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ABSTRACT

An experimental research program was conducted to determine the cratering
characteristics resulting from the impact of high velocity projectiles in 11 different
metal alloys. Spherical Pyrex, aluminum, steel, nylon, and Inlyte projectiles were
accelerated to velocities from 4. 88 to 8. 35 kilometers per second and impacted against
thick flat plate targets at room and elevated temperatures. Targets impacted were
aluminum alloys 2024-T6, 7075-T6, and 356-T51, columbium - 1 percent zirconium,
tantalum, vanadium, molybdenum-TZM, A-286, Inconel-T718, 316 stainless steel, and
L-605. Correlations were determined for the effects of projectile density and target
temperature on the cratering characteristics of these materials.
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CRATER CHARACTERISTICS OF 11 METAL ALLOYS UNDER
HYPER-VELOCITY IMPACT INCLUDING EFFECTS OF
PROJECTILE DENSITY AND TARGET TEMPERATURE

by Nestor Clough, Seymour Lieblein, and A, R. McMillan*

Lewis Research Center

SUMMARY

An experimental research program was conducted to determine the cratering
characteristics resulting from the impact of high velocity spherical projectiles in
11 different metal alloys. The experimental program was performed under NASA
contract on a ballistics range facility of the General Motors Corporation, Defense
Research Laboratories, Santa Barbara, California. Spherical Pyrex, aluminum, steel,
nylon, and Inlyte projectiles of nominally 2. 38, 3.18, or 3. 68 millimeters in diameter
were accelerated to velocities from 4. 88 to 8. 35 kilometers per second and impacted
against thick-flat plate targets at room and elevated temperatures in an evacuated
chamber. Targets impacted included the aluminum alloys 2024-T6, 7075-T6, and
356-T51, columbium - 1 percent zirconium, tantalum, vanadium, molybdenum-TZM,
A-286, Inconel-718, 316 stainless steel, and L-605.

Correlations were determined for the effects of projectile density and target
temperature on the cratering characteristics of these materials. A general relation was
defined for predicting crater depth based on target room-temperature properties.

INTRODUCTION

The use of large space vehicles on extended missions has introduced the possibility
of damaging impacts by meteoroids upon the vulnerable components of vehicles. These
impacts could impair mission success if appropriate protective measures are not taken.
The description of the meteoroid population most often applied in space vehicle compo-
nent design is that given by Whipple (ref. 1). Modifications to the environment of

*General Motors Corporation, Warren Research Laboratories.



reference 1 are sometimes applied as suggested by reference 2. By utilizing these flux
estimates and typical space-vehicle vulnerable areas and mission times, it is deter-
mined in reference 2 that large space vehicle components must be protected against im-
pacts by meteoroids with masses in the range of 1072 to 1074 grams impacting at veloc-
ities of the order of 20 kilometers per second.

The study of the phenomena of such high-speed impacts has been pursued on both the
theoretical and experimental level. These studies have provided a general description
of the processes of hypervelocity impact. Early theoretical treatments of the high-
speed impact process have been carried out by Bjork (ref. 3), Walsh (ref. 4), and
Riney (ref. 5). These treatments are hydrodynamic in nature and are based upon the
assumption that the early phases of the impact are governed by pressures far in excess
of the target and projectile material strengths, and thus target and projectile strength
effects can be ignored. Because these calculations are inviscid, none of the treatments
carry the processes to completion, that is, the point at which all flow of material has
ceased and no further deformation takes place. Thus it was not possible to theoretically
predict the complete high velocity impact process.

Recently, some encouraging success has been obtained with thick-place cratering
calculations for targets and projectiles of the same material (ref. 6). The calculations
compared the dynamic pressure in the region surrounding the forming crater to the
residual yield strength of the target material in the wake of the shock. When the two
were equal. the cratering process was stopped. The explicit prediction of crater depths
for 2024-T6 and 2014-T6 aluminum targets and projectiles using the above criterion for
crater formation was found to be in excellent agreement with experimental data at
7. 35 kilometers per second impact velocity (ref. 6).

The experimental study of high-speed impact has advanced a great deal in recent
years in the areas of velocity capability and projectile sophistication. However, ex-
perimental velocities obtainable with discrete, well-defined projectiles are generally
limited to less than 10 kilometers per second. In order to make confident predictions of
meteoroid impact damage, it is necessary to perform experiments within the experi-
mental limitations and extrapolate the results to the meteoroid range with guidance from
the theoretical results.

An experimental hypervelocity impact program was initiated by the NASA Lewis
Research Center with the overall objective of determining and predicting the damage
characteristics of specific materials and configurations when subjected to high velocity
impacts. The materials and configurations tested were intended to be specifically ap-
plicable to space waste-heat radiator design. Previous results from this program can
be found in references 7 to 9. Results presented in references 7 and 8 characterize
the various types of damage that exist in tubes subjected to high velocity impacts.
Results of reference 9 give insight into the usefulness of using the explosive technique



for producing high velocity projectiles for impact studies. The results of reference 9
generally corroborate the peak axial pressure predictions of the theoretical analyses of
reference 10.

It was found early in the overall hypervelocity impact program (ref. 7), that data
on each specific armor material were required to make use of existing empirical rela-
tions for crater predictions. The existing correlations contained coefficients which
were found to be functions of the particular material impacted and the conditions of im-
pact. Further impact tests were therefore conducted on a number of specific metal al-
loys potentially applicable for space radiator armor use to provide data for correlating
theoretical and experimental results, and to provide insight into the general cratering
process. These hypervelocity impacts were performed on eleven different materials
in the form of thick (semi-infinite) flat plates. Variations of impact velocity, pro-
jectile material and density, and target temperatures were investigated. The target
materials investigated included several aluminum alloys, A-286, Inconel-718,
columbium - 1 percent zirconium, tantalum, molybdenum-TZM, 316 stainless steel,
L-605, and vanadium.

Reported herein are the results of this experimental investigation. All the impact
work was conducted under NASA contract at the ballistics range facilities of the General
Motors Corporation, Defense Research Laboratories, Santa Barbara, California.
Presented are the impact data, including conditions of impact and cratering results,
and the effects of variation in projectile velocity and density and of target temperature
on cratering characteristics. Also included is a presentation of cratering equations
dependent on room-temperature target material properties which will successfully pre-
dict crater depths at elevated temperatures.

DESCRIPTION OF EXPERIMENTS

The experiments were performed with projectiles of Pyrex, aluminum, nylon,
Inlyte, and steel launched from a light-gas gun which is fully described in reference 11.
The ballistics range consists of a 30-caliber accelerated reservoir light-gas gun, a
6-meter free-flight range, and an evacuated impact chamber. The projectiles were
launched and impacted at velocities nominally in the range of 7. 32 kilometers per sec-
ond, with special tests for variation in impact velocity from 4. 88 to 8. 35 kilometers
per second.

The targets were thick circular disks or squares cut from commercially available
single bars, or from several bars or billets from the same heat. In this way, varia-
tions in material mechanical properties due to differences between heats was held to
a minimum. The thicknesses of the targets were chosen to be great enough to prevent



TABLE I, - IMPACT VARIABLE

Target material

Tantalum

A-286

Inconel-718
7075-T6 Aluminum

2024-T6 Aluminum

356-T51 Aluminum

Columbium - 1 percent

zirconium

TZM - molybdenum
Vanadium

L-605

316 Stainless steel

Target
temperature,
K

RT, 977, 1365
RT, 977
RT, 977
RT, 481, 644

H

RT

3

RT, 481, 644

RT, 644, 977, 1365

RT, 1365
RT, 977, 1365
RT, 977

RT, 644, 977

Projectile
velocity,
km/sec

Nominally 7, 32 |3.

Y

5.00to 8.35 2.

4,88t07.62 -3.

Nominally 7. 32 |3.

Projectile diameter (mm)

and material

18 Pyrex

.18 Pyrex and 3.18

2017 aluminum

.38 Pyrex, 3.18 2017

aluminum and 3. 18
steel

38 and 3. 18 Pyrex,
3.18 2017 aluminum,
and 3. 18 nylon

18 and 2. 38 Pyrex,
3.18 2017 aluminum,
3.18 nylon and 3. 18
steel

18 Pyrex

.18 and 2. 38 Pyrex,

3.18 2017 aluminum,
3.18 nylon, 3.18 steel,
and 3. 68 Inlyte

TABLE II. - CALCULATED AVERAGE (SPHERICAL)

PROJECTILE DENSITY

Projectile diameter
and material

Density,
g/c m3

. 38-mm Pyrex

. 18-mm Pyrex

. 18-mm Nylon

. 18-mm Aluminum
.18-mm Steel

. 68-mm Inlyte

W W W w w N

2.31
2.46
1.13
2.79
7.81
.749




any deformation of the rear surface so that the crater formation would not be influenced
by the thin or finite-target effect (ref. 8).

For the impacts performed at room temperature the targets were mounted directly
in the impact chamber. For those tests in which the targets were heated to temperatures
up to 977 K, the targets were mounted in resistance heaters which in turn were mounted
within the impact chamber. The targets impacted at 1365 K were heated in an induction
heater coil within the impact chamber. The temperature of the heated targets was de-
termined by means of thermocouples imbedded within the targets with the thermocouple
output monitored by a potentiometer. In all cases the targets were positioned such that
the target face was normal to the impacting projectile flight line.

All impacts were performed under partial vacuum conditions. The unheated targets
were in a 30 millimeters of mercury nitrogen-air atmosphere, and the heated targets
were in a 30 millimeters of mercury helium atmosphere. Results of the tests were the
measurements of crater dimensions after impact. The depth of the crater P_ was
measured with respect to the original target surface, and the measurement of crater
diameter D_, was also based on the plane of the original target surface. A list of sym-
bols used in this report is included in the appendix.

A total of 61 experiments were performed utilizing 11 target materials, 5 projectile
materials, and 3 projectile sizes. Table I presents the various impact variables covered
in these tests. Targets were impacted at a nominal projectile velocity of 7. 32 kilome-
ters per second, except for cast aluminum (356-T51) at 481 K and columbium - 1 percent
zirconium at room temperature for which 3. 18 millimeters of Pyrex projectiles were
impacted over a range of velocities from around 5.0 to 8. 35 kilometers per second.

Table II presents the calculated average densities of the spherical projectiles used
in the program. These densities were determined from measurements of weight and
diameter for all the projectiles used.

RESULTS AND DISCUSSION

The quantitative results of the experiments are presented in table III. The crater
depth and diameter are given along with a description of the projectile, that is, size,
mass, material, and impact velocity. Several calculated parameters are also included
in the table. The targets are identified by material and temperature. The results of
these experiments are described below in groupings in which only 1 parameter was
varied at a time,



TABLE III. - ORIGINAL AND REDUCED DATA

Shot

Target

Projectile Crater Density 2/3 | Ratio of target
ratio, absolute tem-
Material |Temper-|Density, | Modulus ofj{ Material |Velocity, | Diameter,| Mass, | Density, | Depth, | Diam- | Ratio of | Ratio of 2/3 v perature to
ature, b elasticity, v, d, m, Py P, eter, crater crater <i> Et target absolute
K g/cm3 Et, km/sec mm g g/cmS cm D, depth to | depth to P - melting tem-
dyne /em? cm |projectile | crater Py perature,
diameter, | diameter, T/T
p./d | P_/D, m
340 Molybdenum 294.1 10.2 33. 8><1011 ! Pyrex 7.5 3.18 0.0412| 2.46 0.305 | 0.787 0.96 0.388 0. 387 1.22 0.102
547 Molybdenum 1365 ' 10.2 28.2 7.62 . 0421 .444 | 1,07 1.40 417 . 387 1.28 L4173
337 316 Stain- 294.1 8.0 19.9 7.38 . 0424 .386 | 1.07 1.22 . 362 . 456 1.31 . 176
338 less steel 644 17.0 7.53 0412 .450 | 1.07 1.41 422 1.39 . 385
339 977 14.1 ©.0412 .483 | 1.14 1.59 .422 1.475 .584
1271 294.1 19.9 . 0410 . 391 . 864 1.23 .454 1.33 . 176
1270 977 14,1 . 0409 .482  1.17 1.52 L 413 1.475 . .584
487 294.1 19.9 Y 7.62 2.38 .0156 2,31 .325  .686 | 1.36 L4175 L 437 1.34 .176
131 Inlyte 7.60 3.68 L0195 749 .234  .660 .635 .354 .206 1.34
1078 . Nylon 7.48 3.18 L0199 1.13 . 262 . 660 .82 . 396 L271 1.323
1199 Nylon 6.99 .0189 1,13 . 241 . 610 .16 . 396 .271 1.264
1269 Nylon 7.38 L0194 1.13 . 241 . 660 .16 . 365 .21 1.31
350 } Aluminum 7.71 .0468 2.79 . 396 .991 1.25 . 400 496 1.35
1272 Aluminum 7.41 .0468 2,79 . 394 .915 1.24 .430 .496 1.316
1268 ¥ ] ¥ W Steel 6.21 L1315 7.81 .688 1.32 2.17 .522 .985 1.173 Y
384 ° Tantalum 294.1 16.6 19.2 Pyrex 7.84 .0410 2.46 . 307 . 864 .97 . 356 .280 1.5 .090
385 | Tantalum | 977 ' 16.6 | 17.4 7.69 .0411 361  .965  1.14 . 374 280 1.78 . 290
543 " Tantalum 1365 16.6 16.4 7. . 0411 . 386 .915 1.22 .423 280 1.84 .418
1289 A-286 294, 1 7.92 19.3 7.50 . 0412 . 386 .915 1.22 .423 .458 1.32 L1738
1262 A-286 9T T.92 14.4 7.56 . 0418 . 429 .915 1.35 470 .458 1.49 .575
1290 Inconel-718 294.1 8.23 20.1 7.53 . 0410 . 366 . 864 1.15 L 424 . 447 1.325 L1856
1267 Inconel-718 977 8.23 15.8 7.62 . 0419 . 450 . 965 1.42 . 466 . 447 1.445 .616
221 7075-T6 294.1 2.79 6.96 7.90 . 0409 L7980 1.27 2.49 . 623 920 1. 356 . 324
237 481 6.35 8.05 .0413 .889 1.60 2. 80 . 556 .920 1.41 526
223 L 644 , 5.39 Y 84 o4t V920 160 2.90 .574 .920 1.47 .709
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Projectile Velocity

Two series of experiments were performed to examine the effect of impact velocity
on the target crater. These experimenis were performed with 356-T51 aluminum tar-
gets at 644 K, and columbium -~ 1 percent zirconium targets at room temperature., All
the targets were impacted with 3. 18-millimeter diameter spherical Pyrex projectiles of
nominally 0.041 gram mass. Figure 1 is a plot of the ratio of the measured penetration
depth to projectile diameter as a function of the impact velocity. The penetration is
seen to increase with increasing impacting velocity as would be expected.

Hydrodynamic solutions of the semi-infinite impact problem performed by Bjork
(ref. 3), Riney and Heyda (ref. 10), and Walsh and Tillotson (ref. 4) gave velocity de-
pendence exponents of 0. 33, 0.62, and 0.58, respectively, for impacts of like target and
projectile materials, Since these calculations were performed for conditions which
apply when the hydrodynamic approximation is valid, they are applicable, strictly
speaking, to impact velocities several times the sonic velocity of the material. How-
ever, as is generally known, most penetration data at velocities in the neighborhood of

356-T51 Aluminum, 644 K
Columbium - 1 percent
zirconium, RT

Ratio of penetration depth to projectile diameter, Pold

8= K —— Velocity!. 1

N / VelocityZ/3
N B 1
4 6 8 10 20

Velocity, V, km/sec

Figure 1. - Penetration as function of impact velocity for
3.18-millimeter -diameter pyrex spheres impacting
356-T51 aluminum at 644 K and columbium - 1 percent
zirconium at room temperature.
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the target sonic velocity can be represented by a velocity to the 2/3 power, which is in
good agreement with the predictions of Riney and Heyda, and Walsh and Tillotson. Thus,
since most of the penetration data presented herein are for velocities slightly higher
than the material sonic velocity, a 2/3 power dependence on velocity should be expected.

Shown in figure 1 by the solid lines is a 2/3 velocity dependence for both the alu-
minum and columbium tested. The dotted line is a 1.1 power velocity dependence. Both
variations appear to fit the data equally well. However, because of the few number of
data points and the small range of velocity covered, it is not possible to define with pre-
cision the velocity dependence variation for these two materials. It is possible with the
very few data points presented, that the one low velocity point for each material is
weighing the results too heavily. Nevertheless, it can be concluded only that within the
range of velocity covered, the velocity dependence could be between 2/3 and 1.1 for the
data presented in figure 1.

Projectile Density

The theory of Walsh and Tillotson (ref. 4) predicts no projectile density dependence
of damage based on hydrodynamic computations at impact velocities many times the sonic
velocity of the target. However, it has been observed experimentally (ref. 12) that the
density of the projectile striking a metallic target does have an effect on the extent of the
cratering damage produced. This density effect has been estimated to be a 2/3 power
dependence from the experiments of reference 12, The impact experiments of refer-
ence 12 were performed at velocities that are much lower than those of the theoretical
calculations.

The data collected herein for impacts into 316 stainless steel, columbium - 1 per-
cent zirconium, 2024-T6 aluminum alloy and 356-T51 aluminum alloy with Inlyte, nylon,
Pyrex, aluminum, and steel projectiles were examined for projectile density effects on
crater depth and diameter. The penetration data were normalized with respect to pro-
jectile diameter. (Since all impacts were nominally at a constant velocity and projectile
masses were nominally the same, no corrections were made to the data to account for
the slight differences that did exist.) These data are shown in figure 2. The projectile
densities used are those given in table II. In figure 2, lines are drawn for the represen-
tation of reference 12 where

e g2/ (1)

Although a slightly lower slope is indicated for the 316 stainless steel and columbium -
1 percent zirconium data, the projectile density effect for the materials tested herein



Ratio of penetration to projectile diameter, P,/d

Ratio of penetration to crater diameter, P.,/Do,

6 —
- (o] Columbium - 1 percent zirconium
A 316 Stainless steel
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2 —

356-T51 Aluminum
1 <.
316 Stainless steel and columbium -
1 percent zirconium
| | | | [

"6 .8 1 2 4 6 8

Projectile density, Pp: glcm3

Figure 2. - Penetration as function of projectile density for 3. 18-millimeter-diameter spheres
impacting at 7.32 kilometers per second (nominal) on 356-T51 and 2024-T6 aluminum,
columbium - 1 percent zirconium, and 316 stainless steel at room temperature.

1__
L <& 356-T51 Aluminum
O Columbium - 1 percent zirconium
8 A 316 Stainless steel
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L -356-T51 Aluminum TN
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N e}
\\
— \-316 Stainless steel
and columbium -
1 percent zirconium
) | | I | N
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Projectile density, Pp g/cm3

Figure 3. - Ratio of crater depth to crater diameter as function of projectile density for
316 stainless steel, columbium - 1 percent zirconium, and 356-T51 aluminum targets,




agrees well with that presented in reference 12.

The hydrodynamic codes of references 3 to 5 and 13 all predict hemispherical
craters (ratio of P_/D_ equal to 0.5) for impacts of projectiles and targets of the
same material and for impacts of normal density projectiles into targets of dissimilar
materials. As stated previously, the hydrodynamic codes are for velocities many times
the sonic velocity and are not, strictly speaking, applicable to the range of velocities
obtained in this experimental program. The recent results of Riney in reference 6 for
reduced density projectiles predicts a shallower than hemispherical crater for velocities
up to 70 kilometers per second.

Figure 3 shows the effect of projectile density on the general shape of the crater.
Plotted in the figure is the ratio of penetration depth to crater diameter as a function of
projectile density. The data of figure 3 indicate a general increase of the depth to
crater diameter ratio with an increase in projectile density. For the steel and colum-
bium targets, the craters are more shallow than hemispherical, whereas the craters are
deeper than hemispherical for the cast aluminum targets. The increase in crater depth
to crater diameter ratio is more pronounced for the aluminum targets.

Projectile Size

Experiments were performed with two projectile sizes, 3.18 and 2, 38 millimeters
in diameter. It has been assumed in the previous sections, that the penetration depth
and crater diameter scaled directly with projectile size (i.e., P_  is directly propor-
tional to projectile diameter). There is strong theoretical support for this assumption
(refs. 4, 5, and 10). Nysmith and Denardo (ref. 14), however, have by use of momen-
tum measurements, detected a variation from this rule and have asserted that for the
range of projectile sizes tested (1,59 mm to 1.27 cm diameter), penetration is propor-
tional to projectile diameter to the 19/18 power., There has been no explanation as yet
given for this difference between the theoretical results and the experimental findings.

Because of the small range in projectile sizes employed herein, and since the ob-
served deviation from direct-size scaling is very small, no attempt was made to check
this projectile size effect. (For the range of projectile sizes used in this study, the ob-
served deviations in crater depth should be on the order of three percent, which is well
within the experimental accuracy of the tests.)
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Target Temperature

Crater formation. - Variations in target temperature in some cases produced large
changes in the appearance of the crater, while in others they produced no obvious
changes. The most obvious changes occurred with targets of 6061-T6 aluminum and
molybdenum. Figure 4 shows the marked change in behavior with the change in temper-
ature in 6061 alloy aluminum. The room temperature impact of this material produced
a crater typical of those found in brittle materials; rough crater walls, lack of crater

Room temperature. 644 K.

Figure 4. - Targets of 6061-T6 aluminum impacted by 3.18-millimeter-diameter pyrex spheres at room temperature and 644 K.

lips, and front spall surrounding the crater. The same material when impacted at a
temperature of 644 K produced a crater more typical of ductile material. The crater
walls are smoother, there are lips attached to the crater, and the front spall is no
longer in evidence. This same change in character is evidenced in the behavior of
molybdenum as shown in figure 5. At room temperature the molybdenum target suffered
a large amount of front spall to a distance of about the crater diameter from the crater
proper. The same material when impacted at 1365 K (fig. 5) exhibited no front spall and
large crater lips. Thus, both the 6061 alloy aluminum and the TZM - molybdenum ap-
pear to have gone through a transformation from a brittle fracture behavior at room
temperature to a ductile behavior at elevated temperature.
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| Room temperature. 1365 K. C-68-4346

Figure 5. - Molybdenum targets impacted by 3.18-millimeter-diameter pyrex spheres at room
temperature and 1365 K.

The L-605 alloy targets shown in figure 6 are typical of materials that exhibited al-
most no change in crater characteristics when impacted at various target temperatures.
At both room temperature and 977 K, the targets are almost identical in appearance; the
craters are of the brittle-fracture type with rough crater walls and no crater lips. In
figure 7, a series of vanadium targets are shown which also show no marked difference
in appearance. The ductile behavior exhibited at room temperature is also present at
977 and 1365 K. In all three targets the crater walls were distinct and smooth, and the
craters had large attached lips with no evidence of front spall.

977 K.

Room temperature.

Figure 6. - Targets of L-605 alloy impacted by 3.18-millimeter-diameter pyrex spheres at
room temperature and 977 K.
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VANADIUM

Room temperature. 977 K. 1365 K. C-68-4348

Figure 7. - Vanadium targets impacted by 3.18-millimeter-diameter pyrex spheres at room temperature, 977 K, and 1365 K.

The general tendency for all target materials was from brittle to ductile behavior as
the test temperature was increased. The sole exception to this was the behavior of tan-
talum. As can be seen in figure 8, impacts at room temperature and 977 K into tanta-
lum produced craters with smooth walls and distinct crater lips. When the same ma-
terial was impacted at 1365 K, the resultant crater had very small crater lips that in-
dicated a more brittle behavior. Close examination of the target showed the surface
to be covered with what appeared to be a layer of scale. If the surface was covered
with a brittle oxide, this might produce the effect shown in figure 8. In all the experi-
ments, the purity of the helium or nitrogen atmosphere in the impact chamber was not

TANTALUM

Room temperature. 977 K. 1365 K. C-68-4349

Figure 8. - Tantalum targets impacted by 3.18-millimeter-diameter pyrex spheres at room temperature, 977, and 1365 K.
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Figure 9. - Ratio of penetration depth to projectile diameter as function of target
temperature ratio for 3.18-millimeter-diameter pyrex prajectiles impacting at
7.32 kilometers per second (nominal).

high, so that some surface oxidation was possible prior to impact.

Data correlation. - The results of the experiments were examined in a more quan-
titative manner. It was found in every case that an increase in temperature resulted in
an increase in penetration, as shown in figure 9. This result is to be expected since it
has been found experimentally that target strength plays a role in determining the final
crater size (ref. 15), and in general, metals exhibit a reduction in strength with in-
creasing temperature.

In order to compare the results on many materials at various temperatures, the
listed absolute test temperatures were normalized with respect to the absolute melting
temperature of the material to form the temperature ratio T/TM. Table IV lists the
values of the melting temperature employed for each material. The values are standard
handbook values. If a range of melting temperature was provided, the high end of the
range was arbitrarily chosen.

In figure 10 the measured depth of penetration divided by the measured room tem-
perature penetration depth is plotted as a function of the absolute temperature ratio
T /TM, The significant part of the figure is the indication that the penetration depths for
the materials increase at about the same rate with increasing T /TM. The lines drawn
through each set of data have a slope of 1/6, indicating the possible existence of a tem-
perature correlation of the form
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TABLE IV. - MELTING TEMPERATURE OF

TARGET MATERIALS

Target material Melting temperature,
K
356-T51 Aluminum 886
2024-T6 Aluminum 938
7075-T6 Aluminum 909
Columbium - 1 percent zirconium 2773
Tantalum 3272
TZM - molybdenum 2948
Vanadium 1983
Inconel-718 1590
A-286 1701
316-Stainless steel 1673
L-605 1681

356-T51 Aluminum
316 Stainless steel
Columbium - 1 percent zirconium

7075-T6 Aluminum

Vanadium

L-605

Tantalum

A-286 <&
Inconef-718

TZM - molybdenum

~o
l
DODD<oOL0 BA

;xJ,_ | | | | oy

.8
.08 1 .2 4 .6 .8
Ratio of target absolute temperature to target absolute melting temperature, Lam

Ratio of penetration to room
temperature penetration, POOI(P(,O)R

Figure 10. - Ratio of penetration depths as function of target temperature ratio for
3. 18-millimeter-diameter pyrex projectiles impacting at 7. 32 kilometers per
second (nominali.

P o \1/8

@ Tm

where K; is some function of the target material, and R refers to room temperature.
Specifically, K; can be determined from the condition that when T = TR’ P_= (POO)R,
so that from equation (2)
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1/6

T

M (3)
T

Kt=

R

Substitution for Kt in equation (2) then yields

Tr

Thus, if the exponent in equation (4) is a representative constant for most materials, the
increase in penetration depth at elevated temperatures can readily be obtained from a
knowledge of only the room temperature values of penetration depth. This correlation,
according to figure 10, appears to be reasonable for values of T/TM up to about 0.75.
The ratio of the crater depth to crater diameter as a function of the temperature
parameter is presented in figure 11. Not much of a correlation is present, except per-

Ar—

7075-T6 Aluminum

Columbium - 1 percent zirconium
Inconel-718

Vanadium

Tantalum

TZM - molybdenum v
A-286

L-605

316 Stainless steel

DPoDDDOOOC

o
O
[pod

Ratio of crater depth to crater diameter, P, /Do

P | | b
0 .2 .4 .6 .8
Ratio of target absolute temperature to target absolute melting temperature, T/Ty,

Figure 11. - Ratio of crater depth to crater diameter as function of target temperature for
3, 18-miltimeter -diameter pyrex projectiles impacting at 7, 32 kilometers per second
{nominal).
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haps, a tendency toward a ratio of POO/DOO = 0.5 as the temperature increases., This
might be expected since as the target temperature increases, the material strength de-
creases, which tends toward the hydrodynamic condition of no target material strength,
As mentioned previously, the hydrodynamic codes predict a hemispherical crater for
fully dense projectiles. However, the tendency shown in figure 11 is very slight, and no
firm conclusion on crater shape as a function of target temperature can be made.

Cratering Correlation

The estimation of the depth of penetration in a thick (semi-infinite) target due to im-
pact by spherical particles has been made with various empirical equations based on
some physical strength property of the material., For example, correlations have ap-
peared based on such target properties as modulus of elasticity, fracture strength, and
hardness. Generally, these equations have been developed from data obtained at room
temperature. No one approach appears to be superior to the others or to accurately
predict crater depth over a wide range of material and impact conditions. This is not
surprising when it is considered that the attempt here is to correlate a complex dynamic
phenomenon on the basis of a single static property. For practical design use, however,
it is desirable to have relatively simple relations in terms of readily available proper-
ties.

In order to evaluate the relative effectiveness of various correlation relations, it is
necessary to have available a wide variety of impact data and the significant strength and
physical properties of the specific targets tested. Unfortunately, the material proper-
ties available were inadequate to properly identify the significant strength properties for
all of the specific targets tested. Thus, a valid relative comparison of prediction meth-
ods could not be made. However, it was possible to select a given correlation approach
and develop its specific relation from the test data generated herein. The approach
selected was that based on the target modulus of elasticity.

The equation for crater depth based on the target modulus of elasticity is given as
(ref. 12)

2/3

The 2/3 power dependence for the projectile density has been further confirmed in fig-
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ure 2. For the velocity exponent, while the limited data of figure 1 did not specifically
confirm the 2/3 power variation, they were considered to be inadequate to suggest a re-
vision of the value of the exponent,

Although equation (5) was developed for impacts into various materials at room
temperature, it has been applied to elevated temperature impacts, with reliance on the
variation of mechanical test values of target modulus with temperature to predict ele-
vated temperature penetration depths (ref. 7). Reference 16 has shown that the use of
the equation in this fashion required a variation of the material cratering coefficient y
with temperature. This indicated that the available modulus variations with temper-
ature was insufficient to accurately predict the crater depth at elevated temperature.
However, this variability can now be circumvented with the use of equations (4) and (5),
room-temperature values of modulus of elasticity, and room temperature values of .
The use of this approach further eliminates the earlier uncertainty concerning the use
of a static or dynamic value of the modulus, since both are generally the same at
room temperature,

Combining equations (4) and (5) yields
- 12/3

b 2/3 1/6
_OO:YR Y .V T (6)
d 2

For equation (6), the determination of YR Was carried out by plotting the measured
values of Pm/d against the parameter

N ~2/3

2/3
< p_p> By <l>
Pt (E) Tr
R

Py

L .

where values for target modulus of elasticity (Et) were obtained from unpublished re-
R

sults of a mechanical testing program. These values are listed in table ITI. Values of
target density p, are also given in table TII
The resultant plots for the materials tested are shown in figure 12(a) to (¢). Varia-
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tions in the parameter of the abscissa for a given material were obtained from varia-
tions in projectile density, target temperature, and projectile velocity, The value of
room-temperature cratering coefficient YR for each material was determined as the
slope of the line drawn between the origin and the test data points. The values obtained

are listed in table V.

TABLE V. - MATERIAL CRATERING COEFFICIENT

Target material Material cratering
coefficient,
YR
356-751 Aluminum 2.15
7075-T6 Aluminum 2.00
2024-T6 Aluminum 1.70
Columbium - 1 percent zirconium 1.81
316 stainless steel 2.19
A-286 1.77
Inconel-T718 1.85
L-605 2,00
Vanadium 1.71
Tantalum 1.77
TZM - molybdenum 2.00

Comparison of the data points and the straight lines in figure 12 indicates the ac-
curacy of equation (6) in conjunction with the values of YR of table V in predicting cra-
ter depth in the materials tested over the range of variables covered. I further veri-
fied, equation (6) may represent a significant simplification in elevated-temperature
cratering predictions, since elevated temperature tests would otherwise have to be con-
ducted for each material and temperature of interest to determine correct values of y

and E, for use in equation (5).

t
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Figure 12. - Correlation of penetration data.
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SUMMARY OF RESULTS

An experimental research program was conducted to determine the cratering char-
acteristics resulting from the impact of high velocity projectiles in 11 different metal
alloys. The major results from this impact program are summarized below.

1. The visually observed damage sustained by the targets was generally character-
ized as ductile or brittle crater fracture. The materials that generally displayed brittle
fracture patterns around the crater from room-temperature impacts with Pyrex projec-
tiles were molybdenum, L-605, Inconel-718, A286, and the 356-T51, 2024-T6,
7075-T6, and 6061-T6 aluminums. Those displaying typically ductile crater fractures
at room temperature were vanadium, tantalum, columbium - 1 percent zirconium, and
316 stainless steel.

2. Limited data were obtained on the variation of penetration as a function of impact
velocity for 356-T51 aluminum at 644 K and columbium - 1 percent zirconium at room
temperature. Because of the small number of data points, no general conclusion on the
velocity dependence could be reached for the two materials tested. The penetration
depth could vary between 2/3 to 1.1 power of velocity.

3. Tests performed with various projectiles indicated that for a given material,
changes in target penetration due to changes in projectile density can be well repre-
sented by the penetration being proportional to the 2/3 power of the projectile density.

4. Increasing the temperature of the impacted target above room temperature re-
sulted in an increase in the depth of penetration, which varied as the 1/6 power of the
ratio of absolute test temperature to absolute room temperature. Accompanying the in-
crease in penetration depth was a shift to a more ductile behavior of the crater in all
materials except tantalum, which appeared to behave in a more brittle fashion at 1365 K
than at room temperature.

5. An equation for predicting penetration depths in targets at elevated temperatures
has been proposed which requires a knowledge only of modulus of elasticity and a cra-
tering coefficient at room temperature. The various coefficients required for the
11 materials tested are presented for use in the proposed equation.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 23, 1968,
120-27-04-36-22,
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APPENDIX ~ SYMBOLS

crater diameter, cm
projectile diameter, mm

modulus of elasticity,
dyne/cm2

modulus of elasticity at room
temperature, dyne/Cm2

constant
projectile mass, g

semi-infinite penetration depth,
cm

semi-infinite penetration depth
at room temperature, cm

target absolute temperature, K

target absolute melting tempera-
ture, K

target absolute room temperature,
approximately 294 K

projectile velocity, km/sec
material cratering coefficient

material cratering coefficient at
room temperature

projectile density, g/cm3

target density, g/c m3
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