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Transient, High-Pressure Solidification Associated with Cavitation in Water
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(Received 8 September 1994)

The very high pressures ()1 GPa) that occur during the final stages of collapse of a cavitation bubble
force the liquid near the bubble wall briefly (—1 ns) into a metastable state of subcooling, relative to the
equilibrium phase diagram. Estimates for water show that solidification in the form of high-pressure
ice particles can occur at a sufficient rate to affect the collapse. This explains a number of different
phenomena associated with cavitation in water.

PACS numbers: 47.55.8x, 43.25+y, 47.40.—x, 78.60.Mq

There has been renewed interest in the physics of cav-
ity collapse or implosion in liquids because recent experi-
mental results [1,2] have determined, for the first time,
the surprisingly short duration ((50 ps) of the flashes
of light emitted by single cavitation bubbles. Light
etnission from cavitation, first observed in 1933 [3], is
usually called sonoluminescence (SL), because it is de-
tected principally in cavitation induced by sound fields in

liquids. The very short duration of SL pulses was discov-
ered following the development of a technique for observ-
ing SL from a single, stable bubble [4]. SL is generally
believed to be caused by the rapid compression of gas
to high temperatures inside collapsing cavitation bubbles,
but the details of this mechanism have required further
thought, because of the unexpectedly short duration of the
SL pulses. This has led to the development of the theory
of microshocks converging at the core of the gas in the
bubble to create a very short-duration, high-temperature
compression [5,6]. It would seem that any explanation of
SL and its characteristics has to be consistent with other
known effects of cavitation. It is the purpose of this Letter
to develop such an explanation based on the assumption
of transient high-pressure solidification in the water near
the bubble wall during the final stages of bubble collapse.

A characteristic of SL in pure water is that it is en-
hanced by a factor greater than 10, when the temperature
of the water is reduced from about 20 to 5'C [7], see
Fig. 1. SL is also enhanced when the temperature of
the water is reduced from 50 to 25'C [8]. This en-
hancement with decreasing temperature can be explained
assuming transient, high-pressure solidification. The
mechanism of transient, high-pressure solidification was
first proposed [9] to explain two other effects associated
with cavitation, namely, the nucleation of freezing by
cavitation in subcooled liquids [10] and the reduction in
cavitation erosion as the water temperature approaches
O'C [11]. The latter effect is exhibited in Fig. 2 for
different metals and metal hardnesses, in terms of erosion
weight loss as a function of water temperature. In Fig. 2,
the reduction in cavitation erosion as the water tempera-
ture approaches boiling is due to the increase in vapor
pressure inside the bubbles causing a less violent collapse.
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FIG. 1. Number of photons emitted per flash of SL, as a
function of water temperature. The output of the brightest
bubble was recorded at each temperature. (Reproduced with
permission from Ref. [7].)

The reduction as the water temperature approaches O'C
is obviously caused by a different mechanism which is
hypothesized to be transient, high-pressure solidification.
An up-to-date review of available information on the
mechanism of cavitation erosion is provided in Ref. [12],
which tends to support the shock-wave explanation that is
assumed here.

Conditions for transient, high-pressure solidification are
created during the final stages of bubble collapse in the
water near the bubble wall. Computations have shown
that the pressure increase in this region is almost adiabatic
attaining values of the order of 5 GPa and higher [9,13].
It has always been believed that very high pressures
occur during cavity collapse [12,14], and this is further
supported by the recent work on SL. However, that such
pressures can force the water into a metastable state of
subcooling relative to the equilibrium phase diagram has
not been taken into consideration. The nature of the
adiabatic increase in pressure and temperature near the
bubble wall is indicated in Fig. 3 which shows lines of
adiabatic compression, for water initially at atmospheric
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FIG. 2. Weight loss due to cavitation erosion in pure water, as
a function of water temperature. Each point represents 15 min
of exposure to ultrasonic cavitation, with the vibration of the
specimen maintained at constant amplitude. The bottom curves
are for different types of steel with different Brinnel hardness.
The data were taken from Ref. [11].

pressure and at 0, 30, and 60'C, superimposed on
the ice-water equilibrium phase diagram [15]. These
were computed using a procedure derived from Ref. [16]
based on Bridgman's data for pure water [17] and
are extrapolated into the ice phase up to pressures of
4 GPa. These lines provide a conservative estimate
of the minimum temperature of subcooling resulting
from compression near the bubble wall. For isothermal
compression the subcooling would obviously be greater.
The 0 'C adiabatic line indicates that there is subcooling
of the order of 102 K at 4 or 5 GPa. Also for the 0 C
adiabatic line, there is a greater extent of subcooling and
more time is spent in the subcooled state than for adiabatic
lines originating at higher temperatures. Conditions are
right for solidification, if there is enough time. It was
shown previously [9] that it is reasonable to assume
that (a) subcooling falls below the critical temperature
for homogeneous nucleation of freezing, and (b) there is
enough time for a growth of ice particles which, because
of the greater density of high-pressure ice [18], causes
a reduction in pressure next to the bubble wall. If half
the water in the high-pressure region next to the bubble
wall turns to ice particles, it is estimated that a drop in
pressure of about 1 GPa can occur [9]. This will mitigate
the forces involved in cavitation erosion, thus causing the
decrease in erosion rate shown in Fig. 2, as the water
temperature approaches 0 C. Also, when the water is

FIG. 3. Computed lines of adiabatic compression (dashed
lines) superimposed on the equilibrium ice-water phase dia-
gram. The lines originate in the liquid at atmospheric pressure
and at 0, 30, and 60 'C and are extrapolated inta the solid phase.
These were computed using a method given in Ref. [15]. The
Roman numerals in the phase diagram (Ref. [15]) indicate dif-
ferent types of ice.

in an overall subcooled state at atmospheric pressure,
solidification associated with cavitation can provide a
nucleus for the initiation of freezing.

The very short duration of SL pulses, and the increase
in SL intensity with decreasing water temperature shown
in Fig. 1, is also explained on the basis of the drop in
pressure next to the bubble wall caused by transient,
high-pressure solidification. This explanation is linked
to the occurrence of converging microshocks in the gas
within a collapsing cavitation bubble. The idea that
SL is associated with the formation of microshocks is
not new [8]. Recent papers [5,6] have provided details
of the microshock mechanism. These have shown that
very small changes in the conditions of bubble formation
and collapse in the acoustic field in the liquid can
cause major changes in response, even to the extent
of determining whether or not microshocks occur [5].
This uncertainty can be avoided if it is assumed that
transient solidification triggers the microshocks. The
drop in pressure due to solidification initially causes a
rarefaction. However, the compressed water surrounding
the solidification zone is moving inward, as shown by
computed Mach-number data [13] in Fig. 4, thus creating
a converging compression wave following the rarefaction.
It is this compression wave converging to the core of the

gas in the bubble that causes a high-temperature spike
and SL in the gas, accounting for the observed short
duration of SL pulses. As the temperature of the water is
reduced, the amount, duration, and extent of subcooling is
increased, causing an increased amount of solidification,
and hence an increased pressure drop, a larger converging
compression wave, and a more intense SL pulse, thus
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Dissolved
gas

Monatomic
Helium
Neon
Argon
Krypton
Xenon

Diatomic
Hydrogen
Oxygen
Nitrogen

Relative intensity of
sonoluminescence

1

18
54

180
540
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35
45

Thermal conductivity
of(Wm 'K ')

0.1409
0.0457
0.0161
0.0089
0.0052

0.1733
0.0244
0.0230

TABLE I. Effect of dissolved gas on intensity of sonolumi-
nescence (Ref. [19]).
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FIG. 4. Variation in Mach number with distance from the
bubble wall, at different instants in time during the final stages
of collapse and the start of the rebound of a cavitation bubble.
Initially the bubble radius is Rp, the gas pressure is 10 Pa
inside the bubble, and the external pressure is 101 kPa in the
water. The dotted line in the figure shows the Mach number
and the position of the bubble wall and the solid lines are
the Mach number distributions along a radius from the bubble
wall at different instants in time. Different instants in time are
expressed in terms of (t —r)10'/r where t is the time variable
and v- is the collapse time, from the initial maximum radius
Rp to the minimum radius. Inside the bubble is a uniform
adiabatic diatomic gas. It is seen that, when the bubble wall
has reached its minimum radius, the Mach number of the water
away from the wall is still negative, i.e., moving inward. The
data in Fig. 4 were taken from Ref. [13]. They are independent
of Rp.

accounting for the enhancement of SL with decreasing
water temperature shown in Fig. 1.

It appears anomalous that bubble collapse can gener-
ate a high-temperature spike in the gas inside the bubble,
and, at the same time, transient solidification (freezing)
in the water next to the bubble wall. Estimates have
shown, however, that during the short period of time in-
volved, the amount of heat radiated and conducted from
the high-temperature spike does not cause a large enough
temperature rise in the water next to the bubble wall to
inhibit the solidification [9]. Another apparent anomaly
is that cavitation erosion is reduced whereas the intensity
of SL pulses is increased, as the water temperature ap-
proaches 0 C. This can be understood by realizing that
cavitation erosion is caused by shock waves radiating out-
ward from the rebound of the bubble [13],the intensity of
these waves being reduced in proportion to the amount of
solidification near the bubble wall, whereas SL pulses are
caused by shock waves converging inward [5,6] whose
magnitude is increased as the amount of solidification
increases.

Another feature of SL in water is the effect of dissolved
gas on SL intensity. Dissolved gas diffuses into the cavi-
tation bubbles and affects the SL pulses. As shown in
Table I, the range of SL intensity for different gases is
quite wide [19]. Calculations have shown that the tem-
perature of the gas compressed inside a collapsing cavi-
tation bubble is significantly affected by heat conduction
into the surrounding water [20], the loss of heat occur-
ring principally during the initial slower stages of col-
lapse, prior to the converging microshock that generates
SL. But there is also a thermal conduction effect associ-
ated with the converging microshock. The thickness or
slope of the shock wave is proportional to the thermal dif-
fusivity of the gas [21], and this can cause the variation
in SL intensity shown in Table I, because the steeper the
converging microshock the more intense the SL pulse. In
fact, this may be the predominant cause of the change in
SL intensity with different dissolved gases, as was pro-
posed in Ref. [6].

Water is one of only a few liquids whose equilibrium
phase diagram has a decrease in the solidification
temperature with increase in pressure in the region
immediately above atmospheric pressure. If the transient
solidification hypothesis is correct, differences between
the equilibrium phase diagrams of liquids can be used to
explain differences in SL, cavitation erosion, and other
effects associated with cavitation in different liquids.
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