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Microstructural aspects of hypervelocity impact
cratering and jetting in copper
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Light and transmission electron microscopy techniques have been applied in observations
of hypervelocity impact craters in two different copper targets: a 38 um grain size
mill-processed target, and a 763 um grain size annealed target, the smaller grained target
being impacted with a 1100 aluminium sphere and the larger grained target being impacted
with a soda-lime glass sphere, at velocities near 6 kms™". Both target craters exhibited
dynamic recrystallization near the crater wall. The jetting associated with these two craters
was very different. Considerably more plastic flow and a larger rim characterized the larger
grained target. No significant melt-related phenomena were observed either near the crater
wall or in the jetted rim for either crater. Consequently, the principal features of crater
formation involve extreme plastic flow in the solid state. Microbands were observed to occur
profusely in a zone below the smaller grained mill-processed target crater while more’
profuse and extremely long, unidirectional bundles of microbands (which were coincident
with traces of {111} planes) occurred below the annealed larger grained target crater. These
observations attest to the dominant and unigue role played by deformation microbands in
cratering in copper, because essentially no deformation twins were observed in either target.

1. Introduction
In some preliminary research reported recently, we
have observed that the microstructures below the cra-
ter wall and along the impact axis for hypervelocity
impact craters in copper targets are not only diverse,
but occur in zones which vary with impact velocity
[1-3]. More importantly, there is no indication of
melting or a melt zone. Dynamic recrystallization oc-
curs adjacent to the crater wall, and the extent of this
zone increases from the crater wall with increasing
impact velocity. In copper targets examined pre-
viously [1-3], no deformation twinning was observed.
However, a zone of microbands, which also increased
in width and extent along the impact axis as the
impact velocity increased, was observed. Neither the
reason for the microbands instead of deformation
twins, nor their mechanism of formation in the context
of hypervelocity impact cratering, was known.
Although cratering in metal targets has a wide
range of important applications, including military
armour penetration phenomena and micrometeoroid
impact phenomena in space, it has received no real
attention from a fundamental materials perspective
until only recently [1-3]. Penetration, in a classical
sense, has been generally considered to be of the form
I(p,/py)'/?, where [ is either the penetrator length or
diameter, and p, and p, are the penetrator and target
densities, respectively. Cratering in metals has been
considered for decades only in the context of residual
(or final) crater dimensions versus the velocities of
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impact, penetrator diameter (as an ideal sphere), and
the corresponding densities noted previously. Early
work by Charters and Summers [4] produced an
empirical approximation for the ratio of crater depth,
p, to penetrating particle diameter, d,, in the form

pldy = 2.28 (py/p)* (us/C)*? 1)

where u, is the impact velocity and C, is the bulk
sound velocity in the target. This equation was de-
veloped for a number of metal targets. Charters and
Summers [4] also proposed that, because crater
growth seemed to be stopped as a consequence of the
target yield strength, ¢, this term should probably
replace C, in the previous equation. Indeed, in more
recent work by Cour-Palais [5,6] and others [7],
cratering equations have evolved in the general form

p/d, = Cup/a)'’? 2)

for ballistic velocities of impact, and p/d, =
C*(uo/oi?)*" for hypervelocity impact (u, =5 kms 1)
where {* is a constant (possibly different in each case),
and contains the density ratio and other adjustable
coefficients.

Treatments of cratering phenomena, including mi-
crometeoroid impact craters in metal structures in
space, have often followed those developed somewhat
historically for geological processes [8]. In these
processes, cratering is generally divided into three
regimes: contact by the impacting projectile and com-
pression of the target, excavation, and modification. In
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general, cratering, especially in the hypervelocity re-
gime (u, > 5 kms ™ !), involves the creation of spheri-
cal shock waves at the point of contact of the projectile
and the target. These shock waves propagate into
both the projectile and the target and both begin
simultancously to distort in shape as the projectile
penetrates into the target. The target shock wave
pressure far exceeds its yield stress and it is heavily
deformed as the propagating wave approximates
a hemisphere centred roughly a particle diameter be-
low the original target surface [7-10]. Target material
streams radially outward and upward along the grow-
ing crater wall. The projectile begins to melt and
vaporize along with a purported melt zone at the
crater surface whose thickness depends upon the im-
pact velocity and the impacting particle size, d,. The
crater becomes hemispherical in a relatively short time
with the depth of penetration ceasing before radial
growth ceases. Melosh [8] notes that the crater is
lined with melt at all stages of its expansion and this
melt is jetted out of the crater, forming a raised rim
which can shed or eject material by particulation
around its perimeter. This process of jetting is often
contrasted with shaped charge and related jetting pro-
cesses. Melosh [8] contends that melt in jets occurs at
very low velocities because so-called stagnation point
pressures often exceed the impact point pressures by
a factor 2 or more. As a consequence, jetting in
a shaped charge will impose conditions conducive to
melt, i.e. a pressure multiplication-induced melt.

Recent work has demonstrated that in the case
of shaped charge jetting, melting is not generally
observed, and shaped charge jets form by plastic
(solid-state) flow [11-16]. The examination of the
microstructure of shaped charge jet fragments has
shown compelling evidence for dynamic recrystalliz-
ation, which may, in fact, contribute to, or constitute,
the mechanism of plastic flow in jet elongation
[13,17]. Our preliminary examinations of the micro-
structure extending along a narrow region coincident
with the impact axis for craters in copper targets, have
also revealed a zone of dynamic recrystallization
[1-3]. Consequently, this begs the question of
whether, in fact, hypervelocity impact cratering in
metal targets, especially copper, involves any signifi-
cant melt phenomena, and whether crater formation,
including jetting, is dominated by plastic flow rather
than melt-dominated flow.

Finally, it might be noted that Ferreyra et al. [18]
have recently observed cratering effects as a conse-
quence of specific microstructures in copper targets. In
this work, both the grain size and the dislocation den-
sity were changed independently by roughly an order of
magnitude. The dislocation density appeared to domin-
ate not only the target hardness (and consequently the
static yield stress) but also the cratering process. As
a consequence, the cratering ratios described previously
have been confirmed not only in terms of yield stress
but also the specific microstructural features which
contribute to the yield stress. Moreover, these observa-
tions confirm the earlier conclusions of Charters and
Summers [4] that the target yield strength influences,
and in fact stops, crater growth.
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It was the intent of this investigation to critically
examine and compare two residual crater microstruc-
tures: one corresponding to a 1100 aluminium
(3.2 mm diameter) projectile impacting a 38 um grain-
sized copper target at a velocity of 6.01 kms™?; the
other corresponding to a 3.2 mm soda-lime glass
sphere impacting a 763 um grain-sized copper target
at a velocity of 5.83 kms ™. This critical examination
involves light microscope observations of the com-
plete crater wall area, extending into the crater rims, in
cross-sectional samples. Transmission electron micro-
scope views of selected cross-sectional areas below the
crater wall and through crater rim sections augmented
the light microscope macroviews, and allowed specific
microstructural phenomena associated with crater-re-
lated flow to be unambiguously identified for the first
time.

2. Experimental procedure

A 5mm light gas gun was utilized in impacting
3.18 mm spheres of either 1100 aluminium (p =
2.7 gem ™ %) or soda-lime glass (p = 2.2 gom ™) against
OFHC (99.98%) copper target plates (p = 8.9 gem ™ ?)
at hypervelocity (u, > 5 kms ™~ !). Two different copper
target plates were impacted. That impacted by the
aluminium projectile was 1.3 cm thick in the mill-pro-
cessed condition. It had an average, real grain size of
38 pm determined by multiplying the mean intercept
length by 1.5 [19]. The grain-size measurements in-
cluded twin boundaries. In the mill-processed condi-
tion this target plate also had a dislocation density
determined to be roughly 10'° cm ™2 using the inter-
cept method of Ham, and correcting for the invisible
fraction of dislocations for operating reflections of
g = {111 for grain-surface orientations of (110) ob-
served in representative thin sections in the transmis-
sion electron microscope [20]. The second plate
had a thickness of 2cm and was anncaled from
a mill-processed condition for 10 h at 1000°C. This
produced a real grain size of 763 pm and an average
dislocation density of about 10° cm™2 [20]. These
starting target plate microstructures are illustrated
typically in Fig. 1.

Table 1 summarizes the two hypervelocity impact
examples, including the resulting crater geometries
and geometrical ratios. Table I also summarizes the
associated impact velocities and corresponding pres-
sure calculations. The two pressures noted represent
the so-called planar impact approximation, or the
shock Hugoniot pressure, P, calculated at the point of
impact [8,19], and the pressure associated with the
hydrodynamic approximation of cratering, or the Be-
rnoulli pressure, Pg. The corresponding, average,
Vickers” microhardness numbers (VHN) are also listed
in Table L.

The craters in each target plate were cut to reveal
one exact half-section and a corresponding section.
The exact half-sections were used to measure the cra-
ter geometries (Table I) and were polished to a 0.3 um
aluminium oxide powder slurry finish, etched, and
examined by light metallography. A series of overlap-
ping photographs were taken of the smaller crater in



Figure 1 Initial copper target microstructures. (a) Light microscope view of the grain structure in a mill-processed target. (b) TEM image
typical of microstructure in (a), showing dislocation cells. (c) Light microscope view of large-grained annealed target. (d) TEM image typical of
microstructure in (c), showing remnant dislocations, near a coherent twin boundary.

the harder target plate at x 150 while the larger crater
in the softer target plate (Table I) was photographed at
x 50 or x 100. A series of photographs was also made
for each crater extending from the crater wall a dis-
tance of roughly 8 mm along the impact axis. En-
larged views were also made of the rim sections for
each crater, and selected rim samples were extracted
from the half-sections and examined in a scanning
electron microscope to observe the fracture features at
their perimeters. Larger rim sections which could be
extracted from the larger crater in the softer target

(Table I) were ground and polished in the plane of the
rim and modified 3 mm discs were prepared by dimp-
ling and electropolishing these discs to electron trans-
parency using a Struers Tenupol-3 electropolisher.
Representative discs were also prepared from sections
extracted along the impact axis and extending from
the crater bottoms as demonstrated previously by
Rivas et al. [21]. Electron transparent thin sections
were therefore prepared from sections extracted both
parallel to the half-section plane and perpendicular to
this plane {perpendicular to the direction of impact
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TABLE I Experimental, hypervelocity impact conditions for OFHC copper targets

Parameter/property Mill-processed (MP) Annealed (A)
target plate target plate

Plate thickness (cm) 1.3 2.0

Impacting paticle and density (gcm ™ 3) 1100 aluminium (2.7) Soda-lime glass (2.2)

Impacting particle diameter, d,, (cm) 0.32 0.32

Impact velocity (kms™?) 6.01 5.83

Impacting particle density/ target density (p,/p,) 0.30 0.25

PpPr 24.03 19.58

Real average grain size (um) 38 763

Dislocation density, p (cm™?) ~101° ~10°

Average Vickers’ hardness (VHN)? 82 67

Hugoniot (shock) pressure, Ps(GPa)® 118 108

Bernoulli pressure, Pg(GPa)*® 20 18

Crater depth, p(cm) 0.35 0.46

Crater diameter, D (cm) 0.94 1.01

p/D. 0.38 045

p/d, 1.09 1.44

D./d, 2.94 3.19

2 Vickers’ microhardness measured with 200 gf load.

* P, = p{C; + SiUpm) Upm, where p, is the target density, C, is the bulk sound velocity, S, is a material constant, and U,,, is the modified
projectile velocity in the compressed region after impact [7, 18].

° Py = [pop/(pa? + pl/®*]u?/2, where p, and p, are the projectile and target densities, respectively, and u, is the projectile impact velocity.

Figure 2 Plane (normal) views and corresponding cross-section views of experimental craters in experimental copper targets. (a2, b) Impact
crater in mill-processed small-grained (38 pum) target for a 1100 aluminium projectile velocity of 6.01 kms™!. (¢, d) Impact crater in annealed
large-grained (763 um) target for a soda-lime glass projectile velocity of 5.83 kms™". The convention for measuring the crater geometry is
noted in (b).

below the crater wall and tangent to the crater wall 3. Results and discussion
radius). A Hitachi H-8000 STEM operated in the  3.1. Crater microstructure observations

conventional TEM mode (at 200 kV operating poten- Fig. 2 shows the two crater examples summarized in
tial and employing a double-tilt stage) was used to  the experimental crater data listings in Table I. The
examine the electron transparent thin sections. methodology (or convention) for measuring the crater
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dimensions is illustrated in Fig 2b. Fig. 2 illustrates
a distinctly different cratering behaviour for the an-
nealed (A) target in contrast to the mill-processed (MP)
target; consistent with the measurements shown for
comparison in Table I (compare Fig. 2a and b with
¢ and d). It is interesting to note that although the
aluminium projectile density and impact velocity are
slightly larger for the mill-processed hardened target
(VHN = 82) in contrast to the soda-lime projectile
density for the softer (annealed) target (VHN = 67), the
softer target exhibits a considerably larger crater (com-
paring the depth of penetration, p, and the diameter, D,,
in Table I). This is due in large part to the considerable
hardness difference, described previously by Ferreyra et
al. [18]. It should also be noted in Fig. 2a that a “melt-
solidified” film of the aluminium projectile coats the
crater interior, while the crater in Fig. 2c, formed by the
soda-lime glass projectile, is “clean”.

There was also no evidence for projectile material
impregnated nto the base of either crater. This feature
is apparent from the magnified light microscope views
of the etched crater cross-sections shown in Fig. 3,
particularly Fig. 3c and d. Fig. 3 also illustrates quite
different crater-related microstructural features in these
two structurally different targets. Despite the fact that
fine microstructure in the photographic composites in
Fig 3 are not easily resolvable, there is no evidence for
melt of melt-related (solidification) microstructures ad-
jacent to the crater walls. There are considerably more
grain distortion and related plastic deformation fea-
tures associated with the mill-processed target in
Fig. 3d in contrast to the much larger grained annealed
target in Fig. 3c. The general flow-like features of the
microstructure adjacent to the crater walls suggests
severe plastic flow from the crater floor upward into the
rim area (Fig. 3b). This region of extreme plastic defor-
mation evolves into a less severely distorted grain struc-
ture with the emergence of linear microstructural fea-
tures. These are interspersed in the deformed grains,
and become dominant especially a few millimetres from
the crater floor. There also seems to be a preponder-
ance of microbands along the crater wall and rim-
related regions in the large-grained (annealed) crater in
contrast to the smaller grained (mill-processed) crater.
These features are illustrated on comparing Figs 4 and
5 which are magnified views at the arrowed regions (r)
in Fig. 3a and b, respectively.

These microstructural features are more readily ap-
parent in magnified strips along the impact axes from
the base of both craters, shown for comparison in
Figs 6 and 7. Both Figs 6 and 7 illustrate a narrow
zone (I) characterized by dynamic recrystallization as
described in previous observations [1-3], a transition
zone (TR) composed of deformed grains (which is
more uniform and identifiable in Fig. 6), and an inter-
mixing of linear features, and a zone (II) of linear
features; previously identified as microbands [1-3].
Beyond the microband zone, the microstructure grad-
ually evolves into the base microstructure. This is
particularly notable in Fig. 7 which shows discontinu-
ous zones extending further from the crater wall than
in the corresponding microstructure strip in Fig. 6,
which is continuous from the crater wall. Beyond the

linear deformation band or microband features, there
is some evidence for deformation microstructures
within the grains, but there is not much grain distor-
tion. In fact, there is effectively no grain distortion in
zone Il in Fig. 6. This feature is generally true also for
the annealed, large-grained crater but it is difficult to
see this from Fig. 7 because of the very large grain size
and the different etching characteristics.

Fig. 8 shows the microstructural details in Fig. 7 as
observed in the TEM. Dynamic recrystallization, with
very small grains having simple misorientation angles
in excess of about 10°, dominates the region adjacent
to the crater wall (Fig. 8a). Moving outward from this
narrow zone (extending out roughly 0.2 mm from the
crater wall as shown in Fig. 3¢), the microstructure is
dominated by dislocation cells having small sizes
( <1 um measured between cell centres) and thick
walls, some elongated dislocation cells, sub-grains
(with misorientations of 2°-5°), and linear features or
microbands as shown in Fig. 8b. Beyond zone II
(Figs 6 and 7), which is dominated by linear deforma-
tion structures or microbands extending as far as
4-6 mm from the crater bottom, dislocation cell struc-
ture dominates, and increases in cell size and decreases
in cell wall width (and dislocation density) with dis-
tance from the crater, as shown in Fig. 8¢ and d. This
zone extends to more than one crater diameter in the
annealed (A) target (or about 15 mm from the crater
floor) and about 8 mm in the mill-processed, small-
grain target). Note that Fig. 8c and d are in contrast to
essentially no dislocation cells in the starting target
plate (Fig. 1d).

" The linear deformation features in zone II (Figs 6
and 7) are of particular interest. In prior studies of
mill-processed target material, they have been uni-
formly characterized as microbands, with no deforma-
tion twin features (including no twin reflections in
selected-area electron diffraction patterns) [1-3,
21-23]. These microband features are observed for the
mill-processed target in this study as well (Figs 6 and
9b). The linear features in the annealed target (Figs 7
and 8b) in zone II, etc., are also microbands, often
extending as intermixed bundles which fill the whole
or portions of these large grains as shown in Fig. 4.
These features are shown in Fig. 9 which compares
not only prominent etched microstructural features in
the optical metallograph views (Fig. 9a and c), but also
in the corresponding TEM images (Fig. 9b and d).
While the image features are not so readily discernable
in the light microscope views (Fig. 9a and c), the TEM
views in Fig. 9b and d show the irregular (wavy) and
even lenticular nature of some microbands in the
mill-processed small-grain size target (Fig. 9b). They
become somewhat more dense bundles, often more
clongated and continuous cell-like features in the an-
nealed target (Fig. 9c). The misorientations and the
sizes (widths) of microbands vary over a range of
1°-4° and 0.1-0.4 um, respectively. The misorienta-
tion is specifically notable in the selected-area diffrac-
tion (SAD) pattern inserted into Fig. 9b (arrowed).

It should be noted that in the TEM views in Fig. 9b
and d the microbands are not only unidirectional, but
coincident with traces of a single set of {111} (slip)
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Figure 3 Reduced reproduction of cross-section composite views for the craters shown in Fig. 2. A scaled, schematic view of the spherical
impact projectile is shown on the corresponding impact axis (dotted) for (a). (a) The crater in the annealed target (Fig. 2d); (b) the crater in the
mill-processed target (Fig. 2b). Note the magnification differences (markers) for these two composite views. (¢} An enlarged view of the region
marked with an arrow at the crater base in (a); (d) an enlarged view of the region marked with a corresponding arrow in the crater base in (b).

planes. Also, while there seems to be a preponderance
of examples where the microbands are coincident with
traces of one primary set of {111} planes which are
perpendicular to the specimen surface, such as the
situation shown in Fig. 9, there have been numerous
observations of microbands coincident with other pri-
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mary {111} planes as well, which make some angle
with a specific grain-surface orientation. These fea-
tures are in contrast to shock-induced deformation
twins which are often observed in all possible (non-

coplanar) {11 1} slip trace directions for specific grain-

surface orientations [24,25].



Figure 4 Enlarged view of the crater wall/rim-related region in the large-grained (annealed) crater marked with the arrow at “r” in Fig. 3a.

Note the propensity of microbands in many grains.

Fig. 10 shows comparative views of a unique and
identical crystallographic zone axis ([110]) which
allows the microbands and deformation twins to be
unambiguously differentiated. In Fig. 10a, micro-
bands along [112] (indicated by the arrow in the
image) produce no (extra) twin reflections in the SAD

pattern insert. In Fig. 10b, deformation twins in an
obliquely shock-loaded copper rod having a grain size
about half the large grain size of the annealed target
(375 um) [24], and lying along [112] (arrowed in the
image), produce twin reflections and reflection rows
perpendicular to this twin trace direction. These twin
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Figure 5 Enlarged view of the crater wall/rim-related region in the smali-grained (mill-processed) crater marked with the arrow at “r” to the
right in Fig. 3b.
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Figure 6 Light microscope view of the microstructure corresponding to a narrow strip along the impact axis shown in Fig. 3d, at distances
noted from the crater wall (at zero) for the 6.01 kms ™! crater in the mill-processed target (Fig. 3b). The distance increases continuously from

the left to right strip. Prominent microstructural zones are indicated.

reflection rows are perpendicular to the {111} twin
planes, corresponding to extra reflections at (111)/3
[20, 22, 237; unambiguously distinguishing these lin-
ear microstructure features from the microbands in
Fig. 10a. There have been no observations of deforma-
tion twins associated with either crater in these ex-

treme target conditions (Figs 6 and 7), examined in
this investigation. Microbands intermixed in a pre-
ponderance of deformation twins have been observed
recently for the oblique shock loading of copper rods
with different grain sizes [24]. This intermixing is not
shown in the results reproduced in Fig. 10b. In this
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Figure 7 Light microscope view of the microstructure corresponding to a narrow strip along the impact axis shown in Fig. 3¢, at distances
noted from the crater wall (at zero) for the 5.83 km s~ * crater in the annealed target (Fig. 3a). The distance increases discontinuously from the
left to right strip. Prominent microstructural zones are indicated together with approximate distances from the crater bottom. Magnification

in Fig. 7 is the same as shown in Fig. 6.

work by Sanchez et al. [24], the propensity of defor-
mation twins increased with increasing grain size in
a grain size range of 29-375 um. The corresponding
Vickers® hardness for this range of grain sizes prior to
shock loading ranged from 60-55 VHN, respectively.
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This observation is consistent with other earlier obser-
vations of twinning in plane-wave, shock-loaded
metals and alloys [25], and more recent observations
by Meyers et al. [26] for plane-wave shocked copper.
It was not obvious in the work of Sanchez et al. [24]




Figure 8 TEM bright-field image sequence showing evolutionary microstructures extending from the annealed, large-grained crater wall. (a)
Small, dynamically recrystallized grains near the crater wall (~0.1 mm). The SAD insert shows the average misorientations ~ 10°. (b}
Microbandsin a (1 1 0) oriented grain which are coincident with traces of {111} planes shown by the arrow {(~ 12 mm). (¢) Small dislocation
cells beyond the microband zone at roughly 12 mm from the crater bottom. (d) Evolving dislocation cell structure (increasing cell diameter) at
roughly 14 mm from the crater bottom.

whether there was a corresponding variation of micro-
band density with grain size. However, the twin den-
sity decreased significantly as the grain size was
reduced, consistent with recent observations of
Meyers et al. [26].

It is apparent that the significant differences be-
tween the two targets in this study are related to the

starting microstructure, and the resulting initial hard-
ness, because the shock geometry is the same, and the
shock pressure is actually larger in the smaller grained
target cratering example than the large-grained target
example. Also, while a variation in grain size in the
work of Sanchez et al. [24] did not eliminate deforma-
tion twins completely or seem appreciably to influence
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Figure 9 Light microscope and TEM comparisons of microbands in Zone II of the mill-processed crater-related target area (Fig. 6),
(a, b) respectively, and in Zone II of the annealed, crater-related target area (Fig. 7), (¢, d), respectively. In both (b) and (d) the grain surface
orientations were (1 1 0). The microbands are coincident with traces of {111} planes as indicated by the arrows. The SAD pattern insert in (b)
illustrates these crystallographic features. In addition, the SAD pattern in (b) also shows no twin-related reflections, but the misorientation of
the microbands is apparent by the matrix reflection splitting noted specifically at higher order reflections indicated by the arrow.

the microband density, it did not appear that the
microbands were restricted by grain size in the same
way that deformation twins are restricted. However,
on comparing the occurrence of microbands in the
mill-processed (MP) and annealed (A) target craters,
there seems to be a recognizable propensity of micro-
bands associated with the larger grained annealed
target crater than the mill-processed and smaller
grained target crater. These features are especially ob-
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vious on comparing the enlarged crater wall sections
shown in Figs 4 and 5, and especially the comparative
TEM views of microbands shown in Fig. 9b and d.
It would seem logical that because the microbands
and twins are both coincident with {111} trace direc-
tions in specific crystallographic (grain) orientations
and apparently influenced in the same way by grain
size, there is some connection between the shear-re-
lated twinning mechanism and the mechanism of



Figure 10 TEM bright-field comparison of microbands (a) below
the crater in the mill-annealed target compared with deformation
twins (b} in cylindrically (oblique) shocked copper. The SAD pattern
inserts show identical [110] zone axes, and [11 2] trace directions
coincident with {T1 1} at 90° to the (1 1 0) grain surface. This trace is
indicated by the arrow in the image which is perpendicular to the
{111 directions shown extending from the SAD patterns. The
corresponding operating reflections are g = (111). Twin reflec-
tions for (1113, perpendicular to the deformation twin traces
along [112] are shown in the SAD pattern of (b). The small arrow
in the SAD pattern in (b) shows a row of matrix and twin reflections.
(b) Courtesy of J. C. Sanchez [24] from work reported therein.

microband formation in shock-wave deformed cop-
per. However, the exact nature of such a mechanistic
relationship is currently not clear. Microbands have
been reported in numerous fcc and bee metals and
alloys [27,28], and Huang and Gray [28] have re-
cently discussed a dislocation double-wall mechanism
for microband formation. However, they did not sug-
gest any specific relationships between microbands
and deformation twins, and their discussion does not
offer any clear insight into resolving the current obser-
vations, especially in terms of specific dislocation or
micro-shear mechanisms.

3.2. Rim microstructures

While there is some microbanding (especially in the
large-grained target) associated with the upper por-
tions of the corresponding craters (Fig. 3), this zone
(zone Il in Figs 6 and 7) is not spherically symmetrical.
It extends further from the crater wall in a region
below the craters as compared with the upper crater
regions. These features are especially apparent in the
rim region where there is less evidence for microband-
ing than in regions near the crater bottom, including

zones on cither side of the impact axis. Fig. 11 shows
enlarged views of crater-rim cross-sections for the two
experimental craters. The heavily deformed plastic-
flow microstructures near the crater wall (Fig. 3¢ and
d), and characterized by dynamic recrystallization,
dominate the upper rim microstructure (Figs 4 and 3).
The lower rim portion connected to the target is
characterized by relatively undistorted (but occasio-
nally microbanded) grains which have been up-lifted
as the crater formed, and material jetted plastically
out of the crater region (compare with Figs 4 and 5).
There is no evidence of either melt or melt-related
solidification structures anywhere in the rim cross-
sections. The rim edge in the mill-processed target
(Fig. 11b) shows extensive fracture corresponding to
only partial necking. The upper rim region near the
edge in Fig. 11b exhibits considerable void formation
associated with extensive cracking and rim fracture.
These features are absent in Fig. 11a.

While there are some similarities in the rim cross-
section microstructures associated with the large-
grained target crater (Fig. 11a) in contrast to those of
the smaller grained target crater (Fig. 11b), there are
some very notable differences which are apparent on
comparing Fig. 11a with b. Fig. 11a shows a compar-
atively larger rim, consistent with a somewhat larger
crater in a considerably softer, more ductile, and more
plastic target. In addition, there are only a few exam-
ples of microbands (arrows) in the undistorted and
up-lifted grains of the target. The rim edge is more
classically necked in Fig. 11a, and there is a very fine
recrystallized grain size in the upper rim plastic flow
zone or multiple zones, which flow independently over
a width of recrystallized grains. There is also evidence
of extensive and continuous shear band-like features
separating the plastic-flow (recrystallized) layers or
zones in the upper rim section. These extensive flow
zones are greatly reduced in the mill-processed target
crater rim. Unlike the smaller grain-related rim cross-
section in Fig. 11b, Fig. 11a shows no evidence for
void formation.

The specific features of the fine recrystallized grain
structure in the upper rim regime are illustrated in the
magnified cross-sectional light microscope image
shown in Fig. 12a and the in-plane rim TEM images
shown in Fig. 12b—d. The SAD pattern inserts in
Fig. 12b and d also confirm the large misorientations
for the recrystallized grain structure previously illus-
trated in Fig. 8a. The ratio of initial target grain size
(763 um) to the plastically jetted rim grain size
(~0.5pm in Fig. 12b and ¢), D,/D,, is about three
orders of magnitude. This is about an order of magni-
tude greater than the recrystallization features ob-
served for shaped charge jets [15], and characteristic
of dynamic recrystallization.

Fig. 13 shows, for comparison, the fracture surfaces
for the two rim edges shown in Fig. 11a and b, respec-
tively, for the large-grained and small-grained targets.
The SEM images show the differences in necking
efficiency for the jetting rims, and the mechanics of rim
formation for these two different targets. There is
considerably more porosity in the small-grained target
crater (Fig. 13c and d) in contrast to the large-grained
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Figure 11 (a) Magnified (LM) view of extracted crater rim section (edge view) for the annealed target crater (corresponding to an impact
velocity, u, = 5.83 kms ™). (b) Magnified (LM) view of crater rim (edge view) for the mill-processed target crater {corresponding to an impact
velocity, u, = 6.01 kms™!), Note the correspondingly detached rim segments for (a) and (b) marked (r) to the right and left of the craters in
Fig. 3a and b, respectively. Arrows in (a) show prominent microbands. Also note that (a) and (b) correspond to the rim regions illustrated in

connection with crater wall flow in Figs 4 and 5, respectively.

target crater (Fig. 13a and b) due in part to the micro-
structure differences in the targets, and the corres-
pondingly different (plastic) flow phenomena. The an-
nealed target crater forms an extremely necked region
with a very thin fracture surface after particulation, as
shown in Fig. 13a.

3.3. A model for hypervelocity impact
cratering in metal targets

There are several microstructural similarities and dif-
ferences which are readily recognizable in examining
and comparing the hypervelocity impact craters (and
crater section views) shown in Figs 3-12. The most
apparent similarity involves the absence of any melt
feature at or near the crater wall. A common micro-
structural feature is the narrow zone of dynamically
recrystallized material extending from, and character-
izing, the crater wall. This zone is slightly better de-
fined in the mill-processed target crater bottom and
side regions (Figs 3d, 6, etc.), but it becomes especially
well-defined in the crater rim region where severe
plastic jetting occurs (Figs 4, 5,11a). The fact that this
phenomenon is related to stored energy of deforma-
tion, as recently proposed for shaped charges by Murr
et al. [15], is perhaps implicit in differences in the zone
of recrystallized material in the annealed target
(D = 763 um) in contrast to such a zone in the mill-
processed target (D = 38 um) where the hardness re-
flects a significantly greater degree of stored energy of
deformation (67 VHN versus 82 VHN, respectively). It
might also be pointed out that similar recrystallization
effects (a zone extending from the crater wall bottom)
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have been reported for high-energy laser-induced cra-
tering in polycrystalline and single-crystalline iron tar-
gets by Hallouin et al. [29]. This work also produced
a zone identified as “deformation twins” beyond the
recrystallized zone which did not appear to have been
unambiguously confirmed by selected-area electron
diffraction, and may have included microbands, or in
fact may have been completely characterized by
microband formation. This confirms the fact that the
crater formation process is governed fundamentally
by the spherically generated shock wave, because no
projectile is involved in laser-induced cratering. Here
again, in the laser-induced cratering, there was no
recognizable melt phenomena, and the crater rim
formation, etc., were essentially the same as observed
in this study.

The recognizable differences in this study (in pos-
sible contrast to the laser-induced craters in the work
of Hallouin et al. [29]) involve the propensity for
microband formation below the crater in contrast to
deformation twins (or twin-faults). In addition, the
target impacted with the aluminium alloy projectile
(mill-processed harder target) produced a crater lined
with melted and solidified projectile material which, in
effect, formed a crater shell which ejected material at
its perimeter like the actual target crater. By contrast,
the crater in the annealed (softer) target did not exhibit
any evidence of impacting projectile remnants. In
about half of the craters observed on spacecraft struc-
tures, there is also no projectile residue. Consequently,
either these projectiles completely melt and vaporize,
or they are ejected by shock (spall) fragmentation, or
more complex mechanisms involving fragmentation,
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Figure 12 (a) Magnified (LM) view of rim-jet (extreme plastic flow) zone in Fig. 11a showing very small grain structure. (b) TEM view looking
into the jetted rim surface or upper flow region; perpendicular to the view shown in (a) (in the plane perpendicular to the arrow in (a)). SAD
pattern insert shows large misorientation angles indicative of dynamic recrystallization. (c, d) A similar region at lower TEM magnification.
The extremely small grain size produces a polycrystaline ring pattern in (d).

melting and vaporization. Many craters contain large
sections (or segments) of projectiles in their base, espe-
cially when the projectile is strong, ductile, and has
a high melting point, and the impact velocity is below
about 1kms™" [30,31]. Stainless steel projectiles
against copper targets behave in this fashion, and at
very low velocities ( < 1 kms™?) the projectile is em-
bedded completely in a same-sized crater (d,=D.)
[32]. Bernhard and Hoérz [30], and Horz et al. [31]
have, in fact, traced the behaviour of soda-lime glass
impactors into 1100 aluminium targets over a range of
velocities from 1-7 km s~ 1. Below about 2 kms™*, the

glass projectile is comminuted and sheared as it en-
beds into the target. At 2.2 kms™! melt appears, and
above 2.5kms™! mixtures of glass melt and com-
minuted debris start creeping up the crater wall.
Above about 5.5 kms ™, the entire impactor is molten
and increasingly large fractions of this molten impac-
tor film are ejected from the crater rim area. Small
quantities of unmelted residues were even found at
7 kms™! within the craters.

At very high velocities ( > 8 kms™ 1), it is generally
assumed that projectiles essentially vaporize com-
pletely, and the final crater is primarily shaped by the
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Figure 13 SEM views showing fracture features for the rim edges in both the annealed target crater (a,b), and the mill-processed target crater
(¢, d). The failed rim perimeter is ejected as a consequence of the crater jetting and failure. The rim failure in (a) and (c) differs as a consequence

of differences in jetting and the tensile component.

shock wave. This feature is illustrated in contempor-
ary computer hydrocodes, and an example is shown in
Fig. 14 along with some comparative diagrams depict-
ing the two crater conditions examined in this study.

A conspicuous feature of the computer-generated
crater section view (Fig. 14c) is the absence of any
microstructure-related damage characteristics well be-
low the crater wall. The simulation illustrates only the
deformation (strain) localization extending out from
the crater wall in a narrow zone which scales (and
extends) at a maximum ~ 0.3 D.. This is in contrast to
the deformation observed below the annealed crater
wall shown in Fig. 8d, for example, which extends as
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far as ~ 1.5 D.. However, the computer simulation
does accurately depict the uplifting of the target to
form the rim, and the general absence of deformation
in the under side of the up-lifted, jetting rim as shown
generally in Figs 4 and 5. The diagrams in Fig. 14a
and b attempt to depict not only the current two
experimental target conditions, but also the range of
observations described for glass impactors into alumi-
nium targets summarized above [30,31]. However
Fig. 14b may also be interpreted to depict the pros-
pects that for very brittle projectiles striking relatively
strong targets, there may also be some initial particle
spallation and reduced melt. In addition, Fig. 14b



(a) (b}

{c)

Figure 14 Schematic views for crater development in metal targets impacted by (a) ductile and (b) brittle projectiles, and (c) compared with
a computer (hydrocode) simulation for a dense (iron) projectile striking an aluminium target at an impact velocity, u, = 25 kms™?, at different
times after impact. In the computer simulation, the projectile vaporizes completely. In (a), the projectile is primarily melted against the crater
wall, but there is no crater melt. In (b), the projectile is primarily ejected as shock-induced fragments together with melt and vaporized
projectile material. Again, there is no crater-related melt, and the crater forms in the spherical shock-wave front.

Projectile
. spall gjecta I .
Solld.—state or vapour Projectile melt - ejecta
plastic flow ! Rim

particulation

Target material
lifted into rim
Attenuating
recrystallizatiaf] shock wave
Plastic "
defopmation
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Figure 15 Schematic generalized crater formation and crater-re-
lated microstructure for copper targets examined in this study.

could also be interpreted to characterize significant
projectile vaporization, especially for space impacts
involving projectile velocities > 20 kms™'. Indeed,
depending upon the corresponding projectile and tar-
get hardnesses and strengths, as well as the impact
velocities, the actual impact crater development in
metal targets might involve a superposition of the
diagrams in Fig. 14a and b.

Fig. 15 summarizes, graphically, a simple, phenom-
enological model of the craters (and only the craters)

examined in this study, which may characterize craters
in metal targets in general, if zone variations and
specific microstructural issues are inserted or altered.
The most important distinction depicted in contrast to
geological cratering is the absence of crater wall-re-
lated melt/solidification phenomena, and the develop-
ment of rim-jet particulation (and ejecta) by solid-state
plastic flow. Indeed, a re-examination of cratering may
reveal that there is considerably less melt-related phe-
nomena in geological regimes than previously con-
cluded. Furthermore, we have weighed these and
other craters and measured the density of cratered
regions only to find the same density and essentially
no weight loss except for the particulation of the rims.
Consequently, cratering in metals occurs by deforma-
tion-induced displacement and only the rim peri-
meters “eject” material by rim-jet particulation as
a consequence of extreme tensile stress resolution and
necking.

4. Conclusion

The most significant conclusion of this work is that
there is no melt-related phenomena associated with
hypervelocity impact crater formation in copper tar-
gets. Hypervelocity impact crater jetting in copper
targets occurs primarily by extreme plastic flow, pos-
sibly a kind of superplastic phenomenon proposed for
shaped charge jets by Chokshi and Meyers [17], or
a related mechanism which manifests itself in dynamic
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recrystallization and continuous shear-band develop-
ment. As a consequence, crater rim jetting is funda-
mentally similar to jetting in metal-shaped charges
such as copper, especially because the jetting-related
regions and the crater wall exhibit dynamic recrystall-
ization like copper-shaped charge jets.

The target microstructure and corresponding hard-
ness play a significant role in the cratering process,
and in establishing residual microstructural regimes.
For example, dense microbands coincident with traces
of {111} planes observed in the TEM were observed
in a zone beyond the recrystallized grains, adjacent to
the crater wall, and an intermixed zone of heavy plas-
tic deformation. In addition, there were more micro-
bands in the large-grained target crater than the small-
grained mill-processed target crater. These observa-
tions seem to establish a relationship between micro-
bands and deformation twins. Microbands are
a unique feature of the crater-related microstructure in
copper targets and may be unique to the cratering
process in general, considering target materials which
would have a normal propensity to twin, especially in
plane-wave shock loading [25].

Finally, a simple phenomenological model for cra-
tering in copper targets was developed which could be
more generally applied to other metal targets by ap-
propriately adjusting the microstructure development
and residual microstructure zones.
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