KINETIC CHARACTERISTICS OF SPALL FRACTURE

A. N. Dremin and A. M. Molodets UDC 539.4.019.1

The fracture process that occurs during interaction of opposing rarefaction waves is called spall. The whole
process hence proceeds within ~1078 sec, which is 3-5 orders of magnitude lower than for quasistatic fracture, and the
maximum negative stress (spall strength) is correspondingly several times greater.

Up to now it has been established that the time of negative stress action during spall, together with the stress
itself, plays an important part [1, 2], while the question of separating the spall fracture process into stages, just as is
done in investigations of quasistatic fracture [3, 4], is discussed to some degree in practically every paper on spall.

Thus, the initial stage of spall fracture is considered in [5] as the process of generation and growth, whereupon
microcracks appear and grow, and satisfactory agreement is obtained with experiment for moderate damage levels in the
metals, This same approach is used in [6] in an investigation of spall in a polycarbonate. In this paper it is proposed
to consider four spall fracture stages. In [7] it is proposed to consider two spall stages. It is also recommended to
describe spall as a two-stage process in [8]. The need to delimit the spall fracture process is also mentioned in [9, 101.

Therefore, delimiting the spalling process by stages can be considered standard; however, the question of the quantity
of stages, and therefore, of their characteristics and conditions for making the transition from one stage to another remains
open.

Moreover, despite the fact that schemes for the time dependences used for the spall strength permit the mutual
matching of data on spalling [7-15], such dependences (see [15], say) do not allow extrapolation into the large loading time
domains (107 sec). The question of the correlation between spall and quasistatic data is discussed in the literature in
{5, 7, 8,15, 16].

The spall process is delimited into pre- and postcritical stages in this paper, in the sense of the definition given for
the stages in [4], a description of the precritical spalling fracture stage in metals is proposed, and the correlation between
spalling and quasistatic strength measurements is also established.

The results of recording the free surface velocity in steel by a capacitive transducer method [17] under the conditions
of one-dimensional loading in three series of experiments with a substantially different stress profile shape in the passing
compression wave were the initial experimental data.

The stress profile shape in specimens at the distance of the free surface from the plane of shock-wave entry was
verified by using manganin pressure transducers [18]. The shock amplitude o, was here for 90 kbar, for the first series,
the stress profile behind its front had a descending shape with a characteristic 6-usec duration. The second series, g, =
105-120 kbar, is characterized by a 2-usec pulse duration for a shape similar to the pulse shape in the first series. In the
third series o, was 130 kbar and the wave profile was almost rectangular with a 2-usec duration.

The steel St. 3 specimens of 120-mm diameter were cut perpendicularly to the axis from a bar as delivered. From
handbook data [19], St. 3 with a 0.18% carbon content has a strength ¢ = 4 kbar at a temperature T = 293°K, a yield
point g, = 2.4 kbar, and a Young’s modulus E = 2020 kbar.

Experimental oscillograms of the current in the capacitive transducer loop are presented in Figs. 1a-c for a recording
of the free surface velocity during spall in the first, second, and third series, respectively (a is 1 usec/division, b and ¢ are
0.5 usec/division). A section of the free surface velocity profile, obtained after processing the oscillogram in Fig. 1b, is
shown in Fig. 2. The cross denotes the error, and the time origin is the time of emergence of the elastic precursor on the
free surface,

Represented in Fig. 3a is the diagram of the free surface profile W(t) under spall that is characteristic. for this paper.
The following quantities were determined from the experimental profiles: the maximum velocity W, at the time t, , the
minimum velocity WB at the time ty> the acceleration W/, in the left neighborhood of tg (the dashed line in the profile of
Fig. 3a), the acceleration W in the right neighborhood of ty, the time between the nearest minimums of the velocity t,, t;,
i, and the time t =ty —t,. In the third series the time was measured from the time of emergence of the steepest

section of the plastic wave onto the free surface. The small strength ¢* was determined by the formula ¢* = 0,5¢,0,AW*
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[20] in the first and second series, with a correction for the elastic-plastic behavior of the material AW* =W, — (WB +
L W_Atg)[(21]. , where Atp=0.5t, (c)/cy — 1) [21, 22]. In the formulas for o* in St. 3, the density of the material was
po = 7.86 g/em3, the bulk speed of sound was ¢, = 4.64 km/sec, and the longitudinal speed of sound in St. 3 is

= 5.95 km/sec [22]. Determination of o* in the experiments in the third series was difficult because of the great steep-
ness of the graph of W(T) to the left of the point B in this series. Specular spalling [23] was realized in the third series.

The velocity fluctuations with period t, that follow the point B indicate that a second free surface, or a domain
with low dynamic stiffness, appears at a distance I = 0.5¢,c, [22] from the free surface within the specimen.

The values of i,, ¢t,, 1
tests of each series.

o*, as well as of the ratio beiween the times t, /t2 are presented in Table 1 for individual

*

Investigation of the specimens conserved after spalling [5, 6] discloses a set of cracks of different size. Description
of the behavior of such a discontinuous material in the terms of the mechanics of a continuous medium is related to the
introduction of complex [5] models. However, separation of the specimen into a sufficiently thin layer occurs during spall
in many cases, i.e., the size of the roughness on the spalling fracture surfaces is several times less than the thickness of the
spalling plate. This affords the possibility of considering the spalling process in just this layer.

A metallographic study of the specimens conserved in tests corresponding to Fig. 1 permits the exposure of a strong
damage layer of thickness 2417, whose core is at a distance /; from the free surface. Values of I, and A/, are presented in
Table 1.

It is seen from Table 1 that Al < (0.15 — 0.01)/; and /, practically agreeswith /. In this connection, let us examine
spall within the framework of the following scheme.

Let us define the spall plane as a layer of thickness 8§, whose middle is at a distance ! from the free surface, where
! >> 6, and a material that remains monolithic during the whole spall process abuts on the boundary of this layer. The
boundary of the layer turned toward the free surface is denoted by 6, and the opposite by §_. For a sufficient smallness
of & the stresses at &4 and §_ differ slightly, remaining practically identical even for a certain time after the be-
ginning of fracture in this layer. Hence, we will understand stress in the layer to be stress on &, for the requisite
smallness of 8. Since the boundaries belong fo a monolithic material, the stresses on the boundaries are related to their
velocities by the equation of state of a monolithic material, independently of the processes going on within the layer.
During fracture, the law of stress variation with time on the boundary 8, will govern the change in free surface velocity.

807



TABLE 1

Series |+,43%,| t,13%,

(t,/8:)+6%
No., {psec |msec . R

AT+, Hsec

kbar mm | hEsh,mm

2,18 | 1,82 1,198 +0,05 16. | 5,4 5,5:£0,5
0,66 | 0,59 | 1,119 —0,02 | 27 1,7 1,64-0,2
1,58 11,38 | 1,045 | —0,003 | — | 4,14 4,140,05

The description of spall within the scheme accepted reduces to setting up a law of expansion of the fracturing
layer. The process of growth of discontinuities in the spall plane is developed continuously most often {24]. However,
by analyzing the change in the free surface velocity during spall, a certain characteristic time can be extracted in this
process. Acceleration of the free surface (see Fig. 2) changes the sign in a small ("0.10t,) neighborhood of t, being
changed here by (W, —W_.) , which is (2-8)-10° m/sec?, i.e., in practice the acceleration at the point B experience a
jump. At some time the boundary &, would also experience a jump in acceleration of the same order; from symmetry
considerations the boundary § would be accelerated in the opposite direction. Therefore, an especially abrupt (mtense)
expansion (fracture) of the layer 5 starts at a certain time.

By comparing the times t, and t,, the time of the beginning of intensive fracture in the spall plane can be set with
sufficient accuracy. Experiments showed that despite the fact that the spall strength in the first series is 1.5 times less
than in the second, while the times t, and t, are correspondingly three times greater, the ratio t, /t of the times in each
series remains constant (see Table 1) This means that intensive fracture starts in the spall plane practlcally immediately
after the passage of the tension wave front, and therefore, preparation to intensive fracture occurs, at least, in the tension
wave front. In conformity with this assertion, we construct a gasdynamic scheme for spall (see Figs. 3a-c; the measuring
time is the same for both).

In order to construct the dependence o(t) of the stress ¢ on the time t in the spall plane, we first consider Fig. 3b,
which is an h—t diagram (h is a one-dimensional Lagrange coordinate) illustrating propagation of perturbations in the near-
surface layer of a specimen of thickness . The trajectories of those perturbations whose emergence (entrance) at the free
surface or in the spall plane is indicated in the form of characteristic points on the profile W(t) or o(t) are shown by lines
in the h—t plane. Arrows near the lines show the direction of propagation of the perturbations, and the letters denote the
velocities along the lines. These same letters are also a designation of the corresponding perturbations. The elastic pre-
cursor ¢, with amplitude e ~ 0.5Ws ¢,0,, which is reflected from the free surface, interacts with the lagging plastic wave
D of amplitude o, at the point 1. Consequently, an elastic rarefaction wave with amplitude <o, proceeds deep into the
specimen from the point 1 along the compressed substance, and a compression wave whose elastic part will have the velocity
¢, will proceed to the free surface. The process is repeated at the point 2, and afterwards a rarefaction wave with the total
amplitude<{ 20, proceeds into the specimen bulk. An estimate of the amplitude of the rarefaction wave follows from an
examination of the process in the ¢ —u diagram, where u is the mass flow rate (see [21], for instance). As a result of
multiple interactions analogous to interaction at the point 1, an elastic-plastic rarefaction wave will be introduced into the
specimen up to the time t, . The domain enclosed by this wave is included between the lines ¢, and c* in Fig. 3b. As
follows from the results in [25 1, a decrease in the perturbation propagation velocity as the pressure drops will occur con-
tinuously in the elastic-plastic unioading wave. In this connection, we assume that the perturbation propagation velocities
will decrease smoothly in the elastic-plastic unloading wave even for steel as the pressure diminishes. According to our data,
the first perturbation of the elastic-plastic rarefaction wave in steel has a Lagrange velocity of 6.5 km/sec at a 100-kbar
pressure. Since spalling occurs in the domain of comparatively moderate negative pressures 30-40 kbar, ¢} does not differ
radically from c,, the bulk speed of sound at zero pressure. On the basis of the above, we assume ¢, = ¢;, ¢} = ¢,.

Knowledge of these velocities permits a more accurate determination of the time of the beginning of the intensive
fracture in the spall plane. Let intensive fracture occur at a time A7* after the arrival of c;“ in the spall plane. Perturba-
tions will proceed on both sides of the spall plane. The first small perturbation from the boundary & will traverse the
distance / with the velocity c,, be reflected from the free surface at the time t;, and will then circulate between the free
surface and the spall plane. On the basis of Figs. 3a, b we write the equation tp— {4 = l/ey + lley - Av* . Substituting
the expression for [ = 0.5¢,¢c; into this equality we obtain

AT/, = 13/t — 0.5 (e1fey — 1). )

Results of estimating Ar* by means of (1) for values of ¢j = ¢, = 4.64 km/sec and ¢, = 5.95 km/sec are presented
in Table 1 for appropriate tests in each series. The possibility of using the velocities ¢, and ¢, in (1) was verified by tests
with artificial spall for steel St. 3 performed in an apparatus identical to the test formulation in the second series [22].
Let us note that although the error in estimating Ar* is ~100%, it can nevertheless be said that the quantity Ar* is a small
quantity, less than the spread in the elastic-plastic rarefaction wave leaving the free surface, estimated as +* — 1, = licg — lley.

Let us construct the stress profile in the spall plane. At_ the time t = O (see Figs. 3b, ¢), an elastic precursor passes
through the spall plane (as yet monolithic), and a plastic wave o(tp) = «, at the time 7,). A passing rarefaction wave enters

808



the spall plane at the time 7). If the specimen were infinite in size in the propagation direction of this wave, then the
dependence o(t) would govern the profile of the passing unloading wave shown in Fig. 3¢ by the solid line between

7 and 7, and the dashed line for t > 7. But since the first perturbation of the elastic-plastic rarefaction wave from the
free surface arrives at the spall plane at the time 7, , then starting from this time the profile o(t) is determined by the
superposition of these waves. The result of superposing these waves in conformity with Fig. 3b is shown in Fig. 3¢ by the
solid line in the section 1, < ¢ <{ ©* - Av¥ . Starting with the time t* 4- At* , the dependence o(t) is determined
substantially by the intensive fracture which has started in the spall plane. Analyzing the perturbation propagation in the
specimen between the free surface and the boundary &4 in ¢ — u coordinates during fracture in an acoustic approximation,
and taking into account the nature of the experimental profile W(t) for the time ty (see Fig. 3a), a law for stress variation
on the boundary &, can be set up experimentally, i.e., in the spall plane. In conformity with Figs. 3a, b, the continuous
curve in Fig. 3¢ from the time ** -+ At* to the time of final separation of the specimen 6 displays the section of the
profile o{t) in the spall plane under intensive fracture.

Thus, the stress profile in the spall plane is exhibited in Fig. 3¢ by the solid curve. The section o(t) for vp<t<Cv*
will be called the tension wave front. The negative part of o(t) from the time 7, when o (t5) = 0 to the time 6 when
0(6) = 0 in Fig. 3¢ is similar to the “tension stress diagram” examined in [7, 14, 26]. However, it should be noted that in
constructing the negative part of o(t), it is essential in Fig. 3¢ that the tension wave front duration v* — @, increases as the
rarefaction wave is propagated from the free surface into the bulk of the specimen. The time t* — Toin the spall coordinate
will depend also on the fact what the passing compression pulse front would be (see [16], say). But even in the case of a
passing shock, the duration of the tension wave front will have a finite value. This quantity is determined by the thickness
of the spall plate at the site of spall.

Let us make an analogy between fracture in the spall plane and the fracture scheme used under quasistatic conditions.
Using the terminology in [4], we extract the subcritical stage as a cumulative damage process proceeding to the time 7* +
A* when o(t) = o* is the critical state characterized by the spall strength o* during spall fracture (see Fig. 3¢) and the post-
critical state proceeding from the time t* + At* to the time 6 when o(8) = 0.

Let us examine quantitatively the subcritical spall state. Let us associate the beginning of the subcritical stage (see
Fig. 3¢) with the time of negative stress appearance in the spall plane 77, and termination because of the smallness of A7 —
¢ with the time 7%, i.e., let us assume that the main quantity of embryonic damage is formed for a negative stress and high
strain rate. This assumption is in agreement with the situation that plastic strain [27] plays a large part in the formation of
embryonic defects.

To describe the subcritical stage we use the damage function ¢ and the expression for its growth rate [28]
d -
e @)

where o is the tensile stress, A, m are constants, t is the time, and ¢ is a scalar equal to 0 at the beginning of the subcritical
stage, and 1 at its end.

Let o be o(t) in (2), where ©% < t << v* (see Fig. 3), then ¢ (o {7;)) = 0, and the condition for the onset of the post-
critical stage is @(o(t*)) = 1. Since § <K/, then the time for acoustic wave passage of the layer §, which equals ~8/c,, is
several times less than the action time of the unloading wave from the free surface, that equals ~I(1/¢y — 1/¢;) . We conse-
quently assume that the condition ¢ = 1 in the spall plane is satisfied simultaneously in the whole layer §.

Let us represent the shape of the tensile wave front by the line

do 2.7
=7 = Pocef’ = const, 3)
“where o, t is the same as in (2), and €’ is the strain rate. The tensile stress o(t) in (2), (3) and henceforth is assumed positive.

Dividing (2) by (3) and integrating the expression obtained with respect to ¢ while taking into account that
0) = 0 and ¢(0%) = 1, and then taking the logarithm of the result of the integration, we obtain

Igo* =m ' ge’ -+ m ™" 1g (p,cim/A), @

which is the criterion interrelating the spall strength and the constant plastic strain rate €’ during tension. As a first approxi-
mation we take &' =g, -- &,, where e, — 0.5W/c,l(1/c, — 1/c;) is the contribution in the strain rate introduced by the

rarefaction wave from the free surface, and e, =— 0.5 W'ﬁ/c0 is the contribution to the strain rate from the passing unload-
ing wave.

The experiment results in the first (points I) and second (points II) series are represented in Fig. 4 in conformity
with (4). The line 1 is drawn through the experimental points by the method of least squares.
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Thus, a dependence\ is obtained for the critical characteristic, the spalling strength on the strain rate in the sub-
critical stage of spalling fracture. This dependence [see (4)] can be considered as the analog of the dependence of the
creep strength o, on the rate of steady creep v’ or of durability 7 , On o

On the basis of [29]

v’ = vp exp ((Us -+ yoo) /AT ); 5)
Tp = Ty exp ((Up — voo) /kT); (6)
T = 1, = const, @)

where k is the Boltzmann constant, T is the absolute temperature, and v, T, [, ¥» Vo are constants. Since the
quantity v, depends slightly on the stress and the temperature, then [30]

V' (0e, T) = w/tp(0c, T)- . (8)

Before proceeding to a comparison between the dependence of the spalling and quasistatic strengths on the strain rate,
let us make two remarks.

A state is considered quasiequilibrium in ordinary mechanical tests if the elastic waves succeed in passing through
the specimen before termination of the loading. The working part of the specimen was d = 2-10-% m [30] in the
determination of the time dependence of the strength. Therefore, the equilibrium condition is satisfied Tp>> die,
since the time the elastic wave passes the specimen at the speed of sound in rods ¢ =(E/p,)'/* = 5-10° m/sec characteristic
for solid is 7, 2= 10-? sec [30]. However, extrapolation of the experimental results obtained for the quasiequilibrium state
outside this boundary is generally not legitimate. At the same time, the spalling data should agree with the gquasistatic data
in the domain where the quasistatic data are known to be valid. In this connection, let us define the boundary of quasi-
static data extrapolation over the time of the process as 7, = d/c or, by using the relationship (7) between T and v, we
define this boundary by means of the strain rate as

Vp = Vyeld, 9)

For many materials vy v 0.1 [31], from which uP =10%sec-tto the accuracy of an order. For iron with the values
107*2 [32], E = 2020 kbar, po = 7.86 giem?, d = 2.10~2 m, we obtain v, == 2.59.10>° sec™?. The graph of
lg v; = const for iron is shown by the line 2 in Fig. 4.

The temperature of iron after shock compression to 130 kbar and subsequent unloading is 303°K [33]. Since
spalling occurs under tension, the mean temperature of the material was hence still less in our experiments. Hence, in
comparing the spall and quasistatic data, we use the results of quasistatic measurement at room or at almost room tempera-
ture.

The creep and durability of technical iron with 0.1% carbon and o, = 3.56 kbar, o, = 2.08 kbar, i.e., iron whose

characteristics differ negligibly from the analogous characteristics for St. 3, were investigated in [34]. The time dependence
of the strength being observed at T, = 233°K and T, = 198°K is missing for T, = 291°K [34], which is explained by strain

aging [35, 34]. For higher strain rates the time dependence of the strength of technical iron 1s manifest even at room
temperature [35].

The continuation of the temperature-time dependence of the strength of technical iron from [34] is represented in
Fig. 4 in the coordinates lgo.=Ino*, lgv’ =Ige’, where curve 3 is for Tl and curve 4 for T,. The transfer of the

dependence ty(oc, 7) [34] into v'(c., 7) is accomplished by means of (8) by using v, = 10722 for iron from [32]. It is
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(32] [40]
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2
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1750 [38] (511

Note: G is the shear modulus, and K the volume modulus. In addition

to the value of the quantity, the paper from which the number was taken
is mentioned.

seen from Fig. 4 that extrapolation of the time dependence of the strength (curves 3 and 4) and the dependence of the
spall strength on the strain rate (line 1) to the boundary of the quasistatic domain (line 2) results in reasonable agreement
between the dependences.

It is known that dislocations [36] play a large part in the formation of embryonic cracks in metals. In this connec-
tion it can be expected that a value for the spall strength of a material almost without defects, i.e., commensurate with the
theoretical strength, will be realized for a subcritical spall fracture stage duration commensurate with the buildup time
Ar of a stationary velocity of dislocation motion. By using (4) with the coefficients found for the steel St. 3, we estimate
the spall strength a# at small times. The buildup time for the stationary dislocation velocity is estimated by the quantity
At = 7-10~"* sec [37]. Having taken the time of the subcritical stage A1, = r* — v = 7.10""sec, which is not much
greater than the time Ar, and estimating the strain rate here as &, = (r:/pocﬁArr , we obtain o, =193 kbar by using (4). This

value is close to the estimate of the theoretical strength 200 kbar from the formula Op = 0.1E [28], where E is the Young’s
modulus for steel.

Therefore, the correlation between the dependence of the spalling strength on the strain rate and the time dependence
of the strength in quasistatic tests and the estimates of the theoretical strength justifies the reasonableness of the assumptions
made in this paper to describe the subcritical stage of spall fracture.

In this connection, a role can be proposed for estimating the dependence of the spalling strength on the strain rate
in the range 10%-107 sec™ under the assumption that (2) is valid even for other metals. This rule is illustrated in Fig. 5,
where curve 1 is the continuation of experimental data on durability in the domain of high strain rates. The ordinate of
the point M is determined by the intersection of curve 1 with the boundary of extrapolation of the quasistatic data, defined
by using (9) as lge’ = lg vy = const , where the coordinates of the point N are lg 0% = lg 0, and lg&’ = lge,, where
o =01E, er= 0:/0ic3AT, . The section of the line MN lying in the shaded domain will yield the desired dependence of
the spalling strength on the strain rate. :

The lines constructed in this manner for Al, Cu, U (lines 3-5, respectively) are shown in Fig. 6. The quantities used
here are presented in Table 2. Curves 1 and 2 are the time dependence of the strength for Al and Cu, respectively. Be-
cause of the absence of data on the durability of uranium, the value 104 sec™ is taken as v! for this metal, and the maxi-
mum value ¢z = 3.7—14kbar [38] is taken as the ordinate of the point corresponding to the ordinate of the point M in
Fig. 5. The quantity A7, was assumed identical (7-107! sec) for all metals.
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The results of processing literature data on spall are also represented in Fig. 6. In conformity with Fig. 3a in this
paper, graphs of the free-surface velocity presented in Fig. 2 from [40] for Al and analogous data for uranium presented in
Figs. 10c, 10d, 11a, 11b, and 12a from [41] were processed. Experiments on the collision of plates [1] presented in [11] were
used for Cu. Tests with the same minimal thickness of the impactor were selected from each group of tests [1] with
constant collision velocity, where only the embryonic spall was recorded in this group starting from this minimal thickness.
It is considered that the fracture in [1] is concentrated in a target of thickness h, at a depth of 1mpactor thickness h; from
the free target surface. The steep slope of the tension wave front at this was was estlmated as T — 1, = = (Yey —Ale))/(A1/hy - 1/hy)
(this relationship follows from the examination of the h—t diagram for plate collisions), and the strain rate in the subcntlcal
stage as &' = oi“/poc0 (17* —1,) correspondingly. The velocities ¢, and ¢, for all three metals were computed by the formulas
ey =(K/po)/?, ¢; = ((K -+ 4G/3)/pg)*/* , where the values of K and G were taken at zero pressure. The I in Fig. 6 are experi-
mental points for Al according to data in [40], the II are for Cu from data in [1], and IIT are for U from data in [41].

It is seen in Fig. 6 that the experimental points are grouped around the predicted dependences, and deviated by not
more than 20% in ¢*, which is no worse than the accuracy of the majority of measurements of the spall strengtli. For
instance, the accuracy in determining o* in [20] is 30%. The dependence of the spall strength of metals on the strain rate
apparently has the form of the curve 2 (see Fig. 5). For strain rates in the area of v}, this dependence goes smoothly over
into the experimental data on durability. The inertia of the dislocations becomes substantial in the domain of er., and
hence, the spall strength depends to a lesser degree on the strain rate, approaching the theoretical value.

Therefore, the separation proposed in this paper for spalling fracture into sub- and postcritical stages permits giving
a quantitative description, in a first approximation, for the dependence of the spall strength on the strain rate, which agrees
with the time dependence of the strength under quasistatic fracture.
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