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Observations and simulations of the low

velocity-to-hypervelocity impact crater transition

for a range of penetrator densities into thick

aluminum targets
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Projectile/target impact crater systems involving soda-lime glass/1100 aluminum, ferritic
stainless steel/1100 aluminum, and tungsten carbide/1100 aluminum (corresponding to
projectile densities of 2.2, 7.89, and ∼17 Mg (m3) at impact velocities ranging from 0.56 to
3.99 km/s were examined by light metallography, SEM, and TEM. Plots of crater
depth/crater diameter ratio (p/Dc) versus impact velocity exhibited anomalous humps with
p/Dc ranging from 0.8 to 5.5 between 1 and 2 km/s, with hypervelocity threshold or
steady-state values of p/Dc (>5 km/s) ranging from 0.4 to 1.0; with the p/Dc values
increasing with increasing projectile density in each case. This hump-shaped regime, with
exaggerated target penetration depths, appears to occur because projectiles remain
relatively intact and unfragmented. The crater geometry begins to change when the
projectile fragmentation onset velocity (>2 km/s) is exceeded and fragmentation increases
with increasing impact velocity. Computer simulations and validation of these simulations
were developed which fairly accurately represented residual crater shapes/geometries and
correlated experimentally measured microhardness maps with simulated residual yield
stress contour maps. Validated computer simulations allowed representative
extrapolations of impact craters well beyond the laboratory where melting and
solidification occurred at the crater wall, especially for hypervelocity impact (>5 km/s).
C© 2004 Kluwer Academic Publishers

1. Introduction
The low velocity-to-hypervelocity impact crater tran-
sition characterized by a so-called “hump” in plots
of crater depth-to-crater diameter ratio (p/Dc) ver-
sus impact velocity (uo) was originally observed
somewhat simultaneously by Baker [1] and Bernhard
and Hörz [2] for steel projectiles impacting alu-
minum and soda-lime glass projectiles impacting
aluminum (1100), respectively. The severity of this
anomalous hump was particularly noticeable for the
steel projectiles with a density of 7.86 Mg/m3 in
contrast to the aluminum projectiles with a den-
sity of 2.7 Mg/m3, although the steel/aluminum-
projectile/target data was not as comprehensive as
that for soda-lime glass/aluminum. More recently,
Murr et al. [3] compared this anomalous impact
crater phenomenon for aluminum/copper, soda-lime
glass/aluminum, steel/copper, and steel/aluminum; in-
cluding the data from Baker [1] and Bernhard and Hörz
[2]. It was observed that projectile or penetrator density
as well as the ratio of projectile density/target density
(ρp/ρt) — or more specifically (ρp/ρt)1/2 — influenced
the severity of the p/Dc “hump” between uo = 1 to 2
km/s. Correspondingly, penetration, p (or p/Dc) in-

creased with increasing values of (ρp/ρt)1/2 in the low
velocity range: ∼2 km/s. At hypervelocity (≥5 km/s)
p/Dc values converged to a steady-state value or hyper-
velocity threshold which also increased with increasing
projectile density.

Baker [1] earlier considered hypervelocity to repre-
sent impact velocities greater than 3 km/s and iden-
tified three different impact crater types: (1) an elon-
gated crater formed at low projectile velocity with the
(spherical) projectile embedded essentially intact in the
crater bottom, especially for strong (hard) projectiles
impacting a weak (soft) target; (2) a more shallow,
wide crater characterized by projectile deformation and
break-up at some “intermediate” velocity and; (3) an
idealized, hemispherical crater at hypervelocity char-
acterized by complete disintegration of the projectile
at impact. These general features were observed by
Murr et al. [3] for a range of projectile/target impact
crater systems where crater depth/crater diameter ratios
(p/Dc) were plotted against the corresponding projec-
tile (impact) velocities and the anomalous increase in
p/Dc was observed at low impact velocities for sev-
eral projectile/target systems. Valerio et al. [4] also pre-
sented preliminary data for the current systems which
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confirmed the effects of very dense tungsten carbide
projectiles impacting aluminum targets.

The need to examine a range of projectile densities
has become especially apparent over the past decades as
the man-made proportion of orbital debris particles has
exceeded the natural debris regime; with dense parti-
cles such as gold, tungsten, and other metals contribut-
ing to the potential impact projectiles in low-Earth orbit
(LEO) [5, 6]. In addition, the shedding of such debris
from orbiting satellites and space craft creates a wide
range of impact velocities, including very low veloci-
ties (<1 km/s) as a consequence of space craft—orbital
debris impact differences—in contrast to interplanetary
dust and related micrometeoroid projectiles with rela-
tively low densities, impacting at velocities averaging
∼20 km/s [6–8]. McBride et al. [9] have also recently
described the distribution of small-sized debris in LEO
utilizing flux data from the NASA Long Duration Ex-
posure Facility (LDEF) [6].

The ability to study impact crater phenomena in
the laboratory is limited by the launch capabilities
of various guns, including the sabot arrangements for
launching very dense projectiles having sufficiently
large sizes. Maximum impact velocities seldom exceed
7 km/s even for very light projectiles such as soda-lime
glass. In this regard, the residual crater sizes are espe-
cially important if associated microstructures and prop-
erties are to be investigated and utilized as a basis for
validating computer simulations which are necessary
in extending the implications of impact crater phenom-
ena beyond the laboratory, and more consistent with
the actual environments of LEO and aspects of deeper
space.

The present study represents a systematic evaluation
of impact crater formation in a soft aluminum target for
a wide range of projectile densities and impact veloci-
ties. A particular focus of this research was the valida-
tion of computer simulations and the extrapolation of
impact phenomena to the hypervelocity regime using
the validated simulations.

2. Experimental procedures and simulation
methods

The target for the impact experiments performed in this
study consisted of a 25 cm × 25 cm cast 1100 alu-
minum plate having a thickness of 3.5 cm. The cast
plate had a nominal composition of 99.3 wt% Al, 0.5%
Fe, 0.15% Cu, 0.12% S, and 0.04% Ti; and density
(ρt) of 2.7 Mg/m3 (g/cm3). The as-cast microstructure
consisted of dendritic precipitates of Fex Al in the grain
boundaries; with an average grain diameter of 28 µm.
The average Vickers microhardness was 30 VHN or
0.3 GPa. Spherical projectiles (3.175 mm in diame-
ter) of soda-lime glass (ρp = 2.2 Mg/m3), ferritic (440)
stainless steel (ρp = 7.89 Mg/m3), and tungsten car-
bide (ρp

∼= 17 Mg/m3) were launched against the tar-
get from a powder gun having a 7 mm diameter bore
barrel for projectile velocities, uo, below 3 km/s; and
a 5 mm bore, light-gas gun was employed for impact
velocities at and above 3 km/s. In the present study,
craters were formed at impact velocities uo of 0.99,

2.00, 2.44, 2.71, 3.11, and 3.99 km/s for the soda-lime
glass (SLG) projectiles; 1.08, 2.03, 2.57, and 3.15 km/s
for the stainless steel (SS) projectiles, and 0.49, 0.56,
1.0, 1.5, and 1.98 km/s for the tungsten carbide (WC)
projectiles. The WC projectiles at velocities of 1.5 and
1.98 km/s were impacted into the thickness face of the
target plate to insure against perforation. Actual experi-
ments were carried out in the Experimental Impact Lab-
oratory, SN4, NASA-Johnson Space Center, Houston,
TX, USA. The projectile velocities were determined
by the occultation of laser beams (2 to 4 stations) and
two independent impact-flash detectors, one located at
the sabot stripper, and another located at the target po-
sitioned approximately 8 m down range from the gun
muzzle.

The experimental impact craters were removed from
the aluminum target plate in blocks using a plate cut-
ter with a cooling system. Removed blocks containing
a crater were photographed and then sectioned with a
Buehler high-speed precision diamond saw to produce
one exact half section which allowed the crater geome-
try (crater depth, p, and crater diameter, Dc) to be accu-
rately measured and photographed after grinding and
polishing. The polished half sections were also etched
using a Keller’s reagent composed of 0.15 L H2O, 3 mL
HNO3, 6 mL HCl, and 6 mL HF cooled to 0◦C using
an ice bath. A Reichart MEF4M optical metallograph
was then used to photograph each crater microstruc-
ture. Craters were also observed in a scanning electron
microscope (SEM).

Vickers microhardness measurements were made on
the polished and etched crater half sections using a dig-
ital Shimadzu HMV-2000 microhardness tester. A dia-
mond indenter with a 50 gf (0.5 N) load was employed
for indentation times of 10 s. Microhardness measure-
ments were initially made along the impact axis from
the crater base as nominal zero, and extending into the
target. Additional microhardness profiles were obtained
along different directions assuming the crater wall bot-
tom at the intersection of the impact axis with the crater
bottom as the zero point of reference (x, y = 0, 0) to
produce characteristic microhardness maps extending
from the crater wall into the target as originally de-
scribed by Quinones and Murr [10]. These experimen-
tally constructed, residual microhardness maps for each
crater were then compared with computer simulated,
residual yield stress maps by considering that for com-
mon metals such as aluminum the Vickers microhard-
ness values are nominally 3 times the corresponding
yield stress (VHN ∼= 3σy); where 1 VHN (Vickers Hard-
ness Number) = 1 Kbar = 0.1 GPa.

Finally, three millimeter discs were punched from
thin (∼200 µm) ground slices cut from the crater half
sections as well as sections cut parallel to the crater
walls, at various locations at increasing distances from
the crater bottom and walls in order to examine the cor-
responding microstructures in the transmission electron
microscope (TEM). The 3 mm discs were electropol-
ished to electron transparency in a Struers-Tenupol
3, dual-jet electropolisher using a solution of 1.2 L
methanol and 0.3 L HNO3 at −20◦C. A Hitachi H-8000
analytical TEM was operated at 200 kV, employing a

6272



T ABL E I Input parameters for WC, SS, and SLG projectiles used in the simulations

Parameter WC SS SLG

Equation of state Shock Linear Polynomial
Strength model Johnson-Cook Johnson Cook Johnson-Holmquist
Reference density (g/cm3) 17 7.89 2.2
Bulk modulus (Mbar) – 1.64 –
Reference temperature (K) 3.00E+02 3.00E+02 3.00E+02
Gruneisen coefficient 1.54 – –
Specific heat (Terg/gK) 1.34E−06 4.52E−06 8.80E−06
Shear modulus (Mbar) 1.60 8.00E−01 3.00E−01
Yield stress (Mbar) (1.5) 6.00E−02 7.40E−03 –
Hardening constant (Mbar) (1.8) 6.00E−03 3.80E−03 –
Hardening exponent (1.2) 7.00E−01 3.20E−01 –
Strain rate constant 1.60E−02 6.00E−02 –
Thermal softening exponent (1.0) 5.00 5.50E−01 –
Melting temperature (K) 1723 1811 –
Hydro tensile limit (Mbar) −9.00E−02 – −2.00E−03
Intact strength constant A 9.30E−01
Intact strength exponent N 7.70E−01
Strain rate constant C 3.00E−03
Fract. strength constant B 8.80E−02
Fract. strength exponent M 3.50E−01
Max.fract. strength ratio 5.00E−01
Damage constant D1 5.30E−02
Damage exponent D2 8.50E−01
Hugoniot elastic limit (Mbar) 5.95E−02
Crack softening (GJ/m2) 4.00E−03
A1 (Mbar) 4.54E−01
A2 (Mbar) −1.38
A3 (Mbar) 2.90
Failure model Hydro None Johnson-Holmquist
Erosion None Inst. Geometric None

Strain 1.5

Note numbers in parenthesis are experimental values which were modified to produce valid simulations.
Erosion strains have no physical measure and the erosion algorithm is simply a numerical technique for avoiding grid tangling in Lagrangian processor
calculations.
Note 1 Mbar = 102 GPa.

goniometer-tilt stage in observing the thinned specimen
regions.

AUTODYN-2D (version 3.0) hydrocode software
was used in the impact crater simulations to be re-
ported herein. This is an interactive, integrated hy-
drocode available on a PC-compatible disk [11, 12].
Lagrange, Euler, Arbitrary Lagrange Euler (ALE) and
Shell processors are available and can be coupled if de-
sired. Both Lagrange and Euler processors were used
in this study and simulations were carried out for the
series of impacts until the geometry of each simulated
crater essentially matched the geometry of the actual
crater. The software was installed on a Dell Optiplex PC
with a 1.7 GHz Pentium 4 chip, and a 1.44 MB floppy
drive/256 MB Non-ECC SDRAM memory. Computa-
tions often took less than 0.5 h and outputs were printed
on an HP Deskjet 960 C printer or similar printers de-
pending upon the resolution and color acuity desired.
An Eulerian processor was chosen to model the im-
pacts achieved by SLG (ρp = 2.2 Mg/m3) projectiles
into the 1100 aluminum target (ρ = 2.7 Mg/m3) at ve-
locities ranging from 0.99 to 3.99 km/s. Lagrange and
Euler processors were used to stimulate the harder SS
(ρp = 7.89 Mg/m3) projectiles for velocities from 1.08
to 3.15 km/s impacted on the same target. However, the
Euler processor showed more accurate results for large
materials distortion. WC projectiles (ρp

∼= 17 Mg/m3)
were treated using the Euler processor from 0.49 to
1.98 km/s.

The AUTODYN 3.0 hydrocode can produce numer-
ous plots based on pressure, temperature, stress, strain,
strain rate, etc. in addition to material grid plots. In
this study we were particularly interested in producing
crater half sections with corresponding residual yield
stress maps so that valid crater geometries could be
achieved along with correlations with the experimental,
residual microhardness maps developed for each crater
half section. The input parameters into AUTODYN 3.0
for the projectiles and the 1100 aluminum target sys-
tems explored in this study was set up as noted above
for processors specific to each crater simulation. A cor-
responding matrix of the important input variables for
the projectiles and target is provided in Tables I and
II respectively. Especially notable in Tables I and II is
the diversity of units in contrast to S.I. units which are
embedded in standard data libraries for AUTODYN.
As noted in Tables I and II the equations of state were
varied with the projectile/target system.

The Johnson-Cook constitutive relationship or
strength model was applied to the SS and WC pro-
jectiles as well as the 1100 Al target, while von Mises
and Johnson–Holmquist strength models were applied
to the SLG projectiles. The Johnson-Cook [13] consti-
tutive relationship has the general form:

σ = (σo + Bεn)(1 + C(lnε̇/ε̇o))(1 − (T ∗)m) (1)

where σo, B, C, n, and m are experimentally deter-
mined material constants, ε is the strain, ε̇ is the strain
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T ABL E I I Input parameters for 1100 soft aluminum target employed in the simulations for the different systems (WC/1100 Al, SS/1100 Al, and
SLG/1100 Al)

Parameter WC/1100 Al SS/1100 Al SLG/1100 Al

Equation of state Linear Linear Shock
Strength model Johnson-Cook Johnson Cook Johnson-Holmquist
Reference density (g/cm3) 2.7 2.7 2.7
Bulk modulus (Mbar) 7.00E−01 7.00E−01 7.00E−01
Reference temperature (K) 3.00E−02 3.00E−02 3.00E+02
Specific heat (Terg/gK) 8.84E−06 8.84E−06 8.84E−06
Shear modulus (Mbar) 2.71E−01 2.71E−01 2.71E−01
Yield stress (Mbar) (6.9) 1.00E−03 9.60E−04 1.00E−03
Hardening constant (Mbar) (5.8) 4.00E−04 6.60E−04 4.20E−04
Hardening exponent 4.80E−01 5.50E−01 4.30E−01
Strain rate constant (×4) 4.00E−03 1.20E−02 1.10E−02
Thermal softening exponent 1.12 (1.13) 1.17 1.12
Melting temperature (K) 923 923 923
Hydro tensile limit (Mbar) −4.00E−3 – −3.00E−3
Gruneisen coefficient – – 2.00
C1 (cm/us) – – 5.386E−01
S1 (cm/us) – – 1.338
Failure model Hydro Johnson - Cook Hydro
Erosion None 1.5 None

See notes for Table I.

rate, ε̇o is a reference strain rate (usually equal to unity),
and

T ∗ = (T − Tr)/(Tm − Tr), (2)

where Tm is the melting temperature, Tr is a reference
temperature at which σr is measured, and T is the tem-
perature at which σ is calculated:

σ = σr[1 − (T − Tr)/(Tm − Tr)
m] (3)

Correspondingly, the von Mises equation is expressed
by

σy = [((S1−S2)2+(S2−S3)2+(S3−S1)2)/2]1/2 (4)

where σy is the yield strength (or stress) and S1, S2, and
S3 are the deviatoric stress components. The Johnson-
Holmquist strength model is particularly applicable to
brittle, strong materials such as glass and other ceramics
[14] and gives the yield stress as a function of pressure.
The equation is a simple polynomial.

The instantaneous Hugoniot shock pressure at impact
in the target was calculated for each impact crater from:

PS = ρt(Ct + StUpm)Upm (5)

where ρt is the aluminum target density (2.7 Mg/m3),
Ct is the bulk sound velocity in the target, St is a target
material constant related to the Grüneisen parameter,
and Upm is the modified projectile velocity in the com-
pressed region after impact and given by [15]:

Upm = [−(ρtCt + ρpCp + 2ρpSpuo)

± (�)1/2]/2(ρtSt − ρpSp), (6)

where

� = (ρtCt + ρpCp + 2ρpSpuo)2

+ 4(−ρp)(ρtSt − ρpSp)
(
Cpuo + Spu2

o

)
(7)

and ρt and ρp are the target and projectile densities, Cp
and Sp are the corresponding bulk sound velocity and
Grüneisen-related material parameters respectively for
the projectile, and uo is the projectile velocity at impact.

In the hydrodynamic regime during crater formation,
the so-called steady-state pressure was calculated from
the Bernoulli equation:

PB = [
ρpρt

/(
ρ1/2

p + ρ
1/2
t

)2]
u2

o

/
2 (8)

where ρp and ρt are the projectile and target densities
and uo is the impact velocity. The Bernoulli pressure
is sometimes associated with the so-called steady-state
pressure at the crater bottom when the crater is actually
formed, and represents an attenuation of the Hugoniot
pressure. Consequently it is considerably less than the
instantaneous shock pressure.

3. Results and discussion
Figs 1 to 3 compare low and high impact velocity exam-
ples for the three experimental impact crater systems:
SLG/Al, SS/Al, and WC/Al, respectively. In the reverse
order, the crater cross-section views in Figs 1–3 show
the characteristic crater shapes described by Baker [1]
as well as the evolution of these shapes within individ-
ual systems as a function of increasing impact velocity,
uo, as well as the pronounced effect of projectile den-
sity in progressing from Figs 1 to 3, characterized by
ρp = 2.2, 7.89, and 17 Mg/m3 respectively. The crater
shape evolution with increasing projectile velocity and
the onset and evolution of projectile fragmentation and
eventual disintegration at the highest experimental im-
pact velocity for SLG at 3.99 km/s in Fig. 1d is also
highlighted on comparing Fig. 4a and b and Fig. 5,
which are progressively tied to the crater shape evolu-
tion in Figs 1 to 3, respectively. Fig. 1e also illustrates,
schematically, the convention for measuring crater ge-
ometries: penetration depth, p, and crater diameter, Dc.
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Figure 1 Soda-lime glass projectile impact craters in 1100 aluminum. (a) Top and (b) cross-section views for uo = 0.99 km/s. (c) Top and (d)
cross-section views for uo = 3.99 km/s. The magnification for all figures is shown above (a). (e) Schematic cross-section view showing crater
geometry conventions. dp is the projectile diameter; constant at 3.175 mm in this study. uo is the impact velocity, p is the crater depth and Dc is the
crater diameter. The impact axis is shown dotted as an extension of the uo arrow. The crater bottom is referenced to 0 along the impact axis.

Figs 1b and 4a illustrate fragmented and mostly intact
but distorted projectile material within the crater, while
Figs 2b and 3d as well as Figs 3b and 5b, show pro-
jectiles in relatively undistorted or partially distorted
conditions in the impact craters. Figs 1 to 3 also show

increasing penetration or crater elongation with increas-
ing projectile density which is especially prominent for
the 1.98 km/s WC projectile-developed crater shown in
Fig 3d. In this regard Figs 1 to 3 illustrate increasing
and exaggerated deviation from the hemispherical-type
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Figure 2 Stainless steel projectile impact craters in 1100 aluminum. (a) Top and (b) cross-section views for uo = 1.08 km/s. (c) Top and (d)
cross-section views for uo = 3.15 km/s. Magnification for all figures is shown above (a).

crater which is characteristic of hypervelocity impact:
≥5 km/s. Figs 1 to 3 also illustrate the evolution of the
crater rim with increasing impact velocity where there
is a proportionate scaling of the crater rim width with
the difference in impact velocity.

Fig. 6 compares the residual Vickers microhardness
profiles from the bottom of the craters and along the im-
pact axis (shown dotted in Fig. 1e) into the target. The
maximum hardness values very close to the crater walls
nearly double for each impact crater system in Fig. 6,
while the general shape of the hardness decline into the
target from the crater bottom is essentially unchanged;
decreasing exponentially with distance from the crater
bottom. It can be noted that the extent of target hard-
ening appears to be less for the WC/Al system in Fig.
6c but if the 2 km/s impact crater for the SLG/Al sys-
tem in Fig. 6a is compared with the 1.98 km/s impact
crater for the WC/Al system in Fig. 6c, the conver-
gence to the base target hardness of ∼30 VHN (or 0.3
GPa) is essentially the same, reaching the base hard-
ness at roughly 7.5 mm from the crater base (at 0 in
Fig. 1e).

While there is no apparent softening at the crater wall
represented by the microhardness profiles in Fig. 6, this
is due to the fact that the base (target) material was espe-
cially soft and the hardened target next to the crater was
also not particularly hard. This prevented the indenter
from approaching the crater wall and accurately repre-
senting the softening which only extended roughly 0.2
mm at most into the target. Some softening is noted

for the SLG/Al system in Fig. 6a especially at 2 km/s
but this is the only direct experimental indication of
softening at the crater wall.

Fig. 7 illustrates a few typical examples of the mi-
crostructures which were characteristic of the deformed
zones surrounding the crater, in the target, and extend-
ing from the crater base, as illustrated in the correspond-
ing microhardness profiles shown in Fig. 6. Fig. 7a
shows a mostly recrystallized region between the crater
side wall in Fig. 2d and roughly 1 mm into the target
while Fig. 7b shows heavily dislocated recovery mi-
crostructures just beyond this zone at ∼1 mm from the
crater wall. Fig. 7c shows microbands coincident with
{111} plane traces intermixed with the recovery-type
dislocation microstructures shown in Fig. 7b roughly 3
mm from the crater wall in Fig. 2d. These microstruc-
tures essentially characterize the microhardness trends
as indicated by the arrows in Fig. 6b specifically, and
indeed in the associated microhardness profiles for the
SLG/Al and WC/Al systems shown in Fig. 6a and c, re-
spectively. Microstructures similar to Fig. 7a to c have
been observed in the SLG/Al system by TEM analysis
in the earlier work by Murr et al. [3], and dynamically
recrystallized grain structures were observed for an im-
pact crater in aluminum 1100 corresponding to a SLG
projectile at 6.13 km/s. Fig. 7d shows the target (base)
microstructure to consist of dislocation cells having a
mean diameter of roughly 1.3 µm. These microstruc-
tures are observed in the targets at 20 mm or more from
the crater wall. It is instructive to note the variations
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Figure 3 Tungsten carbide projectile impact craters in 1100 aluminum. (a) Top and (b) cross-section views for uo = 0.56 km/s. (c) Top and (d)
cross-section views for uo = 1.98 km/s. Magnification for all figures is shown above (a).

in crater-related microstructures shown in Fig. 7a–c in
contrast to the base dislocation cell structure shown
in Fig. 7d. Note also that the recovery and recrystal-
lization structures shown in Fig. 7a and b as well as
the intermixed microbands in Fig. 7c have dimensions
roughly half the dislocation cell dimensions in Fig. 7d.
It was also noted that between Fig. 7c and d, the mi-
crostructures in the target were characterized by dislo-
cation cells which increased in size from roughly 0.5

µm in average diameter to the base target dislocation
cell size of ∼1.3 µm as shown in Fig. 7d. These fea-
tures were generally observed for other crater systems
and are reflected in the corresponding microhardness
data profiles shown in Fig. 6.

The microhardness profiles and associated residual
target microstructures represented in Figs 6 and 7 are
more appropriately represented in the crater cross-
sections illustrated in Figs 1 to 3 by microhardness
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Figure 4 Magnified views of the soda-lime glass impact craters in Fig. 1 showing residual projectile fragments in the crater: (a) uo = 0.99 km/s. and
(b) uo = 3.99 km/s.

mappings and simulated residual yield stress maps.
Fig. 8 compares these features for the SLG/Al system,
as illustrated in Fig. 1, for impact craters correspond-
ing to 0.99 and 3.99 km/s. Fig. 8 illustrates simulated
yield stress and experimental microhardness maps for
the crater half sections on the same scale (magnifica-
tion) where the relative zone sizes are observed to be
very similar especially at the crater base. Note the pro-
jectile remanent in Fig. 8a in comparison to the actual
crater cross-section views in Figs 1a and 4a. It is also
interesting to observe a simulated soft (dynamically re-
crystallized) zone for the simulated crater at 3.99 km/s
in Fig. 8c. The simulated crater geometries (p, Dc, and

p/Dc) in Fig. 8a and c closely matched the experimen-
tal crater geometries and together with the close match
between residual yield stress maps (or zones) and mi-
crohardness (with equivalent yield stress range noted)
maps, provided sufficient validation over the range
of experimental impact velocities, to allow relatively
confident extrapolations into the hypervelocity regime.
These extrapolations are illustrated in the computer
simulations at 5 and 10 km/s impact velocity for the
SLG/Al system as shown reproduced in Fig. 9. Fig. 9 il-
lustrates a somewhat more pronounced dynamic recrys-
tallization zone (DRX) especially at 10 km/s (Fig. 9b).
Note also in Fig. 9b that the crater is approaching
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Figure 5 Magnified views of stainless steel and tungsten carbide impact craters in Figs. 2b and 3b with projectiles. (a) Stainless steel crater; uo = 3.15
km/s. (b) Tungsten carbide crater; uo = 1.98 km/s. After Ref. 14.

an ideal, hypervelocity hemispherical-like shape, but
p/Dc = 0.63 in contrast to an ideal hemisphere where
p/Dc = 0.5.

Table III summarizes the impact crater geometry data
for the SLG/Al system along with the corresponding
data for the SS/Al and WC/Al systems. The summary
in Table III also includes calculated Hugoniot shock
(PS) and Bernoulli (PB) pressures for comparison. It
can be noted on perusing the calculated pressures that

at 10 km/s, the instantaneous and steady-state pressures
vary from 150 to 30 GPa for SLG/Al (Table III). Tem-
peratures produced in the cratering process are pres-
sure dependent and consist of two components: the
adiabatic temperature rise at the shock front and the
residual temperature rise associated with the formed
crater and residual heating of the target. For aluminum,
adiabatic temperatures in the shock front will equal
the melting temperature (∼933 K) between roughly
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Figure 6 Crater axial microhardness versus distance from the crater bottom (at 0 in Fig. 1e) for the three experimental systems. (a) Soda-lime glass
(SLG) projectiles at velocities shown. (b) Stainless steel (SS) projectiles at velocities shown. (c) Tungsten carbide (WC) projectiles at velocities shown.
The arrows in (b) correspond to specific microstructures illustrated in Fig. 7a, b, c, and d respectively for uo = 3.15 km/s.

40–50 GPa [15–17]. However, the residual temperature
rise will approach the melting temperature only when
the Hugoniot or instantaneous pressure exceeds about
90 GPa. It is therefore possible that softening exhibited
in the simulation of a 10 km/s SLG/Al crater as shown in
Fig. 9b is not DRX alone but rather a mixture of surface
melt and an underlying recrystallized (DRX) zone.

Fig. 10 shows, in correspondence with Fig. 2, the
simulated yield stress maps and the experimental mi-
crohardness maps for SS/Al craters at 1.08 and 3.15

km/s. As noted in Table III, the corresponding impact
crater geometries are again very close and there is qual-
itative agreement between the simulated yield stress
maps and the experimentally measured microhardness
maps. Fig. 11 shows an extrapolated, simulated SS/Al
impact crater for a projectile velocity of 5 km/s. Note
the thin but discontinuous soft zone at the crater wall
in Fig. 11. Note also from the calculated pressures in
Table III that the instantaneous and steady-state pres-
sures vary from ∼90 to ∼13 GPa.
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Figure 7 TEM bright-field images for microstructures associated with 3.15 km/s stainless steel impact craters in 1100 aluminum. (a) ≤1 mm from the
crater side wall. (b) ∼1 mm from the crater side wall. (c) ∼3 mm from the crater side wall. Microbands concident with the {111} planes are indicated
by the 〈112〉 trace directions shown. The selected-area electron diffraction pattern insert shows a symmetrical (110) surface orientation. (d) Target
base microstructure.

Figs 12 and 13 complete the simulation-experimental
impact crater comparisons and extrapolations for the
WC/Al system. Fig. 12 corresponds to the impact
craters represented in the cross-section views in Fig. 3
for WC projectile velocities of 0.56 km/s and 1.98 km/s.
The relatively intact, remanent projectiles are simulated
within the craters and the simulated crater view, includ-
ing the residual yield stress map, illustrates a very thin

soft zone or DRX zone at the crater wall (Fig. 12c).
In addition, the simulated impact crater cross-section
in Fig. 12c provides a slightly more prominent view
of a peculiar penetration effect characterized by what
appears to be three zones, each with a decreasing crater
diameter. This feature is also especially prominent in
the experimental cross-section shown in Fig. 3d where
there appears to be an initial, regular crater forming
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Figure 8 Comparison of computer simulated and experimental impact crater half-sections for the SLG/Al system. (a) Simulated impact crater for
uo = 0.99 km/s showing residual yield stress contours and color key. (b) Experimental microhardness (VHN) map for uo = 0.99 km/s (Fig. 1b). Color
key is the same as shown in (d). (c) Simulated impact crater for uo = 3.99 km/s showing residual yield stress contours and color key. (d) Experimental
microhardness (VHN) map for uo = 3.99 km/s and color key (Fig. 1d). The equivalent yield stress range from 30 VHN (1 × 10−3 Mbar) to 60 VHN
(2 × 10−3 Mbar) is indicated by σ y (Mbar). Note the scale bar in the upper right corner applies to all figures, and both the x and y-axes.

Figure 9 Impact crater simulations for the SLG/Al system at extrapolated hypervelocities showing residual yield stress contours and corresponding
color key. (a) uo = 5 km/s. (b) uo = 10 km/s. The color key applies to both (a) and (b). The scale bar shown applies to both figures, and both the x
and y-axes. In (b) DRX denotes the dynamically recrystallized zone or soft zone at the crater wall.
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Figure 10 Comparison of computer simulated and experimental impact crater half-sections for the SS/Al system. (a) Simulated impact crater for
uo = 1.08 km/s showing residual yield stress contours and color key. (b) Experimental microhardness (VHN) map for uo = 1.08 km/s (Fig. 2b). Color
key is the same as shown in (d). (c) Simulated impact crater for uo = 3.15 km/s showing residual yield stress contours and color key. (d) Experimental
microhardness (VHN) map for uo = 3.15 km/s and color key (Fig. 2d). The equivalent yield stress range from 30 VHN (1 × 10−3 Mbar) to 65 VHN
(2.3 × 10−3 Mbar) is indicated by σ y (Mbar). The scale bar in the upper right corner applies to all figures, and both the x and y-axes.

Figure 11 Impact crater simulation for SS/Al system for uo = 5 km/s showing residual yield stress contour corresponding to the color key in Fig.
10c. The scale bar applies to both the x and y-axes.

initially at the target surface, which then transforms
into a narrower penetration/crater diameter as the dense
projectile continues into the target. Fig. 13 illustrates,
somewhat consistent with the other extrapolated simu-

lations, an increasing soft zone at the crater wall as the
impacting projectile velocity increases into the hyper-
velocity regime. As shown in Table III, the calculated
pressures at 5 and 10 km/s far exceed the pressures
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Figure 12 Comparison of computer simulated and experimental impact crater half-sections for the WC/Al system. (a) Simulated impact crater for
uo = 0.56 km/s showing residual yield stress contours. The color key is the same as shown in (c). (b) Experimental microhardness (VHN) map for
uo = 0.56 km/s (Fig. 3b). Color key is the same as shown in (d). (c) Simulated impact crater for uo = 1.98 km/s showing residual yield stress contours
and color key. (d) Experimental microhardness (VHN) map for uo = 1.98 km/s (Fig. 3d) and color key. The equivalent yield stress range from 30
VHN (1 × 10−3 Mbar) to 60 VHN (2 × 10−3 Mbar) is indicated by σ y (Mbar). The scale bar in the upper left corner applies to all figures, and both
the x and y-axes.

Figure 13 Impact crater simulations for the WC/Al system at extrapolated hypervolocites showing residual yield stress contours and corresponding
color key. (a) uo = 5 km/s. (b) uo = 10 km/s. The color key applies to both (a) and (b). The scale bar applies to both figures, and to both the x and
y-axes.
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T ABL E I I I Projectile/target cratering system data

Experimental data Simulated data Calculated pressures

Velocity (µo) (km/s) p (mm) Dc (mm) p/Dc p (mm) Dc (mm) p/Dc PS (GPa) PB (GPa)

Soda-lime glass/1100 aluminum (SLG /Al)
0.99 3.6 4.1 0.87 3.3 4.3 0.78 6.5 0.3
2.00 5.3 6.9 0.75 5.2 7.0 0.74 15.2 1.2
2.44 5.7 7.8 0.72 5.7 7.9 0.72 19.5 1.8
2.71 6.0 8.2 0.73 6.0 8.3 0.72 22.4 2.2
3.11 7.0 9.8 0.72 7.0 9.9 0.71 27.0 3.0
3.99 6.7 10.5 0.63 6.6 10.4 0.63 37.8 4.8
5.0 – – – 7.8 12.5 0.62 52.0 7.6

10.0 – – – 11.5 18.1 0.63 150.5 30.4
15.0 – – – 13.0 21.3 0.61 294.9 68.4

Stainless steel/1100 aluminum (SS/Al)
1.08 11.9 4.0 2.95 11.8 4.1 2.87 13.0 0.6
2.03 11.0 7.0 1.56 11.3 7.5 1.5 27.0 2.0
2.57 12.5 9.7 1.28 12.3 9.7 1.2 37.0 3.5
3.15 13.3 11.9 1.11 13.4 12.0 1.11 48.0 5.0
5.0 – – – 15.6 15.3 1.0 89.7 13.4

10.0 – – – 16.4 13.7 0.82 254.5 53.7
15.0 – – – 11.7 14.7 0.80 494.1 120.7

Tungsten carbide/1100 aluminum (WC/Al)
0.49 6.7 3.5 1.9 7.3 4.0 1.8 6.4 0.15
0.56 7.3 3.2 2.2 8.0 4.0 2.0 7.4 0.2
1.0 18.2 4.0 4.5 18.7 4.4 4.3 14.3 0.7
1.5 29.6 5.7 5.2 32.0 5.6 5.1 22.8 1.5
1.98 40.3 7.1 5.6 43.1 8.0 5.4 32.0 2.6
5.0 – – – 27.5 24.0 1.1 109.8 16.6

10.0 – – – 33.6 33.4 1.0 311.3 66.6
15.0 – – – 41.5 38.7 1.0 602.4 149.7

ρp (soda-lime glass) = 2.2 Mg/m3; ρp (stainless steel) = 7.89 Mg/m3.
ρp (tungsten carbide) ∼= 17 Mg/m3; ρt (1100 aluminum) = 2.7 Mg/m3.
Note. 1 Mg/m3 = 1 g/cm3; 1 GPa = 103MPa = 10 kb = 10−2 Mb (Mbar).

required for melting along the crater wall, and the soft
zone shown in the simulation for a WC/Al crater at
10 km/s in Fig. 13b would likely represent a melt (or
solidified) zone, i.e., a zone solidified from the melt
rather than a DRX zone.

To examine the impact-melt issue, we revisited a li-
brary of images, particularly SEM images, of impact
craters in anodized aluminum structures on the NASA
Long Duration Exposure Facility (LDEF) [18, 19].
These craters were assumed to be formed primarily
by hypervelocity impacts at velocities well above or-
bital velocity (>8 km/s). Consequently, even assuming
very light projectile materials such as interplanetary
dust particles or related low-density debris character-
istic of the soda-lime glass projectiles utilized in the
present study, the corresponding, calculated impact-
related pressures would be expected to be in excess
of 150 GPa for the instantaneous (Hugoniot shock)
pressure, and 30 GPa for the steady-state pressure
(Table III). In fact, NASA has considered the aver-
age impact velocity on satellites like LDEF to be
roughly 20 km/s and this would normally create a
melt/solidification zone within craters created in alu-
minum space structures [6]. This might normally in-
volve the creation of very smooth crater walls or even
evidence of gas release through the creation of bubbles
or pores in the crater surface. Fig. 14 shows typical SEM
images of a crater in an aluminum (anodized 6061) sur-
face on LDEF which illustrate these features and cor-
roborate the foregoing suggestions.

Fig. 15 summarizes the experimental and simulated
geometrical crater data (p/Dc versus uo) tabulated in
Table III and illustrated in the image sequences pre-
sented in Figs 8 to 13. The corresponding plots show
very graphically the correspondence between the ex-
perimental and simulated data points related to the ge-
ometrical ratio p/Dc, and the general validity of the
computer simulations. In addition, the previous results
of Baker [1] for steel projectiles impacting aluminum
targets also coincides with the current data, along with
prior results for the SLG/Al system [3]. It must be cau-
tioned of course that the data plotted in Fig. 15 for
the WC projectiles has no experimental values above 2
km/s and as a result the position of the peak, including
the simulated data, could actually lie at a higher value of
impact velocity. Similarly the stainless steel projectile
data has no experimental values below 1 km/s impact
velocity and the peak shown for this data could shift
to a lower impact velocity. It should be noted in Table
III, especially in the context of the p/Dc data summa-
rized in the plots of Fig. 15, that while the computer
simulations correspond very closely with the experi-
mental, geometrical ratio data (Fig. 15), there is also
very close correspondence of the simulated and exper-
imental values of crater depth, p, and crater diameter,
Dc; however deviations tend to become slightly larger
as the projectile density increases, and is most notable
for the WC projectiles when comparing values of p and
Dc for the experimental data and the simulated values.
The close correspondence of absolute experimental and
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Figure 14 SEM images for examples of impact crater in anodized 6061 aluminum on the NASA-LDEF satellite. (a) Crater view. (b) Magnified view
inside crater at reference arrow. (c) Magnified view of upper region in (b) showing gas bubbles. (d) Lower magnification view of the crater.

simulated values for crater diameter, especially within
the respective experimental ranges, is more generally
illustrated in the plots of Dc versus uo in Fig. 16. Fig. 16
would also look essentially the same if the crater diame-
ter values were normalized by dividing by the projectile
diameter (dp in Fig. 1e) which was constant throughout
this work.

The plots in Fig. 15 also illustrate a band of steady-
state hypervelocity p/Dc values (�(p/Dc)) which
range from 0.4 to 1.0 over a corresponding range of pro-
jectile densities from 2.2 to ∼17 Mg/m3. The anoma-
lous “hump” in the plots of p/Dc versus uo data in Fig.
15 is also observed to be dependent upon the projectile

density as well, and increasing in magnitude (p/Dc)
with increasing projectile density.

The reason for this anomalous hump or hump-shaped
feature is related to projectile fragmentation or the frag-
mentation onset velocity. Grady and Kipp [20] have de-
scribed a well-documented series of experiments to de-
termine the fragmentation onset velocity for a number
of metallic projectiles having different densities. This
threshold velocity was usually above about 2 km/s, and
just sufficient to fragment the projectile. Livingstone et
al. [21] have also recently used numerical simulations
to predict the fragmentation onset velocity. The impli-
cations for the present experiments, especially implicit
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Figure 15 Experimental and computer simulated plots for p/Dc versus
impact velocity (uo) for the various projectile/target systems analyzed in
this study. The data from Baker [1] is included as indicated. Prior data
from Valerio et al. [4] is included as indicated.

Figure 16 Experimental and simulated plots for Dc versus uo for the
various projectile/target systems analyzed in this study (Table III).

in the plots of Fig. 15, are that projectiles which are
intact or in the initial stages of fragmentation will pro-
duce exaggerated crater depths in contrast to the crater
diameters, which essentially match the projectile size
(dp in Fig. 1e). Fragmentation will occur earlier for
brittle and lower-density projectiles such as the soda-
lime glass projectiles in this study than for the ductile,
more dense stainless steel; and more dense WC projec-
tiles [20]. Consequently this would also be an argument
against the stainless steel projectile peak in Fig. 15 from
shifting downward (to lower values of uo). Correspond-
ingly, this would be an argument to increase the peak
for the WC projectiles in Fig. 15 since the density is
much higher. In fact, the cross-section view in Figs 3d
and 5b indicate only partial fragmentation of the WC
projectile at 2 km/s. The stainless steel projectile, on

the otherhand, is completely fragmented at 3.15 km/s
impact velocity and Fig. 15 shows the corresponding
impact crater to be well off the hump, and close to the
steady-state or hypervelocity value of p/Dc.

As it turns out, there is very little research directed
at the observations of projectile fragmentation and cor-
relations of crater debris with fragmentation simula-
tions over a range of impact velocities characterizing
the fragmentation onset velocity regime. These kinds
of studies would provide some important insight into
the specific features of the hump-shaped plots shown
in Fig. 15.

Finally, Fig. 17 illustrates a representation of the
culmination of valid computer simulations which
have taken into account both crater geometry and
microstructure-related issues utilizing a constant pro-
jectile (impact) velocity of 2 km/s for each of the same
size (3.175 mm diameter) SLG, SS, and WC projec-
tiles impacting an aluminum target. In effect, the final
crater geometry, or more specifically the range of ge-
ometries, is essentially representative of the range of
crater types described by Baker [1] at various impact
velocities. However Fig. 17 shows these crater types for
a range of projectile densities at the same low impact
velocity. An interesting feature to note is that there is a
reduction in the projectile fragmentation in going from
Fig. 17a to c; an indication that the fragmentation onset
velocity is increasing with projectile density. Similar
time sequences have also been simulated for the same
system over a range of velocities, and these features are
in fact illustrated by systematically perusing the simu-
lations shown in Figs 8 to 13. Fig. 17 is also indicative
of the very essence of computer simulations in that once
considered valid, time and variations in crater geometry
and the behavior of the projectile during the cratering
process can be viewed and examined. Otherwise, there
is only the residual crater which has evolved through-
out the time sequence; as illustrated experimentally in
Figs 1 to 3.

4. Summary and conclusions
Impact craters in a series of projectile/target systems—
SLG/Al, SS/Al, and WC/Al—have been examined and
compared in this research program to explore the ef-
fects of impact velocity and projectile density on crater
formation. Of special interest was the examination of an
anomalous hump in plots of crater depth/diameter ratios
(p/Dc) versus impact velocity, uo, which was observed
between about 1 and 2 km/s, and whose amplitude (or
values of p/Dc) increased with density; extending from
0.8 for SLG projectiles with ρp = 2.2 Mg/m3 to roughly
5.5 for WC projectiles with ρp

∼= 17 Mg/m3. This hump
is related to the fragmentation onset velocity which is
usually >2 km/s and increases with increasing projec-
tile density. Before projectile fragmentation the crater
diameter is essentially the size of the projectile diam-
eter while the depth of penetration is optimized. With
fragmentation the crater depth is reduced and corre-
spondingly the diameter increases.

Residual microhardness maps constructed from
measurements on impact crater half-sections were
correlated with target microstructures surrounding the
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Figure 17 Computer simulations representing partial time sequences for impact crater formation by 3.175 mm diameter spherical projectiles impacting
at 2 km/s. (a) Soda-lime glass projectiles. (b) Stainless steel projectiles. (c) Tungsten carbide projectiles. Times from impact are shown in µs.

impact craters. These microhardness profiles, along
with the measured crater geometry parameters p, Dc
and p/Dc as well as the crater shapes or types, were
compared with 2-D impact crater computer simula-
tions which also produced corresponding residual yield
stress contour maps, which could be linearly related
to the experimental microhardness maps by approx-
imating the yield stress as one-third of the micro-
hardness in equivalent units. By validating the com-
puter simulations through matching crater shapes and
corresponding residual yield stress—microhardness
maps, crater simulations were extrapolated into the

hypervelocity regime as an extension of the labora-
tory environment. These extrapolations illustrated the
hypervelocity-steady-state values of p/Dc to be pro-
jectile density dependent at least to uo = 15 km/s, and
to vary from 0.6 to 1.0 for ρp between 2.2 and 17
Mg/m3 respectively in contrast to the anomalous values
of p/Dc at low impact velocity (1 to 2 km/s) of 0.8 to
5.5 as noted above. The simulations for impact veloci-
ties above 5 km/s indicated melting and solidification at
the crater wall, and observations of craters in aluminum
alloy structures on the NASA-LDEF satellite seemed
to confirm this.
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