
J O U R N A L O F M A T E R I A L S S C I E N C E 3 8 (2 0 0 3 ) 2223 – 2231
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shock-loaded and impact crater-related nickel:
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Plane-wave shock-loaded Ni exhibits {111} microtwins which increase in frequency with
increasing peak shock pressure above a critical twinning pressure of ∼30 GPa. In contrast,
microbands coincident with traces of {111} are produced below impact craters in Ni targets
by stainless steel projectiles at velocities up to 3.5 km/s. The microband widths are ten
times the 0.02 µm twin widths and are characterized by misorientations of roughly 2◦. Both
shock-loaded and impacted Ni have similar dislocation cell structures which decrease in
cell size with increasing pressure or equivalent stress. The exclusive formation of
microbands in connection with impact craters in Ni is expected on the basis of its high SFE
(∼130 mJ/m2), and a simple dislocation model is developed for the microtwin-microband
transition based on graphical summaries which include shock (stress) geometry and SFE
effects in FCC metals and alloys. C© 2003 Kluwer Academic Publishers

1. Introduction
Impact crater-related microstructures for polycrys-
talline copper have exhibited prominent microbands co-
incident with traces of {111} planes when observed by
transmission electron microscopy (TEM) [1, 2]. While
microbands have been observed in numerous, severely,
quasi-statically and shock deformed metals and al-
loys, including copper [3–6], shock-deformed copper,
particularly plane-wave shocked Cu, had previously
exhibited a strong preference for microtwins in the
deformation microstructure [7–9]. Sanchez et al. [10]
have also demonstrated that the oblique shock load-
ing of polycrystalline Cu rods produced intermixed mi-
crotwins and microbands; demonstrating that the shock
geometry (and correspondingly, the shear stress geom-
etry) might play a key role in the microtwin-microband
transition. While the role of stacking-fault (free) energy
(SFE) in microband formation in fcc metals and alloys
has been unclear [5, 6], recent observations of impact
crater-related microstructures for 304 stainless steel
[11] and brass (70 Cu-30 Zn) [12] have revealed only a
small microband fraction intermixed with microtwins
for the stainless steel and only microtwins for the brass.
In contrast to Cu with a SFE of roughly 80 mJ/m2

(at 25◦C) [13], stainless steel and brass have SFE’s of
20 and 10 mJ/m2 respectively at 25◦C. Consequently,
low SFE appears to favor microtwins while high SFE
appears to favor microbands, especially where shock-
wave geometry or deformation conditions are the same;
such as comparisons of residual impact crater-related
microstructures.

The present study compares plane-wave, shock-
loaded nickel microstructures with impact crater-

related microstructures in nickel targets. Nickel is one
of the highest SFE fcc metals (∼130 mJ/m2 at 25◦C
in contrast to 80 mJ/m2 for Cu [13]) where defor-
mation microtwins have been observed in plane-wave
shock loading [9, 14]. Consequently, impact crater
microstructures in Ni would be expected to exhibit
microbands like Cu [2].

2. Experimental
The details for plane-wave shock loading of polycrys-
talline nickel sheet and plate (99.9% Ni) have been de-
scribed in detail elsewhere [9, 14] along with techniques
for preparing optical metallographic and TEM speci-
mens [14]. This study examines commercial, polycrys-
talline Ni (200) sheet having a grain size of 50 µm;
shock-loaded at pressures ranging from 30 to 55 GPa;
at 2 µs pulse duration [9, 14].

Plates (2.5 cm thick) of commercial Ni (200) (99%
Ni) with a grain size of 60 µm were milled to a fine
(∼20 µm) surface finish and impacted by 3.18 mm di-
ameter stainless (ferritic) steel spheres launched from
a light gas gun. Projectile velocities ranged form 0.5 to
3.5 km/s as determined by laser beam occultation and
impact flash detectors. Corresponding, instantaneous
impact shock (Hugoniot) pressures were calculated
from [15]:

PS = ρt(Ct + StUpm)Upm (1)

where ρt is the Ni target density (8.9 Mg/m3), Ct is
the bulk sound velocity in the target, St is a materi-
als constant related to the Grüneisen parameter [15],
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and Upm is the modified projectile velocity in the com-
pressed region of the target after impact. The steady-
state (Bernoulli) pressure associated with the formed
crater is approximated by

PB = [
ρtρp

/(
ρ

1/2
t + ρ1/2

p

)2]
u2

o/2 (2)

where ρt and ρp are the Ni target and stainless steel pro-
jectile densities (8.9 and 7.9 Mg/m3 respectively), and
uo is the impact velocity. This pressure is correspond-
ingly much less than the Hugoniot shock pressure,
especially at higher impact velocities (>2 km/s). For ex-
ample, at the maximum impact velocity of 3.5 km/s−1,
PS = 105 GPa and PB = 15 GPa.

The impact craters were examined as described in
previous studies [1, 2, 11, 12] by cutting them into half
sections parallel to the impact axis and polishing and
etching the half sections with a solution composed of
75 mL HNO3 to which 10 to 12 drops of HF were
added. Specimens for TEM were prepared by cutting
thin slices from the half sections, or at other angles, in
order to locate microstructure regimes at specific dis-
tances from the crater wall. These slices were ground to
∼0.2 mm thickness and 3 mm TEM discs punched from
them. The TEM discs were electropolished in a solu-
tion consisting of in a Tenupol-3, dual-jet electropol-
ishing unit. TEM observations were made in a Hitachi
electron microscope operating at 2000 kV; utilizing a
goniometer-tilt stage.

3. Results and discussion
Fig. 1 illustrates the grain structure (Fig. 1a), and
the grain substructure (Fig. 1b), consisting of large
(∼1 µm), poorly-formed dislocation cells, for the Ni
target plate. These microstructures were also very typ-
ical of the starting Ni sheet specimens for plane-wave
shock loading as well. The average plate and sheet
starting hardness was 0.9 GPa.

Fig. 2a shows an example of shock-induced, defor-
mation microtwins at the critical twinning pressure for
Ni of 30 GPa [16] while Fig. 2b illustrates a higher
density of microtwins at a higher peak shock pressure
of 45 GPa. The intersection of microtwins marked, tw,
in Fig. 2b is a typical region of microtwin intersection
where the average twin width can be observed to be
around 0.02 µm. The orientation or zone axis in both
Fig. 2a and b is [001] and in Fig. 2a the remnants of a
much smaller dislocation cell structure than the start-
ing cell structure in Fig. 1b can be observed. Prominent
twin reflections for microtwins coincident with traces of
both [220] and [22̄0] are observed in the selected-area
electron diffraction (SAED) pattern insert in Fig. 2b.
Average hardnesses for the 30 GPa shocked samples
and the 45 GPa shocked samples were 2.2 and 2.5 GPa,
respectively.

Fig. 3 shows a typical Ni crater cross-section corre-
sponding to an impact velocity of 3.5 km/s. This pro-
duced a peak shock (Hugoniot) pressure at the instant
of impact (Equation 1) of 105 GPa and a correspond-
ing Bernoulli pressure (Equation 2) of 15 GPa as noted
previously. Spalled stainless steel projectile fragments

can be observed in the crater interior in Fig. 3a. Fig.
3b shows linear defects within heavily deformed and
distorted grains which occurred in a region roughly 1
mm from the crater wall, along the impact axis as noted
in Fig. 3b. These linear microstructures are observed to
be microbands as illustrated typically in the TEM im-
ages shown reproduced in Fig. 4. Fig. 4a shows mi-
crobands in a [112] orientation as the shock-induced
microstructure while Fig. 4b shows similar microbands
along traces of (1̄11) planes at 90◦ to the (110) grain
surface orientation. Note the absence of 〈111〉/3 twin
reflections in the SAED pattern insert in Fig. 4, and
the slight arcing of diffraction spots (arrows) indica-
tive of microband misorientations of roughly 2◦. The
microband widths in Fig. 4 are also observed to be
roughly 0.2 µm in contrast to 0.02 µm measured for
the microtwins in Fig. 2b. In Fig. 4b the dislocation
walls for the microbands would be perpendicular to
the (110) surface if these walls were coincident with
the (1̄11) planes. In both Fig. 4a and b the microband
walls are thick and the microbands themselves evolv-
ing from a dense dislocation cell structure similar to the
microtwin evolution at a critical plane shock pressure
in Fig. 2a. The microband features illustrated in Fig. 4
are characteristic of those noted previously for Cu [2]
and stainless steel [11] impact craters. Only microbands
similar to those shown in Fig. 4 were observed in the
deformed regions below all the impact craters in Ni tar-
gets as might be expected in considering its high SFE
of 130 mJ/m2 in contrast to an SFE of 80 mJ/m2 for Cu
where only microbands occur in the deformed regions
below impact craters [2].

It is of interest to note that at the Ni crater wall
in Fig. 3a there is a narrow (∼100 µm) zone of
dynamically recrystallized grain structure similar to
that observed for all other impact craters in metal or
alloy targets [2, 11, 12]. This zone is followed by the
microband zone illustrated typically in Fig. 3b, which
coincides with a region of maximum residual micro-
hardness of 2.2 GPa. The same features were observed
for the occurrence of microbands in Cu [2] while in
stainless steel [11] and brass [12], microtwins were
observed in this hard zone. Just beyond the microband
zone, and intermixed with the microbands very dense
dislocation cells are observed (Fig. 4) which become
less dense (or larger) with distance from the crater wall.
This progression of dislocation cell size increase also
coincides with decreasing microhardness into the target
until the base microstructure and corresponding base
(or starting target) hardness (∼0.9 GPa) is reached.
This feature is also observed in plane shock loaded Ni
where dislocation cells form with increasing density
and decreasing dislocation cell size as the peak shock
pressure increases up to the critical twinning pressure
(∼30 GPa [16]) where microtwins emerge in the mi-
crostructure as shown in Fig. 2a. This phenomenon is
characteristic of microstructural similitude [17], and is
illustrated in the comparative microstructures in Fig. 5.
The similarities of dislocation cell structures illustrated
for plane shock loaded and impact crater-related Ni
microstructures in Fig. 5 attests to the similarities
in or compensating effects of shock pressure, shear
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Figure 1 Starting (reference) microstructures for Ni plate. (a) Typical grain structure with annealing twins (straight boundaries). Average grain size
of 50 µm. (b) Poorly formed dislocation cell substructure. The grain surface orientation is (112). The arrow denotes the [11̄0] direction corresponding
to the coherent segments of a stepped annealing twin.

stress (shear strain) and shock geometry. However, the
dislocation cells in Fig. 5a are only half the cell di-
ameter (center-to-center distance) of Fig. 5b, although
the cell walls in Fig. 5b appear to be more dense and
thicker than those in the shocked sample in Fig. 5a.

Dislocation cell size in Ni has been shown to decrease
systematically with increasing peak shock pressure [17,
18] (and with increasing strain) in more conventional
deformation [17, 19]. Compare Fig. 5 with Fig. 1b
for example where in contrast the hardness essentially
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Figure 2 TEM bright-field images of microtwins in plane-wave shock loaded Ni. (a) Peak shock pressure of 30 GPa. [001] zone. (b) Peak shock
pressure of 45 GPa. [001] zone. The arrows in (a) and (b) correspond to the [220] direction. Twin reflections are illustrated in the SAED pattern insert
in (b). Small arrows marked (tw) show twin intersection volume whose width is characteristic of the microtwin width. The magnifications of (a) and
(b) are the same and shown in (a).

doubles while the dislocation cell size is reduced by
nearly 1/2. The similarities in dislocation cell structure
in Fig. 5 as a transition to either deformation-induced
microtwins or microbands suggests some similarities
in critical or characteristic shear stress favoring either

microtwins or microbands. On the otherhand, the actual
formation of microbands or microtwins now appears to
involve a correspondence in shock geometry or SFE.
That is, when the shock geometry is the same, as in
impact cratering, the microtwin-microband transition
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Figure 3 Impact crater half section (a), and corresponding optical metallographic view of typical deformation macrostructure approximately 1 mm
from the crater wall; along the impact axis (b). The impact crater corresponds to a Ni target impacted by a stainless steel projectile at 3.5 km/s (PS ∼=
105 GPa).
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Figure 4 TEM bright-field images of microbands which dominate impact crater microstructures characteristic of Fig. 3b. (a) Microbands in [112]
zone. The arrows coincides with the [132̄] direction. (b) Microbands in [110] zone. SAED pattern insert shows small (∼ 2◦) misorientation. No twin
spots occur. The large arrow coincides with the [11̄2] direction. The microband width is denoted (mbw).
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Figure 5 Comparison of similar dislocation cell structures. (a) Ni plane shock loaded at 30 GPa [001] zone. Arrow denotes the [220] direction. (b)
Ni substructure located roughly 5 mm from the crater wall in Fig. 3a along the impact axis. SAED pattern insert shows [011] zone. g = [200] in (a)
and (b).

is clearly SFE dependent: high SFE fcc metals (such as
Ni and Cu) produce microbands while low SFE metals
or alloys (such as stainless steel and brass) produce
microtwins. Correspondingly, for any SFE (fcc) metal
or alloy, plane shock produces microtwins at critical

twinning pressures which increase with increasing
SFE [16] especially where there is essentially no
compressive strain component (εZ

∼= 0) [9].
It is also of interest to note that while plane

shock loading usually does not involve any measurable
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compressive strain (εZ ∼ 0) [9] in contrast to very high
strain associated with impact crater formation, mi-
crobands can be formed at some distances from the
crater wall, and in regions where there is no recogniz-
able grain distortion as shown in Fig. 3b; corresponding
to negligible residual strain. Consequently the contrast
between plane and spherical shock (as it applies to im-
pact crater formation and microtwin versus microband
microstructures) would seem to be dominated by max-
imum shear stress geometry rather than shear strain
differences.

In plane-wave shock loading, the deviatoric (shear)
stresses generated at the (plane) shock front (at 45◦ to
the principal or normal stress) are accommodated by
twinning, and the critical shear stress to initiate or nu-
cleate twins is related to the critical twinning (peak)
pressure which is SFE dependent: increasing with in-
creasing SFE [16, 18]. This also coincides with the
slip-twinning transition stress which is grain size de-
pendent: increasing for decreasing grain size [9]. In
general, twinning is focused along the crystallographic
orientation in which the resolved shear will tend to
decrease the externally applied shear or decrease the
overall internal energy. In high SFE fcc metals like Ni,
the cooperative movement of dislocations on parallel
{111} planes to produce deformation twin-faults or mi-
crotwins competes with cross-slip which is favored as
SFE increases, and is a dominant feature for Ni where
the SFE is high. Correspondingly, the critical pressure
for twinning is also high as noted.

In impact loading or point loading to produce an im-
pact crater at Hugoniot shock pressures which are far in
excess of the plane-shock critical twinning pressure, the
deviatoric (shear) stress varies along the spherical shock
front with an expanding radius vector into the target.
This produces a strong secondary, non-coplanar shear
which results in localized, secondary slip. In effect, the
spherical shock geometry suppresses the cooperative,
coplanar dislocation glide to produce microtwins espe-
cially in high SFE materials where cross-slip is highly
favored. Basinski and Mitchell [20] have described
the stabilization of primary (slip) dislocations by sec-
ondary dislocations on cross-slip planes and Jackson
[5] considered cross-slip to be an important issue in
microband formation. The model of Huang and Gray
[6] for microband formation involves a heterogeneous
substructure development closely related to course slip
bands lying on the active slip {111} planes in fcc ma-
terials; forming an elongated, dislocation double-wall
configuration lying in the trace of {111} planes. This
involves the generation of polarized dislocations on pri-
mary slip system followed by an annihilation process
for the primary dislocations in the central portion of
slip band structures forming double dislocation walls
parallel to the {111} planes, and finally the induction of
secondary slip by internal stresses associated with the
region between the double walls.

It should also be mentioned that during shock and
impact loading a material is subjected to a compres-
sion wave followed by a release wave. Consequently
the Bauschinger effect (in which prior plastic deforma-
tion in the compressive direction can reduce the flow

stress in the release wave direction [21, 22]) is apparent
and can also affect defect generation and defect storage
in the material. The loading geometry (plane or spher-
ical shock) can influence essentially the extent of the
Bauschinger effect and resulting post-loaded or resid-
ual microstructures, although the exact nature of the
influence is unknown.

In describing microband formation in bcc mild steel,
Thuillier and Rauch [23] allude to latent slip activa-
tion in the {110} slip multiplicity regime as a conse-
quence of alternative strain or strain-state application.
In effect, this seems to resemble the imposition of a
cross-slip or secondary slip component in fcc systems.
Indeed, Huang and Gray [6] concluded that the forma-
tion mechanism for microbands may be similar in a
variety of fcc and bcc metals and alloys.

The present study demonstrates that twinning in
plane-wave shock loaded Ni, which has one of the high-
est critical twinning pressures of any fcc metal or al-
loy and a correspondingly high SFE (130 mJ/m2) is
superseded by microband formation in Ni impacted
at velocities corresponding to peak shock pressures
in excess of the plane-shock critical twinning pres-
sures. This change in shock geometry (from planar
to spherical) combined with the superposition of large
residual strains connected with impact crater formation
is responsible for the microtwin-microband transition.
However, this transition is SFE dependent since it be-
comes less efficient in low SFE alloys such as stainless
steel [11] and brass [12].

Fig. 6 is an attempt to summarize the experimen-
tal implications of the present investigation, and pro-
vide a simple, qualitative, graphical representation

Figure 6 Schematic comparisons for microtwins versus microbands.
Microtwins occur almost exclusively in plane shock: a, c + d, e while
for high SFE systems microbands occur almost exclusively in impact
cratering: b, d, f. Some mixing of microtwins and microbands occurs
for intermediate-to-low SFE and for oblique shock/intermediate shock
geometries. In plane shock primary dislocation glide produces irregular
twin-faults/microtwins. In impact cratering secondary glide/cross-slip
creates elongated dislocation wall structures coincident with {111}. Pn

denotes the normal pressure while Tm is the deviatoric (shear) stress.
Note in impact cratering the coincidence of P ′

n and T ′
m at radius vector

angles of 45◦ and 90◦.
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for the microtwin-microband transition in fcc metals
and alloys. The principal features of Fig. 6 include
a representation of the planar shock versus impact
crater/spherical shock geometries, primary and sec-
ondary slip (or cross-slip), primary-secondary dislo-
cation interactions to form a stable dislocation wall
structure, and the corresponding microtwin-microband
transition which is also strongly influenced by SFE, es-
pecially extremes in SFE, i.e., brass at 10 mJ/m2 versus
Cu at 80 mJ/m2, for example. The graphics in Fig. 6
show that when a secondary slip system is imposed on
the primary dislocation motion on parallel {111} planes,
twinning defers to microband formation especially at
higher SFE. However, twinning dominates when the
SFE is very low.

4. Conclusions
A comparison of plane-wave shock-induced deforma-
tion microtwins in Ni and microbands associated with
the deformation regimes proximate to the crater walls
in impact craters in Ni target plates seems to confirm the
effect of shock geometry (plane versus spherical) on the
microtwin-microband transition. This variation in mi-
crotwins versus microbands as a consequence of defor-
mation mode change was expected on the basis of SFE
influencing the transition since identical results were
observed earlier for Cu which also possesses a high SFE
(∼80 mJ/m2) but not as high as Ni (∼130 mJ/m2). The
microbands are roughly 10 times the microtwin widths
and microband misorientations are∼2◦. These observa-
tions are completely consistent with observations pre-
viously made in Cu [10].
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