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1. Scope E 177 Practice for Use of the Terms Precision and Bias in

1.1 This practice concemns tests in which solid specimens ASTM Test Method$ . .
are eroded or otherwise damaged by repeated discrete impactsE 179 Guide for Selection of Geometric Conditions for
of liquid drops or jets. Among the collateral forms of damage Measgrement of Reflection and Transmission Properties of
considered are degradation of optical properties of window _Materials _ _ _
materials, and penetration, separation, or destruction of coat- G 1 Practice for Preparing, Cleaning, and Evaluating Cor-
ings. The objective of the tests may be to determine the _fosion Test Specimefs _ S
resistance to erosion or other damage of the materials or G 32 Test Method for Cavitation Erosion Using Vibratory
coatings under test, or to investigate the damage mechanisms _Apparatu$ _
and the effect of test variables. Because of the specialized G40 Terminology Relating to Wear and Eroston
nature of these tests and the desire in many cases to simulate to® 134 Test Method for Erosion of Solid Materials by a
some degree the expected service environment, the promulga- Cavitating Liquid Jét
tion of a method is not deemed practicable. This practice gives 2-2 Military Standards: _ _ .
guidance in setting up a test, and specifies test and analysisMIL-C-83231 Coatings, Polyurethane, Rain Erosion Resis-
procedures and reporting requirements that can be followed tance for Exterior Aircraft and Missile Plastic Pdrts
even with quite widely differing materials, test facilities, and MIL-P-8184 Plastic Sheet, Acrylic, Modifiéd
test conditions. It also provides a standardized scale of erosio\@

: ! Terminolo
resistance numbers applicable to metals and other structural %y i L .
materials. 3.1 See Terminology G 40 for definitions of terms relating

1.2 The values stated in SI units are to be regarded 49 erosion by liquids and solids. Important terms used in this

standard. The inch-pound units in parentheses are provided ffactice, or that might be used in a test report following this
information. practice, are defined in either 3.2 or 3.3. Definitions of selected

1.3 This standard does not purport to address all of thet€rms quoted from Terminology G 40 are listed in 3.2. Defini-
safety concerns, if any, associated with its use. It is thdions of terms specific to this practice are presented in 3.3.
responsibility of the user of this standard to establish appro- 3-2 Definitions—All definitions listed below are quoted
priate safety and health practices and determine the applicaffom Terminology G 40 —98.

bility of regulatory limitations prior to use. _ 3._2.1 acceleratiqn period n— in c_avitatior_l and !iquid
impingement erosigrthe stage following the incubation pe-
2. Referenced Documents riod, during which the erosion rate increases from near zero to
2.1 ASTM Standards: a maximum value. (See alswosion rate-timg
D 1003 Test Method for Haze and Luminous Transmittance 3-2-2 angle of incidencen— in impingement erosiqrthe
of Transparent Plastiés angle between the direction of motion of an impinging liquid or
E 92 Test Method for Vickers Hardness of Metallic Mate- Solid particle and the normal to the surface at the point of
rials3 impact.

E 140 Hardness Conversion Tables for Metals (Relationship 3-2.3 attenuation periodn— in cavitation and liquid im-
Between Brinell Hardness, Vickers Hardness, RockwellPingement erosiana less-preferred term fodeceleration

Hardness, Rockwell Superficial Hardness, and KnoogPeriod. _ _ _ o o
Hardness) 3.2.4 catastrophic periodn— in cavitation or liquid im-

pingement erosigna stage during which the erosion rate
increases so drastically that continued exposure threatens or

1 This practice is under the jurisdiction of ASTM Committee G-2 on Wear and
Erosion and is the direct responsibility of Subcommittee G02.10 on Erosion by ——————

Solids and Liquids. 4 Annual Book of ASTM Standardéyl 14.02.
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causes gross disintegration of the exposed surface. This stageislope on the cumulative erosion-time curve. Since in cavita-
not inevitable; it is observed most commonly with some brittletion or liquid impingement this curve is generally not a straight
materials. When it does occur, it may begin during any stage dfne, it is necessary to specify how any particular numerical
the more common erosion rate-time pattern. value was determined from this curve. The following more

3.2.5 cumulative erosionn— in cavitation and impinge- explicit terms may be used: average erosion rate, instantaneous
ment erosiopthe total amount of material lost from a solid erosion rate, interval erosion rate, maximum erosion rate, and
surface during all exposure periods since it was first exposed t@rminal erosion rate. See individual definitions of these terms.
cavitation or impingement as a newly finished surface. (More 3.2.12 erosion rate-time curven—a plot of instantaneous
specific terms that may be used atemulative mass loss erosion rate versus exposure duration, usually obtained by
cumulative volume los®r cumulative mean depth of erosion numerical or graphical differentiation of the cumulative
See alsccumulative erosion-time curye erosion-time curve. (See alswosion rate-time patterh

3.2.5.1 Discussior—Unless otherwise indicated by the con-  3.2.13 erosion rate-time patterm—any qualitative descrip-
text, it is implied that the conditions of cavitation or impinge- tion of the shape of the erosion rate-time curve, in terms of the
ment have remained the same throughout all exposure periodsgveral stages of which it may be composed.
with no intermediate refinishing of the surface. 3.2.13.1 Discussior—In cavitation and liquid impingement

3.2.6 cumulative erosion-time curye&—in cavitation and  erosion, a typical pattern may be composed of all or some of
impingement erosigna plot of cumulative erosion versus the following “periods” or “stages”incubation period, accel-
cumulative exposure duration, usually determined by periodieration period, maximum-rate period, deceleration period,
interruption of the test and weighing of the specimen. This igerminal period, and occasionallycatastrophic period.The
the primary record of an erosion test. Most other characterisgeneric term*“ period” is recommended when associated with
tics, such as the incubation period, maximum erosion rateguantitative measures of its duration, etc.; for purely qualitative
terminal erosion rate, and erosion rate-time curve, are derivedescriptions the term “stage” is preferred.
from it. 3.2.14 exposure durationn— in erosion or weay exposure

3.2.7 damage n—in cavitation or impingementany effect time, or any other appropriate measure of the accumulation of
on a solid body resulting from its exposure to these phenomexposure to an erosion or wear environment.
ena. This may include loss of material, surface deformation, or 3.2.14.1 Discussior—For impingement erosion, some alter-
any other changes in microstructure, properties, or appearanagative duration parameters are the number of impacts that have

3.2.7.1 Discussion—This term as here defined should nor- occurred on a given point, or the mass or volume of particles
mally be used with the appropriate modifier, for examplethat have impinged on a unit area of exposed surface. For wear,
“cavitation damage,” “liquid impingement damage,” “single- it may be the distance traveled.
impact damage,” and so forth. 3.2.15impact velocity n— in impingement erosignthe

3.2.8 deceleration periodn— in cavitation or liquid im-  relative velocity between the surface of a solid body and an
pingement erosiarthe stage following the acceleration period impinging liquid or solid particle.
or the maximum rate period (if any), during which the erosion 3.2.15.1 Discussior—To describe this velocity completely,
rate has an overall decreasing trend although fluctuations mayis necessary to specify the direction of motion of the particle
be superimposed on it. (See alswsion rate—time patteth  relative to the solid surface in addition to the magnitude of the

3.2.9 distributed impact testn— in impingement erosion velocity. The following related terms are also in use:
testing an apparatus or method that produces a spatial distr(l) absolute impact velocitythe magnitude of the impact
bution of impacts by liquid or solid bodies over an exposedvelocity.
surface of a specimen. (2) normal impact velocity-the component of the impact

3.2.9.1 Discussior—Examples of such tests are those em-velocity that is perpendicular to the surface of the test solid at
ploying liquid sprays or simulated rainfields. If the impacts arethe point of impact.
distributed uniformly over the surface, the term “uniformly  3.2.16 impingementn— in tribology, a process resulting in
distributed impact test” may be used. (Contrast witpetitive  a continuing succession of impacts between (liquid or solid)
impact erosion tesk particles and a solid surface.

3.2.10 erosion n—in tribology, progressive loss of original ~ 3.2.16.1 Discussior—In preferred usage, “impingement”
material from a solid surface due to mechanical interactioralso connotes that the impacting particles are smaller than the
between that surface and a fluid, a multicomponent fluid, osolid surface, and that the impacts are distributed over that
impinging liquid or solid particles. surface or a portion of it. If all impacts are superimposed on the

3.2.10.1 Discussior—Because of the broad scope of this same point or zone, then the term® repeated impact” is
term, it is recommended that it normally be qualified to preferred.
indicate the relevant mechanism or context, for example, 3.2.16.2 Discussion—In other contexts, the term “impinge-
cavitation erosion, liquid impingement erosion, solid impinge-ment” sometimes has different meanings, as in the steady-state
ment erosion, beach erosion, etc. impingement of a liquid stream against a solid body, or in

3.2.11 erosion rate n—any determination of the rate of loss “impingement corrosion.” The definition given here applies in
of material (erosion) with exposure duration. (See alg®m-  the context of Committee G-2’s scope.
nalized erosion rat¢. 3.2.17 impingement corrosignn—a form of erosion-

3.2.11.1 Discussionr—Erosion rate is usually determined as corrosion generally associated with the impingement of a
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high-velocity, flowing liquid containing air bubbles against a data analysis) is (numerical value).”

solid surface. 3.2.27 normalized incubation resistance o Nn—in cavita-
3.2.18 incubation period n— in cavitation and impinge- tion and liquid impingement erosiptthe incubation period of

ment erosionthe initial stage of the erosion rate-time patterna test material, divided by the incubation period of a specified

during which the erosion rate is zero or negligible compared toeference material similarly tested and similarly analyzed. (See

later stages. Also, the exposure duration associated with thelsonormalized erosion resistange

stage. (Quantitatively it is sometimes defined as the intercept 3.2.28 rationalized erosion rate n—an erosion rate for

on the time or exposure axis, of a straight line extension of thémpingement tests expressed in dimensionless form as follows:

maximum-slope portion of the cumulative erosion-time curve.}he volume of material lost per unit volume of (liquid or solid)
3.2.19 instantaneous erosion rgte—the slope of a tangent particles impinging, both determined for the same area.

to the cumulative erosion-time curve at a specified point on that 3.2.29 repetitive impact erosion tgsh—in impingement

curve. erosion testing an apparatus or method that produces a
3.2.20 liquid impingement erosigm—progressive loss of controlled or countable number of impacts by liquid or solid

original material from a solid surface due to continued expo-particles, of uniform size, shape, and impact velocity, all on the

sure to impacts by liquid drops or jets. same location of the test specimen. One example of such a test
3.2.21 liquid jet, n—a body of liquid projected into motion, is the “wheel-and-jet” type of liquid impact apparatus.

usually of approximately cylindrical shape, such as could be 3.2.30terminal erosion rate n— in cavitation or liquid

produced by discharging the liquid through an orifice. In liquidimpingementthe final steady-state erosion rate that is reached

impingement testing two kinds of liquid jet are used: (or appears to be approached asymptotically) after the erosion
3.2.21.1 continuous jet-a continuous flow of liquid in the rate has declined from its maximum value. (See &sminal
form of a jet. period and erosion rate—time patterh

3.2.21.2 slug, or jet segmenta body of liquid projected 3.2.31 terminal period n— in cavitation or liquid impinge-
into motion, in the form approximately of a finite cylinder ment erosiona stage following the deceleration period, during
whose length is usually no more than several times its diametevhich the erosion rate has levelled off and remains approxi-
and which moves in a direction approximately parallel to itsmately constant (Sometimes with superimposed fluctuations) at
length. a value substantially lower than the maximum rate attained

3.2.22 maximum erosion rater— in cavitation and liquid  earlier. This occurs in some, but not all, cavitation and liquid
impingementthe maximum instantaneous erosion rate in a testmpingement tests. (See alseosion rate-time patterj
that exhibits such a maximum followed by decreasing erosion 3.3 Definitions of Terms Specific to This Standard:
rates. (See alserosion rate—time patteth 3.3.1 apparatus severity factor,-~an empirical factor that

3.2.22.1 Discussior—Occurrence of such a maximum is accounts for the systematic differences between rationalized
typical of many cavitation and liquid impingement tests. Inerosion rates (or rationalized incubation periods) as determined
some instances it occurs as an instantaneous maximum, far the same material and impact velocity in different facilities.
others as a steady-state maximum which persists for sonléreflects variations in test conditions not accounted for by the
time. data reduction procedures of this practice.

3.2.23 maximum rate periodn— in cavitation and liquid 3.3.2 erosion resistance numb&ER—the normalized ero-
impingement erosiqra stage following the acceleration period, sion resistance of a test material relative to a standardized
during which the erosion rate remains constant (or nearly so) &cale, calculated from test results with one or more designated
its maximum value. (See alsyosion rate—time patterh reference materials as described in this practice. See also

3.2.24 mean depth of erosipm— in cavitation and im- reference erosion resistance (3.3.13).
pingement erosianthe average thickness of material eroded 3.3.3 exposed surface (or areajthat surface (or area) on
from a specified surface area, usually calculated by dividinghe specimen nominally subjected to liquid impingement.
the measured mass loss by the density of the material to obtain (1) For “distributed impact tests,” it is generally to be taken
the volume loss and dividing that by the area of the specifieds the projected area of the exposed surface of the specimen on
surface. (Also known amean depth of penetratioor MDP.  a plane perpendicular to the direction of impingement. How-
Since that might be taken to denote the average value of thever, if a plane specimen surface is deliberately oriented so as

depths of individual pits, it is a less-preferred term.) to obtain impingement at an oblique angle, then the actual
3.2.25 normal impact velocity-Seeimpact velocity. plane area is used.
3.2.26 normalized erosion resistance,,,Nn—the volume (2) For “repetitive impact tests,” it is to be taken as the

loss rate of a test material, divided into the volume loss rate oprojected area of the impinging liquid bodies on the specimen,
a specified reference material similarly tested and similarljthe projection being taken in the direction of relative motion.
analyzed. By “similarly analyzed” is meant that the two 3.3.3.1Discussior—In practice, it is usually found that the
erosion rates must be determined for corresponding portions @lamaged area in repetitive impact tests is greater than the
the erosion rate-time pattern; for instance, the maximumexposed area as defined above, but the above definition is
erosion rate or the terminal erosion rate. adopted not only for simplicity but also for consistency
3.2.26.1 Discussior—A recommended complete wording between some of the other calculations for distributed and
has the form, “The normalized erosion resistance of (testepetitive tests.
material) relative to (reference material) based on (criterion of 3.3.4 impingement rate, U[LT ~*]—the volume of liquid
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impinging per unit time on a unit area of exposed surface; fokor

a plane target surface it is given lyV cos®é. n
3.3.5 incubation impingement, H[L]—the mean cumula-

tive impingement corresponding to the incubation period;z,

incubation resistance number,

number of jets or drops impacting on exposed surface of specimen
one revolution,

volumetric erosion rate, m®/s,

“rationalized erosion rate,” (d Y/dH), dimensionless,

=

hence' impingement rate times incubation time. Se t:_ r;)ormalized erosion resistance (relative to a specified reference ma-
. . . . eral),
~ 3.3.6 incubation resistance numbédOR—the normalized _ reference erosion resistance,
incubation resistance of a test material relative to a standards, = normalized incubation resistance (relative to a specified reference
ized scale, calculated from test results with one or more material),
. . . . . . S, reference incubation resistance,
designated reference materials as described in this practice. Sge exposure time, s
also reference incubation resistance (3.3.14). t incubation time, s,
3.3.7 incubation specific impacts,JN-same as rationalized Y linear erosion rate (dY/df), m/s = Qc/A,
. . . U impingement rate (dH/df), m/s,
incubation perlod. U, rainfall rate, m/s,

3.3.8 mean cumulative impingement[E—the cumulative U, terminal velocity of drops in falling rainfield, m/s,

volume of liquid impinged per unit area of exposed surface;” impact velocity of drop or jet relative to specimen, m’s,
. . . . Vi component of impact velocity normal to specimen surface, m/s,
impingement rate times exposure time. y mean depth of erosion, m,
3.3.9 rationalized erosion rate, R-See 3.2. 0 angle of incidence of impacts (see 3.2),
: ; ; ; ; : ] = volume concentration of liquid in rainfield or in space swept through
3.3.10 rat_lonallzgd incubation perlqd, Ll}d—_the duration of by specimen, and
the incubation period expressed in dimensionless terms as the = rotational speed of specimens, revis.

number of specific impacts; hence, the specific impact fre-
quency times incubation time. (Also referred to' ascubation specified, the use of SI units listed in 3.4—or any other

spgcgff1|m?acts. ) . ist S lized coherentsystem of units—will make equations correct without
2.1 [EIETENCE Erosion resistancé,=a Normalized €ro- o need of additional numerical factors. When referring to

sion resistance, based on interlaboratory test results, assigna antities in text, tables, or figures, suitable multiples or

to a specified reference material in this practice so as t%ubmultiples of these units may, of course, be used
constitute a bench-mark in the “erosion resistance number ' ’ ’

scale. The value of unity is assigned to 316 stainless steel of Summary of Practice
hardness 155 to 170 HV.
3.3.12 reference incubation resistance,-S-a normalized

3.5 Except in equations where different units are expressly

4.1 Liquid impingement tests are usually, but not always,

incubation resistance, based on interlaboratory test resultgond'“'mecj by attaching specimens to a rotating disk or arm,

assigned to a specific reference material in this practice so as ?(BJCh that n thel_r C|_rcular path they repea_tedly pass through and
constitute a bench-mark in théncubation resistance number” 'MpPactagainst liquid sprays or jets (Sections 6 and 7). Standard

scale. The value of unity is assigned to 316 stainless steel 6gferentce ma;epalls ((jS(cajc;|onll83 S?OUId be used to calibrate the
hardness 155 to 170 HV. apparatus and included in all test programs.

4.2 Data analysis begins by establishing a cumulative

3.3.13 specific impacts, N-the number of impact stress . .
rosion-time curve from measurements of mass loss (or other

cycles of damaging magnitude experienced by a typical point X . o . )
o)r/1 the exposegd %urfa%e or anp approxima)t/ion y‘[%eregf amage manifestation) periodically during the tests (Section

estimated on the basis of simplified assumptions as describea' These curves are then characterized by specified attributes

in this practice. (This concept has sometimes been terme?gCh as the incubation time and the maximum erosion rate

"impacts per site.”) éeltglogorl?ém arative materials evaluations, the results are
3.3.14 specific impact frequency, T ~*]—the number of ’ P '

o : - . normalized (Section 10) with respect to the standard reference
specific impacts experienced per unit time, given &) U,. L . .

3.3.15 volume concentrationy—the ratio of the volume of 5natenals mc_luded In the test Pr_ogram._ A standardized scale of
liquid to the total volume in the path traversed or swept out byerospn resistance numbers” is prowded'for structural pulk
the exposed area of the specimen. materials and cpatlngs.(lo.'4.3). For more in-depth analysis of

3.3.16 volume mean diameté}—in a population of drops Fhe _results_, the mcubgtlon_tlmes or erosion rates are expressed
of difi‘erent sizes, the diameter of a sphere whose volumm d|r_nen3|0nless_ “rationalized” forms _that are based on more
equals the total V(;Iume of all drops divided by the total numbe .hyS|caIIy meanmg.ful exposure duration variables than clock
of drops ime as such (Section 11).

) ] ) 4.4 The information to be given in the report depends on the

3.4 Symbols:Symbols: objectives of the test (Section 12).

A = exposed area of specimen, m?,
a = projected area of impinging drop or jet, m2, P
b = volume of impinging drop or jet, m?, S. Slgnlflcance and Use
g = d'ametfr of 'mp'rg'?gtdfof OTJEt,blei 5.1 Erosion Environments-This practice may be used for
0 = apparatus severi actor Tor incubation, . . - . .
F — apparatus severity factor for erosion rate, eva!uatlng the erosion resistance of matgnals for service
f = specific impact frequency, s2, environments where solid surfaces are subjected to repeated
Z ~ ean i,“mlﬂ'a“_"e 'mp'”tgeme“" m, impacts by liquid drops or jets, or are exposed to a cavitating
o = Incubation impingement, m, . . . n . .
No = number of specific impacts for incubation, or “rationalized, incuba- !IQUId. The_pr_aCtlce IS’IO? intended nor aPphcab'? for eva!uat'
tion period,” dimensionless, ing or predicting the resistance of materials against erosion due
NER = erosion resistance number, to solid particle impingement, due to “impingement corrosion”



b G 73

in bubbly flows, due to liquids or slurries “washing” over a erosion rate,” and material ratings based on each. Empirical
surface, or due to continuous high-velocity liquid jets aimed atelationships are given in Annex A2 by which the incubation
a surface. For background on various forms of erosion angeriod and the maximum erosion rate can then be estimated for
erosion tests, see Ref4) through (7).8 Reference(6) is an  any liquid impingement conditions in which the principal
excellent comprehensive treatise. impingement variables are known. It must be emphasized,
5.2 Discussion of Erosion Resistareeliquid impinge-  however, that because of the previously described variation of
ment erosion and cavitation erosion are, broadly speakinggrosion rate with exposure time, the above-mentioned param-
similar processes and the relative resistance of materials t&ters do not suffice to predict erosion for long exposure
them is similar. In both, the damage is associated withdurations. Extrapolation based on the maximum erosion rate
repeated, small-scale, high-intensity pressure pulses acting @ould over-estimate the absolute magnitude of long-term cu-
the solid surface. The precise failure mechanisms in the solichulative erosion by a factor exceeding an order of magnitude.
have been shown to differ depending on the material, and om addition, it could incorrectly predict the relative difference
the detailed nature, scale, and intensity of the fluid-solicbetween long-term results for different materials.
interactions (Note 1). Thus, “erosion resistance” should not be 5.3.4 Because of these considerations, some experimenters
regarded as one precisely-definable property of a material, bebncerned with long-life components may wish to base mate-
rather as a complex of properties whose relative importanceal ratings not on the maximum erosion rate, but on the lower
may differ depending on the variables just mentioned. (It hasterminal erosion rate” if such is exhibited in the tests. This can
not yet been possible to successfully correlate erosion resi®e done while still following this practice in many respects, but
tance with any independently measurable material propertyiy should be recognized that the terminal erosion rate is
For these reasons, the consistency between relative erosipnobably more strongly affected by secondary variables such as
resistance as measured in different facilities or under differeniest specimen shape, “repetitive” versus “distributed” impact
conditions is not very good. Differences between two materialgonditions, drop size distributions, etc., than is the maximum
of say 20 % or less are probably not significant: another testrosion rate. Thus, between-laboratories variability may be
might well show them ranked in reverse order. For bulkeven poorer for results based on terminal erosion rate, and the
materials such as metals and structural plastics, the range td#st time required will be much greater.
erosion resistances is much greater than that of typical strength’5.4 This practice is applicable for impact velocities ranging
properties: On a normalized scale on which Type 316 stainles®ughly from 60 m/s to 600 m/s; it should not be assumed that
steel is given a value of unity, the most resistant materialsesults obtained in that range are valid at much higher or lower
(some Stellites and tool steels) may have values greater thamlocities. At very low impact velocities, corrosion effects
10, and the least resistant (soft aluminum, some plastics) valudéecome increasingly important. At very high velocities the
less than 0.1 (see Refg) and(8)). material removal processes can change markedly, and speci-
Note 1—On failure mechanisms in particular, see in R&f under men temperature may also becor.n.e a significant f.aCtor; testing
“The Mechanics of Liquid Impact” by W. F. Adler, “Erosion of Solid ShOL!'d theq be donat the velocities corresponding to the
Surfaces by the Impact of Liquid Drops” by J. H. Brunton and M. C. S€rvice environment.
Rochester, and “Cavitation Erosion” by C. M. Preece. 5.5 Related Test MethodsSince the resistances of materi-
als to liquid impingement erosion and to cavitation erosion
have been considered related properties, cavitation erosion Test
is not constant with time, but exhibits one of several “erosionM€thods G 32 and G 134 may be considered as alternative tests
rate-time patterns” discussed more fully in 10.3.3. The mosi© this practice for some applications. For metals, the relative
common pattern consists of an “incubation period” during"€Sults from Test Method G 32 or G 134 should be similar but
which material loss is slight or absent, followed by an not nec;essanly identical to those from a liquid impact test (s_ee
acceleration of erosion rate to a maximum value, in turr>-2)- Either Test Method G 32 or G 134 may be less expensive
followed by a declining erosion rate which may or may notthan an impingement test, and provides for standardized
tend to a “terminal” steady-state rate. The significance of th&P€cimens and test conditions, but may not maich the charac-
various stages in this history can differ according to theteristics of the impingement environment to be simulated. The

intended service applications of the materials being tested. [advantages of a liquid impingement test are that droplet or jet
almost no case, however, are significant results obtained b3/Z€S and impact velocities can be selected and it can simulate

simply testing all materials for the same length of time and™0ré closely a specific liquid impingement environment. A
comparing their cumulative mass loss. well-designed liquid impingement test is to be preferred for

5.3.2 The “incubation period” may be the most significantelas'[omers’ coatings, and brittle materials, for which size

test result for window materials, coatings, and other applica®ff€cts may be quite important.
tions for which the useful service life is terminated by initial g Apparatus

surface damage even though mass loss is slight. 6.1 This practice is applicable principally to those erosion
5.3.3 For bulk materials, this practice provides for determi-__ P pp P pally

: . S u : test devices in which one or more specimens are attached to the
nation of the “incubation period” as well as the “maximum . . , o
periphery of a rotating disk or arm, and their circular path
passes through one or more liquid jets or sprays, causing
8 The boldface numbers in parentheses refer to the list of references at the end glls_crEt_e Impacts betweer! the specimen _and the drpplets or the
this practice. cylindrical surface of the jets (Note 2). Fig. 1 and Fig. 2 show

5.3 Significance of the Variation of Erosion Rate with Time
5.3.1 The rate of erosion due to liquid impact or cavitation
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FIG. 1 An Example of a Small, Relatively Low-Speed, Rotating Disk-and-Jet Repetitive Impact Apparatus (Courtesy of National
Engineering Laboratory, East Kilbride, Scotland, UK)
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FIG. 2 An Example of a Large, High-Speed, Rotating Arm-and-Spray Distributed Impact Apparatus (Courtesy of Bell Aerospace
TEXTRON, Buffalo, NY)

two representative devices of very different size and speedated rainfields fall into the first category, and most using jets

Considerations relating to the specimens and their attachmeirtto the second.
are covered in Section 7.

(2) by Ripken (pp. 3—21) and Hoff et al (pp. 42—69); in RE) by Elliott

Inc., New York, NY, 1970, pp. 461-572.

Note 3—Repetitive impact tests, as compared to distributed impact
NoTe 2—Some representative rotating apparatus are described in Réésts, generally provide much higher specific impact frequencies and have

6.2 Adistinction is made between “distributed impact tests”tylmcal service conditions.

and “repetitive impact tests.” Devices using sprays or simu- 6.3 Test devices of the types described above have been

6

higher severity factors (see 6.5), thus producing erosion more rapidly at
et al (pp. 127-161) and Thiruvengadam (pp. 249-287); and by A. A. Fyalequal impact velocities. However, because the damage is localized at a
in“ Radome Engineering Handbook,” J. D. Walton, editor, Marcel Dekker,line or point on the specimen, the topography and progress of damage
differs somewhat from that in distributed impact tests or under most
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built for peripheral velocities (and hence impact velocities)body. Some of the provisions of this practice may be applied to
from about 50 m/s to as high as 1000 m/s. The higher velocitiethese tests and their reports also.

pose considerable difficulties relating to power requirements, e . G

- . . . . Note 4—Typical “liquid gun” apparatus are described in R&j by
agrodynamlc heating and noise, and bal_ancmg. Partl_al 8VaCHzcorso and Kothmann (pp. 32—45) and Brunton (pp. 83-98): in(&ef
ation of the test chamber may be required. At the intendegy rochester and Brunton (pp. 128-151); and in @by Field et al (pp.
operating speeds it should be possible to maintain the speeds-319). Rocket sled tests are described by Schmitt in(Refpp.
steady within 0.5 %, and to measure it within 0.1 %. 323-352) and in Ref5) (pp. 376-405).

6.4 Droplet or jet diameters have ranged from around 0.1 Note 5—lIt is not feasible to accelerate droplets to adequately high
mm to about 5 mm. Droplets may be generated by spra}\f'c’g't'ef t:y en“?l'(”rlnet”“g‘agasi'mo"'”gtstrea”:]"f oa OrVapor{hb‘iCt?]“?e
nozzles, vibrating hollow needles, or rotating disks with water, © dropiets are fRely 1o e broxen Up info stch smatler sizes that their

. . . . c?amage potential is slight.
fed onto their surface. The typical droplet or jet diameter, an
the volume of liquid actually impacting the specimen per unit7 Test Specimens
time, should be determined within 10 %. For jets, the diameter

can usually be assumed to equal the nozzle diameter. However, 7.1 Specimens may present a curved (airfoil or cylindrical)
y d : or a flat surface to the impinging liquid. The shape chosen may

phOtOgI_’Qpth verification is de_s_lrable since Jets may exhll.j'tdepend on the test objectives, such as whether a particular
instabilities under some conditions. With drops, there will ' . ;
prototype geometry is to be simulated. It should be recognized,

usually be a size distribution, and in most cases it will be h d file will It o t th
necessary to determine that distribution by photography anaowever, that a curved profile will result in a variation of the
ormal component of impact velocities, impact angles, and

analysis Of the'photographs. Some dropgeneratlng teChmquelﬁﬁpingement rates over the exposed surface, and a variation in
such as vibrating needles, provide more uniform drop size

: o the extent of damaged area as the test proceeds.
than sprays. For a single-number characterizationytheme 72 Specimens mav be machined from solid bar. cut from
mean diametershould be used, so as to obtain the correct , b y '

relationship between total volume and total number of drops?heet' or consist Of. a coating applied to a standardlz_ed
ubstrate, any of which may be attached over a supporting

Ideally, the apparatus should be characterized by the dro . . -
population per unit volume in the path traversed by the tructure. Specimens and their attachment provisions should be

specimen, and the repeatability thereof, as a function of tesqe:?'gned to faC|I|tat§ the repeated _removal, cleqnlng, and
Wweighing of the specimens. The specimen should fit only one

settings. From this, the impingement rate and specific impact ay and be located by positive stops, or other provisions for

l;:](?r(]q:gncy, needed for Section 11, can then be readily dEte\rl'!yepeatable alignment shall be us€&hution: Specimen hold-

h . | wationalized” ers or attachment methods should be designed to minimize
6.5 Even when erosion test results are ‘rationalized” (Seg,calized stressing of the specimen due to centrifugal or

Section 11) by taking into account the amount of liquid ;|5 hing forces, especially when weak or brittle materials are
impacting the specimen, there will still be systematic d|ffer—t% be tested.

ences from one apparatus to another. These are represented Y3 If specimens are machined from bulk or bar material, the

the “apparatus severity factors,” which can be calculated fron?inal cuts should be light to avoid work-hardening of the

test results by equations given in 11.5, and can be estlmated_ Yhrface, which may have a significant effect on the incubation

the d_e3|gn stage as shoyvn in Annex A2. This can help i eriod. Surface roughness should be in the range from 0.4 to
planning an apparatus suitable fpr the type of materials to b .6 um (16 to 63 pin.) rms, as obtained by fine machining or
tested and in predicting the required test times. medium grinding, unless there is a specific reason for choosing
6.6 For repetitive impact tests using jets and plane specianother value. In that case, it should be reported.
mens, care should be taken to ensure that the erosion track is of7 4 |f the specimen is formed from sheet material, or is a
uniform width and depth, and that undue erosion is Nnotyating, it should be recognized that wave reflection from the
occurring at a specimen edge. This may require appropriaigierface with the backup or base material may affect results.
angular alignment of the specimen. Care should be taken that sheet materials are properly sup-
6.7 For both repetitive and distributed impact tests, cargorted. Deposited coatings should have the thickness to be
should be taken to ensure that the jet or spray can reconstituiged in service, or the thickness must be considered a test
itself between successive passages of a specimen. Otherwiggriable.
the actual amount and shape of liquid impinging may be 7.5 The performance of elastomeric coatings will depend on
considerably different from that assumed. the application technique and on the substrate. Unless the effect
6.8 There are other types of liquid impact erosion-tesiof technique is being investigated, each coating should be
devices besides those described above. Some research inveafiplied using its manufacturer's recommended technique,
gations have been made with “liquid gun” devices, in which aincluding whatever surface preparation, curing method, and
short discrete slug of liquid is projected out of a nozzle againspost-application conditioning are specified. Two types of
a target specimen. Both single-shot and repetitive-shot versiorsibstrates are recommendety & substrate identical in con-
of this type exist. For tests at very high impact velocities,struction to that of the end use item on which the coating is to
specimen-carrying rocket sleds passing through an artificidbe used (this type of specimen will enable investigation of
rain field have been used (Note 4). On the laboratory scalesoating/substrate interactions under liquid impact), a2jda(
there are linear test devices in which a specimen carrier istandardized substrate (such as a glass-epoxy laminate, a
projected against a stationary suspended droplet or other liquigraphite-epoxy composite, or an aluminum alloy) so that

7
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relative ranking and resistance of the coating may be dete®. Test Procedures

mined. 9.1 Introduction

9.1.1 Since the test procedures for different types of material
. o differ to some extent, separate sections are provided below for

8.1 In any test whose objective is the determination of th&ctural materials and coatings (9.2), elastomeric coatings
erosion resistance properties of test materials, at Basdf (g 3y window materials (9.4), and transparent thin-film coat-
the reference materials listed in 8.3 shall be included in the tesntlgs on window materials (9.5). A generalized cleaning and

program. This serves the dual purpose of providing a referencgying procedure is given in 9.6 for eroded specimens where
for caleulating relative or normalized resistance values of theetained moisture may be a problem.

test materials, and for calculating the “severity factors” of the g 1 5 \)1ess otherwise specified, at least three specimens
facility. For the second purpose, metallic reference materialgy, | ’

| d A AL ai fth . ¢ h§ all be tested for each test variation (that is, for a given
are always used. Annex Al gives some of the properties of thg, +arial at a given test condition).

metallic reference materials and their nominal “reference o1 2 A ~ommon requirement in most of these test proce-

erosion resistance values to be used_m these calqulaﬂons. T%res is that the test must be interrupted periodically for the
data analysis procgdure§ for d_etermlnlng .normallzed €rosiof o cimen to be removed for cleaning, drying, and weighing or
resistance are specified in Section 10. Optional procedures f%fher damage evaluation. In those, cases’ where the time
determining *Apparatus Severity Factors™ are given in SeCtlor}equired for these steps is much greater than the time of actual

11. testing (as may be true for elastomeric coatings and other

8.2 The choice .Of the r_eference materials ?hOUId be based nmetallic specimens), an acceptable alternative procedure is
the expected erosion resistance of the materials to be evaluatq “test a series of identical specimens, each for a different

The greater the difference between test material and referen €ngth of uninterrupted exposure, to obtain one synthesized test

matenal,_the poorer is the_con3|stency of the normalized resul%cord_ This option is to be taken as implied in the subsequent
among different laboratories.

8. Reference Materials; Apparatus Calibration

8.3 Reference Materials sections.

8.3.1 For Metals and Other High-Resistance Materials 9.1.4 When damage IS deterr_nlned by ma}ss.loss measure-
. ments, repeat the cleaning, drying, and weighing operations

8.3.1.1 Aluminum 1100-0 ntil tw ive weighings yield identical (or acceptabl

8.3.1.2 Aluminum 6061-T6 u 0 successive weighings yie entical (or acceptably

similar) readings, unless prior qualification of the cleaning

8.3.1.3 Nickel 99.98 % pure, annealéd. »
Brocedure has proved such repetition unnecessary.

8.3.1.4 Stainless Steel Type AISI 316, of hardness 155-17

HV. _ 9.2 Test Procedure for Structural Bulk Materials and Coat-
8.3.1.5 (See Annex Al for properties from interlaboratoryIngs . _ . ) _
test.) 9.2.1 This section applies to specimens representative of
8.3.2 For Plastics, Ceramics, and Window MateriakOne structural materials and systems for which the loss of material
of the metals specified, plus: anq consequent change of shape anq size is of primary concern.
8.3.2.1 Poly (methyl methacrylate}-(PMMA), conforming This mclu_des metgls, structura}l plastl_cs, structural composites,
to MIL-P-8184, Type II, Class 2 (as cas. metals with r_netalllt_: or ceramic coatings, etc. The applicable
8.3.3 For Reinforced Plastic and Composite Materiats portmns of this section may be folllowed for the other classes of
One of the metals specified, plus one of the following: materials if mass loss is also of interest. _
8.3.3.1 Glass-Epoxy LaminatéE-Glass, Style 181 fabric ~ 9-2.2 The primary test result to be obtained for each
Epon 828 epoxy resin), without gel coating. specimen is a cumulative erosion-versus-time curve, generated
8.3.3.2 Poly (methyl methacrylate]PMMA), conforming Y periodically halting the test, removing and weighing the
to MIL-P-81841° as cast. specimen, and recording the cumulative mass loss and the
8.3.4 For Elastomers(as coatingy—One of the metals Corresponding volume loss versus cumulative exposure time.
specified, plus: All pther characterlz_atlons relatlr_]g to erosion rates and erosion
8.3.4.1 Polyurethane sprayed, in accordance with MIL-C- fesistance properties are derived analytically from these
83231. curves. The following paragraphs detail the procedure. In
8.3.4.2 Uncoated Substratéglass-epoxy laminate, alumi- addition, photographs, or topographic and metallographic ob-
num, or other materials as above). servations of the eroded surface, as well as hardness measure-

ments, etc., may be taken, when more detailed information is
desired on development of the damage.
® Nickel 270 was used in the interlaboratory test for this practice, as well as for 9.2.3 Begin W!th a spgcimen newly machined and prepared
the first (1967-68) interlaboratory test for Test Method G 32, but may no longer bén accordance with Section 7. Conduct a hardness test, prefer-
available. Nickel 200 (Containing 99 % NI) was substituted for the SeCOndany at a Iocatlon near but not on the Surface actua”y exposed
(1990-91) interlaboratory test for Test Method G 32. It proved to have an erosio . . . . ;
resistance about 40 % higher, and incubation resistance about 65 % higher, thanT\? erQSIOn' For metallic materials, to facilitate comparlsons,_ the
270. (equivalent) Vickers hardness number should be determined.
*?Plexiglas 55, conforming to MIL-P-8184, obtained from Rohm and Haas Co., Test Method E 92 or Tables E140 may be applicable. Clean and

was used widely as a reference material at the time this practice was first develop ; ; ;
but may no longer be available and is not on the Qualified Product List fo(radry the specimen Carefu”y’ and determine its mass on a balance

MIL-P-8184. A suitable substitute may be Acrivue 352, available from Swedlow,Wr[h premsmn anq accur.acy of 1 mg QI‘ Iegs. For _the initial
Inc., 12122 Western Ave., Garden Grove, CA 92641. cleaning of metallic specimens, scrubbing with a bristle brush
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or nonabrasive cloth and a suitable volatile solvent is recomretained water or water deposits may pose a problem, follow
mended. For nonmetallic specimens, consult the manufacturé6.
for preferred cleaning methods. 9.2.6 Calculate the cumulative exposure time, the cumula-

9.2.4 Install the specimen in the test apparatus. Bring théive mass loss, divide by the material density to obtain the
apparatus up to stable operating speed first, set any otheorresponding cumulative volume loss, tabulate these values
environmental conditions, then turn on the water flow andand plot the cumulative volume loss versus exposure time on a
record the time. test record chart.

9.2.5 After a predetermined time interval, turn off the water 9.2.7 Repeat steps 9.2.4 through 9.2.6 at least until the
flow, record the time, and bring the apparatus to rest. Removiecubation period and maximum erosion rate have been clearly
the specimen carefully, clean and dry it, and determine its newstablished and the erosion rate has begun to decline. It is
mass on a balance as before. For cleaning eroded metalliecommended that the test be continued until a straight line can
specimens, use the procedure suggested in 9.2.3, unless therbés drawn through the origin and tangent to the cumulative
evidence of corrosion also being present, in which case aarosion-time curve (see Fig. 3). Optionally, the test may be
applicable procedure from Practice G 1 is recommended. I€ontinued longer in order to investigate long-term erosion
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behavior and to determine whether a terminal erosion rate imdeed occurred. If mass loss measurements are to be made,
established. (Comparative material evaluations may be basetean and dry it in accordance with 9.6.

on the terminal erosion rate; see 10.2.63ution: Erosion 9.3.5 For tests of laminate and composite substrate materi-
should not be allowed to progress beyond a maximum depthjs, it is necessary to inspect the specimens after test to
exceeding the width of the actual area of damage; this appliegetermine if damage has occurred to the substrate even though
particularly to repetitive impact tests. the coating has remained intact. Examples of substrate damage
9.2.8 The time intervals between successive mass determhcjude pulverization of the resin matrix or reinforcing fibers,

nations should be short enough so that the erosion rate-timgs|amination between layers of cloth fabric reinforcement in
pattern can be discerned, and the incubation period and thgminates, or crushing of thin-wall constructions.

maximum erosion rate graphically established to an accuracy

of 10 %. Trial and error may be required. For metals, thefaulure point has been established. The time intervals between

following quilatlon m.""g t;ethusec:_ ast a:jn_ |n|t|t;';1lt_gw?_ellni; ' successive determinations should be short enough so that the
corrésponds 1o one third ot the estimated incubation ime basef ,sjon, failure time can be established to an accuracy of 20 %

9.3.6 Repeat steps 9.3.3 through 9.3.5 if necessary until the

on (Eq A2.1): or better. Trial and error may be required.

At = 10(H, K /[f; (V/100*9] @ 9.3.7 At the conclusion of the test, determine the actual area
where: over which significant erosion or damage has occurred.
At = estimated time interval, s, 9.3.8 Atleast four and preferably six coated specimens shall
H, = Vickers hardness of material, HV, be tested for each test variation.
V = impact velocity, m/s, 9.4 Test Procedure for Window Materials
fi = specific impact frequency *, and 9.4.1 The primary test results to be obtained for each

Km = factor ranging from 0.3 for materials of poor resis- g o imen are cumulative transmission curves over the wave-

tance in rela}tlon to hardne;s to 3.0 for materials of length region appropriate for the end-use application, as a
superior reS|st_ance in relation to hgrdness. function of exposure time. These curves are generated by
9.2.9 Atthe conclusion of the test determine the actual aréerjggically halting the test, removing and drying the speci-
over which significant erosion has occurred. Since this Ma¥hen, making transmission measurements limited to the ex-
require some subje_ctive judgment, sketches or ph_otograpfb%sed area by an appropriate method (for example, Test
may be used to clarify and to document th.at determination. \athod D 1003) over the wavelength region of interest, and
9.3 Test Procedure for Elastomeric Coatings recording the transmission-versus-cumulative exposure time. It
9.3.1 The primary test result to be obtained for eachg jmportant that successive transmission measurements are
specimen is exposure time to failure. These results are obtaingg, 4o through the same portion of the specimen. Care should
eith_erby continuously monitqring the condition of the coatings e taken to avoid transmission measurements through areas
during the exposure by a viewing system (such as a strobQsyniaining large cracks which may be associated with mount-
scopic light and closed-circuit television or periscope arrangeing of the specimen in the apparatus (that is, edge or corner
ment) or by periodically stopping the test and examining the craks). Concurrent mass loss measurements are recommended

condition o_f the coating. Failure s_,hall be defined as pe.netratioaS a way of further characterizing the damage of the material.
of the coating to the substrate either by general erosion of thg| o\ applicable portions of 9.2 for mass loss determinations.

coating surface until the substrate is exposed, pinpoint holes . - .
through the coating, or adhesion loss of the elastomeric layer 9.4.2 It has been found that some materials exhibit consid-

from the substrate. Mass loss measurements may be desired %ﬁble transmission loss during the incubation period (before

. . , .~ significant mass loss) while others will begin to lose mass and
certain bulk elastomer materials or even very thick coatings

. . . . Zstill retain transmissive properties. A combination of the
where rapid failure to the substrate is unlikely. Follow appli- o ; . .

. transmission curves and erosion curves provides a required
cable portions of 9.2.

. . . . characterization of the erosion resistance of these materials.
9.3.2 Begin with a new specimen prepared in accordancé

with 7.5. Inspect the specimen to assure that the coating surface®-4-3 Begin with a specimen newly machined, polished, and
is free of defects that would accelerate its failure. prepared in accordance with Section 7. Conduct a pretest

9.3.3 Install the specimen in the test apparatus. Bring th&ransmission coefficient measurement at the appropriate wave-

apparatus up to stable operating speed first, set any othi§n9ths through the portion of the specimen to be exposed to
environmental conditions, then turn on the water flow ancih€ €rosive environment. The precision and accuracy of this
record the time. measurement should be withihl %.

9.3.4 After continuous exposure (desirable with elastomers, 9-4.4 Install the specimen in the test apparatus. Bring the
although not absolutely essential) during which the specimen igpparatus up to stable operating speed first, set any other
observed, terminate the test when the substrate is exposed Bvironmental conditions, then turn on the water flow and
erosion of the coating, adhesion loss, or other damage. fecord the time.
observation capability is not available, the test should be run 9.4.5 After a predetermined time interval, turn off the water
for a predetermined time and then shut down to inspect th8ow, record the time, and bring the apparatus to rest. Remove
coating for failure. In either case, turn off the water flow, recordthe specimen carefully, clean and dry it in accordance with 9.6,
the time, and bring the apparatus to rest. Remove the specimand measure its new transmission coefficient. Tabulate, and
carefully, and determine whether failure to the substrate haglot either transmission coefficient or transmission loss, and

10
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volume loss (see 9.2.6), versus exposure time on a test recobetter. Trial and error may be required. In some cases, coating
chart. removal may be very rapid and because of the thinness of these
9.4.6 Repeat steps 9.4.4 and 9.4.5 at least until the materiabatings, difficult to observe.
has lost its transmission properties completely or to a specified 9.6 General Cleaning and Drying Procedure for Eroded
nonfunctional level. If the material retains its transmissionSpecimens
characteristics and erosion mass loss governs its performance 9.6.1 Measurements of mass loss and of transmission or
follow 9.2.7. reflectivity properties of an eroded specimen may be affected
9.4.7 The time intervals between successive transmission ®oth by deposited minerals from the impinging drops and by
mass determinations should be short enough so that tHetained liquid in the erosion pits. It is important, therefore, to
transmission loss-versus-time curve, the erosion rate-time paemove these, particularly for specimens of relatively low
tern, the incubation period and the maximum erosion rate cafiensity. Composite materials and certain plastics have been
be graphically established to an accuracy of 10 % or bettefound especially susceptible to water retention. This section

Trial and error may be required. specifies a general procedure recommended for such materials;
9.5 Test Procedures for Transparent Thin Film Coatings onSOMe Ia_boratones apply such a procedure routinely for all types
Window Materials of specimens.

9.6.2 After the specimen is removed from the apparatus, it
hould be cleaned of any water-deposited residue by gentle
rubbing or by immersion in a low-intensity ultrasonic clean-
g bath, provided this can be done without disturbing or

9.5.1 This section applies to transparent thin film coatings
such as antireflection coatings, conductive coatings, and
abrasion-resistant or other protective coatings. The damal
measurements to be made may comprise transmission loss X o
antireflection coatings, loss of conductivity for conductive lUrther damaging the eroded surface, and then dried in a
coatings, and visual determination of the extent of removal of°'ced-air oven. A refatively low temperature of 50°C (125°F)
protective coatings (for example, abrasion-resistant coatings dfi '€commended for those materials (such as plastics, organic

polycarbonate). Test Method D 1003 or Guide E 179 may béesin composites, and elastomeric coatings) that might be
applicable. adversely affected by higher temperatures. It is essential that

the drying be long enough to drive off all accumulated moisture

9.5.2 Begin with a fully coated specimen machined, pol—i the eroded surface. An appropriate drving time may be
ished, and prepared so that the coating has no obvious areasﬂ%‘ ' pprop ying y
|

. S termined by measurements on a balance until there is no
adhesion loss to the substrate and otherwise in accordance w anae in myass between successive measurements. AlSo
Section 7. Conduct pretest transmission, conductivity, or visual uiligbrium moisture condition is indicated b absencé of ’
inspection measurements on the exposed surface of the spe%fl y

e o ither m in or m I whil imen is resting on
men. The precision and accuracy of transmission and condu ither mass gain or mass loss & specimen Is resting on a

tivity measurements should be within1 %. alance of high sensitivity (0.01 mg). Overnlght drying for 16
. : : h has been found satisfactory for most specimens.
9.5.3 Install the specimen in the test apparatus, taking care 9.6.3 For dried small specimens, handling with plastic

n?tbtlo scratctr_l throughdtpe tcoatlng. Brlt?]g the a_pparatu:ts :th loves, metal tweezers, or tongs is recommended. Manual
stable-operaling speed first, Set any other environmental co \andling of specimens during installation and removal in the

ditions, then turn on the V\_/ater f_IOW _and record the time. test apparatus is unavoidable but care should be taken to
9.5.4 After a predetermined time interval, turn off the water inimize handling as much as possible. After drying as

flow, record the time, and bring the apparatus to rest. RemoVgescrined in 9.6.2, some materials, specimens may need to be
the specimen carefully, clean and dry it by 9.6 or an appmp”atﬁesiccated as they cool for a period of time (typically 1 h) to

method, and repeat the appropriate measurements to determifigs, re no pickup of water during cooling. Calcium carbonate is
damage. Tabulate these results (or the change from Or'g'nﬁlsuggested desiccant.

measurements, if preferred) and plot versus exposure time on a

test record chart. The observation of protective coating rel0. Calculation of Erosion Resistance

moval should be done microscopically to determine the size of 10.1 Introduction

areas of removed coating, percentage of total surface areajp.1.1 with the present state of the art, it is not possible to

where coating has been removed, and manner of coatingefine “absolute” erosion resistance parameters, or even to

removal (total removal of the substrate or removal by layers)identify the dimensions of such a parameter or the units in

Overlaying a grid can assist in size and percentage remov@hich it should be expressed. This comes from the lack of any

determination, but this should be done only after any transmisaccepted complete physical model for relating erosion perfor-

sion or conductivity measurements. mance to material parameters and major variables describing
9.5.5 Repeat steps 9.5.3 and 9.5.4, at least until the materigde impingement conditions. Therefore, most investigators

has lost its transmission, or conductivity, properties completelyesort to comparative evaluations of different materials. The

or to a predetermined nonfunctional level, or some othepurpose of this section is to specify standardized approaches

specified criterion of failure has been met. for calculating and presenting relative or normalized measures
9.5.6 The time intervals between successive transmissiolf erosion resistance for the different classes of materials

conductivity, or removal determinations should be shortconsidered.

enough so that the transmission loss-versus-time curve, con-10.1.2 Since damage due to liquid impingement does not

ductivity change-versus-time curve, and coating removal patprogress linearly with time, it is first necessary to provide

tern, can be graphically established to an accuracy of 20 % atandardized approaches for quantitative representation of the

11
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time-dependent test data. One generalized approach is givenimpact velocities and drop sizes—should be as close as
10.2. More specific approaches for material loss characteristiqggossible to those expected in service. While in principle this
are given in 10.3 through 10.4, and for other types of damagapproach could be used for all kinds of erosion tests, in practice
in 10.5 through 10.7. it may not always be feasible and not as informative as
10.1.3 Almost all quantities associated with erosion—foralternative approaches described below.
example, erosion rates and incubation periods of different 10.2.2 If this approach is chosen, the test report shall clearly
materials, or at different velocities, or in different facilities— so state and shall specify the criterion of failure used. The
range over many orders of magnitude and exhibit a highesults should not be used to evaluate the materials with respect
variability. For this reason, all calculations of means and ofto any other criterion of failure.
standard deviations, and other statistical evaluations, shall be 10.3 Quantitative Representation of Test Results for Mate-
performed on thdogarithmsof the physical quantities, rather rial Loss
than on the quantities themselves. (If this were not done, it 10.3.1 This section describes the minimum steps required to
would often be found that the standard deviation is of similarepresent test results of material loss, for the purpose of
magnitude to the mean, leading to the logically absurd infercomparing or ranking the performance of different materials.
ence that the physical quantities in question range fronAdditional data analysis required to put the results into
positive to negative.) Note that this procedure vyields thé'rationalized” form for more basic investigations is described
geometric meansf the physical quantities. Also note that the in Section 11.
standard deviation on the logarithmic scale is by its very nature 10.3.2 For each test material, including the reference mate-
a relative measure of variability, and therein resembles therials, plot the cumulative volumetric erosion versus time,
“coefficient of variation” on the physical scale. showing the original data points. Replicate tests should be
10.2 Evaluation Based on Time-To-Failure plotted on the same sheet, using different symbols. For the
10.2.1 In some investigations it may be possible to test eachurposes of this section it does not matter what units are used
specimen until a condition is reached that corresponds to thi® represent material volume loss and exposure duration, so
end of useful life in the intended service application. A suitabldong as the same are used for all materials. It is not necessary
criterion of this condition might be a specified mean depth ofto draw a complete curve through the points.
erosion, a specified maximum penetration, any penetration of a 10.3.3 Erosion Rate—Time PatterasAs previously noted,
coating, or a specified limiting value of transmission coeffi-the rate of erosion does not normally remain constant during a
cient. In such cases, the test results are characterized by thest. It is likely that each specimen will exhibit an erosion
cumulative exposure time to reach the failure condition.“rate—-time pattern” somewhat like one of the cumulative
Normalized erosion resistance values, relative to a specifiedrosion—time curves of Fig. 4. Curve A represents the most
reference material, are expressed simply as the ratio of theommon or “well-behaved” erosion rate—time pattern, and
time-to-failure of the test material to the time-to-failure of the most of the data analysis procedures given in this practice
reference material. For this approach, the test conditions—apply to this type of curve. Some erosion tests—particularly at

Curve Sometimes

Obtained At High
A Impact Velocity Or
With Weak Materials

Cumulative
Material Loss

"Well-Behaved” —;

Erosion Curve D
Anomalous
Curves

.

Cumulative
Exposure Duration
FIG. 4 Well-Behaved and Anomalous Cumulative Erosion—Time Curves
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high impact velocities—do not appear to have an incubatiorig. 4. Results similar to Curve B can also be included as
stage, and look like curve B in Fig. 4. This may be because o$pecial cases, characterized by only their maximum erosion
excessive time intervals between test points; or because thiate. For each specimen, draw a straight line that best repre-
impact velocity is high enough so that each single impacsents the maximum rate stage of the test. In some cases, the test
removes material and no incubation period exists. It is recompoints will very nearly fall along or scatter about a straight line
mended that the absence of an incubation stage be verified iffig. 5a). In other cases, the points may suggest an S-shaped
testing at least one specimen with shorter time intervalgurve, such that a maximum slope is exhibited only at one
between mass determinations. If indeed there is no incubatigmoint or very fleetingly (Fig. 5b). In the latter case, the extreme
period, results of such tests can be represented by the maxiraximum slope may not be a good representation of the
mum erosion rate (see 10.3.4) or terminal erosion rate (seesults, and a recommended procedure is to draw a straight*
10.3.5). Occasionally anomalous behavior such as curves C effective line” through the maximum slope point, such that the
D may be obtained. This may indicate a brittle material withmaximum deviation between that line and the actual curve does
poor erosion behavior, or a problem with the apparatus. Onlyot exceed 1/10th of the ordinate of the upper intercept of the
the method of 10.2 can be used with such results. “effective line” and the actual curve. The results for each
10.3.4 Representation by Incubation Period and Maximumspecimen are then described by two parametét$: the
Erosion Rate-This is the preferred evaluation method by this maximum volumetric erosion rat&y), given by the slope of
practice, and applies primarily to results similar to Curve A ofthe actual or effective straight line defined above, &)dthe

1 Maximum-Slope Line
Defined By
Cumulative Data Points o©
Material Scattered (o)
Loss Around It

Cumulative Exposure Time

o QO
o7

(a) When Experimental Points Define a Straight Line

4

"Effective”

Maximum Slope Line
Cumulative For Data Analysis
Material o
Loss

-
27X
“  Smoothed Curve
Through Points

Apparent Point
of Max. Slope

o

Cumulative Exposure Time

/7

(b) When Experimental Points Define An S-Shaped Curve
FIG. 5 Procedures for Drawing Maximum-Slope Lines
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incubation periodtg), given by the intercept of that line on the reference materials were included, and that the results, all at the
horizontal or exposure axis. same test conditions, for test matesi@nd reference materials
10.3.5 Representation by Terminal Erosion RatEor ap- i (i =1, 2, ...K) are:
plications in which the expected useful life extends well
beyond the maximum erosion rate period, into the deceleration
period and terminal period, comparative evaluations may bexex
based on the “terminal erosion rate” if the tests are continued~¢
for a sufficiently long exposure time and a steadystate terminal®
erosion rat.e is exhibited. Draw a straighf[ line passing throu.gh o . = reference erosion resistance for reference material
the test points representative of the terminal stage, or a straight and
line in which the test points appear to approach asymptotically.s)ri — reference incubation resistance for reference mate-
Designate the slope of this line lfy,. Calculate normalized rial i.
erosion resistance values by (Eq 2), usiyginstead ofQ, for
both test material and reference material.

= maximum erosion rate for test materigl
maximum erosion rate for reference mateijal
incubation period for test material

incubation period for reference material

where theS,; and S,,; values are obtained from Annex Al.
Then the “erosion resistance number” NER and the “incubation
Note 6—Material comparisons based on this assume that the earlyesistance number” NOR of materiad are calculated as
erosion history, including maximum erosion rate period, is insignificantfollows:
compared to the later stages. For a more complete representation, the ‘
intercept of the terminal-rate line on tiYeaxis, or its intersection with the _ _
maximSm—rate line, would also have to be characterized. This practice at log (NER) = [21 (10g Qi + 109 Ss) I k — 109 Qe @)
present offers no recommended approach for quantitative representation of

k
the complete erosion—time pattern or its prediction under service operation log (NOR) = [ >, log Sy — log tg)/ k + log to, 5)
from test results under different impingement conditions. See also =1
comments in 5.3.4. 10.4.3.3 This procedure yields a geometric mean of the

10.3.6 For replicate tests, calculate the geometric mean ¢feveral values that would be obtained by use of only one
the above defined parameters. (If the ratio of the maximum téeference material at a time. Such averaging is desirable
minimum values is less than 1.5, the arithmetic rather thaf€cause the relative erosion resistances of the reference mate-
geometric means may be used; the difference between thefi@ls, as tested in a particular laboratory, probably will not
will be less than 2 %.) coincide with their relative resistances from Annex Al. Expe-

10.4 Normalization of Test Results rience shows that no two erosion tests will in general give

10.4.1 The results for different materials may be normalizeddentical relative results among different materials. The above
in one of two ways: either by direct comparisons relative to ondrocedure is intended to minimize the resulting discrepancy.
of the designated reference materials similarly tested (see 10.4.4 If comparative sets of tests are conducted at more
10.4.2), or by indirect comparisons relative to a standardizethan one operating condition (for example, impact velocity),
reference scale (see 10.4.3). normalized erosion properties according to 10.4.2 or 10.4.3

10.4.2 Direct Normalizatioar—Assume that represents one should be calculated individually for each condition. Com-
of the designated reference materials from 8.3 included in thbined normalized properties may then be calculated by taking
test program, and that its results at given test conditionQgre the geometric means of the individual normalized properties
andt,,. Let the corresponding results for test matexialt the  for all conditions, providing the same stage of erosion (usually
same test conditions b&, and t,. Then the following maximum erosion rate) has been reached by all materials.

relationships apply. 10.5 Elastomeric Coatings-For elastomeric coatings, the
Normalized erosion resistance wfelative tor: performance in time-to-failure (or mass loss where appropri-
Sour = QufQuy @ ate) is gaged relative to a baseline-coating material (typically

MIL-C-83231 polyurethane). Presentation of the data can take
the form of bar charts which compare the relative erosion
Sour = todtor (3  resistance of various coatings. If the failure times are deter-
10.4.3 Standardized Scale for Erosion Resistance Numbergnined as a function of coating thickness or of the exposure
10.4.3.1 The purpose of the standardized scale is twofold?arameters, then performance envelopes can be established for
firstly, to provide one generalized numerical scale for erosiorihese coatings. Typically variations in time to failure will be
resistance properties, and secondly, to help average out someafout 10 to 15 % within any particular coating substrate
the variabilities and inconsistencies in erosion testing by usingombination exposed to any particular environmental condi-
more than one reference material to normalize test results. TH@N.
scale is based on the “reference values” of erosion and 10.6 Window Materials—For window materials where
incubation resistance for the designated reference materialsansmission change is a key description of response to the
given in Annex Al. The relative magnitudes were establisheerosive environment, the transmission of the unexposed mate-
by regression analysis of the results of an interlaboratory testal is taken as a baseline. This may also be expressed as a
involving ten laboratories (see Ref 9), and were given arrelative percentage transmissian a particular wavelength
absolute level by assigning the value of unity to stainless steelompared to air (no window material) or to another reference
Type 316. material at the same wavelength. The transmission change as
10.4.3.2 Assume that, in a given test progrdagf these  an absolute value (as measured in a spectrophotometer) or as a

Normalized incubation resistance »felative tor:
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ratio of material transmission to reference material transmisspecimen is cylindrical or airfoil-shaped, as calculated

sion is then plotted versus exposure time. If determinations arabove will of course vary over its surface. For a single-number

made as a function of different exposure parameters (velocityjominal value, the angle variation is ignored and dbs

drop size, impingement angle, and rain intensity), then sets aissumed equal to unity.

transmission performance curves can be developed to establish11.2.4 If the rainfall rateJ, is known, and if the drops can

performance envelopes. For example, percent transmission lose assumed to have reached terminal veloGitythe volume

at a given wavelength per unit time exposure with otherconcentrationys is given by:

variables as parametric variations could be obtained. W =U /U ®)
10.7 Thin-Film Coatings on Window MateriatsFor thin- ) . o )

film coatings on window materials, the transmission or con- 1he terminal velocityJ, can be measured photographically,

ductivity of the unexposed coated material is taken as baselin&" calculated theoretically. FyglL0) gives a curve ob), versus

The change in transmission or conductivity or the areaf for normal atmospheric conditions. In the rangeddfrom

removal percentage as an absolute value or as a ratio of erod8d- ©© 3 mm, it may be approximated by:

material to reference material is then plotted versus exposure U, = 4.0d°%¢ (9)

time. Performance envelopes could be developed as a function

whered is the drop diameter in mm arid, the velocity in
of exposure parameters.

m/s. From this we obtain:
11. Expressing Test Results in Rationalized Terms, and U,
Determining Apparatus Severity Factors = 144% 10 05

11.1 Purpose—If the only purpose of the tests is to deter- with U. in mm/h andd in mm
mine the relative erosion resistance of the materials tested, then r. . . i .
the normalized results calculated according to Section 10 may. 11.3 Rationalized Erosion Rate Q?_T.h's correspo.nds .
suffice. However, if it is desired to make quantitative compari- imply to the slope c.)f the maximum rate line (as descrlped in
sons between results from different impingement conditions, OiL0.3.4) on the coordinates as.descrlbed in 11.1. Alternatively, it
to develop empirical models, or to verify theoretical predic-can be calculated as follows:
tions, then individual test results (incubation time and maxi- Re = UJU; = QJUA (11)
mum erosion rgte) must be expresseq in terms of re}tiongl where symbols are defined in 3.4.
physically meaningful variables. The variables proposed in this 11 4 Rationalized Incubation Period ()
method are therefore termedtionalized incubation period 17 4.1 The rationalized incubation period represents the
(see 11.4) andationalized erosion ratgsee 11.3). Both are ominal number of “specific impacts,” or stress cycles “felt”

_dimensionless, so that their magnitu_de is a pure numbelgy any typical point on the exposed surface, during the
independent of the measurement units chosen. In order tQ.,pation time.

compute both, it is necessary to plot the cumulative erosion-

—time curve on cpordmates ohean depth .Of EroSIOnersus by definition, the same on all points of the exposed surface as
mean cumulative Impingement,to make suitable conversions defined in 3.3, and is directly countable or calculable from the
from res_ults plotted dlfferently_ (see 11.2). The paragfaph ime duration, the rotational speed, and the nhumber of impacts
b_elow discuss how these variables shoult_j b? determine 'er revolution. However, the definitions of relevant variables
Finally, these results can also be used to assayerity factors .o <5 chosen that the same value should be obtained by

to the test fa(:_|l|ty (see 11'5.)' application of the relationships given for distributed impact
11.2 Preliminary Calculations tests below

11.2.1 Mean depth of erosion (¥} calculated by dividing 11.4.3 For distributed impact tests, it is assumed that im-

fjheeﬁrcig(rjniunlaélvse volume loss from 9.2.6 by thrposed areas pacts are uniformly distributed over the exposed surface. Then
1129 Meér; cumulative impingement (# calculated by the num_ber of “specific impacts” felt t_>y a typical po_int on a
multi'plg/ing the cumulative exposure time by thepingement surface is eqL_Ja_I to the total numbgr of impacts occurring on the
rate (U;) as defined in 3.3 and calculated according to 11.2.3 Osgr_face, multiplied by the area of influence of each Impact, apd
in somle other appropriéte manner o fjlwded. by the surche area. For the purposes qf this practice,
11.2.3 Impingement rate(U.) is bésically defined by: we define the nominal area of influence of an impact as the
o ! : projected area of the impacting liquid body. The following
U= QnbA (6)  relationships then hold:
where symbols are defined in 3.4. Repetitive jet impact Ny = fity = (a/b) Uity = (a/b) Hy, (12)
tests, bis the volume of that portion of the jet which impacts here(a/b) = projected area divided by volume of impact-
upon the exposed surface of the specimen and has a projectede ’ DFJ q b — 3/24: f y alb — 4/ dp
area equal t@\. For distributed impact testsmpingement rate ing drops or jets. (For ropej_ N ;forjets, = 4fmd)
is often more conveniently calculated by (Eq 7) below: Other symbols are defined in 3.4.

U, = ¥ V cost %) Note 7—In reality, the area directly subjected to high impact pressures

. . is considerably smaller than the projected area of the impacting liquid

Volume concentrationy() may be determined by photo- p,gies and is a function of impact velocity. However, stress waves radiate
graphic or sampling methods, or calculated from the sprayut from the impact zone both along the surface and into the material, and
characteristics, or from rainfall rate as shown in 11.2.4. If then addition damaging effects are believed to occur as a result of lateral

(10)

11.4.2 For repetitive impact tests, the number of impacts is,
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outflow of liquid from the impact zone. Since all of these phenomena are 12.2.5 Shape and size of specimen (including whether
extremely complicated and not fully understood, the definition adopted i%xposed surface is flat or rounded),*
believed to be a practical approximation. Furthermore, since for repetitive 12.2.6 Exposed area of specimen,*

impact the nominal area of influence of impacts and the nominal exposed L . .
area of the specimen are then identical, the number of “specific impacts” 12.2.7 Form of impinging liquid (whether jets, droplets, or

thus reduces to the actual number of impacts on the specimen, as $Prays),”
logically should. 12.2.8 Method of generation of liquid,

11.5 Apparatus Severity Factars 12.2.9 Distance from origin of liquid particles to point of

11.5.1 The concept of apparatus severity factors is based dfiPact with specimen, and
the findings from Ref9) that, for a given test material and 12.2.10 Cleaning and drying procedure used before each
impact velocity, even the “rationalized” results differed widely Weighing.
between different test facilities, but that these differences 12.3 Information on Test Conditions
(expressed as ratios) were relatively consistent and therefore 12.3.1 Normal impact velocity,*
presumably reflect system variables not accounted for in the 12.3.2 Nominal angle of incidence (angle between normal
simple rationalized results. (Such variables can includdo the specimen surface and its direction of motion),*
whether drops or jets are impacting, the drop or jet size, the 12.3.3 Absolute velocities of specimen and of liquid, re-
specimen shape, radius arm to the specimen and hence cepectively,
trifugal acceleration at the impact point, the impact frequency, 12.3.4 Mean diameter of the impacting liquid jets or drop-
ambient pressure, and others. These variables will help tets,*
determine, for instance, if any or how much water is retained 12.3.5 Size distribution curve of droplets,
on the specimen surface from one impact to the next.) In the 12.3.6 Volume concentration of liquid in the path of the
interlaboratory test results, facility severity factors rangedspecimen,

approximately from 0.3 to 3.0 for erosion rate, and from 0.5 to 12.3.7 Speciﬁc impact frequency (based on volume mean
2.0 for incubation period. Regression analysis resulted ifjrop diameter for sprays or rainfields),
empirical prediction equations involving severity factors (see 12 3.8 Ambient pressure and temperature in test chamber,*

Annex A2), which can be used to infer apparatus severity 15 3.9 Temperature of the liquid, and of target if important,
factors from test results on reference materials as described 12.3.10 If the liquid is not water, its identification, density,

below. Annex A2 also gives empirical expressions for estimatz,
ing severity factors from some of the variables stated in this
section.

11.5.2 Apparatus Severity Factor for Incubation Period
(Fo) —A single measure of, is obtained from the relation:

coustic velocity, and viscosity,* and
12.3.11 Observation, if possible, of whether the specimen
retains liquid on its surface between successive impacts.

12.4 Information on Test and Reference Materials

12.4.1 Designation or identification,*

logFy =log S, — log N, — 4.90 logV + 16.24 (13) 12.4.2 Composition,*

where §,, = “Reference Incubation Resistance” of the ref- 12.4.3 Density or specific gravity,*
erence material tested, from Annex Al. An averaged measure 12.4.4 Type of material stock used and method of specimen
is determined from several test results (different referencenanufacture and preparation,*

materials and different impact velocities) by calculating indi- 12.4.5 Heat treatment, if any, before and after specimen
vidual values of (log=,) from the above equation, taking their preparation,*

arithmetic mean, and then taking the antilog of that. 12.4.6 Hardness,*
~11.5.3 Apparatus Severity Factor for Erosion RateX~ A 12.4.7 Engineering ultimate tensile strength,
single measure df, is obtained from the relation: 12.4.8 True ultimate tensile strength
log Fe = log S, + log R, — 4.80 logV + 16.31 (14) 12.4.9 Elongation and reduction of area in tension test, and

where S,, = “Reference Erosion Resistance” of the refer- 12.4.10 Sur_fgce_roughness on exposed surface (* if outside
ence material tested, from Annex Al. An averaged measure &f range specified in 7.3).

determined in the same way as described in 11.5.Ffor 12.5 Information on Test Results
12.5.1 Tabulation of mean values of incubation period,
12. Report maximum erosion rate (and if applicable the terminal erosion

12.1 The amount of information to be reported depends, ofate) for each test variation (material and operating condition)
course, on the objectives of the test and on whether the resuld original units.*
are presented in a technical paper, a research report, or al2.5.2 The above data converted into rationalized form
material evaluation report. The minimum requirements for theaccording to Section 11.
last-mentioned will be indicated in the lists below by an 12.5.3 Either the individual results for each specimen of
asterisk. replicate tests, or number of replicate specimens tested and the
12.2 Information on Apparatus, Specimen, and Method  standard deviation of results for each test variation.*
12.2.1 General description; shape of specimen carrier,* 12.5.4 The cumulative erosion-versus-time curve for each

12.2.2 Number of specimens carried,* test variation, on coordinates of original units.
12.2.3 Radius of specimen attachment,* 12.5.5 The same as above, but on rationalized coordinates
12.2.4 Method of attachment of specimen, (mean depth of erosion versus mean height of impingement).
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12.5.6 Normalized erosion properties as calculated in accomwas chosen as the reference material because it provided the
dance with Section 10. Each tabulation of normalized resultgreatest number of direct comparisons for normalization.
shall state clearly whether based on time-to-failure, on incuideally, the variabilities for different impact velocities at the
bation period, on maximum erosion rate, or on terminal erosiosame laboratory and for different laboratories at the same

rate.* impact velocity might be determined separately, but there were
12.5.7 Facility severity factors calculated according to Secnot enough data for that. Therefore, each direct comparison
tion 11. between Nickel 270 and another material (both tested in the
12.5.8 Erosion rate-time curves. same laboratory at the same velocity) was considered as one

12.5.9 Qualitative description of erosion rate—time patternpbservation. The results are tabulated as follows:

using the terminology of 3.2.* Standard Deviation on Log Scale

X . . Number of
12.6 Statement of ComplianeeA statement, if correct in Material Observations for 5. for S,
all essentials, that this practice was followed; or, in case Ofluminum 1100-0 4 0.319 0.275
partial compliance, a statement describing the deviations frorfyluminum 6061-T6 u 0.115 0.157
hi . listi th ti that foll d Stainless steel type 316 8 0.135 0.099
this practice or listing the sections that were followed. “Pooled” estimate for 0168 0165

all materials
13. Precision and Bias . . )
Note that the variability tends to increase as the resistance of

W;r?é%)t:?e:irr?gg?:g)mn;i omti”;ggg;gf {:é?gggscrt%ezrﬁ;gn the test material deviates more from that of the reference
Y material. The “pooled” estimate for all three materials, a

and Appendix X1. Because of the wide variations in Capabi”tyg/andard deviations of 0.165 on the logarithmic scale

and _condltlons .among the difierent laboratories, it was no orresponds to a “scatter ratio” on the arithmetic scale (defined
possible to design the test program or to analyze the resul

. . | ; . i . 1CP0) of 2.14.That is, about 60 % of normalized results for
from a rigorous statistical viewpoint as described in Practlcghe same test material agree within a factor of Phis
Eoggllégg?;t;ﬂgsmrztel::?elz tgzegtc\)’lekrzr?gtoﬂirsgC:rl]'egfcs?ggfemonstrates that erosion resistance is not an accurately—

. . q . ; eterminable property. (Note that absolute results—even when
which had dlﬁerent properties.) Thus, the result; given pelovv, ationalized"—will vary even more between laboratories
should be considered as approximate and tentative. A differe {

set of test data might well yield different results. rﬂ)efg ZSE.Of dllf\flerentt feverltty factors ) d di bi
13.2 Repeatability—Among replicate tests (same labora- -4+ blas—No_stalement can be made regarding bias,
because there is no absolute definition or measurement of

tory, same impact velocity, same test material) in the interlabo=""" ict Erosion test v relati it
ratory test program, the standard deviation on the logarithmi rosion resistance. Erosion tests measure only relative resufts
between different materials, and these can differ according to

scale was typically about 0.05, which corresponds approxi g
mately to a coefficient of variation of 12 % on the arithmeticthe test method or test conditions employed.

scale.

13.3 Reproducibility—An approximate measure of repro-
ducibility was obtained in this study by calculating the standard 14.1 droplet impact; erosion; erosion by liquids; erosion
deviations of the normalized results (expressed on the logarithresistance; erosion test; liquid impact; liquid impingement; rain
mic scale) for each material relative to Nickel 270. Nickel 270erosion; rotating arm apparatus

14. Keywords

ANNEXES
(Mandatory Information)
Al. PROPERTIES OF REFERENCE MATERIALS
Al.1 Table Al.1 presents properties of reference materials.

TABLE Al.1 Properties of Reference Materials

Material Aluminum Aluminum Nickel? Stainless Steel

110 0-0 6061-T6 99.98 % AISI 316

Hardness, HV 24-29 95-115 68-82 155-175

Ultimate tensile strength, MPa (ksi) 90 (13) 310-330 (45-48) 340-370 (49-53) 550-600 (80-87)

Elongation, % 39-46 12-20 50-62 49-63

Reduction of area, % 50-80 27-35 60-90 56-77

Specific gravity 2.7 2.7 8.9 7.8

“Reference Erosion Resistance” (S,,) 0.04 0.08 0.5 1.0¢

“Reference Incubation Resistance” (S,,) 0.005 0.05 0.2 1.0¢

AThese are the measured properties of the materials used in the interlaboratory test program described in Appendix X1.
BINCO “Nickel 270" was used in the interlaboratory test.
CArbitrarily assigned reference base.
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A2. GENERALIZED PREDICTION EQUATIONS FOR SEVERITY FACTORS, INCUBATION PERIOD AND MAXIMUM
EROSION RATE, ADAPTED FROM REF (9):

A2.1 The following equation have been adapted fri@hn No
log Ny = log NOR — 4.90 logV + 16.24— log F, (A2.1) Re
log R, = 4.80 logV — log NER — 16.31+ log F, (A2.2) H(E)Fé

In the aboveF, andF, represent “severity factors” for the V
environment or the apparatus for which the prediction is maded

rationalized incubation period,

rationalized maximum erosion rate,

“ erosion resistance number” of material,
“incubation resistance number” of material,
impact velocity, m/s,

diameter of drops or jets, mm,

0 for droplets,= 1 for jets,

0 for flat specimens at normal impact,

1 for curved or cylindrical specimens, and
logarithm to base 10.

See Appendix X1 for further discussion of these equations

and their origin.

Their values can bestimatedoy: J
log Fy = 0.40J — 0.16 (A2.3) K
log F, = 0.67 logd + 0.57J — 0.2K — 0.34 (A2.4) log
A2.2 Other symbols are defined below:
APPENDIX

(Nonmandatory Information)

X1. SUMMARY OF INTERLABORATORY TEST RESULTS

X1.1 The ASTM liquid impingement interlaboratory test

TABLE X1.1 Apparatus Characteristics

program involved ten laboratories in the United States, UnitedLaboratory Specimen kK J d  Ra " Fo Fe
Kingdom, France, Germany (Federal Republic), and Sweden. S 0 0 20 1450 12(-6) 087 081
Nominal impact velocities specified were 140, 210, and 400 B B 0 1 16 0160 25(-3) 195 200
m/s, although some laboratories deviated from this. Test ¢ 2 > B om I E:g; R
materials offered included a neoprene coating, poly(methyl- ¢ B 1 0 18 2740 23(-6) 0.66 0.59
methacrylate) (“Plexiglas 55”), “Stellite 6B,” and the four F B 0 0 12 1200 12(-5) 055 052
metallic reference materials listed in 8.3.1. A test plan was 2 D0 Is 10 693 oa ok
devised that reflected the velocity capabilities and material B 1 1 50 0308 20(-3) 174 3.40
interests of the various laboratories, but even that plan could K S 1 0 13 1520 1.4(-6) 0.58 0.30
not be fully adhered to. where:

X1.2 The results were first expressed in several alternativeS
“rationalized forms,” and preliminary statistical studies veri- B
fied that those described in Section 11 provided the most
consistent results between different laboratories. These result§
were then subjected to multiple linear regression analysis i
two stages. In the first stage, the mathematical model use((:]j
expressed the rationalized test results in terms of veIoc:ityR
raised to a power, material erosion resistance values, ang,A
apparatus severity factors. The technique by which the last twg-
were evaluated is described in R8j. The results of this effort, FZ
slightly modified, are Eq A2.1 and Eq A2.2, the “reference
resistance” values listed in Annex Al, and the apparatus

specimen of sheet material,
specimen of bar (rod) material,
0 if exposed surface is flat,

1 if exposed surface is curved,
0 if droplets impinge,

1 if jets impinge laterally,

jet or drop mean diameter, mm,

= radius of rotation of specimen, m,

volume concentration (floating decimal notation),
incubation severity, from regression analysis, and
erosion severity, from regression analysis.

severity factors, which are listed in Table X1.1 along with otherthat provided reasonable fits to the data and had reasonably

major attributes of the apparatus.

X1.3 In the second stage of regression analysis, several

similar velocity exponents to those from the first-stage equa-
tions.

different mathematical models were explored that omitted X1.4 Finally, both sets of equations were slightly modified
apparatus severity factors, but instead included some of théb have thesamevelocity exponents for corresponding equa-
secondary” variables that conceivably could influence thedions, and direct comparison between these then yielded the
severity factors. (These included jet or drop size, specimeapproximate “prediction equations” for the severity factors in
shape, volume concentration, and others.) From among thierms of secondary variables, given here as Eq A2.3 and Eq
various prediction equations so obtained, a pair were chosei2.4. (Substitution of these in Eq A2.1 and Eq A2.2, of course,
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reconstructs very nearly the equations obtained in the secoriD.4.2. The standard deviations computed from this tabulation
regression effort.) are those listed in 13.3.

X1.7 The mean values computed from this tabulation may
) ; ; e compared to the normalized resistance values obtained from
are different, the actual values for incubation sevele) @nd 6 firgt stage of regression analysis, using all test data. These
for erosion rate severity) are very nearly equal to each other . jisted on the lowest line on Table X1.2. In most cases there

Ijortmost, bu:]ntoht aI.I fgc'“(tj'fﬁ' It remains ft(_)r fut#relcsjtgmes tg is reasonable agreement, except for the normalized incubation
etermine whether indeed the same equation should be USed ifigjstance for aluminum 6061-T6. This discrepancy is at

both. present unexplained. The “reference resistance” values given
N : . in Annex Al are rounded off from the average of values

X1.6 In order to show the variability of normalized matena_ll obtained by several different analyses of the round-robin test
Bata. They are arithmetic, not logarithmic, values and have

tions of incubation resistance and erosion resstwieﬁavg © *  heen normalized to Type 316 stainless steel instead of to Nickel
Nickel 270, based on direct normalization as described iN570 as in Table X1.2

X1.5 It may be noted that although Eq A2.3 and Eq A2.4},

TABLE X1.2 Results of Direct Normalization to Nickel 270 (Based on all Available Pair-Wise Comparisons)

Impact Velocity, Log (Normalized Incubation Resistance) Log (Normalized Erosion Resistance)
Laboratory
m/s Al 1100-0 Al 6061-T6 S.S. 316 Al 1100-0 Al 6061-T6 S.S. 316

A 210 -1.69 -0.50 -1.12 -0.61
B 134 -0.30 0.81 -0.95 0.43
B 201 -1.49 -0.42 0.80 -1.09 -0.62 0.30
C 140 -0.22 0.90 -0.85 0.34
C 210 -0.54 0.86 -0.83 0.36

D 307 -0.34 -0.84
EA 400 -1.32 0.86 -1.90 -0.24
F 265 -0.40 0.91 -0.75 0.33
F 400 -0.39 0.86 -0.63 0.41
G 140 -1.23 -0.56 0.74 -0.75 -0.69 0.01
J 94 -0.60 0.61 -0.86 0.21

K 217 -1.87 -0.78 -1.53 -0.81
Mean Values -1.57 -0.46 0.81 -1.12 -0.77 0.30
Standard Deviation 0.27 0.16 0.10 0.32 0.12 0.14
Values from regression analysis® -1.65 -0.78 0.65 -1.27 -0.78 0.28

“Results from Laboratory E were considered anomalous and not included in above statistics.
BFor comparison, these are the normalized values obtained by regression analysis of all data, not only those allowing direct paired comparisons.
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