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Abstract : Stress—strain curves serve as a fundamental basis for metal sheet forming simulation, process
parameter design, and forming quality evaluation. Q195 steel exhibits nonlinear strengthening
characteristics under varying loading rates. While the traditional Johnson-Cook (J-C) model is
concise in structure, it struggles to adequately describe elastic—plastic transitions, work hardening,
and rate—effect coupling under small-sample conditions at room temperature. Addressing these
limitations, this study proposes a sequential regression model (TCN-Transformer) integrating a
Temporal Convolutional Network (TCN) with a Transformer encoder, utilizing nine sets of uniaxial
tensile test data from Q195 steel at room temperature (with sample—level average strain rates ranging
from 1.00x 107 to 1.70x 10" s!). The model inputs include engineering strain, instantaneous strain
rate, and causal average strain rate; the TCN extracts local curve morphology, while the Transformer
encoder captures global loading history dependencies. Hyperparameter selection and generalization
performance were evaluated using nested leave—one-out cross—validation (LOOCV). The results
demonstrate that the TCN-Transformer achieves MAE, RMSE, and R? values of 3.40 MPa, 5.22 MPa,
and 0.9849, respectively, outperforming both the J-C model and SVR; its mean absolute error (MAE)
for ultimate tensile strength (UTS) stress is 1.91 MPa. Feature ablation and gradient SHAP analysis
reveal that rate—dependent features significantly contribute to both peak strength prediction and curve
reconstruction. These findings provide valuable insights for data—driven modeling of low—carbon steel
stress—strain curves under small-sample conditions.

Keywords : Q195 steel; stress-strain curve; TCN-Transformer; nested leave-one cross-validation;
Johnson-Cook constitutive model

EEWE: GRAFEUFINIGTHIRE “BEFREZINE RN REIZRERAHRR" (MBRKS: S202510497115) .
R EA: FRE (20056—) , 5, Wik, #AHEA, KB £, FEF @I HERLEREF .

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 061



HUAH T2 | MECHANICAL ENGINEERING

515

RLF] = BEAR K Z 2B AR L2080 . ARG SURR S TR . QIS AR . ARy, W T4,
Ko — M TREFH . SERM B R, MRR I DKIEZe prh . 25 FRR AR, W AR S AR R O b BE R A
A AP RASGE MR IR N R IR T R e BE Y ) — BRI, A SE M TN [FI5HaAT | A XU I L 2 B
SIS A S R IR, TR (L REARIICA IR AR T N ) B i 2, DR 3 TN SR A4 R QLS 4RN ) — R AR
Rl (papr R =k S TRy = 8

Johnson—Cook (J-C) LG AMBIZATNE . SHAAYHE ", EEEPERABIN SRR PR 92 (HI%SSR
WERHO, AR SRR TIU ERRE , (ERE M I BT IEE AT I S P AR R R 22, W S /IS T 2o ih e 2
IRILEREEEA IR, 34K SVR. AT A 45 S UK Al A A B S AR 7 — B b 22 e v 4588 3 Rz i P70 (B g el )
A AR e iR A S PRSI, TCN A Transformer 25 FE81 BT WAr AL IR e e T B H RS MY TONHRHK R
JPFISAEARIL, Transformer Al R IHUEHRTE ARG, &S AFIT R LRSI SR & RO A

BT R, ASCHEZE9H QLIS N BB M A, 2 TCN-Transformer 74 [@ A B8, BRI DL T AR R4S . BRI
N AR SR R LS AR IR S O N, L Se RN )7 A Y TONJE#4if0 5 Transformer 4 5 7F 7 ) HE AR 45
oy DARR TR S 1 B L N A BRI B AR B T AR T o A BRI NEE AR AR IR B R A M BB T R 22, AL
KMHER 2 XKIE (nested LOOCV ) BB EGEFE S MM " A £, ¥ TCN-Transformer 5 J-C7
MR | S Fea s E I (Support Vector Regression, SVR) | Transformer f1 TCN BT RGN L, JFL5 G RHEN S
Gradient SHAP 43 #7 % 5 A\ ARFAE X T 4 T 16k

—. ERERHE

(—) SERMHSHE

SCES PR T QLIS ]WIRELIRM . i #& GB/T
700—2019", KAEEHZ GB/T 228.1—2021 01 Ly WL 251k
T EEE Y, £E Instron 5982 MLF T REARHR G AL LT =
WA R, SREESIR N 10 Hz, SLRHIREIMAME, &
JRRE B A SR FR VS 1.00x 102 ~1.70 x 107" s7'
M2 1 TR, Q195 4R 8 I AR T 8 T v 2 IR L o R
i R N AR W/ A

350
300

<
% 2501

~
200+
250

&ﬁ
H 100+
50+

04 T T
0.0 0.2 0.4

TAERAR
| QIOSHIEMRI TR RTINS - TAZRIZRERE:
(Z) J-CHEEEHRIERLE
U T MR, T-C TSy

o= (A+Bg§)[1+c1n][ij

0.001s™
0.01s™!

(.15

&o

K O NWBINA, A FEIRIREE; B, ik 2
b CRHNASHRBURRE: € NEMMERASE, | € 409K

R AT ARy — TR AR i Ze Ry N ) -
MR AR 4R, HLE, =0.001 s, 753 A=175.93 MPa,
B=502.91 MPa. n=0.5537, C=0.010591, J-CHHT T
WS R TR A T, (E N AR T A T R R A UM LR, B
T I U BRI AR SRR A T 7 A 2 . AR SR B A A
N TR AR B I AR SR R ST B AR R FANE T
)48 T R0 (AR R 9 A S 408 Il iR AR o

(=) TCN-Transformer &5

TCN-Transformer i TCN /& &8 I 7 2% 15 25 . £ PE 4%
WE . MEGEER . Transformer Encoder F13& & [6] 9
Mt SR, ZERANIE 2 AR o H N R A DR AR BRI
7 72 R R L] SRSV H I A T R A R, i O R R Y TR N
FPA . Forr, RV N AR SR Sy 2 R B AR 2 H T B
A o A o 8 (8 i AP, PRIEATIARKE R, TCNHT
Ui o R SRS U 5K B TR R A2 B, 8 R BUAR T AR
DX 0] #9530 7 18820, Transformer Encoderiliit £ L H
R #E— D B KRR R, A R [A] IR S
TR FIN PR . 2R ABREA TR 7 Fe 5135 Ty
WA WK AL, R Adam flitk, JFEAME LOOCVY B
iz e . N2 LOOCV Wk 24, M il e il S AIE 52
Wiy, %A Gradient SHAPFEFTIAE 47 ",

062 | Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License.



B8 TON RBE
AR

oz
x

annEax s o o | GEmmen) | AAAA L] [ [T || (e ]

2 TCN-Transformer i EERE]

—. BR59%

(—) HEBUMHRENTEL

N R G SEON RS R e AE 22 S, ARSI L T-C
AR (A2 ) | SVR (& Miplagsr>) ) DI
Transformer, TCN 1 TCN-Transformer ( ¥ Ji& 2% 3] f 41| 4
) BETIBERA ., R AR TN AR, T-C ARy AR
PR R 258K SVRAS J-C I R, R E B 4
WS B S I NVFE AT 55 0 TR 23 PP A I i — 2 (MK T 5%
Zé: Mo TCN MAE#zfi& (3.25 MPa) , TCN-Transformer
(11 RMSE#AIE. R* ft75 (5.22 MPa, 0.9849), TCN{I{k MAE
ST LR B 8 B A A UL AT 45 R i s S e M Az, T TCN—
Transformer 7E RMSEFI R* LRIRERY, 4B R Im%kE
MERAmZEREAR BRIl , 3R TE T IR IR AR Gt

F 1 FHRBUREOR AT 2

el MAE/MPa RMSE/MPa R? PN T2
SVR (RBF) f;? . ill'ifl iofigég nested LOOCV
Transformer j;‘go f;gl iooggg:f’g nested LOOCV

o M S eesioocy
Trazgfl(\)ltjmer 524(1)0 i5i2.§9 i009(§41t3‘3 nested LOOCY

N g TR AR B A A [ O R AR M Ze TR Ry, K
2 TCN-Transformer Z£ 9/ 4 2 LOOCV M 3 ££ A _F 119
RMSE 7, MEBURAR . =oAL F0 g (1 3 A F A A 2 11
T 2, e 3R .

350
_ 300, AT
& 250
2004 #
E 150 [
i |
H 100- i 0.15s"! predict
50 0.01s! © predict
| —=0.001s! A predict
04 r . .
0.0 0.1 0.2 0.3

TN AR

3 RSN ARTTUN Hh STt

(=) $HEERSEIS
NIGUE S ANFFE DT, A0k TCN-Transformer JT JE 45T
THREMSELG . FELRFFRIEERT | nested LOOCV JARFIHE R A AR
HIHTEE T, 3 AR B DR SR PR W AR | IR 7 A8 R LUK AR
PN SIS, S5 2 iR,
2 FHIEHESEREE R (TCN=Transformer )

MAE/  RMSE/ ARMSE/
ekt é 2
LAl MPa MPa R MPa
REAE + W R ASHESR + [
. 3.40 5.22 0.9849 0
S R AR R
JEAE + IR R AR R 3.79 5.57 0.9827 +0.36
NAR + PRSP R AR SR 3.86 7.01 0.9725 +1.79
(LA 8.55 1051 0.9390 +5.30

HRLE LN, BB AR E S5 RMSER N 1.79
MPa, & T8 BE R VN AEIEFMN0.36 MPa; LR
RS JEE I RMSE RN 5.30 MPa, 5 I 18 38 A 5 R 4iE A 7]
SR, R I R R R Y TR SN AR A, R R AR
BRI RER, SHEEAEAMEM.

(=) UTSHHERTRNLESR

PRBE A 2R TS FEAN, ASCHE— B B 2 A8 UTS B )
FHUTS BEASPIFIIGE ST o 4331 N ELSLE 2R ] i 2 AR e
N3RS R AR, AE 9AINEMNRARA PR, g3
B

23 BRI UTS BHE AR

o UTS A UTS M 7J UTS W48 UTS WAE
MAE/MPa  RMSE/MPa MAE RMSE
J-CAAY 7.96 8.80 0.0781 0.0786
SVR (RBF) 5.18 6.38 0.0246 0.0335
Transformer 3.48 4.04 0.0120 0.0158
TCN 2.22 2.61 0.0111 0.0139
TN 1.91 2.54 0.0186 0.0214

Transformer

e FIMFESH W, TCN-Transformer 7F 5¢ 2% fh 2k
AR 0 R O I O O T R I, H UTS g MAE R
RMSE4#191.91 MPaf12.54 MPa, LT HMER,; (H
HUTS WA R #Z =T TCNAI Transformer, i B I (8 A7
LT SR R 2 A B SRR R DR A T DA B T 1 i et T
SR, BN T I I B0 B AT RE S B (R A W R, TR
SERE LR 2 B R AR . UTS W28 i £ 1

(PO ) SHAP aIfZiE it 2

5 RHAE [ - 35 46 % SHAP 53 dkE 40 56 4 TR, Gradient
SHAPZE SR EIR, UTS B3 FG] A B SR8 by AR =8 Tk i
BRI W AR AR, e BRI A T UG {5 P88 P AN (S SR 2 i ¢
TR, R N T S A SR S S UTS WA 67
FF R AR R DT R 1R, SR IE(EA SN F A BOIRS EGUR, %
LELE QL5 AN LY AL TR T S T s R A | W B AR IS A AR A )
SIS, SRS RS A IR, 5 ERREAECN 9
20, SHAPZSSEEVENEIHIEMRE, ARERAIN 2SI

Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License. | 063



HUAH T2 | MECHANICAL ENGINEERING

F 4 BHNFAERPPL4R SHAP STkE

S NFFIE UTS /] SHAP UTS WA SHAP
FEE B VAR 6.35 0.0148
IR AR 4.14 0.0153
AR 0.68 0.0125
=. Zig

ARSCEET 94 Q19680 2 Ui 5 [ Bz S B A3, $2 Y TCN-
Transformer FEA A AAEHL, If45 4 nested LOOCV . HHEIH fib
il Gradient SHAP #FH 7 THI5T, FEEEIBUTT:

(1) FEFUIZREE UTS AR FIE #0750 5 =B A
&, TR R R R AL T 8 R TR e AR
AT REAE L Bt L 5EpkHE4C R ) — B 2R i 2

243t

(2) B P AR R p i Ze g UTS B 7 Hi
R B E L (J-C) MK MALEEs S B4 (SVR) 3 H
o TCN R85 R B g 15 76 AT 55 th E M g 2, TCN-
Transformer B 425 H B ITHE—5 R T KAmZEREAR A 00

(3) FHAEW AT Gradient SHAP 4351 A i 2 5 R 158 22 1
UTS sCTTHRFEAN L, ] 2 A BRI R i 5 [ SR P4 17 2R it
AU T S B AN R T T R E R
TEEA T S

ARTCEEIEEEF QL9549 &, 1.00x 107 ~1.70x 107" s
AR SR R T A A R AR AR L TR AT [ 28/ N AR B
F1 - AR LR BB HAG B0 E, oS I SER B - AR A
T PIERRR N AR R R — P 5

[11Johnson G R, Cook W H. A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[C]//Proc. 7th Int. Symp. Ballistics.

1983: 541-547.

[2HRIGRN , A%, BRREE |, 55 BT RRIHLERSA ST TP2HM BN 1 — I AS 4 ()], BEHA | 2026, 51(2): 1-11.

[3]Desu R K, Guntuku S C, Aditya B, et al. Support vector regression based flow stress prediction in 304 steel[J]. Procedia Materials Science, 2014, 6: 368—375.

[4]Song S H. Constitutive equation, neural networks and SVR for hot deformation of 316L stainless steel[J]. Materials, 2020, 13(17): 3763.

[5]Bai S, Kolter J Z, Koltun V. An empirical evaluation of generic convolutional and recurrent networks for sequence modeling[EB/OL]. arXiv:1803.01271, 2018.

[6]Vaswani A, Shazeer N, Parmar N, et al. Attention is all you need[C]//NeurIPS. 2017, 30: 5998-6008.

[71Cawley G C, Talbot N L C. On over—fitting in model selection and selection bias in performance evaluation[J]. JMLR, 2010, 11: 2079-2107.

[BIGB/T 700—2019. #RZEAAHY [S]. ALAT - PEIFRfEH b , 2019,

[91GB/T 228.1—2021. Sxjgipt foffnhs 55 17843 - ZieT7Hk (S). Auat - spEbREHIE | 2021
[10]Lundberg S M, Lee S I. A unified approach to interpreting model predictions[C]//NeurIPS. 2017, 30: 4765-4774.

064 | Copyright © This Work is Licensed under A Commons Attribution-Non Commercial 4.0 International License.



	基于TCN-Transformer的Q195钢应力-应变曲线预测

