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Fracture destruction of materials upon loading of plates by flat explosive charges was
studied in [1~3]. The experimental technique used therein can be modified by using speci-
mens in the form of a wedge [4]. If this is done the critical loading conditions leading to
macroscopic fracture of materials can be determined in a single experiment, as can the condi-
tions corresponding to generation of fracture microdefects within the material. In addition,
by varying the value of the wedge angle and the direction of shock loading, information can
be obtained on the effect of shock wave exit angle on the free surface upon critical fracture
formation conditions in the given material.

The present study will present preliminary results of an investigation of type AD1 alum~-
inum, AMg6 aluminum alloy, M1 copper, and St. 3 steel., Specimens were cut from large-diam-
eter bars in the form of wedges with various wedge angles y. The transverse and longitudinal
dimensions of the specimens were selected sufficiently large to eliminate the effects of la-
teral deloading and the initial nonstationary loading zone upon the fracture formation pro-
cess. To remove internal stresses, the AD1 and AMgb6 specimens were annealed at 350°C and
the M1 and St. 3 specimens at 600°C for 1 h. The experimental configuration, explosive
parameters, and shock adiabats used for numerical calculations were described in [3]. The
value of the shock wave exit angle on the free surface was determined as follows: o = B £ v,
where B = arcsin (co/D), and co is the coefficient of the linear D—u relationship, D being
the explosive detonation rate, and the plus and minus signs correspond to loading from the
peak or the base of the wedge. The specimen depth at the point of formation of the macro-
scopic fracture h, was determined. The h,; value was measured along the normal to the loaded
wedge surface, The experimental results obtained are presented in Fig. 1 in the form of di-
mensionless critical specimen thicknesses corresponding to fracture formation, E* = h,/h.,
where h, is the explosive charge thickness, versus exit angle o. The points in Fig. 1 cor-
raespond to the following metals: 1, 2, AD1l aluminum, h; = 0.78 and 0.5 mm; 3, 4, copper,
hy = 0.6 and 0.75 mm; 5-7, St. 3 steel, h; = 2.6, 2.0, and 1.35 mm; 8, AMgb6 alloy, h,; =
0.78 mm; 9, AD1l aluminum, h, = 0.47 mm [3]; 10, copper, h; = 0.65 mm [3]. Photographs of
some of the specimens tested are presented in Fig. 2 (a, AMgé6 alloy; b, ADl aluminum, h, =
0.78 mm) and Fig. 3 (St. 3 steel, a, a = 24°, b, a = 48°, h; = 2.0 mm).

For all materials tested, there was a tendency toward reduction in Ty with increase in
angle o. This, in turn, indicates that an increase in angle a leads to an increase in crit-
ical pressure py in the shock wave required for fracture formation. We will attempt to esti-
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Fig. 3

mate the pressure p produced in the shock wave excited by the detonation of the explosive
layer as a function of the depth to which it penetrates into metal h. In the dimensionless
coordinates p= p/po, where po= pD?/4 is the Jouguet pressure, and b = h/h,, Fig, 4 presents the data
required for such anestimate. Curves land 2are resultsof hydrodynamic calculations of shock wave
attenuation insteel and aluminum [3], curve 31is experimentalresults for St, 3steel [2], while
curve 4 is experimental results for the aluminum alloy AMts {[1]. The lower & scale is for
aluminum, the upper one, for steel. While in the case of aluminum the hydrodynamic calcula-
tion gives a satisfactory description of attenuation for h < 20, for St. 3 steel, which has
very high shear strength, there is significant divergence between calculated and experimental
results. The experimental results 3 and 4 over the ranges h (1~7) and (1-30) can be approxi-
mated by monotonically decreasing functions p(h) 5 andé respectively. We will extrapolate
these curves to values of T = 15 and 60 for steel and aluminum. This will require certain
further assumptions. First, the true function P(h) should show a more significant decrease
than the hydrodynamic calculation, i.e., the distance between the curves should increase
with increase in W, Second, we assume that curves 5 and 6 pass through the ranges 7 and 8,
the upper limits of which correspond to critical fracture formation conditions for St. 3
steel and AD1 aluminum under conditions of normal shock wave incidence on the free surface,
while the lower limits are conditions for formation of fracture microdefects in the materi-
als. For copper, the hydrodynamic approximation calculation of p(h) actually coincides with
the calculated dependence for steel. Considering the lower shear strength of copper, it is
acceptable that the p(h) curve for copper will be located somewhat above curve 5 for steel,
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Fig. 5

and consideration of its monotonicity and passage through a similar critical value range will
allow comparative estimates of px for various angles c.

Calculations of the effect of angle a on py revealed that an increase in « from 0 to 56°
leads to an increase in p# for aluminum from 1.4 to 3.0 GPa. For the aluminum alloy AMgé the
px value at @ = 0° should be somewhat less than 3.0 GPa (shock wave attenuation in the harder
alloy AMg6 must be higher than in the plastic AMts), and px increases to 3.5 GPa at o = 28°.
For St. 3 steel, increase in a from 0 to 48° leads to an increase in psx from 3.3 to 5.0 GPa,
while for copper, increase in « from O to 40° leads to increase in px from 3.0 to 3.9 GPa.

A metallographic analysis of the character of fracture destruction of the metals studied
was performed. Figure 5 (200x magnification) shows a view of the microdefects generated
(left-hand views) and the initial stage of macroscopic fracture formation (right-hand views)
in aluminum (a), AMgé alloy (b), and copper (c). Results for St. 3 steel are shown in Fig.
6: a, intense twinning in ferrite grains in a thin (v1 mm at h, = 2.0 mm) laver at the load-
ing surface, x500; b, microcracks being formed, x500; c, initial stage of macrofracture for-
mation, %x200.

Figure 7 shows results of Vickers hardness determinations of several of the metals
tested: 1, aluminum, h, = 0.78 mm; 2, AMg6 alloy, h, = 0.78 mm; 3, copper, h; = 0.6 mm; 4,
St. 3 steel, h; = 2.0 mm. Measurements were performed with a 50-N loading. At least seven
impressions were measured at each point. In their original state, the specimen materials
showed hardnesses of 19.5, 82, 49, and 124 GPa, respectively.

We will note some unique features of the results obtained. There is a clear tendency
to increase in the critical pressure in the shock wave required to produce fracture in the
metals studied. To explain this phenomenon, it is desirable tostudy the effect of shock-
wave exit angle on the critical conditions for generation of fracture microdefects, and to
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e Fig. 7

use the results obtained for a calculated simulation of the oblique loading process, consid-
ering the real elastoplastic properties of the materials and the kinetics of microdefect
accumulation and its effect on the character of wave processes in the failing material.

Of definite interest is the question of the effect of alloying on the fracture strength
of the materials. Figure 2 shows views of AD1 aluminum and AMg6 aluminum alloy specimens
(main alloying component magnesium) which had been loaded by explosions of planar charges of
identical thicknesses. It is evident that the two materials have significantly different
resistance to macroscopic fracture destruction, as was also observed in [5], while generation
of microdefects in both materials takes place at approximately the same loading level (1.0
GPa).

Thermal processing also has a significant effect on resistance of the metals to fracture
destruction. As an example, Fig. 1 shows points 9, 10, from [3], where the specimens had no
preliminary thermal processing. Calculations show” that the thermal processing performed led
to a reduction in p, for aluminum and copper of 25 and 40%, respectively.

The results of the metallographic analysis indicate that fracture formation in aluminum,
AMg6 alloy, and copper (Fig. 5) has a viscous character. The microdefects are pores of arbi-
trary form and small viscous microcracks, while in [6] the microdefects generated in aluminum
and copper had the form of spherical pores. In the alloy AMg6 the microdefects were formed
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at accumulations of inclusions, while in aluminum and copper they occurred at random. Merger
of a large number of microdefects leads to formation of viscous macrocracks. The intense
ferrite twinning zone observed in St. 3 steel (Fig. 6) is produced by a reversible phase tran-
sition of ao-iron to the e-phase at pressures above 13 GPa. Commencement of fracture destruc-
tion in St. 3 steel in the form of microcracks is of a brittle character, while development

of the macrocrack occurs in a more viscous manner, as was also observed in [7].

The hardness measurements indicate that shock hardening of the materials is generally
insignificant. TFor example, in the case of copper at a pressure of V15 GPa, close to the
pressure on the loading surface, according to an analysis of a large numer of experimental
studies performed in [8], the hardness increases to 0.9-1.0 GPa, while in the present study
a value of 0.7 GPa was found. Similar differences were found for the other metals. Appar-
ently this can be explained by the fact that in the present study massive specimens were
loaded by thin planar explosive charges, which are relatively low-intensity and localized
loading sources. Therefore the deformation produced by settling and bending of the metals
was minimal, while the contribution of these factors to explosive hardening is apparently
quite significant.
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