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Deep Material Networks: Making Grain
Structures Visible to Metal Forming
Simulation
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S0 — B AR M A (deep material network, DMN) & 4% s 04 5 R B A2 B8 H 47 o
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HHACE T - B R TR TRM A AR T AR AR 0 e bR S TR AR A R AR AL 4R B ST
BAEIMEE R > RISHEREB R AR o £ AL REBRASTE A 23885 F) (Computer
Methods in Applied Mechanics and Engineering, CMAME) # % (ODMN) X ¥ > B G HZ
ReARERG A % G B R L IRAL § i —F 4k (TACS-GNN-ODMN) X F¥ » H @34 € 7
%4t (electron backscatter diffraction, EBSD) Fi & 2| 64 kA% 7T H 34 3 B AT AHBEA! - 3 — bt
THEINGR > gt R 5 MmNk 5 & Bk - &1 TARIWY T 3948 #2R 24670 2% - HEBLAR
BAZIE /& (message passing interface, MPI) FAT4b ey 8 RE KR E - LT MHEA 27,676 18
% AR R 0 IR TSR HE 0 AL S BF IR FE® S G mik S BB B R o BT AA
FEAT Rt & 58 0 v B F 64 A 9 & A g A 4 5 64 ks Oy 4 e R @A o
AT H A R R B4R — A5 B ey BiE 0 4552 EBSD 2RI H 0 RIMEL T - RSN
BUEN o Bl —AEZR T it £ M RT MRS - AXRAB BRI  EAPTH A H
MEE T K AREEREBERTTIANGEASF  ERPEFAN SR EEBHELR
Stk -

Material certificates specify composition, strength, and hardness, but not texture-yet on the
stamping, rolling, wire-drawing, and forging floor, earing, springback, and coil-to-coil variation
in the forming window are frequently texture-driven. Making texture visible to simulation
requires solving the macroscopic part and the microscopic grain structure simultaneously, and
such two-scale finite element (FE?) analyses have long been computationally prohibitive. This
article introduces a two-scale process simulation technology built around the Deep Material
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Network (DMN). Structured as a hierarchical network but composed of mechanically consistent
homogenization units, a DMN is trained solely on linear elastic data and extrapolates directly to
nonlinear constitutive laws such as crystal plasticity, sharply reducing modeling cost. Building
on this, our team published ODMN paper in Computer Methods in Applied Mechanics and
Engineering (CMAME), enabling faithful representation of polycrystalline texture and its
evolution, followed by TACS-GNN-ODMN paper, which converts an electron backscatter
diffraction (EBSD) texture measurement directly into a ready-to-use material model without
retraining, with a mean stress-prediction error below 2% on four previously unseen polycrystalline
microstructures. Coupled with a message passing interface parallel two-scale solver, a fully two-
scale deep drawing simulation embedding 27,676 polycrystal surrogates has been completed with
a core-time speed-up of three orders of magnitude over an FE* equivalent. The model contains
no fitted anisotropy parameters. The position and height of the four ears follow entirely from the
grain orientations at each integration point, and the texture anywhere in the part comes out as a
direct output-pole figures that can be compared against EBSD measurements or carried into the
next forming operation. The same framework has been extended to fully two-scale forging. We
describe the underlying principles, the data and validation required for deployment, and the process
applications this technology enables.
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Al T ——E it 2 L B R% S (crystallographic texture) © FkIEZEA I E HaME ¢ [6— Ftif
WSR[E] G RrRrAe + [ R B B A fee 14 I AN AHTE] © BRAMAR AR AT E (earing) ~ EIFR{R Y [B]5#
(springback) * AR LAV FIE ~ BN FIESARIMERER 2 - BIRFTRE EEE BB R E
AR -

L IEE AN - BT E B (electron backscatter diffraction, EBSD) £ X S
HBedt (X-ray diffraction, XRD) #72 ECEREY EIIET - Bl K2 EL R N BAT VA REE Y
B - HIERIBISEER - BEIATERE > M AR - FlS52EUE FBOE il Ay MES:
(phenomenological) BE(RHERN - GIAN = SR FIAY Hill48™ « $84 & FIAY Y1d2000-2d® » 224
il B2 EEHEA R Rt - 28EANE TR SRR S S - EES
EEGREAR  (EEEANE T SRR RIS BT ~ EGEE &
Frits o B AR Rk RE R R A R - [ E IR OR A th ek RS B A -

B PR R RIE ZSE R B S Rt E A R T2 (integrated computational materials engineering,
ICME) : DAGHHE B 0 T B2 — Bk — 1haE o fERE s lER i 2 S IS HE TH S 58 Ak
O o GRS ERY T EEEESREEME ) (virtual aluminum castings) HZEEE - ICME ] i Bl BUFE
BRESHRAEE 15—25% - MEHE ICME EIERER BRI - SR OBHE - ZRERIIG R
M U 25 B (o o B R R e -

ARSI T AAABIGT TR — = R R R Rl © DLEEE A BHAEES (deep material
network, DMN) Ff%( » &0 E] S B R R B8 n] AR RHR AL - B AR ~ s
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FRIZ ot AMER I B[R - B NS A AR E L o AHBR R R ET
HTE T ( Computer Methods in Applied Mechanics and Engineering, CMAME) © ¢ >
W ESERYIA TR RS -

EETEREBINTEE « FLTEEZENE 2,400 23%E L 5 BAREANE » FEE
A 1,300 (0T 0 BEZEREI=AHORET 5 HIfFEZE 2024 FEEEHEE 1,540 (&
TG ARSI ZERATIYAH OB® © g0k ERaosass « sbf b - DU T irsss - vhig
ELYJHIINL - S R ESER I E 2 EEE RN FE - IMEE - EERITEEE Rt ET
A EAEER TR A LA -

- REGR&EN - #EE

SRR T /A RN, o PHEHER RO > RAEEM: (crystal plasticity) o EfH
MAYE BRI K H AR E RS EREE) - EEVER ARG G RE) - BN
{EFHE ERIBTIE TR R FYE - T8 XA A RN T AR E § BB AEER
R[]It A AS D - B IR 2R LAY PRI -

B EReE - BB 2T E SR GE (AR EIETECE (representative volume
element, RVE) » #fEL R AL ER 2B ME AR » [FIRF T 2 s 2 T TSP B TP AR S - 15
AR T E L) SRR E R ST o DAERE R MR A TRITRIE (erystal plasticity
finite element method, CPFEM) B{LAUSH(F 7 BE##H (fast fourier transform, FFT) FyRERRAYK
fiRes (ANBAVEEEE Dusseldorf Advanced Material Simulation Kit, DAMASK®) #{EEHE - E
1FIRYE -

FIEHAEE IR - Bi— RVE e —RIEIRIEIE 1 2 FEZ RS - Ehill TR 2285 CPU
B - HEEEREE M > Hin LATER FE® 500 BB E B IRt R AR S 5
BN —E A8 RVE - EEHNEIEA S NME - iR S (e BT 8 R {E
ZA A AR (B 1) - S F5ERIENE - fEBE ) RAlEKEE - DA BT ERA R
BEE » BEEE S B FE A AR E - Fk RN SRR - sk ig
REEEF 7N 10° X - BRSNS LR ER - thEDIfE TRERRsenk - T BIFHEAIE R
gy, - EREREREEHSTF R EEEE MR EHIRAR A -

1 Pros

Metal structure (FEM)

= No macro-constitutive approximation
» High-fidelity multiscale simulation

Q Cons

= Too expensive for large-scale structures

* Macroscale S-rail model:

; RVE (FEi . N
///E/\ ae siress o (FEM) 2340 shell elements, 4 integration points per element
N -sC - = .
AN, P MacroS_ — SR -+ Microscale RVE model:
N - crystal plasticity, ~360K DOFs

@y |+ Total number of degrees of freedom (DOF):
Npor = 2340 X 4 X 360,000 = 3.4B

- ’N y
Finite element  Macro-scg Strain z A

|
z"*x [001]  [o11]

micrometer

1. AR %% R (FE2) B AR © B Wy KA K (%9 34 1%) 4631 L Bk £ TAZBE R Y 2R ©
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2. B IR LA FH 4855 (deep material network, DMN) #4938 Fl ZZ B4 & - 4ME BakiE R
JE Riw o~ RT &R BB R EE A ¥k FHER —{8 DMN © 5 & LT W Ek
5o EFIE & E &M AHEI (material network) @ B — R =T 0 BEH A K —EwRAE
BB HIREL  BENGTRARTZRER G NEES LRASERETGRE T 0 R
MNmiEmZ s AR RO WML F o T FH &R LHFHE B (material nodes) B 1M
AR ERE AR IR OMHEH LA T ARFE  BPAL  ERHEESTD
AM#AR » FEAERE EL oM ErF  HAZZYRTCEHEETRER TG 5 FRIEA
ERLARBRARASHEE  HLE —BRMBPTHELARZ T HHGRAY  $HBERE
PER © 32 2 SNERAZTRE b AL AR - B EF o

TR RSB E L E A TREEA  BBAER A —(E SRR TR RAY (surrogate
model) ; HUFCHAER I AT 230K - 17 ELE (H B AL LA S TR E] rT DIl _E(E R - HEF{)
SRAERCHR L RT T (L AOPIEEL - BRIEMDRHNEES - sbE Rt 4 (& 2) -

[ #5560 | RVE ~ 9B {LEREIRIEE
HREMREFEITCZR (representative volume element, RVE) : —/NSE#fET & DM FREERE Y
MEEA s B2 REBEE—HRAES - EAMREFRENR#E - 98
(homogenization) : £ RVE WEANZZ) W IE T B fERG - — SR E L& - I BB
] DAESE BRA IR R — (B o —ZUEUIFRIEEL (consistent tangent) : [ % R EEL -
ERIE TR EE T P B AR LER M E BN - EEE BB TSR
P BRI - SRS T ALMEBHREL L E TE R A RS s A R R A -
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DMN WYEARBEIT - B 2R G ER N2 — @ AfHE g (two-phase
laminate) ° R EIREEHE— LA ZEIDIT - JriE ERVEES [T 0/EEE - S LEHE 5 H
18 W i AR A AT DABEAT M 55 HH S R i Y B - 58 — D AN ik > TR &R > 2l
FEEYTIER - DMN BUf0 - B IS (H B THER — IR =TT - R RIZEENRLZ 2 (A MBI - 1
TR R T BRSO R — (RO E - — B E HFEIRIR - SIS EEE (8 RVE BUFRUT
Ry (8l 3) -
RAERE S T2 /Y A EEE B IR (FHE R R) BB T - fAED
7t * DMN 2272 RVE B0 - HRMEHNIME - 35 —BiH A = THEL T AL R &
AR BT RIR R
L AR S TERORL AN - REARERA0Z AR MR - ARk TR B R A MR R - A
RVE LR E LR RTHUS - SPEEARE - FIIBRoCRR - SRR AP R R AR A
(E(TIRRR MR R (BB - RAFIE - I - SR - EESERRE ERSMETEH] - e &1
TR LIRS RS - $EAFM S - EURERTERAR & —(ES SR ITEE
FHE ) REE] "R -

2. WA - DMN HfEE R R #0258 e EeE RN 1 - IMEEIFIRREE 2 S g
FEE BRI R AL - B — G R R A R A -

3. THIEERE - f b T R i e T = (H B AR DL L -

Output (b)

(a) Homogenization process of stiffness matrices. (b) Trainable weight w calculation process.
3. RAMFHEIE P R H LR © (a) BIUESERE b R & LR B IHAL © mER (B
N &) &4 3 i B2 B A H B 4HFHE a9 R CP L CP 5 A8 Ap i 18 8 264k — 18 Ry 4R 4R g
7C (building block) * #RA~ & % 5] F7 ik 45 91 G 5 48 R 09 M AR AEAT 30 & BF sk — 1B 5 2 i 85 CF (F
1 ARY - A2 p B3R PO EFIR) B P AR G RGIEAE B N-1 RS —ERE
7T Bl | AU 8 o BB & LA E AR BT A8 RVE 695 4 A CVF 5 g ey
W AR KZE 0 BB @ RIS — « (o) HE w 603 IR RS S s e
Fowh mIRART > LRI EL L RE T e — i AR wy 5 R EAE
&8 B P AL 09 B A (R A 5 R -
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SELLMEE DMN BEGEHEERE - D2 UMAT' £ ABAQUS® £-HTE /> Bhik A\ DMN
{9 FE-DMN J5i% » EL5eEEEE 900 5 B iR A M i e R B 547" 5 Ansys LS-DYNA®
B3R B2 E YRR RHY (Moldex3D) MAHFETE » U8 H s P e & HH AREAE B e &
SR DMN REREAL - FAAEE FE S ARG AR R AT - that 230 - DMN ZEf#HE
EEMREEEEE TR - N —(EHEE NS © SEMRE 2

9 - ODMN : GBS EIEHIE

% i< B ¥ DMN 2 Bari5E o @RI RT T 2R A 8 FEREPIR
Boim ~ #ERE2R) » LS BRI E - BEEMERE HEE Ay fes 7 6 155 - i BE 85 1h
EY RSP REEL -

J%6 DMN e B R RN i A - PRSI AL e /767 - R E B Y
T3] - A E AR E—RE - BRI AA RV ESE - BREER IS - Eny A8 =Uk
FIHEEE (interaction-based material network, IMN)'7 I\ Hill-Mandel {28 28 T FER BL6 - 8%
B ARG - AER T e 3G SeRMERI AR SIAT -

B H Y5 AL BT FE T EHE RS ODMN (orientation-aware interaction-based deep
material network) * A 2025 S5 F G TELEIBEREIH T CMAME® > % F T i8R HE -
BOEEE TR fEEHEARIEREE D A RTIBRAY L RE T A1 2 8 - EERGIERE © S0
SLHY A EEETHIERE RVE NEHYES P 5 - HREE L (B 4) - &7 2% - fgrgA
HIEEGERE -

(DA R E RS Rk % © ODMN BT :

- B/ RVE WP - ME i e lss s Ey s -

- STz MR R - RS TR SRR (R BT B BT ) N Y ERR TR T — e S
PR P R R -

< SBHEREIE RIS EL - DU HENE R AaHET -

- FH#% DAMASK 23S i ik — 2 = (B # &R -

5 #1 ODMN 718 R e 1 — R IL AT Y S - Pl et TR PUERD B -

1. T1# (downscaling) : B¥IHRTREZE S ME MBI HE F (RSCHRFE DR S =
R EEE) MRS EIRA R E FLRE 7 - #0E 5 BO R HE R L ARG & B Y R
JREEE F' o

2. AR AL  EADRIENEE M R/ N AR - DUE R F B
BB FE ) SRS U AR B, IR O C R M BT L) SEE - SRR HIAE A (e
FORE U' > (AL AT R G R 2 F 7 o R o e o S R R A

3 FRMRIESK AR« WIAHE A T B AEEES [ JEE - BIPAHE - B EREE EFER Hill-
Mandel {54 ; #EESLL Newton-Raphson BCFREETRL 2 IV AZ AEHE - EET (62
B TCER i LR R 1l

4. Ef# (upscaling) : fEULSLIR S BRI ETJEREE 1T - 152 B85 — Piola-Kirchhoff J&7]
P; ﬁﬁgﬁﬁﬁﬁﬁfﬁfﬁﬁ A5 2 i — OF [ — E R TR S L=2—II; F MEH ARG B
BUKARER » SERGE—RIFAY -

1 ABAQUS HEIFH P & FhF k12 (User-defined Material Subroutine)
2 B A IRTT oAk
3 A RITTOTIGE
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Material nodes Material network

Network interaction
sub-list (K)

--------------------

....................

4. ODMN ZE#% o £ % & % &4+ #H0 2 (material nodes) * 2% 2V 8 R Apie s M° 2
MY s SRR B B A — AT 9 sk e BB A (1B AR B o 6 AR B R ) LA
Foo@ah AR ) B MH e SR i 2V Mo B E e S Rk o PR
& 41 FH 48 3% (material network) © K G B L4 g 0 B NG ETBERRZH YL
YR Fr 6 > kR BT 5 BB (L, p) 1R - | B R (1= 0 BaiHR - [=N-1
LR B3 BEAARRE | BRAEZRERE NB MABTR) p LB Ty
B3k o AR NS 6 & B BMA ¢ MSS R EE (1, p) PRim e MR BB RS K, AL RET
BB RS Ko, B Ko WU - SRR AR M 5 @ B I4R 0 B ODMN 7 Rl B 4%
ot Bk 34 H Ao B4 (R B 4% URD) -

B VUER BRI AR S B~ SER RS 2 E — RO B R E EBIT—R - HRUIRRE
Ut B M E e - BB B RE LR R ERcR B E el ; )
ZhEt © ODMN NEEMEAIRICRREE LAY T AL JEHIZ | - MERGERMEHER—1 » &
B A TR T2 IE A B T (20 ABAQUS HY UMAT) E 8 A LA i iZndaEt
B2 - BAERIEE T CAE (computer-aided engineering) ¥RiHEL TAZANFIBRAY B3 - 12—
B AR HERE T B P AV B - 5 EORFRAVEUE R ELAmED » 3¢ R ABE B FS ) GSH-
ODMN FisZ!"™ o 4 TF PRT 32 {130 ] Mo L 2 B s A R A £ R P ML g ol A R
MK » 5 IE RS NEIR ARSI TRE -
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Macroscale FE

3

Downscaling Evaluation of Nonlinear system resolution
local material law & Upscaling
Material nodes Material nodes § Local material law I"-Up;éégllng --------
: PL

a ) o e Plasticity: (account for L) s g
S & ° « Phenomenological CP : = s
VFi « Dislocation density-based CP E @ @
X « Isotropic hardening ¢
) Matenal nodes

@ Elasticity: (account for U’)
» F*1 « Generalized Hooke's law B T L e
« Hyper elasticity : Nonlinear system resolution é\
. . 5 1 Each interaction mechanism needs
. 7 e * to satisfy the Hill-Mandel condmon

Material network

B 5. AR AR LR IEZ B R EREAAE - EBRARTERA (Macroscale FE) &
FEF YN SEHHE F T WBRIeC o s SHF sy B S B 46E FF i SE4 4
g M ol g éﬂﬁk%’fi%ﬁ/ﬁi MR A IR AR L L, TR i 8 A4 R TR
B U BHEMIEREALG > FEHBM R EEAE - £ 8RE F T2 Hill-Mandel
et s RABM & B R E L B4R - w1k E # % — Piola-Kirchhoff J& 71 P $i1 — 31 by 42 4%
o BPAIE EmRBRERLERE -  REBAASMEMA Y IENE R FEHEEREIIT K
(R B %% S Y) -

T TACS-GNN-ODMN : E5x#1E » EEIRFT

ODMN 158 N —fil TEEALAIRERI G © —(EAEES S E— T poli A 8 - I —HR -~ #—1fE
TR SIS BRI — K - BRI E R RN H— 2 EEHUERR
MR EARM BRI S - B2 N A2 -

AEBEF 2026 LEFEEEFE CMAME # % TACS-GNN-ODMN 2 #{LAHEFE4 - §1 T i
G TERE AL EE TPk L Bk T ESCRRS E AR L 0 S ROPSERL (B 6)

1. #8 E 3 B VAR (texture-adaptive clustering and sampling, TACS) : EBSD =Z|HY ] FEZE
SR A AIER - BRI o TACS Sl =0 5 15315 bR BB e 5 —
HatFRUAIRE ST - IR E TR - (BRI 2 RS T iR B A Al

2. BTG S HE R« RFAFR T (L SRR R L AC AL ey A TR S R AT AU R i AS A B (graph
neural network, GNN)"? » ELBH#ES0 H B FER) ODMN JJE2 5P 2280 o B (AR 2 — K H A

 IREETEHFIBE

BZxﬂZZZDﬁOﬁ@n’*ﬂiﬁ/,\u}”rﬁ%% %ff% (FFHR AA6022-T4 SaEE) - JETS) — R
RRASEE A AR AR G IR MER 2% ~ #BT MER 1.5% - fki L Ed e d FE T #tat i Bl
RS 7 EEFEIE 224 —281 f*u‘(@ °
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Offline Training
Learning microstructure-to-ODMN representations

- Texture sampling
RVEs - (TACS) é H (CC ystal { i iﬂi i} {9/ ¢I} f (G) )
P oa i = Hopun | C* Z, 950575, 0p $p) = Tonn
a b b 9 Z
RVE #1440 % { lﬁ’ V> 2} from TACS from microstructure graph
RVE #1 B8
; @ @ . Graph neural network
{9/, ¢;Iy} = fonn (G) Q
-9,
[11] 3
'DAMASK / Training instance
[001] “[001] {G ccrystal . éDNS}
’ bl

——
Inputs Output

Inferred ODMN

{0, dp)
! from GNN
—> TACS-GNN-ODMN >
framework
@@@@@@@@ from TACS
Unseen RVE Graph G e, 5,7, 2}

« Concurrent simulation
» Texture prediction

B 6. TACS-GNN-ODMN AER o E¥3 4 #4204k - & —# % & RVE $45 > *ﬁ@yxéﬁ%
#%EJ # & H BEIE (TACS) Je 440 RVE 9 T4 n i BRig i 2" Ak R it F o ~ />
Yo b asfy BE AR RGBT A AR ELAR B —FaER —
18 RVE 1L b4 XA B G » BB 4P 42 4835 (GNN) Hesh th & 456 i b ey M8 5 @ /A 6, 9
0, B 88 fony (G) ° R H AL R BPE £ —18 ODMN : B ¥ 85 Hopy KR LM HACEH
Jo B ANE COV M bl 4 S B A SEIE R % A F 0 JE k%18 RVE 993 B ALRE C 5 3l
ey BAZ > 23 C @it DAMASK 2 3s 5f oy CPV o TR L4 LR« H— 1@ K
Ry RVE » R A E LM —RAT@ % - BT 513244 28 69 ODMN » 45 A #4
TRE BTN R EEHIIR (Ra 2% R©)

e — R E R AR BRI S [ 255 — R EIEPAER - — i aiR s R - kR ~ i
EBSD ° 'AHLL TACS-GNN-ODMN Fbﬁﬁﬁﬁim:&%ﬁkﬂ%)%é@@fﬁ,ﬁﬁﬂfﬂﬁ%ﬂ »
AT R —aR AR o TR B R PR SRR (T RS - E R LE R
REIA] o ERHEICRIEL A T B - FRIRE S - HERSRRIR AR L TR T ReEdt
BHE — (@R FH R, -

S PR [ 25 i {8 LAY R - H— - EBSD 2 #ERLE - AL KIAlE =HERY © TACS BE
TEREI 52 J7 7 3 Ah BB (orientation distribution function, ODF) » 5k &2 77 (v FT L #E FE 73
AR - MAEE R AR =HEA(] - FEREH AR T - HEBEpyERE s REE RS
TR 5 SR =AE RS BRI A S5 08— » 4RIE EBSD #atHy &R T B R R A7 =
HEET R RVE » ODMN HYA B /7L RVE FIBRIM A » Sk R ST S5 i s 282 HI i
FEDARL R EA Bt (E BB RSBk - B Al —Z A FA B HIRAE LA FEE - &
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R ZERE R f5(E TE 53 B0 v $5 E & H HY ODMIN » R HL R IS 73 [ R o B O AR R T 93 g B
B DETRIK - SRR RIA R R R B

I\~ FRARAE : MPI ST REKBESR AT ER

BT HE B R S A SBRE—ERit T EEB ST« EEEEZ O
TREETHRAESS - RNEIBBHZENEE R R AEZRLL MPI (message passing interface) SEAT(L
AfEEEERTER O A SRR -

KEXF 2026 F 7 AERBERBERITHE 17 BHAFEIERET (WCCM-
ECCOMAS 2026) # & B MR KRR « Rk r 28 R b - BB
27,676 {EFESBL - H—HE A —(E%% 5 ODMN fLERREH » 2F2525 5X 107 — 10° KM
SRR kol B IR A A E B O TE] - DU DR R R FE® R SR B =
E#EH HEEERSE 1) - BEEENE " HEE B —(ELREE , SaENEE &
{EREAIHZ A Hilld8 57 Y1d2000-2d FEAME2E - (HEAEEE AL - 21 27,676 &S
BEE BHIELRL T A — B E AR - AR A -

# 1 BEESEBGTEEYE  rAMGEEED TROOFM , (CPU R X HEAELE)
2t ER—RHEG ~ [F—FH 11 BRI R (Ao 7 e ) B s T e B U R TR 8t 1 2 [ R )
T+ Hh#g 2% RVE KfEZR 5L ODMN HYEHIRA -

K1 MR 004 S BE R PLER (B — M s Bl — 4 11 AR AR AR) -

Bl IR IO LR | Il

DAMASK-FFT %3 RVE  Intel Core i9-13900K * 8 ¥ 1.67 X 10 %[ (34.7

ey |SRaN 7= AW = 1 (%i%)
(64° B85 ~ 2,000 A LKD) 1THe 388 X 8 BITHE)
;,SMN » N =4 (16 {EMFELET EIRIT(EsE » B 2.8 B #7 6,000 5
ODMN’N=6(64{M*SI'§,]§ = ko, B T AN o <t
m » YRR ERTTIERS - BRI 4.5 ¥k #7 3,700 35
ODMN > N =8 (256 {EIFt o pest  mnpg, 16.9 HLF 1990 f

Bii%E)

MR S AR R F S s ST B R DA B SRS (112 #0) #ERF 59.1 /i -
&3t 6,619 #2003 EEERE S BG0Y ODMN L 235, RVE @ #0F% 1 IS B A HEEE
T4 7.4 X 10° £ 0/ N - 7 ODMN ZEREI 110 %7 - B FE'O DU BEM A IR TRk
RN - {EAH EIMRAT S 5588 FFT FERECY > MOHHBIMESE FE® MOS8 S — 2 E
HE -

4 T 1 L PR PR B T T R

5 HIELFABEIHER.C Forerunner 1 B —3HEIETEL (2 ¥ Intel Xeon Platinum 8480+ » 3 112 £%.0y) »

6 < BB BRI BB (183,264 £ 080 + 3,470 EHGE - 9 53 B0 F) o EEBSS AR 5.05 X 107 KR
i (HEFEERT 7.4 X10° B0/ N -
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PR — R~ PORE— TN = A B B IR - e Bk AR e DAREA T R -

(b) (b)
50 units: mm Quarter FE model

Punch

Punch

1 ot I k Blank Blank-holder.
punch trave g .

55 mm /
R12— A Blank-holder
N\

detail A 7‘
002[ —— t=1 S
002 T

51.055

85

7.4 ROE R RV AL R B A R T o () BB @R EER+ (B4 mm > CL
Zy ¥ dh) P FAEAE S0mm > BoHE A RI2 FAEM O E/& 51.055mm > B H A R6 » Bedt
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(a) (c)
— —
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27.2mm ; (d) 33.1 mm ; (e) 38.5 mm ; (f) 7 A 2 55 mm 24742 3 50 3% = TR AL 60 T LARAE

[ 15] & 5x K £ ¥ #E % (LE, max. principal) * 5<%k FTE A 0 £ 0.5 89 B — &/ - FEF /742

¥ FHEHFZR TR > MAEARRGHAWRE SRS E  MER EATRE R
J v {8 oo

EE 99.999% LAE » RICERWaE - BN GERLED BN B Bl (Ll s S S kg
B SR B mr BB A O (SRR R B 58 BEANE TR 99.51% » &is
WEHCRDE 100% © B TEEMBERIERRIERIRET S - 18 AU sieR LU R 5 RERR Al Fy e 24
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BHEITRI 248 11159 43



{100} {011} {111}

’ o.‘ O.‘

bottom bottom

top
’ o .. (f) o . ‘

bottom
(h)
0 0.1 0.2 0.3 04 0.5
| DO

B 9. IRANARAE PR B A% B oy BRARTAR 'O (P SAATAZ S5 mm > FRETEE) o PR AR K
EHBE % A (LE, max. principal * &% 0 £ 0.5) » 3£ a-h 42 B AMBEIEAL E © (a)-(c) &
Mk o (d)-() AP A FREEA) KR 5 (g)  (h) BIAWKE T @Mt - AEE—FI-RZLE
ODMN Frég # 6y {100} ~ {011} ~ {111} 48 : L+ (d)~ (e) ~ () > A& HmFR LR (top
EAf]) AR F & (bottom » AL WL 0 AT RET@MERE L E SR o BT
HARE A ARE— &% 0 $455 mr.d. (multiples of a random distribution » #fH A& &K & 3%
FARAEF) (a) W F —FRAREAZT T RD (4¢3b) ¥ TD (b5 dh) - E 4 & B 4R o

LE, max. principal (0—0.50)

(a) ¥DI6HEEY (b) BB 2 B EEY

von Mises
f&H (GPa)
2.8

'

e roder 0.0

B 10. 2% RZ ettt F & R (1/4 #FAER) © (a) MR 5 (b) BREBHRI LB HER

2% von Mises & /1 A7 o Bk VA 256 18 MPI 42 F F478U4T » 5249 3.7 X 10° SR & B 4
e A

10 8235 © https://youtu.be/timsYDWFILw

44 FUEHTAN 248 57 115.9

Pole figure intensity (m.r.d.)



(011) BB (BB HEAR— 0—10 m.rd. @RS)
BEE 0.1 % EEHEE 15.0 % EEEE 22.1 %

11 dxe N 2 ER R E (BRALEE - v o T FE#kE  ZE)
Z (011) BB E R4 E (0.1 % — 22.1 %) ZEiL - A B LR AR — &8
¥ 45 % m.r.d. (multiples of a random distribution * AW HREKZFT LA EP) -
FX Y LA EARR XHALE YA o B E BB RREERE > i

HARE A R AR B A S et -

t - SAFEME - EXIHERE

(SERFAG — IR R - R EFRATH (AR - S SR A R 2 A AR (E 4
R

F—EENE S BE BN ERITHIERARRIZEBIFE - SR A S ER - 1
B S o BSEEME TEMHRSRIRA R GBS, - M HCHE R
R RZ AR - 2P — BRI - 2HAEET EEAR AR ER
a0 - ffEEER B - ST WREE IR EAY -

FHEITRI 248 11159 45



2 ERERE S - NS TIRIE ) BT ) ER - RIEEHERERIRERLZ
o BrE R R RTINS A 2 BRI E R - AT RRIR LY - B A RA B - it
FREIBRAARYE « EER BT TR T AOEEL - AEIRIOTELRE © 18RRIV ST E D
B (b2 > HAREM - REENRA AR E (A RE 2R EEE - S5
FIZIREERD) 5 IIESER R AN GG 2 8 > ERERAMERINESE - B FRsRPIR
BA-R P e - SEETHHN A M — 2 R EMPEEN - & 2 BE T {IHERHEEZR S
HIA e -

R 2 EANPTEAAILEREAR o

Zkl,/ BHEE (EREA

#8237 RVE A{I#fizt 5 TACS FEffiE

EBSD Jifi[El - XRD 728+ (f

6 ODF) S A B RF
BT = HE A PR RVE BRI R 8
S BHR YR R WHE : RVE (O8I E (L
ORI BT 2
PP BB REE (SLAE /SR e
e b TN S AR F
HURET R (SRR 18D ST T S B 3 S L2
I, - RS ) » SR
RETHRE © TR s S
WEBESLIR - HOREIRIE (FLD) st L B 1S RO R
/64 A1 EBSD RIS
BRI R (XRD) st Bl i S
pedh R R 3D R - EE - b b 4
,:;F . Egﬁ%) Eﬁuﬂ E&Eﬁ‘zﬁ/f‘\ﬂ%
B LR (57 ) Bl R R

EN—RENERRREEHEE - ERZEZ TR SREN RER - BRI 6E
ERiClRER  fHEEERT - EfEREENR A IR - THA R - EELERAE
HEMNE - MEFEE D 2SR « — @B ECER EBSD 2r{TH > Y)—H
(B EA AT 5 REHR (A2 2GR E (L - ERHE MR R E L EAHE - HD
PO E ER RN - B EEREZTN 512 T HEREERLE EENE

N~ ARG S

3 B TARET AP AREAE « BHER B RERRAE - DU R e A m] DA i
M BB RS RS A T RIRTE -

46 FUEHTAN 248 57 115.9



E3BREERGEANELSBRARNER ST -

B ARE

hE - [E5E ~ FERSE

5 R R

LA e A R 1 SR

FE
i E v R B G A
2 PR - IR IR R

v@ﬁzﬁ@%ﬂ@ﬁ:ﬁ%
L] 588 4 (6

wALTE e RS {t SRR R - e
REACE
Bl S HIHE] TRV o e e

(Rt ~ FES)

TREE

T REE K ELR A

RO - R thieE
FHH]

R (MER) &EF - &

WA, FEEATE RS R :
L2, - : TR 1
Wi T BRI - LR A Do TR & - T
" — WA e
e TR BRI
wim wgy  CI NI BREREC gem s bR B R R S R T
BB e
e e BTVREEAEATIERIA T HE R T AR I A
RIRE R Rre iRt asE | e 75+ 1R TS R
gy FEEHE  ESEG REMLTE NS U R R
e b i
SR AN o RIS R

=EERRER - dETERERENEE -

HEtE— :

WEHZRRGER

Wi

—RIMBRR I N T A BRI B BRI - (B R 2 B AR AT
EAER—EEE , - AERGERRNERE > NRERERM - MR ERBEL - E28
TACS-GNN-ODMN - [Ptk & & — il ~ S8 —REAMBR S — P s - =
SATATE(L 2 - theedR kB ft R am LR IEIE - 2y TEr R, -

BRI R B R AR R B

— TR S PR B e B KA EIEE - NEBREERE - SRefEpifRatHER
FER TR IR IR « RS D S R AURE & - B H BRI R@S S R - A TR
WURIEE » HRZH - DL ICME HIBIFHSER IR (BRREIFF2AET 15— 25%"Y) » &t ol B B
ZBRAERRASER | THTIFFE L o

1BIR= - i TIERS L B TIERIE

B BB EIARA S H NS - EERINRFBEIER - S i — (E 517 44 7 2 B
AIERET  AIAGERVEMMME - EEEEL T ERVMREE LEFNRE > RAEOEES
" MR RS A BRI T SER S E LR E AR RIS -

FHZEIR%N 248 HA 115.9 47



N RRRE

EWFFEfE T  SEENESE R (E IEAEHEERY ST« H— 2 RS R R B A S
DABEZEERFE PREL (generalized spherical harmonics, GSH) 7% & Ak s B B2 RAHE Bl AU A4 R ERS
WA T 7 » (o B Y R R R B BV M A i S I W e A s - S R0 R B 2 — DR R -
HOBEEGREER R R IR A b E) B E AR TN
07~ AGEHFT B A AVEERE 5% - BERUAIAT R BB R b A E R S I e i i - =2
SRR BRI OE - BN« R ELAY R FE R BN B T IR RS PR R~ UTHIRYBIZI B b B 2R AL,
DUR ZAB SRR 82 - Y2 DIE BB THAIMREE T 20 R O BB - (TR S Y
Hem o Rzt -
fEFEREE - AEBGHEEGERN S BAEENICEREEE - TEER M EER - &
TREGIER A E T - DUTN IR AR 7
1 REGR  HEERE—(EEE G - AERER R SRR (205 g
HOCH BB~ FER R SRR A~ FEHLARA AR R ) o T EE AR —(HE HE
TR IR TR, - MBEMECEAEREEEES - B AREEE -

2. BRI B - DAREE UM R A B B AR S R - s AN R B AR E = 0 BT
ZAEIEER ODMN (LA -

3B RN EEEEA ST RN R RN R - B AR BRI A R
SN P e S 2R ) o ) o B R 7

4. BRZEA LB R« DRSS T2 IR R (L - WA - TR R(E S
AR E T EEAFRN TIZATREETEMA -

EF RS RN DR S e # - R ERBRGEEFRTE < 2L
GEAH, TR~ BLAE ~ JEELARY BEAORE ~ iR~ RS - AU YHIINT - EEaE -
U LR R B SRR A - AR SRR - AR O B M (S - BRI
# » dchen@ntu.edu.tw) °

+ -

AT P BN S VARG o 28— FETTEA L o BREERDRIERSIE T, B TR APE
fpE T EEIERAYSE RVE HUZS (A #0 BEMTIEMRSCE - DRI U RR B A A M R BT AT e B
BERRANITR - 8 T AR P PR B R AR BT AT ELRE SN 5 ODMN 5 LU {7 gk JRT1 1 e e o 15 e
fEELHE (L - TACS-GNN-ODMN I8 5 1] 0 i 8 8 — I iy ) B B 7 HE AT RHER L - %
PURH AR 22 BRI RREY 26 LAk - I TR A AR AR 2% » #% EETRIE 224 —281
& - BB MR L E BRI R TR T AEERE « PRHRIP R 2 RS R
27,676 {HEHFE S B A—(E 255 ODMN » £F25ERE 5 X107 — 10° KGR - DL LRERIET
% FE® ZERESRGT RNDE = (E B ; BB e A M Rt s 28 HENE
5 i Bl A R AR S R R Y R T (L T SR 2T 5 SBEE S BIAILL 256 {8 MPT A2 FPoepki)
3.7X10° RIGHR S AR AR - 5= EEH L SREREEEEIEERN LR FRIINE
B H AR (B U\ (L - A SES Mg A Sk T B g I EEE A
Vi e BT (L — B Ey ; AR L AR iR L - EHF I EARE L TREESEEN
A o B B R ERY (011) s - LSS BRI - 35 Lol & 2 iy B

48 FHELRAN 248 HF 115.9



i - AJEd EBSD SEIELES - WAl {ER T B WAREL R RERAS Bd A - 1 S BB T
SR ALEEEN - B - FEEESE - ODMN EMTEH—EE U s 8 > vl i8R
FHR BB AR AE R B/ T (A0 ABAQUS fY) UMAT) BH 252 ABEE S iife « SBsaxp g g
AREN LI ELBIE 99.999% LA E » R BE B aT YR Z By 99.51% » RIaE 2B HE
FABREIR - AREER R 100% ©

£ 2019 & DMN [ fH - ] ODMN ZEisE#E#% 1 - TACS-GNN-ODMN 3% &l 5 %
PSR PSR A BE (a2 S IR A 2 R RO - T DU R AR Ry A SRR R e
B4 DS ERERPTRT - HeBERNS - ERXBMEDFH "FE, - F—XKE
HEw R E ST ARG E R ERE R E RS a4 - TR E
AR RS ELBIRR RS AT — 8 5y - ZEEEEA SERRIS BN TR R ER IR &E - IEEILEE
B L Ry 2 25 T i A 4 - MR B A SR AL T - B T —(EE A B
12 - FEBE SR R e — K -

5

R RABRRAZRRZMERE GEE4%HIE 111-2221-E-002-054-MY3 ~ 112-2221-E-007-
028 ~ 113-2221-E-007-005 ~ 114-2221-E-002-010-MY3) & % % 4% » 3 BB R S5k 497% 13t
Hd e (NCHC) BB E P w-8 KERALF B R T SREFE AR -

2ENRK

1. Rodney Hill, Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences,. 193 (1033), 281
(1948).

2. Frederic Barlat et al., International Journal of Plasticity,. 19 (9), 1297 (2003).

3. National Research, C., Integrated Computational Materials Engineering: A Transformational Discipline for Improved
Competitiveness and National Security. 2008, Washington, DC: The National Academies Press.

4. John Allison, Mei Li, C. Wolverton, XuMing Su, The Journal of The Minerals, Metals & Materials Society (TMS), 58
(11), 28 (2006).

5. Ting-Ju Wei, Tung-Huan Su, Chuin-Shan Chen, Computer Methods in Applied Mechanics and Engineering, 441, 117977
(2025).

6. Ting-Ju Wei, Tung-Huan Su, Chuin-Shan Chen, Computer Methods in Applied Mechanics and Engineering, 461, 119250
(2026).

7. 2418y, (F L8R TLEERYN "% 8 T5F,  TERTHE, 28T TRRBHRIETS, hiEREE
E 57 R, (2025). Please refer to the website: https://www.taitra.org.tw/cp.aspx?n=37

8. BT, <& BB S O, MR A B e SR 0 (2025).

9. Franz Roters et al., Computational Materials Science, 158, 420 (2019).

10. Frederic Feyel, Jean-Louis Chaboche, Computer Methods in Applied Mechanics and Engineering, 183 (3-4), 309 (2000).

11. Zeliang Liu, C.T. Wu, M. Koishi, Computer Methods in Applied Mechanics and Engineering, 345, 1138 (2019).

12. Zeliang Liu, C.T. Wu, Journal of the Mechanics and Physics of Solids, 127,(2019).

13. Ting-Ju Wei, Wen-Ning Wan & Chuin-Shan Chen, Multiscale Science and Engineering, 8, 1 (2026).

14. BUIERE, PRI ARSI R RS SR B 2 R B S 2 RfF 92, BITZ B KRR TR AR SRR, BRI B R =L

(2026).

15. Gajek, S., M. Schneider, and T. Bohlke, Computer Methods in Applied Mechanics and Engineering, 384, 113952 (2021).

16. Haoyan Wei ef al., Journal of Engineering Mechanics, 149 (3), 04023003 (2023).

17. Van Dung Nguyen and Ludovic Noels, Computer Methods in Applied Mechanics and Engineering, 389, 114300 (2022).

18. Ting-Ju Wei and Chuin-Shan Chen, From Compact Orientation Distributions to Texture Evolution: GSH-Initialized

Orientation-Aware Deep Material Networks. (2026).

FHZEIR%N 248 HA 115.9 49



19. Jimmy Gaspard Jean et al., Computational Mechanics, 75,113 (2025).

20. Chuin-Shan Chen and Ting-Ju Wei, “Two-Scale Modeling of Polycrystalline Metals with Orientation-Aware Deep
Material Networks”, 17th World Congress on Computational Mechanics & 10th European Congress on Computational
Methods in Applied Sciences and Engineering (WCCM-ECCOMAS 2026), July 19-24 (2026).

21. Arun Prakash and Ricardo Lebensohn, Modelling and Simulation in Materials Science and Engineering, 17 (6), 064010

(2009).

(S 1My
ZEEEERARTERAELRTRL R+ -

Guo-Chi Li is currently a Ph.D. student in the Department of Civil Engineering at National Taiwan

University.

REFELERBBALEBEREIATREAR L  AR/ELZERETI RTRERMEIRAMER -
Ting-Ju Wei received his Ph.D. in Civil Engineering from National Taiwan University and is currently a

Postdoctoral Researcher in the Department of Civil Engineering at National Taiwan University.

AV EEREZERIBASEIARERRTIER L  HABTEERZIARTREAFELAR EM
HEZETHEERFEHE -

Chuin-Shan Chen received his Ph.D. in Civil and Environmental Engineering from Cornell University,
USA. He is currently a Distinguished Professor in the Department of Civil Engineering and the

Department of Materials Science and Engineering at National Taiwan University.

50 FHELRAN 248 HF 115.9



