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Abstract— The conditions for realizing the rotation motion of material under shock loading are
investigated by combining the laser interferometry of the free surfuce velocity and conventional
methods of optical and electron microscopy. A detailed description of successive stages of the
rotations forming both at the mesoscopical scale level and superstructural one is presented. It is
shown that for realizing rotation motion at any scale level an essential difference is accelerations of
adjacent microvolumes must be provided. The dimensionless ratio of the particle velocity dis-
tribution width to average particle velocity is suggested to be the criterion for change of the
deforming and fracture mechunism from trunslationat to rotational at some given scale.

NOMENCLATURE
. average free surface velocity
Ab free surface velocity distribution width
m dynamical viscosity of the material
L space dimension of the turbulence
r muss density
AV, = 12AU, particle velocity distribution width at the mesolevel
d dunmeter of rotations.

1. INTRODUCTION

Microscopic rotations in solids are now considered to be one of the ways in which the
material responds to a non-uniform stress field. For quasi-static strain rates the rotation
motion of media can be observed in sirt by means of a speckle-technique (Panin et af,,
1989). However, the material’s rotations during shock loading have not yet been studied
because of the well-known experimental ditficulties related to high-rate processes. Never-
theless, the dynamic rotation of material is thought to play an important role as an effective
mechanism of energy dissipation and natural mechanism of transition from one scale level
of deformation to another (Panin ¢r «f., 1987). A suitable technique for studying the
rotation motion of dynamically deformed and fractured materials was developed by C. M.
Glass at 60th (Glass er al., 1963). [n his experiments a target of interest was cut along the
wave propagation direction before shock loading and the microscopic network were plotted
on the preliminary polished surfaces. Then both halves of the target were compacted back
together, after shock loading the network lines were found to form different size circles.

In this work the main objective was to clarify the different situations in the shock
loaded material for which rotation motion may be realized and to find correlations between
particle velocity distributions at the several scale levels measured in siru by the laser
interferometry technique (Asay and Barker, 1974 ; Divakov ¢t af., 1987) and the dimensions
of the rotations measured by conventional methods of optical and electron microscopy.

2. EXPERIMENTAL APPROACH

Shock loading of the plance targets of different materials (copper, ductile steel, alu-
minium and its alloys, titanium) was carried out with a 27 mm bore diameter compressed-
air gun. The impactor plates of the same material as the targets were mounted at the front
of the projectile, which could be accelerated to the impact velocity 50-500 m s~ '. The
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majority of the experiments were designed to include the matenial spallation in the later
stages of the wave interaction process.

The free surfuce velocity histories were measured by using a velocity interferometer.
the laser beam of which was focused to diameter 100--120 pum. which corresponds to the
so-called superstructural scale level. According to Viadimirov (1987) this level corresponds
to 2-10 grain sizes in polycrystals. This structural level is known to occupy an intermediate
position between mesolevel (1-10 gm) (Vladimirov er wl.. 1986) and macrolevel. Besides
the time history at the level the interterence method allows the particle velocity distribution
width to be obtained (or the square root of the particle velocity dispersion) at the mesolevel
by measuring the interference signal contrast (Asay and Barker. 1974 Divakov er «l..
1987).

At last, in a series of wdentical experiments with simular targets one can obtain the
particle velocity distribution at the superstructural level. the average value of these data
being equal to the macroscopic particle velocity.

Forstudying the rotation characteristics, especially for measurement of rotation angles.
besides conventional optical and clectron microscopy an original method of visualization
of the rotations in deformed material based on the hiquid crystal’s properties was developed.
All targets after shock loading were cut on one of the planes along the wave propagation
direction and after polishing and etching a thin layer of liquid crystal was brought on the
surface of interest. The hiquid crystals are known to lay along the dense. compacted
directions of monocrystal it the relevant conditions of moistening are provided. Looking
at such prepared surfaces in polarized light one can see numerous round circles, the
orientattons of which are different in comparison with the rest ot the crystal matrix. For
carly stages of rotation under small loading velocity, every rotation cell rotates as a solid.,
but with increasing loading velocity the interior of these circles is damaged. the separate
fragments being considerably disoriented relative to cach other.

3OEXPERIMENTAL RESULTS AND DISCUSSION

Results have been obtained using the technigues deseribed above for a range of target

materials, target thicknesses and flyer veloetties. The qualitative picture of the plastic wave

front configuration of two successive moments is shown in Fig, | This scheme shows that
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Fig. l. Two instantancous positions of the plastic front including the meso- and superstructural
scale levels. The shaded band represents the laser interferometer beam dimension, which corresponds
to the superstructural level
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adjacent microvolumes continuously change their position relative to each other both at
the mesolevel and superstructural level. As it turned out. depending on the ratio of the
particle velocity distribution width (PVDW) to the average particle velocity the character
of media motion in the shock compressed state may be essentially different. So when these
values are comparable. when AV ¥V = | the relative velocity of adjacent microvolumes is
sufficient to provide a non-crystallographic shear banding in the wave propagation direction.
One example of similar shear banding in ductile Cr-Bi-Mo steel is shown in Fig. 2a.

With the decrease in the PYDW when the ratio AV V' is approximately equal to a half,
the material between adjacent microvolumes has time to rotate. the chains of rotations
being aligned in the wave propagation direction as well as the shear bands. An example of
the chain of rotations in copper is presented in Fig. 2b. It should be noted that the diameter
of rotations in this figure changes non-monotonously along the chain reaching its maximum
value twice. On the contrary. at the onset, in the middle and at the end of the chain the
rotation diameter decreases. An average length of chains ranges within 50-180 gm, which
corresponds to the space dimension of the plastic front. Indeed. for plastic wave velocity
in copper 3.9 km s~ ' and rise time of the plastic front 40 ns corresponding to the impact
velocity 180 m s ' one obtains the space dimension of the plastic front 160 gm.

Figure 3 shows a representative result for a copper target and the principal features
associated with the stochastic behaviour of mesovolumes are clearly visible. Besides the
interference signal and velocity profiles a time history of the PVDW are presented together.
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Fig. 3. Interferogram (a). free surface velocity prolile (b) and free surface velocity disribution width
(<) of copper M-3 loaded under flyer velocity 180 ms ',
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Fig. 4. Time profiles of the free surtace veloctty distribution width (@) aceeleration (b) and rotation
chain of copper

It is seen that at the middie of the plastic tront the PVDW reaches is maximum value that
is inherent to the steady waves only. In such waves the particle velocity distribution has
time to relax, narrowing after previously broadening during the first half of the plastic
front. It suggests that the particles feel some acecleration at the first half of the wave front
and deceleration at the sccond halfl A separate time dependence of the particle acceleration
of this free surfuce plastic front 1s shown in Fig. 4. One can see that the latter has two
extremums which correspond to maximums of the rotations diameter (see at the bottom of
this figure). This cotncidence means that for rotation motion of the material the ditference
in the accelerations of microvolumes must be provided, thut is the ditference in the velocities
of adjacent microvolumes must continuously change. On the other hand, the constant
difference in velocities results in the shear banding. This conclusion is thought to be
quite important for designing the adequate theoretical model of dynamic deformation and
fracture.

A microscopic investigation shows that rotations of maximal sizes are as a rule damaged
whilst the extreme and central rotation of small diameter are not damaged, the interior of
undamaged rotations being surrounded by a thin round split. A detailed spectral analysis
of the interior of these rotations was carried out by using a “"Link™ spectroscopic apparatus,
In distinction from Christy ¢ al. (1985) the presence of the second phase or any impuritics
was not found inside these cells. That is, their spectral composition turned out to be the
same as that of the rest of the crystal matrix. All the data of the spectral analysis of copper
M-2 are presented in Table 1.

Table 1.
Atom per cent Atom per cent
Element n maltrix nside cells
CuK 99186 99 3133
St K 0.230 0.000
PK 0117 0.032
SK 0.079 0.000
CIK 0.040 0.297
Ca K 0.069 0.009
T K 0.116 0).060
Ag L 0.059 0.060

PbL 0.046 0.000
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The second interesting example of the rotation motion of the solid under dynamic
compression is presented in Fig. 5 where two steel targets loaded under different impact
velocities revealed the opposite character of the relative motion of adjacent microvolumes
along the wave propagation direction. On the left of them the relic bands of the material’s
rolling are shifted after shock loading in such a way that the same rolling bands belonging
to different sides of the shear band can be connected as is shown by the dotted line (see
Fig. 5a). However, this operation cannot be performed simultaneously on the right hand
figure. The only possibility to explain the unusual curvature of rolling bands is to suggest
the existence of the small rotations between microvolumes as is shown at the bottom of
Fig. 5b. Later. these rotations were discovered by scanning microscopy. Their average size
is measured to be 3-5 ym while the general displacement of opposite rolling bands relative
to each other amounts to the value of 30 um. From here the number of rotations covering
this distance is estimated to be n = L/nd = 2 and every one of them had been rotated twice.

The next important aspect of the rotation motion of material in the shock waves is
thought to be their unusual spherical form although one might expect that the relative
motion of two adjacent microvolumes would only form cylindrical rotations. Nevertheless,
the conclusion for the spherical form of rotations follows from the fact that their relic traces
on the numerous random cuts of the targets are always round independent of the orientation
of these cuts to the free surface of the targets. It permits us to suggest that the rotation
motion is a result of non-uniform translational motion of three or more microvolumes,
their relative velocities being changed to provide a non-zero difterence in their accelerations
in three-dimensional space.

It need hardly be said that the state of the solid during shock loading differs significantly
from that of the unloaded material. According to modern theoretical and experimental data
(Panin, 1987) the shock loading of a solid results in a transition into the so-called unstable
structure state, which permits one to consider it as a viscous fluid. Experimental data on
the local particle velocity disribution obtained in sit using the velocity interferometry
allows us to estimate the local viscosity of the solid during rotation. The aforementioned
whirl-like motion of dynamically loaded solids reminds one of analogous processes in the
mechanics of fluids. The transition of media from laminar to turbulent motion is known to
result in fowering the resistivity of viscous media. The flow regime depends on the relative
velocities of adjacent lows AV, turbulent scale L, viscosity m, mass density r and can be
characterized by the dimensionless value called Reynolds’ number (Hintz, 1963):
Re = rLAB/m.

According to turbulence theory the inertial forces are known to be balanced by the
viscous ones under a certain correlation between the previously numerated parameters, In
but with increasing loading velocity the interior of these circles is damaged, the separate
this case the energy exchange between microvolumes of media separated by the whirls
can be neglected (the so-called universal Kolmogorov equitibrium state™). In this zone
the turbulence does not depend on the external conditions and the Reynolds number
ties the flow parameters so that Re = |. The scale factor L can be determined directly
from photomicrographs in Fig. 2a for copper. The average particle velocity distribution
width of this case corrresponds to AV = 7 m s "', Tuking the scale dimension of rotations
L =5 um one can obtain the local viscosity 5 Ps, which differs from the average value for
the same material approximately by two orders of magnitude (Chhabildas and Asay, 1979).
Thus the local viscosity of ¢ dynamically loaded solid during rotation turns out to be a very
small value although the average viscosity may be great enough.

All rotation chains described are realized in the direct compressive waves and are the
result of a difference in positive accelerations of the microvolumes. Another important kind
of rotation motion of a solid is realized in the contrary release waves. These rotations are
discovered between loaded and spall surfaces of the target only. An example of similar
“ficld™ rotations is presented in Fig. 6 for copper M-3. Application of the fluid-crystal
technique revealed their local rotation relative to the solid matrix to be approximately 60°.
In this material the average size of rotations equals 40-70 um, which corresponds to a larger
scale level in comparison with the rotations in the previously described chains. In aluminium
and copper the “ficld” rotations arc uniscale. In particular. in copper M-2 inside one grain
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of size 150-200 um a number of rotations are contained, some of which cross the grain
boundaries without changing their form. This means that during rotation the material was
in the unstable structure state for which the grain boundaries are not a sufficiently strong
obstacle.

Microstructural investigations of shock loaded materials show that the development
of the rotation motion is realized after exceeding a threshold. It suggests that below some
critical value the localized deformation occurs along the crystallographic planes whose
orientation is tangential to the future rotation cell (see Fig. 7). Thus. the future rotational
cell turns out to be inside a polyhedron. the projection on the plane of cut appears as a
circle inside a polvgon.

The process of gradual evolution of new crystallographic planes of sliding oriented
around the future rotation turns out to be observed on the single cut of a target using the
so-called phenomenon of repeated spaltation. The latter occurs when the tensile stress n
the spall zone is essentially greater than critical spall strength. In this case the first wave
decreased by the critical spall strength after first spallation remains sutticiently great for
repeating the spallation at the new distance from free surtace. Therefore, there may be
several rows ol spalling in one target. At cach successive cross-section of the target. the
value of the tensile stress being smatler than at the previous one. it 1s possible to observe
the kinetics of development of the localized deformation or fracture including the kinetics
of the gradual increase of the number ol sheur bands around the tuture rotation. Figure 8
shows how the picture of focalized shear bands changes as one approaches the spall zone
from a loaded surtuce. At the lower row the myjority of the shear bands are ontented along
the wave propagation dircction but when the spuall zone is approached the curvature of
shear bands increases and at the last row the shear bands can be found to have a sharp
break under the angle 60 . Lastly, the spall-sphit itselt is a series of damaged disks inside
polygons which are formed in turn by the eryvstallographic shear bands. From the picture
presented one can see that by increasing the amplitude of the contrary release waves the
curvature of the shear bands increases as well and after some threshold loading velocity the
qualitative changing of the localization character occurs when a non-crystallographic mode
of localized deformation in the form of rotation is realized.

For the ductite stee! under investigation there are two kinds of rotational cells, the first
corresponding to the mesolevel (3-7 pm) and the second to the superstructural level (60-
200 um). The successive stages of formation of the lower scule rotation are shown in Fig.
9. Before the central part of mesorotation begins to rotate an intensive fracture happens
around the future rotation. This fracture results in the numerous fragments inside the
narrow split surrounding the future rotation. However, until this splitis locked the material
inside the circle does not rotate. At the next stage shown in Fig. 9b the material begins to
rotate, its fragments being gradually more round. During these stages a great deal of
warmth is created by the rotation cell as a consequence of the friction and fragmentation
processes occurring inside this cell. For the steel investigated an intensive heating of its
interior causes a phase transition of martensite into ferrit around the rotational cell. The
space range of this transition has a quite sharp front, as is clearly seen in Fig. 9a.

[t was found that the transition of dynamically loaded solids into the rotational mode
of deformation and fracture is accompanied by a sharp lowering of the amplitude of the
shock impulse at the free surface of the target. For example. for the ductile steel investigated
the free surtace velocity at the impulse plateau decreases from 200 ms 'to 150 ms . This
lowering is thought to be due to the aforementioned dissipative processes during rotation
motion.

The sccond interesting mode ot the rotation motion in solids at the mesolevel 1s
presented in Fig. 10. Every mesorotation consists of a series of the plane fragments remind-
ing onc of a flower, the petals of it being slid relative to cach other around a common
centre. Thus, the mechanism of rotation motion in this case reduces to the plane sliding of
fragments relative to cach other, and transiational motion of fragments to form the
rotational motion of the mesovolume as a whole.

The individual mesorotations. in turn, can unite into chains, segments, spirals or circles
depending on the particle velocity distribution at the superstructural scale fevel. Three
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Fig. 7. Two successive stages of the ticld-rotiiions forming in copper: () shear banding around
tuture rotation, (by last stage of rotation when the round split is almost locked.
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Fig. 8. Three sueeessive stages of increasing the shear bunds” curvature during repeated spaldling.
Upper phatograph corresponds to pertect spall split formed by series of rotations.
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Fig. 9. Two ditferent possibilitics For rotation forming in ductile sieels () and (b undamaged
interior of rotation. (¢) damaged interior surrounded by the splitwith material’s crunsh,
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Fig. 10. Mosorotation in ductite steel consisting of plane fragments which move with a relatively
common ventre.

(a) {b) (c)

Fig. T, Three ways of organizing the mesorotations into superstructural ones: (a) chain of meso-
rotations, (h) spiral, (¢) circle. First and second ways correspond to the unsteady disribution at the
superstructural level,
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Fig. 12, Two suceessive stages of the rotation forming in aluminiun alloy D-16.
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13, Three kinds of spall split depending on the ratio ¥y (a) step-like spall, (b) rotational
spall split, (¢) zigzag-like split,
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cells and the sigrag-hike preces i steel
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examples of these formations are shown in Fig. 11. It had been found before that the smaller
the PVDW at the superstructural level the greater the rotation diameters at that level
(Meshcheryakov et al.. 1989). For steady shock waves. super-rotations look like a perfect
circle reminiscent of a “"bearing”. the interior of which rolis relative to the matrix by means
of mesorotations. On the other hand, if the PVDW at that level changes during the impulse
front, the radius of super-rotations changes as well. For example, the widening spiral
shown in Fig. 11b corresponds to the narrowing of the particle velocity distribution at the
superstructural level.

Thus, the main principle of forming the super-rotations is the same as that of meso-
rotations. At the beginning of this process the mesorotations move around a future super-
rotation and after the ring has been locked. the material inside begins to rotate. the distinct
fragments being rotated relative to each other as well. This process is confirmed by the
liquid crystal picture where the separate fragments inside the super-rotation are seen to be
rotated at different angles.

The large-scale rotations at the superstructural level can be formed not only by the
mesorotations but also by simple cracks. For aluminium alloy D-16, onset of the rotation
is marked by the cracks disposed around and oriented in tangent directions to the circle.
Two successive stages of forming the similar “brittle” rotation are shown in Fig. 12

Finally, the spall zone itself can be formed by the rotation of one or another scale level
depending on the particle velocity disribution at these levels. The dimensionless ratio AV/V
can serve as @ criterion for the transition from one to another mechanism of localized
fracture. As it is scen from Fig. 13 the translational mechanisms are realized when that ratio
tends to unity and the relative velocities of adjacent microvolumes are comparable with
their average velocity. The spall-split of such material has a step-like form, a typical
representative of which is shown in Fig, 13a.

Another extreme situation corresponds to the smallest value of the PVDW. In this
case the difference in velocitios of adjacent microvolumes is negligible so the material can
be considered as isotropic and uniform. In the mechanics of solids the deformation of
similar material is know to occur along the plines of maximal tangent directions that are
at 45" relative to the wave propagation direction. Accordingly, the spall-split in such
material has a zigzag-like form (see Fig. 13¢). An intermediate posttion occupies the rotation
way of spalling for which AV/V = 0.5,

It should be noted that these criteria are thought to be correct both at the meso- and
superstructural scale level. Furthermore, there are different combinations of mechanisms
described, two of which are shown in Fig. [4. The first shows the piece of two-level spail-
split, the failure of material at the mesolevel being realized by means of the rotation but at
the superstructural level—by means of the shear banding. Another visible combination
presented includes successive alterations of rotations and shear bands.

All mechanisms described are analysed here from the point of view of mechanical
characteristics of the material such as an average particle velocity, a particle velocity
distribution, stress and strain. The special interest in obtaining new materials concerns the
metallurgical aspects of these mechantsms. Similar work was carried out by using a ductile
steel of three regimes of tempering in order to provide the different microstructural and
mechanical propertics. Results of these investigations are now in preparation.
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