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Abstract: To systematically characterize the dynamic mechanical behavior of 30CrMnSiNi2A ultra-high-strength steel under
different stress states, strain rates, and temperatures, and to evaluate its ballistic resistance and failure characteristics under flat-
nosed projectile impact, a comprehensive experimental and numerical investigation was conducted. A modified Johnson-Cook
(MIJC) plasticity model was employed to describe the plastic response, in which the strain-hardening term was represented by a
linear combination of the Ludwik and Voce laws, together with strain-rate hardening and temperature-softening terms. An
extended Xue-Wierzbicki (XW) fracture criterion incorporating stress triaxiality, the normalized third,invariant of the deviatoric
stress tensor (Lode parameter), strain rate, and temperature was adopted to characterize ductile fracture/Fhe material parameters
were calibrated using a combined experimental and finite-element-based identification procedurgs Quasisstatic tests on smooth
round-bar, notched round-bar, flat shear, and plane-strain specimens were performed to cover different stress states. Split
Hopkinson pressure bar compression tests at strain rates of 1063.8~4753.8 s™*, high-rate tensile test§ at 25~1000 s™*, and elevated-
temperature tensile tests from 200 to 800 °C were further conducted to characterize strain-rate“and temperature effects. Digital
image correlation was used to measure local deformation and strain fields in thg<shearty plane-strain, and high-rate tensile
specimens. The quasi-static hardening parameters were determined from jthe smeoth’ round-bar tensile response, with one
weighting parameter identified through inverse optimization by coupling Isight with ABAQUS. The strain-rate and thermal-
softening parameters were calibrated from the measured yield stresses 4t \different strain rates and temperatures. For fracture
calibration, finite element simulations of the smooth and notched’round-bar, shear, and plane-strain tests were used to extract the
histories of equivalent plastic strain, stress triaxiality, and Lode paramgter at the fracture location, from which the stress-state-
dependent fracture locus was established. The strain-rate- ‘and temperature-dependent fracture parameters were subsequently
determined from the high-rate and elevated-temperature’tensile tests. Ballistic resistance was evaluated through 13 impact tests
using nominally 6-mm-diameter flat-nosed projectiles against 4-mm-thick steel targets at impact velocities of 196.2~413.9 m/s.
The ballistic limit was obtained by fitting the initial-residual velocity data using the Lambert-Jonas relationship. Axisymmetric
finite element simulations were finally performed in ABAQUS to evaluate the predictive capability of the calibrated material
model and to quantify the influence of local €leément size. The results show pronounced strain-rate strengthening and thermal
softening of 30CrMnSiNi2A steels/As the strain rate increased from the quasi-static regime to 4547.8 s7!, the yield strength
increased from 1095.6 to 1497,0, MPa; whereas a marked loss of strength occurred at temperatures of 600 °C and above. The
ductile fracture response exhibited a pronounced dependence on stress state and the Lode parameter. Relative to uniaxial tension,
the fracture strains undef shear/and, plane-strain tension decreased by 35.8% and 63.9%, respectively. The Lambert-Jonas fit to
the ballistic-test data yieldedia ballistic limit of 209.9 m/s, and shear plugging was identified as the dominant target failure mode.
The numerical ballistic limit showed significant mesh-size dependence: local element sizes of 75 and 50 um resulted in predicted
ballistic limits of.213.7 and 205.0 m/s, corresponding to deviations of +1.8% and —2.4% from the experimental fit, respectively.
The dominant shear-plugging failure mode was also reproduced numerically. The results demonstrate that the systematically
calibrated MJC plasticity model combined with the extended XW fracture criterion provides an effective description of the
dynamic plasticity and stress-state-dependent ductile fracture of 30CrMnSiNi2A steel. With an appropriately refined local mesh,
the modeling framework can reasonably predict the ballistic limit and dominant shear-plugging failure of thin 30CrMnSiNi2A
steel targets subjected to flat-nosed projectile impact.
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Fig. 3 Equivalent plastic strain field during the loading process of the Shear and PE specimens
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Table 1 The yield stress of 30CrMnSiNi2A high-strength steel at various strain rates
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Fig. 5 The results of the Hopkinson pressure bar experiments
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Table 2 Fracture displacement and fracture strain of specimens subjected to varying stress states

S8 Up fmm M £ &
SRB 4513 0.689 1 1.194
NRB, R=2 0.579 1.287 1 0.199
NRB, R=3 0.700 1.145 1 0.277
NRB, R=6 1.038 0913 1 0.454
NRB, R=9 1.244 0.828 1 0.543

Shear 1.000 -0.050 -0.080 @
1.148 0.634 ,, 431

v
i K7 ER o AR g2 R A BR T TSR
Fig. 7 Finite element calculation models for some mechanical property tests of materials
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SRR, BRI FRIE PE KA 1/8 B84, Shear KA 172 #54Y, W&] 7 fizm. SREUBTRN AL %47
PRICTHEAA T bR X e RSP 42959 0.1 mm.

B 4(b) &7 1 IR BE R A4 e it e i B A Dbl 2R S AR R 2 DL SR B 45 R ] S(b) o 1 IR Y
SO ST G A5 R o 1B 8 a1 ANTF] RIAR RN PP R R AR e b R UE I A AL S 5 8L, DR fReFIE
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Fig.8 Fracture strain and fracture criterion calibration results for 30CrMnSiNi2A high-strength steel under varying strain rates
% 3 30CrMnSiNi2A SR A RHREI S %
Table 3 Material model parameters of 30CrMnSiNi2A high-strength steel

E/GPa v p/(kg'm3) CoHJ/kg/K) Ty/K T.w/K & /87! A/MPa
200.4 0.3 7790 530 293 1764.4 4.17x10* 1095.6
B/MPa O/MPa n s a C P m
1020.8 204.4 0.601 33.45 0.23 0.014 2.880 1.677
(@ G Cs Cy Cs Cs C; Cs
16.70 3.989 0.734 0.843 4.0 -0.037 149.2 5.48

3 XSRS RE
3.1 KR
3.1.1 RBRMAE5ERE

30CrMnSiNi2A HIUAR 5 441k 77 2 % e FE I H F— 5 a0, & e in TR 418 6.5mm
MR, 2 SPGB e TREE N 4 mm. EAAA 80mm [1)
BOAL . AEMOAZETH 12 NEA 3 mm WAL, A TR SRR e 7R AR . SPSR AR BR A 9CrSi 49
Hll, %X EAEN 6mm (I L AZERW, SEEALE 5.91~5.94 mm 2 [8), KEN 30mm, 4 Hf
%552 HRC. KA FERHEL T2 Pt i) — e SR R i ph ike, xR EdIg R 50
RUCEC R RS A E N EA L = A, W 9 Fion, BT S25 CRB1]. AR & AR
()it 2% H End AHHL(Photron FASTCAM SA-Z, 1% 60000FPS)iEAT ic 3 8 AL 4 3 5 7] B e ik A
WL T8 I O B, PR ZEAE 2% DA PN s B R 2 0L D o o e o v T AR AR T B
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9 [ 7’5
Fig.9 Ballistic impact test set-up 6&0.
3.1.2 &R

JLIFRE 13 k58, i yaREh 196.2~413.9 m/s. FRUIUHHE B
PR, AR NSO TR, BRI RN 0~311
i Lambert-Jonas(L-N)#AIB20HE, RiA T

V.=aly =V,)" @)

A Vo AFRANIGREIE: VA RIREE: a5 P UHHL, Ve NSRIER IR .

BT 4 p g, R L BUER R R, % TS =077, P=3.13. #
TERPR V=209.9 m/s. 75 ZULARE, MR 4 56540 RKE, WA FIEERN 2158 m/s,
BASTEREN 216.6 m/s, BRI EL B R IR X JRISDAT T P 2 []o L-J AL 51H(209.9 m/s)lE
TS50 B iR R 2B AR, X R B T AR AR ‘ﬁt?&?Bﬁi&ﬁﬁi%%ﬁﬂéﬁﬁ%ﬂéﬁﬁ%Iﬁ.l
SEM: £ V=216.6 m/s i), — HEIP) wAMVE, SAREH BRI T T R A
(1043 m/s); ML RRZER/ME, LI REME X —BA — & B HUk g Hm ey, A
IR (B G S8 Vi) HAR MR [ R AE T D Vet o RS AR — UM B E I 22, L-J A AL 5 RE
A3 H R OR R IR 12 BR3PV i e SR . [ 10 SRR TSI RTS8 A T8
L-J R TR gt B, AT 0L -7 AR R 45 T S 4 R — Sk R .
4 BEhHRBER

/4@ ‘/‘/& Table 4 Ballistic impact test results
7 N
Kz

2m/s. 215.8m/s B, T
RIS K 4. BIERR R

. GRS LG L] PP S e
b aa& ik i i o
D /mi L/mm m/g Vo /(m/s) V. /[(m/s)
1 .94 2979 6.44 301.9 190.6 5i%
2 29.76 6.46 215.8 0.0 I B
3 29.77 6.45 196.2 0.0 Je 5
4 29.77 6.39 330.1 216.4 5i%
5 . 29.81 6.39 286.6 184.7 TFiF
6 5.93 29.80 6.43 247.1 1454 7%
7 5.93 29.77 6.39 252.9 164.8 TFi%
8 5.94 29.80 6.45 268.3 169.7 FiE
9 5.93 29.80 6.45 249.3 149.2 7i%
10 591 29.79 6.43 234.8 140.1 TFi%
11 5.93 29.81 6.45 216.6 104.3 %
12 5.93 29.78 6.436 233.9 132.7 5i%
13 5.93 29.79 6.443 413.9 311.7 7FiE
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Fig.10 Ballistic curves of 30CrMnSiNi2A high-strength steel targets against blunt projeetile impact
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Fig.11 Failure modes\of'30CeMnSiNi2A high-strength steel targets at typical impact velocities
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(a) V,=196.2m/s (b) ¥,=233.9m/s (c) V,=413.9m/s
12 30CrMnSiNi2A $UARAE =Fhidt BE T iy i 72
Fig.12 The impact process of 30CrMnSiNi2A target plates at three different impact velocities

Seae SR BIEEAR (1 R A BT D) S, I R Bk I g vk 0 1 e AR I AL ) R R
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BE 4.0 mmo FAARFITRIRE RSN 0.4 mm X 0.4 mm; BT 890 i 2E 1 B B 5 S ad w5 A B 2 i
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FEAR AL E 5, WIRWEN 20 °C(293K);s  HAARA] A 185 v e L T SR 1R 5 r) N o SR FH 3 FH 2 ks
SR8 SUBTA ] BEHZflon] () AT Ry o Bl T [R) VK I A TR L “ Rl ™ 5 e 317 Sk g o 5
B S T, SR ST 32 B S22k 1) v o e QR LT T S B DD AL ARG M BN, PR
INPE S RERFERR I 7 LU . BRIE, 6 T B DM A B AR AIE LA % () R 5 AR AL P L5 i A 2
220512223081 )l f fil AT N v 2 T RE R IR O o (ET  RE RE o  AE I TR R, 1 RE I AL A A
Sk 3R B AN RS T R0 DU R AR PR B B8 M Veon JMises B, MPRME T S BORHE SCRR[23 102, %
B SRR . VARALL . JE AR EE A Z NI BEAK N 7800 kg/m3. 204GPa. 0.33. 1900MPa Al
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Fig.13 Finite element model of the impact tests
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RS BUERBIS IR Ia-RIRERE LS

Tab.5 The initial-residual velocity results obtained from numerical simulations

A% R ~F 200 pm x200 pm

Vo /(m/s) 255.0 260.0 270.0 290.0 301.9 330.0 413.9
V: [(m/s) 0.0 72.3 98.1 131.7 149.8 185.2 275.5
R sF 100 um x100 pm
Vo /(m/s) 220.0 225.0 233.9 247.1 252.9 301.9 413.9
V: /(m/s) 0.0 56.1 80.9 104.1 112.9 170.6 294.0
W R 75 pm x75 um
Vo /(m/s) 220 225.0 2339 247.1 2529 301.9 413.9
V; [(m/s) 0.0 22.7 72.4 102.3 115.1 176.7 2846
M E 50 pm x50 pm
Vo /(m/s) 205.0 209.9 216.6 233.9 247.1 2529 301.9 413.9
V: /(m/s) 0.0 34.1 72.8 92.5 114.9 1243 174.4 290.8

=6 KA XW BZUEN K AN[E) 8 7T R~ FRah s R bR

Tab.6 Ballistic limit predicted by the XW fracture criterion-and different element sizes

WA R SF a P Vor(r/s) ik in 2z
200pumx200pm 0.768 2.444 263.2 20.2%
100pumx100pm 0.764 2.554 232.6 9.8

75umx75um 0.755 2.433 213.7 1.8%
50pmx*50pm 0.759 2337 205.0 -2.4%

NT B ERPRE RS sEm, B 15 3B R R A RS S T S A R . AT, B
5 R0 R k0N, FTI e AR R e A S TR Ay, 2 BH i T R A R B e B ) BB A
A BA B PR SO . 145 B 5 Han 2500 Xiao 22K HRE 45 2000 X T HF 70 A 0 55 52 7 [
M 5.94mm Tk 54 7 4mm JE 30CrMnSiNi2A SRFEAR K T, £ER F R EB 401 0 A5 A R0 B o Ml ok ARk
AT, SRR RSN 50 pm BL 75 pm i, HHESE B G S iiE IR AR, RENT
3%, e dm R, 1% 0 RSO Bt AT 5 S A BRI EE T BT SRR A0 S HUR
AR A E T AR REAR R L SR B 0 2 B ) 1 P R RST

350
Mesh size

n 300 B 200pmx200pm
£ %50 100pmx100pm
%‘ B 75umx75um
§ 200 50pmx50pm
[}
>
°§ 150
=100
e

50

0

200 250 300 350 400
Initial velocity/m/s

B14 SRHAIASIR] P ROT I REA0L5 2 A 46 - 55 ) Ak P2 e e b 2

Fig.14 The initial-residual velocities and ballistic curves obtained from simulations with different mesh sizes
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Fig. 15 Ballistic limit and element size sensitivity predicted by numerical Simulation
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(IR D) S L T R (0= 1) PIINAEFIATBIYI (0= 0 )55 BT PIRAS AR AT, e SR TR A
TRUAE [) AR AR E F R o] PLAR MR, T A TR 2K R SE (PTG 1 AR ) M R 12
M- FBUR IO R R REFER — REKESRET, (2GRS T S ) 251
i, EHAR 2O M BR 2 H T BE ) FU4B, 3K W] TR #E AR A2 LAY /2 30CrMnSiNi2 A 5y 5 W
PURAAT 9 I T30 75 3K

SDV1 SDVL
(Avg 75%) (Avg: 75%)

SDV1
{Avg: 75%)
1.705

1.563 o5 ;

12 3 812

0994 | - :
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2 | i
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Fig.16 Failure modes of the target plate predicted with different mesh sizes(SDV1 is the equivalent plastic strain)
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