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Experimental superheating and cavitation of water and solutions atlaplil@ negative pressures
Lionel Mercury and Kirill I. Shmulovich

Institut des Sciences de la Terre d'Orléans, UMR 7327 Université d'Orléans-CNR8:BR rue de la Férollerie,
45071 Orléans Cedex, France
Institute of Experimental Mineralogy, Russian Academy of Sciet¢2432Chernogolovka. Russia

Abstract. The superheated liquids are metastable with respect to their vapour,eahatthey can exist under arid
conditions whatever the temperature: capillary liquid extracted from arid seser{dshrubs, Mars sulbsface, ...),
solutions in the deep Earth crust, or water involved in rapid disequilikrignts (terrestrial or submarine geysers). The
superheating state changes the solvent properties of liquids, and séesnpldse transitions (solid-liquid, liquid-
vapor) P-T-X conditions. The synthetic fluid inclusion [[SEnables to fabricate micro-volumes of hand-made liquid
dispersed inside quartz, which readily superhéatumes of SFI are intermediate between macro-systems, in which
superheating is restricted to arouB@®-35 MPa with very short lifetime, and nanosystems, wherein camémt effects
predominate and in which the host size is similar to the one of the Icnitickeus of vapour phase (huge nucleation
barrier). This volumde-metastability relationship is still to be defined quantitatively, and we are taygetcombine
thermometric classical measurements with spectrometric characterizations, etmabbtaplish the threshold between
micro- and nano-systems precisely. Meanwhile, the experimentsmpeda®o far illustrate the diversity of contextslan
situations that could be impacted by superheating issues.

1. INTRODUCTION

Liquid water presenta remarkable ability to stay liquid against evaporative demand by begosuiperheated with
respect to water vapor. Water can be readily superheated by increasiegpleeature higher than 100°C at constant 1
atm pressurepr by decreasing its internal pressure, it becomes superheated evem t®mperature (Fig. l1a).
Meanwhile, the driving force is toward evaporation and so the liquid iregmnucleate bubbles at any time, except if
some reasons, notably the trapping in a host solid, make the nucleadtmability to decrease and the lifetime to
lengthen (Fig 1b). It is why superheating is a feature closelywatem with capillarity and confinement, in which
cases the closeness of the solid walls make the infilling liquid to behaseediffy than the bulk.
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Fig. 1. A. Phase diagram of pure water in P-T space, calculated wit\BW3-95 equation of state [1]. Kinetic
spinodal is drawn after [2]. B. Qualitative relationship between space gofliowed to liquid and lifetime of its
superheating (potential) state (after)[3]

As a consequence, the conditions of occurrence and the featuresedfesuied water are relevant to understand the
dynamics of liquid water in arid (deserts) and hyper-arid (Mars surfatt@)gs, and its possible volume and influence
asa function of the environment. Experimentally, the most efficient waydduce superheated liquid is to carry out an
isochoric cooling on a liquid trapped in a strictly closed container with wglts. With water, as the isochores are very
steep (around 20 bars per degraed the saturation curve is very flat, a slight cooling below liquid-vapor eduifib
puts the occluded liquid under significant superheating degree,dovem to negative pressures (Fig. 1a). Negative
pressure or tension, is allowed for condensed matter that thus uimtergal stretching or tensile stress without Igsin
the cohesion of its structure (e.g.,)[4]

Capillary water, common in non-saturated soils, has got superheated propigities its limited lifetime because the
capillary channel/pore has the size of the nucleating bubble, meaning thatliting restoring equilibrium cannot start.
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In this sense, capillary water is a superheated Walemetastabilized or “re-stabilized by geometrical constraints
defined by the so-called Young-Laplace equation. At the liquid-air interfaapdlary water is at equilibrium with
dryer atmosphere than the bulk (Kelvin law), which is the driving force to “capillarization”. Actually, lower vapor
pressure than the saturation value drives a liquid-vapor system to edlperation or capillarity.

Water located in restricted volunféonfined water”) has also peculiar properties due to the additional thermodynamic
term afforded by the surface fields from the close walls (disjoipiagsure effect). In many respect, confined water has
got similar properties than the capillary or superheated water. Interestaugifinement experimentally exhibits
metastable behaviors (e.g., §%-

The present contribution reports experimental data obtained with synthetidntligions on the extreme tensile
strengths (negative pressure) that pure water and aqueous soluti@atticaand on the lifetime over which they can
sustain them. It has also the ambition to enlist the possible camsexpuof superheating (and so capillarity, and/or
confinement) in terms of macroscopic behaviors. Putting the liquid wxtiemme conditions of tension gives pathway
to measure directly how the superheating properties, even modergtdriveaspecific behavior in the corresponding
natural settings.

2. EXPERIMENTAL SECTION
Synthetic Fluid Inclusions (SFI) are made in internaliyted pressure vessels (IHPV, or “gas bombs”). The
hydrothermal syntheses were performed at 750 MPa in the 530-7T800€, during 8 to 13 days. For each run, the
IHPV is loaded with 3 or 4 Pt-capsules filled with quartz (2x2x12 mith, thie longest dimension parallel to the quartz
c-axis), the selected liquid (pure water or aqueous solutions at the adwsmmtration) and amorphous silica. Sealed
capsules were placed on a Ta or Mo holder wherein the temperature is cobtydiled Pt-Pt 13% Rh thermocouples
(certified to + 1°), and pressure measured by manganin gauges afteaticadilat the mercury melting point. Once the
required synthesis time elapsed, the power supply is turneddtéeperature decreases to 100°C in one minute, while
pressure is decreased by intensifier to 300 MPa. In a seconthstéidPV is allowed to cool down on its own to room
temperature and is finally opened to recover the capsules and quastesstra healing of which trapped the liquid.

The microthermometric procedure consists of progressive heating on a “Linkam” stage of one sample, in general
containing initially the biphasic liquid+vapour assemblage (L+V).
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Fig. 2. Classic microthermometric path from the ambient conditions (see tegtealion can appear instantaneously
(Tn commonly measured by inclusionists, sparky point) or aftdelay (starry points) if the temperature is stopped

before reaching the instantaneous Tn.

The first step corresponds to the displacement along the saturationifme, progressive change of temperature, liquid
density and bubble pressure (A to B path, Fig. 2). At a particuteitgethe trapped liquid invades the whole inclusion
space: there is no more vapour and the inclusion is said to be homog@njzaidt, Fig. 2). The temperature at which
this filling appears is then the homogenization temperature, noted Sttbefare Th, vapour bubble is so small that it
can move along the minor thermal gradients within the inclusion, whgtlits in the appearance of a mobile shadow.
Further heating drives the P-T conditions in the inclusion alongtithore inside the stable domain of liquid (B to C
path, Fig. 2). Special care must be taken because overheating abovy TEadnt the decrepitation of the inclusion,
especially at overheating greater than 30°C (but 10°C can be sufficient; s¢)algos depends also on (at least) the
shape of the inclusion, its thickness and the distance to neighlioclusions. One decrepitation event can be detected
when a further Th measurement on the same inclusion increasesigythan 1°C with respect to antecedent
measurements. The second step is the progressive cooling of tHe,samigh follows the isochoric path as long as the



inclusion remains homogeneously filled with liquid (C to D path withaucleation at B, Fig. 2). The temperature of
the bubble appearance is called the nucleation temperature (Tn) and is &Weagd within the tensile domain:
nucleation in fluid inclusions often disobeys the saturation conditiims.bubbling at Tn produces either one-two big
bubbles or a large amount of intermediate-sized bubbles which explode violently.

3. SUPERHEATING LIMITS AND LIFETIME

3.1 Measurements and interpretation

The basic measurements are then of two types: firsfTtheTn) gap at which instantaneous nucleation occurs, and the
time needed for a nucleation to occur for any temperature set betweandTTn (Fig. 3). The present dataset is
reported in figure 3, and lists hundreds of inclusions measurewia than 40 samples. (FhTn) gap are strongly
liquid- and temperature-dependent, varying the most for CsCl electradytitons at low T (scattering over 80°C) and
denser pure water (scattering over 70°C). The smallest gaps are encowitteditite NaOH solutions whatever the
temperature, and for each type of solutions, the gap is nagawih increasing temperature. This last feature fits well
the expected behavior considering the narrowing of the saturatigrintadal gap with temperature (Fig. 1). A close

discussion of the different trends is outside the scope of this [z@pee,aspects are developed elsewhere [8].
160

PN X Pure water 5088 Inclusion 31
140 - AR 00.1t0 0.5 M NaOH 4500 Th = 144C 3 days—e
A | =
1201 A 21105M CsCl ~ 40007 b -gp02 kg/r
. @ 35007 Tn=89.4C
O 10 2 3000
= 80 2 2500 -
P e & = 2000 -
1 [}
e = 1500 .
= 0 —
N 1000 - .
20 | 500 - . .
0 ‘ ‘ ‘ ‘ ‘ ‘ 0 e
120 140 160 180 200 220 240  26( 0 1 2 3 4 S
Th (°C) Tretarded nucl. ~ Tinstant nucl.

Fig. 3 Measurements classically performed on liquids trapped in SFI by necnatimetry: temperature gap to observe
instantaneous nucleation, and lifetime of superheated state.

The conversion of micro-thermometric measurements into internal pegessuperheated liquids requires using an
equation of state (EoS). Basically, measuring Th enables to define they adrki¢ trapped liquid at homogenization
(Dh). Assuming a perfectly isochoric cooling, the couple (Tn,Dh) careddily turn into (Tn,Pn), with Pn stands for
the internal pressure inside liquid just before nucleation (Fig. 4).
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Fig. 4 P-T phase diagram, including the (Th,Tn) measurements of diffda¢asets turned into (P, T) data points (see
text) using the IAPWS-95 equation of state for water [1].

Two questions are actually embedded in such procedure: i) applicabitiyS to superheating state, and ii) having the
EoS characteristic of the measured solutions. About the first issuewptee EoS can be readily used for dilute
solutions, in which most of the molar content is made of water molefltigs 4). However, studying the saline
solutions require to extrapolate the available EoS, not always internally-condistesyd the metastable state (e.g.,
[9]). As a consequence, interpretation are certainly correct in terms of global tbemdsannot be considered as



guantitatively precise for the time being. About the seconejsbe general feeling is toward admitting the continuity
of behavior from stability to metastability, meaning that superheated water is no more than a “particular” state of
otherwise-bulk liquid (e.g. [1@3]), but, here again, some doubts still need to be lifted.

A current experiment tries to quantify the internal stress in fluid inclusmneecording direct signals of the pressure
change directly inside the inclusion, shunting any use of EoS. Thisioan aqueous solution dfa,WO, has been
trapped in inclusion, because the Raman peak of this anion is prdspamdent. Running classic micro-thermometry
path into a Raman spectrometer resulted in a continuous Ramathahifemonstrates an increasing tension inside the
trapped solution. This experiment solved the challenge on the measuitseléifthe shift is lower than the absolute
precision of the spectrometer) and provided direct evidence on theairtemgion of the occluded liquid: extrapolating
the positive pressure behavior (Fig. 5B), the tension comes to -432Hmawever this experiment has not fully
answered the question, since these Raman measurements cannot be ctonBaf@dalculations, not existing for
Na,WO,. Complementary experiments are under way.
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Fig. 5 A. Spectroscopic pressure measured by the Raman shifts of ¢fstatiendissolved in tensile solutions trapped in
SFI. B. Calibration at positive pressure.

3.2 Lifetime and cavitation

In terms of lifetime, the measurements have been fitted byl#ssi€al Nucleation Theory (CNT) which considers the
work of creating LV surface compared to the work brought abouthbyhigher stability of the vapor embryo.

Interestingly, the CNT equation for homogeneous nucleation (the sourgeor&fin the system is the thermal

fluctuations) does not fit the data, but that for the heterogeneous nucleatiarhydrophobic (and pure quartz is)
surface does (Fig. 6).
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Fig. 6 Lifetime of superheated pure water SFI in quartz (50x20 pm),[hijtted against the distance to temperature of
instantaneous nucleation (Fig. 2). The heterogeneous CNT equatiomifl8h compared to the usual homogeneous

CNT one (e.g., [16]

These are preliminary results since the data are only acquired overs Fadarestricted distance to instantaneous
nucleation AT, = 6°C). Interestingly, the extrapolation of the fitted trend indicates that aleegy metastable
lifetime is possible even for significant superheating statex 18°, possibly corresponding to a tension down500-
barg. The present target is to confirm the validity of the heterogeneous CNati@y toward extrapolation, by
performing longer experiments increasing the range of distanceitibegyon.



One interesting feature should be additionally addressed: the role ofgheohume to stabilize the superheating as
evoked in figure 1. This question is beyond a simple academic indéer@gorresponds to understand the size threshold
below which the confinement effect would suppress the nucleatiom, @llewing to safely produce highly superheated
liquid.

A first clue comes from an open question in the physics of metastdhifityamong the different techniques available
to produce superheating, only the SFI enables to reach high leveltadtability (Fig. 7A). A key difference between
SFI and all other technique is the way the liquid volume occupy the expeslrcell. In case of dynamic/capillary
techniques there is only one experimental water volume, so that theufitsation event makes all the volume to boil.
In case of inclusions samples, liquid is dispersed as numetiotenmetric cavities in the same solid fragment, and the
vapour nucleates at P,T conditions peculiar to each inclusion. That meansothetrical confinement, even over
hundreds of micrometers (which make a pretty large volume), shelpdin pushing the superheating state at larger
value in inclusions than in the other experimental cells without walls.
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Fig. 7. A. Extreme tensile strength obtained with different static and dynamiodsefh721]. Black dots are Berthelot
tubes and SFI. B. Relationship in CsCl-filled samples (1 and 5m Cs@ed®t(Th-Tn) and the volume of the
inclusions (1D simplification) (dotted lines are only guides for eyes).

A second clue is afforded by the common relationship between the TH) metastability gap and the host volume
(e.g., [8], see their figure 8a,b). However, as apparent in figurehfBrelationship is common but has exceptions or
limits (see also figure 8b in [8]), demonstrating that other fact@sembedded in this size factor, for instance the
internal shape of the inclusions that reveals its degree of equilibrium (“negative quartz shape”) [8]. Even Th itself can
vary (over 1-3°C) with the size of inclusion due to surface tensifacts [22]. In another direction, the size of the
inclusion and the internal faceting of the space void, partly control thentiexpof the SFI, notably the modes of their
non-elastic deformation (stretching, leakage, decrepitation) [7].

Here again, complementary experiments are needed to decipher how theirsthesmns combine with other critical
factors to control the behavior of inclusions, notably the extent of metiétgtabill the deformability.

4. EXPECTED BEHAVIOUR OF SUPERHEATED (CAPILLARY & CONFINED) WATER

4.1 Geochemistry of phase transitions

Capillary liquids have the same properties of superheated water, andratizilp confined water as well. Superheated
water is known to be a very good solvent for organics compaamgesticides, makinig the “ultimate green solvent

for separation science” (e.g., [23-24]). This experimental observation can be easily illustrated extrapolating the
solubility line of different metals sulfides in aqueous solution beyondaheation LV line, down to the spinodal (Fig.
8A). Additionally, the diagram shows that the cavitation which restoresetjuilibrium changes the saturation
conditions and contributes to precipitate the excess dissolved mass. Intrestimgcent study showed the ice
nucleation just following the bubble cavitation in superheated \[25¢r
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Fig. 8 A. Solubility line, empirically extrapolated at negative pressures, illustratingdivent effect of superheated
(capillary/confined) liquid (after [8])B. Gases solubility as a function of the internal tension in superheated/capillary
water (modified from [2].

In the second part of the figure, it appears that the gases are mole golsiperheated/capillary water than in bulk
water. Actually, this in-gassing effect could be of significantdrntgnce to understand the global carbon cycle: the
immobile water trapped under tension in the capillary clusters of all the arigeami-arid soils of Earth are pumping in
more atmospheric CQahan expected without considering the capillary role on dissolutieseTfindings are mitigated
by the small volume of capillary water at dry conditions that limitadted mass that can be actually stored in soils.

4.2 Geochemistry and geomechanics

The liquid under tension when trapped in solids exerts traction on thie setid, and so contributes to the
geomechanical balance at the pore sf2Ié¢. Drying experiments performed in micrometric round pore shaata
first precipitation of cubic salt allowed the arising of capillary bridge at #iepsre contacts that generated a
deformation of the host (Fig. 9A).
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Fig. 9 A. Cubic NaCl precipitation in round pore (radius = 5 um), secondagigitation of concave-curved NacCl at
the prior salt-pore contacts, and resulting deformation. B. Raman gideithe quartz matrix around an inclusion
filled with 5m CsCl, and put at (Th-Tn) = 90°C (unpublished results; Cal&MTHI, P. Simon).

Another experiment is presently running, searching to recorddhstraints implied in the surrounding solid by the
tension inside a highly superheated electrolytic aqueous solution Bjigngerestingly, part of the surrounding quartz
is under slight tension (darkest part, to the left of the inclusighie another part is under compression (dark/light
grey, to the right of the inclusion). These two compartments ailg destinguished by two lines making a 120° angle
between, classic in crystalline quartz. The current interpretation is that-thelusion tension pulls up the right
compartment that moves as a wedge and so is put under overpressleréhe other rigid compartment does not move
and undergo the tensile elastic deformation. This first experiment demongteatesmplexity of the stress field all
around an inclusion, active as long as the liquid tension is effective, armhes®dthe compensation effects due to the
heterogeneity on the matrix itself.

4.3 Explosivity
A superheated liquid is metastable with respect to its vapour and then able tdenatlany moment (Fig. 10A)
During the 18 century, Rev. Dayton already reported on the easiness to supeliqeat and the associated explosive
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danger[28]. Nowadays, this is a well-known class of industrial spills accidentsetted to the Boiling Liquid
Expanding Vapour Explosion (BLEVE) type (for instand@9]). As thermodynamically demonstrated [9], the
superheating state of the mother liquid does not increase so much the refesge at the LV phase transition, but
dramatically increases the rate of this transition. The power of guiesin is the product of the energy release by the
time of release, it comes to the superheating boiling can be qualified aswexplesause it is a rapid-phase transition
whose rapidity is depeing on the superheating “level” [29].

Yoltage[m) vs Time[sec] <all Channels» [Hst]
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Fig. 10: A. Intense and brutal boiling in 5m NaCl: Th = 221°C; Th-Tn = 51°C (alddtp://www.iem.ac.ru/staff/kiril)

B. Soundwave accompanying the trapped liquid cavitation recorded by astiacemission sensor (Euro Physical
Acoustics).

The cavitation event produces a sound wave that can be recorded toectzardoe intensity of the prior metastability
and estimate the mass that cavitates (Fig. 10B). Additionally, severalseandre used to detect the exact location of
cavitation which is not so valuable when working with transparent materaldiilartz SFI, but could become
interesting if using this system to record cavitation event in heterogepemuss systems.

Interestingly, the boiling of large bubbles in porous soils was evagedpotentially important factor to the transport in
porous media (e.g., [30-31]). Actually, this boiling occursvater immobilized against gravity due to the capillary
forces. The boiling breaking out this capillary suction makes the water &lole to flow again according to the
gravitational field. This de-metastabilization event can also be expected to mavigadly continuously water body
into a sum of dispersed flowing/not-flowing water clusters, shapidigcontinuous water content in soils.

CONCLUSION

Superheated water is a special state which appears for different reasoreagihg vapor pressure, increasing
temperature) and can be useful for different purposes. First, the {gemdrsuperheated water are of interest for those
situations during which this special metastable state aBsxond, these properties also fit the capillary properties,
because capillarity is no more than a superheated state without metastdbiligrer, an open question is the role the
superheating plays in the confinement of liquid in geometrical restrictesl quaces. But again, the superheated
properties could fit well with the confinement behavior.

On another point of view, this study outlines the shortage of kidgwlabout the consequences in natural settings to
contain liquid water with superheated properties (whatever its actual fornmexbnéapillary, or strictly superheated).
In particular, the phase transitions (gas/solid-solution interactions, Nagidr explosive boiling) are drastically
changed that could impact significantly our understanding of the treasfer in the corresponding pore networks. All
the results showed here need to be extended and generalized, and relatitfiedudace area of the liquid-solid
interface, and also to the volume of liquid involved and available for the neastmpmpletely overlooked aspect is the
retention/flow duality and more generally the consequences of the esapeghon the transport functions of the
infilling pores liquid.
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