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ABSTRACT : Dual- plate structure is very eflective in the protection of space vehicle from hypervelocity im -
pact. The experiments of Al projectile impacting Al dual targets at the velocity ranging over 2.5 — 7.0 km/s
were systematically conducted. The damage effects were examined. including the perforation of the shield.
the development of debns cloud and the general damage characteristics of the subplate. Many valuable experi-
mental data and phenomena have been obtained
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I. INTRODUCTION

Along with the development of space technology, the life of space vehicles becomes longer.
Therefore, it ismore iikely for them to be impacted by meteorites or space fragments with
hypervelocity. About 40 years ago, F. L. Whipple“] proposed to adopt a dual-plate structure in
the design of space vehicle. Recent investigations indicated that with such structure a higher ra-
tio of strength to weight could be achieved'?.

Utilizing a two- stage light- gas gun, the experiments of Al dual targets impacted by an Al
spherical projectile were systematically investigated at the velocity ranging over 2.5—7.0 km/s.
The damage characteristics of the dual targets, the developments of debris cloud formed by the
impacting of projectile and shield and the phase transition were observed and analyzed. A large
number of valuable experimental data and related complex phenomena were obtained and re-
corded.

II. EXPERIMENTAL FACILITIES AND MEASUREMENT METHODS

The experiments of hypervelocity impact were conducted by using a 20mm two- stage
light- gas gun. The vacuum in the gun tube and the test section was about 10 — 30mm Hg.
Both the projectile and the target were made of LY—12—CZ Al with density p=2.7g/cm’, dy-
namic yield strength Y=300MPa. The diameter of the spherical projectile was d,=5.0mm. The
projectile velocities ¥, ranged from 2.5 to 7.0km/s. The dual targets consisted of a shield (front
target) and a subplate (back target, main structure)with a space between dual targets. The
spacing gap L was 12cm and 20cm. The target thickness was within 1. 0 — §. Omm.
The projectile velocity was exactly measured by using both optical method and contact- foil meth -
od. The perforation of the shield and the development of the debris cloud were recorded by two
X- ray flash channels. The damage patterns remained on the shield —— hole and on the
subplate —— craters were precisely measured with micrometer.

II1. EXPERIMENTAL RESULTS AND MECHANICAL ANALYSES

1. Dual- plate Structure—— An Effective Type of Protective Structure for Hypervelocity Impact
In order to check the protective performance of dual targets, we observed and compared the
pénetration depth p of the dual target and the single thick target at different projectile velocities.
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The results were shown in Fig. 1, in which p was the sum of the shield thickness and the maxi-
mum crater depth on the subplate. From Fig.1 it is clearly seen that as ¥,<3.5km/s, the pene-
tration depth of the dual target p, is larger than that of the single target p,.However, as V,>35
km/s, p, is smaller than p, and becomes increasingly smaller with the increase of V,. Thus. the
protective performance of dual targets is obviously better. It can mainly be explained by the ex-
panding debris cloud formed afier impacting, which disintegrates the materials and disperses the
flux acting on the subplate. Meanwhile, if ¥, increases up to 7km 4, the melting effect will also
play an important role.

2. Effect of Shield Thickness ,

The main factors affecting the protective performance are material properties and geometry
parameters. In the present case of Al/Al impact, if we fix the projectile velocity at 5.3km /5 and
spacing at 12cm, but vary the shield thickness, we can find out experimentally the total target
thickness for the critical penetration of the dual target. Fig. 2 shows the variation of
dimensionless total target thickness (¢,+1,)/d, with dimensionless shield thickness r,/d,. The point
for 1,.=0 corresponds to the degenerate case, in which the shield is absent. According to analysis
the total thickness of the critical penetration for the single thick target is about 2.5 times of the
crater depth. Because the experimental crater depth of the single target is 9.5mm!Y, the value
of (t,+1,)/d, is about 5.
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From Fig. 2 it can be found easily that (z,+1,)/d, has a minimum value, when 1,/d,=0.3.
It means that the protective performance of dual targets is optimum when r,/d,=0.3. Because
the projectile diameter is Smm, the optimum shield thickness should be near 1.5mm under our
experimental conditions.

This experimemtal result can be interpreted as follows. The debris cloud is composed of the
fragments of projectile-and shield.In the range 1,/d,<0.3,the main constituent is the projectile frag-
ments. As ¢/d, increases, the fragments of the projectile are seriously crashed more and more, so
that the damage to the subplate is reduced. On the other hand. when ¢,/d,>0.3, the shield frag-
ments constitute major part. When r,/d, increases, the crash of the shield becomes more difficult,
so that the damage to the subplate is more serious due to the shield fragments of larger size.
Hence, the optimum condition for the damage to the subplate. ¢,/d,=0.3. is just the result of
the combination of these two effects. '

3. Perforation of the Shield

When a projectile impacts a shield with hypervelocity, a hole is formed on the shield. Fig. 3
shows the perforating characteristics at different impact velocities. Fig. 4 indicates the relation-
ship between hold diameter D and projectile velocity. Fig. 5 gives the relationship between hole
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diameter and shield thickness. It is found that hole diameter increases with the increase of impact
velocity and shield thickness. Meanwhile. Fig. 6 shows that our results agree well with those
from Maiden & McMllian and McHugh!¥,
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In addition, according to our previous experience, there must be a critical projectile veloci-
ty V,.at which no perforation occurs. The resulting empirical formula for the hole diameter is

D/d,,=0.96(\/pV§/Y _J;V;Z/Y 5% (¢, /dp)o_s
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in which V', is taken as 1.0 km/s, Y is taken as 300 Mpa.

Table 1
Damage characteristics of subplate

Dimension of max. |Pattern characteristics
Projectile velocity | subcrater (cm) of ring position (cm)  |Subcrater number Damage characteristics
(km/ss) N on the subplate
diameter | depth inner ring puter rng

no microcrater, relatively small
6.0 1.5 / / 100> N> 50 number of subcraters of big size,
irregular shape and with imegular
distribution

o
i

no microcrater. number and depth
of suberaters increase slightly,
their shape and distribution begin
to be regular.

100> N> 50

~
La
~

34 6.0

no microcrater. number ol

i subcraters increases obviously. in
4.5 5.0 1.8 / / 250> N> 100 hemispherical shape, their
distribution tends to take a ring
pattern.

microcraters appear. number of
subcraters increases continuously,
but their depth becomes smaller,
in hemispherical shape. two
rings appear.

5.4 3.0 1.4 3.5 6.5 500> N> 250

microcrater number increases obvi-
ously subcrater number decreases.
6.1 2.5 1.4 5.5 8.0 1000> N> 500 in hemispherical shape. with
smaller size, large diameter ring.
a ray pattern appears.

micro craters are dense and
overlapped. subcrater number
6.8 2.5 1.3 7.5 / N>1000 deceases continuously, in
hemispherical shape, larger
diameter inner ring and outer
ring disappears.

4. Damage Characteristics of the Subplate

When projectile velocity ¥, is not very high, the main part of the cloud constituent is solid
fragments. The size of the craters formed by impacting of solid fragments on the subplate is reia-
tively big (about 1 — ¢ mm in diameter ). These craters are called “subcraters”. As the projectile
velocity is high enough, a pumber of smaller craters (less than | mm in diameter)are formed
due to impacting of melt drops. These smaller craters are called “microcraters”. At various pro
Jectile velocities the damage characteristics of the subplate are illustrated in Fig.7. Fig.8 shows
the variations of the diameter and depth of the maximum subcrater with projectile velocity. The
relevant parameters of the damage characteristics are listed in Table 1.Analyzing these damage
characteristics, following comments can be made:

(1) The diameter of the maximum subcrater drops continuously down with the increase of
projectile velocity. As V), increases up to 6km/s, the trend of this decrease seems to slow down
and finally to have stopped. The reason is that the sizes of the fragments become smaller with
the increase of V,. At the same time, the process of the phase tramsition occurs in the cloud.

(2) When V,< 3.5km/s, tire depth of the maximum subcraters slightly increases with the

increase of V,. However, when V,>3.5km/s, the depth decreases significantly as ¥, increases.
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When V,=6.0km/s, this drop trend is basically stopped.

(3) The overall deformation of the subplate is related to the plate thickness. When ¥,>50
km/s and the plate thickness is less than Smm, the subplate will produce obv1ous bulge be51des
the local deformation.
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(a) The variation of the diameter of the maximum subcrater (b) The variation of the depth of the maximum
with projectile velocity(s;=3mm. 7p=>5mm. L=12cm) subcrater with projectile velocity (7¢=3mm,
th=5Smm. L=12cm)

Fig. 8
(4) The distribution of the subcraters and the microcraters on the subplate has following
characteristics: (i) There exist two obvious rings of the subcraters —— an inner ring and an out-

er ring. In these rings the subcraters are relatively deep. (ii) When ¥,>S5km/s, besides a num-
ber of subcraters, there are much more microcraters in the inner ring. As V), increases up to
7km/s, in the central area inside the inner ring, it can be seen that the microcraters are dense
and overlapped. (iii) When V,>S5km/s, the subcraters are in the hemisphere-like shape, the
sizes are uniform, and the distribution of the subcraters is very regular. In addition, beyond the
outer ring, a ray pattern of the subcraters appears.

From previous observations. it is concluded that when V,>3.5km/s, the damage on the
subplate is reduced obviously and when the 5.0>¥, >7. 0km/s, the distributions of the
subcraters and the microcraters display the characteristic patterns.

5. Effect of Spacing Gap of Dual Targets

The experiments with the various projectile velocities and spacings were performed to exam-
ine spacing effects (V,=3.4 and 5.4km/s and L=12 and 20cm). The damage characteristics are
demostrated in Fig. 9.

Fig. 9 Damage characteristics of different spacing gaps
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Basically, the damage patterns on the subplates show that: (i) As L increases, the domain
of two rings enlarges; but the number of the subcraters in unit area is adequately decreased.
For example, as V,=5.4km/s, L=12cm, the diamecter of the inner ring is about 3.0cm. Howev-
er, as L=20 cm at the same velocity, it is seen that the diameter of the inner ring is about 5.
5cm and the outer ring disappears on the subplate. (i) As L increases, the depth of the
maximum subcrater basically does not change. (iii) As J increases, the inner ring expands
gradually, such that the diameter of the inner ring goes from 5.0 to 5.6cm when V), increases
from 5.0 to 5.7km/s. Because the subcrater depth plays an important role in  perforating
subplate. the variation of the spacing is not important for the perforation damage to the
subplate.

6. Formation and Development of Debris Clouds

The radiographs of debris cloud have been obtained using two X ray flash channels'® "].Fig.
10 {a) shows the view of Al/Al debris cloud with V,=5km/s, t,;=3mm and flashing time trig-
gered at 10us and 25us. Fig.10 (b) shows the radiograph of Fe/Pb debris cloud with V,=6.3
km/s, /,=3mm and flashing time triggered at 28us and 68us. From the radiographs the follow-
ing structural features are observed:

(a) Debris cloud radiograph of Al/Al impact(after Debris cloud radiograph of Fe/Pb impact
treatment of microcomputer)

Fig. 10

(1) From Fig.10, it is evident that the mass is mainly concentrated in the head of the
cloud. '

(2) The appearance of the cloud seems to be a hollow bubble. The bubble expands and the
outer shell thins down irf the course of the forward motion.

(3) The indication of phase transition was observed clearly from the appearance of the de-
bris cloud in radiograph 10(b) for Fe/Pb, however, it is obscure in radiograph 10(a) for
Al/Aldue to its low density.

The flying velocity of the head of debris cloud is an important parameter. From these
radiographs we obtained the mean velocities of the head at various projectile velocities for the
Al/Al case(see table 2). Obviously, the flying velocity of the head increases with the increase of
projectile velocity. On the present condition. the flying velocity is about half as large as the
projectile velocity.

Table 2
Relation between flying velocity of the head of debris cloud and projectile velocity
Experiment number 9111 9110 9103 9113
Projectile velocity(km /) 5.7 5.0 4.2 3.2

Flying velocity of could
head (km.%) 2.7 2.6 2.1 1.5
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7. Characteristics of Phase Transition

According to the theory of shock wave the condition of the shock inducing phase transition
of Al/Al impact was roughfy estimated and listed in Table 3!, In view of this, on the present
condition, i.e. V,<8.0km/s. it is only possible to make Al melting, while the vaporization is
impossible. ,

Analyzing the damage characteristics of the subplate is very helpful to obtain the informa-
tion of phase transition. From Table 1 and Fig. 7 we have clearly known that whenV,>5.0
km/s, the damage patterns left on the subplate have distinct characteristics: the subcraters are
obviously shallow . there are two rings of the subcraters. in which the subcraters are obviously
large, in the central area microcraters are heavily overlapped. All of these damage characteristics
are much more conspicuous. when V,=7.0km/s. Preliminary anal);sis can indicate that these
characteristics are related to the occurrence of melting.

In order to. clarify further the viewpoint mentioned above, we need to observe the
microstructure of the subcraters and the microcraters utilizing thelelectronic- scanning microscope.
The typical overall and local morphology is shown in Fig.11 for the subcraters and Fig. 12 for
the microcraters with 1,=5.8km/s. From Fig. 11(a). it is clearly seen that there is locally
melted material piled atthe bottom of the subcraters. Fig.11{b) (an enlargement of localized
melted pile Jshows that a ring pattern appears on the pile surface. Especially, from Fig. 12 on
the surface of the microcraters covers a thin condensate layer. Therefore. it is reasonable to as-
sume that the melting and the condensing of the thin layer result from the impact of either
melted drops or of fragments of extremely high temperature. Through the above mentioned ana-

lyses of the macroscopic damage characteristics and the microscopic morphology, it can
be concluded.that melting occurs when V,>5.0km/s.
Table 3
Shock condilion for Al to be melted or vaporized[7J
Melting Vaponzation
Incipient Complete Incipient Complete

Pressure Velocity Pressure velocity Prssurc Velocity Pressure Velocity

(Mb) (km /) (Mb) (kmss) (Mb) (km,s) (Mb) (km/s)
0.61— 0.70| 5.1— 5.6 0.85— 1.00 6.5— 7.0 1.67 10.2 4.70 12.0

(a) Overall microscopic morphology

(b) Local microscopic morphology
Fig. 11 Microscopie morphology of the subcraters
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(a) Overall microscopic morphology {b) Local microscopic morphology
Fiz. 12 Microscopic morphology ol the microcraters

8. Relation Between Debris Cloud and Damage Characteristics of the Subplate.

Syathesizing the data of debris cloud development and damage pattern on remained
subplate, an outline for the impact damage to dual targets was obtained. Fig. 13 presents the ex-
perimental results with two different spacings (L=12cm and 20cm), however., with the other
parameters keeping same conditions (V,=5.5km /5. 1, =3mm). The measured dimensions of the
head of the debris cloud at two different exposure times and those of the inner rings on the
subplate with two different spacings are shown in the same figure. Then. if we draw two straight
lines tangential to\the two inner rings (3.5cm and 5.6cm in diameter. respectively) and extend
it forwards in uprange direction. it can be immediately found that the straight lines are just
tangential to the original projectile and the two heads of the cloud (see Fig. 13). Although
there is a certain error in measurements, however. from the result presented on Fig. 13, we
deem that the subcraters and microcraters inside the inner ring are formed by impact of the frag-
ments in the head of the could, which is produced by direct impact of the projectile on the
shield and composed of the most part of projectile matter and a disk-like part of shield matter
with approximately the same diameter as that of the projectile d, .

s i

—12¢m - sem—— —~D—
Fig. 13 Geometncal relation between inner ring on the subplate, Fig. 14 A sketch of the relation
debris cloud and projectile(J,=5.5km . L=12 and 20cm. between projectile diameter

11=10ps. 12 =25us) and hole diameter

Along with the increase of projectile velocity, when V,>3.5km/s, the size of the fragments in
the cloud reduces. while the number increases. so is the trend of the size of the subcraters on
the subplate. As V,>5.0km/s. melting occurs. At that time, the microcraters inside the inner
ring are formed by the impact of the mixture of solid fragments and melted drops produced by -

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



382 ACTA MECHANICA SINICA 1992

the direct impact of the projectile on the shield.

As is stated above, the punch hole diameter D is much larger than the projectile diameter
d, in the perforation of the shield, (see Fig. 14). For example, if V,=5.4km/s. and d,=5mm.
then, D=13.5mm. A considerable amount of the shield material neighboring to the material
punched forward by impact can be deformed and turned into a group of relatively big fragments
due to the effect of the rarefaction and tension. These fragments are the main source to form
the subcraters beyond the inner ring on the subplate and the main constituents of the outer thin
shell of debris cloud.

IV. CONCLUSIONS

I. Compared with the single thick target, the dual- plate structure has higher ratio of strength
to weight and better protective performance. Therefore. the latter is an effective type of protec-
tive structure for space vehicles. \

2. The diameter of the perforated hole on the shield increases with the increase of projectile ve-
locity and target thickness. In the range of V,=2.5 — 7.0km/s, the empirical formula
of hole diameter for Al/Al impact is

D/d,=0.96 (\/;Vi/y _\/pV;Z/Y )5 % (1,/d, )

where ¥V ,=1.0km/s, ¥=300MPa.

3. In the range of ¥,=5—7km/s, the damage pattern on the subplate has distinct characteris-
tics: two rings with deep “ subcraters” and a central area with densely distributed
microcraters. The range of V,=5— 7km/s corresponds to the transition of Al debris cloud
from solid state to liquid state.

4. When the spacing of the dual targets is between 10 — 20cm, the spacing does not affect too
much the maximum subcrater depth.

5. The mass of debris cloud is mainly concentrated in the head of debris cloud, while the rest
of the mass is in an outer shell. The flying velocity of the cloud head is nearly the half as
large as the projectile velocity.

6. The most dangerous domain of the damage on the subplate is the inner ring. The central
area inside the inner ring is densely distributed by * microcraters” formed by the Al
fine fragments or Al melted drops, which come from the punched a part of the shield and a
most part of the projectile. The subcraters beyond the inner ring are contributed by the frag-
ments which come from such part of shield material that is neighboring to the punched part
by impaét.
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