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D60 2 — Bl L RE LA A Bk 2 AR, i T4 R4 BTN T B bk B R B O P RE, 4%
FM R KT AT Rz N . LR F AR — AR Q235A B, - H Q235A #YAA L KLY
J1 25 PR RE LA B A M A B S5 1 A5 AS B SE K B D60 9 AR S B8 A OBL, B4 850 °C ¥k, SR TE 650,
580 K 500 °C T HEAT ] K AL B, 1533 3 A [ AR b A B2 A, R RS R a3 1 R . Q235A 1E
HEARAA R, HE AR A AN 2 BTN o G bR A R A R 3 U e AR AT I, BT T
AR BEJEE D60 HIRY#E SIS 12747 R o TR 1L FITEL 2 O 3 RS R BE EE D60 B Ay v fef A A | s 446 A 3 25 s
A PERE X 45 2R, e A5 B AN [R] 6 BE D60 A9 Y o 7 A RN B A Oy 2 Mk Re BCHE L ANk 3 o o AR
I 2(a) A [A) B 3 D60 #1914 1 e 285 37 A 000 3 a2, BBCB A B 1 3 5y 0.2% IR A 7 3 S 4 i Al 56 32 o,

T NPLHLSR L, o 9 BN S E 4 8 IR SR E , o M 1 D60 i KHAE B L 5 R
WS B 46 8 RSB B, N T 3. ol B K55 Table 1 Hardness measurement result of D60
BURSIB TR AL, no ki N 1 — BB, R ik sk Material Hardness/HRC Average

FB e o AR B R S5 R0 5088 M 0 A8 AN AL Test]  Test2  Test3  hardness/HRC
5N AR A 5, i85 0 RS K, N IRES 19.5 21 20 20
FHRE ) =5l B R A, & — A S R N 5 = D60 31 33 31 32
Hhp R TR NS, 37 36 35 36

=2 D605 Q235 MM E(LF AR

Table 2 Main chemical compositions of D60 and Q235 steel (%)
Material C Mn Si P S Cr Ni Cu
D60 0.57-0.65 0.5-0.8 0.17-0.4 <0.04 <0.04 <0.3 <0.3 <0.2
Q235 0.14-0.22 0.3-0.65 <0.3 <0.045 <0.05

®3 3MAEEE D60 HEI HF M HE
Table 3 Mechanical properties of three different hardness of D60 steel

Quasi-static tensile and compression Dynamic compression
Material HRC
op,/MPa o, /MPa  E/GPa 0/% o /MPa 0 /MPa
20 343 847 67.7 18.6 414 1024 (56106061 s™)
D60 32 664 997 68.3 11.8 723 1198 (45006040 s ™)
36 831 1070 73.8 11.0 864 1263 (5350-5960 s ™)

Quasi-static notched tensile and quasi-static tensile

Material HRC Stress triaxiality 77g Maximum equivalent failure plastic strain &;
R=3mm R=6mm R=9mm R=3mm R=6mm R=9 mm Quasi-static tensile
20 0.6683 0.7554 0.8628 0.8442 0.6235 0.5327 1.2655
D60 32 0.5448 0.7037 0.7063 0.8472 0.6217 0.5349 1.0628
36 0.3882 0.4138 0.4558 0.8447 0.6223 0.5340 0.7804

FE 3 T, Bt R RE BB i P06 R L T T WO R L S A e AR B L 8 A T 4 e A e 2
Pgsgm, (A A 3R B0 B R SRR RIB A AR U/, SRR RE S o AEAR Rk AR SRR
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Fig. 1 Quasi-static tensile and compression test curves for three different hardness of D60 steel
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Fig. 2 Dynamic compression test curves of D60 steel with different hardness

HY &1 1 FIEL 2 mT N, B R HRC36 i D60 A A Fir A R e 448 it B 35 de s o I A4 06 32 199 185 o, g iR it
JEE i 22 3580, ARk 0 JeE R e B A T S I R AR SRR AL N, BhAS AR T 3 AN R D60 X4 2 BE Y
HH S A g A SR A SR AN, AR 2(b) FTas o Horpr f B2 A HRC20 119 D60 45 ok BH I, 7F 6061 s7' i AR T
) JeE IR 558 B2 A 1024 MPa, S H M #5285 He 4 Jet JIR o B2 1Y) 2.47 A% i B2 4 HRC32 1 D60 NIk 2, 7 6040 s
T8 BT (10 Bl 2 T 4 5 B Sy A S TR 4 R R 10 1.66 4% 5 B EE i HRC36 119 D60 44 ft A~ B 2., 7E 5960 57!
AR 2R I Bl A R 4 5 R MERR A TR AR 9 B 1Y) 1.45 % .

FESh A R4 A v, 3 FPOR R AE B D60 4K H AT R AF i MM, (UK AR B AR I, WA 3(a).
& 3(b) T 3(c) i,

riginal 3760 s 5480 st 6061 s EOriginal 3500s'  5030s! 6040 s !_Oliginal 3690 st 4760 s 5690 st

uuu....-_.__-----_._EE---—-——

2300 s™ 4770 s 5610 s 2170 s™ 4500s* 5790 s 2580s" 4580s!  5350s!

st 002200 o ¢ O s 00 @lloce - . ceoe

(a) HRC20 (b) HRC32 (c) HRC36

B3 s Ul AR AT IR A IR H

Fig. 3 Photographs of specimens before and after split Hopkinson pressure bar test
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Fig. 4 Layout of fragment penetration test
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Fig. 5 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC20
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Fig. 6 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC32
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Fig. 7 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC36
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Fig. 8 Schematic diagram of fracture failure of fragments and hardness of fragments
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Table 4 Test results of fragments with three different hardness penetrating into Q235A steel plate

Hardness d/mm mlg vo/(ms™) Penetrativity v/(m-s™) vi/m-s) L /(J-m kg )
6.11 988.3 Blind hole 0
6.10 1089.2 Throughout 24.6
6.11 1230.0 Throughout 168
HRC20 9.92 6.10 1270.7 Throughout 221 1089 46.57
6.10 1286.6 Throughout 223.5
6.10 1319.0 Throughout 280
6.10 1414.6 Throughout 379
6.10 892.5 Blind hole 0
6.10 963.1 Blind hole 0
6.10 1086.2 Throughout 66
HRC32 99 6.10 1252.0 Throughout 261 1086 07
6.10 1296.0 Throughout 295
6.11 1335.0 Throughout 353
6.11 1368.0 Throughout 382
6.11 1376.0 Throughout 389
6.10 892.5 Blind hole 0
6.09 987.1 Throughout 19.6
6.09 1048.8 Throughout 77.6
HRC36 9.92 6.11 1240.5 Throughout 309.6 987 38.25
6.09 1285.0 Throughout 399.5
6.09 1346.1 Throughout 424
6.10 1376.6 Throughout 440.9

H1 2 4 AR, HRC20 5 R 4= 490 A9 Al B 991 R R 3k J3E MR IR L I i

fiEf =, HRC32 ¥k Z, HRC36 &
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Fig. 10 Relationship between residual velocity and initial velocity
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Table 5 Comparison between test results and calculated results of ballistic limit velocity'”

Ballistic limit velocity vs,/(m-s™)

Fragmented material dy/mm Target material hy/mm Error/%
Test™ Calculated
11.2 AS steel 15.0 1070 1083.27 1.2
12.8 AS steel 15.0 1084 1085.55 0.1
35CrMnSiA
12.8 SS steel 14.5 1018 1050.00 0.2
11.2 Q235A steel 15.9 917 929.82 1.3

M S FBlE T U, S AR FR e 55 S Pl I (B A A TR 2E7E 2% LA, il i T2 R
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Experimental Study on the Penetration of Steel Fragments with Different
Hardness into Q235A Steel Plate

DU Ning, ZHANG Xianfeng, XIONG Wei, DING Li, WANG lJipeng, LIU Chuang
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Quasi-static tensile/compression and SHPB (split Hopkinson pressure bar) compression tests
were conducted in order to study the mechanical properties of steel fragments with different hardness.
Furthermore, the fragments were launched by a ballistic gun at different velocities into a Q235A steel plate
with finite thickness. The correlation between the mechanical properties and the failure mode of fragments
was analyzed based on the ballistic test results. Combined with the dimensional analysis method, the
empirical relationship of the ballistic limit velocity of the steel fragments with different hardness penetrating
into the Q235A steel plate was obtained. The results show that the mass loss of the fragments decreases with
the increase of the hardness of the fragments, while the residual length of the fragments decreases with the
increase of the hardness. The penetration ability of fragments increases with the increase of the hardness. The
residual velocity of the fragments with HRC36 was relatively higher than that with HRC20 after penetration.
The predicted values of the determined empirical relationships agree well with the experimental results.
Keywords: impact dynamics; low carbon steel; hardness; ballistic limit velocity
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