# J& �� 

precipitates or differences in grain str�ct�re. �h�s� it seems that despite the shearab�e nat�re of the 

�� phase� its inf��ence on the distrib�tion of p�asticity in the A��C���i a��oys is very different from that 

of d�Y #F#* "7JNZ7 "7'$ ,'&&#4#*O# '$ N*"'� *o� �neUp�ained. 

�herefore� obtaining a c�ear pict�re of the interaction bet�een p�asticity and precipitation in A��C���i 

a��oys sti�� re	�ires a better �nderstanding of the respective ro�es of �� and d� �4#O'�'"!"#$> \7# 

present paper� fo��o�ing the detai�ed st�dy of the microstr�ct�re of t�o A��C���i a��oys by Eecre�s et 

a�. ?8@� aims at eva��ating the effect of these microstr�ct�res on the p�astic behavio�r of the a��oys. 

�he t�o a��oys present a simi�ar grain and precipitation microstr�ct�re a�ong the ageing heat 

treatments� eUcept for the presence of the d� �7!$#Y W7'O7 #x'$"$ '* "7# <<^_`| !��J+ QN" *J" '* "7# 

AA21�8 a��oy (eUcept as a very thin �etting �ayer on the �� �4#O'�'"!"#$~> \7N$ "7# $�#O'&'O 4J�# J& "7'$ 

�7!$# J* "7# ��!$"'O Q#7!F'JN4 W'�� Q# #F!�N!"#, Q+ OJ=�!4'*Z "7# "WJ !��J+�$ =#O7!*'O!� Q#7!F'JN4> 

�irst� tensi�e data �i�� be presented for an overa�� eva��ation of the strength and d�cti�ity evo��tion 

d�ring the ageing treatments. �his tensi�e data �i�� then be eva��ated in more detai� thro�gh an 

ana�ysis of the strain hardening rate� �hich is Dno�n to be very sensitive to the detai�s of the 

precipitate�dis�ocations interactions and has provided insight into the p�asticity mechanisms of other 

a��oy series in the recent past ?1�B1�@. �hen �e �i�� present res��ts of �a�schinger tests� �hich 

provide information on the b�i�d��p of interna� stresses d�ring p�astic straining and reversa�� and are 

therefore very informative as �e�� on the p�asticity mechanisms operating in precipitate containing 

a��oys ?20@. �he sensitivity of the a��oys to �oca�isation of p�astic f�o� has been st�died by confoca� 

microscopy rea�ised on p�astica��y deformed samp�es containing different precipitate 
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. Precipitate�microst ct res�along�the�heat�treatments�

ôõö ÷öøùúûü ýþ øõö ÿúcrýüørucøurö övýûuøúýn ýþ øõö øwý ùûûýyü þrýÿ øõö nùøurùûûy ùgö÷ ô351 üøùøö øý 

øõö ÷úþþörönø üøùgöü ýþ øõö ùgöúng øröùøÿönø ùø 155°C õùvö böön gúvön öûüöwõörö [8]. Hýwövör úø úü 

wýrøõ üuÿÿùrúzúng øõö ÿùún ýuøcýÿöü þýr øõö purpýüö ýþ øõö currönø üøu÷y. ôõö ÿùún cûuüøörúng /

pröcúpúøùøö þöùøuröü ùrö üuÿÿùrúzö÷ ún ôùbûö 2. In øõö ô351 üøùøö øõö ÿúcrýüørucøuröü ýþ øõö øwý 

ùûûýyü ùrö vöry ÷úþþörönø: øõö AA2198 ùûûýy ÿúcrýüørucøurö cýnøùúnü vöry üÿùûû Cu-rúcõ cûuüøörü ùn÷ GP 

zýnöü, wõúûö øõö AA2196 ùûûýy cýnøùúnü þúnö d’ ��e�i�itates� �t the e�d ýþ øõö õöùøúng rùÿp øý 155°C 

ùn÷ ÷urúng øõö þúrüø õýurü ùø øõúü øöÿpörùøurö, øõö cûuüøörü õùvö ÷úüüýûvö÷ ún øõö AA2198 ùûûýy, wõúûö 

ýnûy ù pùrøúùû ÷úüüýûuøúýn ýþ d� has o�����ed i� the ����	
 allo�� S��seq�e�tl� the T
 põùüö ùppöùrü 

ùûýng wúøõ ù üÿùûû ùÿýunø ýþ Cu-rich ������ (���� ���� ��� !�) �� ��� ��� ������  �� "��� ������ ��� 

øõúcknöüü ýþ øõö ô
 põùüö õùü ÿýüøûy úøü ÿúnúÿùû vùûuö ýþ 1.3 nÿ wõúûö úøü ÷úùÿöøör #uúckûy grýwü øý 

ÿýrö øõùn 40 nÿ. ôwý ÿùún ÷úþþöröncöü õùvö böön þýun÷ böøwöön øõö øwý ùûûýyü ÷urúng øõö 155°C 

ùgöúng øröùøÿönø: pröcúpúøùøúýn ýþ ô
 ýccurü ÿýrö rùpú÷ûy ún øõö AA2198 ùûûýy, ùn÷ øõúü ùûûýy ÷ýöü nýø 

pröüönø d� ����� �� ��� ��m� ����� ��� $$%&'* +�����7�7��� ���� (���� ���� ��� d� ����� +�����7�� 

øý cýùrüön ùûýng wúøõ øõö pröcúpúøùøúýn ýþ ô
;. Aü ù cýnüö#uöncö, øõö ÿúcrýüørucøuröü ún øõö nöùr-

pöùk-ùgö÷ üøùøöü <16õ ùø 155°C þýr øõö AA2198 ùûûýy ùn÷ 48õ ùø 155°C þýr øõö AA2196 ùûûýy; cýnüúüø 

ÿýüøûy ún ô
 ����� ���� ��m� ���=�� = !� ������ f�> ��� $$%&'? ����� (���7��>���� �� F�@7>� & "� ù 

BôEM-HAADJ ÿúcrýgrùpõ;, ùn÷ ô
 põùüö ùûýng wúøõ d� ���� ��m� ���=�� = !� ������ f�> ��� $$%&'* 

ùûûýy.  
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jQL` `ZQL`YQ{` L` R����� |XYYLZx|Q� _Z^Y `jQ �L`L ^_ ZQ_� ���� 
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µ¶ ·¸¹ º»»»¼ ½¾·¿ÀÁ ÂÃ¾¶¹Ä ¾¶Å ÆÇ È ÉÊ Ëµ¶¹Ä ÌÃÍÀ¶Î µ¶ ·¸¹ º»ÏÏ¼ ½¾·¿ÀÁ ÂÃ¾¶¹ÄÐÑ Ò¾¿Î¹¿ Â¿¹ÓÀÂÀ·¾·¹Ä µÔ ÄÂ¸¹¿ÀÓ¾Ã Ä¸¾Â¹ 

Ì¶µ·¹Å ÕÖ×Ð ¾¿¹ Ø¿¢§���¨����� Ù��©�����Ù�Ú  

�

 Tensile�re lts�and� ork�hardening�rate�ana sis�

ÛÜÝÞßà á âÞããäßÜåàâ æçà æàèâÜéà æàâæ êäæä ëìß êÜëëàßàèæ äÝàÜèÝ íìèêÜæÜìèâ äéìèÝ æçà çàäæ æßàäæãàèæ äæ 

îïïðñ ëìß æçà òòáîóô äééìõö ÷çà ÷øïî âæäæà ùßàâàèæâ ä ßàéäæÜúàéõ çÜÝç õÜàéê âæßàââ ìë øøû üýäþ ä âæßìèÝ 

ÿìßk çäßêàèÜèÝ ßäæà äèê êìàâ èìæ ùßàâàèæ äèõ âàßßäæÜìèâ íìßßàâùìèêÜèÝ æì ä ýìßæàúÜè – éà – ñçâæàéÜàß 

àëëàíæö ÷çÜâ ãàíçäèÜíäé bàçäúÜìÞß Üâ íìèâÜâæàèæ ÿÜæç æçà ùßàâàèíà ìë âæäbéà íéÞâæàßâ æçäæ æßäù 

sufficient solute to suppress the plastic insta�ilities and increase the material�s yield strength. Similar 

àëëàíæâ (ÜèíéÞêÜèÝ æçà âæßìèÝ ÿìßk çäßêàèÜèÝ ßäæà Üè æçà èäæÞßäééõ äÝàê íìèêÜæÜìè) çäúà bààè 

ìbâàßúàê Üè ãäèõ ìæçàß òéÞãÜèÜÞã äééìõâ àöÝö ëßìã æçà 6ûûû ìß æçà 7ûûû âàßÜàâ [îôþáá�á4]ö Wçàè 

æçà ãäæàßÜäé Üâ çàäæàê æì îïïðñ (àèê ìë ßäãù ìß EOR âäãùéà) æçà õÜàéê âæßàââ êßìùâþ ßàëéàíæÜèÝ æçà 

êÜââìéÞæÜìè ìë æçà íéÞâæàßâö òéìèÝ ÿÜæç æçÜâ êàíßàäâà Üè õÜàéê âæßàââ âàßßäæÜìèâ äùùàäß ìè æçà æàèâÜéà 

íÞßúàþ íìèâÜâæàèæéõ ÿÜæç æçà íéÞâæàß êÜââìéÞæÜìèö ÷çà ÿìßk çäßêàèÜèÝ ßäæà Üâ âÜãÜéäß æì æçäæ ìë æçà ÷øïî 

âæäæàö Hìÿàúàß æçà õÜàéê âæßàââ Üè æçà EOR âäãùéà Üâ âæÜéé qÞÜæà çÜÝç äâ íìãùäßàê æì íéäââÜíäé úäéÞàâ ìë 

äééìõâ Üè âìéÜê âìéÞæÜìèö òâ ä íìãùäßÜâìè æçà äâ-qÞàèíçàê æàèâÜéà íÞßúà çäâ bààè äêêàê æì æçà Ýßäùçö 

÷çà õÜàéê âæßàââ ìë æçà ßàúàßæàê ÷øïî âæäæà (EOR) âçìÞéê bà íìãùäßàê æì æçà ëéìÿ âæßàââ ìë æçà äâ-

qÞàèíçàê âäãùéà äëæàß á% ùéäâæÜí âæßäÜè âÜèíà æçà ÷øïî äééìõ çäâ bààè âæßàæíçàê æì æçÜâ äãìÞèæ ùßÜìß 
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À ÂÃÅÂÓÍ ÆÉÆÌÅÆÁÃÎ ÄÁÆ× ÀÁ ÁÂÆ ÕÖÙÏÀÁÌÃÚ ÃÉÁÆÌËÀÎÆÛ ÜË ÁÂÃÄ ÃÉÁÆÌ×ÌÆÁÀÁÃÇÉ ÃÄ ÎÇÌÌÆÎÁØ ÃÁ ÂÀÄ ÉÑÏÆÌÇÑÄ 

ÃÏ×ÓÃÎÀÁÃÇÉÄ ÁÂÀÁ ÆÚ×ÓÀÃÉ ×ÀÌÁÃÎÑÓÀÌÓÍ ÊÆÓÓ ÇÑÌ ÏÀÎÌÇÄÎÇ×ÃÎ ÇÔÄÆÌÒÀÁÃÇÉÄÝ 

/ ÜË ÏÑÓÁÃ×ÓÆ ÄÂÆÀÌÃÉÅ ÆÒÆÉÁÄ ÀÌÆ ÆÉÆÌÅÆÁÃÎÀÓÓÍ ÁÇÇ ÎÇÄÁÓÍØ ÄÂÆÀÌÃÉÅ ÂÀ××ÆÉÄ ÏÇÄÁÓÍ ÔÍ ÄÃÉÅÓÆ 

ÄÁÆ×Ä ÀÉÐ ÁÂÆÌÆËÇÌÆ ×ÓÀÄÁÃÎÃÁÍ ÃÄ ÂÇÏÇÅÆÉÃÄÆÐ ÇÉ ÉÑÏÆÌÇÑÄ ÄÓÃ× ÄÍÄÁÆÏÄÛ ÕÂÃÄ ÃÄ ÎÇÏ×ÀÁÃÔÓÆ 

ÊÃÁÂ ÁÂÆ ÇÔÄÆÌÒÀÁÃÇÉÄ ÔÍ ÎÇÉËÇÎÀÓ ÏÃÎÌÇÄÎÇ×Í ÁÂÀÁ ÁÂÆ ÄÓÃ× ÃÄ ÂÇÏÇÅÆÉÃÄÆÐ ÊÂÆÉ ÕÖ 

×ÌÆÎÃ×ÃÁÀÁÆÄ ÀÌÆ ×ÌÆÄÆÉÁÛ 

/ ÞÂÆÉ ÌÆÒÆÌÄÃÉÅ ÁÂÆ ÄÁÌÀÃÉ ßÐÑÌÃÉÅ À àÀÑÄÎÂÃÉÅÆÌ ÁÆÄÁáØ ÁÂÆ ÄÃÉÅÓÆ ÄÂÆÀÌÃÉÅ ÄÁÆ×Ä ÎÀÉ ÔÆ 

“repairedã äå æ çèéèçêè ëìíîìï ìð íñè òîêóìôæíîìïêõ îð íñè èïèçöå çè÷øîçèò íì ñèæó íñè 

ÄÂÆÀÌÃÉÅ ÄÁÆ× ÃÄ ÄÏÀÓÓ ÀÄ ÎÇÏ×ÀÌÆÐ ÁÇ ÄÂÆÀÌÃÉÅ À ÉÆÊ ÄÁÆ× ÇÉ ÁÂÆ ×ÌÆÎÃ×ÃÁÀÁÆÛ ÕÂÃÄ ÊÇÑÓÐ 

ÆÚ×ÓÀÃÉ ÁÂÆ ÇÎÎÑÌÌÆÉÎÆ ÇË ×ÓÀÄÁÃÎÃÁÍ ÀÁ ÒÆÌÍ ÄÏÀÓÓ ÄÁÌÆÄÄ ÐÑÌÃÉÅ ÄÁÌÀÃÉ ÌÆÒÆÌÄÀÓØ ÊÂÃÎÂ ÄÂÇÊÄ 

ÁÂÀÁ ÕÖ ×ÌÆÎÃ×ÃÁÀÁÆÄ ÀÌÆ ÉÇÁ ÄÁÌÇÉÅ ÇÔÄÁÀÎÓÆÄ ÁÇ ÐÃÄÓÇÎÀÁÃÇÉ ÏÇÁÃÇÉ ÃÉ ÁÂÆÄÆ ÎÇÉÐÃÁÃÇÉÄÛ ùË 

ÎÇÑÌÄÆØ ÇÉÎÆ À ÌÆÒÆÌÄÆ ÄÁÌÀÃÉ ÎÇÏ×ÀÌÀÔÓÆ ÁÇ ÁÂÆ ËÇÌÊÀÌÐ ÄÁÌÀÃÉ ÃÄ À××ÓÃÆÐØ ÁÂÆ ÕÖ ×ÌÆÎÃ×ÃÁÀÁÆÄ 

ÔÆÎÇÏÆ ÄÁÌÇÉÅ ÇÔÄÁÀÎÓÆÄ ÀÅÀÃÉ ÀÉÐ ÁÂÆ ËÓÇÊ ÄÁÌÆÄÄ ÎÇÏÆÄ ÔÀÎÈ ÁÇ ÁÂÀÁ ÇË ÏÇÉÇÁÇÉÃÎ 

ÐÆËÇÌÏÀÁÃÇÉÛ 

/ ÕÖ ×ÌÆÎÃ×ÃÁÀÁÆÄØ ÔÆÃÉÅ ÄÂÆÀÌÆÐØ ÀÌÆ ÉÇÁ ÎÀ×ÀÔÓÆ ÇË ÄÁÇÌÃÉÅ ÐÃÄÓÇÎÀÁÃÇÉÄ ÓÃÈÆ ÉÇÉúÄÂÆÀÌÀÔÓÆ 

×ÌÆÎÃ×ÃÁÀÁÆÄ ÊÇÑÓÐÛ ûÇÊÆÒÆÌØ ÁÂÆ ÂÇÏÇÅÆÉÆÃÁÍ ÇË ×ÓÀÄÁÃÎ ËÓÇÊ ÃÉÐÑÎÆÐ ÔÍ ÁÂÆ ×ÀÌÁÃÎÑÓÀÌ 

ÐÃÄÓÇÎÀÁÃÇÉú×ÌÆÎÃ×ÃÁÀÁÆ ÃÉÁÆÌÀÎÁÃÇÉ ×ÌÆÒÆÉÁÄ À ÎÀÁÀÄÁÌÇ×ÂÃÎ ÓÇÎÀÓ ÊÇÌÈ ÄÇËÁÆÉÃÉÅÛ üÄ À ÌÆÄÑÓÁØ 

ÁÂÆ ÄÁÌÀÃÉ ÂÀÌÐÆÉÃÉÅ ÎÀ×ÀÎÃÁÍ ÇË ÁÂÆ ×ÆÀÈúÀÅÆÐ üÓúýÑúþÃ ÀÓÓÇÍÄ ÃÉÒÆÄÁÃÅÀÁÆÐ ÂÆÌÆ ÃÄ ÌÆÓÀÁÃÒÆÓÍ 

ÂÃÅÂ ËÇÌ À ÂÃÅÂ ÄÁÌÆÉÅÁÂ ÏÀÁÆÌÃÀÓ ÎÇÉÁÀÃÉÃÉÅ ÄÂÆÀÌÀÔÓÆ ×ÌÆÎÃ×ÃÁÀÁÆÄÛ ÿÃÅÑÌÆ 13 ÄÂÇÊÄ ÁÂÆ 

ÄÁÌÀÃÉ ÂÀÌÐÆÉÃÉÅ ÔÆÂÀÒÃÇÑÌ ÃÉ À KÇÎÈÄúMÆÎÈÃÉÅ ×ÓÇÁ ÀÉÐ ÁÂÆ ÄÁÌÆÄÄúÄÁÌÀÃÉ ÎÑÌÒÆ ËÇÓÓÇÊÃÉÅ ÁÂÆ 

ÍÃÆÓÐ ÄÁÌÆÄÄ ËÇÌ ÁÂÆ üü2198 ÀÓÓÇÍ ÃÉ ÁÂÆ ÉÆÀÌú×ÆÀÈ ÀÅÆÐ ÎÇÉÐÃÁÃÇÉ ÀÉÐ ÃÉ ÀÉ üü7449 ÀÓÓÇÍ ßüÓú

ZÉúMÅúýÑá ÃÉ À ÄÃÏÃÓÀÌ ÎÇÉÐÃÁÃÇÉ ßÐÀÁÀ ÆÚÁÌÀÎÁÆÐ ËÌÇÏ [18]áØ ÆÚÎÆ×Á ÁÂÀÁ ÁÂÆ ÄÂÆÀÌÀÔÓÆ 

×ÌÆÎÃ×ÃÁÀÁÆ ÃÉ ÁÂÃÄ ÀÓÓÇÍ ÃÄ h� îïêíèæò ìð TÖÛ ÕÂÆ ÍÃÆÓÐ ÄÁÌÆÄÄ ÃÉ ÁÂÆ üü7449 ÃÄ ÄÇÏÆÊÂÀÁ ÂÃÅÂÆÌ 

ÁÂÀÉ ÃÉ ÁÂÆ üü2198 ÔÑÁ ÄÁÃÓÓ ÇË ÄÃÏÃÓÀÌ ÒÀÓÑÆÛ DÆÄ×ÃÁÆ À ÓÇÉÅÆÌ ÆÓÀÄÁÇú×ÓÀÄÁÃÎ ÁÌÀÉÄÃÁÃÇÉ ÃÉ ÁÂÆ 

üü7449 ÀÓÓÇÍØ ÃÁÄ ÇÒÆÌÀÓÓ ÄÁÌÀÃÉ ÂÀÌÐÆÉÃÉÅ ÎÀ×ÀÔÃÓÃÁÍ ÃÄ ÏÑÎÂ ÓÇÊÆÌ ÁÂÀÉ ÁÂÀÁ ÇË ÁÂÆ üü2198 

ÀÓÓÇÍÛ PÀÌÁÃÎÑÓÀÌÓÍØ ÁÂÆ ÌÀÁÆ ÇË ÐÆÎÌÆÀÄÆ ÇË ÁÂÆ ÄÁÌÀÃÉ ÂÀÌÐÆÉÃÉÅ ÌÀÁÆ ÊÃÁÂ ÆÃÁÂÆÌ ÃÉÎÌÆÀÄÃÉÅ 

ÄÁÌÀÃÉ ÇÌ ÄÁÌÆÄÄ ÃÄ ×ÀÌÁÃÎÑÓÀÌÓÍ ËÀÄÁØ ÌÆÄÑÓÁÃÉÅ ÃÉ ÆÀÌÓÍ ËÌÀÎÁÑÌÆ ÀÉÐ ÄÑÅÅÆÄÁÃÉÅØ ÃÉ ÁÂÃÄ ÎÀÄÆØ À 

ÄÁÌÇÉÅ ÁÆÉÐÆÉÎÍ ËÇÌ ÄÁÌÀÃÉ ÓÇÎÀÓÃÄÀÁÃÇÉ ÌÆÓÀÁÆÐ ÁÇ ÏÀÄÄÃÒÆ ×ÌÆÎÃ×ÃÁÀÁÆ ÄÂÆÀÌÃÉÅÛ ÕÂÃÄ 

ÎÇÏ×ÀÌÃÄÇÉ ËÑÌÁÂÆÌ ÒÀÓÃÐÀÁÆÄ ÁÂÆ ÃÉÁÆÌ×ÌÆÁÀÁÃÇÉ ÇË ÇÑÌ ÌÆÄÑÓÁÄ ÇÉ ÁÂÆ ÕÖ ÎÇÉÁÀÃÉÃÉÅ ÏÀÁÆÌÃÀÓÄ 

æê æ  æçíîôøóæç ôæêè ìð �ìïóå ìïôèã êñèæçæäóè  çèôî îíæíè. 

 

ü ËÆÊ ÏÇÌÆ ×ÇÃÉÁÄ ÄÁÃÓÓ ÐÆÄÆÌÒÆ ÄÇÏÆ ÐÃÄÎÑÄÄÃÇÉÛ ÕÂÆ ËÃÌÄÁ ÃÄ ÁÂÆ ÔÆÂÀÒÃÇÑÌ ÇË ÑÉÐÆÌÀÅÆÐ ÏÀÁÆÌÃÀÓÄØ 

ÀÉÐ ×ÀÌÁÃÎÑÓÀÌÓÍ ÁÂÆ ÉÀÁÑÌÀÓÓÍ ÀÅÆÐ ÄÁÀÁÆÄÛ ÕÂÆ ÁÊÇ ÀÓÓÇÍÄ ÃÉ ÁÂÆ ÉÀÁÑÌÀÓÓÍ ÀÅÆÐ ÎÇÉÐÃÁÃÇÉÄ ×ÌÆÄÆÉÁ 

ÒÆÌÍ ÐÃËËÆÌÆÉÁ ÏÃÎÌÇÄÁÌÑÎÁÑÌÆÄØ ÆÃÁÂÆÌ ÎÇÉÄÃÄÁÃÉÅ ÇË ýÑúÌÃÎÂ ÎÓÑÄÁÆÌÄ ËÇÌ ÁÂÆ üü2198 ÀÓÓÇÍ ÇÌ ÇË d� 

×ÌÆÎÃ×ÃÁÀÁÆÄ ÃÉ ÁÂÆ üü2196 ÀÓÓÇÍÛ ûÇÊÆÒÆÌ ÁÂÆÄÆ ÁÊÇ ÏÀÁÆÌÃÀÓÄ ×ÌÆÄÆÉÁ À ÄÃÏÃÓÀÌ ×ÓÀÄÁÃÎ ÔÆÂÀÒÃÇÑÌØ 

ÉÀÏÆÓÍ À ÂÃÅÂ ÄÁÌÀÃÉ ÂÀÌÐÆÉÃÉÅ ÎÀ×ÀÔÃÓÃÁÍ ßÎÇÉÄÃÄÁÆÉÁÓÍ ÊÃÁÂ ÏÇÄÁ ÉÀÁÑÌÀÓÓÍ ÀÅÆÐ ×ÌÆÎÃ×ÃÁÀÁÆúËÇÌÏÃÉÅ 

üÓÑÏÃÉÃÑÏ ÀÓÓÇÍÄáØ À ÄÁÌÇÉÅÓÍ ÓÇÎÀÓÃÄÆÐ ×ÓÀÄÁÃÎÃÁÍ ßÀÄ ÆÒÃÐÆÉÎÆÐ ÔÍ ÁÂÆ ÎÇÉËÇÎÀÓ ÏÃÎÌÇÄÎÇ×Í 

ÇÔÄÆÌÒÀÁÃÇÉÄá ÀÉÐ À ÏÃÓÐ àÀÑÄÎÂÃÉÅÆÌ ÆËËÆÎÁØ ÊÂÃÎÂ ÂÇÊÆÒÆÌ ÄÑÌÒÃÒÆÄ ÁÇ ÓÀÌÅÆÌ ÌÆÒÆÌÄÆ ÄÁÌÀÃÉÄ ÁÂÀÉ ÃÉ 

ÁÂÆ ÕÖúÎÇÉÁÀÃÉÃÉÅ ÏÃÎÌÇÄÁÌÑÎÁÑÌÆÄÛ ÕÂÆ ÓÇÎÀÓÃÄÆÐ ×ÓÀÄÁÃÎÃÁÍ ÃÄ ÁÇ ÔÆ ÆÚ×ÆÎÁÆÐ ËÌÇÏ ÁÂÆ ×ÌÆÄÆÉÎÆ ÇË 

ÄÏÀÓÓØ ÇÌÐÆÌÆÐ ×ÌÆÎÃ×ÃÁÀÁÆÄØ ÊÂÃÎÂ ÎÀÉ ÔÆ ÄÂÆÀÌÆÐ ÏÑÓÁÃ×ÓÆ ÁÃÏÆÄ ÔÍ ÐÃÄÓÇÎÀÁÃÇÉÄ ÀÉÐ ÆÒÆÉÁÑÀÓÓÍ 

ÐÃÄÄÇÓÒÆÐ ßÀÄ ÂÀÄ ÔÆÆÉ ÉÑÏÆÌÇÑÄÓÍ ÆÒÃÐÆÉÎÆÐ ÐÑÌÃÉÅ ËÀÁÃÅÑÆ ÇË üÓúþÃ ÀÓÓÇÍÄáÛ üÎÎÇÌÐÃÉÅ ÁÇ �ÆÌÇÓÐ [31]Ø 

ÎÓÑÄÁÆÌ ËÇÌÏÃÉÅ ÀÓÓÇÍÄ ×ÌÆÄÆÉÁ ÁÂÆ ÄÀÏÆ ÁÆÉÐÆÉÎÍ ÁÇ ÓÇÎÀÓÃÄÆÐ ×ÓÀÉÀÌ ÄÓÃ× ÀÄ ÎÇÏ×ÀÌÆÐ ÁÇ ÀÓÓÇÍÄ 

×ÌÆÄÆÉÁÃÉÅ ÄÂÇÌÁ ÌÀÉÅÆ ÇÌÐÆÌ ÇÌ ÇÌÐÆÌÆÐ ×ÌÆÎÃ×ÃÁÀÁÆÄÛ ÜÁ ÃÄ ÁÂÆÌÆËÇÌÆ ÉÇÁ ÄÑÌ×ÌÃÄÃÉÅ ÁÇ ÄÆÆ À ÄÃÏÃÓÀÌ 

ÔÆÂÀÒÃÇÑÌ ÃÉ ÁÂÆ ÁÊÇ ÀÓÓÇÍÄ ÃÉ ÁÂÆ ÉÀÁÑÌÀÓÓÍ ÀÅÆÐ ÎÇÉÐÃÁÃÇÉÛ ÕÂÃÄ ÁÆÉÐÆÉÎÍ ÁÇ ÓÇÎÀÓÃÄÆÐ ×ÓÀÉÀÌ ÄÓÃ× ÃÄ 

ÎÆÌÁÀÃÉÓÍ ÎÇÏ×ÀÁÃÔÓÆ ÊÃÁÂ À ÏÇÐÆÌÀÁÆ àÀÑÄÎÂÃÉÅÆÌ ÆËËÆÎÁØ ÄÃÉÎÆ ÁÂÆ ÄÁÌÀÃÉ ×ÀÁÂ ÏÑÄÁ ÔÆ ÓÆÄÄ 
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there does not seem to be a simple relationship between an increase of precipitate thickness and a 

change in dislocation / precipitate interaction mechanism, as sheared �� of relatively large thickness 

(several nm) have been observed in the literature before ����� 

. Conclusion 

In this work the plastic behaviour of two Al-Cu-Li alloys has been systematically investigated for a 

wide variety of microstructures containing a combination of solute clusters, d’ 	
��
�� 

���
������ 

and �� platelet precipitates� �he plastic behaviour of these alloys can be divided in two groups of 

samples, ��-containing and ��-free� �he presence of d� 

���
������ ��� � ����������� ��� ���	���
�

effect� �he main conclusions are summarized below: 

/ Samples containing clusters or d� 

���
������� ��� �	 �� precipitates, show a high strain 

hardening rate, a strong tendency to strain localisation, and a moderate Bauschinger effect� 

�he high strain hardening rate is attributed to the high solute content of these alloys, and the 

localisation of plasticity as well as the Bauschinger effect can be interpreted in terms of the 

presence of ordered precipitates or clusters in the microstructure�  

/ Samples containing �� precipitates show a lower strain hardening rate, yet much larger than 

in other Aluminium alloys with shearable precipitates� �lasticity in these materials is much 

more homogeneous, and they present a very high Bauschinger effect at the onset of reverse 

plasticity, sign of a highly reversible plasticity�  

/ From the atomic scale observation of the shearing mechanisms of the �� precipitates, it is 

proposed that the shearing of �� precipitates occurs by single shearing events, supposedly 

related to a high energy cost of a second shear on the same slip plane� �his peculiar feature 

of the precipitate shearing explains all the mechanical tests results, and particularly the good 

plastic properties of these alloys near peak strength�  

/ When d� 

���
������ �
� 

����� concurrently to the �� precipitates, the plastic properties 

are somewhat degraded: the material presents a lower strain hardening rate, related 

ductility and a higher tendency to strain localisation�  
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Appendix�III mation�of�the�T¬�si �distrib tion�and�

the�T¬ ol me�fraction�from�TEM�mea rements�

 

­® ¯°±² ³°´ µ¶·¸¹ º·»®²¼±²²±¶® ½¾¿À¯·¶® Á±À·¶²À¶ÂÃ Äº½ÁÅ °»² Æ¿¿® Ç²¿È »² » ¯¶¶¾ ¯¶ ÉÇ»®¯±¯»¯±Ê¿¾Ã

¼¿»²Ç·¿ ¯°¿ ºË »Ê¿·»Ì¿ ²±Í¿ »®È Ê»¾±È»¯¿ ¼¿»²Ç·¿¼¿®¯² ¶Æ¯»±®¿È µ±¯° ¶¯°¿· ¯¿À°®±ÉÇ¿² ²ÇÀ° »² 

Î¼»¾¾ Ï®Ì¾¿ ÐÑ·»Ã ÎÀ»¯¯¿·±®Ì ÄÎÏÐÎÅÒ Ó¶µ¿Ê¿·¹ ¯°¿ º½Á ¯¿À°®±ÉÇ¿ ²ÇÔÔ¿·² Ô·¶¼ » ®Ç¼Æ¿· ¶Ô 

¾±¼±¯»¯±¶®² ¯°»¯ ²°¶Ç¾È Æ¿ »ÀÀ¶Ç®¯¿È Ô¶· ±® ¶·È¿· ¯¶ À¶··¿À¯ ¯°¿ ·»µ È»¯»Ò ­®È¿¿È¹ » º½Á ±¼»Ì¿ 

À¶··¿²Â¶®È² ¯¶ » Õ´ Â·¶Ö¿À¯±¶® ¶Ô » ×´ ²¯·ÇÀ¯Ç·¿ »®È ¯°Ç² ±¯ ¼»Ã Ì±Ê¿ » Ô»¾²¿ ±¼Â·¿²²±¶® ¶Ô ¯°¿ »À¯Ç»¾ 

Â·¿À±Â±¯»¯¿ ¼¶·Â°¶¾¶ÌÃÒ ÙÇ·¯°¿·¼¶·¿¹ ¯°¿ ²»¼Â¾¿ ¯°±À¸®¿²² °»² » È±·¿À¯ ±®Ô¾Ç¿®À¿ ¶® ¯°¿ ¶Æ²¿·Ê¿È 

Â·¶Ö¿À¯±¶®² »®È ¯°¿·¿Ô¶·¿ Æ±»²¿² ¯°¿ ²±Í¿ È±²¯·±ÆÇ¯±¶®Ò Ï² » À¶®²¿ÉÇ¿®À¿¹ µ¿ °»Ê¿ ¿²¯»Æ¾±²°¿È » 

²Ã²¯¿¼»¯±À À¶··¿À¯±¶® Â·¶À¿ÈÇ·¿ ¶Ô ¯°¿ ºË ²±Í¿ È±²¯·±ÆÇ¯±¶® ±® ¯°¿ ÏÏÕÚÛÜ »¾¾¶Ã¹ ±® ¶·È¿· ¯¶ »ÀÀ¶Ç®¯ 

Ô¶· ¯°¿ ¾±¼±¯»¯±¶®² ±®°¿·¿®¯ ¯¶ º½Á ¶Æ²¿·Ê»¯±¶®²Ò º°¿ ºË Ê¶¾Ç¼¿ Ô·»À¯±¶® À»® ¯°¿® Æ¿ ¿²¯±¼»¯¿È Ô·¶¼ 

¯°¿ À¶··¿À¯¿È ²±Í¿ È±²¯·±ÆÇ¯±¶®Ò 
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. Introduction 

 

ãäåæ çèêêëçìíèå îëìïèðñ ïäòë óëëå ôêèôèñëð íå èêðëê ìè çèêêëçì ìïë ñíõë ðíñìêíó÷ìíèå èø ñôïëêíçäù 

ôäêìíçùëñ úïëå èóñëêòëð íå ôêèûëçìíèå èå ä ôùäåë ñ÷êøäçë üýþÿþ3]. A çèîôùëìë êëòíëú èø ìïëñë 

ðíøøëêëåì îëìïèðñ ïäñ óëëå ôêèôèñëð óæ Uåðëêúèèð ü4]. ãèñì çèêêëçìíèå îëìïèðñ ìïäì äôôùæ ìè 

ñôïëêíçäù ôäêìíçùëñ äùñè äôôùæ ìè ðíñç-ùíkë ôäêìíçùëñ ìïäì äêë ôëêôëåðíç÷ùäê ìè ìïë TEã ñäîôùë ü5] äåð 

ìïíñ íñ ìïë çäñë èø ìïë T1 ôùäìëñ úïëå èóñëêòëð íå ìïë ñ÷íìäóùë õèåë äxíñ. Tïë ëxíñìíåg çèêêëçìíèå 

îëìïèðñ äêë äùù óäñëð èå ìïë ñäîë ôêíåçíôùëñ. Tïë ðíäîëìëê èø ä ôäêìíçùë äñ èóñëêòëð íå ôêèûëçìíèå èå 

ä TEã íîägë íñ ìïë êëñ÷ùì èø ëíìïëê ä ôäêìíçùë úïèñë çëåìêë íñ ùèçäìëð è÷ìñíðë ìïë TEã ñäîôùë 

(ôäêìíçùë ÿ äåð 3 íå Fíg÷êë 94) èê øêèî ä ôäêìíçùë úïèñë çëåìêë íñ ùèçäìëð íåñíðë ìïë ñäîôùë (ôäêìíçùë ý 

íå Fíg÷êë 94). Wïëå ìïë çëåìêë èø ìïë ôäêìíçùë íñ íåñíðë ìïë ñäîôùëþ ìïë ôêèûëçìëð ðíäîëìëê 

corresponds to the �real� diameter of the precipitate and when the centre is outside, the projection 

ðíøøëêñ øêèî ìïë êëäù ðíäîëìëê èø ìïë ôêëçíôíìäìë. Tïë ôêíåçíôùë èø ìïë çèêêëçìíèå îëìïèðþ ôêëñëåìëð 

íå ìïíñ ôäôëêþ íñ ìè íðëåìíøæ ìïë ôäêìíçùëñ úïèñë çëåìêëñ äêë ùèçäìëð íåñíðë ìïë ñäîôùë íå èêðëê ìè 

obtain a �real� diameter distribution�  irst, the sizes that are measured in projection are divided into a 

å÷îóëê èø çùäññëñ èø ñíõë 〉. Tïë íåíìíäù äññ÷îôìíèå íñ ìè çèåñíðëê ìïäì ìïë ùäêgëê ôäêìíçùëñ ïäòë ìïëíê 

ø÷ùù ðíäîëìëê òíñíóùë íå ôêèûëçìíèå. Fèê çùäññëñ èø ñîäùùëê ôäêìíçùë ñíõëñþ ìïë ôêèûëçìíèå çäå äùñè êëñ÷ùì 

øêèî ä ñùíçíåg ëøøëçì çèîíåg øêèî ùäêgëê ôäêìíçùëñ. Iå èêðëê øèê ìïë çèêêëçìíèå ìè óë äçç÷êäìëþ Jëåñëå 

ü5] ïígïùígïìëð ìïäì ìïë å÷îóëê èø ñíõë çùäññëñ ñïè÷ùð íðëäùùæ óë îèêë ìïäå ñëòëåþ äåð äì îíåíî÷î 

øíòë. 

Wë úíùù øíêñì ðëìäíù ìïë çèêêëçìíèå îëìïèð äåð ìïëå äôôùæ íì ìè ìúè �AADF-STEã íîägëñ ìäkëå èå ìúè 

ðíøøëêëåì AAÿý98 ñäîôùëñ ïëäì ìêëäìëð êëñôëçìíòëùæ ý8ï äì ý55°C äåð ý8ï äì ý55°C + 70ï äì ý90°C. 

Wë úíùù ìïëå ñïèú ïèú ìè ëñìíîäìë ìïë T1 òèù÷îë øêäçìíèå øêèî ìïë çèêêëçìëð ñíõë ðíñìêíó÷ìíèåñ. Tïë 

íåøù÷ëåçë èø ìïë å÷îóëê èø ñíõë çùäññëñ èå ìïë çèêêëçìíèå ôêèçëð÷êë úíùù ìïëå óë ðíñç÷ññëð. Fíåäùùæ

Aìèî �êèóë Tèîègêäôïæ (A�T) úíùù óë ÷ñëð äñ äå äùìëêåäìíòë úäæ ìè ëòäù÷äìë ìïë T1 òèù÷îë øêäçìíèåñ 

èå ìïë ìúè ñäîë ñäîôùëñ. 
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 膏 噺 などは繋岫継待 継陳斑 岻Øº"岫に紅継待 継陳斑 岻 ���� 
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. Conclusions 

 

ÔÕÖ ×ØÖÙÖÚÛÖÜ Ý ÙÞßßÖÙÙàÞá ßâØØÖßÛãâÚ äÖÛåâÜ âà ÛåÖ ÙãæÖ ÜãÙÛØãçÞÛãâÚ âà ÜãÙßÔáãèÖ ×ØÖßã×ãÛÝÛÖÙ ÝÙ 

measured éêëì íîï ðìñòóôõ íöðô ìó÷öëø ñùùëúû÷ô éëê ÷öó ôñìüýóþô ÷öðùÿûóôôõ 

ÔNâ áÖÙÙ ÛåÝÚ ÚãÚÖ ÙãæÖ ßáÝÙÙÖÙ ÙåâÞáÜ çÖ ÞÙÖÜ àâØ ÛåÖ ßâØØÖßÛãâÚ äÖÛåâÜ Ûâ çÖ ÝßßÞØÝÛÖ.  

ÔTåÖ ßâäçãÚÖÜ ÞÙÖ âà TEM,  �T ÝÚÜ ��C ×ÖØäãÛÙ ÛåÖ ÝßßÞØÝÛÖ ÖÙÛãäÝÛãâÚ âà ÛåÖ T1 vâáÞäÖ àØÝßÛãâÚ ãÚ 

ÛåÖ   2�98 Ýááây.  
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