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�|} wrkwO C} RvDQ=t� =tO R= |W=v |tHL QUm "T w �|} wrkwO Q}e C} RvDQ=t� VvD

%OwW|t u=}@ u}vJ w CU=
� = �T + �s (29)

xOW xO=O u=Wv uwUv} Q@ pOt Q=Ox_i=L S=}r; |R=i Q=Owtv 9 pmW QO u}vJty
'OQ}o Q=Qk Q=Owtv C}akwt s=Om QO xm Q=Ox_i=L S=}r; |Q=m \}=QW x@ xHwD =@ "CU=

"O};|t CUO x@ �1 pwOH� |D} RvDQ=t |tHL QUm |=Q@ |}x]@=Q

[24]"uwUv} Q@ pOt Q=Ox_i=L |S=}r; |R=i Q=Owtv "9 pmW

[18]"|D} RvDQ=t |tHL OYQO p=kDv= CqO=at "1 pwOH
Rk YK = cos(�X

k
i

Xk0
) � �T �s

A YA = cos(� T�As��=CaAf�As ) �02 (YA + 1) �T 0 ��0 �s0 ��0

Mt YMt = cos(� T�Ms
Mf�Ms ) �r + �s �T 0 + (1��0)

2 (1� YMt ) �s0

Md1 YMd1 = cos(� ���s�Cm(T�Ms)
�f��s ) �T + �s �T 0 + 1��s1��s0 (

1�YMd12 ) + �s0(
1+YMd12 )

Md2 YMd2 = cos(� ���0
�f��s ) �T + �s ( (1��0)

2 (1� YMt ) + �T 0) 1��s1��s0 (
1�YMd22 ) + �s0(

1+YMd22 )

Md3 YMd2 = cos(� ���s
�f��s ) �T + �s �T 0 1��s1��s0 (

1�YMd22 ) + �s0(
1�YMd22 )
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X=wN OL=w Q=Okt
Moduli GPa DM = 10

DA = 73 6
Transformation-stress MPa �s = 60

�f = 720
Stress-temperature MPa=0C Ca = 2 9

Cm = 2
Transformation-strain � "l+ = 0 035

"l� = 0 035
Thermooelastic-modulus MPa=0C � = 0 55

Transformation-temperature 0C Mf = �110
Ms = �105
As = �104
Af = �90

"OvtWwy S=}r; =@ xOW C}wkD |tw}v}twr; Q=OJ=v xa]k |RQt \}=QW "12 pmW

Cr=L u}= QO xO=t "Ov=t|tv |k=@ xO=t QO |Ov=tUB VvQm xvwo I}y 0 035 VvQm
|R=Ux}@W G}=Dv "OOQo|tR=@ x}rw= Cr=L x@ T} RQDU}y |xkrL l} O=H}= |]
uwtR; |R=Ux}@W R= xm CU= [18]xOW O=H}= Ctw} Om x@ \w@ Qt xOW QmP pmW

"CU= xOt; CUO x@ xHQO QiY |=tO QO |WWm

xOW C}wkD Q=DN=U |OOa |UQQ@ "5
u=Wv |WWm |Q=PoQ=@ QO Q=OJ=v |xa]k |Q=PoQ=@ w |RQt \}=QW 12 pmW QO
w xDiQo Q=Qk |WWm |Q=PoQ=@ CLD xa]k OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O
C} wkD xO=t |Q=DiQ C=Q}}eD w ?}U; OWQ Q@ OvtWwy S=}r; OwHw Q}F-=D T=U= u}= Q@

"OQ}o|t Q=Qk |UQQ@ OQwt
OvtWwy S=}r;VvQm �VvD Q=Owtv w sw}v}twr;?}U;VvQm �VvD Q=Owtv O}=@ =OD@=
S=}r; VvQm � VvD Q=Owtv |R=Ux}@W G}=Dv "OW=@ XNWt l}DUq=QB wU \}=QW QO
VvD Q=Owtv |R=Ux}@W G}=Dv u}vJty "CU= xOW xO=O u=Wv 11 pmW QO OvtWwy
hr= 13 pmW QO 4 pwOH ?}U; X=wN j@] sw}v}twr; ?}U; =@ x=Qty VvQm �
QO R}v VvQm ?ULQ@ ?}U; OWQ Q=Owtv |R=Ux}@W G}=Dv "CU= xOW xO=O u=Wv
u}@t 16 |x]@=Q 'OW u=}@ QDW}B xm u=vJ "CU= xOW xO=O u=Wv '? 13 pmW
"CU= xOW xO=O u=Wv OWQ u}= R}v Q=Owtv u}= QO xm CU= |]NQ}e ?}U; OWQ

VvQm O=H}= =@ xmCi=} QO u=wD|t 'hr= 13 w 11 pmW |=yQ=Owtv |xU}=kt R=

[27]"SAE 1050 Oqwi ?}U; X=wN "2 pwOH
X=wN Q=Okt
r 1 97MPa

s 1
E 138GPa
v 0 3
n 0 41
�y 290MPa

K 720MPa

?}U; =@ x=Qty Q=DiQ|=Q@|y=oW}=tR;G}=Dv w|R=Ux}@WG}=Dvu}@ xU}=kt "10pmW
[27]"|WWm |Q=PoQ=@ QOSAE 1050 Oqwi ?}U; OWQ w VvQm � VvD Q=Owtv

x@ xHwD =@ OvtWwy S=}r; |WWm |Q=OQ@ Q=@ |Q=PoQ=@ |R=Ux}@W G}=Dv "11 pmW
"T = 00C3 pwOH |=yQDt=Q=B
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"|WWm |Q=PoQ=@ QO OvtWwy S=}r; w xOWC}wkD sw}v}twr; QOVvD `} RwD "14 pmW

OvtWwy S=}r; =@ xOW C}wkD Q=OI=v xa]k |}=Hx@=H wQ}v Q=Owtv |xU}=kt "15 pmW
"T = 00C |WWm |wQ}v CLD hrDNt |=yCr=LQO

K]U OvtWwy S=}r; =@ Q=OI=v xa]k uOQmC} wkD =@ `k=w QO "Ovm|t O=H}= Q=DN=Upm QO
Ci}W q=@ CtU x@ |}=Hx@=H � wQ}v Q=Owtv w Ovm|t =O}B V}=Ri= Q=DN=U pm s}rUD
=O}B V}=Ri= C=Q}}eD u}= OvtWwy S=}r; QO VvQm V}B p=ta= =@ u}vJty "Ovm|t =O}B
Q}PBCWoQ@ VvQm xv}W}@ OvtWwy S=}r; QO 0 01 VvQmV}B O=H}= Cra x@ "Ovm|t
|r=ta= |}=Hx@=H Qo = xH}Dv QO "O@=}|t Vy=m 0 025 x@ CU= 0 035 xm
|}=Q=m OvtWwy S=}r; 'OwW OvtWwy S=}r; QO 0 035 R= QDW}@ VvQm p}tLD Ea=@
"OW Oy=wN O=H}= u; QO Ov=tUB |Q}tN VvQm w xO=O CUO R= =Q OwN |v=UWmQB wU
|=yDv= |}=Hx@=H ?ULQ@ h=mW lwv u=tr= ?}U; OWQ Q=Owtv 16 pmWQO
xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv hrDNt |=yCr=L QO 'Q=OI=v |xa]k
QO OvtWwy S=}r; OwHw 'OW |UQQ@ |r@k |=yQ=Owtv QO xm Qw] u=ty R}v w 'OwW|t
'QDq=@ |=y|Q=PoQ=@ QO xa]k CUmW w |SQv= ?PH Q@ xwqa Q=OI=v |xa]k QDU@

[28]"28AL5754 sw}v}twr; ?}U; X=wN "4 pwOH
X=wN Q=Okt
r 0 8MPa

s 1
E 92GPa
v 0 3
�y (92 +K(1� exp(�6"eqp )))MPa

K 250MPa

OWQ w VvQm � VvD Q=Owtv ?}U; =@ x=Qty Q=DiQ |=Q@ |R=Ux}@W G}=Dv "13 pmW
"|WWm |Q=PoQ=@ QOAL 5754 sw}v}twr; ?}U;

QO120MPa Q}PB=vCWoQ@ VvD 'Q=OJ=v |xa]k Q=DN=U pm QO 0 035 |WWm
Q}PBCWoQ@VvD OvtWwy S=}r; xmCU= |r=L QO u}= &OwW|t O=H}= |tw}v}twr; QDU@
p@=k Q}F-=D |tw}v}twr; QDU@ QO S=}r; OwHw xH}Dv QO "Ovm|t x@ QHD =Q 620MPa

"CW=O Oy=wN |UwULt
xOW C} wkD Q=OI=v sw}v}twr; VvD `} RwD |R=Ux}@W G}=Dv 'hr= 14 pmW QO
xm OwW|t xOy=Wt "CU= xOW xO=O u=Wv |WWm |Q=PoQ=@ R= Oa@ 'OvtWwy S=}r; =@
u}vJty "OQ=O =Q Q=Okt u} QDW}@ ?}U; Q}eDt w VvD 'VvD RmQtD Cra x@ lQD lwv
|xa]k QDU@ QO OvtWwy S=}r; VvD `} RwD |R=Ux}@W G}=Dv Qou=Wv ?14 pmW

"CU= |WWm |Q=PoQ=@ R= Oa@ |tw}v}twr; Q=OI=v
CLD Q=OI=v |xa]k |}=Hx@=H � wQ}v Q=Owtv |R=Ux}@W G}=Dv 15 pmW QO
=@ xOW C} wkD 'OvtWwy |=yS=}r; uwO@ hrDNt |=yCr=L QO |WWm |Q=PoQ=@
u=Wv =Q xOW xO}vD V}B R= OvtWwy |=yS=}r; =@ xOW C} wkD w OvtWwy |=yS=}r;
|Q=DiQ C=Q}}eD|}x_Lqt p@=k Qw] x@ OvtWwy S=}r; OwHw 'pmW x@ xHwD =@ "OyO|t
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"T = 00C |WWm |Q=PoQ=@

C}wkD Q=OI=v |xa]k u=tr= u} QD|v=QL@ ?}U; � wQ}v Q=Owtv |xU}=kt "17 pmW
T = 00C |WWm |wQ}v CLD hrDNt |=yCr=LQO OvtWwy S=}r; =@ xOW

VvQmV}B u}vJty "OyO|t Vy=m R}v =Q xOW C} wkD |xO=t ?}U; Q}eDt OWQ MQv
"OQ=Ov ?}U; OWQ MQv Vy=m Q@ |Q}F-=D OvtWwy S=}r; QO

QO |r=ta= |wQ}v |=R= x@ Q=OI=v |xa]k h=mW lwv ?}U; OWQ 17 pmW QO
QO xm CU= u; R= |m =L |R=Ux}@W G}=Dv "CU= xOW xO=O u=Wv |WWm |Q=PoQ=@
uwO@ Cr=L QO ?}U; OWQ Q=Okt x@ uO}UQ |=Q@ OvtWwy S=}r; =@ xOWC} wkD Cr=L
xvwou}= QO ?}U; OWQ Vy=m R= u=Wv xm CU= |QDW}@ |wQ}v x@ R=}v OvtWwy S=}r;
OvtWwy S=}r; QO VvQmV}B OwHw OW QmP ,q@k xm u=vJ u}vJty "CU=yQ=DN=U

"OWN@|t COW =Q C=Q}F-=D u}=
p=wR OwHw =@ xm CU= u}= OQm CW=OQ@ u=wD|t G}=Dv u}= R= xm |tyt |xDmv
Qw[L Q=DN=U QO p=ai CQwY x@ Rwvy OvtWwy S=}r; 'Q=OI=v |xa]k h=mW lwv
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1. lode-dependent enhanced lemaitre model 2. fortran composer
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