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Introduction by W. Spannhake

For quite sometime I have felt the need for a thorough
physico-chemical investigation of the phenomenon of cavitation. Although
fundamental concepts were fairly well established by F8ttinger, nonethe—
less, a large number of problems, especially those of material strength,
required a solution. When Prof. Dr. L. Ebert, a former colieague at the
Karlsruhe Technical High School, concurred with my proposal concerning
this problem and placed at my disposal one of his coworkers, Dr. Nowotny,
I was indeed grateful.

For providing the facilities our thanks go to Prof. Dr. Holler,
Director of the Griesheim Works of the I. G. Farben Industries.

After a few conclusive tests carried out in a Venturi tube with a
hydraulic flow strength of 40O horsepower, in which traces of cavitation
could be detected within 30 seconds, we decided to make further tests
using a high frequency oscillator. Only with this apparatus was it con-
sidered possible to study the cavitation problem undei the influence of
all measurable variables. For here a test specimen of less than 100 .g
may be subjected to oscillations of high frequencies in a cupful of any
chosen liquid.

The results of the many tests carried out with various types of
solids in different liquids are incorporated in this report. Not only
do the results establish a classification, but the tests throw light upon
the very beginning and upon the subsequent steps of materials erosion.
Dr. Nowotny's tests have given a comprehensive concept of the progressive
action of cavitation and the conclusions reached from the results
(including the role of the chemical reactions) appear to me to be free
from flaws. From the theoretical standpoint as well as in applied prac-
tice these results should prove of considerable significance.

I am sure that this book will be of great interest to those who have
occasion to deal with the phenomenon of cavitation.

Karlsruhe, July 1941.
W. Spannhake, V.D.I.
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NOTATIONS

The more important symbols and thgir physical units,

& (em) = oscillating amplitude.
A (g EE?/secz) -

¢ (cm/sec) =

d (em) =

e (g/em sec?)
E (g/cm sec?) -
£ (Sec') =
F =

g (cm/sec) -

k, k' =

ky -

L (em) -

P (g/cm sec®) -

Py (&/cm sec?) -

1 (g/cm sec?) -

P, (g/cm sec?) =
ps (g/cm sec?)

9 (g/cm sec’) =

r (cem) =

r, (em) =

s (cm) =

T‘.(ac) =

v. (em/sec) =

capillary work.

velocity of sound.

diameter of bubble.

= energy density (Energiedichte).

modulus of elasticity.

frequency.

function,

acceleration due to gravity.

constants,

cavitation number.

length of c;lumns length of hollow space.
external pressure (total pressure).
pressure at the beginning of cavitation.
pressure within the bubble,

saturation pressure of the dissolved air in
water.

= saturation pressure (evidently vapor pressure -

translator).

static pressure,

bubble radius. R

bubble radius before collapse.
liner distance.

absolute temperature,

fluid velocity, velécity of the bubble.

i1l




T oax (cm/sec) = maximm fluid velocity.

v; (cm/sec) = tangential fluid velocity. -

av (‘cm3/sec) = volume loss pervunj.*.;'t:l.me.

a = air absorption in fluid (Bunsen's absorption
coefficient).

@ = air saturation in fluid.
n (g/cm sec) = viscosity.
p (g/em3) = density.

c (g/sécz) surface tension.




LA (cm/sec) = maximum fluid velocity.

v, (em/sec) = tangential fluid velocity.

av (cms/sec)
a

a
8

n (g/cm sec)
p (g/cm3)
o (g/ses?)

volume loss per unit time.

air absorption in fluid

coefficient).

'(Bunsen's absorption

air saturation in fluid.

viscosity.
density.

surface tension.




I. CAVITATION

1. Introduction

The designers and the builders of hydraulic power machines have
known for a long time of the destruction to machine parts when the
pressure of the liquid p drops at the place in question to the vapor
pressure pg; 1.8 P = Pg. In'this case we have in place of a
homogeneous liquid & dual phase condition, namely liquid and coexisting
vapor. As a consequence there occurs cavitation, the pitting of the
material. There are two phases to this phenomenon, the loss in energy
and at the same time the destruction of ths material. The causes for the
attack on materials have as yet not been fully understood. In the begin-
ning the problem was approached from the hydrodynamic side in which
"outside" conditions were considered resporsible for cavitation. By
"outside" conditions are meant velocity and pressure with their dependency
on time, especially with the development of oscillatory conditions. We,
on the other hand, approached the problem with the M"inner" conditions in
mind which we considered necessary to show the mechanism of cavitation.

As early as 1887, Thomson (64) investigated the problem in connection
with his experiments on stream flow. He foretold the loosening of mate-
rials at the walls and also predicted cavitation in a sphere by backflow.
But a few years later deterioration in ship propellers and turbine

The first attempt to approach this problem systematlcally
ttinger (20).

corrosion (8
was made by F

buckets, etc.g which were caused by cavitation, were considered as

In the study of the cav1tat10n phenomena, the following experlmental
apparatus have developed in the course of time:
\
(1) The convergent-divergent tube (Fottinger) and the modified
diffusor of Schroter (52).

(2) The water impact apparatus by Honegger (27) and that of
de Haller (24).

(3) The ram arrangement of Ackeret and de Haller (5).
(i4) The frequeney oscillator of Gaines (22).

The simplest experimental apparatus is. a smooth-walled
convergent-divergent tube (venturi tube) with a glass observation window.
This perniits a precise follow-up of the flow condition during cavitation,

In this arrangement oiie can note the rhythmic loosening of the stream

from the divergent tube wall. Figure 1 shows the stream formation in a
venturi tube in which the stream constriction and the formation of hollow
spaces can be seen. There is also strong foam formation at the stream border
and vapor formation in the hollow spaces. The collapse of the hollew spaces




according to E. Spannhake's investigations (6l) occurs with a definite
frequency f which bears a simple relationship to the stream velocity
Ve in the narrowest cross section and the length of the hollow
space L

f=kV,./L

where k i1s the factor of proportionality. In order to convey the idea
of the magnitude of the converted energy into sound, it may be remarked
that in the case of the venturi chamber installed outdoors at the
Schwarzenbachwerk with a water column of 350 m (1,150 feet) where V

80 m/sec (260 ft/sec) the sound can be heard hundreds of meters away. The
formation of the hollow spaces were also proven by means of oscillographic
pressure measurements. Pressure measurements taken within the chamber
in the initial stage of cavitation showed that pressures reach the magni-
tude of the vapor stresses in the divergent part of the chamber but drop
immediately behind the narrowest cross section, however, materials -
destruction does not show in this region, but further on. (See Figure 2
and references 50 and 51.)

It was soon suspected that the "inner" conditions were connected
with the presence of gas and vapor pockets which by exceedingly rapid
densification could exert local impacts. The impression of the hollow
space and vapor pockets formation led to the replacement of the term cavi-
tation by the term Hohlsog (literally to suck hollow)., In our discussion
we shall drop this designation in favor of the older term, inasmuch as we
shall show that, in general, the concept of cavitation covers not only
the formation of hollow spaces but all other hydrodynamic phenomena
connected with the unfavorable action upon materials. Frequently, the
term water hammer is used to express the purely. outer stresses in the
material. The employment of this term is suited, as we shall see later,
to the drop impact apparatus and the ram apparatus, although the term
does not characterize the fundamental mechanics.

2. Materials destruction through cavitation

Materials testing for strength and corrosion resistance has long
been carried out in a systematic manner, but a lack of understanding of
the true causes of cavitation and similar water impsct stresses has
hitherto prevented a systematic investigation of the cavitation attack on
various materials as well as their cavitation resistance.

Failure types caused by purely mechanical stresses, such as tension,
compression, fatigue, or scouring are different from those caused by
cavitation. Figures 3 té 6 give an idea of the type of damage caused by
cavitation which, seen in the pure microscopic representation, reminds
one of strong chemical corrosion. In America this gave rise to the
concept of cavitation corrosion and cavitation erosion. This led to the
erroneous view that the primary causes could be considered to be purely
electrochemical.,




Experiments carried out at the suggestion of Fbttinger with
chemically resistant materials such as glass, plastics, etc., soon showed
that the destruction was caused in the main by mechanical processes and
that the electrolytic attacks were secondary and must therefore be of
lesser importance. The unique destructive effects, which at times are
initiated in extremely short periods, may be classified according to
their outward appearances. Depending upon the particular material which
is subjected to cavitation, these may be manifested by boils, blisters,
pits, sponge-like structures and craters, Occasionally one finds (for
instance in glass) evidence of internal rupture and stresses before any
destructive effect is noted at the surface (26). Englesson was the first
to point to cavitation destruction as being of the nature of a corrosion
fatigue failure (19) since, as we shall show in greater detail later,
there are always rhythmic stream flows connected with destruction by
hydraulic impact. Englesson examined cavitated turbine blades made of
various material s-~special bronzes, high~ and low-alloy steels—-and found
that their behavior with respect to cavitation stresses is determined by
the corrosion fatigue limit. From microsecopic examinations it is apparent
that there is a deformation of the crystallites at the surface of the pits.
Figure 7 shows a cut through the arfected region of cast iron in which the
graphite laminate has been washed out., Thoma (63) gives a plausible
explanation concerning this strain, especially with regard to the strongly
grooved condition which originally was smoothly polished. He attributes
these appearances mainly to the exploding action in the always present
micropores by the impact waves of the liquid. '

(According to Allievi

Impact - vc.
Pressure head g

where v 1s the velocity of the fluid, ¢ is the velocity of sound and
g 1is acceleration due to gravity.)

The pressures reached are insufficient to cause any direct damage:
however, they are sufficiently large to bring about localized destruction
at the root of the microindentations. Numerous attempts have been made
to explain the destruction brought about by cavitation by a multiplication
mechanism in the sense used by Ackeret which would give the high pressures
necessary to cause this wear in materials. In the case of stellites (non-
ferrous alloys) these required pressures are above 10,000 atmospheres,
Some of the authors .using this explaration were Ackeret (2), Parsons and
Cook (43) and especially v. Schwarz and Mantel (55).

thtinger alluded to attacks of hammer-liks pressure impacts on
pores and cracks within very small regions. He also thought it possible
- that as a consequence there might be localized temperature increases,

. Nevertheless, the so~called primary prozess in the destruction of
- . materials remained unknown. This was perhbaps due to the techniques
. ’ employed when testing materials for strength and protection. It is quite




obvious that a different procedure would be required which would permit
the evaluation of the types of stresses that accompany the cavitation
process. ;

3. Testing method

The first systematic experiments to determine the .wear on materials
in the venturi tube by cavitation were carried out by Schroter (51).
The evaluation of the material strength was made on a basis of weight
loss with respect to time, similar to the method of abrasion or chemical
corrosion tests. The results indicate that the weight remains constant
at the beginning and that only after a definite period (incubation period)
is there a measurable loss of weight which then follows a straight line
course, Figure 8 shows the weight loss with respect to time for steels,
steel alloys, and cast iron in both the natural and in the annealed state,
after being subjected to cavitation in the venturi tube.* This graph
shows clearly the incubation period for various raterials and also a
second characteristic, thie rate of weight loss with time ( Bor tanB)..
Similar results with the curves slightly rounded were obtained by :
Schroter (52) with his spectal diffuser, and by v. Schwarz and coworkers
(55 and 56) ‘with the drop-impact apparatus.- ‘ ,

The rule set up by Schriter, that the weight loss is inversely
proportional to the hardness of the material, is valid for high-alloy
steels, as was shown by the Karlsrihe techs. For other materials, how-
ever, it does not hold. From this it may be gathered that there is no
simple relationship between strength of materisl and the hardness as
measured, for example, by the Brinell test. In our discussion, strength

+of material is understood to be in relation to cavitation resistance.
Both Schr8ter and FSttinger, after testing metals and nonmetals of the
most diverse chemical compositions came to the conclusion that the chemical’
influence upon cavitation cannot be considered as important as the more
mechanical stressgs acting upon the material. At the suggestion of
O. Walchner, Schroter subseguently changed the diffuser so as to have a
constricted stream fall upon the test specimen. With such an arrangement
Mousson (36) investigated a great number of materials for cavitation
resistance in which the volume losses suffered in definite periods were
compared. Table 1 gives the results for various sorts of cast ironm,
gfter 16 hours of cavitation. The size of the specimen was about
10 x 3 x 0.2 cm.

*These test results were obtained by L. Ebert and W. Spannhage with
high head orifice at Schwarzenbachwerk. (Tech. High School, Karlsruhe,
1938, unpublished.)




_ Table 1

Volume loss of cast iron and cast iron
alloys through cavitation

Volume
loss after
4 Tensile 16 hours
Material Composition in % strength- RS *)
C |Mn |[Si| NifocCr|Cu| Fe |kg/mn2|lbs/in?
Cast iron 3.1810.50(2.13 " Remain-| 17.2 | 24500 696
der
Cast iron-rough|3.20]0.50]2.30 o | 172 | 24500 | 396
1% Ni-cast iron|2.54[0.76{2.51| 1.05 " 38,6 | 55000 376
5% Ni-cast iron|2.9310.50]1.36{ 4.81 " 24,1 | 34000 269
Ni~Cu cast iron{3,10}1.50}2.00{15.00 1.00{7.00 n 12,4 | 17600 '837
Ni-Cr-Cu ¥ " o12.7711.00)1.86114.48(1.88(6.00 " 17.2 | 24,500 247
Ni—Cr—Cu " n 12.9511.0011.89(14.36(3.95(6.00 " 24.1 } 3L000 | 109
#There numbers are merely relative

Micro 1nvest1gatlon supplementlng macroscopic inspection was

introduced by Bottcher (14) in order to study cavitation destruction more

closely., Prepared cuts of cavitated materials disclose under strong
magnlflcatlon slippage lines and crack formations which according to
Bttcher indicate fatigue in the material. A qualltatlvc evaluation may
be obtained by this method of examination inasmuch as the strength of the
attack, the type of destruction according to Pagon’s classification (42),
and the micrographic examination may be affected in the same manner.
With the 2id of the mlcrographlc procedure, for which purpose polished
surfaces are suitable, it is possible to count the individual point of

damage from which at the sams time the average magnitude of the individ-
ual regions may be determined.

Figure 11 shows a brass test specimen which had been subjected to
cavitation and in which not only the local destruction but alsoc the
exposure of the grains may be plainly seen. At various plages there are
also plastic defogmatlons whlch even on plane, smooth surfaces cover an
area of about 10-© to 102 cm?. - This type of deformation may be observed
at times after an extremely short interval, a few seconds. In Figure 12
we have the microphotograph of a cavitated brass specimen (Ms 60) which
shows a small area of the destruction. If one were to attribute this




damage to purely st.atic-pregSure action under normal conditions, then
pressures above 9,000 kg/em* (128,000 lbs/sq in) would ‘be required. In.
this analysis, however, the fact should not be overlooked' that alternating .
stresses of great influence are active which may eventually: lead to per-
renent fractures, especially when there already has been considerable
roughening with noticeable loss of weight. In connection with the phenom-
enon of cavitation, a more thorough knowledge concerning the mschanical
stresses which accompany the high deformation velocities (6) would be
highly desirable. The plastic deformations shown in Figures 13-and 14 are
quite impressive. In Figure 13 we see a macrodeformation of a round
cylindrical test body of nonannealed malleable iron which was placwed into
the high pressure diffuser at the Schwarzenbach plant, while in Figure 14
we see a characteristic center of destruction in a cavitated lead specimen.

l. Resistance to cavitation and the mechanical properties of materials

In the attempt to classify the cavitation effects, one of the first
difficulties arises when we compare the loss of volume through wear with -
the physical properties of the materials. The metallic materials inves-
tigated by Mousson (36) were low- and high-alloy steels, stainless steels,
surface treated steels, aluminum alloys, and nonferrous alloys such as
bronzes, brasses, and stellite. The comparable measure of the quality of
the test bodies was the volume loss after 16 hours of cavitation. In the
sense of the so-called erosion whiclh bears a close relationszhip to the
hardness of the test material, Schréter arrived at a simple working theory
which made the wear on the material inverselz proportional to its hardness
as measured for example by the Brinell test.®™ It appears logical zt first
that the cavitation stresses &re produced by small liquid pistons acting
on many localized points. The results obtained by Mousson and also those
obtained at Karlsruhe show that the relationship H_AV = k is not invar-
iable, even within a special group of metallic matepials. This is shown
quite plainly in the graphic representations of Figure 8 in which the
weight loss with respect to time is given. For cast iron the increase in
hardness is accompanied by a disproportionate increase in wear, for carbon
steel there is no marked change with increased hardness, while for highly -
alloyed steels there is considerable improvement to cavitation resistance
with increased hardness. The relationship, however, holds true for the -
same material-which has been subjected to various. heat treatments. - For-
example, Mousscn found after 16 hours cavitation in the case of a stain-
less steel (12.25% Cr, 0.12% C, 0.45% Mn, 0.025% P, 0.40% Si, and 0.025% S)
the following: : B

Hardness Hp 142 kg m—mz; volume loss 46.7 i
219 20.3
285 , . 8.3
LOL 3.5

¥In Vater's drop impact tests the volume loss diainished with an
increase in hardness. Austentite steels, however, :ormed an exception.




This seems to indicate that individual inner structural properties of the
material such as the crystal grain, grain adhesion, separation, etc., may
be considered as having sofie bearing upon cavitation resistance rather
than the collective outer properties.® On the other hand there ars materi-
als with but little difference in their chemical composition and with about
the same degree of hardness which, nevertheless, display a marked difference
‘toward cavitation. A molybdenum steel (C 0.27%, Mn 0.75%, Mo 0.52%) with

a Brinell hardness Hp = 192 kg/mm“ has a 35 percent higher loss through
cavitation wear than a Ni-Cr-Mo steel (C_0,28%, Mn 0.65%, Ni 1.37%,

Cr 0.60%, Mo 0.25%) with Hp = 179 kgAm%, both having about the same
tensile strength, elastic limit, ductility, and stretch at break. It is,
therefore, not surprising that no relationship can be established between
tensile strength or elastic limit and cavitation resistance except for the
special case of a certain metal which has undergone a different heat treat-
ment. This lack of relationship holds also for maximum ductility or for
elongation at break. Even with a respect to the static energy there is no
intimate conneg)t,ion., A 8i~-Ni-Cr~Cu steel with the following data:

Hg = 166 kg/mm<; tensile strength m 53 kgﬁnﬁ‘?; elongation at break = 17
percent is more rzsistant to cavitation than a tempered high alloy steel
(Cr-V-W) with a Brinell hardness Hp = 415 kg/mm?, tensile strength =

152 kg/mm?, and elongation at break = 41 percent, The fact that there is a
great diversity in the requirements for cavitation resistance is quite
apparent. Even within similar groups of materials the results show volume
losses which may be twice and sometimes even three times as large. The
strength to withstand cavitation is, therefore, much more characteristic than
the ordinary strength properties. The cause for this lies evidently in the
peculiar type of the stressing process which must be a coupling phenomenon.

The larger the number of damaged places present or engendered; the
more areas subject to the primary process. This leads to an exponential
dependency whereby the quality of the various matierials may be strongly
differentiated. Mousson found a l6-hour loss thirough wear of 3.7 >  in
a stainless steel with about l8-percent chromium (Hp = 182 kgﬁﬁz, tensile
strength = 84 kg/ﬁﬁz, elongation at break = 37%) while for one with about
12-percent chromium (Hg = 178 kg/Mm°, tensile st.rength = 60 kg/mHe , stretch
at break = 74%) the loss was 24 times as much.. -Since a simple proportional
relationship does not adequately describe the ;.urve; a more precise analysis
is possible only when the total loss of weight' with respect to time is-
known. In order to characterize this curve; two terms are required, pro-
vided that the interval is not too distanf, from the incubation period. One
difficuwlty arises in standardizing such a testing procedure when there is
much loss through wear; through strong macrochanges of the surface the
stream flow may be retarded. On the other-hand the method of counting the
points of damage under microscopic examination is very time consuming when
the cavitation attack is weak. It is therefore important to use relatively
small, light test bodies in order to determine exact weight losses, even
when there is but little cavitation.

#According to ¥, Schwarz and Mantel a high degree of hardness and cold
forming properties are conducive to cavitation resistance.

3##By primary process is meant that mechanism which is active at the
collapse of the vapor pocket which is located at the surface of the material,

7
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For purpeses of comparison, Schumb, Peters, and Milligan (54)
carried out sandblast tests in which the effect on various materials was
investigated. While the wear produced by this method is not analogous
to that caused by cavitation, there is a certain similarity in the
destructive process.. It 1s clear that the familiar properties such as
Brinell ‘hardness and tensile strength determine the resistance of a
material to sandblasts, , ‘ )

The characteristic signs of the cavitation effects can be found
in all related water impact destructions, not only when examined macro-
scoplcally but also when viewed microscopically. Even before Schroter
conducted his experiments with the modified diffuser, in which the Jet
of water impinged directly upon the test plate, Honegger (27), de Haller
(24) and later v. Schwarz and Mantel (55) employed the drop-impact

apparatus in which the test specimen which has been attached to a

rotating carrier cuts through a jet of water of about 6 to 8 mm cross
section with a high velocity (80 m/sec, 265 ft/sec or more). The type

of damage observed and also the weight loss curves resemble those obtained
in the venturi tube (34). The same drop-impact procedure was followed by
Vater (65 and 66) and he, like Englesson, came to the conclusion that

‘cavitation resistance depended upon the strength of the material. In

test specimens which were artificially pitted typical signs of permanent
failure could be observed. It was possible to ogtain characteristic
curves for various materials somewhat .like the Wohler curves (in this case
velocity with respect to the number of impacts). Figure 15 shows these
for a number of steels. In & spray-impact test on copper which lasted
for only one-thirtieth of a second, Vater (68), on the other hand, found
dents with a depth of 0.07 mm and a diameter of 0.2 mm. It is quite clear
that in this case the stress was not of any appreciable duration.*

Ackeret and de Haller (5) developed an apparatus which also causes
typical cavitation. In this arrangement a movable piston strikes a
confined liquid which covers the test specimen, with a frequency of 16
cycles per second. Figure 16 shows the groove in a grey cast-iron speci-
men before and after 60,000 impacts. In this the graphite layers are
entirely washed out. Many of these destructions are considered to be the
effects of genuine groove actions; there are, however, cases in which
purposely made microgrooves are again rolled together. A fine example of
this is shown in Figure 17. .

The unique behavior of materials towards cavitation has made it
impossible to determine the required pressures which bring about the
plastic deformations through static or dynamic actions. This is of course
not surprising. Using quartz crystals, both de Haller and E. Spannhake
have attempted, unsuccessfully, to attain higher pressures through a
multiple coupling mechanism in which the pressures are measured oscillo-
graphically. Also in the impdct apparatus of Ackeret and de Haller, there
are no pressures higher than the hydraulic pressure. However, one must

#According to the tests carried out by Vater (67) the cavitation
attack in the drop-impact apparatus is a function not only of the velocity
of the jet, but also of its cross-sectional area.

8




remember that the destructive action of the so~called primary process is
generally confined to an infinitesimal region, which accounts for the diffi-
culty in making the measurements.

We shall;, incidentally, mention here of another experiment in which
characteristic cavitation damage is brought about. If an air bubble resting
on an immersed wire is ‘compressed by a pressure wave which is induced in the
liquid, then there will be seen evidence of cavitation which is peculiar to
water impact damage (48) at the place where the bubble had been.

5. The periodicity in cavitation

The influence which the number of individual attacks per unit time has
upon the intensity of the cavitation is self-evident. Cavitation affects
are always specially pronounced in those regions where pericdic action takes
place. In the impact apparatus they have a frequency of 16 cycles per second
and in the venturi tube frequencies of several hundred cycles per second are
not uncommon. Cavitation attacks of great intensity were obtained with
oscillators in which the frequencies run in the thousands. The periods in
the drop~impact apparatus is governed by the revolution of the specimen
holder. It is certain that in all the methods used, higher hormonics of
great intensities are at times induced; this assumption is suggested espe~-
cially in cavitation in the venturi tube where it is impossible to analyze
a wave spectrum within a confined range.

The problem of cavitation is resolved into a predominantly hydrodynamic
guestion considering the motion of the fluid particles as well as the vapor
or gas bubbles and into the study of the materials destruction itself. ‘In
this manner the subject is considered from two angles, cavitation attack and
cavitation resistance. From oscillographic film exposures in the venturi
tube experiment, the rhythmic motion of the vapor bubbles, their collapse.
disappearance, and recreation can be observed to be in the same periodic
interval as the detachment of the water column from the narrowest cross
section of the tube. In the oscillator the same course is followed, strong
bubble formation, vaporization and recondensation; alsc high and especially
large accelerations in the motion of the fluid enter into the picture.
Mueller (37) in his "Slow motion pictures of a cavitating airfoil,"
definitely proved the existence of collapsing vapor bubbles. The calculated
impact times are somewhere near 0.0033 seconds.

IT. GAINES? OSCILLATOR

6. Arrangement

In 1932, a paper by Caines (22) reported an apparatus which was able
to induce strong and characteristic cavitation action.” It had the advan-
tage that it reauired but little power and that it could be conveniently

"o : L
‘ #Fottinger also, as early as 1932, called attention to cavitation
oy nmeans of ultrasonic waves. '




manipulated (30 and 62). As used here, advantage is taken of the
magnetostriction of a nickel rod in a changing field, The phenomenon of
magnetostriction, discovered by Joule, was first used, especially by Pierce,
as a sonic oscillator., A self-exciting electron tube was connected with

the rod which served as the wave transmitter. In their varied arrangements,
these oscillators have in recent times found numerous applications in' the
field of ultrasonics. (See reference (10).) Besides pure nickel, there

are nickel alloys, invar, and monel metal with a trace of iron or silica
which are suitable for this purpose. In order to obtain the required high
frequencies (100 kilocycles and higher), Pierce, Kallmayer, and other
investigators have used special types of rods., In Gaines' arrangement a
changing magnetic field of some 9 kilocycles is attained., The nickel tube
about 25 cm long, excited longitudinally, has one end oscillating in the
liquid. A 250-watt transmitting valve acts in reverse (Ruckkopplung)
through the magnetostriction effect. Figure 18 shows the fundamental
arrangement. Our own experiments were carried out with an apparatus that
had some improved features; it is seen in Figure 19, together with the meas-
uring microscope. The changing field originates in the electric oscillating
circuit and is formed by the oscillator coil L, and the condensers C
and « Co (Figure 18).. Synchronization is effected when the oscillating
circuit works on a frequency of 9 kilocycles which corresponds to & rod

1

E
length (tube length) of 26.2 em. (L - f\%£:3 where L is the tube

length, f the frequency, E the elastic modulus, and p the density

of the material of the tube.) A 400-watt transmitter tube forms a regulat-
ing mechanism free of inertia. A direct-current generator supplied
directly the required voltage of from 2,000 to 3,000 volts. If one is not
avaiiable, then the direct-current is obtained through a high-voltage trans-
former T connected with two mercury vapor rectifiers for which T2 is the

necessary heat transformer. This is shown schematically in Figure 18. The
pulsating direct-current is then evened out through the condensers 03 and

the valves L,. Transformer T; furnishes the heat for the transmitting
valve. The induced voltage change in coil 1L, furnishes the regulating
impulse to the grid. With the aid of resistance R,, the most favorable
point within the straight part of the characteristic curve for the tube may
be obtained. In order to have larger amplitudes without doubling the
frequency, it is advantageous to premagnetize the yoke by a direct-current
field while the directanode current is permitted to flow across the oscillat-
'ing coil. The yoke-shaped oscillator frame we used is schematically given in
Figure 20. The knife-edged clamps for the rod are here replaced by a sphere-
Iike clamping shell which permitted & rapid exchange of the test specimen
without throwing the oscillator rod ocut of adjustment.

Between the oscillator coil and the clamping shell there is a
protecting ring about 10 mm wide to prevent the flow of stray currents from

the lower part of the coil to the tube clamp, partly avoiding the heating
of the clamp, ‘

For a satisfactory performance adequate cooling is necessary. The
nickel tube as well as the oscillator coil became exceedingly warm during




operation. To dissipate some of this heat, the oscillator tube is split
along that part which is taken up by the coils. This permits the passage
of air currents. Water cooling was occasionally tried by simply closing
the tube with adhesive tape. Permitting the cold water to enter at the top
and syphoning it from the bottom makes likely a water column of variable.
height which disturbs the steadiness of the frequency. In order to get
around this difficulty, Gaines fastened his test body at the upper end of
the oscillating tube. The water forced into the tube from below did not
change the resonance. This necessitated, however, packing the tube against
the loss of the liquid used in the experiment. It was found that a stable
frequency could be maintained by boring outlet holes directly above the
lower end of the tube through which the cooling water was allowed tc escape.
In that case the inner face of the test bodies had a conical shape. (See
Figure 22,)

An effective cooling was obtained by means of dry ice., At S-minute
intervals little pileces were dropped into the tube. The carbonic acid
vapors escaping through the slit of the tube cooled the oscillator coil.,
No irregularities in the frequency were observed. '

The shape of the test bodies and the manmer of their attachment to
the oscillating tube presented a problem. Its solution depended on the
determination of the influence which the weight of the specimen had upon
the frequency of the oscillator tube. Figure 21 shows this influence
graphically. The shapes of some of the test bodies used can be seen in
Figure 22; as far as possible they were made of light metals. The test
bodies used in the weight-loss experiments were made especially small and
fastened onto the tube by an aluminum bushing. We noted that a faulty
attachment of the test specimens at times caused irregularities in the
frequency and that test bodies which are cracked within wers out of
harmony with the rod frequency due to strong damping. The amplitude is
measured indirectly by electrical means. A coil of 109 turns at the free
end of the oscillating tube induces voltages that are indicative of the
amplitudes. After a microscopic calibration for definite amplitudes
(from 0.01 to about 0.09 mm), a precise determination is possible. Pro~
tection is provided against the part of the apparatus carrying high
voltage.

7. Cavitation produced by ultrasonic oscillator

The "experiments by Gaines (22) and later those by Schumb, Peters,
and Milligan (54) as well as those by Kerr (32) already pointed to the
correspondence between the type of destruction produced by the oscillator
and the cavitation damage appearing in the venturi tube. The curves in
Figure 23, taken from the work by Kerr, show the weignt~loss relationship
in mg for periods to 120 minutes for brass; cast iron, cold-rolied steel,
and stainless steel. Kerr alsec compared the resistance to cavitation for
various metals which had been subjected to cavitation an the high frequency
oscillator and also in the venturi tube.




H. Peters and B. G. Rightmire*‘carried out experiments to establish
the relationship of cavitation intensity to static pressure for various
water temperatures, using brass test specimens. The results of their
investigation are shown in Figure 24. For atmospheric pressure p = 1
atmosphere the curve giving the loss of weight shows a maximum between

559 and 70° C for water. Near the boiling point any attack by cavita-
tion vanishes.

For a pressure p = 2.4 atmospheres there is some shifting for the
maximum and for p = 3.1 atmospheres, the maximum lies obviously beyond
100° C. The behavior at the pressure p = 2,0 atmospheres is entirely -
unexplainable, From these tests the authors obtained expressions for
Vy and pp, where V, is equal to a reduced volume loss, while p,

corresponds to a reduced absolute pressure:

V. o AV and o . PP
T 3 r 22
fa p(fa)

&V  is the volume loss for each vibration per volume a3 where a is

the amplitude; p is the density of the liquid. In connectlon vith this,

there exists the functional relationship V_ - F(pr) The reduced

volume loss is small for P, = 0 or for very large values of Pp; between

these, there is the greatest cavitation destruction.

Cf the various testing arrangments—venturi tube, drop-impact

apparatus, and oscillator—the oscillator requires considerably less energy
than the others. There is a further advantage; cavitation is brought about
very quickly and consequently more observations are possible for the study

of the cavitation process. From the few experiments which have been made
it is quite evident that the properties of the llquld such as vapor pres-
sure and the absorbed gas play a considerable part in the process. The

question of the vapor bubble formation, which always arises in connection

with the phenomenon of cavitation, may be studied here by direct observation.

Any desired liquid may be employed; it is possible to change the vapor

pressure, surface tension and viscosity to find out the nature of the pri-

mary process of the cavitation attack and thereby arrive at some valid
general rules which will aid in the selection of a materials testing
procedure, Furthermore, it permits an observation of the material during

the so-called incubation period and after the completion of the experiment

rot only the test specimen but also any detached pieces may be separately

examined. To arrive at a technically valid standard concerning cavitation

resistance, one must ascertain the degree of the mechanical and chemical

influence, whether constant stresses play a role or whether there is within
the crystal itself a damping of the vibrating parts of sufficient magnitude

to have any effect.

#Private report to Prof. W. Spannhake.
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mary process of the cavitation attack and thereby arrive at some valid
general rules which will aid in the selection of a materials testing
procedure. Furthermore, it permits an observation of the material during
the so-called incubation period and after the completion of the experiment
not only the test specimen but also any detached pieces may be separately
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influence, whether constant stresses play a role or whether there is within
the crystal itself a damping of the vibratlng parts of sufficient magnitude
to have any effect.
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8. Methods of measurement‘and«general observations

Although valuable information is obtained by a macroscopic examination
of test specimens which had been exposed to cavitation and which are ground
and pollshed a microscopic investigation as introduced by Englesson (19)

and Bbttcher (14) affords much additional valuable data. Microstructural
investigations carried out with the aid of X~ray interferometers should
give information concerning changes in cleavage of the crystal grains or
the change in bondage as the result of cavitation. The superimposed forced
vibration causes the test specimen to form nodal lines and vibration bulges
which naturally depend upon the shape of the specimen and to a lesser extent
upon the manner in which it is clamped. Therefore, the proper preparation
of the test specimen is of importance. Figure 25, from Gaines, shows such
lines, and Figure 26 illustrates a kidney-shaped test body in which the ,
ma jor damage occurred upon the curved portion.  In some very brittle mate-
rials we observed that the test specimen vibrates but littie or not at all,
and consequently there is no cavitation damage when there are internal
fractures to begin with or if such be caused by the vibration. In this case
we deal with typical damping phenomena of vibrating materials which are used
in modern materials testing for the detection of haireracks, blowholes, and
other defects.

Much care must be exercised in the preparation of the test specimens
with respect to shape, clamping, and weight in order to have a standardized-
testing procedure so that proper comparisons are possible. Hitherto the
loss of wvolume has served as a measure of the cavitation intensity which is
determined by the difference in weight. Another suctessful method by which
cavitation attacks may be evaluated,; especially those of amall intensity, is
by counting and measuring the individual points of damage in the microscope. -
Although time consuming, this procedure is better than that of the volume~
loss method, In aluminum, for example, there are crater-1like formations
which are due to cavitation (Figure 273 Such materials shew at times but
little loss of weight, which might lead to the belief that thers is no cavi-
tation attack and that the material has a high cavitation resistance., In
tests with aluminum bodies in which large amplitudes wars used, a regular
atomization was observed; whereby the garticles ramaiaing in suspension were
quite uniform and of the order of 1077 cm. In general, however; the
cavitation effects are of a pit-like nature so tha* the loss of volume is a
measure of the cavitation damage. When the operation periods are prolonged
there is, without doubt, a change in the vibratory condition, due to the
loss in volume. This might explain why there is sometimes a diminishing
loss in welght after there has been a very considerable destruction of the
material.

The quantitative evaluation of the waight loss with respect to time
for a magnesium test body which had been subjected to cavitation in water
is represented in Figure 28. This curve also permits a separation into two

#According to Beuthe (11) the vapor pocket formation takes place in
the vibrational crest.s and not in the nodal lines.




intervals, that at the beginning when there is no noticeable loss in weight
(incubation pericd) and that part of the curve in which the weight loss
follows very much a straight-line course. In the oscillator experiment we
found the break in the volume loss (weight loss) to be quite abrupt; this
was also characteristic of the recently published time-weight loss curves
by Kerr (Figure 23). :

In the oscillator tests, the incubation period is s matter of minutes.
If in our apparatus we roughly figure on a l0-minute period for iron and 6
steels then we have up to the beginning of actual destruction about 6 x 10
impacts. In the venturi tube at the Schwarzenbach plant the time required
was about 8 hours. The jet frequency computed by E. Spannhake's formula
equals about 300 cycles per second, indicating that there are from 8 x 106
to 9 x 106 impacts. This shows a remarkable correspondence between these
entirely different testing procedures, the venturi tube and the high
frequency oscillator. In the drop-impact experiments carried out by
v. Schwarz and coworkers tge_first strong attacks on steels were noted
after 1 x10% to 3 x 10° impacts.

A large number of tests are necessary since there are considerable
deviations of weight losses, especially with larger amplitudes. In
Figure 29 the weight losses in aluminum specimens subjected to cavitation
in water at room temperature are plotted as a function of the amplitude.
This shows not only that the curve rises rapidly when the induced voltage
is greater than 30V (corresponding to an amplitude of 0.05 mm) but also
that average errors amounting to 60 percent are possible. On first
thought, this appears to limit the usefulness of the procedure somewhat,
but we are reassured when we consider that the deviations of cavitation
resistance for individual materials are no greater than those encountered
in testing for tensile strength, Brinell hardness, or other mechanical
properties,

For purposes of comparison we give the relative ratios of the volume
loss for several materials for a given time lying beyond the maximum incu-
bation period: ' ‘

Drawn Cr»Mo-steél
Alluminum Tempered steel =~ (1.1% Cr; 0.5% Mo;
alloys Cast iron (0.33% ¢) o 1.37% Mn)

~=1,000 100 =10 1

IIT. CAVITATION ATTACK

9. The vapor pocket formation at the boundary surface

When pressure regions exist, for example, in a venturi tube, which
approach the pressures of the water vapor and when the hollow pockets
formed thereby collapse, it is certain that damage will result. Our study
deals with vapor fermation and recondensation, the same as in bubble and
foam formation.




As is seen from Figure 20, the test specimen fastened to an oscillator
tube is immersed into the ligquid 'to a depth of about 1 mm, If the testing
period extends over any length of time, the immersion depth needs to be
watched as there is, accelerated vaporizationo

What are the steps through which cavitation proceeds in the osc1llator
and how does the damage appear to the eye? The primary purpose of this
experiment was to find a direct connection between vapor pocket formation
and cavitation erosion. In the oscillator the vapor bubbles and their
motion could be followed quite easily. The photography of the vapor pocket
formation was effected with the aid of a reflecting mirror, the container
holding the liquid being a very flat bowl. Figures 30 to 34 give views
from below against the piston surface of bubble formations for variocus
liquids such as benzol, glycerin, paraffin oil, and water at room tempera-
ture and at 80° C. In order io determine the direct connection between the
distance separating the location of pocket formation and of the cavitation
attack, the camera exposures were made from below which in effect gave a
top view. Steel test specimens were found very suitable for this purpose,
their high cavitation resistance preventing ncticeably the retroaction upon
the vapor formation and recondensatior during the time of camera exposure.
This is due to the roughened and stressed s face of the test sample.
Figures 35 and 36 are exposures of tests ca® ied out with two different
frequencies; they show clearly that foam f¢ iation increases with higher
frequencies° The vapor bubbles tend to colliect along separated lines and
in the case of low water temperatures cause the greatest damage in the
center of the test piece, as we will show later. The light surface in the
center of Figures 30 and 36 represents a comparatively large vapor bubble
of about 1/2 mm in diameter. Whether this is the same bubble or whether it
is an ever newly created bubbls by the rhythmic frequency cannot be observed
visually. As yet it has not been possible to film cinematographically any-
thing with 2 frequency as large as that of the oscillator. However, we
know that the larger bubble has "a definite life span." The avidence for
this is the ever new formation of bubbles of about the same diameter which
remain visible for awhile before they collapse, Almost immediately after
the collapse of the first bubbles a microscopic investigation shows strong
materials attack at the point of collapse. With water at higher tempera~-
tures the diameter of the bubbles is smaller.

A comparison of Figure 30 with Figure 31 shows, furthermore, that in
the case of hot water the bubbles spread from the center over the entire -
upper surface. They are here about the same size as those formed in benzol
or glycerin. In glycerin they form a honeycombed closed space beneath the
test specimen. The development of these after one~fourth and one-half
second are shown in Figures 37a and 37b. In contrast to the light surface
in Figures 30 and 36 there is no large single bubble. Within this honey-
combed space a sort of bubble ray (Bl3schenstrahl) is always in motion
beginning at the midpoint of the test piece, going into the fluid and
returning laterally to the test specimen. Paraffin oil as a zavitation
medium gives rise t{o a similar phenomenon. The difference in cavitation
erosion in various liquids comes from the distribution of the points of
stvack and in the strength, depending upon the stream flow of the liquid.
In the case of slightly viscous fluids, such as water and benzol, a
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well-defined bubble ray originates at the test piece but extends to the -
wall of the vessel where numerous bubbles are deposited. It is clear that
such properties as surface tension, vapor pressure, and viscosity, which in
turn depend upon temperature and pressure, determine the mechanism of the
bubble formation and the collapse of the fast holding vapor or gas bubbles.

10, 'Damage brought about in water and aqueous solutions

o

In their cavitation investigations, Schumb Peters, and Milligan.
(54) used methyl alcohol and carbon tetrs vnloride besides water with the
temperatures of the liquids as the variable. Their results show that in
the case of water the attack reachnes a maximum at about 50° C; it becomes -
negligible as it approaches the boiling point. A similar behavior wag
noted also with carbon tetrachloride where the maximum value is from
250 to 300 C. In methyl alcohol, however, there 'was a steady decrease of
cavitation action with rising temperatures. The authors then mentioned the
possible connection between the degree of ‘destruction and the outer pres-
sure, or the vapor pressures, respectively, of the liquids, However, ‘they
believed that the ratio of the vapor pressure to the outer pressure, _Ps ,

' p
Was not the most essential factor. (They found the maximum value‘at‘

P ‘ -
S 4:;5-5-.) The writers ascribed an 1mportant‘r01e to the gas content.

A

For example, aluminum experienced a tenfold destruction in partial gas—free
methyl alcohol over that in gas-saturated methyl alcohol. Specimens tested
in water at room temperature always show the first and greatest evidence of
attack in a circular area about the center of the test piece regardless of
the type of material used. Figures 38 to 47 show the destruction of aluminum
in water with temperatures between 10° and 100° C.

There is remarkable correspondence between the widening of the foam

" formation at the surface and the region of destruction with an increase in
temperature. At 60° C the foam formation is a ring about the midpoint which
is hardly attacked. At 70° C the much weakened attack occurs within a
broader concentric ring and at 90° C the effect of any strength is lost.

If we recall the corresponding pictures of the stream formation we may see
that the damage is somewhat a replica of the vapor bubble formation. If
the vapor bubbles originate and vibrate mainly about the center, :then it is
also there that the strongest attack takes place. We, therefore, deduct the
type of stream flow and cavitaticn attack from the distribution and kind of
damage to the test piece.

For the precise temperature determination one element of s thermocouple
was fastened to a hole in the locknut. The average of the temperatures
taken at the locknut and the bath, taken with an ordinary thermometer, was
considered as. the true temperature at the boundary surface. In some of the
tests, marked by excessive temperature fluctuations, the cooling of the
vibrating tube was found insufficient, and their results were not included
in the tabulation. The comprehensive test series represented by Figures 38
to 47 show in characteristic steps the dependency upon the temperature at




atmospheric pressure. At first the damage increases with rising
temperatures, the damage, however;, being confined to the center of the test
piece. At 60°-to 70° C the inner seat of ‘destruction is widened until
finally it takes on a ring-like form. The area of attack is more and more
toward the sides, the intensity of the damage becoming visibly smaller.

At 30° C there is but little evidence of cavitation and at the boiling point
there is none. The concentrated attack is greater at low than at high '
temperatures which may be due Lo the size of the vapor pocket; but the total
area of attack increases with an increase in temperature (stronger bubble
formation).

The disappearance of any damaging action as the boiling point is
reached proves that cavitation is tied up with the dual phase condition.
The number of vapor bubbles is evidently connected with the height of the
vapor pressure in such a way that the bubble formation is stronger when the
vapor pressure is high. Aside of the surface tension, the instability of a
bubble is dependent upon the difference between the out31de pressure and the
vapor pressure.

With little or .no bubble formation, resulting from diminishing fluid
cohesion, there is no damaging action. This qualitative view of the
mechanism of cavitation leads to the assumption that there are two partici-
pating factors, namely, the number and the stability of the bubbles. It can
easily be seen why there is a maximum value for cavitation erosion bestween
0° and 100° C, as is shown in the graph of Figure 24, the pressure being-
atmospheric.,

The quantitative effect of cavitation on a magnesium test specimen
was determined by the weight loss. The graph in Figure 4B gives this
in proportior tothe temperature of the water. It might be stated that
this temperature dependency is valid for ali the materials examined,
regardless of the type and mode of preparaticn. Tests were carried out
with brass, cadmium; steel, magnesium, plexiglass, and other materials.

Through the roughening of the surface by cavitation, the vaporization
mechanism is somewhat altered; -depending on whether the walls are smooth or
have micropoints, edges, or pits. The manner of foam formation too gives
rise to smaller changes with time.

- The solutions used as test mediums were dilute hydrochloric acid
(1/100 N), potassium hydroxide (1/100 N), salt solutions of various concen-
trations, and 30-percent hydrogen peroxide. There is but little difference
in the foam and bubble formation from that observed im distilled water or
common tap water. As is known, the vapor pressures of diluted electirolytes
vary but little from those of the pure solvents. Consequently, one can
expect a similar bubble formation and alisoc a similar type of cavitation
erosion. (See Figures 49, 50, and 51.) A marked chemical influence

*For static equilibrium of a bubble in liquid the following expression
is valid: p, = (—%;L) # p, where p; is the inner pressure, o the sur-

face tension, r the bubble radins, and p tHe outer pressure.
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expected with the various solutions did not materialize when pure aluminum
specimens were used. Any possible chemical corrosion damage was by far
overshadowed by the much greater cavitation destruction. We 'shall see
later, however, the role which the chemical behavior plays. The total
weight loss was here, also, a maximum at .about 50° C with a test period of .
10 minutes. The evidence that the strength of the attack is a function of
the temperature is repeatedly brought out; this leads to the conclusion
that in the main the attack by cavitation is somehow dependent upon the
physical condition of the vaporized liquid. :

11. Damage brought about in organic liquids

To determine the influence of the physical condition of the medium
upon the cavitation of materials we employed liquids which differ markedly
from aqueous solutions as to vapor pressure, surface tension, and viscosity.
8ince pure aluminum shows cavitation effects in a reasonable time we used
it for test purposes.

The attacks by benzin, benzol (octane~nonane mixture), and ethyl ether
at room temperature are pictured in Figures 52, 53, and 54. From these the
remarkable correspondence with water at 20°, 60°, and 90° C is seen, perhaps
not in the strength of the attack but in the area affected. The vapor
pressures for water at these temperatures are 17, 150, and 525 mm, respect-
ively. At 26° C, which was the average testing temperature, the vapor
pressures for n-octane, benzol, and ethyl ether are about 16, 100, and
500 mm, respectively. It appears, therefore, that the type and strength of
the cavitation is determined by the vapor pressure. In the case of ether
no cavitation damage could be noted even after a long exposure, only a
slight effect being visible through the microscope. This resembles the
cavitation attack of water near the boiling point.

The tests were extended to include alcohols and benzines whose boiling
points lie between 60° and 136° C. Figure 55 shows the results of a
10-minute exposure to cavitation of the aluminum specimens for the same
oscillating frequency in cyclohexane, n~heptane, n-octane, methyl, ethyl,
and iso-amyl alcchol. Along the abscissa we have instead of temperatures
the vapor pressures in mm Hg. Two facts are apparent; that there is almost
complete correspondence in the cavitation attacks for various liquids with
equal vapor pressure and that the attacks disappear as the liquid approaches
the boiling point. Consequently the hydrodynamic state is only indirectly
dependent upon the temperature. In the liquids used the surface tension in
the vicinity of the boiling point ranged between 12 and 18 dynes/cm. The
disappearance of the cavitation attack at the boiling point furnishes proof
that the phenomenon of cavitation is primarily connected with the dual phase,
liquid-vapor; a pure vapor cavitation is impossible since the necessary
mechanism for the formation and the collapse of the bubble is absent. To
be sure, the bubble formation near the boiling point (pgasp) is greatly
enhanced by the accelerated vaporization due to cavitation, yet these vapor
bubbles are unstable anrd lose their ability to hold fast and to vibrate,
they simply puff off. Through the increased vaporization, these bubbles
and the foam formation are forced away from the center. Since on one hand
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we have stable vibrations in the center of the test specimen and on the.
other we have an impelling centrifugal force with increased vaporization,
it is clear that in this case the most propitious place for a stable
vibrating condition of the bubble foam is somewhere away from the center.
This explains the ring~like destruction, whose position is determined
partly by the oscillating frequency and partly by the vapor pressure. An
important experiment on. this phenomenon revealed the remarkable stability
of the vibrating gas bubbles. With the aid of a piece of wire a bubble
about 1/2 mm in diameter was moved back and forth over the surface of the
test specimen. The resultant damage covered a considerably enlarged area.

The primary reaction is a functionm of the mechanism of the bubble
formation and of the vibration of the bubbles., To what extent the forma-
tion is dependent upon the magnitude of the surface tension and how much
type of motion is related to such secondary conditions as viscosity, are
problems which require a separate treatment, In addition the various
mechanisms should be studied independently; in other words, when there is
a large number of active bubbles to what extent is their stability and
their ability to hold fast governed by the vapor pressure or by the outer
pressure, respectively? It appears that the surface tension exerts less
influence upon the area of attack than upon the size of the bubbles as
seen on comparing the demage done in water and benzol. In the former the
strength of the attack is greater; however, the affected area in each case
is much the same. We point to this, since the primary reaction of water is
in itself much stronger. The surface tensions of the two liquids are 72 and

28 dynes/cm, respectively, while their viscosities are not too different,
their ratio being 10 to 7.

However, if one examines closely an aluminum test piece cavitated in
castor oil, which has a viscosity so much greater than that of water, one
must assume that the development of larger bubbles is hindered by the
strongly retarded flow. In glycerin too the slowly moving bubble cloud is
in a different hydrodynamic condition than the bubbles in an easily flowing
liquid; the bubble stream is steered directly through the liquid. The
denage shows most where the bubbles adhere the longest which in this case
is at some distance from the center of the test piecs (see Figure 37).
Castor oil has a viscosity some 1,000 times that of water; in such fluids
the stationary bubble cloud has a stream flow somewhat perpendicular to
the center, returning by a path tangentially to the upper surface which
explains the length of time the c¢loud remains between the center and the
edge. In the case of mercury acting on magnesium the behavior is 3
naturally much different, the magnesium suffering a2 loss of 1/2 cm” 4n
almost half a second through exceptionally rapid amalgamation.

On the basis of these first considerations we assume that by
changing the temperature and pressure of the various mediums we may arrive
at a separate treatment of the primary reaction on one hand and its con-
comitant condituions on the other.
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12, Degree of damage caused by oscillating vapor bubbles

We can see from the foregoing that the damage is a direct reflection
of the condition of flow or the formation of the bubbles and that the
primary reaction is tied up with the behavior and the properties of the
momentarily attached bubbles. Since the surface tension is decisive as to
the stability and the viscosity as well as to the motion of the bubble, the
determination of the causes of cavitation resolves itself into the following
investigations: vapor pressure (pg), outer pressure (p), surface ten-
sion (o), and viscosity (m). The question naturally arises whether any
further evidence could be called upon before the acceptance of a mechanism
of the collapsing or compressing bubbles which accompany the damage. On
observing the motion of the liquid during cavitation, one may note a move-
ment of the bubbles across the surface of the test specimen, which at times
becomes quite jumpy. This motion is seen especially in highly viscous
liquids, but if the amplitude of the vibration is small it can also be
found in less viscous ligqulds such as water. With a high-speed movie
camera, we measured the velocities of these bubblets, whose motion is mainly
away from the center, and noted a speed of a few centimeters per second.
Previously, Gaines took pictures of such a bubble trail in which the wapor
pocket vibrated "in resonance," finding the relationship

'J * -.
d =7

to hold true. Here, d is the bubble diameter, v the velocity of the L
bubble core (Blasenverkleinerung), and f is the frequency. We were s
successful in observing microcavitation on ground and polished test

specimens which was directly attributable to these vibrating vapor bubbles. !
Figures 56 to 61 show enlargements of this microdamage on metals and non-

metals. These unique damage paths can be explained by assuming that such a

vapor bubble travels along the surface of the test piece with a definite

velocity, expanding and contracting in unison with the oscillator, so that

by every collapse a localized destructive effect takes place. The tan- ~
gential velocity may, therefore, be determined from the distance between
two neighboring dents when it is considered that this distance A s
represents the path of one bubble during one vibration period. We then have

where <, 1is the velocity of the bubble between the surface limits and f

is the frequency of the oscillator. - If vie measure the average A4s in
Figure 57 as 0.0003 cm (enlargement is 380 times), we obtain a velocity Vi

of aboewt 3 em/sec (f = 10,000 Hz or 10 kilocycles), which is in harmony

with the observed bubble velocities. Similar paths of destruction were

observed on specimens cavitated in the venturi tube at the Schwarzenbachwerl )
(Figure 62). '



we

13. The relationship of the cavitation attack to pressure and temperature

The results obtained in the previously mentioned experiments, carried
out with hyperatmospheric pressures under various temperatures, can be
explained in a simple manner by merely extending our assumption and by
comparing these results with those at low temperatures under standard
pressure. Figures 63a to 63c from the work of Peters and Rightmire support
our assumption as it concerns the strength and the distribution of the
cavitation attack. A specimen cavitated at 100° C at an excess pressure
of 1 atmosphere shows quite similar effects to one attacked at from 60°
to 70° C at standard pressure. Also the effect at 80° C and l-atmosphere
excess pressure corresponds to that at room temperature and normal pressure.

In order to test our view that apparently there is only the mutual
dependency of outer pressure and vapor pressure we carried out cavitation
experiments in water at room temperature (25° to 27° C) with outer pressures
below 760 mm Hg., Figure 64 illustrates the experimental arrangements. A
glass vessel to which an exhaust pump can be attached is fastened to the
oscillating tube and made airtight with a rubber hose. Figure 65 shows the
cavitation effect on aluminum test specimen with the vapor pressure
Pg = 30 mm Hg and the outer pressures p at 30, 250, 380, 500, 550, 600,
650, and 760 mm Hg. For the purpose of comparison, tests at normal atmos-
pheric pressure were also carried out to see if any differences could be
detected due to the fastened oscillator tube.. As had been expected, no
damage could be ‘observed on the test piece when the outer pressure equalled
30 mm Hg, even after several hours of testing. The cavitation damage at one-
half atmosphere corresponded somewhat to that between 70° and 80° C at
standard pressure. Notice should be taken of the difference in exposure time
between these tests and those represented by the series of Figures 38 to 47—
10 minutes as against 1 minute with, however, higher amplitudes. The boiling
points of water at 1/2, 1, and 2 atmospheres are 80°, 100°, and 119.6° C.

One can readily see, therefore, that for the cavitation mechanism the
difference p - pg plays a fairly deciding role. The volume loss for

P = Pg = 350 mm Hg is considerably less thaa for p ~ pg = 570, 620, and
730 mm Hg. The maximum value (reached when p_=v._3. atmosphere or 570 mm Hg
and outer pressure p equalled 1 atmosphere) is sg;éwhat less impressive
here. In connection with these findings, a simple explanation can be given
to the results obtained by Peters and.Rightmire in their cavitation experi-
ments with excess outer pressure; since the dual phase with excess pressure
extends from 1° to 120° C, there is still a considerable difference at 90°
or 100° C between p and Pgs; necessary for cavitation action. On the
basis of the rule that when p ~ pg = 0 there is no cavitation damage, an
explanation can be given why the destruction does not take place in the area
of the venturi tube where the pressure equals the vapor pressure, but imme~
diately behind this area where the pressure is higher. Only if there exists
a dual phase region (liquid and vapor) and at the same time a pressure
difference p - pg = 0. can primary reactions take place that lead to the
destruction of materials (see Figure 2).

From the foregoing it is seen that the temperature factor by itself is
not decisive in cavitati-n action; the emphasis must be placed upon the
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pressure-vapor pressure relationship. In order.to verify this further,
cavitation tests were carried out with methanol, glycerin, and oils at
subatmospheric pressures which entirely substantiate this conclusion.

For methanol with p = 380 mm Hg and p_ = 160 mm, practically no

damage could be noted after 10 minutes; for glycerin with p = 380 and

Pg = 0.002 mm Hg considerable destruction took place but which, as .
expected, was less than that for p = 760 mm Hg. As a consequence of

the very low vapor pressure of glycerin a feeble but discernible attack
took place with p = @ mm Hg, Viscous liquids such as oils show similar
but much weaker damage when p = 380 mm Hg, pg being at about 0.0l mm Hg.
Later we shall desl with the influ=nce of the gas content on this simple
pressure relationship and the effeet of surface tension and viscosity .
partly on the outer and partly on the inner conditions of the main reaction
in the bubble compression. In order to test the validity of the relation-
ship that exists between cavitation strength and vapor tension we tested a
series of liquids within which the variation of surface tension (c) and
viscosity (m) was small (Table 2).

Table 2

Volume loss in aluminum with o == 22 dynes/cm and
n == 6.6 x 103 g/cm sec. after 52 minutes for equal amplitudes

Surface | Viscosity Volume

Density| tension (n) Temper~{ Vapor
(p) (o) g/cm sec.| ature |pressure ,

Liquid g/cm | dynes/em| (poises)| (° €) | (mm Hg) | (107% cn?)

i-Amyl alcohol 0.81 |- 26 0.009 0 0.6 L.5

loss

Octane 0.70 22 0.006 | 15 | 9 4.8
Hexane 0.66 20 0.004 o | u6 5,2
Methyl alcohol | 0.79 23 0.007 | 20 [9 | 6.3
Athyl alcohol | 0.79 20 0.008 | s |wo | 6.7

Cyclo hexane 0.78 21, .0.007 | 10 ' 7.4

Cyclo hexane 0.78 ¢ 22 0.006 50 4.1
Cyclo hexane 0.78 0.006 60 L4LO . 2.4

Arbitrary - 760 0

Figure 66 shows the weight loss as a function of the time. The
values are somewhat scattered, partly due to conversion to the same
vibration emplit-xde. But the characteristic path in Table 2 with the
maximum value in the vicinity of pg = 180 mm Hg for p = 760 mm Hg
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remains intact° The values ottained for acetone (p = 150 and 230

mm Hg, respectively, o= 23.5 and 22 dynes/cm, respectively) fit
nicely into the above series, as do those for ethyl ether at low
temperatures; here the weight loss is but little less (0 =18 dynes/cm;
the viscosity is about one~half). We believe that the influence of the
viscosity is less than that of the surface tension.

Table 3 .

Volume loss in aluminum after 10 minutes of cavitation

Vapor Vi it Surf :
iscosity uriace | Volume
pressure (n) tension | 1oss

. Density (pg)
~ g/cm sec. -
Liquid | g/cm® mm Hg éoises dyngg)cm 10 N e’

N-Butonal| 0.80 20 0.015 22 1.9
Water 1.00 22 0.0L 70 7.4

14. The dependency of the cavitation attack on the surféce tension and
the viscosity of the liquid

A preliminary test was carried out with butanol at 40° C and water
(Table 3). If one considers the influence of m and the density p as
being inconsequential and the volume loss due to the influence of the
surface tension alone, we have the graphic representation given in
Figure 67 with pg=_10 mm Hg. The values of the viscosities range between
0.007 and 0.0k g/cm sec., The results indicate that the surface tension
is more responsible for the volume loss than the viscosity. This may
be expressed:

AV’“vo-koZ,

That is, the strength of the primary reaction is linearly dependent on the
surface tension since the released capillary energy is

A= Ln raz g{ro # bubble radius before collapse),

while the quadratic correction member refers to the outer condition which
is still quite important in the primary reaction, even as viscosity and
vapor pressure influence the vaporization and bubble formation, especially
in regard to their numbers. If we convert the volume loss curve given in
Figure L8 for weter temperatures between 0° and 100° C, giving due regard
to the influence of the surface tension; the maximum value leads to some~
what higher vapor pressures. With this we gain a still better view of the
uniform course of the volume loss curve as a function of the vapor pressure.




At this point we might make comparisons of cavitation damage under
different testing procedures. Volume loss as a function of time may be ,
quite deceiving in evaluating the cavitation attack. As a matter of course
initially strongly stressed test bodies become more strongly stressed with -
varying amplitudes, whereas weakly stressed test bodies have in the course
of time a flatter volume loss curve even though the incubation period may
be the same with the same kind of testing material. This must be considered
in connection with the time volume loss curve, and testing time must extend
well beyond this incubation period.

Cavitation tests carried out with water-alcohol mixtures are revealing.
There is but little difference in the viscosities of the pure components
and their solutions. Figure 68 gives the results, in which the surface
tension as well as the partial pressures have been considered. With about
7 percent alcohol there is the greatest volume loss in aluminum test bodies.
This loss is governed by the varying influence of Pg and “o. With an

increasing proportion of alcochol there is an increase in the vapor pressure
Pg and a decrease in the surface tension o. The greatest changes occur in
the region of small alcohol concentrations. From the steepness of AV with
increasing pg in Figure 48 we conclude that the influence of the vapor

pressure exceeds that of the surface tension, shown in Figﬁre 67. With an
increase in alcohol concentration, however, the surface tension drops much
more rapidly as the vapor pressure increases.

An evaluation as to the influence of the viscosity is more difficult,
as viscous liquids usually have very small vapor pressures. The volume loss
vapor pressure curve shows, however, the differences to be small in the
volume loss for small vapor pressures, that is, for those below 1 mm Hg.
Figure 69 gives the results of the weight loss in aluminum test pieces with
respect to viscosity as well as saturation pressure for glycerin-water
mixtures of various concentrations at a temperature of 28° C. There is not
much difference in surface tension, 72 dynes/cm for water as against
63.5 dynes/cm for glycerin. - Near 70-percent glycerin the maximum is flat-
tened out. This is explained by the effect of the above mentioned vapor
precsure, while a rise in loss with increased glycerin content speaks for a
stronger attack with increased viscosity. The influence of the viscosity
upon the cavitation strength is, however, certainly small:

F(n) =1 £ k'n,

where k' is very insignificant. In very viscous oils there appears a
notable sheen effect. In this case the damage and surface tension are very
small.

15. The influence of the gas content

Cavitation tests with varying gas content were first made by
E. Spannhake (61} and later by Numachi (41). According to Blttcher (14)
the gas content weakens, while according to Schroter (53) it strengthens
cavitation action. The question comes up immediately in connection with
the strength and type of damage at very-low vapor pressures, as there is
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here the tendency to seek reactions other than those displayed with simple
vaporization. In his observations of cavitation in the venturi tube the
first author arrived at the view that merely the pressure head p ~ pg

is diminished by the stress release through escaping air. Numachi proves

the influence of air in water by changing the water pressure with the
varying air content so that always a slight cavitation was maintained.

K, should, according to Numachi, be
a/%s, where a 1is the air content and

The derived cavitation coefficient
linearly dependent upon the ratio
ag is the air saturation:
Py~ P
K-'-:_...l__._e_..
1 e

P, is the saturation pressure of the dissolved air, {fe the pressure

at the start of cavitation and the static head of the flowing water
at the beginning of cavitation. For values a/hs > 0.8 cavitation is
brought about, there being no change when there is a transition to air-
oversaturated water.. In distilled water there is but a trace.of air and
even after a month a/q_. amounts to only 0,68, Schumb, Peters, and
Milligan (54) found confiderable difference in the damage caused in
aluninum test pieces by ordinary and boiled methanol. However, our own
comprehensive tests with water, methanol, ethanol, etc., have shown that
there 1s no very.marked difference in the damage caused by distilled
liquids and those which were air saturated. Table 4 gives the weight
losses in aluminum exposed to cavitation action for 10 minutes, the
amplitude being constant. ' '

Table 4

Weight loss in mg - aluminum in water at 25° C

Distilled

Tap
water

Distilled
water

Tay water
boiled
for 1 hr.

water
boiled
for 1 hr.

Tap water
with airi

Distilled water
boiled for 1 hr.
with ajrs

1.9

3.4

2.8

2.7

1.3

2.0

#Air was blown into liquid below test specimen.

If this behavior were formulated into a rule, then the gas content would

most likely be considered as retarding cavitation.

Stronger attacks on

turbines during the summer when there is a diminished gas content sub-

stantiate this observation.
peratures expressed as

The air content in water for various tem-
c (Bunsen's absorption coefficient) is:

40°

- 100°

0.014

0.011
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From this it also appears that the air content should have a weakening
influence upon cavitation, although the erosion at first rises and

then drops with gradually diminishing air. (Compare with character-
istic weight (volume) loss-vapor pressure curve.) Since the nitrogen
content of 0,002 g per liter water at 18° C drops to 0.001 g at 62° C,
the number of bubbles and the cavitation damage rise disproportionally.
It follows somewhat the exponential course of the vapor pressure in that
region where the influence upon the tendency of the bubble film to
spread across the surface of the test piece is as yet not so large.
Table 4 shows that with lesser amounts of gas present greater damage
results. It is difficult to decide whether the dissolved gas takes part
directly in the primary reaction or is more of an outside condition
influencing the number and type of singular erosions, However, we know
that the primary reactions which are connected with the gas content are
insignificant when compared with those of the vapor pockets.

Results obtained with mercury and glycerin are important. Here the
quantities of dissolved gas are insignificant. Note the results observed
when liquids and fusions are treated with ultrasonic waves, quickly
expelling all the gas (49). Our experiments always showed the same
bubble formation and accelerated vaporization regardless of the amount of
air contained in the liquid. Ackeret (2) previously demonstrated that
generally the quantity of the gases separated are insignificant as
against the freed vapors. The strong hiss which always accompanies
cavitation originates even at low temperatures (for example water at 0° C)
from an accelerated vaporization. Careful measurements give observable
differences in "vaporization" according to whether a liquid takes part in
cavitation or not. One should, however, not assume that the accelerated
vaporization is a consequence of ordinary mechanical squirting of the liquid.
While treating ultrasonically liquid-gas systems such as benzol or water, :
Wood and Loomis (70) observed heavy fog formations even with oils of low
volatility. They put a drop of oil on the end of a2 thin-walled glass tube
connected to the ultrasonic transmitter and watched how the oil spread over
the surface of the glass and was.vwhirled away as fine fog. The oil does
not run as a consequence of its weigﬁt but remains in a stable clinging
condition. According to Bondy and Sollner (12) the causes for this behavior
of the fog formation are supposed to lie in the cavitation. We observed a
similar behavior, where in an experiment a drop of glycerin was held fast
at the oscillating test body which was experiencing cavitation; the drop of
liguid spread over the surface of the test piece and developed a symmetrical
fog cloud. We find that in order to produce a characteristic attack it is
not necessary to have an outer liquid surface for impact purposes; the pro-
cedure takes place in a liquid film which sets upon a vibrating base.

Later we deal with what conclugion may be drawn from this as to the process
going on in a venturi tube. Sollner showed {59) that the fog formation due
to ultrasonic waves upon liquids can be explained only as the consequence
of cavitation (hollow-space formation); furthermore he proved that the
dissolved materials themselves go into fog with a disappearing vapor pres-
sure. To be swe, it is noted that no fog formation takes place after a
careful degassing (13). The bubble formation which proceeds rapidly at the
boundary surface could, however, be introduced by the dissolved gases which




act as pores (vapor kernels) in the liquid. According to Bondy and
Sollner, dispersion and with it cavitation does not occur in a vacuum nor
at extremely high pressures.,* As early as 1874, Kundt and Lehmann effected
cavitation in completely degassed liquids by means of strong sound waves.
This was accompanied by the clouding of the liquid and foam formation. In
the formed hollow spaces which originate with the separation of the

liquid, #¥* the freed gas escapes as a consequence of the pressure decrease
so that in a short time complete degassification is brought about.

Bergmann (10) has shown that a viscous sugar solution-in water containing
much alr can be completely degassed by means of ultrasonic waves; providing,
as SOrenson has proved (60),’ they have the proper frequency. The smaller
frequencies require higher energies., Therefore strong bubble formation can
certainly be attributed to the accelerated vaporization or fog formation
during which the vapor bubbles are formed, vibrate and burst. The hissing
noise which always accompanies cavitation is explained primarily by the
strong boiling action.

Boyle and Tajlor (15) developed a formula*** for the sound-energy
density with a point where all the energy is absorbed by the ligquid and no
cavitation takes place. This also is in accordance with our assumption :
that cavitation depends on pressure. The partial vacuum tests (Figure 65)
show that only when p - Ps = 0 1is there no cavitation. Even for very
small outer pressures (p = 8 mm Hg) there is evidence of damage in liquids
of low volatility such as glycerin and oils; while in liquids with lower
boiling points such as water, benzol, etc., which are relatively gas free,
no attack could be noted even after an extremely long time.

16. Formation of vapor bubbles and primary reaction

Rayleigh (45) was the first to calculate the pressures accompanying
the collapse of vapor bubbles. He assumed that the formed hollow spaces,
were spherical. If p is again the outer pressure acting upon the bubble, -
r, the original radius, r the radius of the compressed bubble and 8
the compression coefficient one obtains:*¥*¥
2 r03
Pend = — p’ -1

which gives pressures of many thousands of atmospheres. Using compression
‘ 1mpact as a basis Ackeret (2) arrived at a pressure temperature relation-
ship in vapor bubbles. At the beginning the inner pressure of the bubble

*At 2 atmospheres the dispersion is strongest. Gases in large
quantities act as buffers..

#**Tridimensional isotropic tension!

s (p - ps)?

€ = —~——————: px outer pressure, pg = vapor pressure,
2p - a

p = density, a = sound velocity.

®##*3ee Parsons and Cook (43), also (16).
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is below the outer pressure, .applied by the liquid flow; later on however,
the inner pressure is far in excess of the outer, as a result of compression
initiated by the original pressure difference (p — p;). Therefore, no -
equilibrium exists in the usual sense; the frictio forces are ignored.
The possibility to calculate the inner pressure P; depends essentially
upon a knowledge of the heat condition of the bubble, the heat conductivity,
and the time course of the hot vapors. For a nearly adiabatic compression
of a bubble which with a stream velocity of 40 m/sec in a venturi tube,

for example, collapses within a distance that is four $imes the diameter

of the original bubble, a pressure some 2,500 times that of the outer
pressure and a temperature of about 2,000° K is obtained. The preliminary
condition for the bubble collapse lies in the very rapid outer pressure
change. In contrast with the work of other investigators, Ackeret has
under consideration water vapor bubbles and not gas or vacuum bubbles.

Such large pressure changes are ever associated with rapid vibrations. Thls
is in harmony with our observations in the oscillator experiment where the
damage was always at the place of the vibrating vapor bubble, the degree of
damage being a measure of the strength of the attack. Actording to the
investigation of Smith (58) who studied the pulsation vibrations for small
gas bubbles in the acoustic field, the local stresses are supposedly some
15,000 times that of the hydrostatic pressure. The resonance frequency is
expressed by:

- ’\/3x (p £ =% 2° ..

2n

Here r 1is the“bubble diameter, s the density of the fluid, x =

Cv
P the pressure, and o the surface tension. With a frequency of
10 k Hz (10,000 cycles/sec) the critical r would be 0.3 mm!
A. and E. Dognon and Biancani (17) also showed in their ultrasonic tests a
considerable temperature rise in various fluids, leading the authors to
ascribe an important role to the gas content. According to Bergmann (10),
it is possible that adiabatic compression of air bubbles can cause a
considerable local rise in temperatures. From the gas equation one obtains
at a frequency of 1,000 k Hz (10 cycles/sec) with an amplitude of 4i4 x 10™4
cm a rise of some 239° C. : ‘ ' ’

Later, van Iterson also explained cavitation and the damage which
follows by the mechanism of collapsing air bubbles. As previously mentioned
we have for equilibrium the relation:

20
- £
pi P

where p; is the inner pressure, p the-outer pressure, o the surface
tension, and r the radius of the air bubble. Van Iterson assumes that the

escape of the dissolved gas by the pressure drop is the cause of the cavita-
tion phenomenon. He remarks that the symptom at the beginning of cavitation




is a certain noise which reminds one of gas being expelled from heating
liquids, The energy which is set free in the collapse of an air bubble
is determined by the capillary work:

2
A = Ln I‘OO

(ro - radius of bubble prior to collapse, ¢ = surface tension).

The forceful action is supposedly due to the bursting of the bubble which
affects a very small surface since the contact angle of fast adhering bubble
is but 4 to 6 degrees. In the explanation of the destruction process it is
essential that the bubble stays fast at least momentarily during the com-
pression. According to van Iterson the bubbles move quite slowly in a film
layer and only the largest are thrown off and find their way into the
liquid flow. This shows that there are exceedingly high excess pressures
for very small bubbles inasmuch as the surface tension remains constant even
as to bubbles of very small radii. Accordingly, one arrives at a critical
radius since the dissolved air is set free when its pressure drops to that
of the pressuré of solution, according to Henry's law, The author makes his
calculations with the assumption that the reabsorption of the air by the
liquid takes place without resistance. He findg the time for disappearance
of a bubble with a diameter of 10mp to be 107° seconds and for cne with a
diameter of 0.1 mm as 1074 seconds. The path traversed by the small bubble
with a water velocity of 12 m/sec amounts to 0.0l mm.  The time rate of the
compression and the subsequent impact pressure of the water become extra-
ordinarily large with diminishing bubble radius., This is true even when
more vapor bubbles than gas bubbles take part. This does not exclude the
possibility of air containing vapor bubbles. From the hypothesis advanced
by van Iterson concerning the rapid reabsorption of the air it would neces-
sarily follow that by the collapse of the veapor bubbles there would be
exceedingly rapid recondensation.

Ackeret and de Haller (5) succeeded in bringing about typical
cavitation damage with the aid of a simple hydraulic impact apparatus with-
out exceeding impact pressures of 6 atmospheres. They also assumed that the
phenomenon involved neither gas nor vapor bubble formation, whether used
with water or benzine. In spite of their specific statement that the pres-
sure chamber always remained under a pressure of 7 atmospheres, we suspect
that with the sufficiently rapid changes (16 impacts per second) there was
on the return of the piston a reflected impact wave causing a stress release
and bubble formation. In every case where cavitation appeared in the test,
there was likely the primary reaction, a movement of a momentarily attached
vapor or gas bubble, for which several proofs have been advanced.

Even Schroter pointed to the connection between bubbles and destruction
and emphasized that a pure water stream in itself was insufficient. In the-
most impressive test, shown in Figure 37, the pronounced bubble formation
is with moderate amplitude in the center of the test specimen, and a
resorniance bubble bursts with a change to a stronger vibration. If the
vibration is suddenly stopped, the main damage is found to be exactly at
the center. If the bubble, ordinarily in the center, is moved across the




surface of the test piece, the area of damage is more evenly distributed
over the entire test body. Also in the venturi tube the destruction
must be attributed to the fluid film studded with bubbles and vibrating
on the material base and not to the rhythmically moving water masses or
to the periodic constriction and widening of the liquid stream. A veri-
fication for this is found in the very long zone of damage behind the
region of least pressure.

We now follow up the real primary reaction in the oscillating
apparatus. Due to the inertia” of the surrounding water, the adhering
vapor bubble is compressed and expanded to the rhythm of 10 k Hg2
(10,000 cycles/sec). This bubble can also collapse in a half period in
the time of 107" sec. According to Ackeret this rapid change in the
pressure is exactly the condition necessary for the bursting of vapor
bubbles,

We now calculate the time required to collapse a bubble ¥ QOne with a
diameter of 107 cm disappears in 107% sec. at a relative velocity of
4 x 103 cm/sec, figured according to Ackeret's apparatus. With the
oscillator, when the average amplitude is 0.05 mm and the average velocity
of the piston some 5 x 102 cm/sec we get a collapse time of 2 x 10-> sec.
which is still less than one-half the oscillating period. In the case of
larger vapor bubbles, the pressure developed within the bubble and the
temperature is even higher, allowing a total compression tim: of at least
5 x 1077 sec. Due to the momentary adhesion of the vapor bubble during
compression there is a transfer of heat to the test body, concentrated upon
an exceedingly small area (0.1 u x 0.1 y and less) as a consequence of the
high temperatures. In general, the compression process is polytropic, at
any rate not quite adiabatic. 1In all probability the greater portion of
heat is transferred to the surrounding liquid which as a consequence of the -
pressure drop at that place is again vaporized. This indicates that the
heat of compression raises the temperature of this small surface area to a
depth of a few atom layers. The fact that there are always localized rapid
temperature changes points to the direct consequences of the primary -
reaction. This doubtless allows the possibility that the heat expansion of
the material indirectly plays a part in the cavitation process. The
localized temperature change is in ‘turn dependent upon the specific heat
and the heat conductivity. A possible outside influence is the property of
chemical affinity--here the tendency of amalgamation (oberfllchenverbindungen).
This may have some bearing on the mechanism of compression depending upon

¥It is impossible to consider water as elasgic, solid material due to
the exceedingly small relaxation periods of 10-1 sec., although there are
accelerations at average amplitudes which are 570 times the acceleration
due to the gravity of the earth. (See also Pohl {44)).

##By the vibrating bubble we do not necessarily mean one and the same
bubble, since at the place where the bubble collapsed the inutability of
pressure and temperature create conditions favorable to the release of a
new vapor bubble by further pressure.
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whether the vapor bubble adheres liglitly or more strongly upon the surface
of the material. The impact of the liquid which follows the collapse of
the bubble is upon a body which is not in its ordinary state and for this
reason enormous static pressures are not required (see also G. Vogelpohl
(69)). This also reveals why cavitation destruction could not be explained
solely from observations of the mechanical properties of the materlal at
room temperatureo

In order to directly test the statements made, many experiments were
carried out to measure these high temperatures with the very best thermo-
couples, As was vo be expected, the results were negative since the
inertia of the thermoelements was too great and its soldering too large in
proportion to the area withiii which the action takes placeu The circum-
stances are similar to those encountered by de Haller in his attempts to
measure pressures with piezocrystals where only’loca¢1zed high pressures
occur (25).

We include in the exterior factors all those influences which either
increase or diminish the number and the extent of the ‘primary reactions.
In Figures 70 to 73 we show aluminum test bodies subjected to cavitation
for 10 minutes with subatmospheric pressures and varying temperatures.

The damaged area is fairly well defined; we may consider it that part of
the test specimen with readily apparent destruction and excluding that part
which to the eye appears free from damage. By plotting the diameters of
these quite circular areas against the outside pressures, one obtains
values for all tests which conform clearly to p - p.. We find here also
that, within wide limits, it is immaterial whether p for a certain value
of p - pg 1is large or small. The maximun damage at p = 760 mm Hg is

found when pg==180 mm and becomes smaller from there on. When p = 550 mm
or less, the maximum destruction is always when the temperature is the lowest.

17. Chemical reactions in cavitation

In his cavitation tests at the liassachusetts Instltu e of Technology,
in 1932, W, Spannhake observed the following:

In a venturi tube with a 90 degree elbow one wall was reinforced
with 2 3 mm bronze sheet fastened with bolts. At the area where the
bubble collapse took place there was always a pronounced tarnish., -
Furthermore, the bronze sheet stretched between the bolts and became
warped. In the following year, Schréter (50 and 51) also noted this
tarnish on brass bodies subjected to cavitation tests in venturi tubes,

Such tarnish effects were later noted also in ve—ious steels and
castings (Ebert and W. Spannhake (18)). It was found tchat steel sub-
Jjected to a short test had a loosely adhering film of oxide or hydroxide
which was of such thickness as to give a blue interference color. On
longer exposure to cavitation action these oxide layers became very
strong and anchored themselves intc the metal, The tarnish colors
become pronounced to the extent that they may be photographed with
ordinary film. Figure 74 shows a non-anriealed cast-maileable-iron test
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specimen cavitated for 16 hours in a venturi tube; the oxide formation

is visible at the light portion. One can note a varicolored ring system
in the steel test body cavitated in the oscillator for 10 minutes in
water, shown in Figure 75. Brittle metals such as cast iron, whose
surface layer is not kneaded to any extent, retain this coloration even
after long cavitation periods. This sheen is somewhat like that in very
thin blades or like that of the colors in metals at high temperatures
used as a rough temperature scale in metallurgy. This directly supports
our hypothesis concerning the high localized temperatures (from the
colors certainly higher than 250° C), since the layers of tarnish could
not develop in so short a time under ordinary temperatures. In Figure 76
we may recognize wiere continued cavitation partly removed or cut through
the oxide layer. With zinc we have dark-colored oxide layers. Espe-
cially pronounced is the oxidation of cadmium; the brown craters covering
the area of attack are in the main cadmium oxide which could be deter-
mined immediately by X-ray analysis. The chemical attack as a secondary
reaction in cavitation usually manifests itself by exposing the grain
boundaries or by the strong action upon the variously arranged crystal
surfaces. Figures 77 to 82 show some microphotographs of various metal
test bodies (magnesium, antimony, brass, and steel) cavitated in water at
room temperature. Such etchings could be obtained on specimens which had
previously been polished. Upon the etched surfaces one may again observe
localized damage due to primary cavitation action.

With respect to the chemical influence due to ultrascnics we refer the

reader to the work of Bergmann (10).




IV. RESISTANCE TO CAVITATION

18, The change brought about at the surface of the material by cavitation

An understanding of the chemical influence, readily obtained from a .

study of the mechanism of the primary process leads directly to question. =

ing the manner in which' the destruction of the material takes place, whether

it is purely mechanical, purely chemical, or a combination of both processes,

By the primary process is meant the development of high localized temperatures Tk

in which the velocity of reaction K increases exponentially with = B ; where
, ‘ T

is a measure of the activating energy. Furthermore, one must determine
whether in the mechanical destruction the individual impact or failure due
to fatigue is responsible for the appearances that characterize cavitation.

One could present evidence that fatigue stresses are not to any extent
involved in the purely mechanical destruction, for test specimens of pure
magnesium subjected to cavitation for less than cne-half second become
damaged, as may be seen in Figure 83, After only one-half second plastic
shrinkage may be observed and in some tests furrowed damages may also be
noted. However, even in steel specimens, which have much greater cavitation
resistance than magnesium, evidences of destruction may bte observed in such .
short periods that would indicate that fatigue failure due to continuous e
stresses would be brought about after but a few thousand impazts. The - <
shortest incubation period was perhaps cne-tenth second, but here alsoc a =
great number of points of attack could be observed, This indicates that at
the beginning only the individual impacts are responsible since here the
primary process is not accompanied by any strong secondary action, There is
a variation in strength of these individual impacts in the different regions
which 1s in harmony with the hypothesis concerning the primary process, This
reminds us of the damage observed by Vat»r and Sorberger {68), whizh was
caused by the individual impacts in the drop-impact apparatus.

With continued action there is the likelihood of the appearance of
corrosion fatigue in addition to the mechanical fatigue stresses; for the
strong pitting, which is the result of the primary process, provides many
pronounced micropores that act as seats of chemical action., It is,; however,
impossible to explain the "initial" destructions on the basis of fatigue.
The dual nature of the damage, that produced by the primary influence and
that caused by fatigue;, is exemplified in the cavitated zinc specimen
(course-grained cleavage) in Figure 84, There one may see a darker part
which consists of a brown oxide and a lightwshiny part in which the free
crystal surfaces are exposed, the result of fatigue failure in which large
crystals have been split off (25 minutes corresponds to 15 x 106 impacts).
The oxidized parts are due to the primary influence. From the development
of the curve representing volume loss with time (Figures 8 and 28) one musi
assume that primary and secondary processes play a role in cavitation.

Disregarding ordinary corrosion conditions such as combinations of
water and base metals which are not inactive, or mercury with metals
soluble in it, the chemical attack may have two basic cavitation
destruction methods: first, there may be a reaction of such magnitude as
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to cause a loss in weight and for which the term cavitation corrosion is
Justified; second, there may be chemical attack without any marked loss of
weight, acting to some extent as indicator of the primary process and having
only an indirect influence upon the loss of volume (see also the additional
discussion below). The first case may be considered as impossible for
chemically resistant materials (glass, plastics, and gold platings cavitated

" "
in water); Fottinger and Bottcher .each made reports on that.

Evidence that the chemical reaction is merely a side phenomenon in the
microscopic destruction of materials is given in the series of Figures 85
to 87. The test body consists of a Mg-Ca alloy with 4 .8~percent calcium
prepared by polishing and etching with a dilute chromic acid solution,
Figure 86 shows the test body being subjected to cavitation in glycerin after
1 seconds exposure. The weak but numerous points of attack that are distri-
buted over the homogeneous magnesium crystal mixture (white in the picture)
may be observed. At times these appear to be a multitude of chemical corro~
sion points. ‘Morever, places at which shrinkage has occurred may be seen
quite plainly,* especially strong deformations may be observed in the crystal
marked Number 1 in Figure 87, A clue as how the weight loss is brought about
may be had by comparing the three pictures showing the test body before cavi-
tation, after being subjected to cavitation for 1 second, and for 2 seconds.
At the points marked 2, 3, and 4 we note the ‘severance of the mixed crystals
from the eutectic alloy. At point 2 there is a erystal which is partly
severed (grain separation); in the immediate vicinity of this crystal very
marked shrinkage may be observed in the mixed crystals. This comparison
shows quite plainly the two stages in the destruction of a grain crystal., It
is, however, not possible to make a definite statement concerning the attack
upon the eutectic alloy.

At first we always encounter strong localized deformations and stresses
(primary process) which subsequently result in the mechanical destruction
(severance of a grain), It is the latter process which is responsible for' the
actual loss in weight. The continuous microscopic observation in the cavi-
tation of steel gives scme highly valuable information. The 'identical spots
on the polished test bodies were investigated with the microscope at different
intervals., Aside of the lines produced by the chemical etching, one sees here
the micropores (also the crevices produced by polishing) which form the most
favorable seats of the materials attack. The chemical effects noted as a
side reaction in cavitation appears to come as a result of the enlarged sur-
face area exposed, even in materials less resistive chemically. This area
is in the form of protrusion points or edges which in turn act as favored
seats at which vapor or gas bubbles are developed and to which they may adhere.
tjahskaja (46), too, recently arrived at the conclusion that the chemical

*The black spots seen in the picture are pores.

**The eutectic system consists of a crystal mixture rich in Mg and of
Mg Caa
2
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reaction is not of importance in connection with the weight loss (see also
(26 and 53)).

19, The behavior of metallic materials

A more thorough investigation of the damaged areas reveals that some
have a shrunken appearance (are plastically deformed), while in other tests
scme areas give the impression of having been tused. The macrophotographs
and microphotographs below are reproductions of cavitated magnesium and
brass test bodies showing pronounced plastic deformations. In Figures 88
to 93 we see the line formations which are similar to those observed by

" ‘
Bottcher (14) and by v, Schwarz and coworkers (56), Of special interest is

the macroscopic view of Figure 88 showing the varied manner in which shrink-
age occurred in the differently orientated crystals. The crystallographically
determined fissures and the direction in which they are most likely to develop
are clearly seen in Figures 91 and 92, Strong transverse fissures are also
visible in Figure 93. The attack takes place in such favored localities where
twin streaks or grain boundaries occur and especially along enclosing borders
or where the grains are less securely bonded. Figures 94 to 96 give an idea

of the fusion effect in cavitation, In the macrophotographs of aluminum
(Figure 27) and cadmium (Figure 94) there are the characteristic craters and
the large fusion holes with surfaces, and especially ridges contrasting
sharply with the less affected regions. In Figure 95 the peculiar tubercle-
like formations are fusions which occurred in very small regionso This is a
microphotograph of a magnesium specimen strongly cavitated in water. Cavitated
Mg-Ca test speclmens (4.8% Ca) also show fusions at places where mixed crystals
are located.

For an evaluation of the primary cavitation attack (not, however, for a
technical or practical strength evaluation) it is necessary that the attack-
be studied within very short periods, since soon after destruction takes place
there is a strong overlapping of the primary and secondary effects. A definite
physical characteristic of a material (for example the melting point) can be
considsred a c¢ontributing factor in the resistance to cavitation only for
those processes which take place during the incubation period. 'The exponential
increase in weight loss during. the continued course in cavitation is explained
by strengthened primary effects made possible by the previcusly damaged areas.
An examplie of this is a magnesium test body, Figure 97, showing a multitude
of small attack points within the larger previously formed craters.

In the vicinity of damages caused by individual impacts, whose magnitude
depends upon the size of the collapsing vapor bubble, there appear at times
unique chemical attacks, an example in a test body of monocrystalline antimony
is seen in Figure 98. It may also occur after short cavitation period in
steel specimens., The somewhat concentric oxide rings always appear in the
same mamner, irrespective of the method used. Figure 99 shows steel cavi-
tated in the venturi nozzle. There is still doubt as to whether these local
corrosions about the points of destruction are due to after reactions brought
about by localized formations between the plastically deformed and nondeformed
regions or whether they are the resulis of the high-temperature maximums.

The latter assumption surely applies to brittle materials such as antimony,
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and in all probability also to less brittle alloys as suggested By the
many corrosion centers encountered after very short cavitation periods.

20, The behavior of nonmetallic materials

Of the nonmetals glass and plexiglass in water and ordinary salt in
benzine were included in our cavitation experiments., The manner in which
glass is attacked may be seen from Figure 100 which is 220 times enlarged.
The effects of the individual impacts are in the form of small holes which
only rarely are connected by fine-hair cracks, This demonstrates clearly
that, generally, the primary process must take place within an exceedingly
small region and that it must be very rapid since glass is considered a
perfectly brittle material, Figure 101 shows a test body of plexiglass
cavitated in water. Here the lines produced in the grinding process formed -
the seats of attack. The unique behavior of rock salt, cavitated in benzine,
is well illustrated in Figures 102 and 103 where aside from the generally
weaker attacks one may note typical fusions. Experiments with rubber,

carried out by Schroter (51) in the venturi tube, showed that after but few
hours the internal stresses were of such strength that the "rubber liquified
inside and broke open at the outside."* The investigations concerning the
behavior of rubber, leather, and similar matserials in the high-frequency
oscillator have not been concluded. The difficulty here lies in the proper
fastening of the sample so that correct frequencies may be brought about.
Many of these materials probably possess considerable sound absorption
properties and it is possible that besides the actual cavitation destruction
an inner structural disturbance may also play & part (10 and 28).

21. Structural change brought about by cavitation

/fter microscopic examinations disclosed that there was a separation
of the crystalline grains when materials were subjected 1.0 cavitation stresses,
attempts were made to investigate thoroughly the cleavage and structural
relationships with the aid of X-ray interference. For this purpose we
employed the reflected ray method, which had the additional advantage of high
resolving powers. The particles remaining in the liquid are filtered and
identified by the usual Debye method of analysis. The test bodies themselves
are centered in such a manner so that they are near the axis of the camera
with their front surface perpendicular to the main beam. The diameters of
the X-ray camera were 57.3, 95,5, and 1l4.6 mm. In order to expose the
identical region prior to and after cavitation, the test bodies were provided
with bore holes at the sides with which to fasten them in the apparatus.
(See Figure 22.) A refined copper target was used as the source of the rays
and the area which was hit was about 1 mm?. In these investigations we paid

#Vater and Sorberger (68) found that rubber behaved in the identical
manner in the drop impact apparatus.
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S special attention to the homogeneity* of the test bodies, subjecting them to
"~ . the shortest cavitation periods possible so that the layers in the region
. under observation were not too deeply affected, This insures that the

penetration of the X-ray beam is in about the same relation as the depth to
which the effects due to cavitation have proceeded. For the most diverse
test bodies this was found to be almost exactly the same. As the zonsequence
of cavitation the grain size of the main crystallites is diminished; this
means they have been split, which agrees with the microscopic observations.
The Debye lines of the cavitated materials are always compared in the same
manner, contrasting them with the lines of the unaffected materials as
shown in Figures 104 and 105 and Figures 106 and 107. The many individual
points in Figures 104 and 106 representing reflection cones (reflex kegel)
have largely disappeared in Figures 105 and 107, forming uniform lines. We

can say that the size of the crystallites has changed from 10~ cm to smaller
crystallites whose magnitude is of the order of 104 to 10*5 cm, We found
this splitting of the grains especially pronounced in a Mg-Ca alloy with 4.8
percent Ca which was cavitated in two stages (Figures 108 to 110). The
single reflectione in Figure 108 become progressively fewer in Figures 109
and 110, After the cavitation the strong reflections {large crystals) become
considerably less in number.

Figures 111 and 112 show r5ntgenograms of a homogensous Mg-Ca alloy
with O.45 percent Ca before and after cavitation, It may be noted here how s
: the individual reflections of the fine-grained, originally highly oriented -
N - layers extend themselves along the Debye cones, which means that cavitation
C disorients the fine-grained materials, It is amportant that the separation
of the a _-doublet remains intact even after cavitation, indicating an.

; .
absence of any marked internal stresses., This demonstrates that relatively

few regions of the entire cavitated zone disclose any strong deformations,
which in turn is evidence that the action of the primary process i1s confined
O to minute areas while the macrodamage, exemplified by the separation cf i
B particles and the exposure of unstressed material, entompasses more or less -
) the entire layer. The manner in which this disorientation is effected is =
well pictured in Figures 113 to 115, which show a copper test specimen at
the beginning and after 30 and 120 seconds of cavitation. Similar resulte
are obtained in experiments with menocrystals. At the beginning of cavi-
tation the split crystal grains still maintain & strong directional
orientation as expected, Figures 116 to 118, X-ray exposures of a salt
, . crystal cavitated in benzine, show plainly the manner in which monocrystals
~ behave on cavitation, The Xwrays taken after cavitation are those of
: large pieces that had become separated, Therefore, the crystal orientation
is not the same in each figure. The low strength of such a Na-Cl mono-
. crystal permits the separation of fairly large pieces by a rather weak,
v uniformly distributed pressure. This separation process is furthered by .
the grooving of the test specimen with the sidewise turning in the removal o
cf the sampie,

*Homogeneity in the sense of equal grain size rather than theoretical
chase homogeneity.,




The investigation gi the separated particles

With large amplitudes it i1s possible to pulverize the test material
directly into the liquid so that a true suspension is obtained, for example,
aluminum in water (see section 8), The residue of the aluminum, which
was partly coarse grained, becomes very fine grained after cavitation in
water, and using high reflection angles there is a splitting of the doublets,
indicating that the particles eroded in the cavitation process have not
undergone any marked deformation. -In test samples composed of anisotropic
crystals, such as zinc and cadmium, we find in the particles pronounced
fracture surfaces which are distinctive for each material. By far the
largest part of Al, Zn, and Cd which is worn off is pure metal. Only in
the case of magnesium are there any appreciable amounts of oxides and hydrox-
ides.. This indicates that the processes causing the weight loss are much
more of & mechanical than of a chemical nature. Chemical reactions; however,
may serve as indicators for the stages through which the primary process runs.

The simplest way to prove the chemical attack is by the use of mercury
as the cavitation medium. This affords at the same time an easy separation
of the purely mechanical from the purely chemical influences (the mechanical
influences as characterized by the primary effect and the mechanical secondary
destruction). Steel samples cavitated in mercaury show damage similar to but
stronger than those cavitated in water, This strong destruction may be
explained by the high surface tension (o= 500 dynes/cm, see section 14)
and the considerably higher density. Steel combines neither with liquid nor
vaporized mercury and consequently does not go into a mixed crystal forma-
tion. Therefore, microscopic examinations show merely a large number of
local attacks with plastic shrinkage (Figure 119). Here the region of attack
is of greater extent than with water at low temperatures, which is quite
understandable, since there is less adhesion of the vapor bubbles (with low
affinity and no wetting property) and they can move across the surface much
more easily. This action is furthered also by the larger active stream
impulse, . ~

However, if alloyable metals such as lead, cadmium, or copper are
cavitated in mercury, there is besides the strong attack considerable
amalgamation.® The velocity and the course of the alloying action is a
suitable indicator of the conditions governing the primary process. A lead
sample after 1 second of cavitation in mercury gives a mixed lead crystal.
The two X-ray exposures, Figures 120 and 121, show clearly that we deal
here with the homogeneous formation of a lead amalgam. The crystal lattice
structure shrinks. This mixed crystal formation takes place with the utmoct
rapidity and only later on does weight loss set in., For comparison we might

%According to Schmid and Ehret (49), metals such as iron, chromium,
etc,, when subjected to ultrasonic waves become active in concentrated
H_SO or HNO, , while other metals such as aluminum, for example, become
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mention that the melting point of such a mercury-lead alioy lies between
260° and 290° C. To prepare this lead mixed crystal in such a short time
thermically, temperatures far beyond this melting region would be required.
In the cavitation of cadmium in mercury, the amalgamation occurs just as -
quickly before extensive degtruction takes place, The cadmium mixed cry-
stals formed in this process are like the solid metallic solution effected
under & pressure of 50 atmospheres-~percent cadmium (50 atmospheres
multiplied by the percentage of the cadmium?) acting upon the upper surface
of test plece for a few seconas. Also when copper is cavitated in mercury
it appears as if some mercury is dissolved in the solid copper.

In the cavitation tests with mercury as the medium, the weight loss is
affected in a large measure by the chemical attack., The unusually high
reaction velocities with which these reactions take place and the rapid
oxidations in metals and alloys alsc point to the sxtreme conditions which
govern the primary process, Copper samples with thin films of galliwa or
with a covering of tin have been cavitated in water to determine the move=
ment into the copper. In the latter case the tin layer was destroyed and
separated too quickly to give any definite results. Gallium-covered copper
samples showed that some gallium became dissolved by the copper. Especially
pronounced was the dezincing of some brass samples which could be seen:
directly about the seat of the main destruction after but few minutes cavi-
tation in water at room temperature. In samples of this sort it was easy to
recognize zones of about 1/2 mn width which were red due o topper and not
tarnish colors, :

22, (Cavitation resistance--its dependence upon the properties of the
material-—a look into the future

‘In section & we emphasized the characteristic course of the vclwme
loss, which falls into two more or less definite regions:

(1} Cavitation during the incubation period where the only primary
processes are active, producing microdeformations as well as chemical
attacks. In one steel sample, subjected btriefly to cevitation in the ven-
turi tube; the oxide layers were thick enough to make a measurable increase
in weight,

(2) Cavitation after the incubation period, with the appearance of a
visible volume consumption brought about by the continued primary process
and especially by its results--notch impact; permanent fallure, and
corrosion fatigue., At one time the primary process must be the cause of
a destruction through temperature and pressure maxima at tne place where
& vapor pocket collapses, At another time it must cause localized stresses
in the immediate vicinity of the collapse by the thermic expansion due to the
unbalanced temperature distribution.® It is not at all surprising that X«rays

#¥It is possible that the stretching and swelling mentioned in section 17
is due to this cause, Surely, there is some conneztion between this and the
apparent increase in strength during the ingubation period which was observed
by Schroter, Bottcher, v. Schwarz, and Mantel., It also throws some light on
the reason why the property of cold forming is a measure of gooc <evitation
resistance,




do not disclose any marked internal stresses since, in cavitation with the
high-frequency oscillator, these regions are much too small compared to the
separated particles., ' The volume loss taken after a sufficiently long time
(relatively long with respect to the incubation period), is by itself an
adequate practical criterion in the testing of materials. Since the weight
loss is the result of a composite phenomenon, primary process and secondary
attack, it is a much more comprehensive criterion concerning cavitation
resistance than any single mechanical property, such as tensile or compressive
strength., Materials with a low melting point, such as tin, lead, cadmium,
and 2inc, have but very little resistance as' a consequence of the high
locallized temperature maxima; magnesium and aluminum occupy a somewhat more
favorable position; brasses and steels display much greater cavitation
resistance, The tensile and compressive strengths follow somewhat the same
sequence, In Table 5 the volume loss after 10-minute cavitation with the
same amplitude is given for pure annealed metals; also shown are their
melting points and their tensile strengths (47).

Table 5

Volume loss for various metals due to cavitation

Volume | Melting Tensile strength
loss | point . (kg/mmz)

Cavitated material | @) | (°c) Jat 20° ¢ | at 500° ¢

Lead (fine-grained) 10 327 1.35
Cadmium (fine-grained) 0.7 321 6,40
Magnesium (coarse-grained) 1.4 650 17.00
Aluminum (medium fine-grained) 0.5 658 ) 14.30
Brass with 65% Cu (coarse-grained)] 0.03 850 50.00 6.00

Carbon steel (fine-grained) 0.01 | 1,150 54,00 | 27.00
and less| to 1,500

The cavitation resistance for coarse-grained zinc lies between that of
cadmium and magnesium. The table shows that there is some advantage to
setting the cavitation resistance parallel to conditions existing at higher
temperatures, Thus far the materials which have proved most resistant are
the stellites, hard metals, austentitic and ledeburitic steels.

Additional factors of considerable influence are the size of grains.
and the number and size of the micropores. Highly porous steel and
cast-iron specimens suffer strong volume losses., It is natural that the
type of the c¥ystal, whether homogeneous or heterogeneous, and the
singular behavior of the various crystals® should have an appreciable

- ¥®Accordifighto v, Schwarz fine grains are considerably more resistant
to cavitation than coarse textures. 10




influence. In this respect we are merely at the threshold of development.
With the aid of the new testing procedures for abrasion a classification
system might be arranged so as to take into account the structure and the
composition of the better known materials and their effect upon the incuba-
tion peried and any subsequent developments; . Until then one can refer to
the tables ‘of Kerr (32) and of Mousson (36), which for practical purposes
serve as guides in the design and construction of machine parts to be used
where cavitation cannot be avoided. '

Recently reports were published (57) of tests in which jets of water at
extremely high velorities (1,GCO0 m or 3,300 ft/sec) were able to cut through
thick steel blocks in a very short time. To what exvent this may prove
useful in connection with cavitation studies remains to be seen.

As soon as cavitation takes place it is axiomatic that every material
is attacked. Even the strongest and toughest are no, exception and there is
no possibility from the standpoint of materials to make provisions for com-
plete protection against cavitation attack. To set up some standards for
comparison with other types of stresses with respect to the degree of attack
and the resistance of the material, we must consider that cavitation differs
from mechanical stresses such as tensile, compressive or fatigueg which have
a safety limit below which there is ne failure, In cavitation; moreover, we
have a typical wear process similar to corrosion or abrasion., Although
sometimes of little practical significance because of its minuteness, this
wear always occurs with any degree of cavitationg ne mattsr how small,
Therefore, the attempt to include cavitation into the category of fatigue
stresses or corrosion fatigue cannot be sntirely successful., The behavior
of the material does not furnish any ready criterion as to what constitutes
the 1imit of the flwid welocity below which no discernible cavitation damage
takes placze, These 1imits may be determin=sd rather by the absence of the
cavitation processes, especially the primary processes., Offhand it appears
very unlikely that the cavitation increase should merely be proportional to
the increase in the velocity of fiuid {67). From the experiments with the
high-frequency oscillator we have seen that the amplitude is s powerful
factor, Thus,; it is necessary to determine preclsely the strength of the
attack to arrive at some relative values generally true in materials testing
for cavitation resistance, With respect to corrosion, this problem has
already been soived; given the attacking medium, its concentration and
vemperature and the state of tne liquid, whether at rest or in motion, the
weight loss car be computed per unit area and per unit time. But how can
one determine the strength of the cavitation attack? In what manner is the
degree of attack observed in the oscillator to be correilated with that
observed in the drop-impact apparatus, and with that in the venturi tube?
And how is this {0 be carried over 1o practical machine construction? The
extents of the areas involved in cavitation are hydrodynamically speaking
very different; even in the same experimental procedure, as for exampleg
i the oscillator. The volume loss in test samples of the identical .
material differing only in size cannot be discriminately compared. The
measurements, therefore, give merely the relative values. An appropriate
materials testing procedure, standardized for each type of testing, is an
absolute requirement, In the drop-impact test a definite veloc¢ity and
diameber of the jet must be determined, or the amplitude and acceleration
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and the size of the test sample need to be standardized. In that manner

a way might later be found to effect direct comparisons among the various
water impact testing procedures, making possible the derivation of con~
version factors from which the absolute strength of the cavitation attack in
specified accelerations and frequencies may be defined.

V. SUMMARY

Besides giving a clear concept of cavitation, the first chapter
describes the various testing arrangements, showing the cause of the
materials damage by cavitation and the related water-hammer stresses, In
the formation of vapor stress regions and the consequent materials destruc-
tion by flowing fluid there is always a dual phase region at the walls of
the machine parts, namely liquid-vapor. The older .concept of cavitation,
which either demanded the presence of high pressures (impulse-like stresses
caused by pressure waves) or else corrosion fatigue were not satisfactory.
Mousson's and Ebert and Spannhake's cavitation resistance numbers for
various materisls showed no relationship to mechanical properties such as
tensile and compressive strength, expansibility, or Brinell hardness.

Our cavitation experiments and those of others with Gaines' magneto
striction oscillator are compaped with the venturi-tube and the .drop-
impact tests (Tropfenschlaggerat). It appears that all three test methods

gave essentially the same results. The time volume loss curves always show
one slope within which the volume losses remain.rather small. Also one
always encounters in both the oscillator and venturi-tube method the line-
like failure—direct proof of the existence of ‘brating and collapsing
vapor pockets (see Figures 57 -and 62). In the same way the concomitant
chemical reaction may be viewed as the secondary result of local energy
concentrations in the collapse of the vapor pockets by the formation of oxide
films (Figures 74 and 76); also the exposure of the grains in polished test
specimens (Figures 12 and 79) by cavitation appears in both types of tests.
In section 17+the venturi-tube and oscillatory tests show complete corres-—
pondence in the primary mechanism of the phenocmenon of cavitation. Oscillator
experiments determined the vapor pocket formation to be a direct reflection
of the region of damage in the test sample. If the vapor pockets vibrate
and break in the center, it is there that the seat of the major destruction
is located, as is the case with water at room temperature (Figures 30 and 39).
If on the other hand the pocket formation is confined to the border of .the
test specimen, the destruction occurs there (Figures 31 and 45). The

strong influence of the vapor pocket relationship to the magnitude of the
destruction is thus apparent. The influences of external and vapor pressure,
surface tension and viscosity were also investigated, An increase in vapor
pressure increases the number of vapor pockets and consequently the degree
of destruction. On the other hand a diminished pressure difference
eliminates the vibrating stable vapor pockets. This explains the experi-
mental findings of Peters and his coworkers as well as cur own results where
no damage was suffered by test specimens in any fluid at or near the boiling
point (sections 10, 11, and 12). The influence of surrace tension is quite
strong, i.e. liquids with great surface tension cause more damage,
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In section 15 we found that absorbed gas has very little influence
upon cavitation,

The high velocities of the chemical reaction and the large number
of microscopic destructions indicate that the primary process is accom=
panied by local temperature peaks. Therefore, the impact on the minute
area creates special attack conditions when the collapse:of the bubble
liberates capillary energy (section 16). This vapor pocket mechanism
accounts for the porous surfaces being more susceptible to cavitation attack
than smooth surfaces. The conclusions drawn from the low pressure tests are
that the vapor pocket formations and not the fluid impact are responsible
for cavitation action (Figure 65). With the external pressure reduced to the
vapor pressure of water at room temperature no damage was suffered by a test
specimen (sections 13 and 16). Under the action of cavitation the structural
arrangement changes at the place of attack, Figures 85 and 87 show a shrinkage
at the joints. Metals with a straight crystalline structure have their struc-
ture disorientated (Figures 113 and 115),

Fatigue and corrosion fatigue furthered by the strong indentations caused
by the primary cavitation often cover the pits brought about by the cavitation,
In some metallic tests this dual attack, primary cavitation, and permanent
failure can be plainly interpreted (Figure 84). The volume loss is attri-
buted to mechanical action and not chemical corrosion. Only with highly
chemically active cavitation mediums; such as lead in mercury, is there
greatly accelerated reaction (Figures 120 and 121).

There remains to be developed a general materials test for cavitation.
The quality of cavitation resisting materials depends mainly on its erys-
talline . structure. In the construction of hydraulic and marine machines
attention should be paid to the use of such materials that will resist
cavitation action or at least minimize it, since cavitation erosion cannot
be entirely avoided,
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Fig. 1. Shadow picture of cavitation Fig. 2. Pressure distribu-
action in Venturi tube, taken with simple tion in Venturi tube - Region

spaik (according to Fottinger [207]). of destruction,

Figs, 8. Destruction in Fig. 4.
annealed cast-iron specimen
subjeoted to cavitation in
Venturi chamber (from Ebert
and W, Spanrnheke, unpub-~
lished). One-half natural
size,

Test specimen subjected to
cavitation attack in modified diffusor

(according to Mousson E36]); natural
size.




Fig. 5. Typioal damage caused Fig. 6.
by water jet (according to Mousson
[36] ); four times enlarged.

Destructicn in bronze test body
cavitated by oscillator (according to Kerr
[32]); four timss enlarged.
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Fig. 7. Destruction in cast iron rig. 8.
(acoording to Englesson {(197]); 160
times enlarged.

Veight loss with respect to time
in various test bodies cavitated in Venturi
tube at Schwarzenbach plant. (From unpub-
lished work of Ebert and W. Spannhake)

Water temperature 10%¢.

Max. water velocity B80m/sec
_Length of diffusor 160 mm

Diameter of test bodies 40 mm

VCMo = high chrome-molybdenum steel
St = steel

PG = cast perlite

TG = annealed cast iron

affixed G = hardened

affixed U = nonhardened
ten B = rate of change




£ Fig. 9. 8lip-lines formed in Fig. 10, Fatigue cracks in chrome

cavitated chromg-nickel steel; steel as a result of cavitation (accord-
(according to Bottcher [14]); 140 ing to Bottcher [14]); 140 times en- :
times enlarged. larged. 5

Fig. 11. Grain exposure in Fig. 12. Magnitude of destruction
a brass body cavitgted in water area in brass specimen {according to
(according to Schroter [[52]; v. Schwarz and Mantsel [55]); 260

10 times enlarged. ‘ times enlarged.  {.




Fig. 13. Strongly deformed, annealed
cast-iron specimen, cavitated in Venturi
tube; at upper part of cylindrical speci-
men the plastio deformation is seen.
(From unpublished work of Ebert and W.
Spannhake) Natural size.
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Fig. 15. Meaterials testing in drop-
impact apparatus; representation of mate-
rials strength by Wohler lines (according
to Vater [65]).

A - pure iron; B - martensite stesel
C - martersite ocast steel
D - cast steel

Fig. 14. Lead ipeoimen cavitated
in diffuser (Schroter [51]); 40
times enlarged,

Fig. 16. Attack upon gray cast
iron after 60,000 impacts with im-
pact apparatus. 16a before test;
16b after test. (According to
Ackeret and de Haller [6]); 120
times enlarged.

Fig. 17. Fused groove in lead
specimen cavitated in Venturi tube.
Note increasingly strong destruoc-
tion to right of groove.




Fig. 18. Electric Diagram of Oscillator.

Ammeter for -oscillating
cirocuit
Ammeter for total current

Ammeter for grid current

Condenser for oscillating
¢circuly

Variable condenser for
oscillating circuit
Condensers for minimizing
fluctuations in high-
tension line

Rectifier tubes

Incduction coil

Oscillator coils

Choke coils to minimize
fluctuations in high-
tension line

Test body

Vuriable resistances

x
e

N

[ B o J

< 4 <4 <4 13 13 Y ow
w NN o

<
o

Grid return resistance

Oscillating rod (tube)
Transmitter tube

Transformer for high-tension con-
version

Transformer for heating filaments
in rectifiers

Transformer for heating filement
in transmitter tube

Voltmeter in oscillating ocircuit

High-voltage meter

Voltmeter for heating of trans-
mitter tube

Voltmeter for heating of rectifier
tubes

Voltmeter for measurement of induc-
tion coil voltage ‘




Fig. 18. View of oscilleator with Fig. 20. Diagram of stend
microscope. : and fastening arrangement of

Beaker containing liquid rod.

Microscope Cavitation liquid
Eyepiece Conteiner for F
Oscillator stand Base for stand
Oscillator coils Holding devioce
Oscillator rod Magnetic insuletion
Premagnetizing coil Oscillator coil
Thermo element
Premagnetizing cail

P Fig. 21. Frequency of
ﬁvm@uéf : ogscillator as a function
of weight of specimen.

Frequency

Weight of Specimen




Vieight loss

" Vibrating rod
‘Light metal:
Outside thread
For adjustment

in X~-ray camere Pig. 22. Shapes of specimens and
methods of attaching them onto ‘

Ligﬁt metal oscillating recd.
‘ 22&.',Stundardﬂspecimen.

Light metal ~ 22b, Specimen with inlaid
: ‘ ~ heavy metal..

22c. Specimen for determi-
Light metal nation of weight loss.

224, Specimen with inlaid

Cast metal orystal.

Mano crystal

————Brass

| Cast
iron

o] Cold-
. rolled
steel

L

Weight loss
&mdfgm'/w

W Stain-
’¥§==——-less

\ steel
180 it 50

& 0
~-Temperutur

BEL;,e

Weight loss of brass
specimens cavitated iz high- )
frequency oscillator at various
water temperatures. (From unpube
1lished work of Peters and Rigntmire)

Fig. 23. Weight loss with respect to Fig. 24.

time of various materisls cavitated in
high-frequency oscillator at 20°C. Eaoh
type of material is reprsesented by two
different alloys. (Accordlng to Kerr [32]).




Fig. 26, Niokel test specimen
cavitated in oscillator (ecoording
to Gaines CZZ] )3 two times enlarged,

Aluminum test specimen
cavitated in water for 1.5 minutes;
two times cnlarged.

Fig. 27,

b Cl.rfm a‘%‘fa wime

Fig. 28, Average weight loss with
time ,of magnesium test apeoimena cavi-
tated in water from 0° to 100° Cs
amplitude, 0.06 nm,

Pig. 26, Mg-Ca-alloy test specimen
oavitated in oscillator; about natu-
ral size. °

I e it

/
Induer mmitudo)

Fig. 29, Graph of weight loss with
respect to amplitude of alumipum test
specimens cavitated in water at room
temperature for 10 minutes. (Induced
voltage of 30 volts corresponds to an
amplitude of 0.05 mm.)

Weight loss .
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Figs. 30 to 34, Bubble formation
at surface of steel test specimens in
various types of liquids.

Fig. 30. Distilled wat~r at 20° C
Fig. 31. Distilled water st 80° ¢
Fig. 32. Benrol at 20  C o

Fig. 34. Liquid paraffin at 20° C




Small amplitude, : Flg. 36. Large amplitude.

Figs, 35 and 36, Bubble formation with
two different siged emplitudes; about
natural sise.

Fig. 3Ta. | Fig., 37b.

Fig. 37. Bubble formation in glycerin
at 1/4 second, (a); and et 1/2 second, (b).
Sidewise view; about natural size,




Fig. 46.

Figs. 38 to 47. Aluminum test specimens
cavitated for one mirute in distilled water
at various temperatures, amplitude held
constant; two times enlarged. ‘

Fig. 47. 100°C




Fig. 48. Weight loss with Fig. 49. Aluminum specimen
respect to temperature; magne- ocavitated in XOH (1/100 N) for
cium specimens cavitated in 1 minute; +two times enlarged,
water for 10 minutes; amplitude
0.06 =mm., ‘

Fig. 60. Aluminum specimen cavi- Pig. 61. Aluminum specimen
tated in Ne-Cl solution (1/100¥) oavitated in 30 percent hydrogen
for 1 minute; two times enlargsd, peroxide for 38 minutes; two

times enlerged.

Flg. 62, Alumipum specimen oavi- Pig. 63. Aluminum spscimen
tated in benzine (octane-nonmane oavitated in bensgol for 17
mixture) for 17 minutes; two times minutes; two times enlarged.
enlarged,




Boill
Poin.%E

Methyl alooh 64,7°¢C
Ethyl slooh 78.3°C
Cyclehexane 80,8°¢C

Heptane 98.4°¢C
Ootane 125.8°¢

Amyl aleoh .137.8°¢C

Fig. 54, Aluminum Pig. 55. Aluminum specimens oavitated'in methyl JE
specimen cavitated in aleohol, ethyl alcohol, oyclohexane, heptane, - o
ethyl ether for 17 octane, and amyl aloochecl at variocus temperatures
minutes; two times en- (vapor pressures respectively); about 1/3 natural
larged, sige, o

Fig. 56. 200 times enlargsd. Fig. 57. 400 times enlarged.

Figs. 56 and 57, Line-like microdemage in brass spacimen
cavitated in water for a short time,

Pig. 58. Line-like micro- .Pig., 89. Line~like micro-
damage in brass specimen ex- damage in antimony specimen ex-
posed to cavitation action posed to cavitation action in
for a long time; 200 times water for a short period; 200
enlarged. times enlarged.




. Fig. 680. 100 times enlarged. v Fig. 61. 120 times enlarged.
Figs., 60 and 61. Line-like microdamage in. heat-polished glass

; specimens cavitated in water. ‘

Fig. 63. Damage in brass spscimens cavi-
tated in water under one atmogphoro exces
pressure at (a) 80°¢C, (b) 90°c, (o) 100°c;
(from unpublished work of Petars and
Rightmire); sbout natural size.

‘0s6illating

Fig. 62, Line-like Fig. 64. Arrangemont

< - microdemage in high alloy for cavitation experiments
o . steel, cavitated in Venturi under various outer pres-

tube; 600 times enlarged. sures.,




30 mm QS8

Fig. 65. Aluminum test specimens cavitated in water for 10
minutes under various outer pressures; about natural size,
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Vieight loss

& e

Surface tension

Fig, 66. Weight loss with respect to Fig. 67. Weight loss with
time  in aluminum specimens cavitatggrinf/’ respect to surface tension of
various liquids; amplitude 0.05 mmq aluminum specimeus cavitated in
various liquids; vapor pressure
P=~10 mm Hg; viscosity n from
0.007 to 0.04 g/om; amplitude
0.05 mm.
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Fig. 68. Weight loss of aluminum Fig., 69. Weight loss of aluminum
specimens cavitated for 20 min. in specimen cavitated for 20 min. in
wuter-alcchol mixtures at 25°C; also  water-glycerin mixtures of various
with respect to surface tension, vapor concentrations; also with respect to
pressure, and partial pressures of vapor pressures and their associated
water-alcohol mixtures; amplitude 0.056 viscosities; amplituds 0,04 mm.

T Py pertiel pressure of water

Py partial pressure of aloochol




Fig. 74. Nonhardened oast-
iron specimen cavitated in
age e 50° 790 16 Venturi tube for 16 hours; N
(from unpublished work of Ebert' [
and W. Spennhake); about 3/4°
netural size. . ©

17° 26° 45° 51°

Feg. 73
.8 .
Figs. 70 to 73, Cavitation of aluminum - Fig. 75. Steel specimen
test specimen in water at various pressures cavitated 10 minutes in water ‘
and temperatures; about natural sisze, with oscillator; about two .
: times enlarged. L
Fig., 70. p = 760 mm Hg R
Fig. 71. p = 650 mm Hg "
Fig. 72. p = 450 mm Hg . ‘
. Fig., 73. p = 360 mm Hg

Fig.\76. Steel specimen

after long cavitetion; the
- partial removal of the oxlide

is plainly seen.-
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: Fig., 77. Magnesium apeci=- Fig., 78, Brass specimen,
. men oavitated for short 63% Cu, ocavitated for 10 min; .
e period; 60 times enlarged. about 100 times enlarged. . " P
/ . S,
Fig. 79. Brass specimen, Fig. 80. Bress épocimen, o . /
658% Cu, cavitated for 10 ming 66% Cu, cavitated for 8 min; //
about 100 times enlarged. (border zome); about 250 , e
times enlarged. m/,
/, : [ “

)
. Fig. 81. Antimony speci- : Fig. 82, High eutectoid

men slightly cavitated; 250 steel specimen, sirongly i
) time s eglarZed. ’ cavitated; about 400 times N

enlarged.




Pig. 83. Magnesium specimen Pig. 84. Zinc specimen

oavitated in water for less cavitated in water for 25
than 1/2 seoond; 100 times en- min; -two times enlarged.
larged. : :

Pig. 88. Before cavitation. Fig. 86, After 1 second of
cavitation. A

Pig. 87. After 2 seconds of oavitation. |

Co.  Pigs. 86 to 87. Miorophotographs of Mg-Cs slloy’ oavitated in ‘
N stages, in glycerin; 250 times enlarged. ~(The enumerated points indi-

cate the same position.) : ‘




Fig. 88. 'Magnesium speci=- Fig. 89. Brass specimen,
men cavitated in wuter for 10 65% Cu, cavitated in water for
min; two times enlarged. 10 min; two times enlarged.

o Fig. 90, Microphotograph Iig., 91. Brass specimen
73 of brass specimen shown in Fig. cavitated in water for 4 min;
8§9: about 70 times enlurged. 220 times enlarged, \

By Fig. 92. Brass spenimen ' Fig. 93. Brass specimen,
.. cavitated in water for 4 min; 656% Cu, cavitated in water for
i . 100 times enlarged. 12 min; (an added example show-

ing the appearancs of strong
slippage lines); 220 times en-
larged,




Fig. 94. Fusion cavity in Fig. 95. Magnesium specimen
cudidum specimen, cavitated strongly cevitated in water; 220
in water for 1 min; caused by times enlarged.
blovhole situated directly
under the surface; about two
times enlarged,

rig. 97. Magnesium speci-
men cavitated in water 20 min;

Pig. 96, Mg-Ca alloy with ab9ut.130 times enlarged.
4.8%g0u. cavitated in zater (W1?hln,th° existing larger
for 15 mir; ahout 250 bimes cavitation pits, smaller
enlarged. points of attack are visible.)

3; -, S | Fig. 99. Stéel specimen cavi-
N . Fig. 98. Antimony monocrystal tated for 30 geconds in Venturi

cavitatsd in water for 15 min; tube; (from unpublished work of

‘e . Ebert und W. Spannheke); ebout
- about 170 times enlarged. 400 tirss enlarged, ’




Fig. 100. Gless specimen Pig. 101, Plexiglass ocavi-
weakly cavitated in water; 220 tated in water for 1/2 minute;
times enlarged. (The strong 220 times enlarged.
damage in the center -deserves :
speclial attention; the mate-
rial behaved as though it had
become plastic. The shearp
edges ordinarily present in
fractured glass are not pres-
ent,)

Fig. 102, Cavitated for Fig. 103, Cavitated for 2
10 minutes; 220 times en- minutes; 100 times enlarged.
larged.

Figs. 102 and 103. Sodium chloride monocrystal
cavitated in bengine, o




g

Fig. 104. Before cavitation., Fig. 105, After cavitation, : ;

Figs. 104 and 105. Reflected ray X-ray photos . S
of Sn alloy specimen. .

Fig. 106. Before cavitation. PFig. 107. after cavitation. v .

hd Figs. 106 and 107. Reflected ray X-ray photos
of cadmium specimen.

Fig. 108. Fig. 109. , ).

Figs. 108 to 110, Reflected
ray X-ray photos of heoterogeneous
Mg-Ca alloy specimen,

Fig. 108, Before cavitation.
Fig. 109, Weukly cavitated.
Fig. 110, GStrongly cavitated,




Fig. 111, Befpre cavitation.

. T Fig. 112. After cavitation

. Figs. 111 and 112, Reflected ray X-ray photos of
. homogeneous Mg-Ca alloy specimen.

Fig. 113. Before cavitation, Fig. 114. Cavitated for
30 seconds,

-

Figs. 113 to 115. Re-
flected ray X-ray photas
of copper specimen,

Fig. 1156. Cavitated for 120
< seconds,




Fig. 116, Before cavi- Weakly cavitated.
tation.

Figs. 116 to 118. Reflected
rey X-ray photos of rock-salt
monocrystal specimen.

Fig. 118. Strongly cavitated.

Fig. 119. Steel specimen Figs. 120 and 121.
weakly cavitated in mercury,

Debye-
exposures of pure lead (Fig.
120) and of lead specimen
cavitated in mercury for 1
second (Fig. 121).




