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DEPENDENCE OF THE CRITICAL STRESSES ON THE LOADING TIME
PARAMETERS DURING SPALL IN COPPER, ALUMINUM, AND STEEL

V. I. Romanchenko and G. V. Stepanov UDC 620,17

Intensive shock and explosive pulse loads, used extensively in a number of modern
engineering areas, result in the origination of a specific kind of fracture, called spall, in
the construction material which is caused by the appearance of tensile stresses during inter~
action of opposing loading waves [1-4].

In this connection, an investigation of the operability of materials, and the clarifi-
cation of those conditions under which they do not fracture under the action of pulse loads,
are of practical interest. The independent scientific interest in the investigation of spall
is due to the possibility of setting up a strength-time relation for short-range actions (to
10™7 sec) of high stress levels.

The development of loading facilities and methods of recording parameters behind shocks
(precisely there does spall occur), and the application of continuous recording methods [5-8]
permit advancement in this area. From the authors' viewpoint, investigations [9] using
laser interferometers permitting the experimental recording of the wave profile during load-
ing and determination of the force and time characteristics of the spalling fracture thereby,
were substantial progress. However, use of an acoustic approximation by the authors of this
paper during processing of the experimental data should apparently be considered just the
first step to obtaining the information needed. In the pressure range to 150 kbar, as is
known, the shocks are elastic—plastic in nature in the majority of structural materials for
which the presence of an elastic part, an elastic predecessor, anda plastic wave being pro-
pagated at different velocities, is characteristic. The acoustic approximation does not
take this circumstance into account and can induce a significant error, especially in de-
termining the load time parameters [8]. Moreover, knowledge of experimentally determined
properties of the materials used as parameters in these problems is necessary for a numerical
examination of the different problems associated with the elastic—plastic wave propagation
and the fracture of the bodies ([10], for instance). Hence, the appropriate models of the
medium should be used in processing the experiments.

A method and the results of determining the load force and time characteristics during
the spalling fracture of copper, the aluminum alloy B95, and steel subjected to the action of
plane shocks of intensity up to 160 kbar, are presented in this paper. The material is
considered an elastic—plastic body under loading and unloading.

Because of the practical impossibility of recording the load parameters in the spall
domain, they are assessed by means of the change in state on the interface of the material
being tested and a material of low dynamic stiffness. The diagram of the experiment is repre-
sented in Fig. 1. The impactor 1 of 90-mm diameter was accelerated in an air-passage appara-
tus assuring extreme planarity of the collision, to a velocity Vo of around 900 m/sec, t-x
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and p—U diagrams of wave interaction in the specimen 2 are represented in Fig. 2 (t is the
time, x is the coordinate, p is the stress normal to the wave front, and U is the mass flow
rate). Domains in the t-x diagram correspond to the points in the p—U plane. To produce
opposing unloading waves in the specimen which are capable of causing fracture during inter-
action, the impactor material should have a smaller or similar dynamical stiffness relative
to the specimen; the "soft" material 3 (Fig. 2) has a considerably lower dynamical stiffness.
For this reason the impactor was fabricated from aluminum or from steel, while organic glass
was used as the "soft" material. A dielectric transducer 4 that permitted continuous re-
cording of the pressure change behind the shocks for a long time (around 10 usec) [8] was
uged for the recording. A typical test oscillogram and photograph of the specimen with
spall are presented in Figs. 3a and b. The stress profile on the specimen—organic glass
interface, following from the t—x and p-U diagrams, is presented in Fig. 4. The time t:
corresponds to arrival of the shock at the interface, t, to arrival of the unloading wave
from the rear surface of the impactor, while the time ts; is associated with reaching the
critical stresses 0., in the spall plane (the maximal tensile stresses are understood to be
critical). ZKnowing the magnitude of the stresses at the points 1, 5, 6, the shock adiabats
and unloading isentropes of the appropriate materials, we can determine the magnitude of the
stress ocy during fracture. As is seen from Fig. 2a change in stress from the shock com-
pression pressure p, to the critical magnitude of the tensile stresses occurs in the spall
plane when neglecting the curvature of the characteristics during the time At = ts — t,.
Therefore, the mean rate of load change in the spall plane

(dp) _1Pa] o |

dtfo At

£

and the strain rate

can be estimated from the oscillogram, where p is the density, and D is the shock velocity.

As experiments have shown, a shock in steel and aluminum has an obvious elastic—plastic
configuration. Since the stresses being measured are comparable to the Hugoniot elastic
limit p,, the material behavior was described by the theory of elastic—plastic strain. Under
loading’ the material is initially deformed elastically to the point A (Fig. 5), then plasti~
cally to the point B corresponding to the shock compression pressure, under unloading from
the point B, elastically on the section BC, and then plastically to the magnitude of the
critical stresses. The line AB exceeds the hydrodynamic compression line by (2/3)or = const,
i.e., the diagram of ideal elasticity-plasticity is taken (the Bauschinger effect is ne-
glected)., Magnitudes of the stresses in the elastic and plastic waves are computed from the
known relationship Ap = pDAU. 1In the elastic domain D = 6.1 km/sec for steel, D = 6.4 km/sec
for aluminum, and 5.05 and 5.5 km/sec, respectively, in the plastic domain. No elastic
properties were detected in copper even at low shock compression pressures; consequently,
the hydrodynamic compressibility model with D = 4.15 km/sec was taken for it. Their mean
values in the pressure range investigated were taken as plastic wave velocities in aluminum
and copper. The deviation from the mean did not exceed 5% for both metals.

Since the material starts to be deformed in the reverse direction during fracture
(there had been tension, compression starts), then the more rapid propagation of the spalling
pulse over the thickness of the spall layer of the elastic part results in its shift relative
to the unloading wave represented by a family of C4 - characteristics, whereupon an earlier
change in stress occurs, and the stress on the gpecimen—organic glass interface p; turns out
to be exaggerated as compared with that which would correspond to o., at the point M. We
then represent the quantity 0., as the sum
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where 03 is the magnitude of the tensile stresses at the point 3, where it is calculated by
using the formula

03 = (@ps + P + 0Dp (U — U))/(1 +a), @ = Dy/De,

which is valid for ooy < 2pe and p, > 2pe, otherwise the lines 6-3 and 1-3 (see Fig. 2) are
bilinear; De and Dp are the elastic and plastic wave velocities in the material under investi-
gation, U, and Us are the mass flow rates in the "soft" material under the pressures p: and
De, respectively (agreement of the unloading isentrope with the shock adiabat in p—U co-
ordinates was taken for the organic glass; information about the compressibility of organic

glass was taken from [11]); Ac is the stress change in making the transition from point 3 to
point M:

1 {dp 1 1

S R
2 (It)p (/P l)e

where (dp/dt), is the rate of change in the stress along the "tail" of the C. -characteristic,

(dp/dt)p = (Ipg] + los))/0.5 At ; Cp is the propagation velocity of the perturbation along the Cy-

characteristic passing through the point M (its magnitude is determined experimentally from

the test oscillogram. It is usually close to the plastic wave velocity), and § is the spall
thickness.

Fig. 3
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The time of temsile stress growth from zero to ocr
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can be determined from the rate of load change in the small plane. Direct measurement of tt
was performed in experiments by the "artificial" spall scheme, whose crux is to assure zero
tensile strength of the material in the plane of the assumed spall in the test. The location
of this latter was determined in the test in a complicated manner, then an identical specimen
was slit along the spall plane and the same test was performed. Comparing oscillograms with
a continuous record of the parameters behind the shock front in either case permits the
experimental determination of ty.

The results of the investigations are presented in Fig. 6 (1 is for copper; 2 for alumi~
num, and 3 for steel; the upper scale is for aluminum), and also in the table. Data averaged
over 2-4 tests are presented in the table. The time for the tensile stresses to drop from
Cor to zero tg was determined by the time to reach the maximum pressure in the spall pulse.
Variation of the rate of change in load was executed by changing the thickness of the impactor-
specimen pair and the collision velocity. The organic glass thickness was chosen so that
the unloading wave from its free surface would not affect the measurement. The maximum
specimen thickness used in the tests was constrained by the condition of one-dimensionality
of the strain during the whole recording time (t, in Fig. 2). Special tests, in which the
impactor was taken sufficiently thick to assure earlier arrival of the side unloading at
the transducer as compared with the rear unloading from the impactor, were conducted to de-
termine this time. The times of the beginning of the pressure drop behind the shock front
were measured, which were also taken as the time of one-dimensionality of the strain. The
specimen minimum thickness was selected so as to assure damping of processes associated with
viscosity of the material. It is known [12] that the influence of viscosity due to the high
strain rate is most substantial close to the collision surface. An experimental study of
elastic predecessor attenuation in small steel and aluminum thicknesses [13, 14] permitted
establishment of the last allowable specimen thickness in the experiments, which was 10 mm.

As the collision velocity Vo diminished, the time when there was no fracture set im for
each of the metals, The maximal tensile stresses in the specimen o% and the time of their
action were determined from the oscillograms for such cases. Checking on the presence or
absence of fracture was by microscopic observation of cuts from specimens subjected to loading.
A 100-fold enlargement usually turned out to be sufficient for macrocrack detection. The
stress at which there was no mainline crack was taken as ox.
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TABLE 1

— -
Mater. of :gw_i}ﬁ_liness. (@) tp’ .o tp. fisec

. impactor— {im- dt Jq, Cr Vx|l o, erm i, lsec

Ve, spé%.pau pac~ lspec.| kbar Hsec kbar ("artif. ok

m/sec for Tsec | (comp.) spall)
224 AL—ST 10 15 — — 15,2 — —
358 ST~—ST 2 10 238 0,16 37,2 - 0,1
383 AL—ST 10 15 63 0,35 22,1 0,32 0,27
400 » 10 40 38,5 0,56 24,3 0,6 1,2
455 » 10 15 91,5 0,29 26,6 0,26 —
580 ST—ST 5 10 296 0,14 40,0 — -
588 » 2 10 392 0,12 452 0,1—0,15 0.1
870 AL—ST 10 40 67 0,37 24,5 — ~1
200 | AL—AL | 10 | 15 — — 10, — -
328 » 10 15 43 0,40 17,2 0,34 0,55
380 » 10 15 55 0,29 16,0 0,33 0,65
450 » 10 | 40 205 | 082 16.8 0.68 18
633 » 10 15 72 0,24 17,5 — 0,35
760 » 43 | 10 | 123 0.15 184 0,15 05
78 AL—M 10 15 — — 5,5 — —
163 » 10 | 15 28 0,21 5.9 0,19 1,9
225 » 10 15 32 0,23 7,3 0,25 2,0
400 » 10 | 15 85 013 845 | 0,4—0,451 1.0
533 ST—M 2 10 300 0,034 10,2 — 0,45
762 AL—M 10 15 124 0,07 8,7 — 0,65
780 ST—M 5 15 370 0,03 11,1 <0,1 0,37

Note: AL) aluminum; ST) steel; M) copper. In aluminum pg =
5.5 kbar and in steel pg = 9.5 kbar.
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As is seen from the results presented, the influence of the loadihg rate is most essenti-
al in steel, and refers to a lesser degree to copper also. The strength of aluminum (the
alloy B95) depends slightly on the loading rate. Such a dependence is observed qualitative~—
ly in quasistatic tests also [8].

Comparing the results obtained with the numerous data of other researchers is sufficient-
ly complicated because, with rare exceptions ([10], for instance), direct experimental
measurements of the shock profile were not performed in the majority of papers. The follow-
ing must hence be noted,

The development of spall in materials occurs because of the interaction of two opposing
unloading waves. When using the stress gradient or the rate of stress change only behind the
incident wavefront as the time characteristic, the influence of these parameters behind the
reflected unloading wave front on the nature of the load change at the fracture site is not
taken into account, Evidently, the rate of pressure change and the pressure gradient in the
material are lowered (the characteristics diverge) as the unloading wave is propagated over
it, hence, the rate of load change in the spall plane depends on the path transversed by
both the incident and the reflected waves, i.e., on the thickness of the impactor—specimen
pair and on the thickness of the spall.

It is seen from the gymmetric pattern in the domain of interaction of two opposing un~—
loading waves that the state parameters in two symmetrically disposed points belonging to the
last C4 and C_-family characteristics are perfectly identical. Conditions for spall occur
simultaneously on the last C4 and the last C_-characteristics. The fracture condition is
satisfied between these points since the tensile stresses here are large. An analogous pattern
holds also for the nonsymmetric interaction of unloading waves. This can be explained by the
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presence of friability, the intensive fracturing in the domain adjoining the spall, as de-
tected in a number of papers [15-17]. It follows from simple computations that the width

of the unloading wave interaction domain during the collision of plates has a dimension on
the order of 1 mm depending on the thickness of the impactor, the specimen, and the spall.
The tensile stresses at points belonging to this domain vary between zero and —p,. Conse-
quently, the accuracy in measuring the spall thickness strongly affects the computation of
the critical stresses determined in a number of papers on its magnitude. This, as well as
the absence of direct recording of the shock profile during spall can explain the consider~
able spread in the experimental data for identical materials, which sometimes differ by an
order of magnitude [18, 19]. The use of oscillograms with a continuous record of the change
in state parameters behind the shock front and a suitable selection of the material behavior
model is capable of yielding objective information about the magnitudes of the acting stresses
and of the load time parameters during spalling fracture.

Results of the present paper on the order of magnitude of the critical stresses agree
with the data for steel in [2, 3, 20, 21], for copper in [2, 9, 18], and for aluminum in [2,
9, 20, 22]. The results on aluminum [23], steel [24, 25], and copper [3, 25], and the re~
sults of this paper show that oecr grows as € increases (Fig. 7). The asymptote on the ¢ axis
is the quantity ox, the stress below which spall in the material is absent for 2 usec. More
accurately, the body is not separated into two parts although the individual cracks are ob-
served in the material. The difference between the results in this paper and in [9] can be
explained by the difference in the time parameters used to construct the dependence, as well
as by the possible influence of flow inhomogeneity behind the shock front on the measure-
ments in [9].

The authors are grateful to V. V., Astanin and G, T. Rudek for aid in performing the
exXperiments.,
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VARTIATIONAL FORMULATIONS OF BOUNDARY~VALUE PROBLEMS IN
MATERTAL FAILURE

A. F. Revuzhenko ' UDC 539.375

In [1] we considered the formulation of boundary-value problems in the deformation of
materials which possess the property of localizing slip. In the present article we consider
variational formulations for the general case of material failure, when there are severe dis-
continuities both in the tangential and in the normal components of the displacements.

1. We shall confine our attention to the case of plane deformation or a plane stressed
state. We introduce the cartesian coordinates Ox;x,. We denote by S the deformed region
bounded by the contour I'. Suppose that for specified load parameters the region is divided
by a line of severe discontinuity of the displacements. Hereafter, it will be sufficient to
confine our attention to the case of a single line. The results remain valid for the case
of several lines. We assume first of all that the trajectory of the distribution of the
lines is known either from experimental data or from symmetry conditions, or that it is
given on the basis of additional concentrations. For one rather broad class of models the
boundary-value problem of the propagation of the discontinuity lines and the deformation of
the material outside the lines can be reduced to the determination of the stationary values
of certain functionals on the class of discontinuous functions. The functionals must depend
both on the behavior of the functions in the region of smoothness and on the value of the
discontinuities of these functions. Suppose that in S there are given certain fields of
stresses 0jj, displacements ug, and variables Ap(i, j, k=1, 2, r =1, 2, ...). We define
the functional

W | F(ui, ufs, v%, of, ofin M, M, 2,) daydn, -+ [ Fur, .. ande,+ (va—[na, @D
st i . S-—‘ L r

where A = uy o + Uz, 15 012 = 0213 U, Il are functions defined on the line of discontinuity L
and the external boundary. Here and hereafter, a comma before a subscript denotes differ—
entiation with respect to the appropriate coordinate, and the superscripts +, -, indicate
the notation in the regions to the right and left of L. We assume that on real solutions
the functional is stationary. We consider the formulation when all equations are completely
determined by the variational principle, and consequently there are no other limitations
within St, §~. The necessary condition for an extremum leads to the following system of
Euler-Ostrogradsky equations:
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