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Introduction

Numerous articles describing the changes in structure and mechanical response of metals
and alloys induced by shock waves have been published in the past twenty years (1-3). Increases
in the concentration of point (4) and line defects (5), formation of twins (6), martensite (7)
and precipitates (8) have been observed in the residual structures. Smith (9) proposed the
first model accounting for dislocation generation in shock loading. According to this model, a
two-dimensional array of dislocations separated the high-density shocked material from the virgin
material; the translation of this two-dimensional interface coincided with the shock-front pro-
pagation. Aware of the fact that the passage of such an interface would result in undeformed
material, Smith (9) hypothesized the presence of sources and sinks of dislocations, moving with
the velocity of the shock front. Hornbogen (10), based on the fact that shock-loaded iron
(between 7 and 11 GPa) presents a substructure characterized by straight screw dislocations,pro-
posed a modification to Smith's (9) model. Shock loading would induce the formation of loops;
the edge components would propagate with the front, basically forming a Smith interface. How-
ever, the screw components would stay behind and would therefore be the salient residual fea-
ture of the substructure. Cowan (11) suggested that at shock pressures generating shear stresses
above the theoretical shear stress of the material a difference in dislocation generation mech-
anism might be expected. Above this stress, termed by him "supercritical stress," the limita-
tions imposed on dislocation velocity would no Tonger be valid, and a Smith (9) interface might
become possible. No specific mechanism is however proposed by him.

Smith's (9) and Hornbogen's (10) proposals require that the participating dislocations,
because they move with the front and at a certain angle, have actually velocities higher than
the shock front velocity. The velocity of the shock front is either slightly below ?at Tow
pressures) or slightly above (at higher pressures) the Tongitudinal sound velocity in the mat-
erial. Therefore transonic and/or supersonic dislocations are involved {12-15). It is the
objective of this note to propose a model for dislocation generation in shock-wave deformation
that does not require transonic or supersonic dislocation velocities. This model permits the
prediction of residual dislocation densities. The calculated dislocation densities are com-
paqed wit? e§perimenta1 results by Kressel and Brown (16), Trueb (17), and Murr and Kuhlmann-
Wilsdorf (18).

Mechanism

The state of deformation induced by shock loading is, by nature, one of uniaxial strain.
It should not be confused with other types of plastic waves, as the ones generated for instance
in Hopkinson bars. The stress state corresponding to the above deformation is, according to
linear elasticity theory, the same for isotropic and cubic materials. The stress state corres-
ponding to the uniaxial strain is a three-dimensional stress; it can be decomposed into a hydro-
static and a deviatoric component. The deviatoric stresses are responsible for plastic deforma-
tion and the associated substructure generation. Figure 1 shows an elastic wave traversing a
simple cubic Tattice along a [110] direction. The compressed region is distorted from cubic to
monoclinic; in Figure 1, dy< d; and 6, < 8,. As the wave amplitude increases and the deviatoric
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stresses approach the theoretical shear strength of the crystal, dislocations are generated at
the interface. Figure 1 illustrates how the distorted lattice is replaced by the reduced cubic
lattice plus interfacial dislocations. The thermodynamic instability of the distorted mono-
clinic lattice will be the driving energy for its transformation into the reduced cubic lattice;
the interfacial dislocations (Smith interface) are the transformation by-product. The unique-
ness of the proposed mechanism stems from the fact that the dislocations are homogeneously
nucleated at the interface; the classical mechanisms (Frank-Read, Li) do not have to be involved.
A simplified calculation for nickel using data extrapolated from Hirth and Lothe (19) shows that
the shear stresses for homogeneous dislocation generation correspond to pressures easily achieved
by shock loading. The shear stress required for the homogeneous nucleation of a partial dis-
location at ambient temperature can be approximated as (19):

“h

T - 0.054 (1)
Th is the shear stress required, and G the shear modulus. For polycrystalline nickel G = 76 GPa
(ref. 22, Table 6), and one has:

Th = 4.10 GPa (2)
Equating the maximum shearing stress at the shock front with Th, one gets:

"max = *h = 4.10 GPa (3)
By proper manipulation of the stress and strain tensors (20), and taking the pressure P as the
hydrostatic component of the stress system imposed by shock loading, one obtains:
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Where o1, o3 and e; are principal stresses and strain,and v is Poisson's ratio. Taking v = 0.305
(average of three values, Table 5, ref. 22) for nickel, one has:

Tmax = 0.45 P (5)

Substituting (5)into (3), one gets:

Pmin = 9.15 Gpa (6)
This is the minimum pressure for homogeneous dislocation generation in nickel. Actually, this
pressure should be Tower because transient heating will reduce “h from the value of 4.10 GPa.
The stress to homogeneously nucleate a dislocation is not much Tower than the theoretical shear
stress of the material. Figure 2(a) shows the dislocation interface and the compressed structure,
where the deviatoric stresses were relieved. This is the Smith interface.

The critical difference between the model herein proposed and Smith's (9) model is that the
dislocations do not move with the shock front, Figures 2(b) and 2(c). As the wave progresses,
the deviatoric stresses reach the critical level, dislocations are again "pinched out" at the
front. The process repeats itself periodically, as the wave traverses the material (the per-
iodic changes in deviatoric stresses at the shock front are illustrated in Figure 5). Figure
2(b} shows the Smith interface left behind the front, while the deviatoric stresses elastically
distort the lattice. Figure 2(c) shows the front after these deviatoric stresses have reached
their critical value; new two-dimensional arrays of dislocations have been generated. The
strain constraints are such that contiguous layers of these arrays are composed of dislocations
having opposite signs. The important fact to notice is that dislocation generation ~-and not
dislocation motion --is responsible for the accomodation of the deviatoric strains. Consequently,
the Orowan equation - - relating strain rate to dislocation velocity - - is not applicable to
the shock front.

The dislocations do not maintain, of course, their regular two-djmengiona] arrays. They
reorganize themselves into more stable cinfigurations during the application of the pressure
pulse.

Calculated and Experimental Residual Dislocation Densities

In order to verify how realistic the model is, residual dislocation densities were calcu-
lated and compared to experimental results reported by Kressel and Brown (16), Trueb (17), and
Murr and Kuhlmann-Wilsdorf (18) for nickel. Murr and Kuhlmann-Wilsdorf (18) recently found, for
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shock-loaded nickel, that the dislocation cell diameter was inversely proportional to the peak
pressure and to the square root of the dislocation density, consistent with the principle of
similitude. They also observed that dislocation density was essentially independent of pulse
duration, in the 1-6 us range. The non-dependence of dislocation density on pulse duration
points to the fact that dislocations are either generated at the shock front or rarefaction part
of the wave. Figure 3 shows a pressure vs. V/V, plot for nickel (21), where V and V; are the
specific volumes at the pressure P and at atmospheric pressure, respectively. Because of the
uniaxial strain state, one has:

¥b SRR (7)
where €x is the uniaxial strain. In the model proposed in the foregoing section, one can assume

that all grains have the orientation shown in Figures 1 and 2, as a first approximation. So:

2y

T-e, = LoV (8)

0
Table I shows the different values. Assuming that the Burgers vector of each dislocation

TABLE I

Calculation of Dislocation Densities

Pressure V/Vy = dy/d; # of distances Dislocation Calculated
d; per dislocation Spacing at Dislocation
(GPa) doublet Front ?A) Density
(cm-2)
12
8 0.962 26.32 65.67 1.16x10;,
10 0.953 21.28 53.01 1.78x10;,
25 0.903 10.31 25.68 7.58x10;3
37 0.871 7.75 19.31 1.34x10; 3
46 0.852 6.76 16.84 1.76x101 3
60 0.822 5.62 14.00 2.55x10; 3
100 0.767 4.35 10.84 4.25x10

is equal to d;, one can calculate the dislocation spacing, in d; units. It can be seen that, as
the pressure increases, the dislocation spacing decreases. The lattice parameter for nickel is
3.52 A, yielding d, = 4.98 A. This provides the dislocation spacing at the shock front. Multi-
plying this value by 2d; one obtains the area occupied by one dislocation along the cross-section
shown in Figure 2. The distance d; between dislocation layers (Figure 2(c)) depends on the rate
of build-up of deviatoric stresses in the lattice (Figure 5). For the purpose of these calcula-
tions it was assumed equal to the separation between dislocation doublets at the front (Table I).
The factor 2 was introduced to account for the fact that, for each mismatch of d;, two dis-
locations--one along each of the perpendicular set of (100) planes--are generated. Figure 4 shows
a plot of dislocation densities vs. pressure. The calculated values are higher, by more than one
order of magnitude, than the experimental ones. In addition to the assumptions used in the
model, there are three main reasons for the higher calculated dislocation densities:

a) The mechanism assumed that enough disTocations are formed at the front to reduce the de-
viatoric stresses to zero. However, it is recognized that the number of dislocations generated
should actually be below the calculated one, since the lattice can absorb elastically substantial
deviatoric stresses.

b) It is probable that dislocation annihilation can take place during the application of
the pressure pulse and at the rarefaction part of the wave, because of the high pressure and
transient temperature. The fact that contiguous layers are formed of dislocations at opposite
sign (Figure 2(c)) would certainly help annihilation.

¢) The model assumed immobile dislocations. In effect, after being generated, the di§—
Tocations are impelled towards the front by the stress fields due to the already existing dis-
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These three effects will substantially reduce the dislocation densities from the values
shown in Figure 4. Arbitrary values could be attributed to them and incorporated into the mech-
anism,bringing observed and calculated values of Figure 4 to superposition. However, any hypo-
thesis as to the relative efficiency of the aforementioned effects in reducing the overall dis-
location density is regarded by the author as speculative, at the present moment.

Lastly, the dislocations, after being generated at the shock front, and having reorganized
themselves during the application of the pulse (18), undergo the "decompression”. The Tattice
returns to atmospheric pressure, and the attenuation of the wave will create deviatoric stresses
equal, in magnitude, to the ones at the shock front. However, the rate of attenuation of the
shock pressure is much lower than its rate of increase, at the front. For example, a 3.2 mm
copper driver plate impacting a nickel sample at a velocity of 260 m/sec generates a pressure of
21.2 GPa, a pulse duration of 1.20 usec, and a rarefaction rate of -52.1 GPa/usec. Consequently,
the pressure is reduced from its peak value to zero in 0.4 usec. The uniaxial strain ex is ap-
proximately 0.08; it will yield a maximum shear strain equal to 3pprgximate1y 0.04. The observed
residual dislocation density for this pressure is around 7 x 10*%m-2. The two main differences
between the shock and rarefaction parts of the wave are that the latter encounters an already
highly dislocated substructure (~ 7 x 10'%m-2 at 21.2 GPa) and that the time interval over which
it takes place is much larger (0.4 usec). One could therefore assume that the accomodation of the
deviatoric stresses during rarefaction can take place by movement of the existing dislocations.
This hypothesis can be tested using Orowan's equation:

y=pbT _ (9)
v is the maximum shear strain, p the dislocation density, b the Burgers vector, and 1 the average
distance that each dislocation would have to move. For the example under discussion (p=7x10"%cm-2;
b=2.5A; v=0.04), T is equal to 2280 A. This distance is larger than the inter-dislocation spacing
(378A, assuming uniform distribution of dislocations). This displacement would have to take place
over a time interval of 0.4 usec; consequently, the average velocity of the dislocations would be
0.57 m/sec. However, it is probable that the mobile dislocation density is much Tower than the
total dislocation density (this is the case for dislocations locked into cell walls). This would
result in an increase in 1. However, a dislocation cannot freely move in a lattice over distances
much above the inter-dislocation spacing. Consequently, the deviatoric stresses at the rare-
faction part of the wave would not be accomodated entirely by dislocation motion; dislocation gen-
eration would be required. It is however thought that the number of dislocations generated at the
rarefaction part of the wave is lower than the number generated at the shock front, since part of
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the stresses can be accomodated by dislocation motion. It can be seen from equation (9) and from
the pressure dependence of dislocation density that the relative contributions of dislocation gen-
eration and dislocation motion at the rarefaction part of the wave depend on pressure.

It should be pointed out that, if a pre-strained metal is shock-loaded, part of the deviator-
ic stresses at the shock front could be accomodated by the existing dislocations; in this case the
number of dislocations that would be generated at the front would be reduced. However, since the
steepness of the shock front is much higher than the rarefaction rate--the time interval between
zero and maximum pressure is about 10-3 ysec (9)--the motion of the existing dislocations would
be more restricted than at the rarefaction part of the wave.

Concluding Remarks

A mechanism for the formation of dislocations in shock-wave deformation of metals is pro-
posed. According to the model, dislocations are homogeneously generated at the shock front, once
the deviatoric stresses exceed a certain critical value. Contrary to Smith's model (9) however,
dislocations are left behind the front. Consequently, dislocation generation, and not disloca-
tion motion accounts for the plastic strains introduced by the shock front. Dislocations can
move, and probably do so, but no transonic and/or supersonic velocities are imposed on them.

What renders this model attractive, in comparison with previous models, is that it allows a quan-
titative prediction of residual dislocation densities, Figure 4. The use of appropriate cor-
rection factors for dislocation motion, annihilation, and residual deviatoric stresses could
bring calculated and experimental results into exact superposition. It is to be noted that this
mechanism does not apply to very low pressures, where yielding at the elastic precursor wave
accounts for the dislocations produced. It is suggested that the accomodation of deviatoric
strains at the rarefaction part of the wave takes place both by the movement of the existing dis-
locations and by fresh dislocation generation.
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