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ABSTRACT 

Hypervelocity impact (HVI) tests have been conducted at the JSC Hypervelocity Impact Test Facility 
(HIT-F) with aluminum projectiles impacting semi-infinite (thick) and thin aluminum plates (with plate 
thickness to projectile diameter ratios of 6.4 and 0.14, respectively) at impact angles ranging from 
normal to the plate (0 °) to highly oblique (88°). The targets were impacted by solid homogeneous 
aluminum spheres from 1 nun to 3.6 nun diameter. Results of the HVI tests were not unusual up to 
-65 °, where impact ~_mage is characterized as smooth craters and holes that become progressively 
elliptical and distended along the projectile flight path. Above 65 ° angles, however, a transition occurs 
to an irregularly shaped hole in thin materials and rough bottomed crater in thick targets. Above -80 ° , 
multiple damage sites in the targets were formed with the damage areas separated by variable distances 
of undamaged target surface. Analytical and numerical simulations of the impact process at oblique 
angles above 65 ° demonstrates that shock compression and release of the projectile into multiple 
fragments occurs before the projectile fully engages the target. The resulting projectile fragments are 
then responsible for the multiple impact sites observed on the targets. 

NOMENCLATURE 

C Speed of sound in target (km/sec) 
d projectile diameter (cm) 
p density (g/era 3) 
H Brinell hardness of target (BHN) 
P penetration depth (cm) 
t thickness (cm) 
0 impact angle (deg) measured from surface normal 
V projectile velocity (km/sec) 
Vn normal component of proj. velocity (km/sec) = V cos 0 

INTRODUCTION 

Oblique impact studies into thick monolithic and thin bumper shield targets have been reported in the 
past (Eichelberger and Gehring, 1962; Schonberg, 1989). In addition, considerable work has been done 
to assess the effects of oblique impacts on a planetary scale through laboratory testing (Gault and 
Wedekind, 1978; Schultz and Gault, 1989; Schultz and Gault, 1990; Sehultz and Beatty, 1992; Schultz 
and Lianza, 1992). This paper provides additional investigation of the physics and phenomenology of 
oblique impacts. These results are relevant to current spacecraft programs. For instance, a portion of the 
hypervelocity impact craters found on the LDEF (Long Duration Exposure Facility) satellite aluminum 
surfaces showed a pronounced multiple-crater morphology. An explanation offered for these multi- 
crater impact features is that the impacting particle was non-homogeneous; possibly a meteoroid 
consisting of a lightly-bound collection of individual particles (See et al., 1990). In this paper, we will 
show that a homogeneous projectile impacting at a highly oblique angle (>65 °) can also cause an 

157 



158 E . L .  CHRISTIANSEN et al. 

irregular, multiple-pit crater. In a highly oblique impact, the initial shock wave can travel through the 
projectile causing the projectile to fragment before it has completely impacted the target material. The 
resulting crater in a thick target, or hole in a thin target, will be irregular and can show multiple impact 
sites. These results support the results previously observed and reported by Gault and Wedekind (1978), 
Schultz and Gault (1990) and Schultz and Lianza (1992), especially for planetary cratering. 

In addition, the results of our testing and analysis provide an explanation for the "critical angle" observed 
in the oblique impact experiments on thin bumper shield plates by Schonberg (1989). Schonberg found 
that for impacts at angles above the critical angle (60"-65"), impact damage occurred primarily to 
external ejecta witness plates rather then the pressure wall plate mounted behind the bumper plate. 
However, analytical models of the process were not advanced. In this paper, we show analytically that 
in highly oblique impacts (above -65 ° at 6 km/sec and -70 ° at 7 kin/see) the projectile will fragment 
first from the propagation of the initial shock front before the projectile has traveled completely through 
the bumper. The remaining projectile fragments from the top of the projectile are shocked a second time 
as they contact the bumper. At these high obliquity angles, some of the remaining projectile fragments 
cannot penetrate through the bumper, and instead are projected along the exterior surface of the bumper 
plate. These effects combine to substantially reduce the impact damage on the pressure wall as observed 
by Schonberg (1989) for high obliquity impacts. 

EXPERIMENTAL DESIGN 

A series of HVI tests were performed at the NASA Johnson Space Center (JSC) Hypervelocity Impact 
Test Facility (HIT-F) to study oblique impacts on semi-infinite (thick) and thin aluminum plates. The 
HIT-F's .07 caliber and .17 caliber light-gas guns were used in the study. The HIT-F is described in 
detail elsewhere (Crews and Christiansen, 1992). 

Definition of "Thin" and "Thick" 

Projectiles were solid aluminum (2017-T4 alloy) spheres as were the targets (6061-T6 alloy). The speed 
of the projectiles was maintained between 6.5 and 7 km/sec in 18 tests on semi-infinite targets. A 6.4 
mm aluminum 6061-T6 plate was used as the "thick" target and the projectiles were 1 nun diameter 
spheres (t/d--6.4). Impact angles were varied from 0* (normal to the surface) to 88 °, starting with coarse 
increments at the low obliquity angles and making finer adjustments in impact angle at the more oblique 
angles. The targets were adjusted in the target chamber to achieve the desired angle to the horizontal 
flight path of the projectile. Impact angles were measured by an inclinometer to ± 0.5*. In addition, 10 
oblique angle tests on 0.051 cm aluminum 6061-T6 plates were conducted to characterize perforation 
hole size and shape for "thin" plates. Projectiles were 0.357 cm diameter aluminum 2017-T4 spheres 
impacting at 5.5 to 6.2 km/sec (t/d=0.14). Impact angles of 60 ° to 88* were investigated. The test data 
is given elsewhere (Christiansen, 1992b). 

EXPERIMENTAL RESULTS 

Craters were formed in the thick plates, whereas the thin plates were perforated. The following 
paragraphs describe the morphology of the impact damage in more detail. 

Crater Data 

The photographs in Figure I show the craters formed by 6.5-7 km/sec impacts into monolithic aluminum 
plates as a function of impact angle. Figure If shows the impact site resulting from a 1 mm spherical 
aluminum projectile impacting at 6.6 km/sec into the aluminum target at a 72 ° impact angle (from 
normal). The crater is elliptical, with an irregular (non-smooth) crater floor. Measurements indicated 
the deepest part of the crater is on the entry side. There are a few small secondary craters located along 
the projectile flight path, down range from the main crater (greater than a projectile diameter away). 
Schultz and Gault (1990) introduce the term "sibling craters" to distinguish these "secondary craters" 
formed by fragments of the original projectile from secondary cratering caused by ejecta following 
ballistic trajectories. In addition, dark streaks and a spray of molten aluminum is found on the surface of 
the target for many projectile diameters downrange of the impact crater. 

Craters from impacts above 72 ° have a more pronounced multi-crater appearance as shown by Figures 
lg through In. The main crater of the 76 ° impact is becoming more multi-pit like in appearance and the 
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(a): JSC Shot 2012, 0--00, V=6.83 km/sec 
(b): JSC Shot 1948, 0=30*, V=6.88 km/sec 
(c): JSC Shot 1946, 0=45*, V=6.93 km/sec 
(d): JSC Shot 1947, 0=60", V=6.57 km/sec 
(e): JSC Shot 1897, 0=70*, V=6.86 kin/see 
(f): JSC Shot 2095, 0=72", V=6.59 km/sec 
(g): JSC Shot 2093, 0=74", V=6.79 km/sec 

(h): JSC Shot 2094, 0=76*, V=6.62 kin/see 
(i): JSC Shot 2072, 0=78*, V=6.53 km/sec 
(j): JSC Shot 2074, 0=80*, V=6.60 km/sec 
(k): JSC Shot 2076, 0=82*, V---6.79 kin/see 
(1): JSC Shot 2077, 0=84", V=6.72 km/sec 
(m): JSC Shot 2079, 0=86", V-6.94 kin/see 
(n): JSC Shot 2084, 0=88", V=6.72 kin/see 

Figure 1. Crater from a 1 mm aluminum sphere impacting at 6.5 to 7.0 km/sec 
on monolithic aluminum 6061-T6. Impact direction from left to fight. 



160 E .L .  CHRISTIANSEN et al. 

down-range sibling craters are becoming more noticeable. The spray of dark material and molten metal 
observed on the surface of the target increases in extent as the impact angle becomes more oblique.A 
double crater is formed with impact angles of 820-84 ° (Figures lk and 11). The deeper of the two craters 
switches from the up-range to down-range crater for the 84 ° impact. 

Figure 2 shows penetration depth decreasing in semi-infinite targets as impact angle becomes more 
oblique; an unsurprising result (Gehring, 1970). The data indicates that for a normal impact at -7 
km/sec, the ratio of penetration depth to projectile diameter (P/d) is -2.1, and becomes less than unity 
(i.e., P/d < 1) for impact angles greater than 65 °. 

Experimental and predicted penetration depths are presented in Figure 3. The predictions were made 
using the Cour-Palais (1987) cratering equation which had been derived in the 1960's for the Apollo 
program. The Cour-Palais equation adequately predicts the decreasing trend in penetration depth with 
increasing impact obliquity. It slightly underpredicts penetration depth at near normal (0 °) angles (high 
Vn) while somewhat overpredicting penetration depth at high obliquity angles (low Vn). The Cour- 
Palais equation used here (also given in Christiansen, 1992a) is valid for aluminum alloy targets and for 
a projectile density to target density ratio of less than 1.5 (Pp/Pt < 1.5). Penetration depth into a semi- 
infinite target is: 

P** = 5.24 d 19/18 H -0.25 (pp/Pt) 0.5 (Vn/C) 2/3 (1) 

If there is attached spall, the penetration depth is greater than into a semi-infinite target: P = 1.05 P** 
(only the normal and near normal impacts showed any spall bulging in this study). 

The ratio of total damage length to projectile diameter given in Figure 4 shows that for impact angles 
between 0 ° and 65 °, the damage size becomes slightly smaller in length as obliquity increases. This 
probably reflects the decrease In the energy deposited in the target as the impact becomes more oblique 
(i.e., lower normal component kinetic energy). But above 65 °, the damage length begins to increase with 
the cratering damage stretching out to well over 10 times the projectile diameter at angles over 85 °. The 
ratio of ~_mage width (or diameter) to projectile diameter steadily decreases as impact obliquity angle 
increases (Figure 5). Figure 6 shows that the aspect ratio of the craters increase in a non-linear fashion; 
that is, the craters become longer and thinner as obliquity increases, with the most significant aspect ratio 
changes occurring above 65* impact angles. 

Perforation (Hole) Data 

Figures 7a, 7b, and 7c show the irregular hole resulting from 65 ° (JSC shot no. A1488), 80 ° (JSC shot 
no. A1485) and 85 ° OSC shot no. A1486) oblique impacts on 0.5 nun thin aluminum plates. The tests 
were performed with a 3.6 nun aluminum projectile at -6  km/sec. All impacts resulted in one or more 
perforations in the target plate. The target plate resembles the bumper (or fast shee0 of dual-sheet 
Whipple meteoroid/debris protection shields. The edges of the perforation are smooth where the 
projectile initially Contacts the bumper, but become more irregular and ragged as the projectile moves 
through the bumper (on the down-range side of the impact hole). This is because the projectile has 
already fragmented from transition of the initial shock wave prior to passing across the plane of the 
bumper. In effect, a multi-shock process Occurs with only a single bumper in highly oblique impacts on 
thin materials. This multiple shock has the effect of increasing the thermal state of the projectile above 
that which would be achieved by a single shock. The result is to increase the possibility that at least a 
portion of the projectile will melt. In all thin plate oblique impact experiments, molten metal and darker 
looking material were deposited on the target surface in a fan-shaped region down-range from the 
projectile impact point. 

The thin plate perforations followed similar trends as with the oblique impacts on the semi-infinite plate. 
The 65 ° impact holes were slightly irregular in shape (Figure 7a) but became conspicuously irregular at 
80 ° (Figure 7b), and a double perforation was formed at an 85 ° impact angle (Figure 7c). 

ANALYTICAL RESULTS 

Thick Target Simulation. Hydrocode simulations of JSC shot 2074 (1 nun aluminum projectile at 6.6 
km/sec and 80 ° obliquity on a semi-infinite aluminum plate) were performed by the JSC H1T-F using the 
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Figure 2. Impact Angle Effect on Penetration Depth for 1 mm AI projectile impacting 
at 6.5-7 km/sec into A16061-T6 
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Figure 3. Comparison of Experimental Penetration Depth (Pexp) and Calculated Penetration Depth 
(Pcalc) for oblique A1 into A1 impacts 
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Figure 4. Ratio of total length of cratering damage to projectile diameter (Lt/dp) versus impact angle 
(for A1 into A1 impacts) 
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Figure 5. Ratio of maximum crater diameter to projectile diameter (Dc/dp) versus impact angle 
(for AI into A1 impacts) 
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Figure 6. Aspect ratio of crater damage (total length to maximum diameter of damage, Lt/Dc) 
for A1 into A1 impacts 

CTH Eulerian code from Sandia National Laboratories (McGlaun et al., 1990) and ZeuS. ZeuS is a 
Lagrangian impact analysis code with sliding interface logic developed by Computational Mechanics 
Consultants for personal computers (Zukas, 1990). Both calculations were performed in a two- 
dimensional, plane strain mode to demonstrate some features of the oblique impact process. The 2-D 
calculations are approximations of the 3-D oblique impact, and are essentially of an infinite length 
aluminum cylinder impacting the target, with the cylinder's longitudinal axis oriented in the third 
dimension. 

The CTH simulation used the SNL-SESAME Equation of State (EOS) tables and Steinberg-Guinan- 
Lund viscoplastic model. The Mie-Gruneisen equation of state was used to model the high pressure 
material response in ZeuS. In the ZeuS code, material failure modeling is based on effective plastic 
strain, volumetric strain, and maximum tensile stress (spaU limit). Material yielding is simulated with 
the von Mises criterion implemented to allow for strain and strain rate hardening, as well as pressure and 
thermal effects. With ZeuS, the user generally adjusts some of the dynamic material and failure 
parameters to tune the model results to the experimental observations (after which the "tuned" model is 
used to predict results outside of the experimental data base). 

The CTH and ZeuS predictions of crater depth and down-range length were generally close to each other 
and the shot 2074 experimental results: 
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Max. Crater(s) 
Data Depth Length 
Source (nun) (nun) 
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Measured 0.32 6.9 
CTH 0.33 7 
ZeuS 0.4 6 

A series of Lagrangian tracer panicles were employed in the CTH calculation to follow stress wave 
dynamics. The maximum pressure recorded at the tracer points was -170 kbar at a tracer located 
initially 0.5 mm from the initial contact point at the original surface (compared to -880 kbar for a normal 
impact at 6.6 km/sec). 

The ZeuS results of the simulation are illustrated in a series of plots contained in Figure 8 encompassing 
1522 computational cycles and 1 D e e  of the impact event. The plots are read from top to bottom 
starting on the left side. Each plot shows nine pressure contours in units of dynes/cm 2 ranging from the 
material spaU limits to 1012 dynes/cm 2 (1 Mbar). The plot axes are in units of centimeters. The 
simulation time is indicated in the upper left hand comer of each plot frame. 

Figure 7 (a). JSC Shot A1488:3.6 mm AI 
2017T4 projectile at 6 km/sec and 65 ° into 0.51 

nun A16061T6 plate 

Figure 7 (b). JSC Shot A1485:3.6 mm AI 
2017T4 projectile at 6.2 km/sec and 80 ° into 

0.51 mm AI 6061T6 plate 

Figure 7 (c). JSC Shot A1486:3.6 mm A1 2017T4 
projectile at 5.5 km/sec and 85 ° into 0.51 mm AI 6061T6 plate 
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Figure 8. ZeuS Hydrocode Simulation of  JSC Shot 2074 (at .09 las, .11 gts, .6 gts, lgts after impact) 
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Figure 9. ZeuS Hydrocode Simulation of JSC Shot A1485 (at ,6 gts, 1 IJ.S, 1.2 gs, 2 gts after impact) 
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In the simulation of shot 2074, the compressive wave reaches the back of projectile at about 0.091 lxsec 
after impact. The back of the projectile has unloaded from the initial shock at 0.11 lasec after impact and 
projectile breakup has begun. This occurs well before the projectile has fully engaged the target and the 
remnant projectile fragments begin to form a second crater in the target 0.11 ttsec after impact. By 0.3 
lasec after impact, the remnant projectile is undergoing a second compressive shock from its repeated 
contact with the target. This second shock is of importance in determining the state of the remnant 
projectile, as it has many similarities to the multiple shock strategy applied by several new, improved 
shielding techniques such as the Multi-Shock Shield (Cour-Palais and Crews, 1990). Multiple shocks 
have been shown experimentally (Cour-Palais and Crews, 1990; Christiansen, 1990) and 
computationally (Aline et al., 1991) to be more effective at elevating the thermal state of the projectile 
and to increase the extent of projectile fragmentation. The laydrocode calculations indicate that multiple 
compression/release cycles of the projectile are possible in highly oblique impacts which contribute to 
projectile disruption and thermal processing. 

In the ZeuS calculation, several secondary craters have developed between 0.4 and 0.7 lasec after impact. 
Parts of the projectile remain intact and continue to move with a velocity vector parallel to the surface of 
the target at the conclusion of the calculation at 1 lasec. The calculation matches the test shot in general 
characteristics. In particular, the simulation illustrates how multiple, rough bottom craters can be 
generated by the impact of a single projectile into a thick plate target at an oblique impact angle. 

Thin Target Impact Simulations (A1485). The perforation length in the CTH simulation of A1485 is 
14.4 nun at 5 psec after impact compared to a final experimental value of 20.1 ram. However, the CTH 
perforation was still increasing when the simulation was terminated. The peak pressure is 125 kbar lmm 
from the impact point, and 86 kbar at the initial contact point. 

The results of ZeuS simulation of thin plate test number A1485 impacted at 80 ° with a 0.36 cm particle 
are displayed in Figure 9. The plots illustrate the pressure contours in the projectile and target up to 2 
p.see after impact. The initial compressive wave reaches the back of the projectile about 0.6 lasec after 
impact and the projectile begins to fragment. As the remnant projectile contacts the plate again, a second 
shock wave is initiated in the projectile between 1 and 1.2 la.sec after impact. At 2 gsee, the target is 
perforated and a portion of the projectile stir remains intact but it is traveling down-range on the outside 
of the target. If the thin target was the bumper of a Whipple shield, most of the material in the debris 
cloud traveling toward the back plate of the shield would be bumper fragments. 

The "external" secondary ejecta is composed of a major fraction of the original projectile and includes 
additional bumper (targe0 material. The Zeus simulation was run to show the late time results of the 
secondary ejecta impacts on a 0.51 mm aluminum witness plate mounted normal to the bumper (targe0 
plate. The witness plate is perforated as observed in the experiment at 22.5 lxsec illustrating the 
damaging effects of secondary ejecta debris. 

Criteria for Formation of Multi-Craters in Oblique Impacts 

The experimental evidence, supported by numerical calculations, shows that multiple-crater damage can 
be created by a single, homogenous, regularly shaped (e.g., spherical) projectile impacting at an oblique 
angle. A criteria is required that can be used to define the impact conditions that lead to the creation of 
multiple- crater damage sites instead of a single recognizable crater. The criteria offered here is that the 
creation of a multi-crater will be likely when: 

(A) the impact angle is oblique enough to allow time for the initial compressive shock wave to travel 
across the impacting particle, and: 

(B) the rarefaction wave has time to travel back through and unload sufficient projectile material 
(assumed here when the rarefaction nears the center of the projectile) to cause fragmentation of the upper 
part of the projectile, before: 

(C) the center of the projectile has traveled to the original surface level of the target. 

With this criteria, a curve can be constructed for the "critical" impact angle as a function of impact speed 
based on estimates of shock wave and rarefaction wave speed in various materials of various thicknesses. 
Such a curve is plotted in Figure 10 that defines the critical impact angle above which oblique impacts 
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Figure 11. Impact on LDEF aluminum surface 
(compliments Zolensky, M., 1992; See et al., 
1990) 

Figure 12. Impact on LDEF aluminum surface 
(compliments Zolensky, M., 1992; See et al., 
1990) 

Figure 13. Impact on LDEF experiment-tray 
flange (aluminum) of an A0178 tray 
(compliments Zolensky, M., 1992; See et al., 
1990) 

Figure 14. Messier crater (left) and Messier A 
(righ0 showing topography (Gault, 1974) 
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will produce a multi-crater for aluminum on aluminum impacts. A one-dimensional shock wave analysis 
was used to construct the curve in Figure 10, although it is recognized to be a rather coarse 
approximation given the complex geometry of even 2-dimensional problems. The formulas of Gehring 
(1970b) for shock and release wave speeds were used in the 1-D analysis, in the same manner they had 
been applied to previous bumper shield analyses (Christiansen, 1987). 

Figure 10 shows that as impact speed increases, the impact angle must become more oblique to see any 
evidence of multi-crater impact damage. Less than 3 kin/see impacts should not be considered because 
speeds less than 3 kin/see would produce weaker shocks that may be insufficient to fragment the 
projectile (which is prerequisite for multi-crater formation). 

Data from the experimental work has been plotted against the theoretical curve. The HVI data indicates 
multi-craters form in monolithic targets at impact angles of -72 ° and average speed of -6.8 km/sec. 
This point falls somewhat above the theoretical critical angle curve, but it is close considering the 
assumptions in the 1-D analysis. The 3.6 mm impact data with an average speed of -5.8 kin/see 
suggests irregular perforations form in thin targets (an indication of "multi-craters" in thick targets) at 
--65 ° . This point falls very nearly on the theoretical curve. 

EVIDENCE OF OBLIQUE IMPACT ON EXPOSED SPACE SURFACES 

LDEF. The Long Duration Exposure Facility (LDEF) satellite was returned after nearly 6 yeats in space 
with a large collection (> 5000) of > 0.5 nun diameter craters and > 0.3 nun diameter perforations on its 
surface as reported by See et al. (1990). Some of the LDEF craters display unusual morphologies as 
evidenced by the craters in Figures 11, 12, and 13 which show strong multi-crater characteristics. A 
possible explanation is an impact, probably at an oblique angle, from a friable and/or multi-grain 
aggregate of natural (meteoroid) particles (See et al., 1990). 

However, this study has indicated another possible alternative: an impact from a homogeneous particle 
at an oblique impact angle (that lies above the critical impact angle versus velocity curve in Figure 10) 
which creates a complex multiple-crater morphology. For reference, the LDEF craters in Figures 11, 12, 
and 13 can be compared with craters created by single, solid spherical projectiles impacting at 74* to 80 ° 
(and -7 km/sec) in Figures lg, lh, and lj. 

Lunar Craters. Various lunar craters have been identified by Gault and Wedekind (1978) and Schultz 
and Gault (1992) as likely oblique impact candidates including the craters Messier and Messier A 
(Figure 14). Comparing the Messier craters to the double-crater impacts in Figures lk and 11, supports 
the view that a single impact at a very oblique angle created both craters; either by a particularly slow 
meteoroid (7-10 km/sec) impacting at 80°-85 *, or a faster (20 km/sec) impactor at >87*. 

CONCLUSIONS 

A hypervelocity impact test and analysis study conducted by the JSC Hypervelocity Impact Test Facility 
(HIT-F) has demonstrated that multiple craters can be produced by a single, solid, spherical projectile 
impacting at an oblique angle (typically greater than 65 ° at 6 km/sec). A criteria was developed and 
applied to predict, for any impact speed, the critical impact angle causing impact damage with a multiple 
crater morphology. This information was used to suggest possible alternative sources of peculiar multi- 
crater features found on the Long Duration Exposure Facility, and provides an explanation for the 
"critical angle" observations obtained from thin plate penetration experiments (Schonberg, 1989). 
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