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Crystal Plasticity and Its Application to Metal Forming
Yao Cheng', Guowei Zhou?, Yunchang Xin', Dayong Li*, Peidong Wu*"
1. Key Laboratory for Light-weight Materials, Nanjing Tech University, Nanjing, China
2. School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, China
3. State Key Laboratory of Mechanical Systems and Vibration, Shanghai Jiao Tong University, Shanghai, China
4. Department of Mechanical Engineering, McMaster University, Hamilton, Canada

The classical crystal plasticity theory and recent advances, in particular large deformation self-consistent
models considering elasticity and strain rate sensitivity as well as twinning and anti-twinning, are first briefly
reviewed. After validating the constitutive models through several typical examples, the constitutive models are
applied to analyze some critical issues in forming of light metals, including the forming limit diagram, bendability
and surface defects of sheet metals.

FREME
E15-02
im N/ i TSR AL R 45 Wi AT A CPFE-CZM 5k
FNEHRH
e R KA

D9l R A2 5T S SEAA RHE Y S IR ASE At K 403 45 AN T SR T SR e UK HE TN ARy R, AR TR 25 L
AR () R B M (CPFE) AR R AL I I SR F1A A (CZMD, 2 T & P AR SR 4 09—
AT, 7T Re % I R M A R0 AR A R A5 30 S 3 ) B R LS R A0 I L 1) CPFE-CZM J7i . T 5
{37 SEM/EBSD 7§ 7725 56 A1 |] Wy AR ) TEM RAE VAR5 T TWIP 40AT ZK60 B4 4 (AR FE ML) K
W ZAT N, UESET CPFE-CZM Jikiynl Sttt MR AR 0 (RVE), R T Sk R T
oL B 71 25 £ B AT G Ak 23 %o o PR R o S s 0 AL AR 4 I 44T R IR, 3RS T L TWIP 4N AT ZK60 45
B & ARG I PR TR iy s R A R AT N R RSB, R E 7 22 0N AT AR i 5 S R o b
b, FESL1) CPFE-CZM J732: D4 e S - 3 7R 42 IR vy et A Rk 140 1S T A0 PR 2 s s et 12 47 W 2447 )9 R T
NG SNSRI Tttt TER S % .. X TAEASOERS 1 5 AR5 S5 g — s A,
T EL AR BRI Bl K 1 RE TR AL T AT 58 (1) 7 V0 23 B SR

BighE
E15-03
AT A A SR FIAT ) SR B FROTAT T
KA
iR SliPNE S

bEE TR AR, @R e R Bk H s fe,  Herb o SHIERI Y RO ROy T FR B
AT — KPR o AR 2T 24 it A0 LR A ) 22 2 22 ROBEJROIR e o 6 A v S5l o 2 D L o (R A A e
St R I B P JE IR, XA AR SR BRI PE A W SR T BRI T BRI . AR AT
AEABHLAR (AR 5 51 i A BV E AR ISR, SR A 2T 4 o A S L A AR T AT BB, B AEIR A AT FL N AE

1



T E AR R 2 2024 BE5E — Jm it SRR 2 E15. SN T 5 e s R 3Bk 7y 27 B
IR ACHLEE o AT T R i J LT 0 75 AL (GND) 5 15 B s A AE R Bl DLRHIAR AR R . ki
LU FIR R R PR RE I RE I . 25 7R, GND A 7 (1 5 A0 R 5 MR- U6 0 5 % 25 V1A
K IR AL R T IX s R . BEAh, MBI RARLE RN GND SRtb R, WIaR 2% 44
BHERLAREBE S OW A AT N 2 AL B2 W . 8IS B AT, #8712 248 b AN A SO0 45 A 0 e
I TEVERERI M R EE, Dy A 2T 4k SR AN A Bt 5 N R O 1 BB REREANTS & o AT TAAMNES T
ORI 5 2 AR BESC IR BRI RN, oy TERE R A RHIIT A S AL SR At 138 i) B i

BiER &

E15-04
R REANFIMNELS SR K &S E K BT T
Rat”, ARFEA, KILIC
RIEH TR MEREEE TR b

W Bk AR AT AR 1R I P BE S5 O L3 b SR i DIA R, EAROM AL AT 2K 2 BEAE 74 HLIR K
AL PR AR AP A T AL e TR R LR SO AR R SR AR A BN AL SR SR (T AL LR, A7 B T s e 1
BRAREAENIN T L ZMHE. R0, AFLRKRIHHR LA Z TS50, it51X
RIS EAE ARG, (AR H SRS R IR 2Rk

A TE AR R A FNATT FIR R, IR FLR K T Z5, i 7 HROH L 2SI KX 2
B4 5LIR K TS HIEARHIE . RN, TR TR BRZ AR AEN BCC 451 1) 2 dh T AC 1Y) diy (R SR PR AR Y,
DA SR AR I FPIRZS S B IK B s Sl o M B B MUY . 456 SR it SO AN BB v B 9T, DUV 2 DR 30 ik
AIEAEINGIGTEAC RIS o % TAR N D R R AN BN AL i SO TR LR SR 0 A AT A,
WA T BN RS, Jum I TERE S R AR AR AN 5 R i A BRI SL At

A3k

E15-05
T I Fr- B P2 P 2% 5 RUBE 2 iR AR TR
FIEM", R, FARK
Eatiss i

PLER 5 S TP IAE M R B RIS 1 BRI F A%, REMB ARG (T4 T S50RS FE 5 3R 2 M) fA %
Ro HTHLA SRR AR AR AR FEIAE TR B, B BIHLE 55 SRR AR R Y 3 B4 X R iy
B i AT S T R AT, W T b g R 8] ) SR B A AR o ASSTER Y T — T R I - A
LW XA, I T R 2% (GNIN) 2% & AN [ B ) b 2 TR R A5 TR S ELAE L, S5 I R 28 (MSC), SETL T %
At PR AR T P B RLER R 8 g I AR 5 e AT 89 A i L ) 7 A FRUBE ) g BT o P ST 1 e e - P A 2 X 2%
B RENE SCLE A INET 2 AR HERR TN, SRR INERTBE LR AR IR, e 1 R SAs LT
B S, SRR LR U AR SR kL AL A AR A

A3k

E15-06
BARRSEZRNBRE T EHZRTAHR G R RAE
Ll

P 2R3 R AR U



T E AR R 2 2024 BE5E — Jm it SRR 2 E15. SN T 5 e s R 3Bk 7y 27 B

EJEATRHA FAE 2 AN URPERES 12 B R4 AU iR (B S 4. AT IR SR 1 Bl B4 Jo sy o <2
J& RN A RARFIE . TR SRR BRI ARTE . A AR RO BIAR AN L JRLBE RN L 45 R S 2
IRE M AT RAL T3 IRR, DA RBIEABEAE Ansys LS-DYNA/ABAQUS 547 fRTTHK
PO RAR R D ANEL . e, et AR EVE SO W R B . R iBe . RIS, 5
FREADL, PR AN A S5 ATk Y i R N

BiER &

E15-07
ANAIERFA T =4 R A B RN KTy RAEER
REW, FE, E¥s, K
terp RHER

R ZATE (CP) 522 00N 2 S AT RHAL B A7 0 TR, (BT SR s & o XTI TARI H 2T K&
—MNGA RO, T =4 CP BB . vk, JFR 7Pk T B RS =4k
EAIPZ LR TN 4237 von Mises N A W AZANIL AL . 398 I VFAL 7 AR A 100N BE 71 e AN R
FOT R IT (RVE) KW et 20050, B AU R HER s T 1 52 2% A 2 AR T AR 5 W0A
YU N, BLAG R S T AT R B D) DL R S U - ARSI 4 . 5 CP BT EL,
ARERATY R E B e 1 ~2500 1% SXIUTARHZE— D IniR 17 xF CP B SR Eh AR A (BRI SCRRAX
BTN ] ASF RS [ RVE NS R B N8 2 -

BiER &
E15-08
ETSESMMATEH ] #0288 S A BRI B RATA B R 3 Tl
skl
IR B R

R TIN Bk & e EVE AT 5 300 R G2 SEBL R & & R A T REM AR R L . e MERERIIE AR,
SRS HE R AS AR R R ST v s P 0 LT (0 SR B T B el AL SE N L IR 7 0, B et 230
56 M 2% 1 S PR AN, S AR X ARAT 9, ARSI R4S N ZILATRF S LR 3-RAR M R o JX 885 2% (150 70
FAT W T B 5 B SIS HEN T RSN, ST, 2rd IR PR AL HI S A AL & DIAR G,
2R UM O i IR R 453 0 SR R R i T i oK K IR M D B2 2% OB I e A2 T Bk e 2B 1k
I EHI R AT BE SROWATEHUR, ARS8 A S [ B AR T 2B e AR A, SR b
IR AR . RIS, (RSN FHERR T, S T ME a1 BUER & R S
WESR SR A AR . ST Tt AR T fE, 181 ABAQUS/Explicit H /7 7F2/5 VUMAT SSHLA
PROTEUETHSE, R BN BT A A RN B T AR AW R, o 1 i Bt (AR R AR AR AR [
INER AR N - AR S AR A TN B BE 7T o B, ARSI N BB & e I I R AU AR, T 5
UG SERBEAT IS B, B0AIE 1 AR R LR B 5 ORI 13m0 B O TN AR L

A3k

E15-09
BERL) =R T EWRES 2219 BESHPIENRIT A S BEIE
RIS, BB, M, EXE, £if
FiAE Tl KA



o E MR RS 2024 B i A R K S E15. #h4uin L5 sy k& s s 81t ) 5 8%

rVERE AT AR R 2219 R &2 R T I8 Bk i 1K EAL LR o kT [ A -4 BOT- N I 2%
) T8 A HUE L2 LA 2N, B RIRTHZ MR . Bk, EEYIIE W A& 2219 (2219-W)
BAEESATN THRBIME R AT AN TERITEREE., AP FCRARS SLR-SUE L RGBT
2219-W &4 HIVEW 2T A WEACSE R, 2219-W & e R AR BT U0t o B LA S 284, (B4
J 4 0 T RS 7 e Hp B e B o RV T 1 23 B 3R B L DAY A = 1 R L, (EWr RN AR B Lode
SRR J) = B (128 Ak 5 B A A () 2R B8 L) 70 88 FA R RS AR o B D7) 3068 A 11 s W 288 92 A48 T ) BT F
Portevin-Le Chatelier %N LA K& 75 K BI U TE T AP EHEXS T B K BY YN I TE N 1 RO 5 i 247 9,
FAUEAMEIER Schmitt ZECR E WA TE H i KBTI UITHAR L (MSPV) U8, 85 K A e ek B0k S 4 1 32
A 1. 0% I 22 R T %54 5] Hosford-Coulomb R, FEST 1 —AN H AT T 0 11 AW it 12 (140 38
PITERT RN o A RAE KPR AR S SEIL T S T GE o AT A BT IR AR W BB S
SHPITERZL, ol e F B AR A H i Tt T R Rl

A3k

E15-10
— R 5 BEZ N PR KRR S B % Ak R . AR S IR
WL 2T, Ph, AR, BEE, REC, A, BUNGRS, REDL 2
L JLFR TR SR R 5 TR 7 B
2. e 2R A B A A 2 [ L SR
3. ZRSE TR AR B 5 BOE SR BT T
4. PUAE TR RS 5 TRE 4 F
5. AEEUE AR K AU TR 2 B h e 2 b

1o & JEAROM E RO LR B BE S SR L S0 A T T AR T B ) AR AR A 1 (R R
F, SR, BAT e Pl e D0 5 i DAAS B R IR AR 2 0 SRS T BV BRYEAT . i, AR FEAE SR SRR
BEN TSR T — 07 o TE 2 N PIRES BB LA 1) e e AR b U, AR P E B AT IR R, i ik
SE TR0 B e AR AT RS U 1 e RS ) R BN BT 3 R B 5 1 ek R BT R IR AE TN LRI
() St JE IRAR A (CFI2023+ Min2016. CQN2022. BBC2005. Y1d2004-13p. Eyld2000-2d. Poly4*Hosford)
RiFHT DP490 5 AA6016-T4, JE VPl T AN )i MR E U bR A (1) B8 T 45 o 288 5 9 4t AR 28 75 [ 1)
TRIFE R . SRR, FERILT 7 Foedt e RAEN, FrisAi% DP490 5 AA6016-T4 (1) % ) 5714
NRAVIBIEIRENAT 32 T T AR RAERG E o FERA DR SR R 85 XUz ot Nz IR ZS TR B2 ) (RN, 38 S 2
Dyt BB T) 5 30 Y TS AR B 4 AR A R AE

A3k

E15-11
AE7 B/ A1 B SR o B B R AR BT 5L
KRS, KA, MRE, PP, KA
[R5 K

USSR AL R P b PR A o B AP 22—, FL AT s A PSR 1) XA S X JPRR et ) 0y 3 s E A6 P 7 i
AR, ok REA. WtEm . PUMTERE Sl 2 B0, RAREZ WA . A1, Wik
JREERARAR S SR BRBAR LRI 3B, 12 1 R B i s PEBE A JE o B 1 e 374 B T AR BT
Jrid, BARRINAERRRIE T2, VLRAEZ D e m i sOT T Fr 18] 51N F.37/ 4837 (1) e 18] 45 40 B T ARl
L WHIT T FRERSLAT F 5 S TR 0 = e S SO AL BRI 5200 o B 37 4% ) 42 A B BRI AR o s
TS50 25 AR W) RE S L5/ 18] 32 4 B Y5047 R T 3R TR T BRAR AT 8 RS WM PR BT ST A



T E AR R 2 2024 BE5E — Jm it SRR 2 E15. SN T 5 e s R 3Bk 7y 27 B

EEBHRE

E15-12
WA HERRAL TEBRE H & RAERTEE SRR
AR, RAET, ZFRAE
TR K

R A S BRI LB M B AT R AR S S B R ), TEVRE S . MU R S A
HERMMNAEES . fEAB O, @ik Byl )& A AEL (WAAM+HR) T EH14 1 —Fh mom -4 J2
P S TG 4 25 A s FE AR 7 1) 5356/7TA48 B & 5 i o et JIR ot FEE AT AN PR e iz i B2 43 Jn1) 7y 280.2 MPa A1
392.3 MPa, WEHSAT 5356 Fll TA48 A4 iu), (HAEAHRMTE, BET 22%. HORLZEEPUE T
M BT ARGE Y AVAL 5. A, SEGE AR, BRI T 48.8%, WonHkE
()2 45 A 50 E . B2 5356 FIEZ TA48 4 B AKSE T EEL BN AR FIIER 77, 5302 8] 51 4 17 7
SEAL, XSRS IRV U R RS AR A SR K . e A, B B RS A O 180 I, SJRAR R H AT
IR 5, XY TAMNEREZAM T R B AR .. F R ZE0 . B8R0 EZ I 2R DU ST
s LT FE AT (GNDs) % BEA BB 78 BT AL S AL, ANITIAE 5356/7A48 566w TR
IR R AW LERE . AT TR ) WAAM+HR T2 8% % BA mrom FIPE A sl 4h & 98 5 1 2 TR
SRR T —Fh Tk

BiER &

E15-13
FL IR B AL B 45 6 St SR AL AR R S AR AR G e el i
BB, BTG B
R K

AT SR E SRR AR IR I SC B R M PR, 3R TR Bk o R 0 SRS CRAR AT
W T 1% AL T RERS TIOR8 H K A0 B O i AR (K LR 7- S5 M 37 - e G A R R A 1
HEIan S OB R RN S AR ORI AT« OW A TR I A T s 5 A 2
RS BERIFEMA AR o ST 1 25 P8 A AR (AR A 1 S B AR, SR FH 25 TROU S AR B e 07 SRR P A6
RIFHERYE . DARR NS OB O B, 3R T 2 OB IR S IVE M R 2, 28 SeBl 1 3 7Ry
GREORE R

BiER &

E15-14
7050 B A SIME L R AN S RAE
W, RIETE, KEE
[ NES

WG MRS S I TR R RO RN S AR AL, IR A 5 A AR ST 1) ]
I B 2 P AR RO AR AR L T o 25 WA A% L 77 PR TSR T 70 AT 2 S 1S A AE I AR A R A, i
FUTRGEE, BAN @ INE L TR B RS, PR AR DT RER o OR35S AN ISR, &
JRAIX B R, A AR /N T JE AR 71 R R AR SO S B . RV E 2 — PR T A
FORHEE A TEALBLAE S BT 22 PR A G, T DALEA WL RUEE 1550 R o ik < Ja v ek 0 2 1k 2
AT



T E AR R 2 2024 BE5E — Jm it SRR 2 E15. SN T 5 e s R 3Bk 7y 27 B

ASCHM A ABAQUS BAFHIETT 7050 47 & S AHAE [ - IROB- I Rod R b 0 2 AR IEAT O, FEAR UL
BRAR N 345 R 5 R BARIE A VAR BT L, SR UEA PRTTH R R HER P . e, HRIE WA PR TR 45
S EOGIRRUX, SRR 7 s, R ABAQUS B A% [ sk it Jin 22 % A7 B R AROM 22 s A 1
K AR EPEATBR TR, W ST AR AR L 0 23 A R S L S O B R AR

(EEIECH Ly I

(1) 7050 455 3L [V - IR -1 RS R 5 A% 0 55 e VR IS (3R B 0 #3630, A BR TR RS T 45

(2) OB N S 73 A HA R AN S, A8 i FR = S S AR A AR 2 R R B A B
(3) M (2) ISR MBERE: OSchmid K5 554N 2 IEH S, Schmid BI5- B foki BA
IR AN I s @GND AR AN 1 73 A — 20 v GND B 32 ZEE o 7 R = 3t AR

A3k

E15-15
BESXEE TN HAGRLHIR —ERE L ZMR
EEING L2 A, R, FaR L, kiRl 2T
1 AR R RL S TR 2R
2. EPRHE T8 Z M 5% B OB H AR G O
3. ERBET R

KA LT —FhORHE P O R S R AR B Y i . BRI T A R D I S R A R,
AL T BB S A AR IR IR B EoR T BRSBTS A AR 737 AP A 78 A R R R A
W B T 7 SRS RL IR AR TEAT N . WEIE T IR AR AL & B R s A B FeSE R, HE 2D AR T TR
SERI S HO BRE A RO GR A BRI, B T ARES R R T IR I B i e T AN RIS 5 R I R
TZ2H%, Wl T 814 x 814 x 2000 mm AAKMIEEE 8 mm. W/ =E 18 mm Al % & 46 mm (14
B G KA D i B AR, NS R I R 1 4 8 U s 4 i FURS 25 i S it T B R A R4 S o

A3k
E15-16
A TZTARAE A S B BB 5 MR
AT R
R RN

B A5G Y A RE IR AL S ) ) H a8, ASeBlTT R iRdE, BEA O BONRESRIE R B E
s, XY TREMEMEEEI)TZ . KRB R exxx REEEH T BA R,
R R R A BRI F 3G 25 B AR, X SR PR 75 LA R RO S5 EAT L6 b 3 DL SR T o 4
PEo TR LS T 20 0 KYEG ST aaiig 77, B BT S SARAT RS A RS 2 1 7]
A, ) = L A B T A R o S R TR ORI A, T BT R R B AL EE T DA
— PR AL I N o X6 L T VR A L TIALER AN = 5 LB TAL EE N 6061 48A S MON A L. AL
[F—E FET, RAFLHIRFE SR RSN T 2 R LR, R SoRL P /N A R O 5 b ) s T s T L Ak
FEo MRIE X SHERAT AN TS SO ATEHHRLS, AT R0 A L AR AL 38 B v T = IR AL HRRE, XN pUAH I
Fri 4Rt T Z IR S . SRIGTFIE T 5% 10%- 15%LA K 20%)E F & IR A FL I AL IR X 6061
BRI B Ak B (1) RE AT FE o 5 AR AT TR T A B R AR AR L, 4RV L IR R AN 5% I 3 20%
I, PR R AR 259 B P Jee IR P RN R 5 B PR S 40 Sl FEAIG 58.7%~66.8%F11 10.9%~29.5%, Htk%
AL TR P Xt N ) 48 By SR T 30.6%~70.6% A1 341.9%~580.6%, %L i) T Ak B Ko A Ak 40 A A b 1 FH B T

6



T E AR R 2 2024 BE5E — Jm it SRR 2 E15. SN T 5 e s R 3Bk 7y 27 B
RORBEE N BB In Mg n .

BiEHRE

E15-17
Crystal plasticity modelling of continuous dynamic recrystallization in hexagonal close-packed metals
Shuai-Feng Chen', Hong-Wu Song', Shi-Hong Zhang'*, Myoung-Gyu Lee?
1. Institute of Metal Research, Chinese Academy of Sciences, Shenyang, 110016, China
2. Department of Materials Science and Engineering & Research Institute of Advanced Materials (RIAM), Seoul
National University, Seoul 08826, Republic of Korea

For hexagonal close-packed metals (Mg, Ti, Zr etc.), the occurrence of dynamic recrystallization (DRX)
mechanism is varying with the ongoing activation of multiple slip systems and twinning. As a key type DRX
mechanism, the continuous DRX (CDRX) is greatly affected by the activity of different slip systems. Here, we
conducted quasi in-situ EBSD observation for AZ31 magnesium alloy. With quantitively analysis of the evolution
of subgrain and recrystallized grains, the roles of matrix orientation and grain boundary features on CDRX
behavior are critically examined. It is found the matrix orientation palys critical a role on the formation of
subgrain, while formation of recrystallized grains is more decided by combination effect of matrix orientation and
grain boundary. Based on these experiment results, physical modeling of CDRX behavior in magnesium alloy is
established in couple with crystal plasticity (CP) method. In the developed CP-CDRX modelling, the different
roles of basal and non-basal slips on subrgrian formation and their evolution to new grains. Resultantly, the strong
dependency of CDRX behavior on loading direction and grain orientation is successfully predicted with high
accuracy. Besides the grains size and DRX fraction, the flow stress, grain boundary features, texture type can be
simultaneously obtained with the CP-CDRX simulation.
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Coupled quantitative modeling of microstructural evolution and plastic flow during continuous dynamic
recrystallization
Fei Chen”

Shanghai Jiao Tong University

Continuous dynamic recrystallization (¢cDRX) dominates microstructural evolution during the hot working of
metallic materials with high stacking fault energy (SFE), such as aluminum alloys. However, in reality, a lack of
quantitative and visual modeling of the process hinders its widespread application in the hot working process. In
this study, using a recently developed multilevel cellular automaton (MCA) that integrates the newly established
cell switching rules and topology deformation technique, a novel mesoscale MCA-cDRX model was constructed
to investigate the evolution of both microstructures and macroscopic mechanical response in the hot working of
AA7075 aluminum alloy. By considering the evolution of dislocation density and the orientation angle of the local
cells as the primary clues, the plastic flow, recrystallization kinetics, features of subgrain size and high-angle grain
boundaries, and influence of initial matrix characteristics on the cDRX mechanism were analyzed. The model
predictions are consistent with the experimental data. Quantitative analysis confirms that the incubation time for
the initiation of subgrain formation is significantly short. The fine-grain matrix and high initial volume fraction of

low-angle grain boundaries can significantly accelerate the progress of cDRX owing to a stronger accumulation of
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dislocations in the dislocation cell walls through the climb and cross-slip mechanisms in the deformed aluminum
alloy. The subgrain size is dependent on the Zener-Hollomon parameter. The developed simulation framework

offers an effective means to allow the visualization of the cDRX.
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