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Damage of a multi-layer Q345 target under hypervelocity
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Abstract: In order to research the penetration characteristics and damage mechanism of multi-layer targets under
hypervelocity impact, experiments and numerical simulations were carried out on a rod-shaped 93W projectile impacting a
multi-layer Q345 steel target. A gram-order rod-shaped 93W projectile together with a sabot was launched by a 57/10 mm two-
stage light gas gun to penetrate into a ten-layer Q345 target. The damage photos of the target after penetration were
transformed into binary images by a Matlab processing software. The equivalent diameter of the center hole, the number and
total areas of the holes, the diameters of damage circles of the ten-layer target were summed up and analyzed. The AUTODYN
software was used to perform the smoothed particle hydrodynamics simulation. Then the microscopical data of the target plates
were obtained by scanning electron microscopy (SEM) and optical microscopy to analyze the microstructure and element
composition. Results show that a rod-shaped 93W projectile could penetrate 8 or 9 layers of a ten-layer Q345 target under

different initial impact velocities. Perforated lips, petal-shaped plastic deformation, tearing, cratering and bulging were formed
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in target plates. These failure modes are attributed to plastic expanding failure and shear tearing under shear stress. The damage
mode of the first three layers of the target is dominated by hypervelocity perforation due to the high impact velocity, with many
holes but small area, while the holes in the later layers are few, but the diameter increases first and then decreases as the masses
and velocities of fragments decrease. The simulation results were verified by the experimental results. They are in good
agreement with the experimental results. Micro analysis shows that the materials of the target and projectile are melt, while the
grains are broken up, refined, melt and recrystallized in the target plates. There are aggregated micropores and microcracks
formed during the penetration process. The micro analysis results show that the damage failure is mainly caused by the
combined effects of thermal stress during the cooling process of the molten mixture and shear tearing under the shear stress,
which is consistent with the macro-scopical results.
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Fig. 1 Damage at the front face of each layer of a ten-layer target in experiment 1
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Fig.2 Damage at the front face of each layer of a ten-layer target in experiment 2
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Fig. 3 Damage at the back face of each layer of a ten-layer target in experiment 2
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Fig. 4 Side view of damage in each layer of a ten-layer target in experiment 2 (the scale bars all represent 5 mm)
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Fig. 5 Equivalent diameter of center hole, number and total areas of holes, diameter of damage circle

in each layer of ten-layer targets after experiments
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Table 1 Parameters of the equation of state and the strength model for 93W alloy

_ - dG Y
pwo/(grem™®)  cy/(kms™) Sw Ywo Gy/GPa  Yy/GPa Yy, /GPa B n d%w T}N/ (MPa-K™1) j—p
17.6 4.04 1.23 1.67 132 1.4 6 1.3 0.1 1.794 —40 0.019 027

®2 Q345 MEPRTSH I RERAMHSH
Table 2 Parameters of the equation of state and the strength model for Q345 steel

Py/(grem’™) co/(ms™) s, Yo A/MPa B/MPa n c m T,/K &qols!

7.83 4569 1.49 2.17 374 795.7 0.4545 0.015 86 0.8856 —1795 0.001
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Table 3 Parameters of the equation of state and the strength model for polycarbonate

ch,o/(g'cmis) Cpc,o/(m'sil) Spc Yrco E/GPa Yoco /MPa

1.2 1933 2.65 0.61 1 80.6

Material
Q345
93W
PC

45 steel k

K6 93W SR{ALL 2.76 km/s i FE fi 7 3 JZ2 A BB FE(0~0.1 ms, [A]F 0.01 ms)
Fig. 6 A numerically simulated sequence for the penetration process of a rod-shaped 93W projectile with the initial velocity of
2.76 km/s into a three-layer Q345 target from 0 to 0.1 ms at the time interval of 0.01 ms

(a) The first layer (b) The second layer (c) The third layer

7 BEBHIAR R 3 /= Q345 M R B IH I
Fig. 7 Numerically-simulated damage in each layer of the three-layer Q345 steel target

*4 3 EREERGATFYHEESERENERILE
Table 4 Experimental and simulated results of the equivalent diameter of the center hole

in each layer of the three-layer Q345 steel target

ERH AR/ mm
25 PR2E/%
SCIY [ ED
HE1Z 16.34 16.15 1.162
22 38.11 36.29 4773
£k 14.06 15.44 9.809

2.3 EBIRMMAR
It o T A FH S R v R 22 2 o TP SR A LB, N S B8 40 5 S B AR 1 IRV 2H 4 R i o3 HE AT
38T,
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Fig. 8 Scanning electron microscope images for cross-sections of perforated lips on the first layer
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PBE AR, JFaTIEWHA, 5 SEM o HrEie Fig. 9 Scanning electron microscope image along the radial
—3, direction around the perforated hole in the first layer
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-4 Radial direction
o e
> i

10 F R R AL B AR R ((a) — (F) : LI 2% 30 By 5 L)

Fig. 10 Metallographic images along the radial direction around the perforated hole in the first layer
((a)—(): from the edge of the perforated hole to away from the perforated hole)

ST @3.45 mm, KA 3 AFFRBRGEBSE)E A 3 km/s A E 6 5 6 )2 (2 mm+1 mmx5) J&
Q235 M4 )2 SEM W FESL(ULIEL 11), 55 1 )2 8EAR Wi 2O, #0680, Wiz )= B L sh 28 59 )
MR A 5 55 2 J B AR T 1 B T Ak 52, U B SRR vl R o A 1 R AR AR T i, R T e
BRI 2 JE AR, (5 2 2 A IR AR Ak, B3 2 R EEAR R B, (656 2 B A T —
B PP AEPE IR, Wy 4 v SR 31— e B i B, Bl A R AIG L SRR AR 2R | Y BT e B
A AR R R X el R, DR 11 R BRI S, DRSS 3~ 5 R M AR AR IR 3=

30 um L

(d) The fourth layer (e) The fifth layer

Fl 11 ©3.45 mm. K23 BAFRmiA G L 3 km/s SEEFIE D 6 )2 Q235 Hi45)= SEM W FIESi

Fig. 11 SEM fracture morphology of a six-layer Q235 target under the 3 km/s impact of a rod-shaped projectile
with the diameter of 3.45 mm and the aspect ratio of 3
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(a) Top of petal-shaped structure (b) Amorphous material

12§ 2-7 FEE S LIE S SEM K
Fig. 12 SEM images of the perforation in the 7th layer of experiment 2

x5 H7RERTEUERENEERSYREECIESER

Table S Energy dispersive spectrum analysis of amorphous material solidified after melting in the 7th layer

JLHE Bt 5% TR 5% JLH Beit s 50% IR B0 %
C 245 13.14 Ni 2.18 2.39
Fe 63.38 73.23 w 32.00 11.23
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Intensity/(a.u.)

20 pm
I

Energy/keV
(b) Amorphous material near the crater (c) Energy dispersive spectra

P13 BRI R U X RIERE TR A B SEM [ KT E T A5 W T RE i 0 Bl

Fig. 13 SEM images of the craters at the surface of the target and amorphous material near the craters
as well as their energy dispersive spectra

*6 EHERILELERENTER SR EDS £5R

Table 6 EDS analysis of amorphous material solidified after melting in impact crater and cavity

TR B 5% TR % PIES B 80% R TR %
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Mo 1.17 0.54
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