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Abstract: Impedance-graded-material enhanced Whipple shields have excellent protective performance. The purpose of this
paper is to study the ballistic limit of Ti/Al/Mg shields, which is an improved impedance-graded-material enhanced Whipple
shield. Hypervelocity impact experiments on Ti/Al/Mg, Al/Mg and 2A12 shields were performed using a two-stage light-gas
gun at impact velocities of 3.0-8.0 km/s. The hypervelocity impact characteristics, the ballistic limit curve and shielding
performance of the Ti/Al/Mg shields were studied. The reason of its excellent performance is explained by comparative
analysis. As the impact velocity increases, the failure mode of the rear wall showed a detached spall or tearing damage instead
of tiny perforations similar to an aluminum shield. The results show that a high-acoustic-impedance titanium alloy layer can
generate higher shock pressures and induce a greater temperature increase, which is more effective for fragmenting an
impacting projectile. The shock pressure and specific internal energy in the projectile increased by 23.0% and 30.7% compared
to the aluminum on aluminum impact event at 8.0 km/s, respectively. The shielding capability of a Ti/Al/Mg shield is
significantly greater than that of 2A12 and Al/Mg shields when the bumper has the same areal density. The critical projectile
diameter of Ti/Al/Mg shields is 6.58 mm at ~8.0 km/s, which is an improvement of approximately 34.8 % compared to the

4.88 mm of aluminum shields. Finally, to explore the transition velocities of the ballistic limit curve of the Ti/Al/Mg shields,
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a theoretical analysis was conducted, which suggests that for an aluminum projectile impacting a Ti/Al/Mg bumper, this value
might be <7.0 km/s. However, a transition point is not apparent in the experimental ballistic limit curve, and the critical
projectile diameter increases with increasing velocity in the range of 3.0-8.0 km/s. It is different from the typical Whipple
shield. Further hypervelocity impact tests and additional research needs to be conducted to study in detail the ballistic limit of
the Ti/Al/Mg shields.

Keywords: hypervelocity impact; Whipple shield; impedance-graded material; ballistic limit; space debris
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Table 1 Hypervelocity impact test conditions and results

LRy AR fRdREEE/(kmesT)  BUOLEA/mm RECRE || S WA RREHUE/(kms)  WOLE/mm KBRS
1-1  Ti/Al/Mg 3512 3.99 RIHL 2-1 2A12 3.596 3.50 RRRL
122 Ti/Al/Mg 3.440 425 RIHL 22 2A12 3.440 3.75 EN
-3 Ti/AUMg 3.473 4.51 R 2-3 2A12 3.480 4.02 S
1-4  Ti/Al/Mg 5.051 4.74 E S 2-4 2A12 6.518 4.50 EN
1-5  Ti/Al/Mg 4951 4.99 RIAL 2-5 2A12 6.296 474 I
1-6  Ti/AUMg 4.827 525 ER 2-6 2A12 6.442 5.01 R
1-7  Ti/AUMg 6.227 5.77 RRRL 2-7 2A12 7.170 5.00 PRy
1-8  Ti/AlMg 6.400 6.00 RREL 2-8 2A12 7.930 475 KK
19  Ti/Al/Mg 6.412 6.27 R 2-9 2A12 7.900 5.00 ER
1-10  Ti/Al/Mg 7.011 6.00 ENR 3-1 2A12 3.540 425 PRy
1-11  Ti/AUMg 7.181 6.25 R 32 Al/Mg 3.476 424 [
1-12  Ti/Al/Mg 7.907 6.25 RRB 33 2A12 6.079 5.73 R
1-13  Ti/AUMg 7.920 6.50 ER 3-4 Al/Mg 6.332 5.74 ER
1-14  Ti/AUMg 8.037 6.75 R
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Fig. 2 Photographs of damage patterns on the front and rear (inset) surfaces of the rear wall

(c) Test 1-2, v=3.440 km/s,

produced by an aluminum sphere impacting at about 3.5 km/s
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(a) Test 3-3, v=6.079 km/s, (b) Test 3-4, v=6.332 km/s, (c) Test 1-7, v=6.227 km/s,
D=5.73 mm D=5.74 mm D=5.77 mm

P 3 1629 6.2 km/s U T, J5 S AT AS R 8 T2 AR
Fig. 3 Photographs of damage patterns on the front and rear (inset) surfaces of the rear wall
produced by an aluminum sphere impacting at about 6.2 km/s
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Fig. 4 Calculated shock pressure and specific internal energy as a function of the impact velocity
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Table 2 Key parameters of materials for shock coupling'-**

I p/(g-em™) cy/(km-s™) bl Yo
BE4e 2.784 5.370 1.290 2.000
a4 4419 5.130 1.028 1.230
Bhe 1.775 4516 1.256 1.540
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(a) Test 1-1, v=3.512 km/s, (b) Test 1-2, v=3.440 km/s, (c) Test 1-3, v=3.473 km/s,
D=3.99 mm D=4.25 mm D=4.51 mm

5 LY 3.5 ko/s B Ti/AVMg 45895 55 R m i B AR
Fig. 5 Photographs of damage to the rear surface of Ti/Al/Mg shield’s rear walls when the impact velocity is about 3.5 km/s
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(a) Test 1-4, v=5.051 km/s, (b) Test 1-5, v=4.951 km/s, (c) Test 1-6, v=4.827 km/s,
D=4.74 mm D=4.99 mm D=5.25 mm
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Fig. 6 Photographs of damage to the rear surface of Ti/Al/Mg shield’s rear walls when the impact velocity is about 5.0 km/s
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(a) Test 1-7, v=6.227 km/s, (b) Test 1-8, v=6.400 km/s, (c) Test 1-9, v=6.412 km/s,
D=5.77 mm D=6.00 mm D=6.27 mm
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Fig. 7 Photographs of damage to the rear surface of Ti/Al/Mg shield’s rear walls when the impact velocity is about 6.5 km/s
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Fig. 8 Photographs of damage to the rear surface of Ti/Al/Mg
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%R 4.49 mm, 5 2A12 45819 3.66 mm AH L4

Tt T 22.7%; fE o 3 B R 6.5 km/s B, Ti/Al/Mg Z5 4 i I S ILE 42 5.88 mm, HE 2A12 £5#4 1Y 4.82 mm
LR T 22.2%; fi il @ R 8.0 km/s i, Ti/Al/Mg 45 5 51 S AL A% R 6.58 mm, Fb 2A12 £5F4 1% 4.88 mm
PEE T 34.8%. PR, Bl o RS A 4R T, TI/ALMg 2548 14 B 37 350 RE 5 i BH 22

T T TEFETpOAIeeE
| 's| 6]

i
7| "s[ ‘sl

s e[
(a) Test 1-12, v=7.907 km/s, (b) Test 1-13, v=7.920 km/s, (c) Test 1-14, v=8.037 km/s,
D=6.25 mm D=6.50 mm D=6.75 mm
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Fig. 9 Photographs of damage to the rear surface of Ti/Al/Mg shield’s rear walls when the impact velocity is about 8.0 km/s
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