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Fig. 1 SHPB experimental system
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Fig. 2 Ballistic experiment testing system
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(a) Schematic diagram of the holder and the projectile (b) Target plate diagram
B3 S-SR AR BRI R (B mm)

Fig. 3 Schematic diagram of the projectile and projectile-holder combination and the dimension of the target plate (Unit: mm)
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(a) FEM model (b) Local enlarged mesh
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Fig. 4 FEM model and mesh detail
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WE 5(b) TR, 6061 556 4 78 1 A S 2l 48 R 40 45 14 N (9 B0 -0 4% 1 48 2 30 S5 3 19 ) 24 1k
A2 5. EMERAIRE (AR, 0.001 s™') 4544 T, MRS H B I (0% 7 A8 B A0 RRAE , LT IR 38 5
292 MPa, MIHZ T, EShE RS0 T, MR Tl R 1 B 3 82 5, 78 600 s R AR R INEE T, Ji A i
PETF 2 335 MPa, Y AR YK LEIR T2 3 000~3 800 s! A, Ji IR 3 3 JU) 2 T 2 (348+3) MPa, SLHR 45 R
FW], 1€ 0.001~3 800 s~ A i A2 F& Bl P, 6061 £7 G 4 72 I Hh ] Jb 1) o7 A8 S B0RR M, i 8 1 g B v 7 %
B R AR T . SR, 24 AR FRAE 3000~3 800 s I FBIAF, H T2 X [A] P AR FRAS A R A G /N,
PR A B0 H S 3 11 17 AR iR A U o

400 500
400 +
300
o [ g
[a o q
= = 300 Hf A
(%] (2]
$ 200} o
@ 3
© o 200
= 100 = —o—600 st
—2—30005s*
100 ——3400 5
Strain rate: 0.001 s —>—3800s™*
O 1 1 1 1 O } 1 1 1 1
0.02 0.04 0.06 0.08 0.10 0.1 0.2 0.3 0.4 0.5
True strain True strain
(a) Quasi-static tensile true stress-strain curve (b) Compression true stress-strain curves under different strain rates

K5 6061 o sl 2 1Eng
Fig. 5 Static and dynamic mechanical properties of 6061 aluminum alloy
A (9) Bk J-C AR v, 55— IRA + Be" JpRE AT, X T A 4 9258, 5K (9) Wil S
In(c—A) =InB+nlne (12)
BT WA B ) - A 2R S5 R, T A ISR BE 4 g 292 MPa. G 2 (11) X A N - AR
REAT AR R MU, S S R AN AT 6 o o AR A5 i 2645 2 5 RER AR, REATSR B Fl n, 43
51>k 94 MPa F1 0.168.
SR S IO AR AU AR C, XS TR AR TR B s LR ARSI B AR AT AR BB . X (9) RS R
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N7 o RGN 1 LS HE P AR e A0S (12), SR FH R 01 )5 77 6 B ] SR A AR SRR R B C o 0.011 2,
1 AEIAERIE 6061 506 41 J-C RIS,

F1 HABEA 6061 HEEH J-C KAER S

Table 1 Parameters of the J-C constitutive model for 6061 aluminum alloy obtained through fitting

Material A/MPa B/MPa n C
6061 Al 292 94 0.168 0.0112

WE 7 F7R, 85X G J-C A AR AR AU T 1) B 52 10 7 - 984 7 A iy 285 A [) 07 A% 6 B 40 I iR 38 4%
TSR SE 5, AT LR B, W HA R — SO, v A R Bl 2 S 00 A A SR 0 B KA KR 22 430
7.9% 1 8.2%, BITE 10% VAN . 78 ¥8M:ARTE W Br, 578 F0I 14 37 39 07 7 38 Ak 8 34 15 S 00 500 1 W & %
=, BIE T bR E A S E(A. Bon, O MTTEEM: . X —Z5 R0, BT Y51 S 8L 1Y J-C A KA
RERE A RUTIIN 6061 FR -G <6 1 B I A% 2230 [l N 08 3l 25 7 27 0 i

5.0 500
Experiment
..... Fit N — remememm—=-
400 [ 5= "
< o
o lr
= 300
e
>
5 200
a —— 0.001 s *-experiment
100 F ----0.001 s7*fit )
—— 3000 s™-experiment
-=--3000 s-fit
O 1 1 1 1
3.0 : . : 0.1 0.2 0.3 0.4 0.5
4 -3 2 -1 0 True strain
Ine

B 7 SeH J-C BERLLE A -1 A8 4 HE

Fig. 7 Comparison of stress-strain curves between

6 LRSI T -R AL 45 0
Fig. 6 Linearly fitted result of the quasi-static stress-strain
22 HEMRESLE
el 8 Firz, HIE SR 45 R R W], I AL 600

the experiment results and fitted results

I E T 280 s I, BB 250 H 5 05 2 | e e
I, BALK REZF AR o Bl A S B Y, 5 =~
FUR A RO AR P I R . e R R € so0f
R, RIS ®) P LI Atk 5 |
BRI LG, S5 R R, eI SRR 2
A R — 3, RS A0 5HLTE AR FR R 282.6 mys, 2 200F
o Flp 43I0 0.97 F LS9, WIE T Ly BomaeAsE € |
ey aE HIE
A 6 5 LTS 550 B 42 91, 42400 i 0= pros s o
%%ﬁ M 82 A 114 ﬁ%*ﬁiﬁ( K9, %'l gﬁjL/\ETEE Initial velocity/(m-s™)
I T 50 B BR (254 m/s) B, SRR 5 B4 70 (4 25 B8 6061 Ffr A it STuish S B i £
FRAE, IE I B ap a5 Mg, NE A4 SMELIE, &5 Fig. 8 Experimental results and trajectory curve of
T2 A T A o X AL A S R R A 9 R B 6061 aluminum alloy projectile
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(270 m/s) iF, SR A SRR, F5 1072 HLAF AR T A AR RO, #9307 AR AR ke o 4 AU 3k e
S AR PR AR ) (339 m/s) ), BEA 52 B 58 4 0 38 AR, G455 1E TR A PR IX B AR OT 2T A
SEREIEHI N, ZE R B BUATIMUS O A SR A o (AR A, B AR BT (579 mys) , FEAR B (A
T BT/, AL B B R 78 A8 T T LA o X L 58 4 % 3 S AR I 1) B IR AL RS R AT 0 A, A B
339 m/s (AN A FLIA RS KT 579 mys AR ) FLIR RS, SR B E R BT 9™ L0, B 4 2%, 5 AN [R)
JEZEAF T AL I AR 5

Increase initial velocity

254 m/s 270 m/s 339 m/s 579 m/s

Rear

PO [mICRTAR ) 2R LA
Fig. 9 Macroscopic damage of the recycled target plates
o o AR A ) B A S 2 S DR T N AR AV B T B 0 T RS . IR AR E T, AN 1
CIETAT 45 L 5 1T AR 177 5 1)) S SRR ™ A2 K LB PR AR I, I I T B R AL s 261 T
S AT U] 3 T B IR AL RE AR b TR AR ST DA, S BOR AL 0D, WA LR R i o X
FRAR R, BEAE RV ERE B v, AL B SR AL DA 42 S5y BB PR AR TE 1o ) 3 B DT IR 7%

2.3 HIESIIAETL

FT LR FRE 1 J-C AR BRI S EOT R Q235 N ALIR I 6061 47 A 4 M i BB LA 5%, 1155
SR 2, 23 Fim. Hi, 6061 431 J-C IRISHUN £ 1 iRl &S50

F2 Q235 AN J-C AHJIE RIS 5
Table 2 Parameters of the J-C constitutive model for Q235 steel™

A/MPa B/MPa n C m
410 20 0.08 0.1 0.55

®3 ERAMEANNERSY

Table 3 Basic parameters of the target plate and projectile

Part Material Density/(g-cm ) Young’s modulus/GPa Poisson’s ratio
Target 6061A1 2.70 70 0.33
Projectile Q235 steel 7.85 200 0.30

i A BRICTT A RGBT AN R 25 AR T SR R i A, (BT 3045 2R 5 S 00 3R A5 1) 5# 2
2 (RN P -0 A P 5 28 ) AR B R ) — B, 4] 10 P o e, BEC{EDASE B0 3 ) 95 A PR o 38
283 m/s, a Fl p 7350124 0.99 F1 1.66, 15 5256 %F HE R W1, AEAUIEE o P B 1 SE 90 400 79 21 A 99 B BR
R JE (A UR 22 /N T 3% ) e b 59 A PR G2 9 BE A9 30 A B2 A8 f i 3 . X — &5 R IIE T Pr il B9 A
BRI SR R 57 AT BROTARE A T 6061 BR 4 & SR DL (R W) PR RE D7 I A T 54, R Wi J-C A2
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L e 300 A BT A 80 B A AT T o e 3 00— g _
R PN ) 9L O 7 A Fitted curve %
11 JBAR TR [ R A 2% 1 AL PE ~A0F e e

S 1 500 1 2 PR B A S A i £
B 5 9 W A B — Bk, o §
BT 4% 33 IX R () SR SR 4 7 B R |
B JIE (vi<vg ) 26 PF T, ML 52 0%, AR 5 1 22 S
BB R T B 1 B A YL & 100
Yt A 00T S R A L 7 5 g

RUGR AR I T B, (7 Bef T U ) 78 8 9 e 1y 2!::-0 360 350 460 4E.30 560 5!‘50 660
JE R, FUARRRAE 5 5256 [ USCRE S AR AT o (E A5 Initial velocity/(m-s)

B, RSO BRI (v vp) TOU T, B g0 S sst s i b5 A e 2
25 0L 5 S P SR, AR TR DX 3R A Fig. 10 Comparison of the initial velocity-residual velocity
AR5 E%/}ﬁ AN , % H AR IZ%{EE , ﬁ#f%% 5 fg} e curves obtained from numerical simulation and experiments
FAE T R AL B Ui IR £ S 0 MLEE — 2 BUE AL S 56 B0 4 1 B 2 B UE T R IR LA A5 201 J-C
A BT ZHORIAT BR T Y g AT HE 1 o MRS AR AT A SO AD AN (] B 3 LR M) 6061 4R A 4 A 1 A2 T
KB INHFAE

Effective stress/MPa Effective stress/MPa Effective stress/MPa
930.6 888.3 846.5
7447. 7132. 6796.
558. 7 538. 2 512. 8
372. 8 363. 1 345. 9
186.8 198 17 179. 1
£=19.498 ms oo M £=29.995 ms ol 65905 ms 1228
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Fig. 11 Stress distribution and failure evolution of the target plate under different impact velocities at various times
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Fig. 12 FEM of spherical projectiles of different diameters penetrating a 5 mm thick 6061Al target plate
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Fig. 13 Ballistic curves obtained from FEM of different diameter spherical projectiles penetrating 6061Al
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Static and Dynamic Mechanical Properties and Ballistic
Behavior of 6061 Aluminum Alloy

FENG Zhijian', HU Menglei’, ZHANG Xuefeng”

(1. State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China;
2. Beijing Institute of Mechanical Equipment, Beijing 100854, China)

Abstract: Aluminum alloys are widely used in aerospace, shipbuilding and high-tech fields due to their
excellent mechanical properties. However, they often suffer dynamic impact loading during service. Study of
their mechanical responses under dynamic loading conditions holds both theoretical and engineering
significance. In this study, 6061 aluminum alloy serves as the research object. In-depth research is conducted
through systematic experimental tests and numerical simulations to characterise the static and dynamic
mechanical properties and the ballistic response of the alloy. The experimental results show that within the
strain rate range of 0.001-3 800 s™', 6061 aluminum alloy exhibits significant strain-rate strengthening effect.
The flow stress increases by 18.5% with the increasing strain rate. However, its strain hardening behavior
remains relatively stable under different strain rate conditions. Parameters of the Johnson-Cook constitutive
model calibrated by the least square method can accurately describe the mechanical response at different
strain rates. The ballistic experiment results show that the ballistic limit of a spherical projectile penetrating
6061 aluminum alloy target plate is 283 m/s, and the residual velocity has a good linear relationship with the
incident velocity under the super-ballistic limit condition. The failure morphology analysis of the target plate
reveals that the failure mode is related to the impact velocity. At low impact velocities, the overall
deformation is dominated by composite stress. However, at high penetration velocities, it is mainly local
shear failure. The finite element model established successfully reproduces the ballistic response and failure
mode observed in the experiments, with an error of less than 5%, verifying the reliability of the fitted
constitutive model parameters and numerical methods. Using an experimentally verified finite element
model, the ballistic responses of spherical projectiles with different diameters penetrating a 6061 aluminum
alloy target plate are studied. When the projectile diameters are 10, 8, and 6 mm, the ballistic limit velocities
of the target plate were 283, 392, and 443 m/s, respectively. Therefore, under the condition of unchanged
thickness of the target plate, the higher the projectile mass, the greater the ballistic limit velocity of the target
plate. This study provides important theoretical basis and experimental data, and thus supports the
engineering application of 6061 aluminum alloy under impact load conditions.

Keywords: 6061 aluminum alloy; dynamic mechanical properties; Johnson-Cook constitutive model;
ballistic limit
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