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The tensile strength of water increases when solid particles are filtered out, and it becomes greater
the smaller the remaining particles are. Natural particles are of random shape, making parametric
studies on the relationship between tensile strength and particle characteristics difficult. In this
investigation, using degassed tap water from which natural particles larger than apouthad

been filtered out, the tensile strength was measured before and after seeding with almost spherical
solid balls of diameters from 3 up to 7@m. The smallest balls, one type being hydrophobic, the
other hydrophilic, had no measurable influence on the tensile strength, though they were notably
larger than the remaining natural nuclei. Seeding with the larger balls, hydrophilic as well as
hydrophobic ones, reduced the tensile strength compared with that measured for unseeded, filtered
water, but at most down to 1/3. On this basis it is concluded that a greater tensile strength is
connected to the almost spherical solid balls than that due to natural particles of the same size. The
critical cavities developed from the larger balls had radii much smaller than those of the balls
themselves. This supports the hypothesis that cavitation nuclei are related to the fine scale surface
structures observed on the balls, and in dependence of their global radii of curvature, critical cavities
are developed. A model of this development is presented2083 American Institute of Physics.

[DOI: 10.1063/1.1535940

I. INTRODUCTION from solid surfaces at localities of concave curvature so that
interfacial voids are formed. This is ascribed to interfacial
The ability of liquids to sustain tensile stress is normally jiquid tension and to the diffusion of gas molecules into the
limited to relatively small negative pressures due to the oCsiryctured interfacial liquid. Under certain conditions the
currence of cavitation. The change from a one-phase liquidoigs may develop into larger stabilized cavitation nuclei
to a two-phase bubbly medium is ascribed to the presence @faca,se sound fields in the liquid set up broadband reso-
cavitation nuclei which grow unstably at exposure of the, nce viprations of the gas—liquid interfaces. In such cases

L'qtl,“d to al s'u:]ﬂm%nt tertﬁlle sggs?. Ihe rlgture oLFhese CaViectified diffusion of gas into the voids balances the diffusion
ation nuclel has been e subject ol continuous discussion Iréut of them due to the excess pressure associated with their
the cavitation community. Gas bubbles embedded in the bul S

o ) . convex gas—liquid interfaces. Of course, the degree of gas
of a liquid have been suggested, but they dissobredisap- . . Lo .

o aaturatlon in the liquid at the prevailing pressure also

pear due to buoyancy unless they are somehow stabilize i v infl this diffusion bal
Harvey et al? proposed that gas nuclei are stabilized in hy—s rongly influences '_S usion balance. ) .
drophobic conical cracks and crevices of solid surfaces. Large natural particles are generally of highly irregular
Though solid surfaces generally do not exhibit such featureSnaPe and their surfaces exhibit a br,oad_ s;s)ectrum of local
on a submicrometer scale, the model proposed by Harvefpdii Of curvature(apparent from Crum's Fig.”L Attached
et al. is able to explain several experimental observations 0fS€0us voids are expected to develop at these irregularities,
cavitation inception. Greenspan and Tschieggowed that and their growth at exposure to tensile stress determines the
the removal of particles larger than Ogn diameter from  tensile strengttPs of the liquid. In order to study how the
water increased the tensile strength to about 200 bar. Thignsile strength is dependent on the particle shape and sur-
supports the supposition that the free stream nuclei causirigce character, it is advantageous to replace the natural par-
cavitation are closely connected to the solid particles alway#cles with well-known ones. In this paper experiments with
abundantly present in plain water. Recently it was suggesteshonosized almost spherical particles of different diameters
in a revised Harvey-type modethat liquids may detach and wettabilities are described.

1070-6631/2003/15(2)/545/9/$20.00 545 © 2003 American Institute of Physics
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II. SPHERICAL SOLID PARTICLES TABLE I. Dynospheres used for seeding in the present investigation of the
. o . . ) tensile strength of water.
The tensile strength of a liquid increases if solid particles

are removed by filtering—the more the smaller the remain- Factory Surface Base Diameter
ing particles are. If the liquid is subsequently seeded with code character material ()
perfectly spherical particles of radil® which are totally EXP-SS-3.0-RXG Hydrophobic Polystyrene 3.0
hydrophobic, the theoretically smallest possible tensileéEXP-SA-3.2-RNI Hydrophilic Acrylic polymer

strength Prm is determined from the stregs,=p.. it with nitrate

. roups on surface ~3.0
that overcomes the surface tension force and makes a vappy, << 50 3.rxG group .

. . . . Hydrophobic Polystyrene 20
cavity of initial radiusR detach from the solid surface and gxp.ss-42.3-RSH  Hydrophilic Polystyrene with hydroxyl
grow, ie., groups on surface 30

EXP-SS-78.1-RXG/71 Hydrophobic Polystyrene 76

(PR th=2Y/IR= = (Ps—Py)erits )

in which vy is the surface tension constant gmdis the vapor

pressure. Thus, a totally hydrophobic spherical particlgy e groups on the surface of the balls. The hydrophilic

R=1.5um in cold water r_esults_ inFetS)Rv‘hml'o_ bar.(Actu- balls were delivered in water by the manufacturer, while the

ally, perfectly hydrophobic solids do not exist due 1o thehydrophobic ones were delivered in a 10% sodium dodecyl
! 0, -

occurrence of van der Waals' forces, but a 100/0, hydr()phosulphate—water solution to avoid clustering. The density of

bic sphere equals a vapor bubbli cases of partially hy- the balls was about 1.0510° kg/m®. Table | presents the

l‘?‘“’? dhobch:_ dsghe;eshthe tenznebstrlfngtr:_i '3 gr(raﬁter fbecauﬁ’?anufacturer’s particle characterization as well as our size
lquid—solid bonds have to be broken. Hydrophilperiect o 5q rements. Figures 1-5 show scanning electron micro-

spheres are not responsible for the tensile strength becau§gopiC pictures of the balls used for seeding. It should be

thg molepuleg of'the liquid bond better to the spherg than 19,104 that within each batch the balls are remarkably uni-
neighboring liquid molecules. However, real particles O.fform, and that they are very close to being spherical, except

spherical shape exhibit small-scale deviations from sphenct-he 3 um balls in Fig. 2, which have a major deformation
ity, so that locally concave surface structures are formed. rom sphericity and exhibit “mountains” of dimensions up to

such localities interfacial gaseous voids—cavitation nuclei—300 nm. However, all the balls have planetary surface struc-
much smaller than the particles themselves may be in dyt'ures, most of them rather weak, of about 100 nm lateral

namic equilibrium: By pressure reduction these voids grow, extension. The balls in Figs. 4 and 5 apparently have nano-

anq adjacent ones may merge into a single, larger one. In rticles of up to about 100—200 nm attached to their sur-
rapid pressure reduction the content of noncondensable g ce. It is characteristic that all the global radii of curvature

remains that initially present in the cavitation nuclei, andare positive, while locally the fine scale structures also seem

these expand and merge into predominantly vaporous, afy exhibit negative radii of curvatur@oncave shape
tached cavities. The void that first reaches hemispherical

form deterr_mnes th_e critical pressure connected to the glol-”_ EXPERIMENTAL SETUP
bally spherical particle.

In the present experiments filtered water was seeded The experimental work was carried out at the
with almost spherical solid balls, Dynospheres, made fromVersuchsanstalt flWasserbau Obernach, Germ&aynd ten-
polymers. Three of the batches were characterized by thsile strength was measured with a Keller vortex-flow noZzle.
manufactureDyno Particles AS, Norwgyas hydrophobic, In this apparatus the liquid rotates when it enters the nozzle
and two batches as hydrophilic. Hydrophilicity was obtainedso that the minimum pressure is obtained in the throat at the
from functionalized monomers participating during or at theflow axis. This guarantees that the nozzle wall does not in-
end of the polymerization, and resulting in either hydroxyl orfluence the tensile strength measured. The test rig used is

A

P

AceV  Spot Magr Det fWD Exp F———— 2 pm
150Kkv 22 26000x SE [ 51 17447 F Kragh FY

gn Det WD EBp p——-— nm

x Sk 60 17452 Fl Kragh FYS DIU

(b)
FIG. 1. The EXP-SS-3.0-RXG Dynospheres. Scale t@r2 um; (b) 200 nm.
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FIG. 2. The EXP-SA-3.2-RNI Dynospheres. Scale Bar:5 um; (b) 200 nm.
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shown schematically in Fig. 6. Tap water was supplied to théng measurements of the tensile strength this valve was
system af1] and natural particles were filtered out in a Mil- opened in steps to increase the flow velocity and hereby re-
lipore filter [2] which was built into a 20 | tank. The filter duce the pressure at the center of the nozzle throat where the
removed particles larger than abougfin. The filtered water first cavitation events were to take place. If no characteristic
was stored in a 30 | main storage taff&] in which the cavitation event was recorded at a prevailing flow within a
pressure was controlled by a pressurization and vacuum compreset interval of time, the valve was opened one step further
trol unit [13]. (Gas was used to establish the pressures reby the stepper motor, and a short interval of time was al-
quired, but due to the short duration of a tensile strength testpwed, typically 0.6 s, to achieve equilibrium in the test rig at
the gas content of the water was not influenced except at thie increased flow. Then it was again ready for detection of
very end of a test sequeng@&he water temperature was kept cavitation events.

constant with a cooling/heating system built ifg. During Cavitation events were detected by two techniqugs:
experiments the valvi21] was closed and the water was led by the signal from an acoustic sensor that recorded the sound
from the storage tank, where the pressure was kept at 4 bgyulse emitted by the implosion of each cavity when it passed
to the vortex-flow nozzI¢5] through a mixing unif4]. Here  into the diffusor of the vortex-flow nozzle, an@) by the
particles could be supplied from the 50 ml particle storagescattering of a 1-mm-diam laser beam, which was emitted
tank [16], which was at the same pressure[8F The flow  from a laser diode in the upstream chamber of the nozzle and
through[4] reduced the pressure below that[B], so that was directed along the flow axis of the vortex-flow nozzle.
liquid from [16] containing the particles could be mixed into When the flow was noncavitating the beam was recorded by
the main flow. The particle flow could be controlled by the a photodetector at the nozzle axis downstream of the diffuser.
needle valvd 14]. Attempts were made to measure this flow, The occurrence of a cavitation event at the throat axis inter-
but had to be given up due to its fast rate of change duringupted the beam and the event was recorded. The event-
the experiments. Therefore, no information of the rate ofsignals from each of the two transducers were sent to the
supply of the Dynospheres was obtained. Ff@ithe water computer[17], which was programmed so that a series of
passed through a flowmetgs] and a ball valvg 9], which  successive signals, typically three, from at least one of the
was operated by a computer-controlled stepper motor. Duttransducers within a suitable time, typically 3 s, was required

ACeV Spot Magn
300kv30 00x

Det WO Bxp FH———— 10um AccV  Spot M. Det WD Exp F———— 200nm
SE 26 9336 F.Kragh LF. DTU 30.0kV 1.0 SE 27 9341 F.Kragh LF. DTU

(a) (b)

FIG. 3. The EXP-SS-42.3-RSH Dynospheres. Scale (a0 um; (b) 200 nm.
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0 nm

0
7 1 Kragh IF. D.TU

FIG. 4. The EXP-SA-20.3-RXG Dynospheres. Scale ar20 um; (b) 200 nm.

for recognizing that cavitation events characteristic for thethat had passed through the nozzle and the oxygen meter was

tensile strength of the water had occurred. In that case, theollected in two tank§10] each of 13 | in which the pressure

pressure, flow velocity, gas content, and temperature rewas 0.2 bar, controlled bj13]. From here the water was

corded at the previous flow step were used to calculate theither returned continuously to the taf8{ through the main

tensile strength. Isolated cavitation events occurred, and maMillipore filter [11] by use of the pump12], or it was re-

have been caused by large random nuclei. Such events wetterned without filtering when3] had emptied. In the latter

usually recorded at a tensile stress lower than the characterase the valvelsl8]-[20] were closed, the by-pass val\&l]

istic tensile strength of the liquid. However, the occurrencewas opened, and the pressure control {ib#f] was used to

of a suitable number of signals within a short time, and inestablish the reloading ¢B8] by maintaining 0.2 bar i3]

particular if recorded by both transducers, indicated that thand applying about 0.5 bar ifiLl0] during the transfer of

tensile strength had been reached. Such groups of signals |egter.

to relatively reproducible measurements of the tensile The vortex-flow nozzlg5] was made from glass, and

strength. When the tensile strength was exceeded, the rate thfus the occurrence of cavitation could be observed visually

cavitation events was in some cases so large that blocking a@fr photographed.

the nozzle flow occurred, and it strongly influenced the mea-

surements of pressure and flow. Therefore, pressure and flo

data acquired after the tensile strength had been reached Itli:% EXPERIMENTS

to a large dispersion of the results, and data from the preced- Measurements have shown that the tensile strength of

ing step were used instead. When a measurement of tensilmfiltered, unpressurized tap water is very low due to the

strength had been recognized, the ball vd®Ewas closed presence of random natural particles in the water. Therefore,

automatically, and a new experiment was performed withbefore experiments were started the water was filtered by

stepwise opening df9] until the tensile strength was again circulation for 2—4 h in the whole of the flow system at a

exceeded. pressure of 0.2 bar absolute. Hereby water that was cleared
Parallel to the componen{$], [6], and[9] an oxygen of particles>1 um and of a low gas content was obtained. It

meter[7] and a flowmetef8] were mounted for continuous was then prepressurized for 15 min at 6 bar. Subsequently

measurement of the gas content in the nozzle flow. The watdensile strength measurements were started, first with the fil-

—~

. N f;" _\’A —
,/‘\ ’,\_f\’_\

> o o,
Acc V pot Magn  Det WD (’D——Tir 500 nm
ﬂ OkV 14 100000x SE 92 11484  Fl Kagh |F DTU
(b)

FIG. 5. The EXP-SA-78.1-RXG/71 Dynospheres. Scale @r50 um; (b) 500 nm.
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FIG. 7. Measurements of tensile strendtlh made with the 3Qzm-diam

\9 EXP-SS-42.3-RSH Dynosphereg@\) Filtration to clear the water of par-
ticles. (B,) Continuous seeding with Dynospheres,BRecycling of water

FIG. 6. Experimental setup for measurement of tensile strefgihTap containing Dynosphere¢C) Filtration to clear the water of particles.

water supply[2] Millipore filter, [3] mail storage tankj4] mixing unit, [5]

vortex-flow nozzle[6] flowmeter,[ 7] oxygen meter|8] flowmeter,[9] ball

valve,[10] reservoir tanks[11] main Millipore filter,[12] pump,[13] pres- . .
surization and vacuum control unjtL4] needle valve[15] flowmeter,[16] e.g. natural parucles of a denS|ty nOtably Iarger than that of

particle storage tan{17] computer[18]-[21] valves. water.
The flow circuit with the filte 11] was used for clearing
the water of particles, natural as well as seeded ones, and
tered water itself, the water being continuously circulatedduring measurements of its tensile strength. Due to limita-
and filtered, the pressure being kept at 4 bar in the storagions in the amount of Dynospheres available and a too fast
tank [3] and at 0.2 bar in the receiver tanks0]. After a  consumption of them, it became necessary already during the
number of such measurements, prepressurization at 6 bar féirst seeding experimeriith EXP-SS-42.3-RSHto recycle
5 min was applied. New tensile strength measurements nowhe water containing the balls frof0] to [3] via the by-pass
generally showed increased strength. When a tensile strenglly use of the pressure control unit.
of preferably not less than 1.5 bar was achieved, seeding With the EXP-SS-3.0-RXG and the EXP-SA-3.2-RNI
with Dynospheres was started. A maximum tensile strengtiynospheres the large number of small particles in the water
of P,=1.9 bar was obtained for filtered water, degassed taesulted in a scattering of the laser beam, irrespective of the
about 0.2 bar. The water temperature was 15-18 °C and wdkw, and this caused a permanent triggering of the optical
kept within =1 °C in each of the series of experiments. cavitation event sensor. Therefore, this sensor was turned off
In some cases a tensile strength was recognized frowhile the 3um balls were investigated and only the acoustic
events recorded by only one of the transducers during theensor was used. The tensile strength measurements recorded
preset time interval. Occasionally the acoustic signals werby that sensor were not distinguishable from those measured
weak, and only optical signals were recorded. These major the filtered water itself. It is therefore concluded that the
have been caused by the passage of sufficiently large noB-um Dynospheres, though three times the size of the largest
cavitating objects, e.g., clusters or clouds of particles thahatural particles in the water, were too small to reduce the
triggered the optical transducer, but did not cavitate, thusensile strength below the value determined by the natural
leading to recognition by only this transducer of a tensileparticles remaining after filtration.
stress level lower tharfPs. In cases where only acoustic The results of the tensile strength measurements with the
signals led to recogniton, the optical sensor may have sufballs of diameters 30, 76, and 20n are shown in Figs. 7, 8,
fered permanent blocking, or the cavitation events may havand 9, where the measured tensile strength is shown versus
been due to particles passing the nozzle off the flow axisthe experiment number in each of the successive series, sepa-
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FIG. 9. Measurements of tensile strendih made with the 2Q+m-diam
EXP-SS-20.3-RXG Dynosphere®) Filtration to clear the water of par-
ticles. (B) Recycling of water containing Dynospherd€) Filtration to
clear the water of particles.

FIG. 8. Measurements of tensile strend?y made with the 76zm-diam
EXP-SS-78.1-RXG/71 Dynospherg#.) Filtration to clear the water of par-
ticles. (B) Recycling of water containing Dynospherd€) Filtration to
clear the water of particles.

rated by prepressurizatigmdicated byp) and recycling pro- measurements in Sec. {Bwere made. The third section of
cesses(indicated byr) and/or by changes in the state of Fig. 7, (B,), presents the measurements of tensile strength
seeding. The states of seeding divide the graphs into thresbtained after recycling and prepressurization of the water
(Figs. 8 and 9or four (Fig. 7) major sections. Note that the containing the Dynospheres.
first axis indicates the sequential order of the inception mea- The second section of Figs. 8 and @), shows the
surements and does not contain any time information. Théensile strength obtained with the 76 and the 2@ hydro-
time between each measurement and the processing timphobic Dynospheres, respectively. These balls were mixed
were very different. A whole sequence of experiments tooldirectly into the water of the storage tafd, and the experi-
about one day. mental procedure for this section therefore corresponds to
The first section of Figs. 7-9A), shows successive that in Sec. (B) of Fig. 7, but without prepressurization in
measurements of the tensile strength obtained during circwerder to minimize sedimentation and clustering of the par-
lation and filtering of the water before addition of Dyno- ticles.
spheres. In these measurements each of the cavitation events The last section in Figs. 7-9C), shows the tensile
that was recognized as representing the tensile strength wasrength obtained when filtering was again started to remove
clearly discerniblgtime intervals of the order of 1-2,5.e.,  particles from the water. It increased, but not to the level
there were few natural nuclei large enough to cause cavitasbtained in Sec. A.
tion. For the evaluation of mean tensile strength it has been
The second section of Fig. 7, {B shows the tensile decided to include only the measurements recorded by both
strength obtained during continuous seeding with the«80  transducers. A few of these with very low values have been
hydrophilic Dynospheres, where a cascade of cavitatiowonsidered to be outliers caused by alien particles that have
events occurred when the tensile strength was reached. Tlhecome mixed with the water in the particle storage tank or
numerous cavitation events were directly visible at theduring recycling. In Table Il the mean values of the tensile
nozzle throat. During the first 19 measurements the watestrength(P,s), obtained with the 20, 30, and 7@m Dyno-
was continuously returned to the storage tdBk via the  spheres are listed together with their uncertainyP,s)) as
filter [11] and the pumg12] so that the Dynospheres were well as the uncertainty of the individual measurements
filtered out. Due to the rapid consumption of the balls, filter-u(P,). These data are presented together with those ob-
ing had to be stopped, but seeding was continued until th&ained for filtered water prior to the respective seedings with
tank was empty of filtered water. During this time the last 12Dynospheres.
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TABLE II. Mean tensile strengtifP,) of tap water measured first during

filtering to obtain water with only natural particlesl um, and subse-

quently after seeding of the filtered water with different sizes of Dyno-

spheres. The uncertainty((P,)) and that of individual measurements 1.5
u(Py) are given.

Mean tensile Uncertainty, Uncertainty, totally hydrophobic spheres
Diameter strength mean indiv. meas. :
2R (um) (P (bap u((Pyy) (ban u(Py) (ban
3.0 >~1.5
~3.0 >~15 11
Nat. part.<1 1.36 0.08 0.35
20 0.72 0.03 0.17 =1
Nat. part.<1 1.33 0.10 0.37 2
30 Sec. B 0.87 0.06 0.21 ~
30 Sec. B 0.88 0.09 0.25 o
Nat. part.<1 1.23 0.07 0.29
76 0.48 0.07 0.24
0.5
V. DISCUSSION
A. Experimental results
In Fig. 10 the measured values of the tensile strength of 0 . y . "
water given in Table Il are presented together with the curve 1 10 100
of tensile strengthR,)r , corresponding to perfectly hydro- 2R / ym
phobic spheres, or vapor cavities, Eg). The experimental
values obtained with filtered water before seeding with A\ natural particles < 1 ym
Dynospheres, and thus with only natural nuctel um are .0 hydrophilic Dynospheres
located below this curve, while those with water seeded with + hydrophobic Dynospheres

the almost spherical balls are located significantly above this
curve. The tensile strength obtained with Dynospheres of 1 2up>)

diameters R=20, 30, and 76um can be ascribed to hemi- I 2u( P,)

spherical vapor cavitieqi.e., critical cavitieg of radii

(Smin)=2.0, 1.7, and 3.Qum, respectively, attached to the FiG. 10. The experimental mean tensile streng#) of water filtered to

surface of the balls, these radii being calculated from remove particles>1 um, and of the water when it was subsequently seeded
with Dynospheres, presented vs their diamefer Phe uncertainties of the
Pis=2%/Smin=— (P — Py) crit - (2)  individual measurementsi(P,J), and those of the mean valueg((P,y),

. are shown as error bars. Further, the curve corresponding to the theoretical
They are notably smaller than the raiof the balls them-  ensiie strength Rrm Of perfectly hydrophobic spheresr vapor cavi-

selves, but on the other hand no surface structures as large t&s), Eq. (1), is shown. In each batch of Dynospheres the global iRdiie
these are found on the balls. Only structures in the 100 nrihe same within 1%-29%.

range are characteristic, i.e., structures at least an order of

size smaller than the critical radii. It is assumed that in the

pressurized tank§3] and [16], Fig. 6, gaseous interfacial remaining natural particles of sizes up tquin. The hydro-
nanoscale voids develop and reach dynamic equilibrium gbhobic 20 um balls resulted in a tensile strength about 5
these surface structures. Thus, on each ball numerous adjgmes that of vapor bubbles and as much as half that of the 1
cent, nanoscale voids are supposed to exist. When a balim natural particles. The hydrophobic zZ#n balls produced
moves to the nozzle throat the pressure drops dramaticallg tensile strength at least 10 times that of vapor bubbles and
within a short time, and the volume of each void expands byl/3 that of 1um natural particles. The tensile strength was
increasing the curvature of its gas—water interface and bwlso dependent on the hydrophilic/hydrophobic character of
expanding its locus of attachment. As diffusion of gas inthe ball surface: the 2@m hydrophobic balls gave a tensile
solution is a slow process, the content of noncondensable gasrength lower than that of 3am hydrophilic balls, which

in the voids is almost constant during their expansion, andndicates that the merging of nanovoids is reduced by hydro-
they become essentially vaporous. During growth they mayhilicity. Though the balls were globally almost identical in
merge into notably larger vaporous voids, the largest oneach batch, the measured tensile strength of the seeded water
eventually determining the tensile strength set up by the ballwas found to be a statistic quantity. Actually, this is to be
The number of merging nanovoids apparently decreases withxpected because the small-scale surface structures are sto-
an increase of the global, positive curvature of the ball surchastic, and accordingly the number of nanovoids that merge
face. As seeding the filtered water withusn balls caused no will differ from one ball to the other.

change to its tensile strength, it is concluded that these balls In the present experiments with filtered water where
imposed a tensile strength higher than that already set biyatural particles of sizes above dm were removed, the
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upper limit of the tensile strength was less than 2.0 bar—acter, while a convex shape promotes a hydrophilic charac-
value which is below that corresponding to perfectly hydro-ter. The initial voids formed in this way may grow as a result
phobic spheregor vapor bubblesof diameter 1um. This  of resonance oscillations of the void-liquid interfaéest
indicates that gaseous voids of notable size were attached liguid temperatures approaching the freezing point an aug-
the remaining natural particles, allowing them to expand to anented stabilization of the interfacial liquid is expected, and
size larger than that of the particles themselves before reaclgonsequently also an increased interfacial tension. This ex-
ing critical size. plains the observed reduction of the tensile strength of water
Greenspan and Tschiegl'experiments with acoustic at temperatures below 10 “€?
cavitation showed that the tensile strength of water increased Ordinary surfaces with densely distributed small-scale
when the size of the remaining natural particles was reduce@orrugations are supposed to exhibit neighboring concave
and it reached a maximum ef200 bar when particles larger Structures, which have developed interfacial voids, and they
than 0.2um were removed by filtration. Filtration to smaller are separated by zones of maximum positive surface curva-
sizes had no further effect. We can assume that in theiture along parts of their configuration. At exposure to tensile
acoustic experiments the interfacial voids causing inceptio§tress these voids expand and may get into contact at the
grew by rectified diffusion of gas before being critical, and Maxima. In such cases they merge and form significantly
voids of attachment radius 4—7 nm have determined the teff@rger voids at the prevailing tensile stress, i.e., they ap-
sile strength, i.e., voids notably smaller than the particledroach their limit of stability. _
themselves. This indicates that the natural particles of diam- !f we change a planar solid surface with small corruga-
eter 0.2um were dominated by positive global radii of cur- fions into one with a global curvatursuch as the almost
vature, and it suggests that natural particles change in chafPherical balls in Figs. 153 positive global curvature aug-
acter when decreasing from Am (the experiments of this ments the local curvature at convex surface corrugations, and
papej to 0.2 um diameter(Greenspan and Tschiegactu- |'F reduces the Ioc_al curvature at concave surface corruga-
ally, Greenspan and Tschiegg observed that with these smfﬂpns' Th? former |nflu_ence tends to impede the mefg'_”Q_Of
particles the gas content of the water was without influenc&€!9hPoring voids, while the latter tends to oppose the initial
on the tensile strength, which supports the above-presenté’c&’Id formation. Thus, both effects increase the tensile

interpretation. The ratio of the number of surface atoms tostre_ngth of a liquid containing particles of positi\{e g_IopaI
that of bulk atoms in a particle increases when the particléadlus of cgrvature—thg more th.e sma_lller_ the raghus IS, Just
found in the experimental investigations with almost

size is reduced. Therefore, surface tension forces beco herical balls. On the other hand ing is facilitated if

important when nanoscale particles are considered, and th erllcg I aj_- ”f eo tEY Sn , merging If‘ acili a:je i

favor a spherical shape. When particles are small, i.e., whe € global radius ot curvaiure becomes negative, and a re-
uced tensile strength is achieved. Large natural particles

B e e o ¢ Sgmmonly exhbi et rees ofregtie globa e
globally convex. 0 curvatgre. This _explalns the low ten_slle stren.gth qf plain
water, which contains large natural particles of highly irregu-
lar shape. Here the voids may grow to an appreciable vol-
ume that contains gas, and the tensile strength may be re-
Experimental and computational investigations of atomi-duced below that of perfectly hydrophobic spheres of size
cally flat surfaces of platinufrand molecularly smooth sur- similar to that of the particles.
faces of mic&'° show that at 300 K the first layer of water Itis conjectured that in the present experiments ther8
molecules is adsorbed to the solid surface in a solid-likealmost spherical balls were small enough to prevent merging
structure, while the first hydration layer is strongly immobi- of nanoscale voids into microscale voids. Thus, the tensile
lized, though liquid-like. These layers show a distinct densitystrength of the seeded water remained determined by the
oscillation normal to the solid surface. The following hydra- notably smaller, but irregular natural particles. The larger
tion layers exhibit notably less stabilization and within aboutballs used in the present experiments had too large global
10 A bulk water conditions are achieved. radii of curvature to prevent the merging of considerable
These results comply with investigations of solid sur-numbers of adjacent nanovoids connected to the surface
faces with microscale roughness by atomic force microscopystructures of the almost spherical balls. Therefore, critical
where force spectroscopy reveals that an interfacial tension imicrovoids developed, notably smaller than the balls them-
present in the layers of water adjacent to the solid surface. selves, but larger than those characteristic of the remaining
Therefore, at concave configurations of nonplanar surfacesatural particles.
we can expect that interfacial tension strains the molecular
!IC]UId b_onds, and that gas moleculgsz(éhd I\_Jz) in solution . ACKNOWLEDGMENTS
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