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<=RH= VwQ R= xO=iDU= =@ R}v w xJw@=J |O=t Q=DiQ pOt R= |Q}oxQy@ =@ VywSB u}= QO
� |v=UWm pOt G}=Dv =@ xrY=L G}=Dv "CU= xOW xDN=OQB S=DQiwD= Ov}=Qi |UQQ@ x@ OwOLt
=@ 'xOW O=H}= Ov=tUB VvD |v}@V}B QO =ypOt u}= CkO "CU= xOW xU}=kt pt=m |Q}tN

"CU= xOW |UQQ@ �|RmQt |Q=mM=QwU VwQ =@ |Q}oxR=Ov=� |@ QHD VwQ R= xO=iDU=
|Q}tN ,qt=m Q=DiQ x@ xHwD =@ 'pt=m |Q}tN � |v=UWm pOt QO xm OvyO|t u=Wv =yxDi=}
xm =Hv; R= "OwW|t |v}@V}B |ak=w Q=Okt R= V}@ Ov=tUB VvD 's}rUD |x]kv R= Oa@ u;

pOt u}= |oOvwWCNU 'O};|t CUO x@ Q=O}=B T} RQDU}y |vLvt R= xJw@=J pOt ?}=Q[
|ak=w Q=Okt R= QDsm pOt u}= QO Ov=tUB |=yVvD '=Pr w CU= |ak=w Q=Okt R= V}@

"CU= QDl}ORv |@ QHD G}=Dv x@ pOt u}= R= pY=L G}=Dv p=L u}= =@ "OwW|t |v}@V}B

rsei�@basu.ac.ir
gh majzoobi@basu.ac.ir
ashkan.baniasad@gmail.com

|xv=wDU= '|RmQt |Q=mM=QwU 'Ov=tUB VvD 'xJw@=J pOt 'S=DQiwD= %|O}rm u=oS=w
"s}N[Q=OH

xtOkt "1
|=yVvD `} RwD |x@U=Lt |=Q@ hrDNt VwQ wO G}=Dv Qo}O |}xar=]t QO [2]"OvO=O
VvQm QF= [3]"CU= xOW xU}=kt sy =@ S=DQiwD= Q=Wi R}v w QOvr}U |xQ=OH QO Ov=tUB
Ov}=Qi Qo}O |k}kLD QO R}v w [4]xOW |UQQ@ S=DQiwD= Ov}=Qi Q@ 1Qov}W=@ QF= w |DNU
xar=]t OQwt |]N |m}D=tv}U pOt R= xO=iDU= =@ |vRx@vU w |rN=O Q=Wi =@ S=DQiwD=
|=ypOt uwvm =D w 'CU= |O=} R OQ=wt `@=D O=wt |Q}tN Q=DiQ [5]"CU= xDiQo Q=Qk
� wvyw= 'xJw@=J 'l} QOQi � nv=QDUtQ; 'RQt= 'Qo =QB pOt Q}_v �� |irDNt |[=} Q
=yu; R= s=OmI}y =t= 'xOW x�=Q= =yQ=DiQ u}= |v}@V}B |=Q@ �� """w pw=Olt 'nv=w
u}= R= "OvQ=Ov =Q |Q=PoQ=@ hrDNt \}=QW |t=tD CLD O=wt Q=DiQ |v}@V}B C}r@=k
|=yp=U QO "OwW|t xO=iDU= |irDNt |=ypOt R= |Q=PoQ=@ hrDNt \}=QW |=Q@ wQ
xU}=kt|@ QHD G}=Dv =@ =Q|v=UQ}tNhrDNt |=ypOt OQmrta |Q=}U@ u}kkLt Q}N=
xJw@=J |m}D=tv}U |oOvwWCNU pOt xm OQ=O u; R= u=Wv xrY=L G}=Dv w Ov=xOQm

[9�6]"CU= OwHwt |=ypOt u} QDpt=m R= |m}
Qo =QB pOt x@ |]NQ}e |xrtH l} uOQmxi=[= =@ O=wt |Q}tN Q=DiQ |UQQ@ QO
[11w10]"OW x�=Q= |]NQ}e |m}D=tv}U |oOvwWCNU uwv=k �|]N pOt u} QDxO=U�
C=QF= xm CU= u=wN=Qi |xrtH l} pt=W �l} QOQi � nv=QDUtQ; pOt� pOt u}=
"OR=U|t |]NQ}e =Q u; w xOQm pOt OQ=w =Q VvQm Q}Ut QO |Q=PoQ=@ |xJN} Q=D
OQ=O Q=O}=B T} RQDU}y |xkrL j}kO |R=UpOt |=Q@ |OwOat |O=t C@=wF pOt u}=
[12]"Ovm|tv |v}@V}B |@ wNx@ =Q |}xQwO |Q=PoQ=@ CLD O=wt |Q}tN Q=DiQ =Pr w
pOt 'l} QOQi � nv=QDUtQ; pOt |oOvwWCNU u}v=wk ?}mQD =@ xJw@=J

O=H}= 's}N[Q=OH |=yxv=wDU= Q=Wi ptLD uOQ@ q=@ QO QF-wt |=yVwQ R= |m}
|=yxv=wDU= QO Ov=tUB VvD O=H}= |=Q@ "CU=yu; |xQ=w}O QO |Q=Wi Ov=tUB VvD
|xv=wDU= OvJ =} wO R=?mQt |xv=wDU= p}mWD "1 %OQ=O OwHw VwQ OvJ s}N[Q=OH
Ea=@ |UQB j=@]v= u}= &OvwW|t xOR =H sy pN=O QO |UQB CQwYx@ xm 'xO=U
|Q}tN "2 "OwW|t ?mQt |xv=wDU= |rN=O K]U QO |Q=Wi Ov=tUB VvD O=H}=
R= TB 'u; |] xm |rN=O Q=Wi \UwD u}at |a=aW =D uRNt |xQ=w}O uOQm
|Q@ Q=@ u=R}t V}=Ri= Ea=@ xv=wDU= |rN=O |x}q QO |Q=Wi Ov=tUB VvD |Q=OQ@ Q=@
C@Uv QDnQR@ `=aW =@ |}x@vU R= xO=iDU= "3 "OwW|t OOHt |Q=PoQ=@ QO xv=wDU=
x@vU =@ xrwr pN=OD Qo = "OwW|t xOR =H xrwr uwQO Q=Wi =@ xm xrwr |rN=O `=aW x@
|Q=Wi Ov=tUB VvD x@vU uOW GQ=N R= TB 'OwW |Q}tN xrwr xm OW=@ |}xR=Ov=x@
R= w 'xDiQo CQwY S=DQiwD= |xv}tR QO |O=} R C=k}kLD uwvm =D "OwW|t O=H}= xrwr QO
|xOta VN@ "CU= xOW xO=iDU= Ov}=Qi u}= |UQQ@ |=Q@ |irDNt |O=t |=ypOt

"CU= xOW s=Hv= pt=m |Q}tN � |v=UWm pOt R= xO=iDU= =@ C=k}kLD u}=
|@ QHD w |OOa |UQQ@ x@ pt=m |Q}tN � |v=UWm pOt R= xO=iDU= =@ u}kkLt
R= xO=iDU= =@ u}vJty u=v; [1]"OvDN=OQB s}N[Q=OH |=yxv=wDU= QO S=DQiwD= Ov}=Qi
Q=Qk |UQQ@ OQwt =Q ?mQt |=yxv=wDU= QO |oO}mQD Q=Wi '|@ QHD w |OOa |=yVwQ

pw�Ut xOvU} wv �
"1392 5 28 VQ}PB '1392 5 9 x}LqY= '1391 11 24 Ci=} QO %M} Q=D
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(s� a) : (s� a)� k = 0 (1)

'xOW s}rUD K]U RmQt u=} QH � '|i=QLv= VvD QwUv=D s 'VvD QwUv=D � u; QO xm
CU= xOW s}rUD K]U |xR=Ov= k w '|i=QLv= |=[i QO xOW s}rUD K]U RmQt a
u}vJ |Q}tN VvQm wtv "CU= C@=F |m}D=tv}U |oOvwWCNU |=ypOt QO xm

%OwW|t h} QaD
d"p = d�@f

@�
(2)

"CU= s}rUD `@=D f w |Q}tN ?} Q[ d� '|Q}tN VvQm MQv d"p u; QO xm
xi=[= Qo =QB |oOvwWCNU uwv=k x@ |]NQ}e xrtH l} l} QOQi w nv=QDUtQ;
xm CU= |]N |xO=U |oOvwWCNU uwv=k l} Qo =QB |oOvwWCNU uwv=k "OvOQm

%OwW|t u=}@ 3 |x]@=Q j@=]t
d� = 2

3Cd"
p (3)

?U=vDt |Q}tN VvQm MQv =@ l} QO} Qi w nv=QDUtQ; \UwD xOWxi=[= |xrtH
%OwW|t u=}@ 4 |xrO=at j@=]tl} QO} Qi �nv=QDUtQ; |oOvwWCNU uwv=k "CU=
d� = 2

3Cd"
p � 
�dp (4)

"CU}v �nv}DJQ�VvQmCW=@v=|v}@V}B x@ QO=k|rwCU=C@=F wO |=Q=O pOt u}=
|oOvwWCNU uwv=k R= Cw=iDt CQ=@a OvJ ?}mQD =@ [15w14]u=Q=mty w xJw@=J
"OvOQm x�=Q= |QwLtlD |Q=PoQ=@ |=Q@ |}xOW KqY= pOt l} QOQi � nv=QDUtQ;
� nv=QDUtQ; pOt R= pY=L G}=Dv w CU= QDW}@ uwv=k u}= |O=t C@=wF O=OaD

%OwW|t xO=O u=Wv CQ=@a xU =@ xJw@=J pOt "OWN@|t Ow@y@ =Q l} QOQi
d�i = 2

3Cid"
p � 
i�idp; i = 1; 2; 3 (5)

6 |x]@=Q =@ xm CU= |atHD VvQm MQv dp w Ov=|O=t C@=wF 
i w Ci u; QO xm
%OwW|t xO=O u=Wv

dp =
r2

3d"p : d"p (6)

� nv=QDUtQ; pOt R= xrO=at xU ẁtHt 5 |xrO=at OwW|t xOy=Wt xm u=vJ
"CU= hrDNt |=yC@=F =@ l} QOQi

|[=} Q C=@U=Lt "1"2
CyH QO |QwLtlD |Q=PoQ=@ |=Q@ 7 \@=wQ �5 |x]@=Q� xJw@=J CqO=at pL R=
|ivt w C@Ft Cr=L |=Q@ ?}DQDx@ n w p T} wvu}}=B� O};|t CUO x@ x |[Qi

[12]%�CU= xOW xO=iDU=
�ixp = 2

3
Ci

i

+ (�ix0 � 2
3
Ci

i

) exp[�
i("p0 � "px0)]; d"px � 0
�ixn = �2

3
Ci

i

+ (�ix0 + 2
3
Ci

i

) exp[
i("p0 � "px0)]; d"px < 0
(7)

%OQm |U} wvR=@ u}vJ u=wD|t =Q CqO=at u}=

�"px = � 1

i

ln(
�ixp � 2Ci3
i
�ix0 � 2Ci3
i

); d"px � 0

�"px = 1

i

ln(
�ixn + 2Ci3
i
�ix0 + 2Ci3
i

); d"px < 0 (8)

[6]"xOWl}miD CQ=@a xU =@ xJw@=J pOt =@T} RQDU}y|vLvt|v}@V}B "1 pmW

w Q=O}=B T} RQDU}y |xkrL w CU= |QDW}@ |O=t C@=wF |=Q=O xm OQm x�=Q= |O}OH
u}= QO [14w13]"Ovm|t |v}@V}B QDj}kO =Q |}xQwO |Q=PoQ=@ CLD O=wt |Q}tN Q=DiQ
� nv=QDUtQ; uwv=k xm OwW|t s}UkD CtUk xU x@ Q=O}=B T} RQDU}y |vLvt pOt
CtUk "2 &s}rUD R=e; QO x}rw= nQR@ pwOt "1 %Ow@ s=m =v u; |R=UpOt QO l} QOQi
QO C@=F pwOt CtUk "3 &�T} RQDU}y |vLvt |} wv=R CtUk� =QPo |]N Q}e
"CU= xOW xO=O u=Wv 1 pmW QO pOt u}= C=}�RH "q=@ |Q}tN VvQm |xOwOLt
|DNU CQ=@a xU R= T} RQDU}y |xkrL |R=UpOt KqY= Qw_vtx@ xJw@=J
q=@ Q=}U@ pwOt =@ =Q |oOvwWCNU (�1) pw= CQ=@a "OQm xO=iDU= xOWl}miD
|=QPo |]NQ}e CtUk (�2) swO CQ=@a "OwW|t Q=O}=B `} QU w xOQm ẁQW
l} (�3) swU CQ=@a ,=D}=yv w "Ovm|t |R=Ux}@W =Q Q=O}=B T} RQDU}y |vLvt
|xOwOLt QO =Q T} RQDU}y |vLvt |]N CtUk xm CU= |]N |DNU CQ=@a
sy =@ xOW x} RHD `@=D xU |Q=PoQ=@ R= xrLQt Qy QO "Ovm|t |R=UpOt 'q=@ VvQm
QO s}rUD K]U RmQt Qou=Wv xm O};|t CUO x@(�x) `@=D l} w OvwW|t `tH
|oOvwWCNU CQ=@a 'QDy@ ?} QkD |=Q@ xJw@=J 'xt=O= QO [6]"CU= |Q=PoQ=@ u}=
"OQm xi=[= OwN |r@k pOt x@ xv=DU; CQ=@a u=wva =@ =Q �sQ=yJ CQ=@a� |m}D=tv}U
'VvD XNWt K]U l} x@ uO}UQ =D sQ=yJ CQ=@a Q=Okt 'O}OH uwv=k T=U=Q@
sQ=yJ CQ=@a 'xv=DU; VvD x@ uO}UQ R= TB "CU= QiY pO=at �xv=DU; VvD� s=vx@
pOt u}= "Ovm|t KqY= =Q T} RQDU}y |vLvt C@=F ?}W |xOwOLt QO pOt Q=DiQ

[15]"Ovm|t |v}@V}B QDy@ =Q xO=t |Q}tN Q=DiQ
xDiQo Q=Qk |UQQ@ OQwt S=DQiwD= Ov}=Qi xJw@=J pOt R= xO=iDU= =@ 'j}kLD u}= QO
QO =Pr w O};|t CUO x@ Q=O}=B T} RQDU}y |xkrL R= pOt u}= ?}=Q[ "CU=
Ov}=Qi |xar=]t "Ovm|t pta QDj}kO S=DQiwD= Ov}=Qi R= pY=L Ov=tUB VvD |v}@V}B
"CU= xDiQo s=Hv= OwOLt <=RH= Q=Ri=sQv R= xO=iDU= =@ xJw@=J |O=t pOt =@ S=DQiwD=
xOW xU}=kt pt=m |Q}tN � |v=UWm pOt R= pY=L G}=Dv =@ xOt; CUOx@ G}=Dv
Ov=tUB VvD |v}@V}B QO =ypOt u}= CkO '|@ QHD |=yV}=tR; s=Hv= =@ "CU=

"CU= xOW xU}=kt uRNt QO xOW O=H}=

xJw@=J pOt "2
hrDNt `=wv= CLD O=wt |}xQwO Q=DiQ |v}@V}B |=Q@ |@U=vt pOt xJw@=J pOt
s}rUD Q=}at "OwW|t xO=iDU= TU}tuwi s}rUD Q=}at R= pOt u}= QO "CU= |Q=PoQ=@

%R= CU= CQ=@a TU}tuwi
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[17]"7075-T6 s}v}twr; T} RQDU}y |xkrL "2 pmW

"l}DvS sD} Qwor= =@ xOW u}}aD T} RQDU}y |vLvt "3 pmW

"|QwLt uQ=kDt pOt QO uRNt |Q=PoQ=@ ẁv w |RQt \}=QW "4 pmW

pw] QO 2|DWoQ@ VvD Q=Okt u} QDsm w u} QDW}@ ?}DQDx@ �ixn w �ixp u; QO xm
C@Ft CtUk wO x@ u=wD|t =Q |}xQwO |Q=PoQ=@ "OvDUy |Q=Wi w |WWm |Q=PoQ=@
O=H}=� O=wt |Q}tN Q=DiQ pt=W CtUk wO Qy xm OwW|t ZQi "OQm s}UkD |ivt w
|QwLtlD |Q=PoQ=@ C@Ft CtUk |=Q@ d"px � 0 ZQi =@ "OvDUy �|Q}tN VvQm

%CW=O s}y=wN 'u; |ivt CtUk |=Q@ d"px < 0 w

�xp =
X

�ixp = 2
3 (�x � �0); d"px � 0

�xn =
X

�ixn = 2
3 (�x + �0); d"px < 0 (9)

%CWwv u=wD|t 9 w 7 CqO=at ?}mQD =@
(�x � �0) =

X
(Ci

i

+ (3
2�ix0 � Ci


i
) exp[�
i�"px]) d"px � 0

(�x + �0) =
X

(�Ci

i

+ (3
2�ix0 + Ci


i
) exp[
i�"px]) d"px < 0

(10)

Ci ?}=Q[ pY= QO� �"px w �ixn '�ixp uOQw; CUO x@ |=Q@ CqO=at u}=
sDU}U l} O}=@ ?}=Q[ uOQw; CUO x@ |=Q@ "OvQ}o|t Q=Qk xO=iDU= OQwt �
i w

[12]"OwW pL |]NQ}e CqO=at

Al7075-T6 S=}r; xJw@=J pOt ?}=Q[ u}}aD "2"2
�l}DvS sD} Qwor=�?rDt Q=Ri=sQv R= xJw@=J?}=Q[ uOQw;CUO x@ |=Q@ xr=kt u}= QO
?} Q[ VW u}}aD pOt u}= |=Q@ "CU= xOW xO=iDU= [16]u}W}B VwQ l} R}v w
|=yxO=O R= |}xawtHt x@ pOt uOQm j@]vt =@ w Twmat VwQ x@ xm CU= |t=Rr=
hOy `@=D R= xO=iDU= =@ �Al7075-T6 s}v}twr; T} RQDU}y |xkrL� |y=oW}=tR;

"OQ}PB|t s=Hv= 11

RSS = min( 1
N

NX
i=1

[ (�
exp � �model)

�exp ]2) (11)

\UwD xOW |v}@V}B Q}O=kt �model '|@ QHD Q}O=kt �exp 'C=Oy=Wt pm O=OaDN
Q}O=kt |=yp[=iD C=QwPHt ẁtHt x@ \w@ Qt hOy `@=D Q=Okt u} QDsm RSS w 'pOt
xOW xO=O u=Wv 2 pmW QO 7075-T6 s}v}twr;T} RQDU}y |xkrL "CU= xOW QmP
T} RQDU}y |vLvt |=Q@ VwQ u}= =@ xOt; CUO x@ |vLvt 3 pmW QO [17]"CU=

"CU= xOW x�=Q= 1 pwOH QO R}v xOt; CUO x@ ?}=Q[ "CU= xOW xO=O u=Wv

|OOa |R=Ux}@W "3
CQwYx@ xr�Ut '|Q=PoQ=@ w xUOvy |QwLt uQ=kD \}=QW x@ xHwD =@ j}kLD u}= QO
wO xHQO |QwLt uQ=kDt |}xQoCWy u=tr= "CU= xOW |R=Ux}@W |QwLt uQ=kD
QO R}v |RQt \}=QW w xOW O=H}= pOt "CU= xDiQo Q=Qk xO=iDU= OQwt |Ov@u=tr= |=Q@
xO=iDU= =@ w 'Twm =@; Q=Ri=sQv QO |=y|R=Ux}@W s=tD "CU= xOW xO=O u=Wv 4 pmW
C=YNWt "CU= xOW s=Hv= xJw@=J w pt=m |Q}tN � |v=UWm |O=t pOt wO R=
|=Q@ 2 pwOH QO w xJw@=J |O=t pOt |=Q@ 1 pwOH QO Q=Ri=sQv QO R=}v OQwt |O=t
=ypOt |UOvy C=YNWt "CU= xOW xOQw; pt=m |Q}tN � |v=UWm |O=t pOt

"CU= xOW x�=Q= 3 pwOH QO R}v
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NU
QF=|

UQQ
@"=yxvwtv |UOvy C=YNWt "4 pwOH

Pi AFR k rb ra xvwtv
(MPa) ��� (rb=ra) (mm) (mm)

220 60 1 5 18 75 12 5 1
210 45 1 5 18 75 12 5 2
195 30 1 5 18 75 12 5 3
180 45 1 4 17 5 12 5 4
185 60 1 4 17 5 12 5 5

"|W}=tR; |=yxvwtv "6 pmW

"u; |wQ xOW?Yv GvUVvQm w |W}=tR; |xvwtv "7 pmW

Q=Wi Pi w '�pm x@ xOW |Q}tN Ct=N[ C@Uv� S=DQiwD= OYQO AFR 'wO u}=
j@] |RmQt |Q=mM=QwU VwQ 'Ov=tUB VvD |Q}oxR=Ov= |=Q@ "CU= S=DQiwD= |rN=O

[18]"CU= xDiQo Q=Qk xO=iDU= OQwt ASTM OQ=Ov=DU=
pw] =@ FRAS-2-23 ẁv |=yGvUVvQm R= |@ QHD |=yV}=tR; s=Hv= QO
QO "OW xO=iDU= ATC-200-062T pOt |tw}v=D}D |=yxDt u}vJty w 2mm

xOW xO=O u=Wv u; |wQ xOW ?Yv GvUVvQm w |W}=tR; |xvwtv l} 7 pmW
Q@ xvwtv |=vLv= C=QF= R= '=yGvUVvQm pw] w =yxvwtv |HQ=N Q]k x@ xHwD =@ "CU=
=yGvUVvQm |Q}oxR=Ov= |=]N "CU= xOW Q_vhQY xOW |Q}oxR=Ov= |=yVvQm
5 OwOL |Q=mM=QwU VwQ QO =tO C=Q}}eD w QwD=QB= |=]N w OYQO 2�1 OwOL

"CU= OYQO

"xJw@=J pOt ?}=Q[ "1 pwOH

3

C3

2

C2

1

C1
�

E

(MPa) (MPa) (MPa) (GPa)

9 0 3000 800 50000 20000 165000 0 33 70 5

"pt=m |Q}tN � |v=UWm |xO=t pOt "2 pwOH
�Y ield (MPa) � E (GPa)

500 0 33 70 5

"=yxv=wDU= |UOvy C=YNWt "3 pwOH
(ra) |HQ=N `=aW

(k) =y`=aW C@Uv (rb) |rN=O `=aW
(mm) (mm)

12 5 1 4 w 1 5 17 5 w 18 75

|@ QHD |=yV}=tR; "4
=yxvwtv |R=UxO=t; w CN=U "1"4

V}=Ri= QF= |UQQ@ |=Q@ hrDNt |=yCt=N[ =@ xvwtv wO R= Q[=L j}kLD QO
=yxvwtv |t=tD TvH "CU= xOW xO=iDU= |rN=O Q=Wi =@ S=DQiwD= Ov}=Qi Q@ Ct=N[
55mm Q]k =@ |t}v}twr; |=yxr}t R= =yxvwtv CN=U |=Q@ "CU= Al7075-T6
pw] "CU= xOW xO=O u=Wv 5pmW QO 'xOW xDN=U|=yxvwtv O=a@= "CU= xOW xO=iDU=
"OvW=@ xDW=Ov VvD `} RwD Q@ |QF= =yDv= wO xm xOW xDiQo Q_v QO Ovr@ |OLx@ =yxv=wDU=

|rN=O Q=Wi =@ S=DQiwD= "2"4
"OwW|t u}t-=D |wk Q=Wi AtB l} R= xO=iDU= =@ sRq |rN=O Q=Wi 'S=DQiwD= QO
|Q=OQ@ Q=@ R= TB w 'xOW |Q}tN xOQ=w Q=Wi u=R}t x@ xHwD =@ =yxvwtv |rN=O |xQ=w}O

"OwW|t O=H}= xvwtv |xQ=w}O QO Ov=tUB VvD

3|Q=mM=QwU VwQ x@ Ov=tUB VvD `} RwD u}}aD "3"4
TB =yxvwtv QO Ov=tUB VvD u}}aD x@ |@ QHD |=yV}=tR; |xOta w |rY= VN@
CQwY xOW S=DQiwD= |xvwtv GvB |wQ =yV}=tR; u}= "CU= \w@ Qt S=DQiwD= Ov}=Qi R=
p@=k 6 pmW w 4 pwOH QO V}=tR; OQwt |=yxvwtv pt=m C=YNWt w xDiQo
C@Uv k 'xv=wDU= |HQ=N w |rN=O `=aW ?}DQDx@ rb w ra '4 pwOH QO "Ov=xOy=Wt

"S=DQiwD= |=Q@ =yxvwtv |xWkv "5 pmW
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"195MPa S=DQiwD= Q=Wi =@ 3 xQ=tW |xvwtv QO |]}Lt Ov=tUB VvD "10 pmW

"180MPa S=DQiwD= Q=Wi =@ 4 xQ=tW |xvwtv QO Ov=tUB VvD "11 pmW

"185MPa S=DQiwD= Q=Wi =@ 5 xQ=tW |xvwtv QO |]}Lt Ov=tUB VvD "12 pmW
,qt=m s}rUD R= TB xO=t Q=DiQ 'u}=Q@=v@ w OwW|tv xDiQo Q_v QO |oOvwWCNU u=R}t
Q=Okt R= QDW}@ =Q |Q}tN |x}L=v pOt u}= 'u=Um} |rN=O Q=Wi QO "CU= |Q}tN
|ak=w Q=Okt R= QDW}@ 'xOW |v}@V}B Ov=tUB |=yVvD =Pr Ovm|t |v}@V}B |ak=w

"Ow@ Oy=wN
K]U QO xJw@=J pOt G}=Dv =yQ=Owtv s=tD QO 'OwW|t xOy=Wt xm u=vJ
|rN=O \=kv QO |rw OvQ=O |@ wN Q=}U@ Ck@=]t |@ QHD G}=Dv =@ '=yxvwtv |HQ=N
Ov=tUB VvD `} RwD Q@ |Q}tN Q=DiQ QF= \=kv u}= QO "OwW|t QDsm |v=wNty u}=
|xkrL QO |} wv=R CtUk x@ |L=wv u}= QO VvQm w VvD xm =Hv; R= "CU= QDW}@
=@ "OUQ|t Q_v x@ |k]vt QDW}@ |=]N OwHw 'CU= QDl}ORv �1 pmW� T} RQDU}y
|rN=O |xOW |Q}tN |L=wv QO pOt |=]N xm CW=O Q=_Dv= u=wD|t pqODU= u}=

"O@=} Vy=m R}v
|Q=Wi |xv}W}@ |=yVvD OQ=wt s=tD QO xJw@=J pOt 'xOW QmP pra x@ xHwD =@

|OOa |R=Ux}@W R= xOt; CUO x@ G}=Dv "5
|R=Ux}@W QO pt=m |Q}tN � |v=UWm pOt w xJw@=J pOt CkO u=R}t |UQQ@ |=Q@
QO xm =Hv; R= "Ov=xOW xU}=kt sy =@ |@ QHD G}=Dv w |R=Ux}@W G}=Dv 'S=DQiwD= Ov}=Qi
u}= |=Q@ \ki G}=Dv CU= Q=OQwNQ@ |O=} R C}ty= R= |]}Lt VvD S=DQiwD= Ov}=Qi

"CU= xOW xO=O u=Wv VvD
8|=ypmW QO "Ovm|t =O}BV}=Ri= |Q}tN|x}L=v `=aW S=DQiwD= Q=WiV}=Ri= =@
w AFR S=DQiwD= C@Uv =@ |}=yxv=wDU= |]}Lt Ov=tUB |=yVvD Q=Owtv '12 =D
Ov=tUB VvD `} RwD =yQ=Owtv u}= QO "CU= xOW xO=O u=Wv hrDNt |=y`=aW C@Uv
w xJw@=J pOt |Q}oQ=mx@ R= pY=L G}=Dv =@ |@ QHD G}=Dv R= xOt; CUO x@ |]}Lt
xU}=kt hrDNt |=yS=DQiwD= Q=Wi =@ |OOa p}rLD QO pt=m |Q}tN � |v=UWm pOt
OyO|t u=Wv 12 w 11 |=ypmW R}v w 10 =D 8 |=ypmW |xU}=kt "CU= xOW
u; `@D x@ w xOW QDnQR@ |Q}tN |x}L=v 'C@=F k QO S=DQiwD= OYQO V}=Ri= =@ xm
VwQ QO Ov=tUB VvD C=Q}}eD Ck@=]t "O@=}|t V}=Ri= R}v Ov=tUB |=yVvD Q=Okt

"CU= xOW O}}-=D |@ QHD G}=Dv =@ |OOa
Ov=tUB VvD u=R}t xJw@=J pOt =yxvwtv |t=tD QO OwW|t xOy=Wt xm u=vJ
Q=Okt R= QDW}@ =Q u; u=R}t pt=m |Q}tN � |v=UWm pOt w '|ak=w Q=Okt R= QDsm =Q
Oa@ xO=t |Q}tN Q=DiQ xJw@=J pOt QO xm u}= x@ xHwD =@ "Ovm|t |v}@V}B |ak=w
R= V}@ xO=t |oOvwWCNU Q=Okt 'OwW|t u}}aD T} RQDU}y |xkrL R= s}rUD R=
p@=k T} RQDU}y |xkrL pmW R= Q=DiQ u}=� CU= x}rw= Cr=L QO |oOvwWCNU
Vy=m xv=wDU= |xQ=w}O QO |Q}tN |x}L=v |xR=Ov= '\}=QW u}= =@ "�CU= xOy=Wt
'pt=m |Q}tN � |v=UWm pOt QO "OwW|t xDU=m Ov=tUB VvD u=R}t R= w xDi=}

"220MPa S=DQiwD= Q=Wi =@ 1 xQ=tW |xvwtv QO |]}Lt Ov=tUB VvD "8 pmW

"210MPa S=DQiwD= Q=Wi =@ 2 xQ=tW |xvwtv QO |]}Lt Ov=tUB VvD "9 pmW
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UQQ
@QO xJw@=J pOt T=U=Q@ (rc � ra)=(rb � ra) |Q=Wi |x}L=v `=aW R}v w

"CU= xOW x�=Q= 6 pwOH
x@ 45 R= S=DQiwD= OYQO Q}}eD =@ 'k = 1 4 |=Q@ 'OwW|t xOy=Wt xm u=vJ
O=H}= |Q=Wi |x}L=v w |Q=Wi VvD QO |O=} R C=Q}}eD '�5 w 4 |=yxvwtv� 60
VvD |rw OQ=Ov |O=} R Q}}eD |Q=Wi |x}L=v xm u; =@ k = 1 5 |=Q@ |rw OwW|tv
|t=tD QO "CU= xDi=} Q}}eD �V}=Ri= OYQO 26� 0 24 x@ 0 19 Q=Okt R= |Q=Wi
60 S=DQiwD= QO ,qFt &CU= R}J=v |Q=Wi =@ xU}=kt QO |WWm |xv}W}@ VvD Cq=L
OYQO 30 R= S=DQiwD= OYQO V}=Ri= =@ "CU= s}rUD VvD OYQO 5 OwOL OYQO
OYQO 55 OwOL |Q=Wi |x}L=v |xR=Ov= 1 5 `=aW C@Uv |=Q@ OYQO 60 x@
w CW=O Oy=wNv |O=} R C=Q}}eD 'S=DQiwD= OYQO 60 =} 45 =@ |rw O@=}|t V}=Ri=
S=DQiwD= Q=Wi xJQy OUQ|t Q_v x@ \}=QW u}= =@ "O@=}|t V}=Ri= OYQO 7 =D 3 \ki

"O@=}|t V}=Ri= u; VvD w |Q=Wi |x}L=v |xR=Ov= OW=@ QDq=@

|Q}oxH}Dv "6
G}=Dv R= QDnQR@ Cq=L |t=tD QO 'pt=m |Q}tN � |v=UWm |O=t pOt G}=Dv ��

"CU= |@ QHD
u}= 'O};|t CUO x@ T} RQDU}y |xkrL R= xJw@=J pOt ?}=Q[ xm =Hv; R= ��
|@ QHD Cr=L x@ u; R= pY=L G}=Dv w CU= QDj}kO xO=t Q=DiQ |v}@V}B QO pOt

"Ow@ Oy=wN QDl}ORv
Q=}U@ Ck@=]t |@ QHD G}=Dv =@ '=yxvwtv |HQ=N K]U QO xJw@=J pOt G}=Dv ��

"OwW|t QDsm Ck@=]t |rN=O \=kv QO |rw 'OQ=O |@ wN
QO |O=} R C=Q}}eD OYQO 60 x@ 45 R= S=DQiwD= Q}}eD =@ 1 4 `=aW C@Uv |=Q@ ��
=@ 1 5 `=aW C@Uv |=Q@ |rw OwW|tv O=H}= |Q=Wi |x}L=v w |Q=Wi VvD
OYQO 26 OwOL |Q=Wi VvD |rw OQ=Ov |O=} R Q}}eD |Q=Wi |x}L=v xm u;

"O@=}|t V}=Ri=
`=aW 'OYQO 60 =} 45 x@ 30 R= S=DQiwD= OYQO Q}}eD =@ 1 5 `=aW C@Uv |=Q@ ��

"O@=}|t V}=Ri= OYQO 55 OwOL |Q=Wi |x}L=v

"pOt wO QO |Q=Wi |x}L=v xR=Ov= w xv}W}@ |=yVvD C@Uv "5 pwOH
|Q=Wi |x}L=v C@Uv |WWm VvD C@Uv |Q=Wi VvD C@Uv

1 36 2 96 1 70 1
1 19 2 67 1 73 2
1 24 2 55 1 86 3
1 23 2 69 1 85 4
1 33 2 81 1 80 5

"xJw@=J pOt =@ |Q=Wi |x}L=v xR=Ov= w xv}W}@ |=yVvD "6 pwOH
|Q=Wi |x}L=v xR=Ov= |WWm VvD xv}W}@ |Q=Wi VvD xv}W}@

0 28 0 05 �0 24 1
0 27 0 04 �0 19 2
0 18 0 02 �0 12 3
0 28 0 03 �0 16 4
0 30 0 05 �0 18 5

Cr=L u}= &Ovm|t |v}@V}B pt=m |Q}tN � |v=UWm pOt R= QDsm =Q |WWm w
|xv}W}@ |=yVvD C@Uv 5 pwOH QO "CU= jO=Y R}v |WWm |x}L=v `=aW |=Q@
|Q}tN � |v=UWm pOt =@ |Q=Wi |x}L=v |xR=Ov= C@Uv R}v w '|WWm w |Q=Wi

"CU= xOW x�=Q= xJw@=J pOt x@ pt=m
C@Uv R= 'S=DQiwD= OYQOV}=Ri= =@ kC@=F Q=Okt |=Q@ 'OwW|t xOy=Wt xm u=vJ
|Q=Wi |x}L=v C@Uv w |WWm VvD C@Uv |rw 'OwW|t xDU=m |Q=Wi VvD
|WWm |xv}W}@ |=yVvD |v}@V}B QO pOt wO hqDN= u} QDW}@ "O@=}|t V}=Ri=
C@Uv QF= 'u=Um} S=DQiwD= OYQO |=Q@ xm OwW|t x_Lqt 5 pwOH x@ xHwD =@ "CU=

"OQ=Ov |O=} R Q}}eD |Q=Wi |x}L=v C@Uv w CU}v xHwD p@=k =y`=aW
=@ xv=wDU= |rN=O Kw]U QO |Q=Wi |x}L=v O=H}= 'S=DQiwD= Ov}=Qi R= |rY= hOy
R}v |HQ=N Kw]U QO |WWm VvD p=L u}a QO "CU= |Q=Wi Ov=tUB VvD xv}W}@
(��=�Y ) |Q=Wi w |WWm Ov=tUB |=yVvD xv}W}@ Oa@|@ Q}O=kt "OwW xv}tm O}=@

=yCWwv=B
1. Bauschinger e�ect
2. back stress
3. central hole drilling (CHD)
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