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Three uniquely different initial microstructure regimes were created in 2.5 cm thick copper

targets: an as-received 98 lm grain size containing &1010 dislocations/cm2 (Vickers

hardness of 0.89 GPa); an annealed 124 lm grain size containing &109 dislocations/cm2

(Vickers hardness of 0.69 GPa); and a 763 lm grain size containing &109 dislocations/cm2

(Vickers hardness of 0.67 GPa). Each of these target plates was impacted by 3.18 mm

diameter soda-lime glass spheres at nominal impact velocities of 2, 4 and 6 km s~1. Grain

size was observed to have only a very small or negligible contribution to cratering, while the

dislocation density had a controlling influence on both the target hardness and the cratering

process. Residual crater hardness profiles were correlated with specific microstructure

zones extending from the crater wall into the target, and both hardness profiles and residual

microstructures differed for each specific target, and for each different impact velocity.

Microbands coincident with traces of M1 1 1N planes were associated with a zone of residual

target hardening and increased with increasing grain size and impact velocity. No significant

melt-related phenomena were observed, and crater-related target flow occurs by solid-state

plastic flow through dynamic recrystallization, forming a narrow, softened zone at the crater

wall.
1. Introduction
The investigation of impact craters and impact crater
formation in metal targets has historically focused on
the relationship of residual crater geometry and di-
mensional ratios to the initial projectile velocity
[1—6]. Projectile size (or diameter, d

1
) and density (q

1
)

as well as target density (q
5
) are also important, and

penetration, p, measured from the initial surface plane
to the crater bottom, is generally related to (q

1
/q

5
)1@2.

In the hypervelocity regime (u
0
*5 km s~1), the cra-

tering process is generally described as hydrodynamic
in the sense that the target approximates an incom-
pressible fluid whose strength is considered negligible
in comparison to the corresponding impact pressure.
Impact pressure itself assumes some degree of com-
plexity and ambiguity because at the point of impact
at the target surface, the instantaneous (plane-wave)

pressure in both the target and the projectile is given
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where C
5
is the bulk sound velocity in the target, S

5
is

a material constant related to the Grüneisen para-
meter and º

1.
is the modified projectile velocity in the

compressed region after impact [7]. However, in the
hydrodynamic regime during cratering, the so-called
steady-state pressure is often approximated by the
Bernoulli equation:
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Numerically, P
4
'P

B
under any circumstances, and in

some instances, the (plane-wave) shock pressure can
be a factor 10 or greater than P

B
. The steady-state

pressure is often associated with the completion of

cratering and located at the crater bottom. While
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these pressures are known and can be calculated, it is
not clear which of them is the most significant.

There are dozens of empirical equations which have
been developed to describe cratering and crater geo-
metry not only in the hypervelocity regime.
('5 km s~1), but also in the range of impact velo-
cities below the hypervelocity edge (1 km s~1(u

0
(5 km s~1) [3, 8]. Early work by Charters and
Summers [9] produced an empirical approximation
for the ratio of crater depth (p) to penetrating particle
diameter (d

1
) in the form:

p/d
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where u
0
is the projectile velocity as noted previously

and C
5
is the bulk sound velocity in the target. This

equation was developed for a number of metal targets,
and it was also proposed that since crater growth
apparently stopped as a consequence of the target
yield strength, r

5
, this term should probably replace

C
5

in Equation 3. Indeed, in more recent work by
Cour-Palais [3] and especially Watts et al. [8], the
target yield strength (or stress) has become an integral
component of empirical equations relating crater geo-
metries; for example the crater diameter (D

#
) to projec-

tile diameter (d
1
) ratio [8]:
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Hypervelocity

where r
5
is the target yield stress (strength) and C

5
and

C
1
are the target and impacting particle sound speeds,

respectively. The yield stress, r
5
, is assumed to be the

static yield stress because the equation describes the
completely formed (residual) crater. Similar equations
can be developed for the penetration depth (crater
depth)-to-diameter ratio and for crater depth-to-
impacting particle diameter ratio:
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Ballistic velocity (0.5 kms~1

(u
0
(5 km s~1)

where f* represents a grouping of constants and S
5
is

given in Equation 1.
Since for metal targets, the yield strength is often

related linearly to the hardness (H
5
) (in equivalent

units of stress); r
5
"aH

5
, where a is often assumed to

be 1/3 for pure metals. Consequently, target hardness
has also been variously represented in place of yield
stress in creating equations similar to those illustrated
above in Equations 4 to 6 [3, 8].

Watts et al. [8] have recently argued that the target

yield stress included in cratering equations should be
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described by a Hall—Petch type equation:

r
5
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0
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where r
0

is a so-called friction stress for a single
crystal target, K is a materials constant and D is the
mean grain diameter when the target is polycrystal-
line. In addition, Watts et al. [8] specifically specu-
lated that the departure from strict dimensional
scaling implicit in Equations 5 and 6, for example, and
often observed for very small impacting projectile sizes
and their corresponding craters (and referred to as
supralinearity), is a consequence of the target grain
size. In fact, recent work on the modelling of oblique
hypervelocity microparticle impacts on thick metal
targets by Hayhurst et al. [10] concluded that their
penetration results supported the hypothesis [8] that
supralinearity can be explained by Equation 7. This
hypothesis is simply that as the crater dimensions (D

#
in particular) became comparable to the target grain
size, D, the effective bulk properties no longer apply,
and ‘‘higher yield values are obtained because the
probability of hitting a grain is higher than the prob-
ability of hitting a grain boundary.’’ However, there
has been no systematic, experimental verification of
this phenomenon involving variations of target grain
size. Moreover, this hypothesis does not take into
account the role of other microstructure, particularly
crystal defects such as dislocations, which may play
a much more prominent role in target strengthening
or hardening than absolute grain size.

While we have alluded to the simple, linear relation-
ship between the target yield stress and the hardness,
target hardness is a measure of the overall microstruc-
ture, which can include a host of intra-grain
phenomena, the most obvious of which would be
dislocation density or specific arrangements of dislo-
cations, especially dislocation cell structures. In this
respect, we might illustrate a modified Hall—Petch
type equation:

r
5
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0
#K/D1@2#K@/d (8)

where d is the mean dislocation cell diameter (see
Fig. 1b), measured from cell centre, to cell centre and
K@ is another material constant. It is also generally
known that the dislocation cell diameter is related to
the dislocation density (q): q"(KA/d)2, where KA may
or may not be equivalent to K@ [11]. Consequently, we
might write, correspondingly,
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The implications of either a Hall—Petch or a modi-
fied Hall—Petch-type equation discussed above, in the
context of the cratering process (Equation 7 and 8) are
that the target grain size (D), or more generally the
initial target microstructure (D, d, q, etc.) will influence
the crater structure (and geometry). Because yield
stress (actually hardness in Equation 9) depends on
strain rate and thus on absolute impact speed, the
effects may be different at modest, ballistic velocities as
opposed to hypervelocity impacts. However, there are
no known experiments where the target grain size or
microstructure have been specifically or systematically

varied in order to observe such crater variations with



Figure 1 Comparison of grain structures and dislocation microstructures in copper target plates. (a) Light microscope image-showing
mill-processed (MP) copper plate with a real average grain size, D"98 lm. (b) Corresponding TEM bright-field image showing dense
dislocation cell-wall structure in MP plate sample. (c) Light microscope image showing MP plate annealed for 10 h at 1000 °C to produce
a real grain size, D"763 lm. (d) Corresponding TEM bright-field image showing considerably reduced dislocation density in (c) contrast to

(b). Note the absence of a dislocation cell structure. Magnifications in (c) and (d) correspond to those in (a) and (b), respectively.
specific impact velocities (and projectiles), as well as
the specific features of target microstructure which
may influence the cratering process implicit in either
Equation 7, Equation 8 or Equation 9 above.

In this study, we have varied both the grain size and
dislocation density in a limited way on thick copper
targets impacted by spherical, soda-lime glass projec-
tiles at velocities ranging from 2 to 6 kms~1. The
residual impact crater geometries were critically
examined, and the microstructures associated with
these impact craters were investigated by both light
and transmission electron microscopy. Microhardness

mappings along the impact axis from the crater bot-
tom into the target also provide quantitative support
for the implications implicit in microstructure vari-
ations below each crater.

2. Experimental details
Revere Copper, mill processed (Phelps-Dodge) oxy-
gen-free (99.98%) copper plate having a nominal
thickness of 2.5 cm, was polished to a 0.3 lm alumi-
nium oxide powder slurry finish, etched and examined
by light metallography. It was found to have an aver-
age grain size of 98 lm, including annealing twin

boundaries, and using a grain intercept measurement
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TABLE I Experimental copper target plate characteristics

Annealing conditions lL ! D d q" VHN#

(lm) (lm) (lm) (109cm~2) (GPa)

(A) MP 65 98 1.0 12.8 0.89
(B) MP#500°C@ 2h 83 124 — 1.6 0.69
(C) MP#1000°C 10h 509 763 — 1.1 0.67

!Average grain intercept length measured metallographically, in-
cluding twin boundaries. The real average grain size was computed
from D"3lL /2 [11].
"Dislocation densities measured using method of Ham [12].

in the form D"3lL /2, where D is the average grain
diameter and lL is the mean grain intercept length [11].
The microstructure of this mill-processed plate was
examined by transmission electron microscopy (TEM)
using a Hitachi H-8000 STEM operated at 200 kV
accelerating potential. Standard, 3 mm electron trans-
parent discs were prepared in a Struers Tenupol-3
electro-jet polisher using an electropolishing solution
consisting of 825 ml H

2
O, 300 ml phosphoric acid,

375 ml ethanol, 75 ml propanol, 7.5 g urea, at a tem-
perature of 10 °C and a polishing potential near 10 V.

The single mill-processed plate and plates obtained
from it for subsequent heat-treatment were cut into
smaller test samples for both light metallography and
electron microscopy (TEM). Corresponding samples
were also examined in a digital Shimatzu microhard-
ness tester using a Vickers diamond indentor and
a test load of 200 gf. A range of heat treatment sched-
ules were explored to assure a large variation in the
initial plate grain size, and a corresponding variation
in the mill-processed, high dislocation density. The
dislocation density was measured using the method of
Ham [12] in the TEM (a Hitachi H-8000 operated at
200 kV accelerating potential) and measured regions
were limited to (1 1 0) grain surface orientations
with a common operating reflection of the form
g"S1 1 1T. This formalism, together with a mean
TEM specimen thickness determined to be 0.5 lm,
allowed the dislocation densities actually measured to
be corrected for the invisible contrast fraction by mul-
tiplying by a factor 2 [13]. In addition, well-formed
dislocation cells developed in the mill-processed plate
were quantified by measuring the centre-to-centre
mean cell diameter, d.

In addition to the mill-processed (MP) copper plate
samples, two additional experimental target plate con-
ditions were ultimately developed: (a) mill-processed
plate was annealed for 2 h at 500 °C to produce
a slightly increased grain size (D"124 lm) with a sig-
nificant reduction in dislocation density, and no dislo-
cation cell structures; (b) mill-processed plate was
annealed for 10 h at 1000 °C (and furnace cooled) to
produce a very large grain size (D"763 lm) with no
dislocation cell structure. To simplify the labelling of
the three plates, we identify them as A, B and C,
respectively, in the order just described.

Table I illustrates the microstructural features de-
veloped in these three experimental copper target
plates ultimately utilized in this study, while the cor-
#Vickers hardness was made with a 200 gf load: VHN"10~2 GPa.
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responding extremes in grain structures and disloca-
tion microstructures are shown for comparison in
Fig. 1. Table I also lists the corresponding average
Vickers microhardness numbers (VHN) for each spe-
cific, experimental target. This represents the average
of 20 indentations (40 diagonal measurements) over
the surface of a test sample cut from each specific
target.

The initial 10 cm]15 cm]2.5 cm thick copper
plate samples (Table I), were cut into a test strip
2.5 cm]10 cm]2.5 cm (thick) from which specimens
were cut for evaluating the parameters listed in Table
I, and microstructure analysis shown typically in
Fig. 1. The remaining three 10 cm]12.5 cm]2.5 cm
(thick) sample plates (Table I) were polished to a mir-
ror metallographic surface finish identical to that for
light metallography described above, prior to impact
experiments. For impact velocities less than about
3 km s~1, a 7 mm powder-propellant gun was em-
ployed while for impact velocities above 3 km s~1,
a 5 mm light gas gun was used. The impacting par-
ticles were nominally 3.2 mm (3.18 mm actual) dia-
meter soda-lime glass spheres (q

1
"2.2 g cm~3). These

were fired into the polished copper target plates at
nominal impact velocities of 2, 4, and 6 kms~1 and
spaced over the target surface area in order to maxi-
mize the experimental observations. The 2.5 cm target
thickness was found to be sufficient to assure shock
pressure decay below the target yield strength; no
residual spalling occurred at the highest impact
velocity.

Craters were extracted from the experimental target
plates in blocks cut to optimize examination of each
crater size and shape, and the extracted craters were
then cut in half to assure one exact crater half section
in order to measure the crater depth (referenced to the
original surface plane) and diameter. These half sec-
tions were then polished and etched to reveal the
residual microstructure beyond the crater wall by light
metallography. Finally, following a detailed metallo-
graphic examination, the crater half-sections were
sliced both parallel to the impact direction and at
various oblique angles relative to the impact axis to
extract thin (100 to 200 lm thick) sections correspond-
ing to various positions relative to the impact axis,
and at various distances from the crater wall from
which 3 mm TEM electron-transparent discs could be
prepared as described in previous crater impact
studies [14—16].

3. Experimental results
The experimental crater geometries in the two extreme
target specimens are shown in Fig. 2 for the MP
material (or A target) at both the lowest impact velo-
city (nominally 2 km s~1), and in Fig. 3 for the 1000 °C
plate (or C target) with the highest (hypervelocity)
impact velocity (nominally 6 km s~1). Fig. 2c shows
the conventions used in measuring the crater depths
(p ) and diameters (D

#
). Fig. 2c also illustrates the

measurement of hardness profiles and observation of
microstructures extending from the crater wall along

the impact axis. These measurements, along with the



Figure 2 (a) and (b) Normal and (c) and (d) half-section views of impact craters in the mill-processed (MP) target plate. (a) and (c),

u
0
"2.01 km s~1; (b) and (d), u

0
"5.59 km s~1. The conventions for measuring D

#
and p are shown in (c). Magnifications are as shown in (d).
corresponding geometrical ratios, are listed in Table
II, which also includes the associated impact velocities
and the calculated pressures from Equations 1 and 2,
respectively, for P

4
and P

B
. It might be noted in Figs 2

and 3 that there was very little soda-lime glass projec-
tile residue in these craters or upon the crater walls
except in the lowest velocity craters such as Fig. 2a
where there was some projectile residue at the crater
bottom. There was little evidence for projectile melt in
the residue. Higher magnification (SEM) views also
confirmed these observations.

It is apparent from Table II that all of the crater
geometries or geometrical parameters (p, D

#
, p/D

#
and

D
#
/d

1
) vary observably between the mill-processed (A)

and heat-treated (B and C) targets for all impact
velocities. However, there is often little or no corres-
ponding change among the heat-treated targets (B and
C). Correspondingly, it can be observed from Table I
that the target hardness varies significantly from A to
B (89 to 69 VHN), while it varies insignificantly from
B to C (69 to 67 VHN). Correspondingly, the disloca-
tion density is the most significant target microstruc-
tural variation between MP target (or A) and the
annealed or heat-treated targets (B and C), in contrast

to a correspondingly significant grain size change
from B to C (Table I). More specifically, we can note
from Table II that the penetration depth, p, for low
velocity penetration increases by 25% between targets
MP (A) and B and C while it only increases by around
4% between targets B and C. Correspondingly this
change in penetration is 12% between MP (A) and
B at the high impact velocity, but there is no change
between targets B and C at this velocity (&6 km s~1).
Figs 2 and 3 tend to illustrate these changes, which are
particularly apparent on comparing Figs 2c and 3c.
Since the impacting particle diameter, d

1
, is constant,

variations of p/d
1

are adequately represented by vari-
ations in p alone. Because there are consistently
similar, but smaller variations for the other crater
geometries and geometrical ratios in Table II, it is
compellingly apparent that at least in these very pre-
liminary observations, the target microstructure does
indeed influence crater geometry over the impact
velocity range of 2 to 6 km s~1, and the effects are
more exaggerated at the lowest impact velocity
(&2 km s~1). Furthermore, the effects of dislocation
density (or variations in the dislocation density) are
considerably more important than grain size. More-
over, these microstructure variations influence the

average Vickers microhardness in a corresponding
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Figure 3 (a) and (b) Normal and (c) and (d) half-section views of impact craters in the mill-processed (MP) and annealed (10 h at 1000°C)

target plate. (a) and (c), u

0
"2.03 km s~1; (b) and (d), u

0
"5.83 km s~1. Magnifications are as shown in (d).
TABLE II Experimental impact crater parameters and geomet-
ries (3.18 mm nominal diameter (d

1
) soda-lime glass spheres impact-

ing OFHC copper targets)

Target! u
0

p D
#

p/D
#

D
#
/d

1
P
4

P
B

(km s~1) (mm) (mm) (GPa) (GPa)

¸ow-velocity impact craters
A 2.01 1.98 5.66 0.35 1.78 24 2
B 1.97 2.48 5.76 0.43 1.81 23 2
C 2.03 2.58 5.85 0.44 1.84 24 2

Medium-velocity impact craters
A 3.92 3.37 8.43 0.40 2.65 60 8
B 4.24 3.87 8.73 0.44 2.75 67 10
C 4.04 3.87 8.73 0.44 2.75 62 9

High-velocity impact craters
A 5.59 4.09 9.80 0.42 3.08 102 17
B 5.86 4.57 10.28 0.44 3.23 109 18
C 5.83 4.57 10.14 0.45 3.19 108 18

!See Table I for specific target conditions denoted A, B and C. The
copper target density was 8.9 g cm~3. The soda-lime glass impacting
spheres had a density of 2.2 g cm~3.

way. It is certainly apparent from the results in Table
II that the target hardness strongly controls the cra-
tering processes examined in this rather limited ex-

perimental series (Equation 9), and that the third term
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in Equation (9) involving the dislocation density is
considerably more dominant than the associated
grain size term (K/D1@2).

3.1. Residual crater hardness profiles and
associated microstructures

Fig. 4 shows, for comparison, residual crater hardness
(microhardness) curves measured along the impact
axis on polished crater half-sections as illustrated in
Fig. 2c, for each impact crater (at each impact velocity)
and in each specific target (A, B, C in Table I). There is
some obvious correspondence of this residual target
hardening with both the impact velocity and the target
microstructures; consistent with the differences noted
above with respect to the crater geometry data shown
in Table II. For example, there is more softening near
the crater wall in the softest target (C) in contrast to
target (A) (the as-received and hardest target) in Fig. 4.
Furthermore, the degree of softening observed for C,
the large-grain size target in Fig. 4, increases with
increasing impact velocity. This phenomenon is also
observed in the as-received (A) target, but it is con-
siderably less obvious. Only the 6 km s~1 (or actually

5.83 km s~1) impact in A shows any softening at the



Figure 4 Residual hardness profiles for each experimental crater
extending from the crater floor (at zero) along the impact axis. The
hardness profiles are grouped according to nominal impact velocity
for each of the three experimental targets, denoted A, B and C,
corresponding to designations in Table I. Hardness is in Vickers
Hardness Number (VHN) which is equivalent to 10~2 GPa. (a)
Target A, (b) target C and (c) target C. Key: m 2 kms~1;
L 4 km s~1; j 6 km s~1; e base hardness.

crater wall. Correspondingly, there is no apparent
softening in any target at 2 kms~1. There is also
a greater extension of the maximum hardness curve
for the 5.83 kms~1 impact into the large-grain,
annealed (C) target in contrast to the maximum hard-
ness curve for the 5.59 km s~1 impact into the as-
received and hardest (A) target plate. For example, at
1.5 mm distance, H

5
"150 VHN in C while in A at

1.5 mm distance, H
5
"130 VHN.

The microstructures associated with this softening
feature, along with the variation in softening near the
crater wall at the highest impact velocities, and for the
two extreme targets (C and A: Table I), are illustrated

in two comparative sets of light and transmission
electron micrographs composed as Fig. 5 for target
C (large-grain annealed), and as Fig. 6 for target A (as-
received). The vertical distance from the crater bottom
is indicated for each image. The light micrograph
sequence extending from the crater wall in Fig. 5a to
c shows a narrow zone of very highly deformed and
dynamically recrystallized material extending from
the crater wall, and into a somewhat extended zone of
deformed (and distorted) grains. This zone is inter-
mixed with linear features which have been previously
identified as microbands [14—16], and the microband
zone extends into a region of relatively undistorted
grains which contain mixtures of microbands and
dense dislocation cells. This microband zone coincides
with the region of maximum hardness for all of the
highest impact velocity curves in Fig. 4. These zones
are not so sequential as might be depicted in Fig. 5.
Microbands occur near the crater wall in some cases,
especially near the side walls. They occur up to 4 to
5 mm from the crater wall bottom. Fig. 5d to f pro-
vides more specific microstructural details as well as
unambiguous evidence for their specific nature. Fig 5a
shows the region near the crater wall to be character-
ized by (dynamic) recrystallized grains. This feature is
also supported by the selected-area electron diffrac-
tion (SAD) pattern insert which shows characteristic,
small grain reflection rings. The recrystallized zone,
which extends from about 200 to 500 lm, becomes
a region of heavily deformed grains with dense dislo-
cation cells and sub-grains. At about 0.5 mm from the
crater wall, microbands generally appear and extend
as a zone into the target. Fig. 5e shows dense bundles
of microbands which are coincident with the trace of
(1 1 1) planes shown by the arrow, and described in
more detail elsewhere [17]. The microbands are mis-
oriented roughly 2° and are 0.4 lm wide. Fig. 5f shows
dislocation cells extending from the microband region.
These dislocation cells become less dense and the cell
size or cell diameter (the cell centre-to-centre distance,
d) increases with distance along the impact axis, Fig.
5f, until the cells essentially disappear, and the micro-
structure appears like Fig. 1d. This dislocation cell
structure was observed at distances of
roughly 12 mm from the crater bottom, or about
1.2 D

#
. As the dislocation density decreases with an

increase in cell size extending from the microband
zone (Fig. 5e), the corresponding hardness declines
until it reaches the target base hardness as shown in
Fig. 4c.

Fig. 6 shows that in contrast to Fig. 5, the residual,
crater-related microstructure for the as-received (A)
target plate is considerably different from the large-
grain, annealed (C) target plate. These differences con-
sist of a much narrower dynamic recrystallized zone
(100 to 150 lm) extending from the crater wall,
a smaller zone of grain distortion, and an overall
smaller and somewhat less dense microband zone
(Fig. 6a). These features are illustrated more specifi-
cally in the TEM micrographs in Fig. 6b to d. Fig. 6b
shows a dislocation sub-grain and dense cell zone near
the edge of the recrystallized zone which illustrates
large misorientations in the selected-area electron

diffraction pattern insert. Fig. 6c is typical of the
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Figure 5 Light microscope sequence (left) corresponding to a narrow strip along the impact axis at distances noted from the crater bottom (at
zero) for the 5.83 km s~1 impact crater in the large-grain, annealed target. (a) Crater wall, (b) (0.7 mm) and (c) &3 mm. TEM bright-field
image sequence (right) showing evolutionary and zone-related microstructures. (d) Dynamic recrystallization indicated by very small grains.
SAD pattern insert shows large misorientations of grains and a tendency toward diffraction rings, indicative also of very small grain size
(0.1 mm). (e) Microbands which intermix with heavy dislocation cells and extend outward from the crater wall (&2 mm). The arrow is
coincident with the trace of M1 1 1N planes. (f ) Dense dislocation cells which evolve from the microband zone (&3 mm). Magnifications in (b)

and (c) are shown in (a). Magnification in (e) is same as (d).
microbands observed and, in contrast to Fig. 5e, there
is a significant reduction in their density or volume
fraction corresponding to the same distance from the

crater wall bottom (&2 mm). While many grains con-

2580
tain microbands in the as-received target crater,
few contain dense bundles which are typical of the
large-grain, annealed target crater (C) at the highest

impact velocity as shown typically in Fig. 5e. Fig. 6d



Figure 6 Light microscope (continuous) sequence (left) corresponding to a narrow strip along the impact axis at distances noted from the
crater wall for the 5.59 kms~1 impact crater in the small-grain, as-received target A (a). TEM bright-field image (right) showing evolutionary
and zone-related microstructures extending from the crater bottom (top). (b) Sub-grains and recrystallized grains (&0.1 mm). The SAD
pattern insert shows large misorientations. (c) Dislocation cells and microbands coincident with the trace of M1 11N (arrow) (2 mm). (d)

Dislocation cells increase in size with distance from the crater wall (&9.5 mm). Magnifications in (c) and (d) are shown in (b).
illustrates the dislocation cell structure beyond the
microband zone as in Fig. 5f which coincides with the
initial target plate dislocation cell structure size and
density of the base target as shown in Fig. 1b at
a distance of roughly 8 to 9 mm from the crater wall
bottom. This is about 0.9D or a distance considerably
#
smaller (&30%) than in the large-grain, annealed
target crater (C). This feature is also consistent with
the hardness profiles in Fig. 4 where the hardness
curve corresponding to the 5.9 km s~1 impact into the
A target is observably different and linearly truncated
in contrast to the 5.83 km s~1 impact into the C target.
As noted previously, there is also considerably less

softening near the crater wall bottom in the A target in
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contrast to the C target. This is consistent with the
difference in the extent of the dynamically recrystal-
lized zone which is two to three times greater in C than
in A (compare Figs 5 and 6).

At lower impact velocities (nominally 2 and
4 kms~1) there was a corresponding reduction in the
vertical widths of these deformation zones, consistent
with the hardness trends illustrated in Fig. 4. These
observations are also consistent with previous obser-
vations of Quinones et al. [15] in a copper target of
small grain size similar to A in Table I and of similar
base-line hardness. Particularly notable in these pre-
vious observations [15] was the systematic reduction
in the recrystallized zone and the microband fre-
quency, as the impact velocity for aluminium spheres
(3.2 mm diameter) was reduced from 6 to 2 kms~1 as
in the present study. While this previous trend was
followed by each target in the present study there was,
however, a significant difference in the overall extent
of shock-related microstructures beyond the crater
wall between the hardest target (MP; 0.89 GPa or
89 VHN) and the large-grain, annealed target
(1000 °C; 0.67 GPa or 67 VHN) as already manifested
in the general hardness trends illustrated in Fig. 4
(compare Fig. 4a and c).

Even at the lowest impact velocity (u
0
"2.03

kms~1) there are not only microbands near the crater
wall, but numerous examples of serrated (sheared)
annealing twin boundaries which are associated with
microbands, as shown for example in Fig. 7a. Consid-
ering the profusion of microbands in the large-grain
(C) target shown in Fig. 5e, in contrast to the small-
grain, as-received (A) target shown in Fig. 6c, and the
propensity of microbands shown in Fig. 7a, it is appar-
ent that crater-related microbands favour large grain-
size targets. Furthermore, it can be observed in Fig. 4
that there is considerably more peak hardening in the
large-grain (C) target below the maximum velocity
(&6 km s~1) crater in contrast to the as-received,
small-grain peak hardening as noted previously. This
would seem to quantitatively support the microstruc-
and no corresponding serrations. (Magnification of (a) and (b) is show
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3.2. Crater wall and rim microstructures
As the crater forms, target material effectively flows
upward from the floor and outward into the rim. This
process is often considered in the context of melt flow,
but recent, detailed examination of craters in copper
targets by Murr et al. [18] has shown that there is no
significant melt-related phenomena associated with
either the crater wall or the rim, and that the flow of
target metal occurs in the solid state, probably by a
mechanism involving dynamic recrystallization. These
features are especially notable in the large-grain, an-
nealed target at the highest velocities where the recrys-
tallized zone at the crater wall is the widest (Fig. 5).

A more detailed examination of the regions along
the crater wall and out into the rim section exhibit an
increasingly apparent flow zone which is composed of
dynamic recrystallization microstructures extending
from the crater wall. These features are prominently
illustrated in the microstructural views shown in
Fig. 8. Fig. 8a shows a mid-section of the crater wall
region extending into the rim (arrow). The zone of
very fine grain size extends into deformed grains con-
taining microbands. Fig. 8b shows a magnified view of
a rim cross-section which shows overlapping bands of
dynamically recrystallized grains. Fig. 8c and d pro-
vide unambiguous evidence for this recrystallized
microstructure where the recrystallized grains are ob-
served to be roughly 0.8 lm in diameter, or a factor of
103 smaller than the nominal target grain size. There is
no significant evidence in the crater-related micro-
structure views provided in Fig. 8, or in similar views
provided in Figs 5 and 6 of melt-related phenomena,
i.e. solidification microstructures. Consequently, melt
phenomena do not contribute to cratering in the cop-
per targets examined in this investigation, and metal
transported from the target, as a consequence of crater
formation and jetting out of the crater into the rim,
occurs by solid-state plastic flow. Murr et al. [18] have
argued that this plastic flow may occur by a mecha-
nism which involves the dynamic recrystallization
process as originally discussed by Chokshi and
Figure 7 Microbands near the crater side-wall/rim area in a large-grain size target C impacted at 2.03 kms~1 showing serrations or steps
created in an annealing twin (a). (b) Shows for comparison a similar annealing twin in the initial, undeformed C target with no microbands

tural observations. Meyers [19] in the context of superplastic flow in
n in (b).)



Figure 8 Examples of crater wall and rim cross-section views in the 5.83 km s~1 crater in the large-grain, annealed target (C) showing bands
of recrystallized grains. (a) Crater wall section showing recrystallized grains at the wall and microbands extending from this zone. (b)
Magnified view of crater rim cross-section showing recrystallized grain zones extending from the rim surface (arrow). (c) TEM bright-field
image looking into the rim surface region in direction of arrow in (b); showing recrystallized and heavily deformed grain structure. (d) SAD

pattern for (c) showing diffraction rings characteristic of very small, recrystallized grains.
related, extreme, high-rate deformation regimes such
as shaped charge jet elongation [17, 20].

4. Discussion and conclusions
Although we have investigated a limited number of

possible impact parameters, it does not appear that
the target grain size, D, has any significant effect on
cratering in copper targets. This is because the grain
size does not significantly influence the target hard-
ness (at least within the limits included in this study: 98
to 763 lm). The change in grain size from 124 to
763 lm in the annealed targets (a factor of 6 difference)

produced a hardness change from 0.69 to 0.67 GPa.
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Figure 9 Hardness (H ) versus 1/D1@2 plots for shock-loaded copper
and the experimental copper targets (A, B and C). The shading
differences illustrate the hardness differences for grain size versus
defects within the grains. For shock-loaded copper, the defects are
denoted f. The exponent n may vary from !0.5 to !1. The
reference numbers appear in brackets next to specific data points.
Arrows show hardness trends for defects (or dislocations). The
oblique shock data is from Sanchez et al. [21] while the plane-wave
shock data (for 15 GPa) is from Murr [22]. Note the discontinuous
curve and corresponding data to the right. This is an extension of
the grain size curve to the size regime of recrystallized (R) grains.
The arrow from H@

0
to R illustrates the expected hardening. The

shaded zones are defined by the various parameters and equations

But between 98 lm grain size and 124 lm grain size,
the dislocation density changed by a factor of 10 and
produced a corresponding hardness change from 0.89
to 69 GPa. For copper, this difference is also observed
for other modes of deformation where there are cor-
responding variations in dislocation density or other
defect microstructures in contrast to grain size or
grain structure. It is well known that shock loading,
particularly plane-wave shock loading of metals, indu-
ces defects in proportion to the peak pressure, with no
changes in the initial grain size. In Fig. 9 we have
plotted hardness values for several extremes in grain
size and shock loading from recent work of Sanchez
et al. [21] for oblique shock loading of copper rods of
different grain sizes, and previous plane-wave shock
loading data for a single grain size copper [22], as
a function of the reciprocal square root of the grain
size (1/D1@2). This data creates a ‘‘window’’ (shown in
large shading) characterized by components of Equa-
tion 9. The original grain size materials follow
a Hall—Petch type relationship (Equation 7), but shock
loading accounts for the greatest proportion of this
window through the creation of crystal defects (dislo-
cations and microtwins) [21]. We have included the
current copper target microstructure data for A, B and
C designations (Table I) which falls within this shock
loading window.

We have also included in Fig. 9 the expected grain
size hardening for the very small recrystallized grain
zone below the annealed, large-grain craters, corres-
ponding to the highest impact velocity. This is based
on the hardness on the axis for 1/D1@2"0 (where D is
R and represents a single crystal) and the corres-
ponding slope for the two annealed targets, B and C,
where the grain sizes were 124 and 763 lm, respective-
ly. The slope between B and C is parallel to the slope
shown. Key: @ and d oblique shock.
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for the copper rods included from the work of Sanchez
et al. [21]. Extrapolation to the recrystallized grain
size of 0.8 lm produces a corresponding hardness of
0.92 GPa (or 92 VHN). However, in Fig. 4 it is ob-
served that the hardness in the recrystallized zone,
near the crater wall, is essentially the base microhard-
ness, or near 0.67 GPa. This considerable softening is
further evidence for dynamic recrystallization because
this small grain size is much softer than predicted
(H@

0
PR in Fig. 9) and can only be accounted for

through a further reduction in the dislocation density
(by at least an order of magnitude) from that which
occurs in the base target (see Fig. 1d and Table I). This
is based on the observations of hardening between
targets B and A plotted in Fig. 9, and extended (dis-
continuously) as shown. What this means is that look-
ing at Equation 9, if the grain size term increases as
noted for H@

0
PR in Fig. 9, then the dislocation term,

KAq1@2, which dominates the equation, must necessar-
ily decrease significantly in order to reconcile ob-
served hardness.

Hardness profiles along the impact axis below each
experimental crater (Fig. 4) along with associated
microstructural observations (Figs 5 and 6) have ad-
ded more systematic and unambiguous evidence for
the effects of prior microstructure, particularly dislo-
cation density, on target hardness and the effects of
these phenomena on the cratering process; over
a range of impact velocities for constant diameter
(&3.2 mm) soda-lime glass impacting spheres.

We have also demonstrated, consistent with earlier
observations in copper targets, that cratering is asso-
ciated with regimes or zones of residual micro-
structures extending out from the crater walls and
consistent with hardness profiles along the impact
axis. Dynamic recrystallization occurs at the crater
wall and increases with decreasing target hardness,
increasing grain size and increasing impact velocity.
Microbands are a unique microstructure below im-
pact craters in copper targets, increasing in frequency
with impact velocity, and also increasing in density
with increasing grain size.

Finally, there were no significant observations of
melt or melt-related solidification microstructures,
and cratering in copper targets occurs by solid-state
plastic flow associated with the dynamically recrystal-
lized zone at the crater wall. Rim jetting, or flow of
surface zones into the rim, is completely characterized
by this solid-state plastic flow.
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