FAILURE IN MATERTALS ON LOADING WITH THE EXPLOSION
OF A SHEET EXPLOSIVE CHARGE
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Loading by detonating a sheet explosive charge is widely used in practice in explosive experiments. This
includes, for example, hardening and explosive welding [1], and the investigation of spallation damage in metals
[2~4]. Combining this simple method for loading with a calculation of the flow of the stressed material has
provided comparative results on the spallation damage in a number of metals and polymers, which, in their
turn, can be compared with results obtained with other conditions of pulsed mechanical loading (detonation of
a block explosive, impact by a plate).

The setup of the experiments involving loading of plates by a detonation of a sheet charge of plastic ex-
plosive and the wave propagation that is realized with such a scheme are presented in [2]. The metal samples
studied were cut out of corresponding rod-shaped materials and plastics were cut out of sheets. The dimen-
sions of the stressed surfaces were chosen sufficiently large in order to eliminate the effect of lateral loading
and the initial nonstationary loading zoue on the process of spallation. The loading charge was initiated by a
linear detonation wave generator consisting of a perforated plastic explosive [5]. After loading, the nature of
the spallation damage was observed visually and the thickness of the spalied layer was measured.

The flow field in the detonation products and in the stressed materials was computed numerically by the
method of characteristics. The computational method used is described in detail in [6, 7]. The expansion
isentropes of the detonation products were assumed to follow a cubic polytropic curve, the equation of state
of the materials investigated without taking into account the effects of strength and change in entropy along
the shock-wave front were assumed to be known linear D—u relations between the wave and mass velocities,
and, in addition, it was assumed that they could be extrapolated to negative pressures. In the calculations,
we determined the maximum negative pressure p in a plane corresponding to fracture failure and the pressure
gradient Ap/Al in the stretching pulse, whose shape in this case was nearly triangular. These parameters,
characterizing the failure-inducing stretching pulse, were successfully compared in [ 8] in stressing a number
of metals by detonating a block explosive.
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Figure 1 shows the computed dependence of the velocity of the free surface of an aluminum plate loaded
by the detonating sheet charge as a function of the dimensionless thickness of the plate hy/hy hy is the thick-
ness of the explosive layer, h, is the thickness of the aluminum plate) and the results of measurements of the
velocities of thin artificial spalls (AMts aluminum alloy 1 [2], AMg aluminum alloy 2 [3]). The satisfactory
agreement between the computed and experimental results indicates the possibility of using the computational
method used for plastic metals and polymers. Inthe case when metals that have significant shearing strength
are stressed, the shock wave propagating through the material will be more intengely damped and the calcu~
lation can only estimate the upper limit for the amplitude of the shock wave reaching the free surface of the plate.

Figure 2 shows the results of experiments with Adl aluminum [h; is the thickness of the first spalled
layer (the average value of the thickness determined by not less than 10 measurements), measured here for
values of hy equal to 2mm (1), 4 mm (2), 8 mm (3), 12 mm (4) and in the absence of visually observable sep~
aration (5)], indicating the existence of a scale effect for spallation of aluminum, also observed in experi~
ments on the collision of aluminum plates [9, 10]. A similar effect was also observed for other materials in~
vestigated in this work. The values of hy obtained by linear extrapolation, corresponding in Fig. 2 to the ab-
sence of visually observable separation of layers, correspond to sections that are more susceptible tospallation.
This is supported by a more defailed examination of microsections using a microscope. In Fig. 3a (=
0.34 mm, h, = 8mm), a spallation damage zone that has already been completely formed is observed in the
sample, although separation of layers, i.e., spallation, occurs only with subsequent increase in the load inten~
sity [Fig. 3b &y =0.37 mm, h,=8 mm)],

The starting data used in the calculations and the range of the measured values of hy and h, are pre~
sented in Table 1 (o is the density, ¢4 and A are the coefficients in linear D~u relations), and the results of a
numerical analysis of the experimental data are presented in Fig. 4 (the numbers in Fig. 4 correspond to the
numbers of the materials in Table 1) in the variables &/Ap/Al, p). The choice of variables stems from an
attempt to systematize the results obtained using the energy criteria for spallation damage presented in [11],
which consist of an energy balance equation for failure. In application to the results of the present work, the
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TABLE 1

No, ' P ISy Ymin-
Material g/em® gec/ A by mm | hymm | o
1 [AD1 aluminum 27 |52 [ 1,30 | 03-28 212 1,25
2 1D16 -hardened aluminum alloy 2,78 —_ — 0,5—1,8 10 7,10
5 |D16 aluminum alloy (annealed) —_ — - 0,4—1,1 10 2,65
4 | AMus aluminum alloy {2 23| — | — 0,5—2,2 2—15 | 1.2
5 1AMgaluminum alloy (3] 284 | — — 3—5 8 6,53
6 |M1 copper 893 | 395 1,50 | 03-15 242 | 0,60
7 |NT2 nickel 886 | 462 | 1.52 | 0,3—1.8 2—4 2,97
8 1PS1 lead 1,3 1203 | 152 ] 03-05 8—12 | 0,1
9 |St, 3 steel 785 | 4,57 [ 1,49 | 0,3—1,6 2—4 3,30
10 ISt, 3 steel [3, 4] — — - 35 5—-40 | 9,15
11 |SCh18-36 cast iron — — — 0,5—0,8 4 0,43
12 |12Kh18N10T steel 780 | — — 0,8—-2,6 2—4 >35
13 1y Ta, VI14 titaniim’ 451 1522 10,77 | 08-286 2—4 >47
14 {Teflon 249 | 153 | 1,95 | 03—-06 3—15 | 0,28
15  |Plexiglas 1,08 | 2,59 | 1,51 | 0,8—09 10—20 | 0.15
16 |Polyethylene 1oe2 | 20519 | 03-06 5-20 | 0,05
17 |PT Textolite 14,36 § 2,65 | 1,49 | 0,3-05 10—15 10,05
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TABLE 2

- Toading 1|
esulis of bydetonat-Loading -
Material {Uie PSR 4 1’%5 e

Results of |[Loadingb .
the pres- detona%— y Loadin
Material |ent work | ing a. by plate

ent work ibiock

4 impact act
2“18‘@ pact charge
Aluminum 1.3 1,718] 15]43] jLead 0,4 44— 1,6 —
Copﬁ)e: 0,6 44 — 24— (ISt, 3 steel 3,3 32 -
Nickel 3,0 92 — | 40 — !.Plexiglas 0,15 0,65 {10}

i

energy criterion for spallation has the form p’/(Ap/Al) =6pc§'y, i.e., the stored elastic energy in the stretch~
ing pulse is equal to the work v expended on separating the spalled layer.

The considerable scatter in the results obtained (Fig. 4) indicates that the results cannot be uniquely
represented in the form of clear-cut dependences p(Ap/Al), as was done in [ 8]. The magnitude of the param-~
eter y can thus change significantly and arbitrarily in experiments conducted with specimens prepared from
the same material. Thus, for AD1 aluminum andTeflon, for which a considerable number of experiments were
performed, the magnitude of the parameter v varies over the ranges 1.3-7.1 and 0.3-1.1 J/cm?, respectively.
In order to compare the materials studied, it is apparently useful to choose the lower value of the parameter
v, which can be determined for each of the materials, thereby fixing the limits of the gpallation damage zcne
and conserving the continuity in Fig. 4. The magnitude of the minimum effective failure energy vy will in
this case characterize the necessary but not sufficlent conditions for spallation of the materials investigated
under analogous or compatible conditions of pulsed mechanical loading. The values obtained for the magnitude
of ymin are presented in Table 1. Tt should be noted that the titanium and 12 Kh18N10T steel samples with
thickness up to 4 mm did not withstand spallation, while the estimated values of yyj, for these materials
were determined under the arbitrary assumption of a weakest average cross section of the specimen (y =h,/2}).
In order to create the conditions for pulsed mechanical loading of the materials, we used a plastic explosive
of density 1.52 g/cm? and a detonation velocity of 7.8 km/s. In carrying out the numerical analysis of the ex~
perimental results of [2-4], calculations were performed for the explosives used in these works.

Let us point out some of the properties of the visually observed failure in the mater als investigated.
For the metals, with the exception of St. 3 steel and cast iron, the external appearance of the failure surface is
dull and stringy, which indicates the viscous nature of spallation in these materials. In reflected light, re-
flections from the spallation surfaces can be seen on the failure surface of St. 3 and cast iron, which indicates
the brittle nature of the failure. The more coarse and even appearance of the failure surface for polyethylene,
less coarse for Teflon, and quite even for Plexiglas and Textolite, which fails along the binder layers, should be
noted. When the shock wave that reaches the free surface has a sufficiently high intensity, a clearly expressed
double spallation was observed in Plexiglas and Textolite, and, in addition, the thickness of the second spalled
layer exceeded, by not less than a factor of 2, the thickness of the first layer, while in Teflon and polyethyiene
a zone in which layers of the material were separated was observed behind the spalled layer. For sluminum,
on the other hand, the second spalled layer had approximately half the thickness of the first layer. The ob-
served effects are explained in [12] from the point of view of a kinetic approach and are apparently related to
the difference in the spallation mechanisms in brittle and ductile materials.

It is useful to compare the results obtained in the present work with the results obtained under differ-
ent conditions of pulsed mechanical loading. Under impact loading by a plate, the shape of the stretchingpulse
is nearly rectangular, while under loading by detonating a sheet charge and a block charge it is nearly tri-
angular. The energy criterion for these cases is written in the form p21=2pc%y and p%; =6pcly respectively
(I is the length of the stretching pulse, and in the present work [ =hy/cos (aresin (c)/D)), where D is the detona-
tion velocity of the explosive charge). The values of y,i, Obtalned by plate impact, detonating a biock ex-
plosive, and those obtained in the present work by detonating a sheet explosive charge are presented inTable 2.
One can see the difference in the values of the effective failure energy determined in this manner, which is
apparently related more to the change in the scale of the system than to a change in other parameters of load-~
ing (loading intensity, form of the load~deformed state, andothers), This is also indicated, for example, by the
increase in the quantity y,,;, t0 9 J /em? for St. 3 [3, 4] with a loading method similar to that used in this work
and an increase in the scale of the system and the decrease in the magnitude of vy, iy, for aluminum 6061-T6
to 1 J/cm? [14] under loading by plate impact and a decrease in scale. Such considerable coupling of the ef-
fective spallation energy of materials with the scale of the system appears to stem from the fact that the initial
stage of the failure process, nucleation and development of pores, in the case of a viscous material or cracks
in the case of a brittle failure, occurs in a volume whose characteristic size is comparable to the size of the
loading stressing pulse [15]. Thus, it may be assumed that the energy absorbed initially is proportional to the



scale of the system, while the energy absorbed in the final stage, when the damage coalesces into a mainline
crack, depends on the scale to a much lesser extent. This is also indicated by the more weakly manifested
scale effect (see Fig. 2), compared with the purely energetic effect [ 11], in the presence of spallation, also
observed in other works [9, 10, 14].

Thus, the effective failure energy obtained in experiments on fracturing, revealed in [16], while sig-
nificant inmeasurements for comparing the spallation conditions of different materialsunder identical loading
conditions, characterizes the properties of the loading system more than the intrinsic properties of the mate-
rial. The value of the failure energy that characterizes the properties of the material can be determined if
the scale of the system is decreased or the available results are somehow extrapolated to conditions under
which failure is localized in a zone with a characteristic size of the order of the size of a grain. Inthis sense
it is of interest to compare the effective spallation energy to the propagation energy of a single crack Gy
obtained under conditions of plane deformation. The values of Gy¢ presented in [17] for 7075-T6 aluminum,
low-alloy steels, and Plexiglas, are 0.8, 1, and 0.07 J/ cm?, respectively, and apparently are extreme values
for the quantity v for decreasing scale.
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