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Abstract: The hot compression tests of AerMet100 ultra-high strength steel samples were carried out at the deformation temperature of
1173-1473 K, the strain rate of 0. 01-10 s™" and the deformation amount of 60%. The results show that with the increasing of strain, the
true stress of AerMet100 ulira-high strength steel samples first rapidly increases, and then the growth rate decreases until it tends to be dy-
namically stable. Under the deformation conditions of the test, the true stress-true strain curve exhibits two kinds of curve types wit dy-
namic recovery type and dynamic recrystallization type. Based on the test results, the strain-compensated Arrhenius constitutive model ,
the optimized Johnson-Cook model and the BP neural network model are constructed respectively, and the prediction accuracy of the three
models on the high temperature deformation behavior of AerMet100 ultra-high strength steel were analyzed and compared. The linear corre-
lation coefficients R of the three models are 0. 99461, 0. 98694 and 0. 99998, respectively, and the average relative error absolute values
AARE are 3.029%, 5.220% and 0. 129%, respectively. Among them, the BP neural network model predicts the highest linear correla-
tion strength of rheological stress and the highest prediction accuracy.
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Fig. 1 Experimental scheme of hot compression for AerMet100

ultra-high strength steel
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Fig. 2 True stress-true strain curves for AerMet100 ultra-high strength steel under different deformation conditions

Met100 i g 38 9 7 A 7] A2 T it 32 I 2% 38T 1) L
N - AR 2 B, N2 iTE L, AN
AIEZRAFT AerMet100 i o i A9 Y EL N ) — L1028
LA EGIR AL, RlE L AS B3, Aok
MY ELN e G K, SRS HUR N, HR
TSR, XEEREEN., EARFRBIEEAMLT M
BN TR AL AN 3 28 A A T R 78 R 4 2ok 2 v ] s A7
E, ZF e BN AR E R E

TEJE RN 5 8 B S0 ) g AR TR I Bt
AR S, 485 5 FE N W v hn SR AR 2 R &5 4, LN )
M, LB B T AT e R EH . 40
AR B G AR, B ASTE R, 7 A W RS
i, R R RS REE, SEME K
BN, B 7 Bl A LN AR 3G i g o, (R R
HR K S AT R BN Bl B A AR
3SR, I TR A RN B AR R A AT S 2 Ik B
A PR ST B ) 34 5 IR K DR 3 B 5 Ay, I H
NAFATER ) Wik, M —Ert, g E
TR P B ARRI N AR SR 2R ) e, Bh A ERARAT 8
555, AerMet100 8 /5758 5N Y EL LY 7 2R M3 K

A RIE (Dynamic Recovery, DRV) FlzhZH

%5 (Dynamic Recrystallization, DRX) JZ&AF K87
BAAT M 2 PR IUE A, 783X 2 Rl A4 /E H
T, LN ) — B AR 2R 2 R SR Y B A R A2
RURIBIAS 45 R 2 iR MR shaAsml &2 74 iy
2840 15 A8 T2 U5 i A n T8 46 ( Work Hardening,
WH) BrBeS s [l &2 Fnn T4 £k 3% [F 46 R 9 3h
ST B (WH+DRV), Hr, B 2b, & 2¢ Al
Fl2ad i, FERAS SRR R 0.1 57" | ABTEIRE R 1173 ~
1273 K DL K R AR R0 1 fT 10 7' AR TR IR E A
1173 ~1473 K B33 H B 0 i sl ml 2 R et 34
AL F A 3 MEIEM B B 1 BB
N EREAERT B (WH) 5 472878 22 JIR bz A2 il 5
NARZ BB, KA T S mE, Bl
DRX BUHZR 55 2 BrBe (WH+DRV) 5 B N A2 1Y
ARWrsg N, LT s & sh S A &, Sh S HALE
FHGR, RENE(EN AR S, ShAA/E s F 1L
YER, NiJIFRE, el A b /e A AH B 4K
M, NARERERR, X DRX BUAhZR A %5 3 BBt
(WH+DRV+DRX) ., H K 2a F1& 2b A LLEH, 1E
NS R 0.01 571 ARTEIREE N 1173~ 1473 K LK
NASHFRN 0.1 87 | ATEIRE N 1373~ 1473 K B, E



212 B

kO OR

5549 %

IO g~ LI AR 4K B (RS U R R, O SRR
B A A AL, ATLE L, IR
PSR, ShA AR ZoE I

3 AN AR A S

3.1 R A*MET Arrhenius AR EY
M ELIY /1 K/, Sellars C Ml Mctegart W J1
BHT Arthenius AAMIRAL - 0= (1) A

Alonlexp(—%) (ac) < 0.8
£ = Azexp(BU)eXp(—%) (ac) > 1.2
Alsinh(a) Texp( - o] (R
(1)

K. e WNAHER, 7' o NEN T, MPa; n iy
PIASREALAE R a0 A, Ay AL 0y BB N B REH
%, Ha=p/n; Q WZILHIERE, (k] - mol™); R
MR E R, R=8.314] - (K - mol)™"; T AR
B, K,

X (1) TR RT3 320 (2), AR
R—ER, ATPLEA L (3) THEBIERE,

InA, + n,Ino - o

R1
:

Ing = <InAd, + _Q
ne , +Bo

(aog) < 0.8

(ao) > 1.2

EEAM

(2)
dlnsinh ( ao
Q:”R[ a(l/(T> )} )
iz (2) "H, B8 0, A Iné-Ino KR L
MRPE, B Ine-o RREMEHRE, n K ne-
In[sinh(ao) ] KRMLEMER, HX (3) A%,
Q/nR A In[ sinh(ao) ]-1000/T 3 R ML HIRIR,
F8EH Zener-Hollomon Z%{ Z W] Fl T KRB TE
R R AR A TG AT A R, AR G
(4) Fim.

InA + nln[ sinh(ao) ] - %

VA =éexp(%) = A[ sinh(ao) |" (4)
A1 (5) .
InZ =1nA + nln[ sinh(ao) ] (5)

Ml (4) WOR\ARABERZMETEY Z H, B
BRI (5) IG5 H InZ-In[sinh (ac)] B FRH

2, HAREE KNI InA O1H.,

R 41 AS [7) 28 1 308 5 7 A5 3 S5 A I 77,
AL A SRR 3 R, &%, M
Kl 3a AT 3b it 5 A3 SRR A HE, B on, =
0.065648, B=7.98736 MPa™', it a=B/n, A5
AR R = 0. 0082189 MPa™ . AR #E A [A] 45 1 I
JETFBIER ) o BIEAE | o (LI RVASHER & {8,
A 3¢ sy Ine-In[ sinh (o) ] W FRITZL,
AU BRI TIME n=5. 28473, SR)5, A H
W& 3d FR Inf sinh (a0 ) 1-1000/T 221k, sk
ERERIE M A 8.73862, HARIER (3) MMAXK
HEBR, BIRJHHEH AerMet100 #8 & o 0 7E 16 {E N
S B2 BEE BE Q = 383.95031 kJ - mol™', Iz
(4) "RRAG ARSI &M T H Z {6, R
(5) ALK 3e Fial) InZ-In[ sinh(ao) ] )R
Zihek, KIS HFE Ind =31.61834, Bl A =5.39102x
107 87" KR SECEBE 1S AerMet100 8 = 35 Y15
BN 71 /4 Arrhenius AAGE2EBIRINL (6) PR .

& =5.39102 x 10" x

- 383950. 31)

inh(0.0082189¢) ]2 (
[sm ( 0')} exp RT

(6)
S FARRIRL A T AerMet100 48 5 X 7E
WEAELN ST OL T RN 7 - AR pREL R, B —E )=
FRPE, BEIE, PLo. 1 s™" S e o o8 A8 v FEl7E
0.1~0.9 s7' BRI B SE «, InAd, n R IE B BE
Q HEEN R RECCHR . R B 230X 5 410k
S8, InA, n FASIEIARRE Q 5 E AR 2 [0) A pREL
KRMG K 4a, K 4b, El 4c FE 4d Fiow,
Hrp, R MHUA MM RE, R AUEBEET 1, U
BRI () L& RO T, A TG MRS . n,
InA K& Q S5 Ary iy (7) s, &
LAEWENE Y ST 1Y Arthenius AR AYF R ILRE [ BRG
A (1) 53U (7) 53002 FMEAY Arrhenius 4 1
AR
a = 0.06665&* — 0.14978&° + 0. 12032&” —
0. 04073& + 0.01376
n = 10.75019&* - 26.96020s° + 27.08677s” —
13. 82252¢ + 7.9498
InA =- 8.55264¢" + 19.51214&* — 2.07019&* —
14.36299¢ + 36. 59789
Q =-9.33464¢* + 61.04510s” + 60. 544535 -
168. 75494 + 431. 68373

(7)
K. & WENAE,



%510 XUAT BL%E . AerMet100 #8 SNV AT Ry S 3 P AR I LA Fb 213
3 3 3
2 L A L ] - 2 L - 2 L
1t 1k 1+
0r /A 0 v 0
_% -1t ;"3 1k -1t
E 2t E 2t . g 2t
3t = 113K Sl =1173K Ll
3 e 1273K 3 «1273K 3
4r 2 1373K “4r 21373K 4
_5 C L L L L 1 '. 14713 K _5 i '| . 1 1 1 N 1‘}73 K -5 L 1 1 1 1 1
3.6 39 42 45 48 51 54 57 6.0 50 100 150 200 250 300 -10 05 00 05 10 15 20
In(o/MPa) o/MPa In[sinh(ao)]
(a) (b) (©)
2.0 44
15+ ar
40 +
E 1.0 38 F
= 36
Z o05f -
=]
Z 00 : ol
- = 0.0l s 2t
-0.5 + * 0.1s¢! 30 |
L | s-l
10t v 10 8
1 1 1 1 1 1 26 1 1 1 1 1 1 1
0.66 0.69 0.72 0.75 0.78 0.81 0.84 0.87 -1.0 -05 00 05 1.0 15 20
1000/T/K-! In[sinh(ao)]
(d) (e)

(a) Ine-lno

B3 AerMet100 #8559 R4S 43t R 5 AR T 26
(d) In[sinh(ao) ]-1000/T (
Fig. 3 Relationship curves of different variables for AerMet100 ultrahigh strength steel

(b) Ine-o

(¢) Ine-In[sin(ao)]

1.25 -
1.20 - VU B 2 T A
_LIs} R2=0.97885
E 1w}
=
NE 1.05 +
X 1.00
3
0.95 F
0.90 -
0.85 , . . ,
00 02 04 06 08 1.0
BRI
(a)
37 -
. B
36 — U 2 A
351 R2=0.99923
= 34
I 33t
E
32t
31+
30 -
29 L , , ,
00 02 04 06 08 1.0
KN ARe
(©)

e) InZ-In[sinh(ao) ]

8.0

75+ VOB 2 Wi &
R>=0.99854
7.0 F
65
=
6.0
551
50 F
45 1 1 1 1 1
00 02 04 06 08 1.0
H N ARe
(b)
430 -
- fE
420 + — M 2 H A
410 - R>=0.99902
= 400 -
g
z 390 F
S 380 -
370 F
360
00 02 04 06 08 1.0
H N ARe
(d)

P4 AerMet100 i 3 5N 8 AME IS BOBERL B B 2 TG 2R
(b) n

Fig. 4 Polynomial fitting relationships of material constants after strain compensation for AerMet100 ultrahigh strength steel

(a) «a

(¢) ImA  (d) Q



214 B

kO OR

5549 %

WAEX (1) 5K (7) RN AZFMER Ar-
rhenius A MR | BEAE I 12 T L0 F7 /N R T A
A AerMet100 & RN IREIEAT R . Qi 5 s,
- AerMet100 B 15558 49 i A8 #ME2 1Y Arrhenius 28 445
RGN A4 L0 7 — 5y A8 i 25 S 56 BT AR %) 5L T -
HN AT, N S5a, & 5b fE Sc AT LA
W, REEEAN 0.01, 0.1 5 1™ W, TR Sy A

160

H N J1/MPa

2] - B

— RME
0 02 04 06 08 1.0
FLNAR
(@
270
240 -
210 A
<
£ 180 -
2
= 150
2l 120 1
= g
60 )
30 i e
— Sl
0 02 04 06 08 10
HAR

(©

SCY N R B R R . N Sd AT RIE 2
WA 10 57" B, TN E /N, AL F
FSCUEE A R, (HREE N AR, B i
{ELZ WO B SC B0, XS [N O I A R A i, 7
e, GEGRTHYE, S E RO
TS L 52 R AR AR ML RS20, 3 LA $ X b RS R
Froh, PRI, oAU 00 (L O 2 S B AR

210

180 -
£ 150
2
2 120
=
w90
60 -
30 - BUME
— el
0 02 04 06 08 1.0
HNAR
(b)
300 1
< 240
[}
2
1801
= 120 4
60 1 o TMME
— IR
0 02 04 06 08 1.0
HNAR
(d)

5 AerMet100 # =5 55 9 B AE 4 MY Arrhenius A KRR YT 7 77 5 556 W S %) He

(a)&=0.01s""

(b)£=0.15s"

(c)e=15s" (d)e=10s""

Fig. 5 Comparison between predicted stress by strain-compensated based on Arrhenius constitutive model and experimental stresses for AerMet100

ultra-high strength steel

3.2 f£4LE Johnson-Cook #&EY

Johnson-Cook %2 Johnson G R Fl Cook W H""
11 1983 SEE 2, n] BN AL B A (6] 228 9 i 3 A
NSRRI AT, ST RSB IREE . KA
SRS N A8 Y —Fh B AR A R IR L=k
(8) fiias, X (8) WA, AZHFKAM (0.0 s,
1173 K) FAJEARNL ST, B 86. 023 MPa:

o=(A, +B&")(1 +Clne” ) (1 =T") (8)
Xy B AN RE n AR RERIREG C O
MR A R & A TC R A N A HUR S
HAe" =c/e,; e, WSHNABRZE, m R TE
B, T RICENEE S

T WRBAML (9) Fin.

T = - 9
T —T (9)

L TOoNSFIRE, B 1173 K5 T, WIEREE,
H 1673 K,

SRIM R UG 1Y) Johnson-Cook 5 % v H 2% [& 51| i AR
AR SRR RN AR RS ERYY ) X3 AN E
ST 3 AR TR AT, S BUR AR Y John-
son-Cook FEAUAE A 512 Bk, AR SCTE R AT 11
Johnson-Cook A MR A ELRE [ X W AR A Ak . L AR
HARAEAL 5T TIEIE, M TR AR John-
son-Cook F%Y - 4= (10) Fiiw:

o= U(l+Clne")[(exp(A, + A\, Ine" ) |(T - T,)

10
U =G, + Ge + G, +G,e” + Ge* + 68’ (10)



4510 14

XA RLEE . AerMet100 8 S i AN VAR TEAT M J2 3 it AR R H RN HE 215

K. U, WS HFN TG BN ERN JT; A,
M, AMEZSEG G, G, G, G, G, Fl G, NE
o AR ELN ) B 2 I R
HSH B &M (6=0.01 s,
T, =L (10) AIfiife X (11) .
o=G6G, +Ge+G,e" +G,e” + G +Ge (11)
WRHESH S P RSN Sy HN AR, F
o e TR ZWAIE, HBRENE 6 PR i
gk, k75 G,=43.31, G, =1228.84, G, =-5940.27,
G,=13348.09, G,=-13841.24, G,=5357.91,

T=1173 K)

0 0.2 0.4 0.6 0.8 1.0
€

Fl 6 AerMetl00 M H7E=0.01 s~ Rl T=1173 K it
o Ml e FTILE KR
Fig. 6  Fifth-order fitting relationship of o and & for AerMet100 ultra-high
strength steel at £=0.01 ™' and T=1173 K

Wi A Z WU EUE S, A ERTT AR R AR R
HRNZIEARR, BEBBRE, £S5 RE
(1173 K) T, = (10) wrfaifb izt (12).

o=U,(1+Clns") (12)

A LA B ANE 7 BiR B o/U, —Ine ™ {95 2
£k, MREARHLRER €=0. 12946,

v
z

A <P o

199999999
Sososo00

Q9] N unaw=

o v

—
o
—
N
w
£
W
(=)

7  AerMet100 MEESRANTE 1173 K I o/U, il Ine * BIIUE X R

Fig. 7 Fitting relationship of /U, and Ing * for AerMet100 ultra-high
strength steel at 7=1173 K

NTHEMESE A, FA,, & A=A+, -
Ine*, ML (10) "Ik (13) .

m—— = )N(T-T) (13)
U(l +Clne™)

HRAE RS A FCN ) BN AR, G
WO AR R K 0.01, 0.1, 1 F1 10 s &4 F
In{o/[U,(1+Clng* ) 11 =(T-T.) By Z ik,
Kl 8 fitzn, sKIGAER A g N 2 i, A1
FIEHE TR ERIA 15 5] A, =-0.0043783, A, =
2.689x107", IRASEEERNTE 3 PR,

HEAL Y Johnson-Cook 7Y i 25 S 4N 4] 9 i,
A DL EWHE F AL AL 19 Johnson-Cook A5 4 i 17
RS 5 h 7 M 4R BE R, fE 8 AR 4F i iR
AerMet100 F 157 5 5K 76 5 A~ AR TE [ B 19 b1 A6k 3 A8
Th,

3.3 BP HEZMEIRE

N T2 W 28 2 — P Sh W i e 2547
WRER 2R R AR N I C R, T4
AFIFFATIE B AL A S A | P 25 X £ A5 7R 3 o
NGRS B, IH g8 R A S A B 0 K
M, BERIEAL G R . IRER LR (Er-
ror Back Propagation, BP) 3% N H i) 12 1 #
ZMEE TR BP A2 0 245 A AR 7 b B Al 2 M Y
82 Z B T I R A N RE T, AR T 4 JE A
11 M7 R BN 7

BP 25 W 25 B ARG 45 g A2 | TR )2 RN
2, WK 10 FfR . AerMet100 i 3 A9 & AF T 9
PEASE AR T A s i (14) .

oc=o(e, &, T) (14)

AR SO B BP 28 I 45 A5 TR R i )2 L 4 L
NiAE R AR R ARG IR X 3 NI A, R
JZ R A R A DR () 2 P ) 1G5 3 A 4R iE L BT
EY I ) =5y o DA = NIAA B ) o U Y EX S iR U i
FELBEREESHRNE, R HRER R A
&, B IEEAZPGE S5 BE, HiRENE
T BEAIG, B AR 25T R ST IR ZEEOR

Sk T I B A 2 R 1 5 ) A Rk o R
BT, S8 AR TES, R
25 0 245 A TR ) T BAORG B RN I R B, T BN A
JZ B N AR R RN AR T I R AT ) —fL AR B, 4
K (15) Frn, (IS HRAE AR B B AR i 2R 5 48 I
TR B T 0~ 1 Z 0], [FAEH, i 2
(18 LI 7 B A T B e A — R Ab BRAS B, o
A (16) FimR,



216 B & o R 5549 %
0.2 0.2
= ¢=0.]
0.0 'ﬁ% 0.0
4 g=().
= 02t . 8:8'3‘ = 021
*o - L * e=0. X - -
g 04 L0% g 04
S .06} » e=0.7 O .06}t
X e =08 s
< 08t S 08¢
T 1ot . S -lo0f
= -2t o g -12+t
14 b ; 14 b
_16 1 1 1 1 1 1 1 _16 1 1 1 1 1 1 1
550 0 50 100 150 200 250 300 550 0 50 100 150 200 250 300
(T-T)K (-T)/K
(a) (b)
0.2 0.2
' = e=0.1 Pl
0.0F ° e=0.2 S e
— : ae=03 — 00} A 9—82
2 o2l ves04 05
=] * =05 S ooh —
o < =06 g O «2=06
I 04t > e=0.7 I o
S ° e c=0.8 S_, 04+ [ ] 6*0.8
= -06f+ =
5 5
£ 08fF £ 06f
1.0k o 0.8 ’
550 0 50 100 150 200 250 300 50 0 50 100 150 200 250 300
(T-T)/K (T-T)/K
(@] (d)

K8 ARIFHEET In{o/[U,(1+Clng * ) 1| Fl (T-T.) MG XE

(a)£=0.01s""

(b)e=0.15s"

(c)e=15s" (d)é=10s""

Fig. 8 Fitting relationship of In{[o/[ U;(1+Clng * )]} and (T-T,) under different strain rates

T2 ARMETEZETHHE Johnson-Cook HEIR) A {H
Table 2 A values based on optimized Johnson-Cook

model at different strain rates

RiASHE /s~ 0.01 0.1 1 10

0. 003788

A 0. 004408 0. 002995 0. 002608

min

P, -
P=0.1+0.8x_——""
Pmax - P

min

(15)

+1.25x (o, —0,,) X (g,-0.1)

(16)
e Py HP o35 0 VA — AL Ak BRAT S BB s P,
P, 53530 i AR B B/ ME R R OR B o
B ELS I 0 T 0, 2300 A B V2 Bl HY )
1R B R/ ME AR R AE s oy RS T2 400 B 1
Bl

g . =0

pri min max

£ 3 AerMet100 EF RN E! Johnson-Cook #REIH S H
Table 3 Parameters of optimized Johnson-Cook model for AerMet100 ultra-high strength steel

24 Gy 6, & Gy Gy Gs c Ay A
HifE 43.31 1228.84 -5940.27  13348.09 -13841.24  5357.91 0. 12946 ~0. 0043783 2.689x107*

i AR B P AL BE BRI 709 1 B HE
AT, I FH R4 30% B9 03 28 47 0 38 A i
m,

WHE F RSB AerMet100 #8755 3849 BP
P2 LSRR fs BP A 2% 0 25 55 0 F3 00 1 1 BB
PEATHRCHE, AREANE 11 B A4 TR g FSE g6 R
XTLLEL, M 11 Hal &, BP i 5 o) 45 452 760
(g g e N2 e iy th & JL-F 58 W, BT

NP L0 3 RS 56 T A L R 22 AR/, AT AR B
HB T AerMet100 8 w5 56 4 75 i i 28 2 I A in T
T LA B TEAT N
3.4 HEBEIR)ITAL

R4 AerMet100 8 1= 5 4N 1) LN 7 — BN AR fl
2, RSO T W ASKMERY Arrhenius ASFRHY |
AEAY Johnson-Cook F5E Y A1 BP 1 28 [ £8 A A Ff 31
SR PR N D TR AR, T B 43 B S 56 1 RS i



4510 14

XA RLEE . AerMet100 8 S i AN VAR TEAT M J2 3 it AR R H RN HE 217

LN J1/MPa

254" . T 1473 K
— %Bﬁ{ﬁ i
0 0.2 0.4 0.6 0.8 1.0
H VAR
(a)
300
1173 K
2501 el

200

H W JJ/MPa
5
3

TN
A
0 02 04 06 08 1.0
FRAR
©

210
180 1

[
N W
S O

HL N )/ MPa
D O
3 3

20, w4
— SEI{H
0 OI.2 OI.4 0‘46 0‘. 8 1.0
HNAR
(b)
320
280 1
240 A
£ 200 1
-l\Q 160 -
B 101U
d 80 /°
w0 B
— S
0 0i2 0j4 016 O.‘8 1.0
FNES
(d)

B9 fAkR Johnson-Cook 55U M 1 7 5 586 107 1% Lt

(a)&=0.015s"

(b)e=0.15s"

(e)e=1s" (d)e=10s"

Fig. 9 Comparison between predicted stress by optimized Johnson-Cook model and experimental stress

RER IR

B 10 BP #fiZ R4 KA
Fig. 10 Model of BP neural network

i, R (17) HERLEM LR R fat
(18) FHESEHIMIXFIR 224 X HE AARE K HKAEx 3 4
AR I IR AR

> (E ~E)(P, -P)
i=1 (17)

R = N
J; (E, -E)*(P, -P)*

i i

x 100% (18)

1 &
AARE = NZ

i=1

Kb B, NSCRS1; P, RTINS 15 E P SR
Sy S8 N 3 AT R T S-SR N O SRR TR

ERMEAHOC R BN R 3R T 5256 0 7 N iy g
AHOCPE MR, R (LB /55 DU sz Wk S 565 7 AR 3500 iy
TIRILRAEARDCIR BBy 5 PR R 22 45 X AARE
IR T I AR N ) AR N 7 i HUORS B, AARE
AL 7 D) 52 AR (3 0 255 SR e

WE 12 i, NAZEMEZERY Arrhenius 48 #4455 7Y
B MR X R B0 R=0.99461, 240 X 15 2% 4 %t
{H AARE=3.029% ; 4L Johnson-Cook 5 % ) £
PER O R B R =0.98694, - 1 X 1% 22 46 %) A
AARE=5.220% ; BP i £ [ 25 #5078 (1) 28 P AH ¢ &R
R =0.99998, - #5 FH X 15 2% 4t X {6 AARE =
0.129%,

ZE TR, BP 2 I 4% KRB IO B B
o, AR KME AL Arrhenius 7 A4 455 8 () T 0 K BE 0
RCRHIK, YA Johnson-Cook A5 7Y fit) T i KS 2 A1
BRI 22, 3 AT T SA A X i3 25 48 X i 3 A 52
IR 22 10% LA, Ui 3 550 35 B8 55 o o ff i
i i AerMet100 /51 58 F9 75 /=1 T A2 T T 1 #4 A8 TB
ih,

4 Hip

(1) (eI RR A, AR B 0 A8 S R 4



218 moOE H A 549 %
160 280
140 1173 K 240
- 120 -
& £ 2007
= 100 1273 K =
3 %0 _r\‘\w 1601
= 60 1373K i 1201
40 1473 K 80+
20 < TN 404 - TRIME
— Sl — SR
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
FURIAR FLRAR
(a) (b)
210
1173 K
180
< 150 1 -
= =
= 120 A <
= 90 i =
i K
607 1473 K
30 . HME 607 . B
— S 30 — M
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
HRIE FMAR
(c) (d)
B 11 AR AR BP A2 o 45 AR A0 T 13 g 5 5296 07 7 % L
(a)e=0.01s""  (b)ée=0.1s" (c)e=1s" (d)e=10s"
Fig. 11 Comparison between predicted stress by BP neural network model and experimental stresses under different strain rates
350 300
s 300 < 2501
S 2501 =
z 250 2 20
2 200 &
oy “ 150
,\g 1501 2
= R=0.99461 = 1004 R=0.98694
& 1007 AARE=3.029% | I8 AARE=5.220%
50 o s 501 ° @z%‘ﬁ:
2R oAU ey
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
SEER AL N 3/ MPa SEER AL N 3/ MPa
(a) (b)
300
o 250
=
= 2004
=
w150
é 100 R=0.99998
B AARE=0.129%
50 o A
MRS
0 50 100 150 200 250 300
LRI N J1/MPa
()

P12 S TR A4 I AR I g 22 ] A R M AR S
(a) RAEAMETY Arrhenius AR (b) f4LHY Johnson-Cook #5 7

(c) BP #2225 455

Fig. 12 Linear correlation between experimental and predicted rheological stresses

(b) Optimized Johnson-Cook model

(a) Strain-compensated constitutive model

(¢) BP neural network model



4510 14

XA RLEE . AerMet100 8 S i AN VAR TEAT M J2 3 it AR R H RN HE 219

X} AerMet100 i = 58 4K 1 $AAR T8 BLNW ) A3 45 0 35
e, Bifio A2 T 5 B A I e N A8 S R A A, Aer-
Met 100 #8 #5914 FL N S1 B @id /N, e il IR0
AT, AerMet100 8 750 A% 1) BL R ) — B A%
Anl o in TaEAL . S8 A iR S X 3 MR E,
LI SR Y B S A A i OB

(2) FETARFEASIE ST 0B F N ) - |
iARHIZE, M T AerMet100 8 /5 R AN 7E 2 iR S I
AR RN AR #ME Y Arrhenius £ AL Johnson-
Cook BLTUF BP #2548 iR | JLZRPEAHOC R AL R
439074 0.99461 0. 98694 1 0. 99998, - H41 HH X %
25 45 X {H AARE 43 i B 3.029% ., 5.220% Fl
0.129% , Horfr, BP 1 45 570 1) F000RS B He v
HA BN T,

S 3k

[1]  Shi X H, Zeng WD, Zhao Q Y, et al. Study on the microstructure
and mechanical properties of Aermet100 steel at the tempering tem-
perature around 482 °C [ J]. Journal of Alloys and Compounds,
2016, 679: 184-190.

[2] JiGL, L FG, L QH, et al. Research on the dynamic recrystal-
lization kinetics of Aermet100 steel [ J]. Materials Science and
Engineering: A, 2010, 527 (9) . 2350-2355.

[3] Li J H, Zhan D P, Jiang Z H, et al. Progress on improving
strength-toughness of ultra-high strength martensitic steels for aero-
space applications: A review [J]. Journal of Materials Research
and Technology, 2023, 23: 172-190.

[4] ShiL Q, Ran X Z, Zhai Y M, et al. Influence of isothermal tem-
pering on microstructures and hydrogen-environmentally embrittle-
ment susceptibility of laser additively manufactured ultra-high
strength AerMet100 steel [ J].
A, 2023, 876: 145167.

(5] ZsMde, skarsc, 227K, 46 10 VIR i R 3l 25 145 AT
Ky (1] SRIEHAR, 2022, 47 (2): 207-212.

Li CQ, Zhang L W, Li F, et al. Dynamic recrystallization be-

Materials Science and Engineering:

havior for 10 steel during thermal deformation process [ J]. Forg-
ing & Stamping Technology, 2022, 47 (2). 207-212.

[6] Huang L, LiCM, LiC L, et al. Research progress on microstruc-
ture evolution and hot processing maps of high strength B titanium
alloys during hot deformation [ J]. Transactions of Nonferrous Met-
als Society of China, 2022, 32 (12): 3835-3859.

[7]  Xu L, Chen L, Chen G J, et al. Hot deformation behavior and mi-
crostructure analysis of 25Cr3Mo3NiNDb steel during hot compres-
sion tests [ J]. Vacuum, 2018, 147. 8-17.

[8] Zeng R, Huang L, Li J J, et al. Quantification of multiple soften-
ing processes occurring during multi-stage thermoforming of high-

strength steel [ J]. International Journal of Plasticity, 2019, 120

[9]

[10]

[11]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

64-87.

Ashitiani H R R, Parsa M H, Bisadi H. Constitutive equations for
elevated temperature flow behavior of commercial purity aluminum
[J]. Materials Science and Engineering; A, 2012, 545; 61-67.
Huh H, Lee H J, Song ] H. Dynamic hardening equation of the
auto-body steel sheet with the variation of temperature [ J]. Inter-
national Journal of Automotive Technology, 2012, 13 (1): 43-
60.

Huang Y C, Lin Y C, Deng J, et al. Hot tensile deformation be-
haviors and constitutive model of 42CrMo steel [ J]. Materials &
Design, 2014, 53 349-356.

Vilamosa V, Clausen A H, Borvik T, et al. A physically-based
constitutive model applied to AA6082 aluminium alloy at large
strains, high strain rates and elevated temperatures [J]. Materials &
Design, 2016, 103: 391-405.

Haghdad N, Martin D, Hodgson P. Physically-based constitutive
modelling of hot deformation behavior in a LDX 2101 duplex stainless
steel [J]. Materials & Design, 2016, 106 420-427.

AR, TALS BR& S s IR AR ATy B2 il S R B
BT [D]. W/REE, MIRE Tk K24, 2020.

Zhao J. Research on Hot Deformation Behavior and Variable-rate
Hot Gas Forming of TA1S Titanium Sheet [ D]. Harbin: Harbin
Institute of Technology, 2020.

Huang C Q, Jia X D, Zhang Z W. A modified back propagation
artificial neural network model based on genetic algorithm to predict
the flow behavior of 5754 aluminum alloy [ J]. Materials, 2018,
11 (5): 855.

Shu X Y, LuS Q, Wang K L, et al. A comparative study on con-
stitutive equations and artificial neural network model to predict
high-temperature deformation behavior in nitinol 60 shape memory
alloy [J]. Journal of Materials Research, 2015, 30 (12): 1988~
1998.

Ashtiani H R R, Shahsavari P. A comparative study on the phe-
nomenological and artificial neural network models to predict hot
deformation behavior of AlICuMgPb alloy [ J]. Journal of Alloys
and Compounds, 2016, 687; 263-273.

Sellar C M, Mctegart W J. On the mechanism of hot deformation
[J]. Acta Metallurgica, 1966, 14 (9): 1136-1138.

T, Lo, S, 55 TAS SA & IWAIBAT b AR
AL)]. BPE AR, 2022, 29 (5): 153-160.

Wang J, Wang K L, Lu S Q, et al. Hot deformation behavior and
constitutive model of TAS titanium alloy [ J]. Journal of Plasticity
Engineering, 2022, 29 (5); 153-160.

TGWE, BT, EA, 4. 300M ol AR R IR AR AT Oy A
Mg (1. PeReE il (BARER) , 2017, 48 (6):
1439-1447.

Zhang X T, Huang L, Li J J, et al. Flow behaviors and constitu-

tive model of 300M high strength steel at elevated temperature



220

ok R

5 49 %

[21]

(22]

[23]

[24]

[25]

[26]

[J]. Journal of Central South University (Science and Technolo-
gy), 2017, 48 (6): 1439-1447.

Zhao M J, Huang L, Li C M, et al. Evaluation of the deformation
behaviors and hot workability of a high-strength low-alloy steel
[J]. Materials Science and Engineering: A, 2021, 810; 141031.
Lin Y C, Chen X M, Liu G. A modified Johnson-Cook model for
tensile behaviors of typical high-strength alloy steel [ J]. Materials
Science and Engineering: A, 2010, 527 (26) : 6980-6986.
Kotkunde N, Deole A D, Gupta A K, et al. Comparative study of
constitutive modeling for Ti-6A1-4V alloy at low strain rates and el-
evated temperatures [ J]. Materials & Design, 2014, 55; 999 -
1005.

XIEvK, B, TEE, 5. BERMNWEREIBIT N A
BORIEEST [T]. BEHOR, 2023, 48 (9): 220-229.

Liu Y B, Guan Y J, Ding H Y, et al. Deformation behavior at
high temperature and establishment of constitutive model for die
steel [J]. Forging & Stamping Technology, 2023, 48 (9): 220-
229.

Jarugla R, Aravid U, Meena B S, et al. High temperature deform-
ation behavior and constitutive modeling for flow behavior of alloy
718 [J]. Journal of Materials Engineering and Performance,
2020, 29 (7): 4692-4707.

Adarsh S H, Sampath V. Prediction of high temperature deforma-
tion characteristics of an Fe-based shape memory alloy using consti-
tutive and artificial neural network modelling [ J]. Materials Today

Communications, 2020, 22. 100841.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Wen D X, Yue T X, Xiong Y B, et al. High-temperature ten-
sile characteristics and constitutive models of ultrahigh strength
steel [ J]. Materials Science and Engineering: A, 2021, 803
140491.

Shokry A, Gowid S, Kharmanda G, et al. Constitutive models for
the prediction of the hot deformation behavior of the 10% Cr steel
alloy [J]. Materials, 2019, 12 (18) . 2873.

Sakai T, Belyakov A, Kaibyshe R, et al. Dynamic and post-dy-
namic recrystallization under hot, cold and severe plastic deforma-
tion conditions [ J]. Progress in Materials Science, 2014, 60:
130-207.

Jonas J J, Quelennec X, Jiang L, et al. The Avrami kinetics of dy-
namic recrystallization [ J]. Acta Materialia, 2009, 57 (9):
2748-2756.

Johnson G R, Cook W H. A constitutive model and data for metals
subjected to large strains, high strain rates and high temperatures
[J]. Seventh International Symposium on Ballistics, the Hague,
the Netherlands, 1983, 21 541-548.

Chao Z L, Jiang L T, Chen G Q, et al. A modified Johnson-Cook
model with damage degradation for B,C /Al composites [J].
Composite Structures, 2022, 282: 115029.

AW 300M H F IR IR A BRI BT [ D], MR S
IR TR, 2015.

Shi X. Research on the High Temperature Constitutive Model of
300M Ultrahigh Strength Steel [ D]. Harbin; Harbin Institute of
Technology, 2015.

S P GG S SO G P SV GG O GG S SO P G P GG G OGS S GG S S G S S G S S

(iR BN EX IR iaIEE 26 Thia!

PSR | RIS =

FE AT, —SAT, RS
=4 /u
2 W W4 WS

BB B B
10 1 #1252
momE B
B0 81 1282
B B B B
10 11 12 582
B B8 ®m B8

32 iAol PEEEX

=
o
-
@

a
sy EE EY
agEyay

hy
BW BN oW

&
W oEwoE

TETET

@

R ETET S
apapay

S R sEmEs

EEEih: ARHEEREER18S aR: 100083
Bi%: +86-010-82415085 (5 : +86-010-62920652
E-mail f<i@263 net (54 dyisjoumal@163 com (;#=

BOMSIRASEXMNTH, BRF
PRI

SEIMBEINERARDS, EN3IBOY
SREERICXNOBS A, BRESE
EFHANH BEARRERREFROVLTE

M2 X BAKS



