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STRENGTH OF WATER UNDER PULSED LOADING

A. A. Bogach and A. V. Utkin uDnc 532538‘}‘539539

Ezperiments were performed to study the strength of water under conditions of pulsed extension.
which is typical of the interaction between a triangular compression pulse and a free surface.
The tests were performed in a wide (40-1000 MPa) range of variation in the amplitude of the
compression pulse at deformation rates of 10*-10° sec™!. It is found that as the compression-
pulse amplitude increases from 150 to 1050 MPa, the strength of water decreases from 46 to
22 MPa. The deformation rate was found to have little effect on the strength. The possibility
of using the model of homogeneous nucleation (formation of cavitation nuclei) to interpret the
data obtained is discussed.

According to theoretical concepts, liquids can sustain considerable tensile stresses reaching 100-
1000 MPa [1-3]. At the same time, much smaller values were obtained in static tests (see [4]) and in
cavitation studies in an intense acoustic field [5-7]. This discrepancy is due to the fact that in real liquids.
the presence of heterogeneous sites (interfaces. solid inclusions, gas bubbles, etc.) gives rise to pore growth,
which leads to fracture of the liquids. In water, for example, the total amount of heterogeneities with char-
acteristic dimensions of 0.001-10 pm is 10° -10° em™3 [8, 9]. Of all the impurities in the liquid, only bubbles
in the bulk and in small cracks of undiluted particles can have a considerable effect on its strength [7].

The strength of the liquid under dynamic loading is closer to the theoretical value. In the present study.
for dynamic extension of the liquid, we use spalling phenomena that occur in the reflection of compression
pulses from the free surface of the substance to be examined [10]. The advantage of this approach is that
the fracture caused by 1-psec pulses is volume (the effect of the boundaries is negligible) and occurs in a
thin layer of the substance. This leads to a decreased number of heterogeneous sites that can influence the
fracture of the liquid. Moreover, the precompression in the shock wave is likely to result in the collapse of
the pores, which also intensifies homogeneous nucleation.

The pulsed extension of liquids under shock-wave loading was used to study the cavitation of glycerin
(11-13], water [14-16], ethylene glycol [15], ethanol [16], and mercury [17]. Glycerin is most extensively
studied. for which a relation between the spall strength and the temperature was determined {13] and it was
shown that at 20°C, its strength is equal to 60 MPa for any deformation rate [12]. The values of the spall
fracture of water obtained by different authors differ by several orders (from 3.9 MPa [15] to 400 MPa [18]).
There are no reliable experimental data on how the deformation conditions influence the character of fracture.
At the same time, the phenomenon of cavitation is of counsiderable practical interest. which stimulates the
study of the behavior of water upon pulsed extension. In this paper. the results of experimental determination
of the spall strength of water are given for wide ranges of compression-pulse amplitudes and durations and
the question as to whether the homogeneous-nucleation model can be used to interpret the results obtained
is considered.
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Experimental Results. A scheme for experimental studies of the pulsed extension of water is shown
in Fig. 1. Shock waves were generated as a result of the collision of the aluminum striker 1 of thickness 0.2
0.4 mm and diameter 60 mm, which is accelerated by an explosive thrower [10] to velocities of 200-600 m/sec.
against the acrylic plastic bottom of a dish (screen 2) 2 mm thick. The loading conditions were varied by
changing the size of the explosive charge, the thickness of the striker, and the thickness hy of water layer 3 (see
Table 1). To record the velocity, we used a VISAR laser interferometer {19] with an interferometer constant
equal to 80.8 m/sec; the measurement error was 2 m/sec and the temporal resolution was approximately
5 nsec. The laser beam was reflected from the aluminum foil 4 (7 pm thick), which separated water from air.
The geometrical parameters of the setup ensured the one-dimensional loading conditions and excluded the
arrival of the lateral unloading wave during the experiment. Figure 2a and b shows the mass-velocity profiles
plotted with the use of experimental data. The figures at the curves correspond to the experiment number.
The velocity profiles are arbitrarily shifted along the ¢ axis relative to each other, since the zero time is of
no significance. In all the tests (except for test No. 3 where fresh tap water was used), distilled water at an
initial temperature of 20°C was used. On reaching the free surface, the compression pulse was triangular,
which was determined in the experiments performed according to a scheme similar to that shown in Fig. 1,
but the foil was placed into water in this case. As an example, Fig. 2a shows the mass-velocity profile which
refers to test No. 1, where the foil was placed inside a thick layer of water 8 mm from the screen.

Upon reaching the free surface, the shock wave gives rise to a jump in the surface velocity up to a
Wy value (see Table 1) equal to the double mass velocity in the shock wave. A centered rarefaction wave
propagates deep into the water and interacts with the incident unloading wave; this leads to internal fracture,
i.e., spalling. During the fracture, the tensile stresses relax to zero and form a compression wave, which
arrives at the free surface in the form of a so-called spalling pulse. Subsequent velocity oscillations are caused
by circulation of the waves between the specimen surface and the fracture region. These specific features are
observed for the velocity profiles that refer to test Nos. 2 and 3 (see Fig. 2a). A comparison of profiles 1
and 2 shows that the rule of velocity doubling is fulfilled with good accuracy. This supports the absence of
cavitation at the foil-water interfacc, which otherwise leads to weaker adhesion between the foil and water
and, as a sequence, to a smaller steepness of the velocity drop immediately after the shock wave has reached
the free surface. The value of the spall strength P,, which characterizes the maximum tensile stresses in
the specimen, was determined from the minimum velocity W, attained in front of the spalling pulse [10]:
P; = 0.5p0c0 AW, where AWV = 1y — 1V, and pp and cp are, respectively. the initial density and velocity of
sound in water at 20°C and at a pressure of 10> Pa.

Figure 2 shows the free-surface velocity of water W versus time ¢ for the case where the amplitude of
the compression pulse I increases from 40 to 1000 MPa and the deformation rate in the unloading part of the
pulse & = (dW/dt)/(2co) increases from 10* to 10° sec™!. The strength P, calculated by the above formula,
is given in Table 1. Tt is seen that the experimental results are characterized by good reproducibility and an
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almost constant value of P, in the entire interval of deformation rates, and the strength of fresh tap water
(test No. 3) is equal to that of distilled water. An exception is test No. 8. in which the shock-wave amplitude
is maximum and loading was performed by a plane-wave generator through a steel screen rather than by the
striker. In this test, the deformation rate was almost the same as in test No. 4, and the compression-wave
amplitude was a factor 25 greater than in test No. 4, which results in a twofold decrease in the spall strength.
We emphasize that, in fact, the tensile stresses in test No. 4 slightly exceed the measured value of 38 MPa,
since the minimmm velocity recorded is due to the fact that not the spall pulse but the second shock wave
formed after the collision of the massive steel attenuator following the striker against the water reached the
free surface.

We point out some specific features of the free-surface velocity profiles. First, the front of the spalling
pulse is very steep, which shows that the porosity growth rate in the cavitation region is high after the onset
of fracture [20]. Second. the periodic velocity oscillations in the spall plate are not noticeable in contrast. for
example. to metals where these oscillations are pronounced, probably owing to the fact that the cavitation
region enlarges with time and approaches the free surface. The boundary between the water and the fracture
region is not distinct, which also leads to smoothed oscillations. Utkin [21] considered the problem of viscous
fracture of a medium under spalling conditions and showed that for instantaneous fracture, the spalling-
pulse amplitude is equal to the incident-wave amplitude and it is smaller in other cases. In the resulting
profiles, the spalling-pulse amplitude is equal to the maximum velocity: it exceeds this value in test No. 3,
the difference being greater than the experimental error. This is probably due to the fact that the motion of
the cavitation-region boundary influences the formation of a spalling pulse.
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Discussion of Experimental Results. The spall fracture of liquids differs fundamentally from
that of metals, polymers, and other condensed media. For pulsed extension-induced negative pressures, the
liquid is in the region of metastable state III (Fig. 3), whose lifetime depends on the purity of the liquid
and extension conditions. Figure 3 shows the phase plane of water in the neighborhood of the two-phase
water I-steam II region (P [MPa] is the pressure and T [°C] is the temperature). The liquid spinodal S and
the phase-equilibrium curve (binodal) B plotted with the use of the data of [4] and [22], respectively, bound
the metastability region; C is the critical point.

In the experiments, water was compressed along the Hugoniot curve H up to the maximum pressure
Py (see Table 1) and then unloaded isentropically to the states shown by light circles in Fig. 3. The arrow
indicates that the strength value measured in test No. 4 gives the lower bound. The Hugoniot curve H and
unloading isentropic curves (dashed curves in Fig. 3) were calculated with the use of shock-compression data
from [23] and the caloric equation of state of water given in [24]. The metastable state fails as a result of the
growth of pores, which always exist in the liquid and are generated by thermal fluctuation processes. We now
consider the effect of homogeneous and heterogeneous nucleation on cavitation under spalling conditions.

Let the strength observed in the experiments be due to the growth of pores that exist in the liquid.
With allowance for viscosity, the variation in porosity V, = (4/ 3)N7R? is described by the equation [25]

V, = 4N7R*R = —ANTR*RP/(4n) = ~3V,P/(4n). (1)

where R is the radius of the pore, N is the number of pores per unit volume, and 1 is the viscositiv of water.
The dot denotes differentiation with respect to time.

An analysis of the effect of the kinetics of pore growth on the dynamics of the wave interaction upon
spalling [26] shows that a minimum in the free-surface velocity profile forms when V,, exceeds the critical value
proportional to the deformation rate in the unloading part of the incident pulse ¢: V;, = ¢, where v ~ 1.
If it is assumed that the bubble density is N ~ 103-10* cm™3 for Ry = 1.5 um [9] under normal conditions
(P = 10° Pa and T = 20°C), we find that at zero time the value of the rate V, is of the order of 10° sec™!,
which coincides with the deformation rate in the experiment. Therefore. using the heterogeneous-nucleation
model, one can obtain spall-strength values close to the experimental values. However, one should keep in
mind that the extension is preceded by shock-wave compression and water is subjected to a pressure equal to
the incident-wave amplitude for approximately 0.5 usec. As a result, the pores partially collapse, the effect
of heterogeneous nucleation on cavitation becomes weak, and the effect of homogeneous nucleation becomes
more pronounced under spalling conditions. This is supported by the coincidence of the experimental values
of the spall strengths of distilled and fresh tap water. Moreover, it follows from the kinetic equation (1) that
P; ~ V2 [26]. One can see that the character of this dependence (curve 1 in Fig. 4) does not agree with the
experimental results.
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We consider the effect of homogeneous nucleation on the pore growth upon spalling. According to the
thermodynamic theory of fluctuations [1, 25}, the number of pores J with the critical radius R. = 20/P; (o is
the surface-tension coefficient) which form per unit volume in a unit time is given by

o [o 16mo3
']“N“EVZ?J_"GXP(— 31{;’A:T>‘ (2)

where Ny is the number of molecules per unit volume of the liquid. T [K] is the temperature, and k is the
Boltzmann constant. Using relations (2), Zel'dovich showed [1] that for water. the ultimate strength J is
approximately 200 MPa. As was noted above, the ultimate strength upon spalling is determined from the
minimum in the free-surface velocity profile, which in turn forms when the porosity growth rate exceeds the

critical value.
The kinetic equation (1) is replaced by the system of two equations

t
Vp= 5 TR + / 1nRERJ dt ~ énR“J, ®)
0

R=—(PR+20)/n. (4)

The first and second terms on the right side of (3) allow for the increase in porosity owing to homogeneous
nucleation and pore growth. respectively. Simplification of Eq. (3) is a result of the assumption of small
variation in .J in the formation of a spalling pulse. In contrast to (1). relation (4) also takes into account the
effect of surface-tension forces on the kinetics of pore growth for R ~ R,.. Since the derivative R — R, vanishes
as R (the nucleus is in an equilibrium but unstable state), the integration in (4) should be performed from the
point R’ = R.+ AR, where AR = /3kT/(8wc). One should also keep in mind that, for sixall R ~ 10 nm,
the surface tension decreases linearly with the pore radius [4]. This leads to an exponential increase in the
nucleation rate. For example. if o decreases by threefold for R = R.. the characteristic value of J is of the
order of I " m™3-sec™!. Even in this case, the initial porosity growth rate is small (approximately 10 sec™!);
nevertheless, a minimum forms in the free-surface velocity profile. since Vp increases with time [26]. The
minimum is expected to be fairly smooth, which is observed in the experiments.

Assuming that precisely the nucleation process is responsible for the increase in porosity rather than
the subsequent pore growth in a viscous liquid, we determine, from Egs. (2) and (3). the character of the

relation between the spall strength and the deformation rate [26]:
Py~ A/\/In(B/é), (5)

where A and B are constants which depend on the temperature both explicitly and in terms of the viscosity
and the surface-tension coefficient. The lower bound of B is estimated to be of the order of 10" sec™!.

Curve 2 in Fig. 4 is plotted by relation (5) for A = 110 MPa and B = 10'% sec™. One can see that
relation (5) agrees with the experimental data (points in Fig. 4). Test No. 8 with the maximum amplitude
of the shock wave is an exception. In this case, the abrupt decrease in the strength cannot be explained only
by the increase in the average temperature after unloading, since it is only 10°C greater than that in test
No. 4 with the minimum shock-wave amplitude (see Fig. 3), which leads to a decrease in the constant A by
approximately 10% and not by 40%. which is necessary for agreement with the experiment. It is likely that
the effect of the shock wave is not limited by the pore collapse and the change in the average temperature
after unloading.

Heating of the liquid can be significant in the neighborhood of a deformed pore. This causes the
formation of “hot spots” whose dimensions are close to the initial diameter of the cavity, and the temperature
of micron pores can reach 1000°C [5]. The temperature in the site decreases abruptly with time, and the
dimension of the elevated-temperature region increases as a square root of the time. Therefore, at the
moment the tensile stresses occur in the liquid, micron regions with a temperature higher than the residual
temperature, in which the homogeneous nucleation proceeds at the highest rate, can exist. Our consideration
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is consistent with test No. 8 if the temperature in these regions is assumed to be approximately 60°C greater
than the average temperature. Moreover, the strength is bound to decrease noticeably with increase in
the shock-wave amplitude, since not only the residual temperature but also the “hot spot” temperature
increases in this case. This is supported by the experimental results given in Fig. 5, where the solid curve
refers to the linear approximation of our experimental data (open points). For given deformation rate and
initial temperature, there exists a compression-pulse amplitude at which the spall strength is maximum. With
further decrease in pressure, the cavitation still occurs, but the tensile stresses do not exceed the compression-
pulse amplitude, which is precisely the estimate of strength of the liquid (the dotted curve in Fig. 5). This
probably explains the low spall strength measured by Marston and Urgen [15] (filled points in Fig. 5).

Thus, an analysis of the spall-strength data for water shows that the homogeneous-nucleation model
describes the experimentally observed weak dependence of the strength on the deformation rate. The decrease
in the tensile stresses induced by the increase in the compression-pulse amplitude is also explained within
the framework of this approach if the elevated-temperature regions are assumed to occur as a result of the
collapse of pores, which always exist in the liquid.
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