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Fig.2 Microstructure of ultra-fine grain (UFG) pure titanium

processed by ECAP+RS
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Fig.4 True stress-strain curves of UFG pure titanium at different strain rates: (a) 2000 s, (b) 2500 s™', and (c) 3000 s™
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Fig.5 Adiabatic shear bands (ASB) and crack of UFG pure

titanium after dynamic impact
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absolute relative error, AARE)F115 77 #R 1% Z (root mean
squared error, RMSE) JRiEM ARy vERERY, EAkRy
HEAKXMA (7 ~ (9):

Zl(yr?)(prﬁ) @)

R =
1 ]
by (yify)ZZ(pifﬁ)z
i=1 i=1
Ly
AAREz%ZMXIOO% (8)
i=1 Vi

1 2
RMSE =13 (3, p)) 9

Aty AR ME, p AR TN M, Y
H D 43 ) A S 58 N 4B AV R F50I0 2 7 {8 1)~ 3504,
HNEHAEEH

AT 5T 9% 53 550 R A R AR R T &5 IR 5 Sz 45
RIF R, B9 iRl J-C AR R 22 53017,
BIERTE J-C AMB R R AKX RE R 770k
0.85301 1 0.90914, ~FIJFHXT R % AARE A5 77 H R
7 RMSE 73 54 21.82%H1 169.22 LA F2 9.42%41 91.20,
Jf4h J-C BALRZBOR, FHEAR, BIE J-C A
LG BRI B R ERA A T — € 132 T, AR R Bt —
Wb, R = SIS AE S TN 2 18] g 2 R 38 J7 AR
PR AL T BRI, W J-C A 455 74 1R X 44 Aff il
T R VAR 2R AL T R A A AR R BN S J1FEAT N

4 BP ALHEWEIEE

BP(back propagation)#fi £ W 2% B A7 5 4 (145 X 43
R ST FIAR B 1 oR B S RE T LR R DA 2% 1R
ZV T N B AR R R R BERR RV RS E bR 2R 2
iR/ ME . HEBER AR MAE. BEUZ. fih
JZPU, HiAl, BP-ANN A CL4 )z s i T $ ik
BR BRI 1 2 M R S A
4.1 REES

>
4 a
1100} R=0.90914 L L7
AARE=9.42% P -
£1000F - - Bestlinear fit p
= - - Ermor=20%  ,’ .’ "
B p L7 m 3007, 20005
” 900 - e 2w 350 °C, 2000 5°!
@ L o Oyl 400 'C, 2000 5!
= 800 £ N E #:- 0 o1 v 450°C,20005"
: v :/' {.,?. & AcaBA T w300 C,2500 8"
8 v (AaA f 2 ’vﬂ, ® 350 C,2500 5"
k3 4 s B 0 L1 AR 400 °C. 2500 5™
= 700+~ Y Al | | e » 2500 §
B v x'v . m " m- v 450 C,2500 5!
£ b o _- 300 C,3000 s
600F ™, 4 - M ® 350 C.,30005"
v P A 400 °C,3000 5"
P4 v 450 C,3000s"
N L

500 600 700 800 900 1000 1100
Experimental Stress, o/MPa

120+ 31300 C b
350 C
400 C
100+ 1 450 °C
@ 80+
wn
S 60
40
20F
0
2000 2500 3000

Strain Rate, &/s’!
K9 1BIE J-C AR Z T
Fig.9  Error analysis of modified J-C constitutive model:

(a) correlation between experimental results and

predicted results, and (b) RMSE of different strain rates

BP-ANN #5835 B4 NS &40 A LR L
AR, AR EN T, HANZE T R
N3, HtH BT S ECN 1, ARIEER(10) R A E B E 1
R, ek AR I A E BeEUE T RUECh
1o JEHUA R 26 AF T 12 48 20 & 25K 30 25 vh i S 56 4
P, X 11 B A il S B HEAT 2R, B
BLIGE B A 90% B A N UIZRER , 5% 1E il 4,
5% E RS ;B LK U B Ja — 2H 2 56 B 3247 T
W, FEVR KT R AIMER . WNESHRES,
WIZRIRELN 1000 IR, B 48 11 550 5 K IEAR IR EC N 1000



414 -

G E A e

53 %

U MR 2% WE N 0.01; fth & R EHE

HZ AR Z2 B A0 A e iR 2, BB HRZE N T

0.0001 I IXFIMILEAE, L4 1L 125
l<n-1

PN CEDIY,

l=log,n
W, DNREGUE T REG o NEINE T R m e
HZH S a HB0~10 Z 8] (1) 4.

BP-ANN 45 78 f) iy NAZ 09 FURIAR o AR 3 ¢
AN JBE 5 v i JRE A ok B0NE g B 45 SRS K
I H AT SC T AR, R A A BR AR B A bl AR
2B E A RGR T IS, N BP-ANN 2 g
NP AT IE, W (4 HREEA
[Fi) 1 22 3k 4 2% A1 T B 2 o 210 B I 8 A8 AR A Y ¢ IR
THIEOL, AETHS TS B IR T AT 6 5 2 MR8 TR

(10

— DI B, KA I S IR B AR D R 0 I R T
WIS, DAIG A RS A . IR ELZ BTSRRI
W2 IR S50, B IIGML, T Rk 10 B
7N, BP-ANN A5 7 fff Hh F5000 7 S i) B A% 3 R R
9 b AEER I BN 2 J1 AT, AR — AN LT W 1 SR
KB R AT LLUE B, Tl SRR T 9 21T %
B, X5 R M LR EA Y G, BE AR
N7 7 U B ST (R N 3 R [ %A, BP-ANN B A]
HE 0 07 2% il 26 I R SRR, X A3 33 T BP BIERT
£ H5 45 5 10 BT 1) A5 1R AR 22 10 R ) AR 1 0 A i
T2, 10 25 A — e Ak .
4.2 ERHESH

Bl 11 Jy BP-ANN BEALR Z 00, HE 11 B
AILLE H, 4l BP-ANN A 6 N A8 & A 3 B K
WHATIBIE, SEMXREARESITH, HLR

1200 1200 1200
£=2000s"! a #2500 5! b £=3000s" ¢
1000 - " 1000 1000 -
£
S 800" ‘ v\ 800 800
® L . ' |
5 600: —— Experimental (300 'C) 600" —— Experimental (300 ‘C) . —— Experimental (300 C)
3 el —— Experimental (350 C) —— Experimental (350 ‘C) —— Experimental (350 C)
g —— Experimental (400 C) —| —— Experimental (400 ‘C) —— Experimental (400 C)
2 400 —— Experimental (450 'C)| 400 —— Experimental (450 C) | — Experimental (450 'C)
& = Predicted (300 C) m Predicted (300 C) ®  Predicted (300 C)
) I ® Predicted (350 'C) 200 e Predicted (350 C) ® Predicted (350 C)
00 == 4 Predicted (400 'C) 4 Predicted (400 C) 4 Predicted (400 C)
v v Predicted (450 C) O o0 v Predicted (450 C) oo o v Predicted (450 C)
0 0 ; 0 pueStsn, . . .
0.1 0.1 0.2 0.3 0.4

0.2 0.3 0.4
True Strain, &

0.2
True Strain, &

0.3 0.4
True Strain, &

K10 BP 42 o0 25 450 B0 0 55 S B M8 45 SR X LE
Fig.10 Comparisons between experimental results and predicted results by BP-ANN model for UFG pure titanium: (a) 2000 s,

(b) 2500 s™", and (c) 3000 s

1100}  R=0.90914 . 24 120f b
AARE=9.42% o .t 1300 C
o 1000 | - - - Bestlinear fit .' ,‘; 100 | 1350 C
S - - Error=20% L7 o m t 1400 C
3 P ezl = 300°C,2000 5! !
900 - e 350°C,2000 5 80 ™ 450 C
o ’ Y 400°C, 20005 | B L
§ e --'~-° L v 450°C,2000 5" 2]
Z 800 A :R - ® 300C,2500 5" 5 60
'8 ’;‘v‘&‘; /,’ ® 3507C,25005"
5 700F  r3u I T L M| 40T
B by asiveenm = 300300050 r
= A - i 2= s
S 600 SEvTvE B 350°C,3000 5! 20 F
- - A 400°C,3000 5"
B v v 450°C,3000 5" [
1 rd 1 1 1 1 1 0
500 600 700 800 900 1000 1100 2000 2500 3000
Experimental Stress, o/MPa Strain Rate, &/s™!
Bl 11 BP #4& W 1AL R 2 A

Fig.11 Error analysis of BP-ANN model: (a) correlation between experimental results and predicted results and (b) RMSE of different

strain rates

B RIEFT 0.97065, “FEIMXTIRZE AARE F¥ 7R
P2 RMSE N 4.63%A11 41.42, 122 — 45/, A
FEH0 R o . TR, 3 0] T N AR B O R
BP-ANN A5 78 W] 55 Ji0 v Aff b 475 3% 768 400 ot 4 ko v 2 A
RTINS TIHAT A

LV

5 & it

1) LEIR A 300~450 °C . NAFH 24 2000~3000 s™!
TN, AN 2R B N - N AR il 2R 2 I
AR XU JJ0 " A, AR K . FEHTHES B A



2

R RS«

FETEIE J-C Al BP P28 [ 25 A5 T R A it AU AR B S A AT O

“ 415 -

T I A B SR S 4 A B L) 16 A
RN D38/ A2 BE TR DR s 048U 6 I 30 82 7 1 5 il
78R F NASE R, HL sl N 7B R AR 8 = AR
JEE 1 AR T 386 K

2) BT Bl A il SO BOHE ER ST A S Al AR
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0.90914.

3) RH BP-ANN 4 & 1) 8 2 i 20 R A 1 20 i
% HE B 0 v AR R 2R R I BIAS I AT N, T4 R
HSz6 2 B SE R B (R) #hik 0.97065, ~FXHE %
2% (AARE) 10N 4.63%, ¥1J5Hi%% (RMSE) N
41.42.

4) JEIEXT 2 AR RSB I v A X LG A AT R
J-C A KRS RLLE & AR R 24 T A B A B,
BP-ANN 84 7E fay il Fl s ARl R B 2 2 AL %y,
R 0% YA 00 b 755 8 YA 20 I 7 T o 28 5 A A T R A
TEF NARRVERHAE, NE IRV ZM T &R MR AR
KRR MR IR T — A 077
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Dynamic Constitutive Behavior of Ultrafine-Grained Pure Titanium Based on Modified
J-C and BP Artificial Neural Network M odel

Liu Xiaoyan, Li Shuaikang, Yang Xirong
(School of Metallurgical Engineering, Xi’an University of Architecture & Technology, Xi’an 710055, China)

Abstract: To study the intricate mechanical behavior of ultrafine-grained (UFG) pure titanium under high temperature and high strain rate
loading, a model that can accurately describe its dynamic mechanical behavior was established. The dynamic impact test of UFG pure
titanium was carried out at loading temperatures of 300-450 °C and strain rates of 2000-3000 s™', the true stress-strain curves were also
obtained. The results show that under the studied conditions, the true stress-strain curves show obvious double stress peaks, the
annihilation and rearrangement of dislocations at grain boundaries and the subsequent formation of adiabatic shear bands (ASB) are the
main factors for the two stress reduction. UFG pure titanium shows positive strain rate sensitivity and negative temperature sensitivity.
Considering the strain hardening effect, strain rate hardening effect, and thermal softening effect, a modified Johnson-Cook (J-C)
constitutive model and a BP artificial neural network (BP-ANN) model were proposed, and the accuracy of the two models was analyzed. It
is found that the BP-ANN model can better predict the dynamic mechanical behavior of UFG pure titanium, the correlation coefficient can
reach 0.970 65, and the average relative error (AARE) is only 4.63%.

Key words: ultrafine-grain; Johnson-Cook constitutive model; BP artificial neural network model; dynamic constitutive behavior
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