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In the present research, a multiscale method based on crystal plasticity finite element
method and computational homogenization is proposed to simulate monotonic and cyclic
plastic deformation of a highly textured rolled magnesium alloy AZ31. All active deformation
mechanisms including slip, twinning as well as detwinning have been simulated in the model
through user material subroutine in ABAQUS (UMAT). All representative volume elements have
been constructed, synthetically. Polycrystal laminate has been reproductive by representative
volume element (RVE) and periodic boundary conditions have been applied on the RVE faces.
For cyclic validations, uniaxial compression-tension along extrusion direction has been applied
for 2 loading cycles and the problem at the macroscopic scale has been solved by the ABAQUS
finite element solver. The results are in good accordance with the experimental curves and
the proposed model can accurately predict all cyclic behavior characteristics like asymmetry
in a stress-strain curve due to alternating twinning-detwinning, tensile and compressive peak
stresses, twinning and detwinning.
Keywords Finite Element Crystal Plasticity; Computational Homogenization; Twinning; Det-

winning; AZ31 Mg Alloy

CITATION LINKS

[1] Global climate change: Vital signs of the ... [2] Washington: United States Environmental
.. |3] Learn the facts: Weight affects fuel ... [4| Cost-effectiveness of alternativepowertrains
.. [5] Fuel consumption and CO2 emissions from .. [6] Plastic Strain in ... [7] Plastic
anisotropy and the role of non-basal slip in ... [8] Simulation of the rolling and shear texture
.. |9] Incorporation of deformation twinning in crystal ... [10] Crystallographic texture
evolutionin ... [11] An analysis of nonuniform and localized ... [12] Material rate dependence
and localized ... [13] Micromechanics of crystals and ... [14] A constitutive model for hcp
materials deforming by ... [15] Yielding of magnesium: From single crystal to ... [16] Crystal
plasticity analysis of texture development ... [17] Continuum modeling of the response of an
mg .. [18] An inverse optimization strategy to determine single crystal .. [19] Elasto-
Viscoplastic constitutive equations for ... [20] Computational homogenization of ... [21] A
review of predictive nonlinear theories for ... [22] Crystal-Plasticity finite-element analysis
of inelastic ... [23] Crystal plasticity finite-element simulation of work-hardening behavior ...
[24] Effect of twinning and detwinning on inelastic ... [25] Effect of pre-strain on work-
hardening ... [26] Deformation behavior upon two-step ... [27] Anisotropic deformation
behavior under various strain paths in ... [28] Crystal plasticity finite element analysis ...
[29] Role of twinning on the stress and strain behaviors during ... [30] A crystal plasticity
model for hexagonal .... [31] Overview no. 42 texture development and strain ... [32] Bounds
and self-consistent estimates for creep of polycrystalline ... [33] Phenomenological crystal
plasticity ... [34] A Crystal plasticity modeling considering volume ... [35] Direct observation
of twinning-detwinning-retwinning ... [36] Microstructure-Sensitive investigation of ... [37]
Multiaxial fatigue of extruded AZ31B magnesium ... [38] Nonlinear Finite Elements for
Continua and ... [39] H5ebsd: An archival data format for electron back-scatter diffraction ...
[40] The role of dislocations in strain hardening ... [41] The Role of twinning deformation on
the...[42] Influence ofloading direction on the ... [43] Role of {10-12} twinning charactersitics
in the deformation .. [44] Fatigue of extruded AZ31B magnesium alloy .. [45] Cyclic
deformation ANF fatigue of extruded ... [46] Multiaxial cyclic behavior and fatigue ... [47]
Microstructure damage evaluation associated .. [48] Fatigue damage development in
extruded ... [49] Microstructure-Sensitive computational ... [50]| Fatigue crack nucleation:
Mechanistic modelling ... [51] Recent developments in assessing microstructure-sensitive ...
[52] Multi-Scale Mechanisms of Twinning-Detwinning in Magnesium ...

Copyright© 2019, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution:NonCommearcial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.


https://climate.nasa.gov/evidence/
https://www.epa.gov/climatechange/ghgemissions/inventoryexplorer/
http://www.nrcan.gc.ca/energy/efficiency/transportation/cars-lighttrucks/buying/16755
https://www.sciencedirect.com/science/article/abs/pii/S030626191400155X
https://www.sciencedirect.com/science/article/pii/S0360128516300442
https://www.sciencedirect.com/science/article/pii/S0749641904001408
https://www.sciencedirect.com/science/article/abs/pii/0001616078901116
https://www.sciencedirect.com/science/article/pii/S0022509697000513
https://www.sciencedirect.com/science/article/pii/0022509692800039
https://www.sciencedirect.com/science/article/abs/pii/0001616083900147
https://www.sciencedirect.com/science/article/pii/S0065215608702424
https://www.sciencedirect.com/science/article/pii/S0749641903000391
https://www.sciencedirect.com/science/article/pii/S0749641907001076
https://www.sciencedirect.com/science/article/pii/S0749641911000234
https://www.sciencedirect.com/science/article/pii/S0749641911000702
https://www.sciencedirect.com/science/article/pii/S0749641914000333
https://www.sciencedirect.com/science/article/pii/S0022509697000379
https://www.sciencedirect.com/science/article/pii/S0065215618300012
https://www.sciencedirect.com/science/article/pii/S0021999116305782
https://www.sciencedirect.com/science/article/pii/S0749641910001841
https://www.sciencedirect.com/science/article/abs/pii/S0927025611004186
https://www.sciencedirect.com/science/article/abs/pii/S0921509313007302
https://www.sciencedirect.com/science/article/abs/pii/S0921509313011878
https://www.sciencedirect.com/science/article/pii/S0749641916300419
https://www.sciencedirect.com/science/article/abs/pii/S0921509315307711
https://www.sciencedirect.com/science/article/pii/S0749641916303424
https://www.sciencedirect.com/science/article/abs/pii/S0921509318304933
https://www.sciencedirect.com/science/article/pii/S0749641913000612
https://www.sciencedirect.com/science/article/abs/pii/0001616085901889
https://www.jstor.org/stable/79120?seq=1
https://www.sciencedirect.com/science/article/pii/S0022509612000130
https://www.sciencedirect.com/science/article/pii/S0749641916300705
https://www.tandfonline.com/doi/abs/10.1080/09500839.2011.617713
https://www.sciencedirect.com/science/article/pii/S0749641914002058
https://www.sciencedirect.com/science/article/abs/pii/S0921509312003978
https://www.wiley.com/en-ir/Nonlinear+Finite+Elements+for+Continua+and+Structures%2C+2nd+Edition-p-9781118632703
https://link.springer.com/article/10.1186/2193-9772-3-4
https://www.sciencedirect.com/science/article/abs/pii/S0921509315003950
https://www.sciencedirect.com/science/article/abs/pii/S1359645415002153
https://www.sciencedirect.com/science/article/abs/pii/S0142112316000360
https://www.sciencedirect.com/science/article/abs/pii/S135964541000426X
https://www.sciencedirect.com/science/article/pii/S0167663616301132
https://www.sciencedirect.com/science/article/abs/pii/S0921509315304238
https://www.sciencedirect.com/science/article/abs/pii/S0142112316304534
https://www.sciencedirect.com/science/article/abs/pii/S092150931630956X
https://www.sciencedirect.com/science/article/abs/pii/S0921509316305020
https://www.sciencedirect.com/science/article/abs/pii/S0142112310000162
https://www.sciencedirect.com/science/article/pii/S1359028614000151
https://www.sciencedirect.com/science/article/pii/S1359028614000163
https://www.sciencedirect.com/science/article/pii/S0749641918306843


http://www.SId.ir

obhlan g > dame YEY

38 095 len 9wl oad il euiiie xS (slaflll L sYgd o
595 31 Yt coguinog]l 51 %W T qajuie 3183yl dolsl eliadss oyl
GHlahd Hhi I3 el prizes il IS Vg8 I %YA g
2 e Sl I Gl ae) diiwgy 53 pals preailis
cunl @01 (gl )3 pasiie 3l cndaed 39268 Gruse o2l
sesldl o3 glaald el (aiSlen Jus uan 4 g
S9dia pladl (Sl azpaYee 51 i) Vb sles 55 e
S e Sty (3,0luanl ajaie lafldl S5 Giuls
ol o 5 g 5 S

23 0Sem by Wlgiy oSl (gl osle G 89l lume (lise
g Bl guidled 4 bl JSb st wlz golas
(Basal) (sloacls Lipe) o dw cwl S s 0uilse
(First order Jgl adye (5o ¢ (Prismatic) (g geicn
pald |y (@) sliwly »» JSb uss oSel lis Pyramidal)
5 o (Jloly U3 20 s 503 ol 4 () JS) Aiyglse
canddy e 5l Jaius Gd3e) el ez ol 4 o
S pt (glazmiio 53 S jsd oSl aSTT sl orlnlo um3e
Gliwly 3 32l @i b 29d eald (Jb) 0xcls axio
Sl 03138 JaaS5 g () s iy lsieas 35 (€ + @)
S sl bl S el eyge gal 3 S ded Jled el
a3 (s3I b anlgS amlyd 18 T g Sen JS
Gho GR5 4 093 dye oy @i oddial Gl (RS
[cwol Voo 3935 53 35Ul (gles ;3 Job dxbo (g9, oddidyyad
093 E5 G pluc gadJled gl & cwl Gige o o
ol 9 39 Jlael SLIT 4 (630 Jhuwn 235 0L @B gles
35 ey salgd dgzg b i el Sl 53 esle Sailely oSl
oSolz (Twinning) S JSb s @588 dalyd o0l
Opeiy GEE) 9 AD Jals 093 A o JSU sl el
lss Ll o laildl g posiie ) 1y St JSb 108 @i
slod 53 Kisings (CRSS) eniryzmd Glyow (il jlado g
0 ISd i Jele golnly 5 el JSwlBeY 391> Ul
Ul ey (e + a) by il (@) sbwly I ue bl
RS CITE AR S E1 TS\ ERROMI S SIS I V- JSWEL PSR L
LT g o 53 oo b JSib s (slae 51 S0y S
oy ol .cwl (Detwinning) Kicwng wuiSih o saiyls
wile (35S yruo Husti oaiSUll (slayl L 55 pogasa
pae Jole 5 23S0 Lol ) (paga sl GHES (IS (slaags 13550
owirugs  gledile g GBS QWS e ol
2 ol Jlug)S dSud cqz paS gaizes o (Hysteresis)
S8 el 4 Gl b Siuings cuSib dlas,y il
sy e S B I 386el Sy
S gl dzl )3 9 WIS e Sy ugSme g 4 0adoRg
g0 0313 Sy uyilo 4y oddipag sems

WA idual ¥ oyladd Yo 09

395 Sl S JS 4085 uolgiaiz Julos
slos39% 31 (5550 b AZ3T o oide,S
9 d9dxe hrl Aty Jbg,S

Glwlxe sjlwpSan

PhD Q.l} Lo
ol lals (sl olKizdls «SlSo (wige 0aSitdls
PhD “illales 33
ol lals (als olizdls «SlSo wige 0aSitdls

PhD 0 le
ol Gl lyads o&edls SailSe uwsige caSls

03:8>

398 SLIT IS lonylidy (glutpnid (ln Guolidieniz GJae (gl ol
S o2 el 1B oxiasl) Jao 390 4l AZ31 @yjuie osipe)S
3 gy (b lisle bl (Gilwand Gpsa | Sy <l 9
Glaslxe (gjlopSan 3 39120 lizl Attty JiuS (6585 95 Sy
3le iz ples B 53 dpmnsiantly YUy, cYslse 4l caol onds JuSit3
ez oladl 8dsi @b i esle JlwaSGL @yg -Slosds (gjlwosly UMAT
Jleel o o325 (595 S350 S50 babid 9 sl 03 1535l (RVE) bym0
S (5 )d (68 (sl SSews 93 53 ISun (sl gjlvdnds ol o
Sl bugi SagSag,Slo puliio )3 e g osd Jlacl 393 gz sliwl) 53
slegizie b wss g @il gl el 0ad Jo GugSUT 39320 (sl
Wile Lz sl gladaiin wuwl B cadball Jio g cwl s
Sipisngh ()l 9 IS didiy GRS ylhie lid 5 GEAS )5 (a5 pac
aled (g3lotnd Sy |y g eutSih g

S Gl ilupSen agame izl diotly JluS laslysls
AZ31 3L Siisi aSil

WAY/No/No redlyys £,
WAAF/VA Gy g)ls

bsoltani@kashanu.ac.ir : Jgius sdiuwgs’

dodds -)

el ge) 92 4 S Sl wile gl (glaylS Ll
9 0ud Ghwd sacdguw I GAL oadaddss eyl Gabugie
Jis g Joo gilie el Glez plalesS 1 Hse Jelse 51 S0
sl Jolge gasiotac 3 Sy olsieds Galse 3 sy 3l el
h Gl Gl ooucsy 334> )3 (leiiay slilslS (lajls
Mely goyiclel (Jii 5 Jo (hlug 0js phals .S 5e ass
o 5 il L claglS Lail LialS Gam 4 obits
g Cyas 5 0303 LEalS B I 0 4l by oy <
caanll L Ll 5l g ol mlgs Laals %)/ 5 VY sgas s
(3813950 ISl SelS 30T, ol 53 Siuw Slge g 318

bl ehiedy (Slws G2 9 (B3 wliadxd gl sl )
posirasll wiile J&5 5 Jao caio 53 gl whls (oSl oSl

e Sl usige byl sele doliale


http://www.SId.ir

YA L/ sla(siss 5 isSope b AZ31 eyt oadesS 395 ST (IS JS 508 uolifioniz Julo

el 03 (g jopaly Bl Ll g 1120 Sa o oy bauwg’ oS
5 SIS Yo 5l (Saigdesun (g3lodse sskikeds 22 oslasul
hlSan g Lale Jro ,Su3 (Sig ol oad oslitl (151 San
Jin)S (63955 wezlz 5 Simgs eudSib (sjlwdse oSl
Gl cadle oS GThgo )3 45 13 (o8 Lol sl diuniodly
R ke 4 cute | gl dxdo (59) oMb iy
Sy ez SIS s Wlgie odipust slay sleie i
S selyd Singd ez juS plals 4 e gl § S
Sylid) (iludand £9890 53 cohae dhaii S dole Jao B
o2l S i U L 9330 Cgweme oo slaill IS
JienyS oV¥sloe )3 mpo jsbdy Siningi wuiSib e3ilse
@l cabge b of 5l Gep Jre gl 2392 o oy ity
sl Ghlu el 5 e @lajldl 18, (g5lodse
(232l ors 4183 )54y (glal>ye93 5 (697095

A543 a5 28y glgie (i ol 53 eadal] dudey ey
psie 3Ll (5, cadplzil glagiaghy o cadall sladie
plio )3 gl i8S JL5 (L)l 90 (6970 (slanylid, bais
E9090 b oadplal (sl g cadaall sladso slass dunlio
s9bds el Jisgame Jlu dlge gl GLSauw ba)lid) (g5lodpd
GBS slaylisy (bl sshiedy sioplas Jao 95 (yeiSh 5585
Sy JBilwsgs Jae oJsl Jro caml 0ad | pojie (slagll
Jie ool B0l oguwse EVPSC-TDT Juo ) o
A5 Gilodad G ) Guad sbeizie polad Llgiel
9 335 oar JBlesgs (slagponi ol 4y Jae ol Sos Yo
Gasd > IS 9 S Rlad gyst adeil s Glsb o
lodils 49,3 5 lodils jre aile coenl b @blie 9 Jbun,Sh
6l GIlasgad 325 Jao ol 53 ol P2 Lole 1o 093 Jro cunsl
51 olitl 4,85 ool ond 0335 Sings S (¢ jle e
Jo ol game bl dtmeudy JlwayS (65955 Qyzlz
sl Hlgiise 9 1y i Jae wle )B5lasgs (slare (anlas
Ao sloennsy 503 5 cowl (Sius g9z laeny (gjloans
TGS 29 03 ) (S 9 QIS ége g (LA Rajo ]
oledl o s b ails o (ol (lolo Juloi (slaoilS
3 Jle ol & osds el 9890 )l 9wl d9axa gl
by bl caanl (IS 5 (B e LS & (ol dal=s
4 ol3e el ol alaz 51 .28l 45815 | danls IS
slaylisy 9 (Shear Band) iy 3l ol (S anp
Sl IS Jal=s (sl ST Lole Jro .35 o)l IS
2 35 oweladl slasiluand 53 5 cul 5125 Jlasl ppjie
wzaal 0393 (55131 (5,150 1l (55lodnd

239320 gzl Jao Ko iwese g all (Glegly ol Sae
Glmlre (53lwpSen ()95 9 Aoty Jliun)S (5,555 4l
010)S 393 SN M 5 (539205 slanylidy (s3luse (sl
Sl g Soingi ) slagiilSe cwl AZ3T aojuie

Modares Mechanical Engineering

(TD) é5e «(RD) 3,95 glaobiwly olyam 013)95 §r9 Seilaid glas (1 S
(ND) )5 4xio 1 390s 5

S Sinss sy obpelud esede 5 pSom b st s
2 b Saingi b oyl sl b e Blegay hugs
Yly 3930 sl dipmpiotly JliwnS (5,95 5| JSicte w¥slse
29by Yl SSE ulidio 53 Siigi @5l Jao ol )3 5943
Sl JSib 085 oS 3905 (28 (5 -Plel 0ad 3y zop0
ssbikedy g am3e (59, Sisnsd 9 3R 3l (B Gy 4z
Sty JSb yn &5 s9udll 4 (503 «Siringh )il Ol
Giledie (plagh ol )3 eddEyme Gugd HSag) 3ged AL
Ly Sy -l G5R) b il S QB s S
4 Aoty Jlun)S (63588 SeollS sl Bas (Jio ol
JitunsyS” ¥slse 1 (65 JHSul (801 ool s9u2x0 (sli2l g,
oeed oy Olegh 5l Ssmgi Heds )3 dtenitedy
5 B 12pSan 5 oy B0l oads (6130580 (B s
535 (5500 |y el Jlue)S (63985 Qozly 1819,/
ks ol il 5 giuie » osdpladl (slagimgly ST )
G olgie ol of Jl & cul eads Jre (55520 ST (sl
5 Lobilo g 151 St g CIAT M ULT g | Sucluog L] slo Jro
[8lo,Lal hlSan 5 iYowlpa 9 BT San o s 1161, (Sam
Ohlan 5 Vow/po Jao )3 baid oriall sladre pluo 5l .S
9 d9me @l dtmnitoty JlunS lagysis aSy
395 ST (63920085 (slaylidy (i)l (sl Hlelne (55lopSan
33 AZ31 5L U8, il sl s exlastwl AZ3T saipe)S
s9biedy 2335wy Pt S Jso 5 53550y U |y oasesS
0. oslatuwl [19]JJUf9 J)L'@f(_ggi” )’l foww L_S)L"‘JLJ-‘-“
ohgy 3l Juan)S Gk yige sli8) Zhsul jokied puizen el
6)Luui4_a> o9 el o odliiwl Siluwlxe 6)Luui4_a>
ol 03l (5ilpSan adiig slas il S Gilwlxe
ol SlwpSen  glaggs slacosgize S (e
o1d Bby Sildgs 5 ezl gski (5,905 wile xSilie
CSsSz i ol 3 IS dohe I Sy 20 2wl
ol )by o5 (5925 4y sl (RVE) Byse oz gladl (5loso

Al So3p =8ly Yl S sy 4 el 4>
503951 ST S0 > Staa¥l (6,13y,h 092 «yhSas g Lolo
Gt 9320 (sl Aol Jliwn)S (65955 Gob I pajuie
mcrtaody Jlan)S &5 4 daanly (5,953 5 Geizd ol 53 4338

Volume 20, Issue 3, March 2020


http://www.SId.ir

obhlan g iz sax=o YFF

s S 59y Sty ey bl Heudli (lei abl
9o Adgs i IS 4 Gl (s3S )3 Ly
Frappa-1 — ]'/pasoa®n0a (0)
by Gz lepitugw Goled (55, (0) dhily & Gygo 53 9
Steodly ey ol3hS sgudli 39 031y e (i8] Jawiliy
ol ughly B ) IS 4 sl 9 Gl slagainSay )
P = ZE:l FPrBEPA-1 — ZE=1 soP @n,F yPh )
P = Zgzl sP® nB]',pB %
Sloylay el Mg 9 So 9wl (32 Glopiunw dlaes plyn
Ogen A e (305 5d Ui axbe n Jloyi g i8]
Sl cwl eyl (58 dmdo 0 (59 oAb R Gd ORI HlAde
¢ =s5%m*=p*:T (A)
0D (Say id Hlade Do cdmlie YU dlly 5> 4S_1L\>
O e 4y dluly (R plug 2 g9y (oadye>)
i o (Schmid) el jouwili puizean 5 SipsSugSlo
9 L cuz slaylsy o2l edels I sadl jeuils el
_\JTUA Cuwddy UT)? dgac
Glediz [ 12000 )l (55950 dlie 53,5 (hlSan 5 oy
o2l 3l g w3l 418 anyp Hge Jllua,S ST gl |y (55955 alize
5 plol 833 eslitul (Sabmsse (sileand sy ah,
dzugd JuuSGh dlse sl by 5y955 M3lg Ll g B alii

32] yguciizlo 435l

O & 035 hie gl |y (V) GSlgs dlayl,
&5 ow daly Lo ol 0 .3gad slpidiog cordbdajmd p 445 g

el 505 58l eddanimi (S (BT 5 G
1

V=Y (%)H )
58] o (59 0ABIRT iy (25 T gy i £33 Vo'
&8 4 camlus iahly M g sl piugus cuglie jlade Ty d
el 03lo

S Siipg (5o a0 ogoxi -Y-¥

@iwdse sl Pt tdls ordsleiiiog 5301 51 dlie ol 5
oxdh osldl wumnpiaody Jliun)S (695 Lozolz )> Sins
o 4185 S cadidgo b (6 ke (slopiagh 53 Jao ol cul
JUsSTiSe  lalisle 55y piagh ol 1wl
slodio o5 cwl S35 LLs 18:33135lb0d olxil (Hexagonal)
Jio)s Jlsle 3 g siledie sl 8 650
Blad § ladie oSan B40lns slpide 56 driiodly
3903 Mgidiey (st I A (s t5 Jae b liiee (50080
SILCAPREANEI NSO SETW. JRCEURE Sy L V. JETRS CIVEN L
oY bao gl 3 3sd yly d9ame el Ay Jliwn)S
Siigi j92 b cunlite Sty ey L3S joudli canl
Seileinw bilgy 39l 2ol g3 S i ile plgiedy
9l Gppd RS S Gime gany wcwl U8 ke dle
ey L3S sgudli Ll S8y ligas S uads loslS

WA idual ¥ oyladd Yo 09

Sy el 00 4185 A0 )3 ¢ Jae Sy bl )3 Siings
035 (3l |y pugSme (I S S ks 5 Lol Jio
GlS (iS Giie cul 18 Gaiizd ool 53 adall Jre sl
olsice Gub ol 3l o wled Gilodd JolS jobay |y IS
2985 il b GBSew (IS -GS Gixie sladakin el
6955 R4 Lole Jao b aulio ;3 cadatlyl Jao 503 cuje
by 93 5 (53955 ol (xS b el Gilwle (53lupSen
oy 5 dgdoe slayl (s3le bl elad ) (5)B5le 5 Jolss
U9y 3l Lolo Jan 15 .l =8lg 4,58 1 Gaaie WolS osle ,lis,
oxlatwl JliwyS Gl 9 JUuwn,S ST poludio 93 bLII (sl soks
5 ol JL3 il g (6,85l by ks ol 9 sl oy
b e o8 Gils 0,pT 3ab agdised sliyl Jalas by

el 0285 ) 9SG pasiie sladll 3,90 55 Lo Shs o0l

588 Jgeol -¥
9z (gl dpuiolly Jliug,S (65953 IS Jyel VY
gy pun JSUb 4o gy o SilSio (65955 (el 2
s9edls ol 9dise haogi ((F) U5 s plalS seudls
e oladl SO U= 9 Sy @ bgae cleMbl oadylsyys
O IS i glalS 9wl (1o aria 50, (slue
oLl g ¥l St yuaes glalS y9uils 95 Cpoels JS
F = FeFP ()
s9ils FP g SVl IS a5 sy pguudls F€ 01 alaly )
oloio L) a5l Sutally JKb s ool
9 B welex (st liug)S b ldd gz (S
S g bl 5l Gay LS S ldd cyz s
5 SVl IS s gl jeudli abusg Sty
2 Sty ey pbalS jeudli ab amlss 3y (g5ledse
5l el eyl g)le Sy
=1+ (v)
S U“L? ol
v
l=—
ox . (¥)
[ = FeFe-1,[p = pe[pFe1
[P = FPFP1
cieyo gLl (glaygudls cusiyia P g 1€ L) 5 (¥) kg 5
30 LP jguidls g cnyms (sila 58S 53 souli du
iy (Al (523, 53 o el Sty ey L3S jguils
» 9 cwl cdo pue (152 5l Jius Gle (1S 3sde
B 3950 o3l (Isoclinic) SuulSgsl (s3iyS 2Mhol
&5 9 Saitdl iy &35 1 395 (Hliun)S axbio yo 5> Gy 55
23950 (Xl Sty iy
yi — yei + ypi ]-/i — ]-/ei + ]-/pi (i)

e Sl usige byl sele doliale


http://www.SId.ir

Vo0 (slo(s)e13 5 g sSoee b AZ3T pajiie 01808 3558 Sl (IS0 JSB 1083 Guoliiarizy Julos

el biygs 45 55 Jlad ) (sl w3 Ny

S Sipopg S35 5loao ogoxd ¥
oxd ali (st (20 @zhe » Siimgi catSil eod
J Sings uSih 5ledae jskiiedy dlie ool 5 Bl
a5 el o oslitl Siuings wiles (63,505,
5 Siings sloepilfe & cuwl of asllhoe ol ;3 ondels
colled S0aSy b plojen by wilgied Siuigs wuiSib
&zle 5 g cunl (058 caslly y Gaato (B)8 ol AL aily
136 3Tl onds il uaS gy 4 ol Gd b alise
LS s9ul (aizmam 5 G &3 dlaily 238 ol Ll psbiiedy
s 5 IS8 4 Sist Sl 5l AL Sty e

{‘L’ ift< 0} (1)

1
fa=—f (ﬂ)H —T=
0 0ift>0
N,
detwm Z i fa YViwStw ®ntw (Y°)
G5 Sl cdSil 5 o5 @ély plyige (13) akl,

1394050

ol 5l Giie (Siingh ez S 9ed Hlie (S
Abls ubse d’mLf &;wgs e S 4l psgin
Gl 35 ol 3 Gy (08) daly b alie Ghily, o5 cal 53
PES 30])‘53‘«»39> «5L¢>JM 2 e Singi cutSil g5ledse
oa odlaiwl dga=e slizl w)b Jliwn S slaJre 3
_[19, 23, 29]w|
2 39320 izl diugitly Jlwy)S w¥slee J> by, -£-Y
SsSawgsSlo yulido
Gl GhEse d9ame Gzl by @Yalee gSle pulide )
Obsy iz Asdie J> (6515l dhi o (laly dulxe
‘:15 dslso .cwl 08 SN [38182)4 BN UJOD)“-C dgdzo L_gl)’?l
Jlisd g bz duwle jghiody 3l &5 (g3l dhdi o Jolss
1l eyl 09 Jo (5SSl ahii o )5 (S o

fint — fext (vY)
dhdi o 55 gy o GhEeé d9ame hial Jsel @b
B8l ahis o 53 G e 51 ol () S ULl
Jons)S @Sl bawgs (6 S Sl dlasi o 53 S lude
I)’>|)§.l.> 4y 9 044 duwlso UMAT O_ngb.u 09 w)b
Jolye ol 51 un
o s Jo 9Sle ulidie )3 G glagusile jlige
ol Zan el s St JSb s oLl jawili duslxe
olono (B oddoygi GBSy g dines 53 GHHSY OB Hguils

1wl

(Y\) @Yslee dcgazxo (& )94.«1‘:4 d[w)l d9d=n0

1
E=> (FeTFe —1) (YY)
CigysS Doy (5 s9udli (S BSY (S 5mails dranlona 1 uy
D270 e sy 5 S @) 325 09 €55
S = (1 IZt_\Ai fa)SpaTent + ZNtw fasa (YY)
uT )) Y

Modares Mechanical Engineering

el 5 S 4 Gile (suSan > Sy

F = FeFP

L=FF1 \
= FeFel 4 FefPEPoipe-t )
LP = FPFP-1

Ui iz 5 Siaingl AU G il Oluis! jghiedy
IS 4y Sty ey LS pgundli oddbipngd (S 53 e
3950 Grghl 2
=1+, +10, o)

e alS sgudli 031 Lirogi (1) dhuly caly oo Jsl 053
Soteodly ey g3hS gl 093 05 e 31 bl Sl
AU Sl ey galS seudli 15T 05 5 Siings jl 40
3980 (238 N9y ol 43 el 0abngT 4l g9y L3
S 5 O L0 Siing et SO b HbLie ez yuS oS
Siingd ¢ il e (1= f9) b oadiippngs 4ol oz
Jie gde (3l dhati by Jlun)S 5l iy gz S el
01 ez S i culiste (ije) b jblide ez S
aayly 55 (38 ey LalS Heudls gy onlnbiy tbie pials
el 325 @8 4 Gl &5 G 1 (1)

1
7 =10 ()" sign(e) o
Ty
— (1 _ Ntw fa)zivslly ssll®nsli (W)

5l wu 0ABgT (e ,,5 )Im yhew f“ W) 41445 e
Siingh dxbo (535 Gy £ dmola sl oolnly tewl o
02l 03 39ie osliiwl (1Y) dasly b dilie Slgs dasly G 5l 55

HOWI RPN

i e
= ZNtW fa YewSew " @y, (\0)

(540 W)I_\.m S 1 awlgs Jled Silej Ly (eiuiS k.iu.u.ls)
So fo il e S Sy dxie (59 o
£ ML £ 4wy srally ol ke el (gole stably
ons 0313 415V U il stebly cul jlasie alie eyl 5 sl (LSS

S L ays (10) daly 4

}-/tw = faytw (H)
. dfe

a — \Y
f pr (W)

S ol 53500 0 @Y BBlewl oYl el ol pojuie 5
ded Giley 5 g cal (b ptuns Sy ddST Sings
$390 j920 IS el (JluyS @ o3y (5,150 o 390
23 U b jblite Ssdly s obalS seuili .39 o ({))
5l ol ylie 315 oo 4oU

Lo g = Ntw e (ZNSI wyl Ssl®nsl) (A)

Volume 20, Issue 3, March 2020


http://www.SId.ir

ohlan g > dame Y55

o st (53le algh Apy 5 Agp ol 3320 G54 § Siing
sl JS a3 o (S Nigdisibun 5y g 0418 S
UMAT i ples S U5 3 (V) ida 53 odel e¥slee soles
Wloads Jo waSLT s9axe (slizl 3810y bauwgs g 0ad ungiss
Obey & ety JlS @¥slee I Gl (5SSl
oad ozl MOlgzya )3 oadoslsaswgs (o8l Gilae g (S

Ll

i
Gk T ol -l qasioe 0aiylS glalll 51 Sy AZ31 3L
Ll am ) 39de et (58G9 SS9 3l a8
@l ol 5 39die Skl o )3 A Hlwn Gz @dl sl
ssbiredy . cul ST ol 53 3Siluncnli slanylid) 59, Jole oz
s, HB3 ) il ez dw (3 (slag)g d9ame shl Jals
3y sliwl) 3 3gac (RD) ygi (sliwly coliay o5 dede
() JSb) st (TD) pe (sliwsly 5 (ND)

S 1b solgs Jlod Gl dS Sisnst e @9 B30 2
£330 398 Jlacl §y9 0 39 g (sl 13 (LS (5,13550
S (5L sl HadS Siings oaSles o (51850
0d0lse 4 B cwl Gy dxbo p dgee gl o
e sty 53 (63188 (6518 93 (sly S s slaeiilSe
his (i oal 55 @yg dxbo p dgac Gliwly > GELS 9 3
el ord Jio B9 by dgae liwly ) LS (IS0
B3] @zye jl 4 ailoads bl Joaz 55 pajaie 518 Sl culss
3 ozl

(Sl ES w518 Sl cals’ (1 Joaz

Css C33 Ci3 Ciz Ciy
AN'A Ty Yo/A Yo OA

53 oxbarsSHhiy Siingi 9 el slapiume ¥ JSb )
€ bl ol oad o3y (oled diuniody Jli,S Jul=s
el johiedy .l (gloacll axio) Jlob dxio n d30c
lopSem (5,55 5 394 szl gy 2 Fime (slasjlodund
wls> glea b (RVE) Gymo oz gladl 1l Tl (S3lusl=e
oledl I okt Glisbe gl 53 39 adss (RBly JluwSGh
hls> &l Jlug S ladils | glacgamo wbymo onm
iy Gasly SOl (slaails b alie (ils (5,5 can
5 odionilS sladils slass duwgdy Byso sz oyladl ojlail
wWid ol sbasiluand eladl johiedy S9d0 pasie of
Shgse Ji8leys dhuogdy dils VE oajlns Gyzo ez glodl
Y S 5 ez ol ol Blewl osis slgs Dream.3D
C3D8 olo)l §l logslodund Golad > el o osls ol
Gl caiden b 5 ol Gl ol ool el osd oxlaiuwl
15 S Ll 51181l o oslistuol AZ3T 5L iy (o jlodnis

WA idual ¥ oyladd Yo 09

gparent — CEe (Wo)

S* = C*E* (™)
oy Sl puyile €F 5 iy Sewdl puyile €
gy digej puyile GiSsz Gub Sl & il eddigngs
22 by ohes puile ety St s puyile
D98 e i JSD 4 Siinst e

Q% =2nf,®nt, —1 (YY)

ul ylie Siingd g Gyl wldio (g9) 00z i (I

5l
Tt = sparent: gL @nl, (VW)
¢ = Sparent:séxw®n¢txw (\”i)

agdnSVs0 yeuili (Push Forward) JGil 1wy (<5 (i
ol e cansay 5l 1S 4 Gl G3uS il p90 &89
225 S 4y Sl IS jas L3S s9udls abuwgay Jla
edise ol

T =] 'FeSFe" ~ ReSR*" (*0)
S ilie 5y SVl S 58S oS 0 (o838 Yl dhy 5o
4zl 58 R Houdli el Ghgyede BB Sty S
9o sgudli 93 Moo sty JSb i LS seudli (ki
onrilo g S LIS (saygudli Sgama Sl l S dolsl sl 5k
@k 5o 53 GlSen Sl ey s3udls 93 (ol At STy
bzl S a9 oad dulse UMAT (g pl 55 JuslS Sl
Gub ool JI B ssige Jlyl (ABAQUS) (ugSUT sg9axe
nlone (5,5 Sl dbaii ya )5 G153 palie 9 (k> (slaylsy
A
S Ngdesdu (g5l o g -0-Y
Sl oAl Svsbedw gledre gl AT -5)lsS Jae
ol oxd oslitul Siingi 5 38 Slapiuew (RS pmy
B 1Bl 15,518 51 Jae ool bl

. Ng; ‘L'j Gst .
Ty = qsi-s1 ;25 hoj (1 - T;_) v/] +

R oy

N T .

Qew-st Lg=1 hotw (1 - ﬂ) Il

. N

T;’ = Qew-tw 23:‘1 hotw (1 -

B atw | (\'UV)

=) [

T.gyt) tw ag

ok Noo Jj st

1y = qo-a 2.5 *hoj (1 - Tj_) i (*A)
sat

Gy i palie i Togr 9 Ty T 9L 4w Ly, 5
el caglio jlade 9 JSib s i cuoglie oaddi=s
O3] 9 Sising ) (slapiuon s JSib 58 el
odly lad B g ol (slogmodil b culiyids oadopagi i )3
S Vg Guyile lie Grw—si 9 Qrw—tw Qsi—st -Sloaid
69 U lapiuaw Sl eaiShog Culyi g M
69 Siimg 9 SusSy 59y Sist lapiunw oSS,
o) sl adsl (Saisdesu £ plie Ry aiiue (b

e Sl usige byl sele doliale


http://www.SId.ir

YAV (sl 51 igsSoee b AZ3T pajiie 01808 3558 Sl (10 JSB 1083 uoliiasizy Julos

sl (5 Codyay stebly dw ool el 39290 (S
gl &5 g eadelldl Gl G5 Gl eadagias
ST sl sole stably dw gl pslie i (Saigdedu
5 o Alie I ayiohly ol wlons bl ¥ Jsam > AZ31

[18133loas caislay o) Slan

ol s oxdeslaiwl AZ31 LI L blie ol slayioly (Y Jsaz
(d&»b&a e LT -5,gS Uf).)y»w

ho Ts To S 55 30

Yo Yo v sloscls (s34l
Yade WA A 093 £5 oy
AW At Ao sodie byl

Y¢ 04 Y0 7 A I

bt owsS20 (iluding Ghg) 4 powge Ay gl ol 4
93 31 S 4 0315 dmungs Jlun ST (3o ulgd zlystul
9de o) sl Sk yse Gl LIS Ll eel @b
iz g 42T jlade 4y Jl)S ez sl GG Jol 4ue
Blio 53 sile wile o ol Sings slaje 5l L 93
Sl iz 9 ol MO NS Ge Jas () slanlal wS
Al Olucio] joliiods .l ords 4185 a3 )3 g <ol Gob
o 0313 )3 Y by ol ol Hlate (i) 5 Sisnss SAIsL
Sisnsi 9 o) b blie Susdesw glolas [B8lewl
9 o/ ey cali 95 ol Hlade &5 Liws Ay 9 Qg oSS
O cowlus il Hlaie Ko cuaS A7 18wl oud 031y 3 )
BT SEIS TG-S S UPTNEINS K SRNTRRE 3¢
b (535 (6315 3 5 cunnl 04 03l s M by Sipinss
L ol oS liie .3 o (silwand slaguly cowe g
AZ31 5L a5 el 51107 18]l onid o3ly 418 M =o0/N jlp &35
155 i by 4 g el e 0ad)lS glajlll 093 552
29720 &S G el (698 slun Gyt el ghls sdise
ol @ b @us axbo  dgae gliwy ) ladils wq,is] c-axis

wzuol 38 (sbiwly  dgae sliwly 53 5o
395 pajeie ST 525 (ODF) gz 2ajss @ 51 Gaye ol 4
Jsa> jehinds cul oad oxlatwl 18lgzye ;3 AZ31 saipe)S
Slylagel Bymo ez plall )d Gouzyi 8l sl I Glgebl
Sisingi 9 {1010} axio 59 (sr9dnio G52 b blite (ks
oledl &5 Ll 1 o duolie 500 b € JSs s {0002}
25 5 alad gz 1 slaed weal @l T8 @)y iz Lams
ond o3y olais! adily 4 g oad oSy (T cu> =gl
U oadosldgolais! g (uyxd a8 (slaylagad a5 (5950 @ tewl
BB § S 5 oS 65 plan il qo y Ghio olSal 1>
S slaylagal g uad S slaylagad wewl osaline
L alivn Wme ez pldl lagladl @ cadboslsjolais]
Gy @l o cwl ol Sily alas ol 5 siee S0sSG

Modares Mechanical Engineering

o oslatl bagiluwdnd (sl JlwaySh Jie jl el ol
515 Juloxs )3 lnaily (b (6 pS gz iglis oS sl 3V anl
sl polatsl g i adils las (g pSeqr wyls sgd
el B VW Sl dgaxe szl Jae 5 dily o 4 eaglate
WS 55l (las gpSer S Sible S5y oS el
Syma ez plall ogzg 4 Sasgan (sx0 bl g lwasds
szl Sl bwgi SigsSugSle (uliiio 53 e 5 o Jlacl
2 S sixe bald Jlesl gy sl ol Jo dgame
Slas) Bymo oz plall 85100l 45 g0 53 ol ol 181ga
ol @ o Al b cwlie (o )3 cadonilS slaals

293 dwlgs Su Jliwa S

S el 53 ot S Sivinsi 5 (38) sl (¥ IS

bl yo (gjlodions o ails T8 Jold oaiasi ymo plad gla (¥ JS&
d9d>x0 (5|)>| ULAJ' u_i.j

Apogty Sy UK i o cal 00 o3 alia ol 3
695 L (sloacld ambo g5y L3R JSb S ejilSe aiy
Sish «sogdiin lxio (53) (B} 93 £33 Loy dxbo
2 08 ol Ae3e (s5) S Siingl Sl g S
01yl sl (g5, ol 2 wlellae b JolS Glks
SleilSo pran I (5l wlid=s ) iz cwl pajuie
o oslittul pojuie sladlll Ll (gilwdds gl JSb sl
U25%) Sl (S gbeiu sluie sliiods 518wl
ssbagl) Svisdius opils J AZ3L ST > Sins g
olB ol el ond oslinwl MOILLT o o,lisS abusga
sl o el GBld onny cunle by Sugdedu
35 390 o 5 Ts o oo yially 4 4 L ol g3SeplS
oalgd 50 b dunlie 3 ol Glasin il G ol 5 el

Volume 20, Issue 3, March 2020


http://www.SId.ir

ohlSan 5 Glele same YSA

2972083 (I8 (slilay AZ3T SLIT i) (g jlwapnd ¥
Gub 3T ol -l masioe 0aiyls glalll 51 Sy AZ31 3L
Ll amd ) 390 et (58G9 SIS g 3l a3
@l ol 5 39die Skl o )3 1 Hlwn Gz @l sl
ssbiredy . ul ST ol 53 3Siluncnli slanylid) 59,0 Jole oz
s, HB ) il ez A (3 (slagg d9ame (shl Jalxs
3y sliwl) 3 3gac (RD) ygi (sliwly coliay o5 dede

(¥ JSi) s (TD) 5e (sliwsly 5 (ND)

a6l (bl ST ool Sailse Jli8) Gido ol adbsl s
sgac sliwl) 3 ol 5l G 5 Bss ez (sliwly 13 0ly (59705
0b9y 9 diuertwly Jliu)S (55955 5l eslainl b §)9 ando
A et al)f Giluolxe (55lupSen

2 oS )55 bl AZ3T SLIT )l (gilwdud Ay
(RD) 35 ey gbiwl)

S S ez gl Sy gileand gl el johied
Jobdy dily o .l oad 4i8,S AT [y weaol dils oo oai)lays
sylgad o\ Hlagai 5wl dgaxe izl Gladl A ghly S0,
uilen a5 Wilowd dunlie KaSy b osdgiludie g ()=
oaddphl Jao 9 39d50 oamline Hlaga 93 o 9> sl
g5l Gl ) G oo sledatin aled diwdlys
S

23 GS (51383 (shlay eadsiludie 5 G2 (slaylagal duglie (1 ylagal
Lloads 253 [4215?),0 5l =S sl iie ¢(RD) 393 s (sliuwly

2 s )55l ghlay AZ3T LT sy (gjluwdd Y)Y

(ND) )5 4ziio y s9as (glisly
L alie Goo ez glodl jl siludnd gl pladl jghiody
55 oxdosilaS laglall slaei .l ord odlitwl Jb el
sae Too Lupys adils 3laes .l 3ae LW Gymo sams ol
213983 53wl 00 (gt pledl A (aSilie ysboay Ly dils ya
SIS el ol (bl (2 513903 b oadisilure yl3ged ¥
51393 93 ¢ a9 Sl @il 5 wdl> (ol 53 oS sl onipey)|

WA idual ¥ oyladd Yo 09

ol 5wl osd Bl Byma aze gladl 53 g sl Swpda
b @il 5 Jao 5l Gab slaguwly o5 culs Ul glgie el

Al a5 sleig,

3903 93) {1010} 5 {0002} axiio 95 (sl kB (sl l3gas dualio (F JSid
(Wloads 031y Liglad ornly 5> a8l LialS Hlagad g3 g Y 43 oy

e Sl usige byl sele doliale


http://www.SId.ir

V5L la(siss 5 ispSone b AZ31 pajiio 01desS 395 ST (IS JSK 58 uolsfioniz Julos

Jecl el Jole gl 9 a8l Gy S jebay Sings
A Amles JSib st i) slaae S03 4 (Sdigdedu il
(¥ Jlagad) oddgludse g 025 Hlagad 95 Guoly Sl edaay ol
OB 5l omp SNgdedu £,k & cuwl parkis S8

ol 418,835 4y Gadalisl Agy %W dgas

23 S (5B il erdisilodae 5 G2 slalssad dunlie (¥ ylagal
Slodds zyd H2lemyo 5l Gy (e ((ND) @y9 dxao y dg0c (gliwl)

"6l IS (513550 (slilay AZ3T 3T sy (g5lose VY
(RD) 355 ez (gbiwly p> it

bz &5 bl Hlade GSaw glagludnd plzil jghieds
Wlie oyl G o sl 53 3l ol 0 oslisteol /10 b ol
b - ko (sLfll (Sl 48y 0 (IS3L &3 31 anpn
oo g GHle eanles &35 bl gy slate ol ol
A el sl Glelre cbaws 5 bl
393 gz (sliwly 53 S -(5,lid S 4 G (slas 13S0
3 L_S)'-"SL’ ol ol s cwl cais Jleel Jao
ol dunlio L_S')% [y L_;Ltz:o)') ORI

e ez gl o 51 ol (slogs st i jsliieds
izl olal o b @ils o 45 cuol ond oslisul dils 1€ Jolis
By2o oz bl 555y Ly el o (g jlodinnS 39am0
JitsS o ilolne ainjn LiolS il W6 Jols
ol 4w I e ahSam 5T plal jghiedy ] dipuiadly
YEY sl ez oladl SOg AT 87 gy culiyids Byee (sames
SilwdinnS 3gamo ghzl oladl W L dils jo &5 (g obay dils
ol 0313 lidd ¥ ylagad 55 a5 digS ylas . ad oalaiwl ceanl oid
S dialy (ghiley (S (S S glaizie gl wewl
sobiedy «aldl )3 plply e Gdaio oo LuyEs %e/OA
FE by B2o ez plall SOl (Siluwlxe gladinie GialS
ol oai osliiwl by s slwdads ﬁl_?_’al &ly Qs

Modares Mechanical Engineering

bl )y QS bl glaylsgad Gy I 29d0 osalive
S edlys olgice @iy axbe p dgas sbiwl jd Lid g 3
OIS Mgy 5 Suisdesu gy wile JKb s gladatie
3lSe & cusline ) ol sl a5y wlan lgal
ol Lis (53550 £93 93l 3 Stlly S s Jolo
sanlive LB ¥ o) (slnlagas 5l 45 g5 oo )l puc 55 el
sgac sty )3 5yl ()ISHL (sl plus (135 Hlade wewl
Ll 5> GRS ylagad )3 jbliie Hlade b dunlio 5 §)9 axdo 5

ol ey 398

23 58 (I8 (bl erdisilodae 5 Gy laylagel duglia (Y ylagad
Sloads zyd H2lemio 5l i (oo ((ND) @y9 dxao y dg0c (gliwl)

2 S I8 (bl AZ3T ST 8y (gjlwasds ¥-\-Y
(ND) )5 4dio y s9ac (glisly

el 9 4 01dlg (6,180 o Giley b o)litl iy aSiliz
Siss 39 Jlwn)S C-aXIS j9ma (sliwl) )5 (2sS Jlacl
Bl bl Grpp H9e Gy S Ll 5l ad aelys Jled aiS
01 Jlacl Byme oz pladl 4y bl ol 9wl (598 2z
&9 4xio 5 d9ac (sl 53 S (513550 39550 S el
9 GHa0 laylaged ¥ lagad 53 led Jled | udS Sisngs
Sy b 50 el ol (shilay oabayl Jae 5l orelewnsay
313 3929 513940 93 (0 (1295 s (gailer a5 Wiloaws duulie
AesS Sisicng (50 E9x 5l G 2SS o e 5
Alse dalsl %Y (56, sgas U edled ol g dgdse Jlsd
Slie b (8L g9y o Aol 5 oy wilsllbe b Gilhe
Sk ol 3 Siingi sladiun BY d9i> (1S
S L Ty i Loy oe 53 L5 caepus b g 00 slany

Aloyo gl 3 el Sipingt 4Y cwls il asy doye
Mo a3l b plBean g aisly (lsl eadpmgs Y culius

slape culply .3 il Jladl |y als @z %A Luyds Giss

Volume 20, Issue 3, March 2020


http://www.SId.ir

ohlKan g lls tame VY

G sy Sings cudSil el I & (6,50 s,
ol el Suigacduw gy GlSL Gialdl wewl oad camline
UidyS sladialy olad 5 cadal)l (slaylagad olad ;3 slas,
GSVigdedue &y Gialdl s cwl saaliv (blB saidosgesl
oled -l oy g (5 9die JSb st slade (598 (RS ey
Er Uil Ciepd Jie ol (akin aylgad I 45 4igS
o5l 1y Sigs diSil wld eleadl 5l ey Suigdedu
N A A loyldgad 13 ogasds S 50 iymS Aigy .l 03gal
S goBy dhais lislysl 4wl samlie LB W g
O3 b gl JS0s 4wl (550 095 JSamw 55 Sl
OIS Hlaie 53 Singt cuiSib slusl wsle 4 o3)lg (25, Hluie
422 oS el ol Slagy ol GSeid s 8360 (595 5ISHR
3 &u.u.\g) ez S Aol i osle @ oyl (i, diels
O sk dzil )3 g Wb dalss iy i Byme ez gl
ol il 5L y90 oadiommgs ez S S5l sy (s i
> Sigi ctSih gludl dhaii alslasli 4 el g9

b amlgs (6150 Jsl S 4 ol (1550 p93 JSwe
sxialy Jae & by plgine Wog N A A claylsged
ilwans | Sy caiSih dhil g58y > sl iy
05 Sl laie 4 Siinsd «(%e/Y0) LiyS dield j3 .l o354
el Siings Sl £o3y blEs amts 5 5 4 anlys Jlad
2 4SS ol 5wt K080 Gabie 093 5 Jsl sladSaw b
Casbgo wglad LI5S dwly (Ealidl b cul 39040 SalS A l3gal
5503 ke 3950 510033 MolS o dy o ooylisl s g
L o5l (23S dials e 4 Sisingd ez S Sl
Ol 5 Sisngi ez S laie GBS dels Gl
AY 9 Vo slaylagal 1> g9d90 ol 4l Hohieds .cély swlgs
5 Syt o 1o (sl Saingl ez S plie
b oS ol puily canl 00 bl %e/OA g /0 Li5)S (gladials
12lss Gl Singh ez s Hlalie (15 dels Gl

B2 88wl ()2 slasigy b @llai )d Jue 2905 9 wdly

Wals )0 il Gz 5 eadisiludie Jlasai dunlia (& lsgel
3 S slaizia %e/YO Hid)S dwly g S -(i5)S odigdmeSee
Ailoads &y Bolezya

WA idual ¥ oyladd Yo 09

oxigled ez gladl dw (sl =0 g oAbl se 390 dunlia (£ a3
Sgamo ghal Jao 4 ulKan il jokiods 4ils VIV g 0V e Jolis
Alodds &y Bolgz o 5l ()= sl e

2 odahl Gy gleesls Sl G (glede plail jghiedy
OB JSd @ IS (IS el oad edlil Blgz e
@/PV /YO Li5S cbadialy 53 oNigd weSee MolS g JyuS
5 el 61 Jlacl Byzo oz plall 33 %) g o/0A (o/0 wo/EY
L 28 diels jo b Blite (255 -5 glagizie of jl ow
el 005 gl Ly (glaimie

cladails (W g Ve claylsgad 51 ,u) W B 0 slaylsgad 5
oyt oxdioyll sl lS5L shlay s ilodre pujyiucn
M @il ey Laylagad ol 51 45 4isS plan wcuel ond
ol 3 GRS slaylagal g s jluse (laylagas o 29>
Gl diudlgi (95 odddlyl Jao 3)ld 39z (5T (sladiels
A5 Gilwdand Glupda |y (IS IS Giade )3 )l pae oS
S s slaeiilSio gagacglaio (o) li5 i ol S3ad Jals
3 )lis oS (80 ol oy 3 el e I sy e )
53 9o Jlod S Sigi il Jlacl 3,93 gz (sl
MT Jlael 355 ez sliwly ) S (513550 <5 sy al>pe
93 58 Gt Jho 5 e (59 Siimgd Sl g0
i I S GugSae (§ISHh el 035 (giludid | sy
Jied |y Saings S5l IS 93 52 )3 (6,Led i oy
Lolys Siaingi ez yuS (halS el ony ool 5 35 aalss
MalS” Siingi do S0 b yblite ez pusS jlaiie o ilej 0
s sals (59) Siing cutSih gludl oagay g o3ly wutSy
Sl slal (BT -G Gioxie 5 el 4bil S oSie ol 5
wile JS ki (slnilSe ;Sos i ol 1 gue | e 0
285 Jolo Go g (59 B3R (slossls wimio (59, G2
Lo o5 canl dgguine Hl3ga 93 Guyly I dituwe Sy JSb
5 055 S |y Sngs Sl eludl onyy atudlys Gluysey
lad Gioin b of g8y e

e Sl usige byl sele doliale


http://www.SId.ir

YWY L (st (s3g5 51 g8 ose b AZ3T pojrie 01808 358 ST (10w JSU 5083 uoliiarizy Julos

0SS Gl (0 g ead(silednd lasgel dulia (3 jlagal
025 6l o 9%0/0 (A5,S dialy )3 oXigiweSe WolS > 4y S

0.030+

0.0254

0.020+

0.015+

0.010+

Twin Volume Fraction

0.005+

Lloads &y B0lg> 10

Ae/2 = 06%

0.000

0.000 0.005 0.010 0.015 0.020

Strain

%0/ (5,155 dials (hldy Sirinngs az S yuasi 092 13905 (1o jlagad

WolS” (513550 wdls 43 e g oddgiluie (slaylagad duglio (W 4lagel
3ot slaizie %e/OA (i5)S dials ) (iG)S xS b odigd weSee

Ailoads &y Béleya

Modares Mechanical Engineering

S g 0975 395 (F Jlagad

Wals 0 il Gz 5 eadisiludie Jlased dunlia (Y lsgal
3o slaizie %e/YY iS diely g S -(E5S edigd woSeo
Ailoads &y Béleya

Wals 0 il Gz 5 eadisiludie Jlased dunlia (A lsgal
3 s slagimie %e/FY JiG)S dwly g S (i8S odigd mweSee
Ailoads &y Bélesya

Volume 20, Issue 3, March 2020


http://www.SId.ir

ohlan 5 Glle same YYY

ST 5y (Swsd cwsd o cwl oad oaly plid wilise
St sl dole 23 5o (555 Jole Jlez R3Sl S35 pajuie
320 5> U3 355e3 Ml egs Jole el aals GdR) laail
S5 OWS 35HaT ol 42l 53 &5 A30 (595 R s3le sladils
glasl 5.1 s (Grain Boundary Cracking) glails e
lodils jyo b Siinsi slaylsd 3955 Joxo qogm Jole t1idl0
oyt ylgs sbajye 5 Sy skl 58 ez yge tewl
S 1153 as SsSiwsSlo K (glaJie 14547, 4Bl
sl L g i Bl |y oslo Jlib iy, 4 dily (sboesilSo ol
S rogh (sl lislun) 4 pulues (Sus ladie I &
gad odliiwl dlga ¢yl 53

sladre wul aswgi o pile o 3 &S w9y 350,
JitassS (sl )95 31 ectians el 53 amsl SysSang ;Siso o Kas
39 IS 9 LS lad giel Ll sl AN
St Jalzxs plail jghiiedy g0 o3laiwl plase (sbayusio
Slrdazin olad wile jlslwp, 4 wles gvJie U
2us dadils 5jlul gyl daalls JSb Jold osle lislujy,
Nigdiso Bl el 53 Wdils 5y S g adils alas (g pSegs
ol 03le 528ly wlasin p Gaaie T &l (ol ds g
Gub I olislugyy 4 dtudly Jao buwgs (gilwdad plil I G
(Fatigue Indicator FIP _Sus KLl jiehly dswgs
202> 0 43 .8 e |y (Sws yec lgi« Parameter)
ol 01 onyaddy (S Sibled slaytelly pyiees Sl 22
Gob J GSid Sibles sl € el S5 gLl
6oy v &5 aile dutunitody Jlwn)S Jul=5 glaz s
Jro Sa 92y palnliy 5 Vgdie dlze LS wlaao
@S o3l g osle Hlble U uolite ity Jliug,S
o 53 355055 0l sl ol S s o Jlnb lmngiilSo
Jo 55 5 el (Sius jee puadd (g, i ol
4951 ] dsng

sl lednwd gy Jro aw @opie glajldl yse
JE5ssgs Jso & ogese sl Jao unl 00 ol S
eSSl lodie calls sl o« cwl SetodygSugg
od9hls Jdsds oo ¢yl B0l oais 03381 (o a &u.u.\g)
b olie slopsio lad @ijgi wilgies Silusgs cunle
"I e 1l )3 Wl Glel 3)lS ol 5 S sl
655wl sladie K03 dws el Sy Sle (23S
slapsio (lad gy5e5 Ailgi0 45 Sitius diuiuody Jlug S
o5 o iyl Loly ol 53 Jio 95 a5 aS sl |y yliwe
Hlid Jold (61850 IS G Slatudlys s LT g5
R Gl Gie g S (gilwdnd | g3 sbiwly ps phlS

128,29,13, coul 0055 (5 owtnsss Wt (slocfSenm 5 JolS LS
52]

WA idual ¥ oyladd Yo 09

woly g (1L JSw 93 )3 Sigi ez puS yudts 092 (W lagad
%e/OA Lis)S

VS (IS0 6l G 5 erdbisilednd slalssad duglio (1 jlagal
5l e slaimie %) (13,5 diels 53 saigdyugSas YolS wdls 4y S
Ailoads &y Bélesya

& Gy 9 ey -
6l 9am0 (slizl ooty Jliwn)S Jro Sa el ol 5
0108 g ST lSew 5 (6)97eSS (slaylisy (gjludnd
Jio a5 0 esly lad 8 Gis ys b al)l AZ31 agjuie
b G (S (il e sladaido U cul 5318 oabayl)]
& el (slonnsy ((Stwd alad (ltd (o8 DS cuasS b
By 6995 4 IS o )3 g e (55 S (5,10
el 93 5m 50 (S byl el SSas BB sz p
93 > Jo 3wl Jpazmo o Phb 45z Gle Johe
S dsl 2%9y 53 3l 3929 Sis Gludie sl 350,
“ogly “aml (a8l -pguile sladse Jolds i gladse
Gl @l e b oadonsd (g5l @by n gladie g b
§ dae ol eled Lol e [#44613g5 o oslitl St
ol SEEs ple @ dsdie Gl LT SsSwgSle canle
sladil> g (LS 9 (S glaizie wlys o hid baJas
wlidxd )y il Gilwdnd ) SpeSwgySle (ujyiuce

e Sl usige byl sele doliale


http://www.SId.ir

YV L/ (slashats tisssSare bt AZ3T pjrie 01808 358 ST (10w JS 11083 Guolifiasizy Juloa

s (sl odnsd)  Ghlr seme Baigsi  aqw
o Xy (silalw dl3g0 ¢(%00) s o_\j)lil/u_bo' ng/d.om
ool by (pom odiungd) b e (%We) (ol (g
(5ve)

RO WA ULu ulf.\,w.ug_v hwg) Ed90 bJLo 8JLLA

&lie

1- Shaftel H, Jackson R, Callery S, Bailey D, editors. Global
climate change: Vital signs of the planet, NASA Jet
Propulsion Laboratory [Internet]. California: NASA's Jet
Propulsion Laboratory; 2017 [Cited 2018 December 30].
Available from: https://climate.nasa.gov.

2- epagov [Internet]. Washington: United States
Environmental Protection Agency; 2017 [Cited 2018

December 30]. Available from:
https://www.epa.gov/climatechange /ghgemissions/inv
entoryexplorer/.

3- Natural Resources Canada. Learn the facts: Weight
affects fuel consumption [Internet]. Canada: Natural
Resources Canada; 2017 [Cited 2018 December 30].
Available from:
http://www.nrcan.gc.ca/energy/efficiency/transportati
on/cars-lighttrucks/buying/16755.

4- Bishop JDK, Martin NPD, Boies AM. Cost-effectiveness
of alternativepowertrains for reduced energy use and
CO2 emissions in passenger vehicles. Applied Energy.
2014;124:44-61.

5- Fontaras G, Zacharof NG, Ciuffo B. Fuel consumption
and CO2 emissions from passenger cars in Europe -
Laboratory versus real-world emissions. Progress in
Energy and Combustion Science. 2017;60:97-131.

6- Taylor GI. Plastic Strain in Metals. Journal of the
Institute of Metals.1938;(62):307-324.

7- Agnew SR, Ozgur D. Plastic anisotropy and the role of
non-basal slip in magnesium alloy AZ31B. International
Journal of Plasticity. 2005;21(6):1161-1193.

8- Houtte PV. Simulation of the rolling and shear texture
of brass by the Taylor theory adapted for mechanical
twinning. Acta Metallurgica. 1978;26(4):591-604.

9- Kalidindi SR. Incorporation of deformation twinning in
crystal plasticity models. Journal of the Mechanics and
Physics of Solids. 1998;46(2):267-271.

10- Kalidindi SR, Bronkhorst CA, Anand L.
Crystallographic texture evolution in bulk deformation
processing of FCC metals. Journal of the Mechanics and
Physics of Solids. 1992;40(3):537-569.

11- Peirce D, Asaro R], Needleman A. An analysis of
nonuniform and localized deformation in ductile single
crystals. Acta Metallurgica. 1982;30(6):1087-1119.

12- Peirce D, Asaro R], Needleman A. Material rate
dependence and localized deformation in crystalline
solids. Acta Metallurgica. 1983;31(12):1951-1976.

13- AsaroJR. Micromechanics of crystals and polycrystals.
Advances in Applied Mechanics. 1983;23:1-115.

14- Staroselsky A, Anand L. A constitutive model for hcp
materials deforming by slip and twinning: Application to
magnesium alloy AZ31B. International Journal of
Plasticity. 2003;19(10):1843-1864.

15- Graff S, Brocks W, Steglich D. Yielding of magnesium:
From single crystal to polycrystalline aggregates.
International Journal of Plasticity. 2007;23(12):1957-
1978.

Modares Mechanical Engineering

i JalS imie oSl 38 Lgain ol Ly oaddl) Jae
wgledy lad (gilwand Jou8 BB w8y b ) LSew (19S
O Sipe 9 Ladily 49y 53 (IS 9 (S sl byl OB
o ol 53 cadawlyl Juo gy ol 5l .cubly smlgs d9>g (glails
Wile gl lapsite (Lad g1je5 bl culls gaglls Ll
330 0> o5 35503 Sl (glwdae el prizrar g (IS g S
olslugyy 4 dly S 3T glaJulss 5y lgise il
oY eadaahl Jao 5l ding oslisiwl jgkiedy 335 )L,8 oslasl 390
Sge ol 5l G0 2398 4d)S LB, el (A U cwl
o2l 33 9wl sgame gzl Glodl iz b ab Sy giledse
oo (i Jlau €83 b LIS 9 LS slaglslS el

g0

(SARe2 § (585 4ti 0

il )3 (5ln(65955 Sy 31 (535 0pe b alliio (0l 5
9 6292085 syl il (silepSen 9 399z (gl
it AZ3T ()l ob b qoiio oade)S 399 ST IS
hls B0 ez gladl Ko (59, (639205 o jlwdind 4
By2e ez plell S 5l 5 ol el s .ai bl @l oo
o L ooly L (gy9mecST dls 4y ads oslil ails SE Jols
Giwpdd |y osle L8y (63, Sluenl U el 538 ondaslyl Jao
Sl Gub 3l g9690 gl -l (Gilwdnd g o3gad S
239 ez > GidS (RD) ygi cgz pd (S glagixie
olis (ND) @9 dxio 0 39ac ez )3 jlid 5 (ND) &9 dxio
eie b g989 (630luanls Juds &5 4l gz b o3l
O B IS o )3 Jro DS el Siigi eod
W0 W/FY oYV /YD b (ladials ,3 JyuS -iS JS
gz Gllwly 5 GRS (g )lid JSb 4y g JSaw 9355 %) 9 o/OA
@i 5 o 2ol 9 b ooy léd dgame hizl Jio g8
glrdatin Jopisall Juo cwl Gipad ggizie b 9>
9 oS 3 )laS pae Wil I laizie Hd sadesaliv
23 S s abis «Singt cdiSih 9 S I a0 L
o iy mlie s Siings cldSih b jblise ismie
ol 03,5 (g jlwdnnd Jou8 QB 8Ll ()i 5 S

ol 0aidd lo ulf.\,w.ug_v buwgi (53y90 153,18 ¢ S

L S o) (5,555 s 5 93515 e (ol s 3M5] apanl
Pz 5 G 6l prizer 9wl oay Ol @ (o ] G
o 3 g ale Glgixe ccwl caid Jwyl L_S)i%) Ayl Ay
welxal b =8l slas <U9§ T 9 03y Jiue g Jool>
Sl s slaoglels b

Volume 20, Issue 3, March 2020


http://www.SId.ir

ohlKan 5 Hlle tams YYF

32- Hutchinson JW. Bounds and self-consistent estimates
for creep of polycrystalline materials. Proceedings of the
Royal Society of London Series A: Mathematical and
Physical Sciences1976;348(1652):101-127.

33- Zhang], Joshi ShP. Phenomenological crystal plasticity
modeling and detailed micromechanical investigations of
pure magnesium. Journal of the Mechanics and Physics of
Solids. 2012;60(5):945-972.

34- TadanoY, Yoshihara Y, Hagihara S. A Crystal plasticity
modeling considering volume fraction of deformation
twinning. International Journal of Plasticity. 2016;84:88-
101.

35- Yu Q, Zhang ], Jiang Y. Direct observation of twinning-
detwinning-retwinning on magnesium single crystal
subjected to strain-controlled cyclic tension-compression
in [0001] direction. Philosophical Magazine Letters.
211;91(12):757-765.

36- Hazeli K, Askari H, Cuadra J, Streller F, Carpick RW,
Zbib HM, et al. Microstructure-Sensitive investigation of
magnesium alloy fatigue. International Journal of
Plasticity. 2015;68:55-76.

37- Xiong Y, Yu Q, Jiang Y. Multiaxial fatigue of extruded
AZ31B magnesium alloy. Materials Science and
Engineering: A. 2013;546:119-128.

38- Belytschko T, Kam Liu W, Moran B, Elkhodary Kh.
Nonlinear Finite Elements for Continua and Structures.
2nd Edition. Hoboken: Wiley; 2014.

39- Jackson MA, Groeber MA, Uchic MD, Rowenhorst DJ,
Graef MD. H5ebsd: An archival data format for electron
back-scatter diffraction data sets. Integrating Materials
and Manufacturing Innovation. 2014;3(1):44-55.
40-LvL,XinY, YuH, HongR, Liu Q. The role of dislocations
in strain hardening of an extension twinning predominant
deformation. Materials Science and Engineering: A.
2015;636:389-395.

41- Fan H, Aubry S, Arsenlis A, EL-Awady ]. The Role of
twinning deformation on the hardening response of
polycrystalline magnesium from discrete dislocation
dynamics simulation. Acta Materialia. 2015;92:126-139.
42- Hyuk Park S, Hong S, Yoon |, Soo Lee Ch. Influence of
loading direction on the anisotropic fatigue properties of
rolled magnesium alloy. International Journal of Fatigue.
2016;87:210-215.

43- Castro F, Jiang Y. Fatigue of extruded AZ31B
magnesium alloy under stress- and strain-controlled
conditions including step loading. Mechanics of Materials.
2017;108:77-86.

44- Xiong Y, Yu Q, Jiang Y. Cyclic deformation ANF fatigue
of extruded AZ31B magnesium alloy under different
strain rations. Materials Science and Engineering: A.
2016;649:93-103.

45- Roostaei AA, Jahed H. Multiaxial cyclic behavior and
fatigue modelling of AM30 magnesium alloy extrusion.
46- Xiong Y. Microstructure damage evaluation associated
with cyclic deformation for extruded AZ31B magnesium
alloy. Materials Science and Engineering: A.
2016;675:171-180.

47- McDowell DL, Dunne FPE. Microstructure-Sensitive
computational modeling of fatigue crack formation.
International Journal of Fatigue. 2010;32(9):1521-1542.
48- Dunne FPE. Fatigue crack nucleation: Mechanistic
modelling across the length scales. Current Opinion in
Solid State and Materials Science. 2014;18(4):170-179.
49- Catelluccio G, Musinski WD, McDowell D. Recent
developments in assessing microstructure-sensitive early
stage fatigue of polycrystals. Current Opinion in Solid
State and Materials Science. 2014;18(4):180-187.

WA idual ¥ oyladd Yo 09

16- Mayama T, Noda M, Chiba R, Kuroda M. Crystal
plasticity analysis of texture development in magnesium
alloy during extrusion. International Journal of Plasticity.
2011;27(12):1916-1935.

17- Fernandez A, Teresa Perez Prado M, Wei Y, Jerusalem
A. Continuum modeling of the response of an mg alloy
AZ31 rolled sheet during uniaxial deformation.
International Journal of Plasticity. 2011;27(11):1739-
1757.

18- Herrera-Solaz V, LLorca ], Dogan E, Karaman I,
Segurado J. An inverse optimization strategy to determine
single crystal mechanical behavior from polycrystal tests:
Application to AZ31 Mg alloy. Journal of Plasticity.
2014;57:1-15.

19- Kothari M, Anand L. Elasto-Viscoplastic constitutive
equations for polycrystalline metals: Application to
tantalum. Journal of the Mechanics and Physics of Solids.
1998;46(1):51-83.

20- Segurado ], Lebensohn RA, LLorca ]. Computational
homogenization of polycrystals. Advances in Applied
Mechanics. 2018;51:1-114.

21- Matous K, Geers MGD, Kouznetsova VG, Gillman A. A
review of predictive nonlinear theories for multiscale
modeling of heterogeneous materials. Journal of
Computational Physics. 2017;330:192-220.

22- Hama T, Takuda H. Crystal-Plasticity finite-element
analysis of inelastic behavior during unloading in a
magnesium alloy sheet. International Journal of Plasticity.
2011;27(7):1072-1092.

23- Hama t, Takuda H. Crystal plasticity finite-element
simulation of work-hardening behavior in a magnesium
alloy sheet under biaxial tension. Computational
Materials Science. 2012;51(1):156-164.

24- Hama T, Kitamura N, Takuda H. Effect of twinning and
detwinning on inelastic behavior during unloading in a
magnesium alloy sheet. Materials Science and
Engineering: A. 2013;583:232-241.

25- Hama T, Nagao H, Kuchinomachi Y, Takuda H. Effect
of pre-strain on work-hardening behavior of magnesium
alloy sheets upon cyclic loading. Materials Science and
Engineering: A. 2014;591:69-77.

26- Hama T, Tanaka Y, Uratani, M, Takuda H. Deformation
behavior upon two-step loading in a magnesium alloy
sheet. International Journal of Plasticity. 2016;82:283-
304.

27- Yi N, Hama T, Kobuki A, Fujimoto H, Takuda H.
Anisotropic deformation behavior under various strain
paths in commercially pure titanium grade 1 and grade 2
sheets. Materials Science and Engineering: A.
2016;655:70-85.

28- Hama T, Kobuki A, Takuda H. Crystal plasticity finite
element analysis of anisotropic deformation behavior in a
commercially pure titanium grade 1 sheet. International
Journal of Plasticity. 2017;91:77-108.

29- Hama T, Suzuki T, Hatakeyama Sh, Fujimoto H,
Takuda H. Role of twinning on the stress and strain
behaviors during reverse loading in rolled magnesium
alloy sheets. Materials Science and Engineering: A.
2018;725:8-18.

30- Wang H, Wu PD, Wang ], Tome CN. A crystal
plasticity model for hexagonal close packed (HCP)
crystals  including  twinning and  detwinning
mechanisms. International Journal of Plasticity.
2013;49:36-52.

31- Asaro R], Needleman A. Overview no. 42 texture
development and strain hardening in rate dependent
polycrystals. Acta Metallurgica. 1985;33(6):923-953.

e Sl usige byl sele doliale


http://www.SId.ir

YVO L/ (slais)9s3 51 5 S oper b AZ3T pajiio 0008 395 ST ISaew JSB a3 uolsiioniz Julot

Crystal Plasticity Modeling and Validated via In Situ
Synchrotron XRD and In Situ SEMEBSD. International
Journal of Plasticity. 2019;119:43-56.

52- Hong SG, Park SH, Lee ShS. Role of {10-12} twinning
charactersitics in the deformation behavior of a
polycrystalline magnesium alloy. Acta Materialia.
2010;58(18):5873-5885.

Modares Mechanical Engineering

50- Wen B, Wang F, Jin L, Dong ]. Fatigue damage
development in extruded Mg-3Al-Zn magnesium alloy.
Material Science and Engineering: A. 2016;667:171-178.
International Journal of Fatigue. 2017;97:150-161.

51- Zhang H, Jérusalem A, Salvati E, Papadaki C, Fong KS,
Song X, et al. Multi-Scale Mechanisms of Twinning-
Detwinning in Magnesium AZ31B Alloy Simulated by

Volume 20, Issue 3, March 2020


http://www.SId.ir

