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Experimental and numerical analysis of ratcheting in thin Aluminum alloy
2024-T3 plate in low cycle loading
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ARTICLE INFORMATION ABSTRACT
Original Research Paper Accumulation of plastic strain during cyclic loading is one of the main reasons for fatigue failure. In
Received 10 September 2016 order to predict the fatigue life of plates, it is necessary to calculate the accumulated plastic strain and
Accepted 08 November 2016 the affecting parameters carefully. In this study, a combination of nonlinear isotropic and nonlinear

Available Online 18 December 2016 - - - o . . L
vallable Onfine 18 December kinematic hardening model (modified Choboche) was implemented in the commercial finite element

code of ABAQUS, by using a FORTRAN subroutine to calculate the accumulation of strain in samples

Keywords: A . . N .

Strain Ratcheting made from thin plates of aluminum. In this regard experimental, strain controlled and stress controlled

Nonlinear kinematic hardening cyclic tests were carried out, and the required coefficients for simulating the hardening behavior of

Low cycle loading aluminum alloy 2024-T3 were obtained and the accumulation of plastic strain was simulated at different

Plasticity uniaxial loading condition. The comparison of the experimental and the predicted results shows that, the
determination of optimal coefficients for combined nonlinear isotropic and nonlinear kinematic
hardening model (modified Choboche) has an adequate ability to predict the experimental results. The
obtained results also show that, increasing stress amplitude and mean stress increase the strain
accumulation. The results from 4 types of cyclic loading indicate that the stress ratio has a direct
influence on the strain rate when the maximum applied cyclic load is kept the same, and an increase in
stress ratio increases the accumulation of plastic strain. Moreover, the rate of strain accumulation at the
first cycles is high while it is reduced by increasing the number of cycles.
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Fig. 1 Elastic plastic deformation behavior subjected to (a) constant
cyclic strain (b) constant cyclic stress
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Fig. 4 a- INSTRON 502 servo hydraulic machine b-schematic of
sample position between the guide and the attached strain gauge

855 )18 090 il (aled m 0 8502 (g9 il Sy 00 e olSiws -l 4 S
T GRS 9 0355 ol e 4y diged

53 JriS b olaglesl jo 6 08 )L Ll s 1 Jga
Table 1 States of loading in force control tests

(MPa) alol> s (KN) Jlosl (55,5
Rob oo Aandy ke 25 gpiaals 0S0le (5950
-0.63 3125 69.4 18 4 R1
-0.56 3125 86.8 18 5 R2
-0.52 277.7 86.8 16 5 R3
-0.45 277.7 104.1 16 6 R4

S Vg P alewg 4 Sy cal s oo (Las ) 93 ol 5l (oS S
oolo )las [23,12] oyo Sladllas ol 0gi e oolo ylis g g3l
S gzt ool () (SWstpy b g (SHghic 3, a5 ol
39s0 sl pelud wha o3lusl g 395 o A3gte

S¥giiom el 5l eolatul b pples mhaw ojlail s s
ek g o3l Gl ol 5l e (S Ll sgtioe Oy Seas gl
Jobs plpie 4 Sloren (Swisdlon 4l )3 des e £ Sz,
S Vgdlun aSl> )3 gl a8 S A Sz gl sl el
238 o el 4yl (sla S > Stz £ S 5 ey sl

olesl Gl s > g 4 3L Ces slate 4
30 b 5 0.008 5 0.006 (25,5 aels 93 (sl plmlr Jy5 b (S
WS ¢ 5,8 G (ke @ o5 Il 4 azs L Lol el ploxl JS
Sdly (255 4>l i g Sl ok ) S S8 5 Sl IS B ks
el oads @l g Al1-6 gla Sl o (258 R (Sovie (e 5 Cae
Sl Jsoe o8 gbel s el APl = &Pt — &P aJss ol o
aels &5 05 (58 Bl oo Mibor Sy (SWghII Jooo b dmlie
] s oy (6) alay 5l Sty S0 s

2 t
AeP! ~ 2Ae — % (6)

e Sile o Jaie 5 sl sole Sl Jgoe Sily E o5
ol 5,8 b ead S ibel ) Jels mls 3ib 715 GPa
Sedier oo b Dyge 4 s JSew 651 on a5 0l canlin

12 o plads 16 0,53 1395 siawl . pupse Cle Cuwige


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.14.9
https://mme.modares.ac.ir/article-15-1730-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-26 ]

[ DOR: 20.1001.1.10275940.1395.16.12.14.9 ]

S 2295 i 7B 9 Al e pulyl

a3 5 @5 GBI )l )3 Ef aolius 1, 2024-T3 pgaiacgT JWT B9 23 iy iss )5 bl G33e 9 (25 Julxs

Ol g disges wl)) oad Pl hels Jow sbeadie sd sl a8
dod il dbowy 4 C1,C2,C3,C,¥1, Y2,V Gy loadlie o5 ayo
Wgden oot 1SS Billas s (S Sl dei by (VL
Ol 45 098 o0 drilons 0970 ST Stz Gl (S3ludnnd b 5 Vg adlse
@ 0y57me S Stz by 5 S 5250 (555 i e b (e
Sz 5 al ol el S 4 oS shaws Sl (b )50
Sz Gl s eslinul 13 Ay sl il ange Gl lejes
e pezmes ayin ladue 5l (Fp loaddie Gt lp 097 90
) Gkl (o ol &5 958 s ooliiial STy gamgl Jus 9 o (550
Do 4 0j97m0 90 Sz Gl Sl S 58 )3 (e )5
Soue SN NL n sl e cas 4 S dlaws 5l b
S8 (SN glaogl l elaS e ol b o)l ) s
Eord €] o3l Sy (2555 50 = CifVi J) py 056 2 4 eads
iy g0 £ 5 Sdly S eagame o Cif ¥y ke 4 5 Koo
F P r 8 o sl pgm (S Xigdioi gl ol Y3 = 0 05 Sl
4 b €y lade Tl asile WS 0 S5 Lol e 4 a5 SIS
alls cdlhe peled 4l o Sl Jsoe L B asl )5 (S o5l
0Pl alaldl b wsl Syp S ojlil 4wl abgeyr 5 aSb
e bt e w1 G adlie sl ) ) (Saisicss
Va5 €2 Car Vo ol ) 5 95800 (ed YU 4,5 4l )0 o e
R R R T e
A3 by (293 4|y (225 b e e

C1:C2.C5,Ca V1, V2 iy v sboadie (e (loj o
15 sho ol 5l o jeme I S gy s Lol & Y3 i g, G4
sloadlie ooled cgomr Al o 13 Y3 e Oloy 3 Selioe 4B Ll
alge (nl &5 1 gl oo 48,5 S5 0 Wby 2 4 s il
Ay 3> Sesd o il 38 oo Sl 55 0j9me S8 Sz &b 2
Sydier Sl &S Wp pd p | ) ens (G (Siludnd Wl o
Obey 53 crlple 392 SIS Iaoe s (v slaadlie aulne
Eob g ot (G o g (a5l letin Slado Y s
5 2 oley el B Cal S el a5 cunl LS ojeme SO Sz
509l 5 (e 53k Sl 13 0j55m0 iz adlfe (el 305 00lS Wl
S5 Stz laguly p b alie al 1) il et 5 ool Sy
[25] s s ;*-'L‘ 0y970 99 iz fly p LS 9 5l 0920

el okt Sl (Swighidiw (5 0l o)lal &5 5l les
e Sy Gl ol S aond SIS 98 ez gex 5l end
ez ol oIS G5 glad g Setdly S 50 Sl o)l ey s
Spls e ames S |yt (S ol S B Sgdioe e (518
e So b pg 0 52 4 ond SSE Sleten (S Wigdiis (il
Sy (255 Gl b gy 4 cand cnl g Wigdise ST (Cy) patia
258 00 513 S 0l o g ool s pgw 58 S (0 Joo Sho @
Olple 208 (o0 (b (o el Jho Y3 Sl 05 WS
oS SSw e Ly 4 O L et e
15 5o L e e 15 o5 (8, 8, 8, 8c)
Lol Jol Soiloies (Swigticsin gld Sgdios plo (SWgdlcen
g o £9, 0L Hles o SH L oS A e ol |y (e Jgl 5
et Se bl b Loy oS pler A 0o Sl s ey

12 o jlesis 16 095 1395 suiml (e Suilse wiie

o) =af —a; (7
e = (4i —3)AePY/2 ya; = 0f +0f/2 dal, ol o o

Q=135.5 MPa 5 b=37.32 1 a5 s o5 uiy e

Slp S (e Slorpn (SWigdisn sladae oo sl 5l (S
S8 oo 58 oolaiul 850 Lol (o ool Fy Kz, Ol Semiie
AW |AL'>U| G g (270 Sladss CJL..u J....al.uu;o ogld L
A GBre (Jow ol v oals &1l b oS ol ols ylis [24,12,11]
W go o1 3l oot 45 Clgpa crge a5 T 5L 5,50 o5 a5 Slass |
P ) Sz Jlade g wled (o G ) (08 @l Wlg oo (295 @
o Joe mls anlis jelaie 4y Lol asled o (st (o228 polie
Al 4 az g b ogd oo ooliiw] (M=2) sl s5ew adlie 9o (gl)ls a5

e lpoud sl ol d9de lo3gr A cnl 5o o) LSS
€, =60.5GPa,C, = 7GPa,y; = 18900,y, =: 5| as,le _isls
80

oul 2ol gl Jdas ud Siloduw (Sdigicsw jlxo -3-4
Q._{l as J.S)b ‘5)L:...\M.? 6&:4.&]}4 AJ)M W)L 6La:JM )‘l ‘abs »
il o Caws @ Sglite oym5 ioles] dw s 5l leadlge

01555 b owisd J S GralesT 5l ol ks (e ail> (1

IS s 1 05900 ST 2,5 bl e (2

IS 1 05970 90 25,5 il i (3

@ Ayl aetdl gladae gleadlse ST a5 05l By Wl
Sz 38 gilwand o o Jow ol oUles caigis Gloel aigy & a0
s ol (gilwang 5 Gl gl g0 a8 )T oasal slge
@S Sove dw (ilwand 5l gleen eolatwl b s iy o ldly
s 5 esliiul s (rem ay 0 jlo | laJae Gl b olj L SIS 42520
b o)y ol el g (il 5o cabn (o3l S Wilgi oo S5
I Sort ot 5 sl eSSy ) olitl b anlllas ol o .l
vk 4 ag byl olisS loy S o o yially cnl (058 eenlie
20,8l Kie ) ) ileans

@ el 5ot o aib by, S 2002 JLo o [12] s 5 3L

b ,Q Ao d‘l).g OOy ﬁolia 2 J,n.\a
Table 2 Data determined for calculation of Q and b

=Pl 0 c t
£ g; a; i o,

15 L

0 310 - - -
0.00106 314.40 22.10 -292.29 336.5
0.00530 328.69 19.11 -309.58 347.8
0.00954 337.90 21.10 -316.79 359.0
0.01378 341.28 20.92 -320. 35 362.2
0.01802 344.38 20.32 -324.05 364.7
0.02226 345.13 21.07 -324.05 366.2

OO WNRE O—

450


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.14.9
https://mme.modares.ac.ir/article-15-1730-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-26 ]

[ DOR: 20.1001.1.10275940.1395.16.12.14.9 ]

21 2295 i 7 9 Al ae pulyl

a35 @5 GBIl )3 Ef aolius 1 2024-T3 pogaiaegT JWT &g 23 iy iss )5 bl $33e 9 (25 Jalxs

(X% C)Lol u..;j.vl....a ‘;.\J}u:w J_\.n LngA.nJ}n 3 J,»
Table 3 Parameters of modified Choboche hardening model

Ay Y& Yz V2 y; C4(GPa) C;(GPa) C,(GPa) C, (GPa)

35 375 3.3 7880 12670 6 1.8 90 120

gz Ol (Silw oo -5
P s G550 b 8,5 canldl ey ileand jslaie 4
e 558 Sl 0 b esrinsll L G55 5l ead a3le sladiges
eyl ookl b (gam aw sgaome ol Jaw G (s e SWgdcs
sl b i 5 i 4l & 455 bl st 4] ugsUT 5
ooy el ke & cadlioe o)lite XY 9 Vo2 g X-Z Slonio &y S
355 ol o (53l be 00655 3 5 (55 5 it 5 5 Slnbons
9 S8 Gilhe ool o35 oslital ())lite (550 darlp Sl el golans
C3D8BR g5 3l Gys 5 om Gilwdoe Glp oolatul 5,50 sloclal
0y wigel GandSed ly ead oslinul gl slaw il
1 sl BAT 3 1745 3264 5| 055 )Lt o 5 & 005 )05 s 5 05 )g
38 B e 5 By Gem gl o sk Giles SIS b
o ol 0.1 SIShacl g5 b gelans 4 gelans solod ad 3l co g
@ azrgi b eolalne plxl Gloj 2ol jslaie @y a5 990 o)L31 WL cad
A5 5 el 0 185 By Jua 3 o1 ol g5 3,5 o5 Caslins
a8 50 wibiee segriiegll digel 5 0ni IS o SKEol ialS &S
ool 00l Jlael cwlos

5l el SE37 0¥4d i 5l aS oS lagSS 0B s gileand gl p
Sedlym SV L8, Sl 5y JkE, (gileand gl 5 Sl LS,
g ady 5 a4 gule Cawd 5 Kb e polie owl ool colansl
wibe 0.3 5 240 GPa 5y a4 on g a8 sy gjlwand
ooliil 3,50 2024 poiasll (ygmlsy oy 5 Sl Sy polie rizmen
Cizmed g oole (Sl slo Shs ple .0.33 4 71.5 GPa 5l o )le
ol 00 &1, 3 Jguz j0 (gilwand o ad) IS 4 Saishcous ol o

slacdle )8 calil i () b Sl (omyp ol @
e d Cewl 2B 15 cn) 9550 addllas Gl o () BS)L i
DS o )8 e (S b o Gl Sl ez o aiged ¢ pelaie
) olie Gllao 5 oud JyuS b eSils 5 ok anels dawg Jlesl b
Sl ol Ol (5955 4y (6 S L ol 00,8 oo Jloel 2 Jgaz jo o0l
5 s oole (led el 5l S diged )5 ool Sgzg @ A5 L
Dot S el spzy Lyt B 0tk el ol alSinid

83,5
sl S S0 ar sl ol 3ol Jue wd o,Lal oS el len
gaze Hledl Slewlxe ;o 1000,5 ailal weSUT sgame oyledl asliyp 4
Ot 0ad atie S ged lp | A5 ge il 4ol
L slagei b Yyame S 505 ot ool sla bl a5 e
Ol s B as o)ls 5ld dipncidly Jow a5 Jl> 1o caigd o0 plsl S5
3 Aty Jue ally S5 0L ged &5 Sloj ol SzsST (23,5 90
Ol 50 S wles Sla) 595 4 S oS ged sln |y laiis B ol
ol s Joe e e s s & 5l e Jlto] el
5 J> ol Gl el JSan cnl p alde gl ges ojlail alS (8,0
S ool b lgise 1) dpmniadly by slaoe 555 s Sllns

il Sad £55 0y 5 A Sed ded g (Sed gy (00 (565

451

e @9l JUL A osbioe plo pgw g8 g g oS
Loy Llul (povie oo (i 39800 peml (250 93 4 mjtend
OB bawsi pow (A g 3pbe Ole piler (SHebio (g
oy S ol i adsl e alply 0gd e e e (Swishcs
5 (2 Glp po Cond ool 5 Gy sl g 42l ool 5 Gy sl oebie
@l Sedly (26555 4l ol il canlio G5 6l 2o Coond ol
[25,24,12] i 08,28 Slallas Lol o5 ide gz 5l phS o
a5 gl so Slging (Cuwl oo &1 T S (g9, p el ool Slgaiy
ok (35 1/2061/4 4l 0@y Joke 5 o B yho Y3 ke
[24] o5 5 los, s onds slgiiy yolie 3,515 5 Como ol
IS5 ol el 42,5 5 0l 350 5 od sy 2 Sglie Olge (gl
Shald  Swishics el gladilie wid ) gsSl G 5 ead 4l
ool 5l Jolr sl s dil> s alol ead Lo
5 ol oad @)1 8 S5 45 45 0.008 amels by 5,5 JuS b S
2 a5 RLIS)L clls (6l IS S iy 235 bl i
oY el 00 W) 3 Jpur 4 g 4niS draslme el ot &1, 12 S
b ol 5 Saisdcsn Joe sloadlse aSul Jdo 4 o5 el S5 o
)t (e el Waadlie (pl isd il (55,5 Sl

A dwlxe 0.008 6,5 asals

-
] SlopesC,
Slope= pe
Cr+Es
(C;domifates)
56 =
Ci+Cy I
C.dominates)
I
| i
- bl i -
I i
:E
| i
I i
I ZEPL
]
-+ >
e e - =
-+ >4 > - >
A’y A, Aey A’ i
1-2% 15-20% 20-25% rest

Fig. 7 Four parts of stabilized hysteresis curve [26]
[26] ool e (simie i ez 7S

3
500

-—e- Experimental £=0.008
400 | —— Simulation £=0.008

-s—a Experimental £=0.006
300 | = - - - Simulation £=0.006

o (MPa)

-100

-200

-300

-400

-500 -
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

£
Fig. 8 Stabilized stress -strain hysteresis curve

Sl GRS B ) et (i B S

12 o lois 16 093 1395 sisul . )0 SlSo riye


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.14.9
https://mme.modares.ac.ir/article-15-1730-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-26 ]

[ DOR: 20.1001.1.10275940.1395.16.12.14.9]

Sl 3498 iR ZU 9 bl ase ol

A3 53 05 GBIl )3 Ef ol 1y 2024-T3 pgaiaegT JWT B9 23 Sty Yiss )5 bl G33e 9 ()75 Jakxs

500 -
Cycle:1,5,20,50,150

400 -

300 A

) 0.01 0.02 0.03

-300 4
Fig. 11 Predicted stress strain curve during 150 cycles in R1 loading
state

59 U 150 Jsb yo (gilwannds ol 3l Jol> 25,5 s gomie 11 K0
R b o J3S,L b

Syge 03l ) Stz Olie p 1y 5 ARl Grizmes 5 eSibe A
sl 3 o)l

@ R 5 Cond Glpe RA B RL )84 dilize glacdl> o
Oy i asals glIs R2 g R1 Cl> g fpizran ol oo il38] g 05
Sl oael Coway Kz, slagul aies LSy 5 als gl
oS cpl 5 it ail) 12 gla St 1o (6,55 L cilike slacdl>
S 5 (SR Joe by odd St Sz, G5 nolie
oad ol pgls (il Sulew 5 e Sasnl
3 bt S sl S5 Faighici Jas 5 (MCHHNLISO)
4 o 15 390 0 0abline a5 jsb yles ailoads 4l 5.5 (CH2) Loels Jow
ol Ltk o d S Loy ond b b g 05,4 b
Sy a5 o)l 528 @ b e cillas (igld Jas 4 Cos ouls
sl &5 ek les col (028 @l (Saier )3 Je ol 0> (2Ll
L3S gl sl S 55 1y (5 Sl plime i o 0
Ol a5 wyoo Jlul Sl Loy g wledon (St Sy €5
Lo JSC 55 o o)Ll iz, L3S puolie il oo Jo 0ol Gind o
23 le NSl S jo )3 00ls Z 5 Stdly (E5S jlade i
Slade ba IS sl ol b aS” 058 o0 samlive I35 L >4
Sy Sy 13,5 el Glase g wb e melS eols Fy S,
o Sty o 5 95500 gLl ol e

2 oxd ol el (Sgbcdn Joo sleadlie el 4 4z L
S Sl g (guizmen g )b Gt dil> e el
@.il;.i a5 39 g0 ooplive Wlow! ey R1 &IOS L > j0 0 90 ST
Sinlen 25 b5 b LS RL 6 8L clls 4 ond antlol i )S
Sl s OS] oS (gl e g (,l5,L clacls s 5 5
oS wilioe o97s & (Fusdicts Jae baugi ond Shiie @l 5 0%
b o ool oo Uy (6,58, 55 pueis b 4 el lla o) Sl
SIL ol ple dlp ol Sl S s ead s slaadlse

gy @ [5,4] o g ool g ond plnl o yms lidos @b

! Plastic Shakedown

12 o jlesis 16 095 1395 siiml (e Suilse wiie

szl Gy Ol & Jlul 5 &8s gy o plpre 4 (eslad Sl
S8 oolail 850 asllas ol jo oads Mol Gheild atew sy Joe go0e
S5 5l ses 5l eolail Gl elad et 5l oS 5l eolainl b 10,5 oo
wold IS M sladae ssed Sy oo Sews Sl Gen

Ssdse

e 9 mbs -6
Jore S5 il b apetaal] (slatizes St
b ek ol pls it Sleis 5 (b3t Ssisnl
@l 8 S o wglae asels 9o (glp (1,5 JpS b (IS olisles]
Ol 5o oo solainl Jaw cenl faiin pibgy 4 a5 jebles Laslead
aled (o 1) Sl G50 G (goie Wl e (93 4 Bedod
bosel ae pé Sk S g S (S IS Sl »
bl by 5 S 8 3 S e 4l il
3 et gloadl> 100 S8 55 0ghige S 0 55 s
ool &l R1 g55 5,135 b 31, 150 JSs 350 20 5 1 sla S
dgaze ladl g, 5l eslitwl boodd pmiie somie jsb res ool
o 558 e sanlive el oud &l 11 IS5 45 o NS4 e ol el
o ke Sl 02 @S Gelaie DS eud (5iluad @l
Sladigel Sz, b Gmoin ) SWsESS Ja olly
@ NSk g b (nland)S 18 A5 )L it £53 4 Lo gt
AR G5 s 586y 2 oMl Sl oS Wload Clsl (g9

Fig. 9 Finite element model
Sgame ladl Jow 9 S

500

B
L

Cycle:1,5,20,50,150
400 4

300 A
200 A

100 A

o(MPa)

0

T T E
[ 0.01 0.02 0.03
-100 A
-200 A

-300 -
Fig. 10 Experimental stress strain curve during 150 cycles in R1
loading state

G (b S 150 Jobo yo 5 5= 5 gimene 10 JSC
Rlcdl>

452


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.14.9
https://mme.modares.ac.ir/article-15-1730-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-26 ]

[ DOR: 20.1001.1.10275940.1395.16.12.14.9 ]

21 2295 i 7 9 Al ae pulyl

A3 55 @5 GBI )l )3 Ef aolius 1 2024-T3 pgaiaegT JWT &g 23 Sty iss )5 bl G33e 9 ()5 Jakxs

A
0.033

0.0325

0.032

R1
-8 Experimental
-8 MCH+NLISO
- CH2

0.0315

0.031

Maximum strain

0.0305 1§

0 20 40 60 80 100 120 140 180
N (cycle Number)

0.045
0.0445 +
0.044 |
0.0435
-—e Experimental

a8 MCH+NLISO
-y CH2

0.043 -

0.0425

0.042

Maximum Strain

0.0415 Hid
0.0a1

0.0405 #

A . . . A e
o 20 40 60 80 100 120 140 180
N (Cycle Numbers)

0.04

3
0.0203 -

0.0198 |-

0.0193 -
-©—6- Experimental
=& MCH+NLISO
v CH2

0.0188 -

0.0183

Maximum Strain

0.0178 I

0.0173 |

1 L L " " n Far.

0 20 40 60 80 100 120 140 160
N (cycle Number)

0.0168

0.0445 |-

0.044 | ! Laa288ooee

0.0435 |- =& Experimental

-8 MCH+NLISO
- CH2

0.043 -

0.0425 |-

Maximum Strain

0.042 f{ J

o 20 a0 B0 80 100 120 140 160—
N (cycle Number)
Fig.12 Uniaxial ratcheting curve at different loading states: R1, R2, R3,
R4
R1L 151 lie gladdls Cov oo S5 (2,5 Cuilal poe 12 SO0

R4 R3 R2

453

SIS L GialesT jo Saadly 13,8 caslil sovie a5 el ooly ol
Sglaie 4l dn ghls S slawd s 5y 8 Cow el JSGw
5 b Rl cal 4 Sy 555 bl sl 4l e e
o pals ol cle a5 wle gRalS (15,5 Sl g5 e
aSilo; b Sz 255 Rl il o S g8 5 Sl slaalml
axl ol o aboe dalsl sy o Jll s G a 15,S el #5
S poe 30,0 90 B 80 Al o ol a5 Wiloads Sl o ol Lo i
L s reS ojl e alope 93 4 Cond a5 o alye p3 aBloe Slge
S il y b Gl e 5 B 5 ahise s
e s Soise I S B it Sy Sl oyl 5 Sl
[4.1] spe ool cunslss 5 (ad 25l 5 Ggel ghie gl JtalS
pll oliws cosgasme Jdo 4y Gudios (ol j0 43S Ojse Slaslel
IS 150 0 (ol W58 0 (6,080 la IS olows jo ialej]
OiniyS caill gl 3l sael Cewds glo potie g el a8 5 plmil (6135 L
Sl s o aims so iudigs 1) ool o Lil Jol engasme g ladd STl
@25 @l ) S Jil 4l 3 (s @S &5 Sl et 12
e e ol Sl ey (028 Sy 15,5 Bl £ g wbloe
aS pgs axl (o Lol ol ond soliinl  SWgicsuns Jow lawgi oal
O @l ) S o @l dbe (15 Bl g5 pals 4l
S oo e ol gLS] G 4y 53055 (2,28 gl 5wl e 00l i

ot G S 150 s 5 oy il (25,5 ol Ayl
(ol ias amels o ol b a5 was e lis R24 R slacdl>
2 5 oxd B 55 e Sl el il 5 A
IS sl 55 0013 &, Sty 55 i e BB o8 3 50
=4 o Jol S 51 00l Fy Sadly (25,5 jlade L 1150
syt Jolo 13 S5 38 sy Jogai 52 Spgo & I e
Sz o y0 ool Fy Sz liee anslie S0 (ol 5o ool @81 Sledlb
GE L s 90 dnlie .ol 0050 atuine 5 pdg, |y (6,108 ,L >
5 S e 5 s o el e () iy R2 5 R3
et & s oo 6,5 Sl (e Rl cel Jleel a5 anals
0 R4 § R3 > g0 wyp R25 RL s g0 angline alive oo
Ol 5 o3 YL LSy (A anels (rals b oS wes o las
290 Siadly (19,5 Sl e 09y ey Jlos

Shesyls 029 13 JS jo o @il mlis [0 & g2y Al S5
Gk gs 50 (nl )0 0gdiee Jol> RLg RA (61351 b g anyli
Slade Lol el LSy > g0 50 50 diged a4y Jlasl 135 Jlade o iy
Rl cdl> jo L5 Cas Hlabe 3l i (RA Il 0 (R) (25 cos
G Bl e G e s Sl i g5d9e nl 5 S
LS Jlosl G Gt (RIS b (A S G381 Az 53 el
5 gn Sadly 55 S il o i

&5 a7
o 20243 agraagl Sl 5y Kbl 25 il
S5 Saigicci e gl ol b S eygme 5 (g, l05 L
8 S 433,5 dbne Ja f SKlais 5 o e Sons 33
Sasionl SNsdiss Joo gleadlie jslie aay al anlie
Cosdy g ke () J5S b (IS slagialesl plasl b (s

12 o jlaiis 16 095 1395 siaml (jurowe Sulke wlise


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.14.9
https://mme.modares.ac.ir/article-15-1730-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-26 ]

[ DOR: 20.1001.1.10275940.1395.16.12.14.9 ]

21 2295 i 7 9 Al ae pulyl

A3 55 05 GBIl )3 Ef ol 1y 2024-T3 pgaiaeg)T SWT B9 23 iy iss )5 bl G339 (25 Jalxs

combined isotropic-kinematic hardening law and mortar contact method,
International Journal of Mechanical Sciences ,Vol. 106, No.1, pp. 297-318,
2016 .

[3] S. Khan, A. Vyshnevskyy, J. Mosler, Low cycle lifetime assessment of
Al2024 alloy, International Journal of Fatigue, Vol. 32, No. 8, pp. 1270-
1277,2010 .

[4] D. Das, P. C. Chakraborti, Effect of stress parameters on ratcheting
deformation stages of polycrystalline OFHC copper, Fatigue & Fracture of
Engineering Materials & Structures, VVol. 34, No. 9, pp. 734-742, 2011 .

[5] C. B. Lim, K. S. Kim, J. B. Seong, Ratcheting and fatigue behavior of a
copper alloy under uniaxial cyclic loading with mean stress, International
Journal of Fatigue, Vol. 31, No. 3, pp. 501-507, 2009 .

[6] M. Shariati, K. Kolasangiani, H. Chavoshan, An experimental study on
ratcheting behavior of stainless steel 304L cylindrical shells under cyclic
axial and combined loadings, Modares Mechanical Engineering, Vol. 13, No.
9, pp. 69-76, 2013 .

[7] M. Shariati, H. Mehrabi, Experimental study of ratcheting influence on
fatigue life of Ck45 in uniaxial cyclic loading, Modares Mechanical
Engineering, Vol. 13 No. 10, pp. 75-83, 2013 .

[8] S. J. Zakavi, M. Zehsaz, M. R. Eslami, The ratchetting behavior of
pressurized plain pipework subjected to cyclic bending moment with the
combined hardening model, Nuclear Engineering and Design, Vol. 240, No.
4, pp. 726-737, 2010 .

[9] E. Abdollahi, T. N. Chakherlou, R. H. Oskouei, Ratcheting Behaviour of
Stainless Steel 316L with Interference Fitted Holes in Low-Cycle Fatigue
Region, Transactions of the Indian Institute of Metals, pp. 1-10, 2016 .

[10] T. N. Chakherlou ,M. Ajri, Strain ratcheting and stress relaxation around
interference-fitted single-holed plates under cyclic loading: experimental and
numerical investigations, Fatigue & Fracture of Engineering Materials &
Structures, Vol. 36, No. 4, pp. 327-339, 2013 .

[11]1 T. N. Chakherlou, A. Yaghoobi, Numerical simulation of residual stress
relaxation around a cold-expanded fastener hole under longitudinal cyclic
loading using different kinematic hardening models, Fatigue & Fracture of
Engineering Materials & Structures, Vol. 33, No. 11, pp. 740-751, 2010 .

[12] S. Bari, T. Hassan, An advancement in cyclic plasticity modeling for
multiaxial ratcheting simulation, International Journal of Plasticity, Vol. 18,
No. 7, pp. 873-894, 2002 .

[13] R. Halama, M. Fusek, Z. Poruba, Influence of mean stress and stress
amplitude on uniaxial and biaxial ratcheting of ST52 steel and its prediction
by the AbdelKarim—-Ohno model, International Journal of Fatigue, Vol. 91,
Part 2, pp. 313-321, 2016 .

[14] Y. Sun, W. Hu, F. Shen, Q. Meng, Y. Xu, Numerical simulations of the
fatigue damage evolution at a fastener hole treated by cold expansion or with
interference fit pin, International Journal of Mechanical Sciences, Vol. 107,
No.1, pp. 188-200, 2016 .

[15] J. L. Chaboche, Time-independent constitutive theories for cyclic plasticity,
International Journal of Plasticity, Vol. 2, No. 2, pp. 149-188, 1986 .

[16] N. Ohno, J. D. Wang, Kinematic hardening rules with critical state of
dynamic recovery, part |: formulation and basic features for ratchetting
behavior, International Journal of Plasticity, Vol. 9, No. 3, pp. 375-390,
1993 .

[17] N. Ohno, M. Abdel-Karim, Uniaxial ratchetting of 316FR steel at room
temperature- part 1l: constitutive modeling and simulation, Journal of
Engineering Materials and Technology, Vol. 122, No. 1, pp. 35-41, 1998 .

[18] W. Prager, B. U. D. 0. A. Mathematics, U. S. O. 0. N. Research, U. S. N. D.
B. o. Ships, A New Method of Analyzing Stresses and Strains in Work-
hardening Plastic Solids: Division of Applied Mathematics, Brown
University, 1955 .

[19]J. F. Besseling, A Theory of Elastic, Plastic and Creep Deformations of an
Initially Isotropic Material Showing Anisotropic Strain-hardening, Creep
Recovery, and Secondary Creep: Stanford University, Department of
Aeronautical Engineering, 1958 .

[20] P. J. Armstrong, F. C. O., A mathematical representation of the multiaxial
Bauschinger effect, [Berkeley, Gloucestershire?]: Central Electricity
Generating Board [and] Berkeley Nuclear Laboratories, Research &
Development Dept., 1966. English

[21] G. Majzoobi, E. Khademi, S. Pourolajal, An investigation into strain rate
dependency of Chaboche plasticity model, Modares Mechanical Engineering,
Vol. 14, No. 14, pp. 9-16, 2015 .

[22] J. L. Chaboche, A review of some plasticity and viscoplasticity constitutive
theories, International Journal of Plasticity, Vol. 24, No. 10, pp. 1642-1693,
2008 .

[23] M. Shariati, K. Kolasangiani, K. Farhangdoost, Experimental and numerical
study on accumulation of plastic strain of SS316L cantilevered cylindrical
shells under cyclic bending and combined (bending-torsion) loads, Modares
Mechanical Engineering, Vol. 14, No. 15, pp. 42-50, 2015

[24] S. M. Rahman, T. Hassan, E. Corona, Evaluation of cyclic plasticity models
in ratcheting simulation of straight pipes under cyclic bending and steady
internal pressure, International Journal of Plasticity, Vol. 24, No. 10, pp.
1756-1791, 2008 .

[25] S. Bari, T. Hassan, Anatomy of coupled constitutive models for ratcheting
simulation, International Journal of Plasticity, Vol. 16, No. 3-4, pp. 381-409,
2000 .

[26] S. M. Rahman, Finite Element Analysis and Related Numerical Schemes for
Ratcheting Simulation, Doctor Of Philosophy Thesis, Civil engineering,
North Carolina State University, 2006.

12 o jlesis 16 095 1395 siiml (e Suilse wiie

0.45 - BExperimental

0.4 1 . .
® Simulation

=

o ("

(%] A
1 I

ain Ratcheting(%)
=
]
L
L

0.05 1

R1 R2 R4
Fig. 13 Ratcheting curve in 150 cycles at different loading states.
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