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SUMMARY-We conducted impact experiments into Teflon FEP targets of widely 
variable 1thickness to assist in the interpretation of craters and penetration holes in the -20 
m 2 of th.~rmal blankets that were exposed for 5.7 years in low-Earth orbit by the Long 
Duration Exposure Facility (LDEF). Soda-lime glass spheres of-3.2  mm diameter (Dp) 
were used as projectiles ranging in impact velocities (V) from -1 to 7 km/s. 

Teflon fails in a largely brittle fashion; substantial spall zones were developed at the 
target's front side, and especially at the rear side, if penetrated. Crater diameter (Dc) 
varies wiith V 0.74. Penetration-hole diameter (Dh) depends on specific target thickness 
(7) and can be larger than Dc over a limited range of T (0.5 > Dp/T < 1.0), because rear- 
spallation processes intersect the target's front at radial ranges larger than Dc. Dh 
becomes smaller than Dc at relative target thicknesses of Dp/T > I, and systematically 
decreaset~ as T decreases to eventually approach the condition were Dh = Dp at Dp/T > 
100. Dh also increases with increasing V, yet the rate of increase depends on T, yielding 
a wide variety of velocity exponents that depend on Dp/T. The velocity exponent is 
highest for massive targets and decreases with decreasing T to approach the condition of 
Dh = Dp at Dp/T> 100, regardless of the velocity. The relationships of Dh, Tand Vare 
sufficiendy systematic that unique solutions for projectile dimensions are possible from 
the diameter measurement of any penetration hole in teflon targets of any thickness. This 
renders the "calibration" of individual penetration holes equivalent to that of individual 
impact craters. Thus, improved analysis of literally thousands of penetration holes and 
craters in the LDEF thermal blankets seems possible. 

INTRODUCTION 

Owing to the steep size distribution function of both cosmic dust [e.g., 1] and man-made, orbital 
debris particles [2], any thin membrane which is exposed in low-Earth orbit (LEO) will develop a 
population of "small" craters and "large" penetration holes, as was the case for the retrieved thermal 
protective blankets exposed by the Long Duration Exposure Facility (LDEF; [3 and 4]). The LDEF 
thermal blankets were N180 pm thick and made -- in large part -- of teflon; -20 m 2 were exposed for 5.7 
years, yielding thousands of caters and penetrations [e.g., 5]. The purpose of the impact experiments 
described in this report was to duplicate these features and to describe the basic hypervelocity cratering 
and penetration behavior of teflon targets. 

The present experiments employed pure Teflon FEP targets, and must be viewed as precursor 
experiments to those employing real LDEF thermal blankets [e.g., 6]. The latter are composite, layered 
targets, composed of -125  lam thick teflon, followed by silver and inconel vapor deposits for second 
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-50-60 [am thick, resulting in a somewhat variable overall blanket thickness of-180-190 [am [7 and 8]. 
In principle, the present experiments can only directly address the small-scale cratering of the outer teflon 
layer in these blankets, and the penetration behavior of the real, composite LDEF blankets may deviate 
somewhat from that of  the pure teflon targets utilized in the present study. 

Experimental and analytical procedures for this investigation were detailed in an internal NASA report 
[9] which contains extensive photo-documentation on an experiment by experiment basis, as well as 
detailed tabulations of  the initial impact conditions and experiment results. This present report largely 
summarizes that very detailed NASA report. 

The experimental variables and matrix were designed to yield the dimensional relationships of 
projectile diameter (Dp), crater diameter (De) or hole size (Dh) in targets of  any arbitrary thickness (T), 
and how these relationships at limited impact velocities (V < 7 km/s) may best be scaled to encounter 
velocities of  10-20 kin/s, typical for hypervelocity particles in LEO. Understanding these relationships is 
a necessary first step in obtaining impaetor dimensions -- and ultimately masses and absolute fluxes -- 
from the dimensional analysis of  craters and penetration holes in the LDEF blankets. Previously, we have 
reported on experiments into teflon targets of  variable T at a constant impact velocity of  6 km/s [10]. The 
present report expands this earlier work to nominal impact velocities of  2.3, 4.0, 6.3 and 7.0 km/s to 
evaluate the velocity dependence of Dh. In addition, we conducted a separate, extensive series of  
cratering experiments at systematically variable velocities, from - I  to 7 km/s, to better interpret the small- 
scale crater populations on the LDEF thermal blankets. 

The use of  soda-lime glass projectiles relates to our interest in cosmic-dust particles, and to the fact 
that natural particles are more abundant in LEO than orbital debris at sizes < 1 mm [11]. Nevertheless, 
many particle types exist that have dramatically different chemical and physical properties relative to 
soda-lime glass. Therefore, calibration experiments of  LEO particle populations will always have limited 
applications as long as a single projectile type is employed. All target materials > 1 mm thick were cut 
from a single round stock of Teflon FEP. Targets < 1 mm thick were cut from commercial sheet stock of a 
variety of  thicknesses. The low-velocity experiments (< 3 kin/s) were conducted with a 7 mm powder- 
propellant (vertical) gun, while the > 3 km/s projectiles were accelerated with 5 mm light-gas guns. 
Impact velocities were determined by the occultation of laser beams (2-4 stations) and two independent 
impact-flash detectors, one located at the sabot stripper and one at the target. The difference in projectile 
velocity determined via these techniques is typically < 1%. All target arrangements included relatively 
massive (6.4 mm and 3.2 mm thick) witness plates, made from aluminum 1100 (annealed), -29 em square 
and mounted at a standoff distance o f - 3 0  cm. These plates monitored the debris which emanated from 
the penetrated targets; photo-documentation of each witness plate can be found in the detailed NASA 
report [9] mentioned earlier. 

Figure 1. Plan view and cross section of a typical crater produced in TeflonFEP by an -3.2 mm soda-lime glass 
sphere at 6.02 km/s. Note the presence of a somewhat scalloped spall zone and the highly irregular, frayed 
crater interior. Also note a substantial radial fracture system surrounding the entire crater in cross section. 
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CRATER MORPHOLOGY 
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A typical crater in Teflon FEP, produced by an -3.2 mm diameter soda-lime glass sphere traveling at 6 
km/s, is illustrated in Figure 1. A representative suite of cross-sectioned craters whose impact velocities 
ranged from 1 te 7 km/s is illustrated in Figure 2. Note the unusually jagged and frayed crater interiors 
which make the definition of a crater "cavity" very difficult. This cavity is surrounded by a substantial, 
highly scalloped spall zone (see Figure la), illustrating the largely brittle fashion in which teflon fails. 
We infer the cral:er cavity to be represented by a smooth, continuous line which crosses through some of 
the thinned and frayed, wedge-shaped tips, and which has substantial curvature at the crater bottom, but 
almost vertical, ,;traight wall-segments towards the top, and specifically at the extrapolated intercept with 
the initial target surface (see Figure 3). We define this intercept with the initial target surface to represent 
the crater diameter (Dc). Differences in Dc measurements among diverse operators can be as much as 
10% due to the unsharp nature of the crater interiors and associated extrapolation(s) to the target surface, 
mandating considerable interpretative judgment. We did not attempt to measure the crater depth; the 
highly irregular crater interiors prevented the use of mechanical calipers and any specific cross section 

may not be representative. Soda-Lime Glass -~ Teflon 
Dp = 3 .175 m m  

Figure 2. Cross sections of representative craters in teflon targets generated by 3.2 mm soda-lime glass impactors at 
V = 1 to 7 km/s (number in lower right-hand comer). Note the pervasive radial fracture system at all velocities and 
the relatively deep structures at V < 3 km/s. Also note the lack of any evidence for melting and of prominent 
concentric fractures relative to truly brittle glass targets [ 15]. 
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Returning to Figure 2 it is obvious that low-velocity projectiles, especially those at < 2 km/s, penetrate 
relatively deep and possess higher depth/diameter ratios than their high-velocity counterparts. Note also 
that these low-velocity craters have a cone-shaped appearance. Both observations are analogous to low- 
velocity craters in aluminum targets [12]. Note some continuous, dark patches at the very bottom of the 
< 3 km/s craters, which are in most cases unmolten fragments of the glass projectile. We do not know 
what happens to the projectile at higher velocities, because we do not see any sign of impactor residue, 
neither unmelted fragments nor melts, in craters > 3 km/s (two tiny melt spheres were observed in the 
6.30 km/s experiment during target recovery from the impact chamber, yet they were jarred loose and 
could not be found later). Furthermore, we do not understand why the impactors completely escape the 

crater cavity in teflon targets at 
D s  ~ relatively modest velocities. Using the 

I-gt---- D equations-of-state for teflon and quartz 
(A) [ 1~-Dc [ (B) I ~-  s _1 I glass of Marsh [13], one calculates 

~ / ~  ~ D c  ~ _ _ x  peak pressures ° f - 4 5  GPa f°r the ~/~ ~ - ~  projectile/target interface at 6 km/s, 
D h  which should be sufficient to re-melt 

the glass impactor. As illustrated in 
I ] ' ~ ' - ' - ~ D  b ---'----~'ll Figures 1 and 2, there is no evidence 

for melting, shrinking or other thermal 
Figure 3. Schematic illustrating the various types of measurements 
made in this study for (A) craters and (B) penetrations, metamorphism in the teflon target 

itself. 
The teflon craters seem conspicuously absent of any melt phenomenon and impactor residues over the 

entire velocity range from 1-7 km/s. Therefore, we suspect that the craters illustrated in Figures 1 and 2 
are a hybrid between typical, nearly hemispherical craters in ductile metals and hypervelocity impact 
craters in truly brittle materials, such as glass or rocks. The latter commonly have their glass-lined central 
pits removed and ejected as part of the cratering process [14 and 15], leaving relatively shallow 
depressions that exhibit no signs of melting nor traces of impactor residue. While the teflon craters have 
little morphologic resemblance to these pitless depressions in brittle silicates, the seeming absence of 
projectile residue and target melts makes them unlike impacts in ductile metals as well. Note that the 
spacing and intensity of  fracture systems surrounding the teflon craters is substantially less than that in 
glass [15], and a prominent concentric fracture system typical for glass is essentially absent in teflon. 
Therefore, teflon displays deformational styles that seem to be intermediate between soft, ductile metals 
and genuinely brittle silicates. 

Figure 4 illustrates the quantitative measurements of crater diameter (Dc) and spall-zone diameter (Ds) 
as a function of V. A least square fit yields a slope of V 0.74 for the Dc/Dp data. The Watts et al. [16] 
cratering equation yields a Dc that is systematically larger than our observations. Note that the Dc of 
Watts et al. [16] is halfway between our Dc and Ds measurement for the > 5 km/s cases; consulting 
Figures 1 and 2 it seems entirely possible that much, if not all, of this seeming discrepancy between our 

This Study De~ Dp • , 

This Study Dsl Dp . ~ . ' ~  

~, ~ W a t t s  et al. (1993) De I Dp 

°:I 
0 1 2 3 4 5 6 7 

Velocity (kin/s) 
Figure 4. The velocity dependence of crater diameter (Dc) and front 
spall zone (Ds) in teflon targets and comparison with Watts et al. [16]. 

Dc measurement and that predicted 
by Watts et al. [ 16] may be related to 
the definition of Dc and/or its 
measurement. Craters in teflon 
targets are simply hard to 
dimensionally characterize because 
of their highly jagged and frayed 
nature. 

MORPHOLOGIC EVOLUTION 
OF PENETRATION HOLES 

Five series of penetration 
experiments were conducted at fixed 
velocities with -3.2 mm diameter 
soda-lime glass projectiles to 
investigate the velocity-dependent 
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Table 1. Experimental conditions and results of teflon impacts. 

Shot V T D c D h D s D b 
# (km/s) (~m) (pm) (l~m) (~m) Otm) 

CRATERS; Variable V 
3705 !.04 14351 2650 6160 
3708 1.61 1!1850 3310 8980 
3709 1.99 20890 4270 10370 
3591 2.35 1!)020 4920 10410 
3706 2.64 25400 5570 11840 
1313 3.02 1!)355 5120 12620 
1312 3.45 26512 5320 13210 

74 3.98 16850 6930 16350 
91 4.49 2 ,1400 7540 16590 
71 4.54 19010 8730 16050 
70 5.09 1!)152 7460 18510 

1315 5.37 26710 7120 20030 
69 5.44 1!)020 8920 19430 

1316 5.46 2:5146 7950 20760 
68 5.84 18959 8340 20730 

435 6.12 1!)050 10700 20840 
95 6.30 2:5600 9780 21390 
21 6.44 2:5550 12330 21890 

103 6.53 2,1190 10730 22360 
107 6.91 2,1790 11230 22400 

PENETRATIONS; 2.3 km/s 
3592 2.32 12920 4420 11140 
3589 2.38 !)580 4300 4300 10800 11510 
3588 2.31 6770 
3587 2.34 6450 4620 3780 11260 14320 
3590 2.44 ,1610 4930 10070 12610 
3578 2.25 3110 6750 10740 13090 
3586 2.20 815 3930 6080 6300 
3585 2.27 500 4150 5000 5100 
3584 2.33 250 3850 3900 3900 
3583 2.30 IO0 3425 
3582 2.28 50 3350 
3581 2.31 25 3300 
3580 2.32 12 3175 
3579 2.23 6 3175 

PENETRATIONS; 4.0 km/s 
74 3.98 16850 
89 4.32 11049 
90 4.13 '7950 
83 4.17 '7950 
79 4.04 :5004 
78 4.12 :2985 
8O 4.19 :2920 
81 3.76 :2019 
84 4.03 500 
85 4.12 250 
86 4.16 100 
87 4.12 6 

6930 16350 
7170 3850 17430 1968C 

6430 15950 2166C 
6850 15340 2104C 
6360 12670 1589C 

9170 14760 
7100 11675 
4800 5600 
3500 3600 
4000 4300 
3200 

1451C 
1130C 

Shot V T D c D h D s D b 
# (kin/s) (~m) (pm)  (pm) (~m)  (pm) 

PENETRATIONS; 6.0 km/s 
434 5.87 15875 11350 21630 
433 5.90 12700 9960 6700 19090 23560 
432 6.04 9590 10470 19450 23620 
430 5.98 4670 11610 19930 19040 
429 5.97 2920 9780 16000 16190 
428 5.86 1588 9180 10630 10380 
495 6.04 787 5860 6780 6880 
497 6.07 533 5620 5800 5770 
501 5.96 254 4140 
504 6.02 127 3610 
505 5.98 127 3350 

PENETRATIONS; 6.3 km/s 
25 6.36 23160 10660 
22 6.40 21270 9940 
26 6.31 19130 9850 
20 6.60 17463 9780 2150 
l l  6.41 14275 9850 7000 
13 6.55 12650 8560 
12 6.62 11050 9070 
23 6.39 9360 8970 
19 6.41 7670 llOlO 
31 6.49 6820 10400 
27 6.32 6200 15380 
32 6.17 6130 11280 
17 6.31 4950 15120 
29 6.37 4150 12970 
28 6.22 3650 11480 
18 6.56 3250 10910 
34 6.25 1640 8500 
35 6.32 800 6000 
36 6.35 520 5500 
37 6.46 230 4300 

l l 3  6.29 100 3650 
38 6.37 80 3600 
40 6.31 40 3350 
42 6.32 20 3400 
43 6.31 lO 3300 
44 6.33 6 3300 

23190 
21540 
21960 
21350 
23790 
21770 
21570 
23410 
22450 
21450 

21200 
23460 
19010 
16780 
17780 

PENETRATIONS; 7.0 km/s 

25070 
23100 
30460 
32490 
29520 
27740 
30300 
24720 

23620 
24150 
20300 
18380 
18850 

108 7.00 17983 11820 23430 1942C 
109 7.09 12929 11970 7070 23020 2631£ 
110 6.94 6400 13510 12480 22760 2805( 
111 6.80 3226 11690 18340 1680£ 
112 7.09 500 5600 6675 650( 
114 6.94 6 3500 

pene t r a t i on  b e h a v i o r  o f  t e f lon  as a func t ion  o f  t a rge t  t h i ckness  (T). Speci f ica l ly ,  we  sys t ema t i ca l l y  

va r i ed  T f rom inf in i te  ha l f space  (Dp/T typ ica l ly  > 0.2) ta rge ts  to the  t h i n n e s t  c o m m e r c i a l  t e f lon  foi l  w e  

cou ld  ob ta in  (--6 lam th ick ;  y i e ld ing  Dp/T > 500). The  speci f ic  i m p a c t  ve loc i t i e s  u t i l i zed  in the  f ive  

d i f f e ren t  ser ies  we re  a n o m i n a l  2.3 k m / s  (15 exper imen t s ) ,  4 k m / s  (13 expe r imen t s ) ,  6 k m / s  (12 

e x p e r i m e n t s ;  see  [9]),  6.3 k m / s  (27 e x p e r i m e n t s )  and  7 k m / s  (7 expe r imen t s ) .  Ac tua l  i m p a c t  ve loc i t i e s  

we re  t yp i ca l l y  w i t h i n  +100 m / s  o f  the  n o m i n a l  va lue  as de ta i led  in Tab le  1. 

R e p r e s e n t a t i v e  resu l t s  o f  the  6.3 k m / s  series  are a s s e m b l e d  in F igure  5 w h i c h  dep ic t s  the  t a rge t  f ron t  

or  e n t r a n c e  sidle, t he  t a rge t  rear  or  exi t  side, and  cross  sec t ions  o f  pene t r a t ed  targets ,  all  a r r a n g e d  to 

i l lus t ra te  the  e f fec t s  o f  re la t ive  t a rge t  t h i ckness  (Dp/T);  no te  tha t  cross  sec t ions  at  D p / T > >  1 are  no t  v e r y  
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informative. Penetration holes in very massive targets (e.g., De~T= O. 17) at or close to the ballistic limit 
are small, typically D h < Dp. As T decreases, D h increases very rapidly to multiple projectile diameters, 

reaching a maximum at De~T=_ 0.6. At De~T= 1 the hole size has decreased noticeably relative tODhmax , 

and hole size continues to decrease as Tdecreases until it approaches the case of  Dh = Dp at De~T> 50. 
The spall diameter (Ds) for massive targets resembles that of  craters, and absolute and relative (Ds/Dh) 
spall diameters decreases with decreasing T a t  De~T> 0.7, and especially at De/T>I. The rear spall 
can be substantially larger in diameter than the front spall, and the cross-sections illuminate that much 
larger spall volumes may be generated on the target's exit side as opposed to the entrance side. 

Substantial bulging and spallation at the rear surface precedes physical perforation of  teflon as 
detailed in Figure 6. Spallation and mass removal at the exit side takes place along two distinct fracture 
systems. The earliest signs of  incipient spallation occur along a fracture system that essentially parallels 
the target's free (rear) surface, consistent with rarefaction waves and associated tensile stresses [e.g., 17]. 
However, at the same time a conical fracture system is emanating from the crater bottom (see Figure 6). 
This second and ultimately dominant set of  fractures seems to be an extension of  the radial fractures 
which surround the standard craters (see Figures 1 and 2). Once these conical fractures propagate all the 
way to the rear surfaces, large-scale mass removal commences. The volume removed from the rear spall 
zone is frequently multiple times that represented by the crater. Also note how the conical failure 
surface intercepts the "crater" structure at progressively shallower depth from the target's front side. The 
radius of  this intercept can reach radial dimensions larger than the crater itself (i.e., Dh > Dc, over a 

0.22 

0.25 

0.46 

0.63 

0.86 

1.0 

2.0 

Front Side Back Side 

Figure 5. Front and backside views of select penetrations in relatively massive teflon targets, and a series of 
representative cross sections, all at V = 6.3 km/s. Dp/T is listed for each experiment. Note the large spall zone at the 
target's back side compared to that of the front side (see also H6rz et al. [ 10] for identical experiments at -6  km/s). 
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Figure 6. Details of incipient spallation and general penetration phenomena in teflon targets of variable 
De~T, all at 6.3 km/s. Note that the incipient spall atDp/T = 0.137 possesses a distinct, conical fracture 
system that connects with the fractures surrounding the crater bottom. This system is still more 
pronounced, at D~p/T = 0.149.. The experiments at Dp/T = 0..287 and 0.414 illustrate details of the rear 
spallatlon process and how it leads to unusually large penetration holes of Dh > Dc. 

limited range o f T  (De~T= 0.5-0.75). We have never observed a case of D h > D c in ductile metals. Is 
D h > D c typic~l for brittle targets? 

For completeness, Figure 7 shows representative cross sections for the 2.3, 4 and 7 km/s penetrations 
series (the 6 km/s case is amply illustrated in [10]). Obviously, the "ballistic limit" (TBL) thickness that 
is associated with the first sign of complete target perforation increases with increasing velocity (e.g., 
compare De/T= 0.24 at 2.3 km/s with De/T = 0.18 at 7 km/s). Also, absolute hole size increases with 

increasing Vas evidenced by the De~T= 1 case at all three velocities. Note that D h >Dc for all velocities 
at 0.5 > De/T < 1.0. The general spall phenomena and geometries seem to be qualitatively similar for all 
of  our experimental velocities and -- at most -- some modest increase in the degree of small scale fraying 
occurs with increasing V. As soon as the target's rear surface begins to deform and bulge (e.g., De/T-- 
0.24 at 2.3 km/s and 0.19 at 4 km/s), the crater depth is substantially deeper than that of the standard 
crater; totally analogous behavior was observed in aluminum targets [ 18]. 

MEASUREMENT OF PENETRATION HOLE DIAMETERS 

Most teflo~a penetrations were characterized by three measurements (see Figure 3): Spall diameter 
(Ds) at the entrance side and spall diameter (Db) at the target's exit side, and the physical size of the 
penetration hole (Dh) measured at the smallest diameter, regardless of location relative to the target's 
front or rear sides. Figure 8 provides a summary of the D h and Dc measurements only; the D b and D s 
measurements are not reproduced for reasons of brevity, yet they are detailed in HOrzet al. [9] and listed 
in Table 1. Ds is commonly twice as large as Dh, and Db is typically larger still by -20-50% (see Figures 
5, 6 and 7). 

The shaded area in Figure 8 represents the infinitive halfspace case and thus the"cratering" regime at 
a given veloc:ity. It is bounded by the ballistic limit thickness (TBL), which reflects a target that ideally 
sustains both a cratering event and a penetration, the latter having dimensions of D h = 0. Penetration 
holes ofDh/Dp < 1 are not plotted in Figure 8 for reasons of space, yet actual measurements were used to 
construct the steep slope of the penetration curves for massive targets. The latter will become 
asymptotically vertical and will then intersect the De/T axis at a position that corresponds exactly to TBL 
(given in parenthesis in Figure 8). The general utility of this approach for the rapid determination of 
ballistic limits was discussed elsewhere [ 18]. 
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0,17 

(2.3 km/s) (4 km/s) 

0.19 
0.13 

Figure 7. Representative cross sections of teflon targets of variable thickness Dp/T (lower left hand comer) that 
were impacted by soda-lime glass spheres of 3.2 mm diameter at nominal velocities of 2.3, 4 and 7 km/s. Note for 
internal scale, per each velocity, the case of T = Dp = 3.2 ram. 

The normalized crater diameter (Dc/Dp) is extended as a constant (i.e., horizontal line in Figure 9) 
beyond the ballistic limit and into the penetration regime for relatively massive targets, because the latter 
truly resemble truncated craters with relatively small holes at their bottoms. Such structures can be 
characterized by two diameter measurements, D c or Dh, with D h < Dp typical for targets close to the 
ballistic limit. D c Js generally the much more meaningful parameter to deduce impactor size in such 
targets, because hole size is totally controlled by T, rather than by projectile properties. As foil thickness 
decreases, Dh in teflon increases at all velocities to values o f  D h > D c for T typically 0.5 > Dp/T < 1. 
However, the magnitude o f  this phenomenon seems velocity dependent. It is most pronounced at low 
velocities and becomes almost non-existing at 7 km/s. After going through this maximum,D h decreases, 
approaching Dc at D / T >  1. At all conditions o f  Dp/T> 1, D h systematically decreases with decreasing 
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T to approach the condition of D h = Dp for very 
thin foils (Dp/T > 100; our experiments included 

foils as thin as 6 ~tm [De/T=_ 530 ], yet these data 
are not plotted). 

INTERPRETATION AND EXTRAPOLATION 

Figures 4 and 8 summarize our first-order 
dimensional ~aeasurements of experimental 
craters and penetrations in teflon. We now 
propose a very simple model for the 
extrapolation of these data to higher velocities. 
As suggested tbr penetrations in aluminum by 
H6rz et  al. [1811, shock-pulse duration (t) seems 
to control the transition from genuine cratering 
to penetration phenomena for the purpose of 
extracting impactor sizes from the dimensional 
properties of craters (Dc) or penetration holes 
(Dh). As long as the relative pulse duration of 
the projectile (tp) remains smaller than that of 
the target (tt), the target entrance side will 
essentially sustain material flows consistent with 
a genuine cratering event. As a consequence, 
all events of tp < tt will ideally develop a crater 
diameter which resembles that of the standard 
crater, even in comparatively thin targets that 
suffered substantial penetration holes. On the 
other hand, the condition of tp > tt will inhibit 
the growth o17 a full fledged crater and a 
penetration ho][e of D h < D c will result. The 
condition of tp = tt constitutes the boundary 
between true "cratering" and "penetration" as 
experienced by the target's front side, and 
regardless of what happened in the target 
interior or at the exit side. The relative target 
thickness associated with this transition from 
cratering to penetrations was labeled Tcp. 
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Figure 8. Measured diameters of craters (Dc) and 
penetration holes (Dh) in teflon targets of variable thickness 
that were impacted by 3.2 mm (Dp) soda-lime glass spheres 
at nominal velocities of 2.3, 4.0, 6.0, 6.3 and 7 km/s. (see 
text for detailed discussion). 

Equation-of-sWte (EOS) data for teflon and quartz glass [13] were used to calculate Tcp for any given V. 
The position of Tcp is indicated in Figure 8, along with the numerical values (given in parenthesis) for 
the exact Dp/Tthat results in tp = tt for any given velocity. Coincidence of tp = tt (% in Figure 8) with 
Dh = Dc is poor at low velocities, yet becomes fair at 6 km/s, and is good at 7 km/s. The tendency of 
teflon to develop substantial spallations and the unusual condition of Dh > De somewhat perturbs the 
utility of relative pulse duration, yet the > 6 km/s data in teflon are qualitatively similar to the aluminum 
penetrations reported by H6rz et al. [18]. Therefore, it is suggested that the concept of relative pulse 
duration has merit at high velocities when extracting projectile sizes from the dimensional analysis of 
penetrated teflon targets. 

Our suggestions on how these experimental results may be extrapolated to very high velocities are 
summarized in Figure 9. Absolute and normalized diameters Dc are per Figure 4 and the V 0.74 

relationship. We use the experimental TBL and its linear extrapolation at V > 7 km/s to separate the 
field of genuine cratering in infinite halfspace targets (far left) from all targets of finite thickness that will 
suffer penetrations (to the right of the TBL line). Penetrations in massive targets (Dp/T < 1) resemble 
craters of diameter (Dc) at the entrance side, which have increasingly larger portions of their bottoms and 
lower walls removed by spallation, the reason why we characterize them as"truncated" craters. Ideally, 
Dc will remain constant until Tcp (t t = tp) is reached, yet the experimental observations of D h > Dc, 
caused by pronounced spalls from the target's rear surface, somewhat disturb this ideal trend. 
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Nevertheless, Dh decreases again at the high velocities to Dh = Dc as the Tcp line is approached. This 
Tcp line must be viewed as the locus -- in Dp/T space -- where tp = tt. It was calculated according to 
Cintala [19], again employing the EOS for teflon and quartz glass of  Marsh [ 13]. The significance of the 
pulse-duration concept is that it may serve to calculate an exact Dp/T which characterizes the transition 
form cratering to penetration processes as a function of V. It signals the onset of  the condition D h < D c 
for all thinner targets; all 
penetrations in thicker targets 
should be interpreted as I"  
"craters" and characterized 
by a Dc measurement, rather 
than Dh. 

The condition of Dh = Dp ~-" 
is approached for all practical ~u 

purposes at Dp/T = 100, 
regardless of  absolute impact 
velocity. This circumstance ~ 
provides yet another datum e~ 
that constrains penetration 
hole size at any arbitrary 
velocity. Each of the 
extrapolated curves at 10, 15 
and 20 km/s in Figure 9 are 
constrained by only two 
points: (I)  the calculated 
model condition of Tcp and 

Dc  DD0100B  Dh 

0 
Projectile Diameter / Target Thickness (Dp / 7) 

Figure 9. Summary comparison of velocity dependence of D c and D h in teflon 
targets and suggested extrapolation to higher impact velocities. (see text for 

(2) the observed condition of detailed discussion). 
Dh = Dp for very thin targets. 
The detailed curve shapes -- as shown in Figure 9 -- are simply qualitative, graphical matches that 
reasonably parallel the experimental data and trends. 

The application of these data in the reconstruction of projectile dimensions from space-exposed teflon 
targets is illustrated in Figure 10. This figure plots the relationship of Dh to Dp, both normalized to T, 
as a function of  V. The idea is to replot the relationships presented in Figure 9 in such a fashion that 
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Figure 10. Calibration curves to solve for Dp from the measurements of D h and T of teflon targets, including 
extrapolations beyond the experimental velocities. Note that unique solutions for Dp may be obtained for any 
arbitrary penetration, provided an impact velocity is known or assumed. 



Cratering and penetration experiments in teflon targets 429 

measured (Dh ~md T) and unknown (Dp) quantities are separated. Note that T and penetration hole 
diameter(s) are readily obtained from space-exposed targets. These two measurements combine with a 
known or assuraed V to obtain a unique solution for Dp. Unfortunately, such unique solutions are not 
possible without some velocity assumption. However, identical assumptions are necessary to interpret 
genuine crater structures in infinite halfspace targets. Consequently, Figure 10, and more rigorous 
treatments that will be derived from it, simply permit for the interpretation of individual penetration 
holes in a manner totally equivalent to individual impact craters. Therefore, it will be possible to obtain 
size- (and mass-) frequency distributions of impactors from individual, space-produced penetrations. 
This seems to represent substantial progress over the traditional ballistic-limit approach which could 
only specify that all penetrations must be the products of projectiles larger than some minimum size (or 
mass or energy). 

Note that all curves in Figure 10 tend to become horizontal for massive targets, unlike the 
calculations for hypervelocity penetrations in aluminum portrayed by Tanneret al. ([20]; their Figures 6 
and 7). The horizontal lines intercept the vertical Dp/T axis at TBL; the flattening in Figure 10 is 
equivalent to the steepening of the penetration curve in Figure 8, because it is driven by the condition of 
D h = 0 at the ballistic limit. These considerations apply to aluminum as well [e.g., 10]. There simply 
will be no penetrations at any given velocity for targets thicker than a specific Dp/T. Also, the ballistic 
limit varies with velocity and is not a constant as portrayed by Tanner et at [20]. 

As briefly summarized by Ht~rz et al. [10], the far majority of penetration holes in thin membranes 
retrieved from space are characterized by 0.5 > Dh/T < 10, including the LDEF thermal blankets. Figure 
9, and especial'Ly Figure 10 illustrate that the respective impactor sizes are indeed intermediate between 
those that would be calculated from genuine cratering equations, from ballistic-limit considerations, and 
from the simple assumption ofDh = Dp. As previously emphasized [18], Figure 8 illustrates that 
penetration formalisms (see summaries by Carey et al. [21]; Warren et al. [22]; Humes [23]; or 
McDonnell and Sullivan, [24]) may not be extrapolated to the ballistic limit. Such extrapolations 
consistently produce larger Dc/Dp ratios, and thus, smaller impactors for the population of penetration 
holes as oppos,ed to the projectile sizes deduced from the coexisting population of craters. Cratering 
equations and penetration formulas may produce systematically different impactor sizes for targets at or 
close to the ballistic limit. We suggest that penetrations in massive targets be viewed as truncated craters 
and that they be characterized by diameter measurements at the target surface rather than by a hole 
dimension in the target interior. Indeed, our suggestions imply that all primary diameter measurements 
needed to characterize impactor dimensions should be performed at the target front side, without 
exception. Measurement in the target interior or on the target back side provide -- in principle -- only 
supportive evidence, that may, nevertheless, be important and useful. 
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