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NOTATION

Area of ercsion

Velocity of sound in liquid
Velocity of sound in material
Energy absorbed by material
Modulus of elasticity of material

Average depth of erosion
Intensity of erosion
Wat er hammer pressure

Erosion strength

Time of erosion

Impact velocity
Dynamic yield strength of materlal
Acoustic impedance of liquid

Acoustic impedance of materlal

A factor tending to unlty at hirh velocitlier

Volume eroded

Liquid denaity
Material denaity

Encurance limit of material
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SUMMARY

In general, the problem of erosion of materials can be
divided into two categories. One is the understanding of the
threshold for each material wherein the impact stresses reach a
limiting value just sufficient to initiate detectable erosion
either at the first blow or after repetitive blows. Evidence
is presented to show that tne dynamic yield strengtr of a ma-
terial controls the threshold for the single impact; whereas,
the endurance limit is the important property :representing the
threshold in the multiple impact case.

The second problem is the prediction of the amount of dam-
age if the erosive forces are above the threshold for the ma-
terial. The designer needs some numerical value of a property
that governs the volume of erosion of a material. As of now,
there is rno single property that can be used for this purpose,
Just as we use various properties of materials to represent
their response to static, fatigue and creep loadings. A recent
suggestion to use the strain energy of the material, as given
by the area of the stress-strain diagram from a simple tensile
test, for this purpose has a few limitations such as stralr
rate effects, environmental effects (e.g. temperature and cor-
rosion) and the scarcity of stress-strain data under these con-
ditions. 1In order to overcome these limitations, a new concept
Known a8 erosion strength is introduced, and it is defined as
the energy absorlbed per unit volume of material up to fracture

*e
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under the action of the erosive forces in various environments.

. The methods to determine the erosion strength from an erosion

test are outlined.

If accepted by the engineering profession, the concept of
erosion strength would take a place among the other mechanical
properties of materials such as rield strength, ultimate strength,

fatigue strength, creep strength, hardness, corrosion fatigue,
etc.

INTRODUCTION

The word "erosion” from the Greek "erodere” -- to gnaw
away -- generally means the surface destruction and removal of
, material by external mechanical forces. In the majority of prac-
tical cases, these forcos are in the rorm of multiple impacts pro-
duced by the dynamic impingement of a liquid on a solid surface
or of a solicd on another solid surface. Numerous examples may

be cited where such phenomena are important. For example:

B T

(1) Cavitation damage of hydrodynamic systems such
as hydraulic turbines, ship propellers, valves, etc.,
(11) Erosion of steam turbine blades due to the im-
pact of condensed liquid droplets,
(141) Erosion of aircraft structures as a result of
collisiona with rain drops.
(1v) Sand erosion of water :urbines and other con-
trol devices, and

(v) Frosion of space vehicles a3 a result of impascts
with meteoritea.
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In all of these erosion problems, one of the important
aspects is the prediction of the material response to a given
set of input conditions such as the collapse of a bubble on or
near the surface, the impingement of a 1iquid drop or Jjet, the
impact of a solid particle. In general, the impact energy of
the input system will produce on the material one of the fol-
lowing effects depending upon the intensity of impact and the
number of repetitions, (See Pigure 1):

(1) There may not be any permanent deformation;
(11) The material may deform after a certain number
of repetitive impacts;
(111) A permanent deformation may develop at the on-
set of the first blow; and
(1v) It may plastically flow on the first blow it-
self or after a certain number of repetitions as a result of
high strain rates.

Based on these arguments, one can arrive at two types of
problemsa. The first one is the understanding of the threshold
conditions wherein the impact stresses resch a limiting value
Just sufficient to initlate detectable erosion elther at the
first blow or after repetitive blows. The second case 13 the
prediction of the amount of damage if the erosive force:s are
above the threshold for the material. It 1s the aim of moa2t of
the investigations to provide the designer with numerically ex-
pressed properties to represent the bvehavior of the materials
under the above two cases. The property (o1 properties) that

.
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é control the threshold conditions, wherein the criterion 1s the
observable ylelding of the material, need not be the same as

the property that represrnts the volume of erosion of a material |
wherein the material is being fractured and removed from the sur-
face. It is the purpose of this report to discuss these two cases
in the light of some of the resulte obtained in our laboratory in
connection with cavitation erosion as well as those published in
the literature.

It is found that the dynamic yleld strength and the endur-
ance limit are the two properties controlling the threshold con-
ditions due to single impact and multiple impacts, respectively.
However, the volume of erosion when the erosive forces are above
thls threshold, 13 controlled by some property of the material
that represents the energy adbsorbing capacity of the material.

* Recent attempts (1,2) to correlate the strain energy of the ma-

terial from the simple tensile test are handicapped by a few

limitations such as strain rate effects, environmental effects
and the scarcity of the stress-strairn data under these condl-
tions. To overcome these difficulties, the concept of erosion
strength is introduced with methods of determining this erosion
strength from an erosicn test. In mary practical cases, the
erosion forces may be assisted by cuvironmental effects such as
corrosion, embrittlement, temperature, etc., and the methods to
determine the erosion strength under these conditions are also
outlined.




as
!
where
» UI is
p‘ is
pm is
} C‘ is
cu is

Jet or drop impact erosion.

HYDRONAUTICS, Incorporated

-5-

THRESHOLD CRITERIA

impinges on the surface of a material, the maximum pressure

the impact velocity,

the density of liquid,

the density of materisl,

the velocity of sound in liquld, and

the velocity of sound in the material.

. retio of p‘c‘/p'c. is emall and this term may be neglected,
Then the water hammer pressure becomes

It is becoming increasingly common to observe a threshold
parameter such as the threshold intensity of cavitation damage,
the threshold amplitude of oscillation, the threshold velocity
of flow, the thresiold impact velocity etc., in erosion problems
such as cavitation damage, turbine blade erosion, rain erosion,

When a cylindrical column of liquid
(generally known as the "water hammer" pressure) developed by

the impact is given by de Haller (see for example Reference 3)

1]

Por most practical cases of liquids and materials invoived, the

averpivis e
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' Such an estimate for a spherical 1liquid drop colliding with a
solid surface has been given by Engel (4) as

where a is a factor tending to unity at high velocities; the
factor 1/2 1s due to the spherical shape of the drop.

Experiments by Brunton (6,8) show that the measured values
of the pressures closely agree with the values predicted by the

water hammer equations.

R The threshold criterion for the case when a drop makes
a single impact on a metal would be that the water hammer pres-
sure should exceed the dynamic yleld strength of material pro-
ducing a detectable permanent deformation (9). It may be mathe-
matically stated as

Y

D ~ (
—_— . 2 4]
PgCels

where YD is the dynamic yleld strength of the material. How-
ever, in practice, the material deformatlion starts after re-
‘ peated multiple impacts. In such a case, if we asaume that the

sigiificant material properiy would be the endurance limit of




DR ————

HYDRONAUTICS, Incorporated
-7..
the material, then the threshold criterion is modified as

o
e
—_—=2 (5]
PyCels °
where

oe is the endurance limit,

There are a few published data for multiple impact cf
water drops on metals (5,7) and the results are summarized in
Table 1. These data seem to check well with the criterinn given
by Equation [5] which states that the endurance limit of the
metal 18 the property controlling the threshold.

Even in cavitation damage, the threshold !s characterized
by the endurance limit of the metals {i1,13). Earlier experi-
ments (1) with a two-dimensional water tunnel and with a rota-
ting disc apparatus showed that the threshold velocity of flow
depended upcn the endurance l1imit of metals. Recent experiments
with a magnetostriction cscillator producing cavitation on an
oscillating piston also showed that the endurance limit of
metals controls the ‘hreshold iatensity of cavitation gazage
(13).

There are no similar experiments to verify whether the
threshcld conditions in solid-to-solid-erosion problems such as
sand erosicn, also are represented by the endurance limit of the
materials. However, Leith and McIlouham (14) report that sand
erosion can be correlated with csvitaticn damsge erosion.
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While the foregoing discussion tends to establish the en-
durance 1imit as the sole material property controlling the
threshold conditions in a multiple impact test, there is a dif-
fering point of view wherein the modulus of elasticlity also
would become important. Engel [15) gives the following relation-
ship for the threshold velocity of a liquid drop to produce a

dent in the metal:

19 YD(ZI + zm)
3;¥ (6]

Uy = -
\plcmzm

z‘ = p‘C‘ of liquid,

z =p C of materlial.
m mm

Equation [6] can be rewritten in the form

19 YD
J. = — [7]

I ;FI,

Pp “m
Since

.

C = 2

mo ¥

. pm
where

E 1a the modulus of elastizity cf the material.
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For multiple impacts of drops, Y. can be replaced by the en-

D
durance limit (as before), giving

19 oe
Uy = - ; (8]
pl Em%
Now the threshold criterion would beccme as
oe
T s = 0.05 (9]
UI pl Em

It is Interesting to study the relatiounships (5) and (9). While
Engel finds the relationship (6) to hold good for 11CO alumi-
num, the data shown in Table 1 dc not agree with the value of
0.05 in Equation [9]. This discrepancy brings forth the neces-
sity to conduct more investigations and to verify whether the
modulus of the material 1s really an important parameter as
shown by Equation [9].

NECESSITY FOR THE CONCEPT OF EROSION STRENGTH

So far the discussion was confined to the threshold con-
ditions st which thc materials start damaging and thelr relatlon-
ship to dynamiec yield strength, and endurance limit {including
modulus of elasticity). It was alsu pointed out that there are
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some misgivings about the significance of the modulus of elas-
ticity. Once this question is resolved, the easiest design ap-
proach would be to determine the threshold values and use the
proper materials. However, it is not always possible to limit
the designs to the threshold conditlions. Practical and economic
considerations may warrant a design .n which we may have to live
with some erosion in a given material and predict the life of
the system. In thls case, 1t is c¢ssentlal to know the property
of the materlal that controls the volume that !s eroded in a

given time.

There have teen saveral attempts to correlate the resls-
tance of a material (o erosion with any one of 1ts known me-
chanical properties such as yield strength, ultimate strength,
hardness etc., without much success. The evidence for thls
statement may be found in Reference 16 for cavitation damave
and (5,7) for drop impact erosion. This situation led to a
premise {to quote from Peterson (17)] that "1t {s not possible
to provide the designer with numerically expressed 'properties!
which can be fed into formulas for proportloning parts, as one
can do for static, fatigue and creep loadings”. Qualitative
and comparative screening tests led to a duplication of efforts
in addition to confusing the problems Involved.

Recent analysis (1,2) in connection with cavitatlion dam-
age pointed out that the property zorrslated should represent
the energy absorbing capacity of the materlal up to fracture.
Avallable experimental results showed that the straln eneryy of
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a material up to fracture as given by the area of the stress-
straln diagram represents the erosion resistance as far as
cavitation damege 1s concerned. However, there are a few gen-

uine limitations to this approach namely:

(1) The strain rate effects. The stra.n energy
values used for these correlatlions were ohtained at relatively
low strain rates; whereas, the erosion rhenomena generally takes
place at high strain rates., This effect could become very im-

portant for strain rate sensitlive materials.

(11) The mode of stressing in erosion is radically

different from the simple tensile test.

(111) The environmental effects such as corrosicn,

high temperature, vacuum, low temperature and embrittlement can

He——

. not be quantitatively reproduced in the straln energy measured

from a simple test,.

(tv) Above all, the avallabllity of the stress-strain
data up to fracture under these conditions ltself !s a gzreat
limitation. Thls iz mainly because the strain energy 1ltself 1s
not a commonly used material property. However, 1ts importance
is being increasingly felit as the understand!ng of fracture

% mechanics progresses.

§ . In order to overcome these limitations, the concept of
i erosion strength is introduced. Just as yleld atrength, ultl-
| mate strength, fatigue strength, all Aefine a certain physical
state and behavior of the materials, the erosicn strength Is
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specifically defined to represent the erosion resistance of
materials., It is hoped that this direct appronach would lead to
a more generalized understanding of the phenomenon of crosion as

a whole,

DEFINITION OF ERC3ION STRENGTH

Durine, the process of erosion, a certain volume of material
is fractured from the surface of the parent material as a re-
sult of the work done by the external forces. The energy ab-

sorbed by the volume of the material fractured is given by

E = AV-S [10]

where
S i1s defined as the erosion strength which

represents the energy absorbing capacity of the

material per unit volume under the action of the
erosive forces,
AV 1s the volume cf materia. eroded, ard

Ea is the energy absorbed by the material eroded.

The measurement of AV in a laboratory experiment 1s not very
difficult. If we can devise a method by which we can accurately
determine the energy absorbed by the material under the action
of erosive forces, then the erosion strength as defined here
can easily be determined.

.
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DETERMINATION OF EROSION STRENGTH

The logic behind the method of determination of erosion
strength will be developed by illustrating the specific case
of cavitation damage. In this case, the eroding forces are
caused by the collapse of cavitation bubbles near the material
surface. Recent experiments show that the rate of volume loss
is inversely proportional to the strain energy of the material
for a groun of materials (2) as shown in Figure 2. For five
metals in this group, the strain rate effects are shown to be
not very important in the experimental investigations on the
high frequency fatigue of these metals (18). These experiments
were carried out in a magnetostriction apparatus at 14 kcs as
It 1s known that bcth in cavitation

damage tests and in liquid impact tests (19,20 and 7), the rate

descrited in Reference 19.

of damage is time dependent in the initial "zones of damage',
and it finally reaches a steady state. Successful correlations

have been obtained only in the steady state zone.

If one defines the intensity of erosion as the power ab-

sorbed by the material per unit area then the intensity I is

given by
1oV Se
Ae t
18
e
-— (1]
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where
Ae is the area of erosion,
t is the test duration, and

i is the average depth of erosion,

In our cavitation erosion test, the relationship between

the rate of erosion and the amplitude of vibration is ob-

tained as shown in Figure 3 (21). The intensity of erosion was
calculated by assuming that the erosion strength is identically
the same as the strain energy for the group of materials shown

in Figure 2, The correlation shown in this figure provides the
Justification for the above assumption. Furthermore, the high
frequency fatigiue tests mentioned earlier show that the materials :
such as 316 stainless steel, monel, tobin bronze, 2024 aluminum %
aind 1100 aluminum do not exhibit significant effects of strain
rates (18). The same group of materials (or Just one among this

SRRSO

ggoup) may be used to determine the intensity of erosion of a

given test device under a set of test conditions. We may call

this procedure the calibration of the test device wherein we ob-
tain the numerical value cf the intensity of erosion of the test
device. Once such a calibration 1s accomplished, the erosion
strength of any material may be experimentally determined by
measuring the rate of depth of erosion with this calibrated test
device from Equation {[11].

This procedure is feasible with any type of erosion whether
it 1s cavitation, 1liquid impact or solid impact erosion. It may
even be extended to wear of materials due to friction.
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ENVIRONMENTAL EFFECTS ON EROSION STRENGTH

It is realized that the erosion strength will be affected
by various environments such as corrosion, temperature, and
vacuum Just as other strengths like fatigue, creep, yield, and
ultimate strengths are affected by these environments. The main
problem in such cases is the determination of the intensity of
erosion caused by the erosive forces from the purely mechanical
point of view. Once this value is known, then the measurement
of the rate of depth of erosion will give the erosion strenzth

in that environment taking into account the environmental effects.

In the following example, the procedure adopted to deter-
mine the erosion strength of materials under cavitation in NaCl
solutions !s !llustrated. PFigure 3 shows the results of erosion
tests in a magnetostriction oscillator using different concentra-
tions of NaCl including distilled water (zero concentration)(2l).
From these data one can infer that the intensity of cavitation
damage 1s not affected by the concentration of NaCl up to § per-
cent and it is the same as in distilled water. If we use 2
steel specimen Instead of aluminum in the same experiment using
3 percent NaCl solution, the erosion increases three fold as com-
pared to distilled water (Table 2, (21)]. The erosion atrengti
13 reduced to one third of that in distilled water. I* 13 iIn-
teresting to compare this result with the corrosion fatigue
data obtained at the same frequency in 3 percznt NaCl solution
a8 shown in Pigure 4 (18).
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The same approach may be extended to other environments

and liquids. Another interesting case is the determination of
the cavitation erosion strength of materials in high temperature
1iquid sodium (22,23). The strain energy value of 316 stainless
gteel at the test temperature was use. to estimate the intensity
of erosion. The erosion strength of other metals for which even
the simple tenslle properties are scarcce in these environments
may eaclly be determined by this method.

CONCLUSIONS

While the threshold conditlons of eroslion may te correlated
to existing properties such as dynamic yield strength and en-
durance limit, there !5 no commor property that can be used for
predicting the volume of the material eroded due to fracture of
material from {ts surface. Recent suggestions to use the stralin
energy of the material have a few limitatlons such as strain
rate effects, environmental e¢ffects and avallability of straln
energy values. The concept of erosion strength 1g Introduced
specifically to anvercome these limitatlions and to provide the
designer with some numerically expressed property for desiyning
erosion resistant structures. The methods to determine the
erogion strenzth Iin varlous environments are cutlined. Although
the examples used for the discussion mostly pertain to -cavita-
tion erozion, it 18 belleved that these methods can be equally
applied to an) type of erosion tests involving liquld and zeclid
impact phenomens.

’e




HYDRONAUTICS, Incorporated
-17-

ACKNOWI, EDGMENTS

This investigation was supported by the OfTice of Naval R

search, Department of the Navy, under Contract No. Nonr-3:755(C
(FP™), NR 062-293.

o
et

(@]

)

SN




<o DI WO MBI 10012, PHA 58, W

o p———

HYDRONAUTICS, Incorporated

wn

10.

-1§-

REFERENCES

Thiruvengadam, A., "A linified Theory of Cavitation Damage,"”
Trans. ASME, Vol. 85, Series D, No. 3, Jour. Basic Engr.,
pp. 365-376, September 1963.

Thiruvengadam, A., arnd Waring, S., "Mechanical Properties
of Metals and Their lavitation Damage Resistance,” HYDRO-
NAUTICS, Incorporated Technical Report 233-5, June 1964,

Bowden, F. P., and Brunton, J. H., "The leformat!on of
Sollds by Liquid Impact at Supersonic Speeds,"” Proc. Roy.
Soc., A. Vol. 263, pn. 433-450, October 1961.

Engel, 0. G., Jour Research, Natlonal Bureau of Standards,
Vol. 54, p. 281, 1455,

Sympesium on "Eroslon and Cavitation,” Am. Soc. Testling
Materials, Publication No. 307, Fhiladelphia, Pa., 1962.

Brunton, J. H., "Deformation of Sclids by Impact of Liqulds
at High Speeds,"” pp. 83-98, of Reference 5,

"Deformation of Sollds by the Impact of Liqulds,” The
Royal Soclety (London), May 1965. A summary of this
meeting ls reported by F. J. Heymann, Development En-
glneering, Steam Division, Westinghouse Electrlic Corpora-
tion, Lester, Pa., June 1965,

Brunton, J. H., "High Speed Liquid Impact,” Paper No. ?
ot Reference 7.

Tabor, D., "A Simple Theory of Static anl Dynamic Hardness,"”
Proc. Roy. Soc., 192A, pp. 247-2T4, 1G47T.

Thomss, CG. P., "Multiple Impact Experiments and Initial
Stages n{ Deformation,” Paper No. 7 of Reference 7.

“




HYDRONAUTICS, Incorporated

11.

12,

13.

14,

15.

19.

20,

-19-

Marriott, J. B., and Rowden, G., "The Deformation of Steam
Turbine Materials by Liquid Impact,” Paper no. 8 of Ref-
erence 7,

DeCarso, S. M., and Kothman, R. E., "Ercslion by Liquid
Impact,” pp. 32-45 of Reference 5.

Thiruvengadam, A., "Intensity of Cavitation Damage En-
countered In Field Installations,” HYDRONAUTICS, Incorporated
Technical Report 233-7, February 1965 (See also Symposium on
"Cavitation Problems in Fluld Machirery," ASME Winter Annual
Meeting, Chicago, Ill., November 1965).

Leith, W. C., and McIlquham, W. S., "Accslerated Cavitation
Erosion and Sand Erosion," pp. 46-63, of Reference 5.

Fngel, 0. G., "Impact of Liguid Drops,” pp. 3-13 of
Reference 5.

Eisenberg, P., "lavitation Damage,”" HYDRONAUTICS, Incorporated
Technical Report 232-1, December 1963.

ey AR YN

L3

Peterson,R. E., "Introductlion,” ASTM Symposium, Refererice 5.

Thiruvengadam, A., "High Frequency Fatigue of Metals and

Their Cavitation Damage Resistance,” HYDRONAUTICS, Incorporated
Techriical Report 233-6, December 1964 (See also paper no.
65-WA-UnT-4 ASME, to be published in the Trans. ASME, Jour.
Ersineering for Industry).

Thiruvengadam, A., and Preiser, H. S., "On Testing Matertals
for Cavitation Damage Resistance,” HYDRONAUTICS, Incorporated
Technical Report 233-3, December 1963. (See alsc Jour. Ship
Research, Vol. 8, No. 3, December 1964).

Ripken, J. P., Killen, J. M., Crist, S. D., and Kuha, R. M.,
"A New PFacillity for Evalua®ion of Materials SubJect to
Frosion and Cavitation Damage,"” Project Report No. 77, St.
Anthony Falls Hydraulle Laboratory, University of Minnesota,
March 1965.




HYDRONAUTICS, Incorporated

ny
r

-20-

Waring, S., Preiser, H. S., and Thiruvengadam, A., "On
The Role of Corroslion in Cavitation Damage,”" HYDRONAUTICS,
Incorporated Technical Report 233-4, February 1964,

Thir ivensadanm, A., Couchman, C. III, and Preiser, H. S.,
"Cavitation Damage Resistance of Materials in Liquid Sodium,”
AIAA First Annual Meeting and Display, 1964, Washington,

D. C., (Seer also Jour. Space Craft and Rockets, AIAA Vol. 2.
No. 2, 1965, 267-259).

Thiruvenvadam, A., and Preiser, [i. S., "On Cavitation Dam-
age In Liquid-Metal Pumps,” Trans. American Nuclear Soclety,
Vol. 8, No. 2, 1965 Winter Meeting, November 1965, Washington,
D. C., p. 405).




e ¢ SVRINEIN .

L A A

HYDRONAUTICS, Incorporated

P TS '1TY
sty
21 20 Z .- wﬁ x Z¢ R LI bk ETVE U E ST NS 28 £ ] K 2% L
wetel
PGy L Ead ™
el ®°0 4 - .rou N1 S . T ey we "t € =00 g EX L LA Lot el >
(r-¢ "d}L  orC | 000 408G ;01 x o€ --- S0z~ €1 Q0L Sham migbong 6
1 )¢ Z Q00 ‘08 LAt X g - Qog~ w1 N S¥EN 3 UYL ALY ¥
- [ Ra gt
1§ 61°0 61 050 0% .uo_ LTS .- e LI TN | [Lh g4 S¥uIM " SW050R), [
’ ( /7% 0%) L.y, $2o/w)
ot gl o 12 200°GE R S VO0Z ( A/3% 21 =) 33d ponLy = *1 077 S LM (X2 4T 2z -
( &/2» G1) I 7.7 (223/%071 )
ot 52°0 S8t 00021 g - " 23 2051 ( smu/3ng=)yed 0505 = “0579 o anpey 6o ¥y, B .
w QQH . - .
§3°0 It qed - % qed - %y 1sd - Iy sdy - 1 & ady - I
AU 3Y 3 ? 11w £3101318%13 yisuaaag purcg Jo L3jI0138 Y T d Lyga0gar,  PUVNGT IR EEAN % o
° e UBINPUF  JO SNITPOK  PLITX ITWEULAQ gavIe wondmy
PITbYT so Lijsuag
[
15T4I4EK Jo L37273e8(d Jo sninpo = F
L )4
3,7d%q I,1.7 ’
00 » .MI.M'I Kioayy, 8,193uz 2 = Dou J [ALE SSBITT F WH
-
o I
CdIY  BIUL YT PIVEINEII{ COTIIITA) PLOGUSMYL ML ..
YITK BUTaaaBy Lragoll SIINEM (RiILrwTardxy
1 34avd
- . » . »

erab e e . o N —




i
|

HYDRONAUTICS, Incorporated

TABLE 2

Erosion Strength of 1020 Steel in NaCl Solution
. (Data from Reference 21 are used;
Nomogram of Reference 13 is also used)

1. Intensity of Erosion at the
Test conditions using 1100-P I — G.3 watt/meter?
Aluminum (See Figure 4)

2. Averase Depth of Erosion of i

1020 Steel in Distilled % — ~ 2.5 Inches per year
Water

3. Average Cepth of Eroslon of R i
1020 Steel In 3 percent NaCl ) i 7 inches per ycar
Solution y

. FErosion Strength of 1020 Steel = § = %E
In Distillied Water : In 3 percent NaCl Solutlon
S, = 20,000 ps! ; S, = 7,000 pal.
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RECIPROCAL OF RATE OF VOLUME LOSS - ﬁSs X 10.‘

CM

700

100

| FREQUENCY: 14 KCS
304-L STAINLESS ? AMPLITUDE: 2.0 X 10~3CMm
STEEL um;go: DISTILLED WATER
I weer | [ ~@27°C
316 STAINLESS STEEL —O- o IMEN DIAMETER:
1.59 CM
CORRELATION FACTOR:
0.91
MONEL O
® / 410 STAINLESS STEEL
1020 MiLD
STEEL o TOBIN BRONZE
@ | MOLYBDENUM
O | ALUMINUM 2024 T-4
@ CASTIRON |
|
ALUMINUM 1100-0
ALUMINUM 1100-F
0 100 200 300 400 500

STRAIN ENERGY - QYNES » o7

FIGURE 2 - CORRELATION BETWEEN STRAIN ENERGY AND
RECIPROCAL OF RATE OF VOLUME LOSS
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10
g | MATERIAL: ALUMINUM 1100-F
" FREQUENCY: 15 KCS
s | TEMPERATURE: 80°F
" DIAMETER OF SPECIMEN: 5/8 INCH -
O DISTILLED WATER
+l & 1% NeCI soLuTION
O 3% NoCl SOLUTION o
O 9% NoCl SOLUTION
2
&
3
. 0
a -
o 10
-
5 8 .
§ 6
Y.
o
o 4
«
[ 4
2
10-2 -
107! 2 4 & 8 10 2 4 6 810

DOUME AMPLITUDE, MILS (IO.3 INCH)

FIGURE 3 - EFFECT OF NoCl CONCENTRATION ON THE AMPLITUDE VERSUS DAMAGE
RATE RELATIONSHIP FOR ALUMINUM 1100-F IN STEADY STATE ZONE
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