2020 2021

Data assimilation-assisted multi-scale modelling for controlling material
microstructures during thermomechanical processes
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This study was conducted to improve the prediction of material
microstructures by solving the following problems of conventional simulation methods for
recrystallization and grain growth: physical properties, recrystallization nucleation, and
computational scale. Specifically, by integrating continuum-scale phase-field (PF) models and
atomic-scale molecular dynamics (MD) calculations based on data science and high-performance
computing techniques, we developed a new method to extract unknown physical properties of grain
boundaries. Furthermore, we succeeded in accurately quantifying the conditions for abnormal grain
growth, which is one of the dominant mechanisms for recrystallization nucleation, by performing
systematic evaluations of the phenomenon using very large-scale PF simulations.
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1. BIRABRLMOER

B B TR F— (DS EF I, B8 CTEtERE oS e B M OBIR N AK &
o TWD., ORI, BRI EREZ KRS A A7 —/L (0.01~100 mm) DOFFE
FER 2 WO HIE 3 2 HAN S M Th 5. KRG H7c o THEE 72 2 DA, MEDIN L% DL
BCA U 2 b O TR & BEAROMRAL, T b bR - hiETH Y, b zm UM
RBIIFTEOM L EZ S D OICELS DORHESNTE . L LR D, KO 558
PEREIZ H 2 @A L L, SEBRIC & 2 3T EERE AR AE O 2 TR L U 7= A BHBR 8 1348 60 TR H o
R A2 ET 2 L0120 2ob 5. ZORMESZT, KA FGRGEN 2 rTRE & LB Z 2
WEHLHES I 2L —a r~OHEREE->TVAS.

VIalb—va il kDAY A VT IITCIE, MR SRR R R B & FERER - SE 22
EXHSAT T CTHBWREAREFIAET L TH L7 = — X7 1 —/L R (PF) K117, &b A S 725l
FIETH D, TFE, ZOL D REGERET LV E LRI, B R EEZR —MciEdd 252
2 b—3a VRENSHERR SN, HHEED TEZ. LLARNS, PF EAZ GO EDE
BEARET ML, FHEE TR TR R A2OWMEER, QR4 R, OFHEBLO R A Z AR
FRUGREE & LT Y, SERLRR T~ 5 A IR ARSI L T 5.

2. IROEM

AHFIETIE, EFEA A 7 —L D PFRIEET V&, JRF AT — D538 /)% (MD) 35 &
AT —ARFICEVREE T 52 LT, RV A B3R D0 w0 R I BUS rTER 708 LV itk
IS AT L Z LT D, S BIT, EPEREFHRE BN 25 M L7 KB PF RHEIC LY, BRSa
AN ORE R ERILER S, TRLEBLT, LROBEO~O@ &Mk L, HERLETH O
Kig7e@ELZ bl bT 22 HNET 5.

3. BIRDAE
(1) MD-PF 7 — % [A{kIZ K 2R MG

BAPEAE DO AT % B3 2 PFIEIZXT L, MD JE TN HER RICBRIIKBEINS. =
DEIZER L, MD KR 28T —% & LT PF #H5ICT — & [Mk[2] GHEHEENEHIT — 4
2B 9 LI, BT NVHORMANT A—2 b 250515 Zi#EH L, PF 7LD/ T A —
Z it d 5 Z T, SRR OE A2 ORI O R X— LGB A Wi EAIC R T 5.
T—HEMEFELE LT, Bt - BE O X 5 2 IERIERIE A~ O A2 72 Ensemble
Kalman Filter (EnKF) [3] #8¥:HT 5.

(2) KHIE PF FHEIC K 2 B ARLARE R84 S O B4l

SRR O EERA = AN Th D RERAREBSR (DB OSSR JE PH O SR EE & 4
BLTERERETIHS) ICERAL, RHARPF V2 2 b— 3 ik b BERRERESMT
ZRIET D Z L2l A s, BRI, FEORSSRL (specific grain) & ZDOMOEER~ Y
7 ARiEE (matrix grains) 2NHRDET VU AT LAERRIZ, FFERL—~ N 7 AM ORIk
(RI<R>), Rift=x ¥ —Itb (y/<p>), ZENELL (M/<M>) % 608 DL EIZE (b &, FpaEhs
DREHEZEIHZITMT 5. PF VI 2 L—3 9 VIIERGPU AR L v Es b L, B T3
KED GPU A /32 TSUBAME3.0 & V5 Z & C, BABUR ORI 25t H A2 ATREE 975

4. RAEAR
(1) MD-PF 7 — % [fi{biZ & 2 K A W 4 S
FHESGME . PFETNVE LT, MR ORNBE 2 R < RBLATEE/R Steinbach & Pezzolla
4 D~NF T 2 —XT7 4 —/)L KMMPF) 7 V&M L7, PF €7/ EDT—ZFEHLDT=HD
MD 5 —# & LTI, Fig. 1(IZ/m330l Al O 2 Rt 3 fEdbR (K919 HRT) TORKEE
AR AW, BRSSO IR I & L, fEak 1, 2, 312k LT, £ n[001]HhE v
[20=0°, —12°, 48°DfEfL i & 5 2 7. T70bb, 12K, 1-3 KR, 2-3 KIRDOITALFAEAE 1T
FIEIL 120, 42°,30°Ch 5. BERSMHITEMB RS, IR 700 K, FERIHESy 5 fs & L, NPT
7 ¥ 7L & Mishin H[5]0 EAM RT3 b Z W T 9200 ps £ CTOFEZIT- 7.
F—HZEULICBWTIE, RESCUMHEEAZIZS O TEBOPF Y Ialb—ay (T
T) ZAHNFEITL, MD BEZEINT — X BNFELET D% TIX, EnKF 1233 7 414
VAN OET oY TV ORBERMIET D, ZOFIEEZED KT Z LT, REER L UMW
HEIND., RO T—ZEUIZBIT 27 o 783 192, 7 0 02 U > ZTEFREIE 400 ps
ERELT.
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Fig. 1 (a) MD simulation results for Al grain growth. (b) PF interfacial profiles estimated by the data
assimilation.
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Fig. 2 Grain boundary properties estimated by the data assimilation: (a) energy and (b) mobility.

FHEREE . LEDOMD F—ZBLOEKF ZHWT, PFRIEEET/VEDTF—ZEHLETTH =
& C, Fig. 1@DOFRR O NVX—, FEEZHE Lz, 7ok, #HEMROICREE R 57
W, 13RI (FALFEAO=42°) DT FILX—[ICHE D 0.53 J/m2[6] THEE L, HEEXIS0 5k
s LTz,

Figure 1(b)i, 7 —# [AMLIZ & Y #HEE S diz PF BHAT ORI % PF 240 H EFZ4? 12
X 0IRT. ok, BHEFRICBIT D PFEREIL, &7 0V 7D E L TRDE. 2ok
BXv, MDEERBREOMMIE (Fig 1) ZBREFICHEETETND I ERbnd.

Figure2 1%, FRIAOT R LF—, GEEOHEEEDORFM A Z RS, Ko7 ay MIET
VYT N, =T — R ERERETH D . HEERRITFIREOICB O TRE L £HY
%73, %9 6000 ps DFEIEBZRIT TR L& —EMICIHT 5. FALZEAG> 15°D K ARIF (1-3 ki ft,
2-3RiR) O FLF—1F0.5 Im2, FENEIE 1~2x10° m4/Js)IF EITPR L, Wbkl Al O
BRI oA — X —Dff[6,71TH 5. 7=, /IMPRIR (12 KR O A X—08EE, KfA
KR DZENDITHANESL, FICGEEO/ NS ZTBHETHD. 20 X5 /Mki R oK=L
X —, MRS BE OB AITER - R RN MESINTEY([7], AMFEORETFTIEICLS
WHEHEDORLMEEMF T LD EEXD.

PLED XD IZARETIE, EEORFICHT 223X —L FBEORSE AR T 5720,
PF-MD 7 —# [AMbIZ 33  RIRWERHIE 222 L, ZOR4 L2 /R L. #ETIEE, Wk
DM EHEAE THRIO R SRy 7 Th o W MEIE RO RN R & T 2 7o o OHEA & L,
REBRBEBPHIFGFTE 5. ARRCR O BEER ST EFREE Materials & Design (IF = 7.991) 12 TH R
HTHDH[8].

(2) KRB PF 33T X 2 B bk B 5 A i O R A

SRS . BEETICE, ERERUL MPFEFLVZEM L. FHEMEEY A X%, 2D T
12,2882Ax% (Ax=1: 5K [H0E), 3D T 12803Ax® & L, HRREIHESrAr 1ZBEMREE O 2 & Stk i 7
FTHIPA TR DX RESEE L7z, Figure 3@IZHIRT 5 L 912, Kk R, R = L ¥ —y,
ZEIE M OSSR (FrEhD) 2 RichilE L, B2 PERIR<R>, BT R L¥—<p,
SYENEE<M>DH) 30 J7 OFESRIRE (= NV 7 R) TR L=, 2D FH5ITI1E 16GPUs, 3D FHHICIE
64GPUs % 7=,




UEORHEOT, Kb~ b U 7 2 L OYHIRRE L pini = Rini /<R>ini, BRI T RNVF—LH =
P<y> FEVT g lbu=M<M>ZZSETEIRZITY, FEEROREREZEE) (BAERRE
DB, HEREREROBIERR) Z7M0L 7.

(a) Initial state (b) 100,000 steps

Enlarged view
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Fig. 3 3D polycrystalline system for simulating the abnormal growth of a specific grain: (a) initial state, (b)

100,000 steps. The matrix grains are visualized only for a half of the entire domain to make the specific
grain visible.

(a) 2D simulations
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(b) 3D simulations

T T
Energy ratio 77=0.75 Energy ratio 7'=2

10} 10;

R/ <R>
R/ <R>

-
T
1

—_
T
* & s orvarm—
-
) ben————
-
-

Size ratio, p
Size ratio, p

Mobility ratio, = M/ <M> Mobility ratio, 4= M/ <M>

Fig. 4 Abnormal growth conditions of the specific grain shown in Fig. 2 as a function of the grain size ratio,
boundary energy ratio, and mobility ratio.

FIAARER ¢ Figure 3(b)l%, BRI EOFHRFEROHI L LT, KRV —r=075 €t
VT ¢ tbpu=4 OFMITET 5 100,000" step BFFOFKEEIEE R, KRN FEFHO~ N 7 2%
BRLUCKET S, BRERKEOHRBGAFHEIN TN,

Figure 4 1%, BIRT R NLXF—HI=0.75~2, FEUT ¢ tbu=075~4 LB sH, SE&FER
IR L B 1TV, SNk p =R I<R>OEMEAL & p - il Bz 7 v > R L7z
HLOTHD., 22T, BRiertorTay MKV, e D YMRIEE pni = Rini /<R>in 7D A X —
M UTEEHERBR A XA L TWD . 7ay b < IR LI RANE, Ktk pd ke Z{bo i (k
RED : HEK [dp/dt>0], F&RHL: B [dp/de<0]) Zaxd. £z, XHOMHRIL Humphreys [9]
DOFLPGHGIC L 2 TRRHERTH Y, RO TITRERORFRENELD (Thbb, dp
/dt>0) EFHISND. Figured LV, BERKEOREOHE (dp/dt DIEA) 1%, FEAED
FERIZBWCOEHGIRmIC L D TH & —ET 52 B8 b2 s, S5, BEREIRERORKT
TRRIRREE, RIEEERIC L D THIEOIFICIER L T s,



LibEEY, <~ U7 APORERLOREKEZEE) (REHRE OB EOHESREENEY 1 X)
(TRIEELL - KR =R F— RREE Y 7 4 OFE L L TRLE TS, PG HmICL o THER
=85 Z EAVRS IS, AT, AT TS KD R A R T D BRI B e A R

FEORFEIZBNT, FICAERMRAEZEZ 20D EERS. LEORFITMA, KM - A
g7 — 20, AR LER L OETOTHUORRICET 2BR L2 AL Tk L, BiE H
FEEIC IR TH 5.
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