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30 |xR=Ov= QO xmv}= =D xOW xO=O Vy=m xR=Ov= u}= |Oa@ pL=Qt QO w CU= xOW
QwDv=m w =yxtJ=U u=tO}J |xwLv 6 pmW [17]"CU= xOW pY=L |}=Qoty uwQm}t
p}iwQB 7 pmW QO "OyO|t u=Wv =Q =yxtJ=U OQwNQ@ R= TB xvwtv Ov=tUB VvD

"CU= xOW xO=O u=Wv |vRxtJ=U R= |W=v Ov=tUB VvD

w xO=U |=yxvwtv |=Q@ |oDUN V}=tR; R= pY=L Qta � VvD Q=Owtv "5 pmW
"|vRxtJ=U

?U=vt VwQ l} |R=Ux}@W xvwou}= "Ov=xOQm xO=iDU= |vRxtJ=U Ov}=Qi hrDNt
"CU= K]U QO O=} R |=yVWwB w pt=m VWwB x@ |@=}DUO |=Q@

/Explicit 6.10.1 Q=Ri=sQv R= O}OW |vRxtJ=U Ov}=Qi |R=Ux}@W Qw_vtx@
OQwNQ@OvJ w OQwNQ@lD pOt wO |UQQ@ u}= QO "CU= xOW xO=iDU= ABAQUS

h} QaD u}}=B Tv=mQi |=yu=Uwv `} QU uOW=Q}t |=Q@ 7|}=Q}t pOt " Ov=xDi=} VQDUo
|=Q@ OQwNQ@lD pOt l} '=OD@= "CU= xOW |WwBsWJ |DQ=QL C=QF= R= "CU= xOW
CL=Ut w r Q=Okt T=U= Q@ "CU= xOW |R=Ux}@W r |oDiQwQi `=aW u}tND
XNWt =Q pt=mVWwB x@ |@=}DUO |=Q@ sRq |=yx@=DQB O=OaD u=wD|t hOy |x}L=v
xtJ=U C=}rta CLD xm CU= xvwtv K]U R= |}x}L=v 'hOy |x}L=v R= Qw_vt "OQm
w pw@k p@=k |x]@=Q l} xm |t=Qw; |x]@=Q R= VywSB u}= QO "OQ}o|t Q=Qk |vR
|x@=DQB O=OaD |t=Qw; |@ QHD |x]@=Q T=U= Q@ [12]OwW|t xO=iDU=CU= xOWxDN=vW
R= QDW}@VWwB x@ "O};|tCUOx@ 4 w 3\@=wQ R= pt=mVWwB x@ |@=}DUO |=Q@ sRq
|t=ovy OYQO OY R= QDW}@ |=yVWwB [15]"OwW|t xDio pt=m VWwB OYQO 98
pt=m VWwBx@ |@=}DUO |=Q@ sRq u=tR R= QDW}@ |vRxtJ=U u=tR xm ODi=|t j=iD=
VWwB |=Q@ sRq u=tR Q@=Q@ 5 |v=tR QO OYQO 500 VWwB 'T=U= u}= Q@ "OW=@
O=H}= |=Q@ x@=DQB 275 O=OaD |t=Qw; |x]@=Q T=U= Q@ "OwW|t pY=L OYQO OY
u=@ R x@ xOWxDWwv Om l} R= xO=iDU= =@ 'TBU "CU= sRq OYQO 500 VWwB

"CU= xOW x@U=Lt =yx@=DQB C}akwt uwD}=B |U} wvxt=vQ@
C = 100� (1� e�ASR) (3)

ASR = N � �r2

A
(4)

w xO=iDU= |Q}tN Q=DiQ h} QaD |=Q@ |]NQ}e l}D=tv}U |oOvwWCNU pOt R=
"CU= xOW u}}aD VWm xNQJs}v |=yxO=O R= xO=iDU= =@ |oOvwWCNU |=yxir-wt

[16]"CU= ?U=vt sm |xNQJ =@ |Q=PoQ=@ |=Q@ pOt u}=
'210 GPanv=} pwOt =@|v=UWm CQwYx@ 0 3 mm =@ Q@=Q@ =yxtJ=U `=aW
x}rw= CaQU w xOW xDiQo Q_v QO 7800 kg/m3 |r=oJ w '0 3 uwU=wB ?} Q[
xOW h} QaD =yx@=DQB |=yxQo s=tD |=Q@ xvwtv K]U Q@ Owta CyH QO 75 m/s

"CU=
w |Dr=vB |U=tD sD} Qwor= =@ K]U x@ K]U T=tD R= xvwtv K]U w =yx@=DQB u}@

"CU= xOW xO=iDU= 0 2 l =m]Y= ?} Q[
Q]kx@ xtJ=U OOa 30 O=OaD pOt u}ty =@ =yVt |}=Qoty |UQQ@ |=Q@

136



2|
xQ=t

W'
33

�3
|xQ

wO'
�13

96
R}}=B

�h
}QW

l}
v=mt

|U
Ovyt

"xOW |R} QVt xvwtv R= l}ORv |}=tv �? '|oDUN pOt R= |}=tv �hr= "9 pmW
"A350-T6 s}v}twr; |=Q@ uwUv=t � u}i=m |x]@=Q ?}=Q[ "2 pwOH

�0f (MPa) "0f b c

666 0 09 �0 117 �0 610

lQD |vRxv=wH Qta |x@U=Lt "1"4
� u}i=m |x]@=Q R= xvwtv QO lQD ẁQW |=Q@ sRq |xNQJ O=OaD |x@U=Lt |=Q@

[19]%OwW|t xO=iDU= 5 |x]@=Q j@=]t xOWKqY= uwUv=t
�"
2 �max =

(�0f )2

E
(2Ni)2b + �0f"f (2Ni)b+c

A = 9 33 � 10�8 (mm=Cycle) (5)

[19]"CU= xOt; 2 pwOH QO A356 0-T6 s}v}twr; |=Q@ xrO=at u}= ?}=Q[
CQwYx@ 5 |x]@=Q A356 sw}v}twr; |=Q@ uwUv=t � u}i=m |x]@=Q x@ xHwD =@

%OwW|t u=}@ 6 |x]@=Q
�"
2 �max = 6247267(2Ni)�0 234 + 59 94 � 106(2Ni)�0 727 (6)

|x]@=Q QO �"
2 Q=Okt |R=Ux}@W QO =yxvwtv |wQ xv}tm w xv}W}@ |Q=PoQ=@ p=ta= =@

sRq |xNQJ O=OaD uwUv=t � u}i=m |x]@=Q R= xO=iDU= =@ 'TBU "O};|t CUOx@ 6
|vRxv=wH Qta Q}O=kt 3 pwOH "OwW|t x@U=Lt xvwtv QO |oDUN lQD ẁQW |=Q@

"OyO|t u=Wv =Q lQD

"[18]VywSB u}= |R=Ux}@W w =H} Qi VywSB Ov=tUB |=yVvD |xU}=kt "8 pmW

|=Q@ xm u=Q=mty w =H} QiVywSB R= xOWs=Hv= |R=Ux}@W|HvUCLY Qw_vtx@
[18]"CU= xOWxO=iDU= 'Ov=xO=O s=Hv= Ov=tUB VvD |R=Ux}@W pm}v S=}r;QB wU l}
QO =Q Q}PBpmWQ}}eD |xtJ=U =@ xOWs=Hv= |R=Ux}@W Ov=tUB VvD |vLvt 8 pmW
pmW QO xm xvwou=ty w OyO|t u=Wv =H} Qi VywSB Ov=tUB VvD |=y|vLvt Q=vm
xOWs=Hv= |R=Ux}@W =@ |R=Ux}@W u}= G}=Dv u}@ |@ wN j@=]D OwW|t x_Lqt

"OQ=O OwHw =H} Qi \UwD

|oDUN |R=Ux}@W "2"3
|v=UWm CUmW l}v=mt Q=}at T=U= Q@ C=a]k |oDUN Qta VN@ u}= QO
QO xO=iDU= OQwt |xa]k O=a@= =@ |Oa@xU CQwYx@ pOt "CU= xOW |UQQ@ |]N
xDiQo Q_v QO |Q}tN � |v=UWm CQwYx@ xO=t pOt "OW O=H}= |oDUN V}=tR;
xDiQ Q=mx@ Q}O=kt =@ j@=]t u; Qo}O CtU x@ w O}kt C=yH s=tD QO xvwtv hm "OW
8 QO w xOW xDiQo Q_v QO QDt|r}t 0 2 x}rw= lQD "OW p=ta= VvD V}=tR; QO
R= u=v}t]= |=Q@ 'u}vJty "OUQ@ |}=yv lQD pw] x@ =D CU= xOW xO=O OWQ xrLQt
s=Hv= J p=QoDv= QDt=Q=B |wQQ@ |}=Qoty uwtR; Vt |xR=Ov= R= =y?=wH uOWpkDUt
hrDNt Q}O=kt QO pOt Qy |=Q@ VvD COW QwDm =i Q}O=kt C}=yv QO "CU= xOW

"CU= xOW G=QNDU= lQD pw]
xOW|vRxtJ=UR=|W=vOv=tUB|=yVvD Qw[LQO|oDUNlQDOWQ|R=Ux}@W
Q}}eD Ov=tUB |=yVvD xm Cw=iD u}= =@ &CU= xOWv|vRxtJ=U |=yxvwtv =@ x@=Wt
\}=QW u=wvax@ pOt u}= QO xOW|vRxtJ=U pOt QO xOWO=H}= """w |Q}tN |=ypmW
p=kDv= R= xO=iDU= =@ ABAQUS Q=Ri=sQv QO pta u}= "CU= xOW h} QaD x}rw=
QO |oDUN pOt R= |}=tv [16]"CU= Q}PBu=mt= O}OH pOt x@ p}rLD l} |=yxO=O

"CU= xOW xO=O u=Wv 9 pmW

Qta u}tND "4
lQD |vRxv=wH |=Q@ sRq |xNQJ O=OaD 8uwUv=t � u}i=m |xrO=at R= xO=iDU= =@
|x]@=Q w |R=Ux}@W R= pY=L G}=Dv R= xO=iDU= =@ 'TBU "OwW|t xOR u}tND
"OwW|t x@U=Lt |}=yv pw] =D x}rw= lQD OWQ |=Q@ R=}v OQwt |xNQJ O=OaD T} Q=B
CUOx@ lQD OWQ w lQD |vRxv=wH Qta Q}O=kt `tH =@ xvwtv pm Qta 'C}=yv QO

"O};|t
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@"VvD hrDNt Kw]U |=Q@ |oDUN lQD OWQ Qta "5 pwOH

|Q=PoQ=@ xOWv|vRxtJ=U |xvwtv xOW|vRxtJ=U |xvwtv
(Mpa) (Cycle) (Cycle)

120 49352 412512
180 3585 4987
210 1156 1235

"|R=Ux}@W G}=Dv R= pY=L xvwtv |}=yv Qta "6 pwOH
|Q=PoQ=@ |xvwtv |}=yv Qta |xvwtv |}=yv Qta
(Mpa) (Cycle) xOWv|vRxtJ=U (Cycle) xOW|vRxtJ=U

120 741676 2235757
180 15741 18443
210 5912 6261

"V}=tR; w |R=Ux}@W R= pY=L G}=Dv "7 pwOH

|Q=PoQ=@ V}=tR; R= xOt; CUOx@ Qta |R=Ux}@W R= xOt; CUOx@ Qta
(Mpa)

(Cycle) |xa]k |=Q@ (Cycle) |xa]k |=Q@
xOWv|vRxtJ=U xOW|vRxtJ=U xOWv|vRxtJ=U xOW|vRxtJ=U

120 879685 3063508 741676 2235757
180 12895 14458 15741 18443
210 4550 4152 5912 6261

QO T} Q=B |x]@=Q R= u=wD|t lQD pw] =@ VvD COW |x]@=Q uOWXNWt =@
sw}v}twr; |=Q@ T} Q=B |x]@=Q ?}=Q[ 'u}vJty "OQm |Q}op=QoDv= af =D ai |xR=@
[20]"CU= n = 3 10 w A = 9 33 �10�8 (mm=Cycle) =@ Q@=Q@ A356 0
xOWv|vRxtJ=U |xvwtv|oDUN lQD OWQ QtaT} Q=B |x]@=Q R= |Q}op=QoDv= R=TB

"OwW|t x@U=Lt 3585 Cycle =@ Q@=Q@ 180 MPa VvD |=Q@
w 120 MPa VvD Qo}O K]U wO |=Q@ |oDUN lQD OWQ Qta ?}DQDu}=x@
R= pY=L G}=Dv xm xOW x@U=Lt xOW|vRxtJ=U |xvwtv u}vJty w 210 MPa

"CU= xOW x�=Q= 5 pwOH QO u;
xm CU= |oDUN lQD OWQ Qta w |vRxv=wH Qta ẁtHt Q@=Q@ xvwtv |}=yv Qta
"CU= xOy=Wt p@=k xOW|vRxtJ=U w xO=U |=yxvwtv |=Q@ 6 pwOH QO u; Q}O=kt

|UQQ@ w EL@ "5
xOW|vRxtJ=U w xO=U|=yxvwtv |=Q@V}=tR; w |R=Ux}@W R= xOt;CUOx@ Qta Q}O=kt
OwW|t xOy=Wt xm xvwou=ty "CU= xOW xO=O u=WvVvD K]U xU |=Q@ 7 pwOH QO

"OQ=O OwHw |R=Ux}@W w |y=oW}=tR; G}=Dv u}@ R}J=v hqDN=
xOW|vRxtJ=U w xO=U |=yxvwtv |=Q@ Qta ?UL Q@ VvD Q=Owtv 11 pmW
xOW pY=L |R=Ux}@W w |y=oW}=tR; G}=Dv u=}t |@ wN j@=]D "OyO|t u=Wv =Q

"OyO|t u=Wv =Q xOWs=Hv= |R=Ux}@W CkO xm "CU=
xOy=Wt '|R=Ux}@W w V}=tR; R= xOt;CUOx@ \=kv x@ |v=wD `@=D VR=Q@ =@
Qta Q@ |O=} R Q}F-=D |vRxtJ=U xNQJ 103 R= QDtm xNQJsm |oDUN QO xm OwW|t

"hrDNt |=y|Q=PoQ=@ |=Q@ |vRxv=wH Qta "3 pwOH
|Q=PoQ=@ xOWv|vRxtJ=U |xvwtv xOW|vRxtJ=U |xvwtv
(Mpa) (Cycle) (Cycle)

120 692324 1823245
180 12156 13456
210 4756 5026

"VvD p=ta= R= TB lQD xv=yO |oOW R=@ "10 pmW
"lQD pw] ?ULQ@ VvD COW QwDm =i ?}=Q[ "4 pwOH

|vRxtJ=U |xvwtv Ke xO=U |xvwtv Ke (mm) lQD pw]
75 869 86 856 0 2
37 241 45 654 0 3
21 053 26 108 0 5
15 93 20 14 0 7
13 87 16 095 1
11 256 13 549 1 5
9 192 10 329 3
8 053 8 935 5

lQD OWQ Qta u}tND w x@U=Lt "2"4
|R=Ux}@W G}=Dv R= Q=@ p=ta= R= TB lQD OWQ R= xrLQt Qy QO VvD ?}=Q[ Q}O=kt
lQD |oOWR=@ w Q=@ p=ta= R= TB =Q RR}=t VvD QwDv=m 10 pmW "OwW|t G=QNDU=
|=ylQD pw] ?ULQ@ pO=at VvD COW ?}=Q[ 4 pwOH QO "OyO|t u=Wv
K]U =@ |Q=PoQ=@ QO xOWv|vRxtJ=U |xvwtv w xOW|vRxtJ=U |xvwtv |=Q@hrDNt

"OwW|t xOy=Wt p=mU=B=ot 180 VvD
lQD pw] ?UL Q@ VvD ?} Q[ |=yxO=O Q@ =D CU= sRq Qta u}tND |=Q@
Q@ k |=yxO=O Q@ �5 |x]@=Q j@=]t� 5 xHQO |}xrtHOvJ l} "OwW VR=Q@ |vLvt

"CU= xOW VR=Q@ xOWv|vRxtJ=U |xvwtv |=Q@ a ?UL
k(a) = p1a5 + p2a4 + p3a3 + p4a2 + p5a+ p6 (7)

'p2 = 0 3216 'p1 = �0 364 =@ Q@=Q@ xrO=at u}= ?}=Q[ VR=Q@ R= TB
x@ p6 = 5 6561 w p5 = 16 613 'p4 = �2 1643 'p3 = �0 2803

"Ot; CUO
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Ovyt VvD x}L=v u}= QO '=Q} R "CU= QDW}@ Ov=tUB VvD Q}F-=D xvwtv x@ |r=ta= VvD Q=Okt

uDN=Ov= Q}N-=Dx@ u}vJty w lQD uOWxDU@Ea=@ w OwW|tv |R=U=yQ |Q=Wi Ov=tUB
OW=@ QDtm xvwtv x@ |r=ta= VvD xJQy |rm Qw]x@ "OwW|t lQD OWQ w |vRxv=wH
C=a]k |oDUN Qta Q@ |vRxtJ=U Ov}=Qi R= |W=v |Q=Wi Ov=tUB |=yVvD Q}F-=D

"CU= QDW}@
|=yVvD u}= "OwW|t O=H}= K]U|m}ORv QO Ov}=Qi u}= QO |Q=Wi Ov=tUBVvD
xvwtv K]U QO lQD OWQ w |vRxv=wH uDN=Ov= Q}N-=D x@ QO |rY= pt=a |Q=Wi
VvD |x}L=v R= uOWGQ=N w xvwtv jta CtU x@ lQD OWQ =@ xm|r=LQO "CU=

"OUQ|t QiY x@ w sm COW x@ u; Q}F-=D |Q=Wi Ov=tUB

|Q}oxH}Dv "6
|oDUN w |vRxtJ=U Ov}=Qi |R=Ux}@W |=Q@ OwOLt |=RH= |=ypOt VywSB u}= QO
|xr}Uwx@ xOW|vRxtJ=U |=yxvwtv w xO=U |=yxvwtv |oDUN Qta "Ci=} xaUwD
OYQO 500 VWwB =@ |vRxtJ=U Ov}=Qi "OW x@U=Lt OwOLt |=RH= w V}=tR;
pY=L G}=Dv u} QDsyt "CiQo Q=QkEL@ w |UQQ@ OQwt pY=L G}=Dv "OW |R=Ux}@W

%CU= Q} R KQW x@
"O=O u=Wv |y=oW}=tR; G}=Dv =@ |@ wN Q=}U@ j@=]D |OOa G}=Dv "1

q=@ VvD Kw]U QO xm 'sm |=yQta QO |O=} R Q}F-=D |vRxtJ=U OW xO=O u=Wv "2
"OQ=O O=} R Q}F-=D q=@ |=yQta QO 'xm|r=L QO "OQ=Ov 'ODi=|t j=iD=

OwW|t O=H}= K]U |m}ORv QO |vRxtJ=U Ov}=Qi R= |W=v |Q=Wi Ov=tUB VvD "3
=Q |oDUN Qta x}L=v u}= QO lQD OWQ w |vRxv=wH uDN=Ov= Q}N-=D x@ =@ xm
R= uOWGQ=N w xvwtv jta CtU x@ lQD OWQ =@ 'xm|r=L QO "OyO|t V}=Ri=

"OUQ|t QiY x@ w sm COW x@ u; Q}F-=D |Q=Wi Ov=tUB VvD |x}L=v

"xOW|vRxtJ=U w xO=U |=yxvwtv |=Q@ Qta � VvD Q=Owtv "11 pmW

|DL "OyO|t u=Wv |OOa G}=Dv sy w |y=oW}=tR; G}=Dv sy =Q xH}Dv u}= "OQ=Ov
QDq=@ |=yQta QO "CU= QDW}@ u}}=B |=yQta QO xO=U |xvwtv Qta Cio u=wD|t
=yxNQJ O=OaD V}=Ri= =@ hqDN= u}= w OwW|t QDW}@ xOW|vRxtJ=U |xvwtv Qta
Q=QmDQB |xNQJ Q@ |vRxtJ=U xm CU= Qt= u}= |xOvvmu=}@ xH}Dv u}= "O@=}|t V}=Ri=

"OQ=O |O=} R Q}F-=D
\w@ Qt xNQJQB w xNQJsm |oDUN QO CUmW Q=mwR=U x@ xO}OB u}= p}rO
|x}L=v OQ=w QDW}@ xvwtv '|r=ta= VvD Q=Okt uOw@ q=@ p}rOx@ sm |=yQta QO "CU=
=yVvD u}= Ov=tUB VvD |R=UO=R; p}rOx@ R}v |Q}tN |x}L=v QO "OwW|t |Q}tN
uOw@sm p}rOx@ q=@ Qta =} Q=QmDQB |=yxNQJ |=Q@ "OvW=@ xDW=O |}=RU@ Q}F-=D Ovv=wD|tv

=yCWwv=B
1. peening parameters
2. avrami
3. quenching
4. santam
5. almen intensity
6. instron
7. material damping
8. co�n-Manson
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