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FOREWORD

This report was prepared by George F, Schmitt, Jr. of the Coatings
and Thermal Protection Materials Branch, Nonmetallic Materials Division,
Air Force Materials Laboratory (MBE), Wright-Patterson Air Force Base,

Ohio. The work was initiated under Project No. 2422, “"Protective Coatings

and Materials," Task No. 242201, "Coatings for Aircraft and Spacecraft."
The report covers research conducted during the period March 1979 to
June 1979, The report was submitted in July 1979,

This report was commissioned by the ASME Wear Control Handbook, a
centennial project of the American Society of Mechanical Engineers, New
York, N.Y. and 1s contributed by the author and the Air Force to that

publication.
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SECTION I
GENERAL DESCRIPTION OF EROSION PHENOMENA

Erosion of materials and components caused by the impact of 1iquid
drops or solid particles can be a 1ife-1imiting phenomenon for the operation
of systems 1n erosive environments.

Rain erosion or material damage due to flight through natural rainstorms
has been a concern for aircraft and missiles since World War Il, The
impact of liquid drops which are condensed steam entrained in the afrflow
has been a major concern in the operation of large hydroelectric plant
steam turbines for many years. Other systems in which 1iquid droplets of
substantial size may impact material surfaces causing damage are also
subject to erosive attack., An example would be a fuel injection device.

Solid particle 1{mpact erosion has been receiving increasing attention
in recent years because of the research and development of coal conversion
plants with their need for movement and flow of solid particles into
various equipment in these plants. The impact of these particles on moving
blades, valve constrictions, pipe joints and bends, and other surfaces
has resulted in severe erosion. Sclid particle erosion has been a concern
for aerospace systems for many years including sand erosion on Veading
edges of helicopter blades, ingestion and erosion of leading and trailing
edges of jet engine blades and vanes, and solid particle impacts on glass
domes of captively carried, optically guided missiles or laminated plastic
transparent windshields and canopies.

Coupled effects are a sfgnificant factor in the erosion of materials.
Although they will not be treated in this section, they should be mentioned.
An example is the combined corrosion/impact erosion experienced in coal
conversion where most systems operate at elevated temperatures in environ-
ments which are quite corrosive and erosive., The sulfidation/oxidation/
material removal due to impact mechanisms is extremely complex and not
well understood.
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Anothgr example of coupled effects 1s the combined ablation-erosion
for reentry vehicle nosetips and heat shields of high velocity missiles
as they reenter the atmosphere and pass through high cirrus ice clouds
or precipitating snow or rain., The erosion impact material removal and
the ablative heat transfer/vaporization/thermomechanical removal occur
essentially simultaneously and each influences the other by its effects
on the material involved.

Beneficial uses of erosive processes are few but significant. Most
people are aware of the use of sand blasting for cleaning purposes.
However, the extent to which liquid Jet cutting (an impact process using
jets of liquid rather than discrete drops) has been adopted for mining,
tunneling, cutting rock, cutting Tumber, and advanced graphite-epoxy
composite materfals is not generally known. The use of liquid jets for
digging pole holes or trenching for power utilities has been explored

and found to be feasible and potentially cost effective.

This section will deal with the detrimental effects of 1iquid and
solid particle impact erosion and ways of combatting this phenomenon,

———
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SECTION II
MECHANISMS OF EROSION DAMAGE

The response of engineering materials to the impingement of 1iquid
drops or salid particles varies greatly depending on the class of materials,
the state to which those materials have been exposed (i.e., thermal
history, previous stresses in the material, surface treatments) and the |
environmental parameters associated with the erosion process such as
impact velocity, impact angle, particle type and size, and coupled effects
11ke ablation or corrosion,

- e .

1. LIQUID IMPACT ’ -

Categorization of the types of response of materials to liquid "
’ impact 1s shown in Table 1 as adapted from Adler (Reference 1). The free '
fall category refers to falling rain, impacting porous soil and causing
ground erosion. The subsonic, supersonic, and hypersonic velocity regimes
refer to impact below the velocity of sound in air {up to approximately
342 m/s), between 342 m/s and the dilatational wave speed in the material,
and velocities greater than the dilatational wave speed respectively.
Accordingly, most materials being impacted are rigid and analyses have
been developed, The brittle response 1s an elastic-brittle response and
is representative of the erosion of ceramics, glasses, uncoated composite
materials, and thermosetting plastics. Non-brittle refers to the response
of ductile materials such as most metals and thermoplastic polymers, The .
layered designation is included because protective coatings of elastomeric !
polymers, thin ceramics and metals over plastics and composites, and metal f f
facings over other metal substrates have been successful in combatting f
erosion on aircraft radome and composite structures, composfite missile
radomes, and for steam turbine blade protection. The response of these
layered materials is a function of the impedance match between coating
and substrate, the degree of adhesion of the coating, and the impact
conditions.




AFML-TR-79-4122

The composite material response is designated separately, although
relatively 1ittle exists in the ability to analyze and design reinforced
composites for improved erosion performance, because these materials are
becoming more widely used for structural application when erosion 1s a
major concern, Principal attempts to construct composite materials have
concentrated on the design of carbon-carbon graphitic materials for
ra-entry vehicle thermal protection (Reference 2),

2, MODES OF LIQUID IMPACT DAMAGE

The response of nominally brittle materials to 1iquid impact is
cracking of the surface due to the direct deformation impact loading on
the surface. This cracking 1s typically in the form of disconnected
annular ring segments which eventually intersect under continued impinge-
ment and result in chips of material being removed, Eventually large
scale surface roughening and total original surface removal will occur,
If the impact velocity is great enough, individual drops will cause
massive fracture. A schematfc of the damage modes 1n brittle materials
due to liquid drop impact 1s shown in Figure 1' (Reference 3).

In porous ceramic materials such as reaction-sintered silicon nitride,
the porosity provides a means of reducing crack propagation to prevent
catastrophic fracture which can occur in denser ceramics,

The annular cracking which occurs in chalcogenide infrared windows
such as zinc sulfide and zinc selenide can result in a loss of transmission
through the window due to diffraction and absorption of the energy.
However, this loss of transmission can occur when the material surface is
not severely damaged or when material weight loss has not begun; 1t is
caused by the in-depth propagation and intersection of droplet impact-
caused ring fractures (Reference 4).

The erosion of thermosetting polymers in bulk form or as matrix
resins in laminated or chopped fiber-reinforced composites takes the form
of chunking on the surface., This breakage of the resin causes fibers : f
(individually or as cloth in a laminate) to be partially exposed; subse-
quent impacts of droplets and the lateral outflow from these droplets §

j
' !
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interact with these fibers causing column buckling or bending with frac-
ture and removal.

The erosion of ductile materials such as metals and thermoplastic
polyme 's assumes the form of initial surface depressions with upraised
edges. These edges are susceptible to the lateral outflow jetting from
the impacting drop leading to erosion pit nucleation. The depressions
themsélves are sites of local stress concentration but do not contribute
to material removal (Reference 1).

By contrast, erosion pit nucleation exhibits a different sequence
in Haynes alloy Stellite 6-B, which has been widely used as a remedy and,
in fact, is the state-of-the-art for steam turbine blade erosion protection
(Reference 5), In the wrought condition, this alloy contains 10 volume
percent dispersion of coarse iron carbide in an alloyed cobalt matrix,
Carbide/matrix cracking a]bng with cracking of slip 1ines in the matrix
is the initial damage followed by subsequent metal removal due to carbide
particle ejection caused hy lateral outflow. These carbide removal sites
then act as erosion pit nucleation sites.

A major contribution to the material removal process is the repeated
loadings of the surface during multiple impacts. At least three
explanations have evolved to explain the removal sequence. One expla-
nation finds a correspondence between erosion and fetigue in metals;
some experimental evidence exists in the appearance of eroded samples
(Reference 6). A fatigue theory has been developed by Spfinger (Reference
7) which will be discussed in a later section,

In experiments on titanium-6A1-4V alloy, Adler and Vyhnal (Reference
8) found that the material removal was caused by a tunneling phenomenon
due to hydraulit penetration and surface upheaval of regions which had
been undermined by joining of cracks which originated at erosion pits.
These tests were for water drop impacts with an imposed pressure of one
half the yield strength of the alloy.
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By contrast, Rieger (Reference 9) attributes the material removal
to plastic deformation resulting in intense local concentrations of
crystalline dislocations such that the internal stresses in these con-
centrated dislocation areas exceed the fracture strength forming a crack.
The extension and joining of these cracks results in mass loss.

As described in the preceding paragraphs, the mechanisms of material
removal even in nominally ductile metals are numerous and depend upon the
microstructure of the alloy. The general form of the erosion and erosion
rate as a function of exposure is shown in Fig- 2 (Reference 1). The
periods as labeled in this figure reflect the common terminology used to
describe different portions of the process (Reference 10). The incubation

period in which no mass loss occurs, although the damage may be accumulating

in the form of surface deformation, cracking, or fatigue is perhaps a
characteristic of individual materials and is often used as a measure of
erosion performance. The slope of the erosion vs time curve is also an
important characteristic of materials. Theories have been developed which
attempt to incorporate these features (References 7, 11, 12) and will be
discussed in Section III.

Obviously, at very high impact velocities where each drop impact may
cause material removal, the existence of incubation periods and changing

erosion rates is not descriptive of the phenomena which occur.

The deformation modes and erosion mechanisms for polymeric materials

caused by 1iquid impact have been identified by Adler and Hooker (Reference

12) and Schmitt (Reference 13). At subsonic velocities, most polymeric
materials such as polycarbonate, polysulfone, and polymethylmethacrylate
exhibit ring crack formation after drop impact but maintain a central
region of undamaged material within this ring crack., The damage was
concentrated in an annular zone associated with the region of maximum
pressure from the drop impact,

The response of polymeric materials has been found to be different
for thermoplastics such as polyethylene, nylon, polyphenylene oxide, and
thermosets such as polyimides and epoxies. In these materials, the

6
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addition of reinforcement to thermoplastics 1s detrimental to erosion
performance because the fibers tend to break out under repeated impinge-
ment enhancing the mass loss., The thermosetting polymers benefit by
reinforcement because the fibers reduce massive breakage and chunking of
the brittle resin (Reference 14),

Recent studies by Gorham, Matthewson and Field (Reference 15) on
reinforced and non-reinforced thermosetting and thermoplastic polymers /
have confirmed the above conclusions and determined that absorption of the
impact energy by ductile failure in composites 1s desirable and the thermo-
plastics provide this,

The 1iquid impact erosion of elastomeric coatings has been extensively
studfed (References 16, 17, 18) and much development of polyurethane and
fluorocarbon coatings has been conducted for protection of aircraft radomes
and composite surfaces. The polyurethane coatings developed in 1966-69
replaced neoprene coatings which has been in use since the early 1950's.
The fluorocarbons have been developed since 1972 for higher temperature
applications. Development has been empirically based through extensive
screening on rotating arm rain erosion simulation apparatus (Reference 19).

The neoprene coatings erode under T1iquid impact by a gradual rough-

ening of the surface and eventual adhesion loss as the coating is loosened _
from the surface and torn by subsequent impact. The polyurethane coating '
fails by an isolated hole typically the size of a pencil point which fails
to the substrate while the surrounding area of the coating remains intact,
Tooking as though it has not been exposed, The fluorocarbon coating erodes
by chunking of pletes from its surface and gradual wearing away until the ‘ !
substrate 1s exposed. '

Other brittle polymeric coatings such as epoxies, silicones, polyesters,
acrylics, and nonelastomeric polyurethanes fail by brittle rupture and/or
spall of the coating very rapidiy upon impact. Al1 of the above behavior
applies to low velocity impact condittions.
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3. SOLID IMPACTS ON DUCTILE METALS

Removal of material by solid particle impact 1s perhaps the most
pervasive of the erosion processes due to growing utilization of coal in
fine particulate form in energy conversion plants, other combustion product
particulates in flue gases in these plants, solid impact in jet engines
and on helicopter rotor blades, and even in large scale turbines due to
spall and subsequent impact of oxide particles on downstream hlades and
surfaces. A major National Materials Advisory Board study (Reference 20)
has addressed the erosion question of the energy conversion processes
and the reader {s referred to it.

As 1s the case with 1iquid impact, several mechanisms are recognized
as occurring depending upon the ductility or brittleness of the material
belng impacted,

A schematic of the features of erosfon on ductile and brittle
materials as a function of angle is shown in Figure 3 (Reference 21),
The understanding of the mechanisms has been discussed in three recent
papers and will he summarized here (References 22, 23, 24).

The elements of ductile metal erosfon by solid particles at Tow to
moderate velocities parallel those of liquid impact in that surface
deformation without mass loss initially occurs followed by a removal
process which has been the subject of much controversy and theory
development.

For ductile metals, the maximum erosion occurs at an impingement
angle of approximately 20 degrees (normal impact being 90 degrees),
This behavior was originally modeled by Finnie and co-workers (Reference
22) by considering the abrasive cutting by a rigid angular particle 1in
the surface of a ductile metal., A constant ratio of normal to tangential
force 1s assumed with a force vector of constant direction., In this
theory, the volume of material removed 1s a function of the mass impacting,
velocity-of-1mpact squared, the impact angle, and inversely proportional
to the horizontal component of flow pressure which is related to the
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hardness between the particle and the materifal., This approach does not
describe the erosion of ductile materials at high impingement angles
(greater than 45 degrees) adequately.

A classic analysis by Bitter (Reference 25) described the erosion
process as consisting of two simultaneous processes: cutting wear which
dominates at low angles, and deformation wear which domimnates at high
angles. This work is often referenced in erosion literature.

T111y and co-workers (Reference 26) described a two-stage process
whereby particles, instead of being rigid, produce erosion by impact and
then fragment to produce additional erosion. The fragmentation and
outward flow of particle fragments cause the erosion at 90 degrees,
according to Tilly et al, and can be used to explain the velocity
dependence of erosion as greater than two as observed experimentally.
Numerous investigations (Reference 24), for example, have shown velocity
exponents of 2.3 and greater and increased fragmentation at higher
velocities was used to explain this. This fragmentation included the
particle size effect which had been observed experimentaily since larger
particles would be more prone to fragment and produce additional damage
than small ones.

Smeltzer, Gulden and Compton (Reference 27) attribute the erosion
mechanism to localized melting during impact with attachment of surface
material to impacting particles., Although experimental evidence provides
some basis for these conclusions, the theory has not been widely ac-
cepted,

An energy balance between the kinetic energy of the particle and
the work expended during indentation forms the basis for the model of
Sheldon and Kanhere (Reference 28) which relates the erosion resistance
of the material (at 90 degrees impact) to the Vickers' hardness to the
2/3 power.
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Experiments by Hutchings using {dealized rectangular plates and
spherical particles have identified three mechanisms which are operative
in ductile metal erosion (Reference 22). These are: (1) Plowing
deformation resulting in a raised 11p on the trailing edge of the crater
which was original material pushed up by the rounded surface of a particle;
(2) Type I cutting which results in a triangular indentationwhich {is
pushed up into a large 1ip at the exit end of the crater; and (3) Type 1l
cutting in which the plate rotates backward upon impact resulting in a
smooth shallow crater from which all material {s removed. Type I cutting
is observed on plates with a negative rake angle which rotate forward in
impact (Figure 4). A plate with rake angles between 0 and -17 degrees
exhibits Type Il cutting behavior. Examples of these three craters are
shown in Figures 5a, 5b, and 5c.

Analyses of the above craters show crater volumes proportional to
the energy lost by the projectile in both plowing and Type 1 cutting;
however, velocity exponents are 2.4 for plowing and 2,0 for Type I
cutting, The assumption which contrasts Hutching's analysis with that
of Finnie 1s a constant yield pressure acting over the area of the
particle which is plastically deforming the substrate, leading to a
continually changing direction of the force vector during impact
(Reference 23),

Normal (90-deqree) impact erosion of ductile metals is attributed
to a wide variety of mechanisms including work hardening and embrittle-
ment, fracture of solid particles on impact with subsequent outward flow
of fragments, extrusion of surface, delamination of subsurface material,
melting, and low cycle fatigue. Finnie (Reference 22) describes the
condition of the surface as an extrusion of material as a result of
continuous pounding of the surface until ductile fracture occurs, This
removed materfal is flake-11ke in nature, Microscopic examinations
eliminate embrittiement, fragmentation of particles, and melting as
mechanisms with extrusion, low cycle fatigue, and delamination wear
remaining as possible explanations.

R SR
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The role of particle embedment on the steady state erosion of ductile
materials is beginning to be explored, Ives and Ruff (Reference 21)
have found the embedded particles to be much smaller than the incident
particles resulting from fragmentation upon collision. The resulting
mixed layer of deformed metal and embedded fragments 1s what is impacted
and removed by subsequent impacts.

The role of temperature in the ductile eroston process 1s notl well
understood because much of the past research has concentrated on room
temperature testing. However, considerable emphasis 1s now being placed
on elevated temperature erosive processes (Reference 20).

Correlations between thermal properties of materials and erosion
rates have been developed by Ascarell! (Reference 29) for pure metals
with the product of the l1irear thermal expansion co-efficient, which is
the temperature rise required for melting and the bulk modulus of the
metal. Other correlations also exist with the following properties:

(1) product of density, specific heat and temperature rise required for
melting, (2) melting point, and (3) the cube root of the mean molecular
weight divided by the thermal conductivity, the enthalpy of melting, the
melting temperature, and the cube root of the material density. It is
not clear that thermal properties really have significant influence on
erosion resistance of metals.

Strain rate properties appear to have very significant influence
on the erosifon resistance of materials since the strain rates are typically
106 (Sec") or greater. Conventional materials properties are measured
at low strain rates and hence poor correlation between erosion rates and ‘
conventional properties 1s found,

4. SOLID IMPACT ON BRITTLE MATERIALS

In contrast to the erosion of ductile materials where erosion is i
maximum at an impingement angle of 20 to 30 degrees, the erosion of
brittle materials is a maximum at 90 degrees (normal impact). Figure 2
gives a schematic representation of typical brittle material erosion as .
a function of angle. i

1
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The erosion of ceramics, glasses, and thermosetting polymer matrices
in composite materials by solid impact 1s receiving increased emphasis
because ceramics and composites are being employed for engine applications
where dust ingestion is a concern and ceramics are being employed as
refractory liners in energy conversion equipment. Glasses and ceramics
are utilized as optical domes and radomes of tactical missiles where solid
particle impact during captive carry on the aircraft i1s a concern, The
use of fiber-reinforced composites on helicopter rotor blades which are
operated in sandy or dusty environments has not only caused study of the
erosion behavior of these materials but has resulted in the development
of state-of-the-art protective coatings schemes including electroplated
nickel and polyurethane for erosion protection., A similar situation
exists for composite jet engine blades and vanes which must also be
protected,

The impact of solid particles on brittle materials has been analyzed
using the Hertzian theory of impact for the collision of elastic bodies
in an elastic half-space (References 1, 23, 30, 31). Although the quasi-
static stress distributions from this analysis are not accurate at moderate
impact velocities, considerably wider applicability of the estimates for
sizes of contact zones and durations of impact has been found than would
be expected based on the assumptions in the theory,

The cone and ring cracks which form in a Hertzian impact are presumed
to intersect, and with a sufficient number of them, mass loss will occur:
by breakout of chunks of materfal, Radial cracking occurs and results in
strength degradation. This process has been studied and confirmed ex-
perimentally by Adler (Reference 30) who also expanded the analysis.
However, the complexity of the process has prevented complete definition,

An alternative theory to the Hertzian analysis 1s based upon dynamic
plastic indentation which has the features of plastic deformation of the
contact area between the particle and the target material, radial cracks
propagating outward from the contact zone, and lateral cracks that initiate
beneath the contact zone and propagate between the radial cracks on planes
nearly parallel to the surface (Reference 32).

12
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The model predicts an erosion volume loss dependence of velocity to
the 2.5 power and particle radius to tha fourth power, Experimenta) data
agreement was reasonable for silicon carbide particles impacting hot
pressed s11icon nitride and for quartz on hot pressed magnesium fluoride
but other particle/target combinations did not aqree as well (Reference 33).

It is avident that the fracture iheshold depends on target parameters
such as the surface flaw size distribution, fracture toughness and elastic
wave speed (Reference 34), However, the equivalent_parameters invoived
in the erosion process have not yet been seriously explored. Intuitively,
it would be anticipated that the toughness 1c very important, but the roles
of microstructure (grain, pore size, and morphology) and the elastic
properties cannot be meaningfully presupposed (Reference 20},

Although ceramic materials will normally be used for high temperature
applications either as primary structures, rotating components, or pro-
tective 1iners, very 1ittle soli1d particle, erosion, or impact data at
elevated temperatures exist in the literature for materials of interest,
Changes 1n the plastic deformation behavior of these materials at elevated
temperatures, due to increasing dislocation mobilities, would change their
erosion characteristics,

Research that has been done (Reference 35) has identified plastic
material removal processes in ceramics at elevated temperatures. These
processes exhibit a maximum erosion rate at incidence angles of 15 to 20
degrees and a functional dependence on the inverse of the target hardness,
Localized fracture is a more common erosion mechanism with a dependence
to some extent on the inverse of the fracture toughness and the hardness.

Recent work on predictions of crack formation and growth (as a func-
tion of critical flaw size), strength degradation, crack size,and lateral
crack depths 1s reviewed by Ruff and Wiederhorn (Reference 35) for single
particle impacts.
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Sol11d particle erosion of bulk polymeric materials has received
virtually no emphasis because no applications are extant where solid
impact is a problem.
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SECTION 111
EROSION PREDICTION TECHNIQUES

Predictive techniques for estimating the 1ife of components subject
to erosive environments are in a preliminary stage of development because
of the complexity of the processes which have been described in the
preceding sections. These predictive techniques are required to gauge
the expected performance of components and systems during single and
multiple flights in the case of aircraft, during operation of large steam
turbines for thousands of hours, and for the prediction of erosion on
scale-up to operating size in energy conversion plants. Most laboratory
erosion tests are conducted under accelerated conditions and methods for
translating those results to real 11fe equipment prediction are required;
particularly in coupled environments where one or more, or perhaps all,
environmental effects are accelerated. Accurate prediction techniques
depend upon a better understanding of.the individual phenomenological
effects and the ways to couple them.

In view of the inadequate understanding that exists for translating
single particlie impacts to multiple particle erosion, 1t should be no
surprise that predictive techniques are in an early stage of development
even without various additional effects coupled in. Two theories for
11quid impact erosion will be described and their inadequacies are to
be expected considering the state-of-the-art. Similarly, the solid
particle erosion theories which have already been discussed in connection
with the modes of materials damage will be summarized.

1. THIRUVENGADAM'S THEORY OF LIQUID IMPACT EROSION

Thiruvengadam (References 11, 36) developed the concept of erosfon
strength Se, which was defined as the energy-absorbing capacity of the
material per unit volume under the action of erosive forces. 1In his
model, the erosion process is controlled by two oppnsing phenomena, the
time-dependent efficiency of absorption of impact energy by the target
material, and the attenuation of the impact pressure due to changing
surface topography as the target material erodes.

15
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The intensity of a single drop impact is defined by Thiruvengadam
as!

2
Ica Pw (1)
OWhPW

where lc is intensity

Pw 15 pressure ‘imparted to surface by the 1iquid impact
ew is density of water

Ew is compressional wave velocity for water

The attenuation of the intensity of impact, 11 is assumed to be
inversely proportional to the perpendicular distance to the impact plane
raised to the nth power.

. (A"
Iy = (e e (2)
Where
I1 = attenuated intensity
A = proportionality constant
R = mean depth of erosion from original surface
Rf = thickness of 1iquid layer on surface

The intensity of erosion which is defined as the power absorbed by
a unit eroded area of the material is designated lgs

.5 R
Ie se a7 (3)

The intensity of erosion is assumed proportional to the impact
intensity:

Ip = nli (4)

Where n = n(t) is a time dependent material property governing the
efficiency of energy absorption.
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Equations 2, 3, and 4 are then used by Thiruvengadam (Reference 36)
to derive the normalized form of the differentfal equation gouverning the
erosion intensity,

a7 1 (2m + 1)/m

&t r(;rm

dn .
dt 0 (5)

S|

This equation has been normalized with respect to the maximum
intensity of Imax and the time T at which the maximum occurs (Figure 2).
These parameters are:

I
t T - d
vz Ty 0ol JRe o=

M

The normalized differential equation can be solved, thus:

T n

[n+k?X ; 1 ;: nd«]

n/n + 1 (6)

Values of n = 2 based on shock attenuation in underwater explosions
and n(r) = 1 -exp{-1*), a Weibull distribution based on analogy between
the repetitive loading in un erosive environnent and fatigue of metals
under repeated loading cycles, the intensity of 1 as a function of
can be calculated. The Weibull shape parameter, a, is a function of the
magnitude of the applied stress and the material 1tself.

Adler (Reference 1) has recently pointed out that Thiruvengadam's

theary 1s dependent upon the presence of a layer of 11quid on the material

which attenuates the loading pulse as it travels through the layer. The
parameter, n, i1n Equations 5 and 6 1s intimately related to this theory

and 1t has no physical meaning in most 1iquid drop situations since liquid

layers, either are negligibly thin or nonexistent due to aerodynamic
flow considerations in most erosive applications of interest.
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Thiruvengadam's model has been generalized to cover all 1iquid drop
impact cases and a nomograph was generated based on cavitation data which
enabled one to estimate erosion strength and 1ife of materials as a
function of the erosion intensity in a particular application (Figure 6).
However, it would appear that extension of the theory to 1iquid drop
impact requires assumptions which are removed from reality.

2,  SPRINGER'S THEORY OF LIQUID IMPACT EROSION

Springer, et al (References 7, 37, 38, 39, 40), organized erosion
data from the 11terature and developed a theory of erosion based upon
fatigue concepts. This theory which was developed under Air Force
sponsorship was extended from monolithic materials (Reference 37), to
analyze erosion of composite materials (Reference 38), coated materials
(Reference 39) and electromagnetic transmission losses in transparent
materials (Reference 40),

The model is based upon the assumption that the incubation period,
acceleration period, and maximum rate periods of the characteristic
erosion curve as shown in Figure 2 can be represented by the linear
relationship:

Mr = g (N - NY) (7)
where

M* 1is dimensionless mass loss

a* 1s dimensionless rate of mass loss

N; {s dimensionless number of impacts per site

N1 1s dimensionless number of impacts corresponding to
the incubation period

This representation is shown in Figures 7a and 7b,

Based upon the use of Miner's rule as it applies to the torsion
and bending fatigue failure of ductile metals and extending that analysis
to the stresses induced by random drop impact loading on the surface,
Springer derives the expression for impacts in the incubation period as
follows:

)2

Ny * 8y (3 (8)
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where a, and a, are constants

p is the interfacial pressure due to a water drop impact

and
4cu {b=1)

b-1
O-

(T-20) DV - (=2 ]
u

v 1s Poisson's ratio
9, is the ultimate tensile stress

o is the endurance Timit
2
b

i = 2 « —
and b is derived from S - N curve in fatigue, b TBE;ETEL
(=)

1
A plot of existing data on 1ncubation period versus the ratio of §

over P 1s shown in Figure 8. The values of n; were obtained from the
erosion tests and the values of S and P were calculated from the impact
conditions (drop size, velocity and impact angle) and the materials

properties (ou. ors b2, p, E, and v).

(°I b-1 is assumed to be << 1

9y in these calculations.

A least squares fit to the data becomes:

5.7
* -6 .
Ny =7 x 10 (%)

which {is the solid line in Figure 8.

A comparison of the model with singie point data (total mass loss

is given at only one instant in time) 1s made by rewriting Equation 7 in
the form:

M
2 N¥* - NT | (1)

+)
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Thic comparison is presented in Figure 9 and agreement is reasonable
despite the assumptions which were made. It is pointed out that the !
model as described is limited to N: > 1 since fatigue requires multiple {
impact and % : B as the lower 1imit for the impact conditions. The
upper 1imit requires that the mass loss vary linearly with n and typically, ‘

»*
n* < 3n1. -

Adler (Reference 1) has described the nature of the assumptions and A
what he believes the 1imitations of the Springer model are, Among these
are arbitrary selection of a constant value of b which is applied to all
metals, polymers, and ceramics. This and neglecting ou/oI removes the
dependence on the fatigue curve. The ratio of S/P becomes the ratio of
the static ultimate tensile stress to the radial tensile stress component,
The material constants required are then the ultimate tensile strength
and Poisson's ratio. Thus the curves become & simple empirical fit to
the incubation impacts N; versus ratio of S/P and m*/a* versus n* - n:
in Adler's view.

3. BRITTLE MATERIAL - LIQUID IMPACT THEORIES

Attempts to model the erosion of brittle materials have been made : I
by Adler (Reference 41} and Engel (Reference 42), Adler's approach was
based upon erosion pit nucleation and growth, While this approach is
physically realistic in representing the erosion process, it has been
impossible to specify the explicit forms of the nuclear and growth rate
functions. Thus, while a general framewark has been formulated, it has
not yet been implemented.

A statistically based analytical approach for liquid drop erosion
of brittle materials was constructed by Engel and 1s a complex conceptual
maodel which makes numerous approximations to the physical processes 1in : }
erosion. However, model deveiopment was never completed due to retirement !
of the author,
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4,  HERTZIAN IMPACT THEQRIES

Hertz (Reference 43) described the collision of a deformable sphere
with a deformahle target for elastic materials, The time-dependent radius
of the contact area is:

a(t) = a; sin /2 L%%} (12)

where a1 is K]/s rV°2/5 = maximum contact radius

T 1s 2,943 KZ/5 rvo'lls =« duration of the bodies on contact

1 1 .
K is 1,25 « Py [p1°12 + pzczzj elastic properties of impacting
bodies

P1y by BrE densities of sphere and target

Cy» C, are elastic wave velocities for sphare and target respectively.

The elastic wave velocity may be calculated:
2 1 E
Zal £ (13)
1 -V
where E 1s Young's Modulus
v 15 Poisson's ratio

For a deformable sphere impacting a rigid body, Equation 12 becomes:

s ) VR ey
d8) = (i R Byl gl (14)

When the relative velocity between the two colliding bodies 1s zero,

2/5
1/5 v
a(t) = ay = (% ™) r (E$) at time t = ; (15)
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The maximum contact radius 1s determined by the elastic wave speed
¢, which is a function of the elastic properties as shown in Equetion 13.
For a rigid sphere, which is an idealized particle in solid erosion, <
approaches infinity and 2, approaches zero.

The form of the pressure distribution between an impacting liquid
drop and a solid surface is different from that of a solid body impacting
that surface. The solid body impact pressure will be a Hertzian paraboloid
d1str1hut1on with a maximum at the center (axis of symmetry of body)
(See Reference 2 for a thorough discussion),

2

Papmax Y1 - 55 (16)
a

By contrast, the form of the 1iquid pressure distribution is not
known exactly. Figure 10 11lustrates two experimentally measured and
two numerical code calculations of that pressure distribution under
1iquid drop.

The magnitude of the drop impact pressure 1s calculated from the
water hammer pressures as follows:

A (17)

Where

Py is density of 1iquid
Cw 1s acoustic wave velocity in the 1iquid
VO 15 the 1iquid 1mpact velocity

Taking compressibility of the target into account results 1in:

o (18)

where @t and Ct are the density and compressional wave velocity in the
target material,
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Engel (Reference 44) also modeled the impact of a water drop on a
rigid surface and obtained the expression:

a 2
Pu = 7w Gy Yo 19
where o/2 results from the spherical shape of the water drop.

In the expression, o was a reduction factor for the particle velocity
in the compressed zcne of 1iquid as the compression wave traverses the
drop (Reference 45), In this analysis, Pw 1s the average pressure over
the circle of contact at the time the peak pressure is reached.

Considerable analysis and effort in calculating and measuring the
value of Pw have occurred in the erosion literature (References 46, 47,
48, 49), These results are summarized in Figure 10 (References 50, 51).

5.  BRITTLE MATERIAL MOCELS

The two models which were previously discussed in Section II for
brittle materials are based upon Hertzian cracking, crack propagation
and chipping and one based on the contribution of plastic deformation to
crack formation and surface chipping, These are discussed in Reference
35 at length and the reader 1s referred to that publication,

The elastic plastic theory of Evans et al (Reference 32) predicts
the erosion rate as follows:

V- Vo19/6 173 919/12 KC-4/3 yr174 (20)

where V 1s volume lost per impact

V° is impact velocity

r 1s particle radius

p 15 particle density

Ke 1s stress intensity factor
H 1s dynamic hardness
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This equation predicts exponents on the equation for mass loss ratio
(mass eroded/mass impacted):

a b

N-k~| r v (2])

of a = 3.7 and b = 3.2 which are in reasonable agreement with experimental
data.

6. EMPIRICAL MODELS

While elements of the fundamentals of impact processes are included
in al1 of the analyses previously described, their state of development
is such that empirical data fitting has been used for years in erosion
for performance prediction. Initially this was because the processes
were so complex that an appropriate analytical framework did not exist.
As this understanding grew and the true complexities emerged, 1t became
expedient from time and cost standpoints to use empirical models.

Erosion problem areas where such models have found particular use
are those of moderate velocity tactical missile radome, very high velocity
reentry vehicle nosetips and heat shialds, and gas turbine blades
(References 2, 52, 53).

Schmitt has utilized equations of the form:

MDPR = K V* sin®e (22)
where MDPR 1s mean depth of penetration rate
K 1s a constant
V 1s velocity

0 1s impact angle
u, B are empirically determined exponents

For uncoated two-dimensionally reinforced composite materials, a
sine squared expression best fit the data in a velocity regime from
1600 to 5500 feet per second. For three-dimensionally reinforced com-
posites, a sine cubed expression provided the best fit (Reference 2).
Monolithic ceramics erosion was described by the following eaxpression:

MDPR sin 8 = K (V sin 8)° (23)
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In the expressions for ceramics, laminates and bulk plastics, the
velocity was typically the fifth to seventh power. This very high
dependence upon impact velocity for liquid impact erosion in a moderate
velocity regime has been confirmed by numerous experiments (References
54, 55),

For the carbon-carbon composites and graphites, Equation 22 with
B = 3, provided the best fit for the data in the speed regime 4000 to
5500 feet per second, Table 3 summarizes these data (Réference 2).

Extrapolation of rain erosion data from subsonic to supersaonic to
hypersonic velocities has been difficult because of the changes in response
of the matarials in the various velocity/temperature coupled environments.
Thus the correlations of data such as those of Schmitt have found only
Timited application (Reference 56) and only then in the velocity regime
in which they were obtained.

25
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SECTION IV
EROSION DATA SOURCES

1. LIQUID IMPACT

The rain erosion data are concentrated in the proceedings of the
four International Erosion Conferences (References 6, 8, 9, 13) and the
Special Technical Publications from symposia sponsored by ASTM Committee
G-2 on Erosion and Wear (References 2, 5, 37, 62), An axcellent compilatfon
of multiple 1iquid impact arosion data may be found in Tables D=1 and D-2
of Reference 7 along with specific references to the original reports in
which these data may be found, Included are many technical reports which
are otherwise seldom cited, i

The 11quid impact erosion data are often prasentad in the form of
‘ curves of weight loss or erosion depth us a function of time of exposure.
Examples are shown in Figures 11 and 12 for materials exposed at 410 m/s
and a rain concentration of 10'5 g/m3 in the Dornier Sysiems GmbH rotating
. arm multiple impact factlity (Reference 54),.

The comparative behavior of nonmetallic materials which have been
exposed to identical velocity/impact angle/erosive conditions in the AFML
rotating arm rain erosion simulation apparatus at 223 m/o 1s described in
References 14, 57, and 58 and at speeds of 1600 m/s from the Holloman
rocket sled rafn simulationin References 2, 52, 59 and 60.

Erosion data on metallic materials may be found in the Erosion .
Conference proceedings and in the Special Technical Publications previously

referenced. An important reference report on turbine blade materials _

| 11quid impact erosion which summarized much of the existirg understanding '

and data on these materials may be found in Reference 61. Other aspecially !

important sources of data on turbine mater{als are References 62 and 63.

The comparative behavior of brittle materials 13 described for
rotating arm tests in References 4, 64, 6., and 66, In general, the
velocity exponents for glasses and ceramics are considerably higher
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{up to 13) than for metals or plastics (typically & to 7). Most brittie
materials have criteria for damage other than weight loss; for example,
reduction in transmission through optical materials or catastrophic
fracture in supersonic radome ceramics,

2,  SOLID IMPACT

The accessible data base for solid particle impact erosion of
materials {s gquite Vimited because much of the early work on metals was
considered proprietary to jet engine manufacturers and there has not
been extensive research on ceramics. It is only with the current emphasis
on erosion in energy conversion systems that widaly available data are
becoming disseminated,

A recent comprehensive screening program was undertaken by Hansen
(Reference 67) using an S. S. White Abrasive Unit for impacting over
200 materials with 27 micron alumina particles at velocities of 170 m/s
at room temperature (20°C) and elevated (700°C) temperatures. Impingement
angle was 90 degrees. Figures 13 and 14, which are taken from Reference
67, show the relative ranking of metals and ceramics normalized to the
resistance of Haynes Stellite 68, which is a widely used erosion resistant
alloy. Similar rankings are shown inTables 4 and 5 which identify the
materials,

Conclusions from these data are that imprevement over Stellite 6B
was at best 30 percent for any of the metals either at room temperature
or 700°C. Furthermore, similar rankings were obtained with increased
erosion volumes at a 20 degree fmpingement angle where the erosion would
be maximized in ductile materials. Molydenum and tungsten were exceptions
with improved resistance of a factor of two or more under all conditions,

The ceramic materials (Figure 14) and some cermets (Figure 15)
exhibited relative performance which varied from several times as erosion
prone as Stellite 6B! to a factor of three to five better at room tempera-
ture., This relative Improvement was somewhat greater at 700°C, &s might
be expected. Several materials such as cubic boron nitride and diamond
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exhibited no weight loss at all at either temperature. More practical
ceramics such as siticon nitride, silicon carbide, 2irconium diboride~
tungsten carbide-alumina mixtures and boron carbide, which were hot pressed ﬁ
or pressed and sintered, gave improved erosion resistance compared to the
Stellite 6B. The ceramic results were very deperdent on density and
porosity.

Excellent results were also obtained with coatings of chemical vapor : 4
deposited silicon carbide, diffused tungsten carbide and especially '
electrodeposited titanium diboride. Results are summarized in Tables 6
and 7 for these coatings. Thicknesses of 50 tu BO microns were required
to achieve erosfon resistance and the 700°C tests demonstrated the need
for thermal expansion match between the coating and substrate, }

Data on metallic engine alloys including 2024 aluminum, titanium=-
‘ 6A1-4y, 410 stainless steel and 17-7PH steel may be found in References
27 and 68, A variety of dust types (including alumina, si1{ca-rich
Arizona Road Dust, and laetrite particles) was employed.

Ti11y and Sage (Reference 69) obtained data on metal, plastics and
ceramics as a function of impacting velocity, particle size and type and
impingement angle. Similar data were obtained by Sheldon (Reference 70)
on ceramics and matals, |

The recent work of Tabakoff and co-workers (References 71, 72) have
included the effects of aerodynamic flow and temperature with solid
particle erosion of gas turbine materials. They have determined a velocity
dependence of 3.8 for the exponent which is considerably greater than
earlier research had indicated,

e g = = e 3 — — —— ——
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SECTION V
MATERIALS PROPERTIES EFFECTS

Materials developers concerned with combatting erosion by develcping
materials with 1mproved 11quid and solid particle erosion resistance have
long been searching for appropriate materials properties with which to
correlate erosion resistance. The hope 1s to discover a simple materials
property or group of properties to maximize to provide this improvement,
To date, no satisfactory simple correlation has been found because most
materials hardness or strength properties are measured at loading rates
which are not representative of those in impact situations and hence are
not indicative of the controlling behavior of the material,

1. METALS

Attempts to provide correlations with material hardness (References
22, 28, for example) have been at best moderately successful. Changes in
the condition of the surface under repeated impact have the effect of
work hardening or deforming the surface so that the original surface
hardness has 1ittle controlling effect on the erosion process, See
Reference 73 for a discussion,

Numerous correlations have been attempted with strain eneryy pro-
perties and some success has been achieved by Thiruvengadam (Reference 74),
Hobbs (Reference 75) and others. However, there are exceptions to this,
particularly with 5tellite 6B, which has exceptional erosion resistance
but only moderate strain energy based on tensile tests,

Gould (Reference 76) demonstrated that the exceptional erosion
resistance of Stellite 6B cobalt-chromium alioy was due to the ability
of its cobalt base matrix to absorb energy in undergoing a strain-induced
phase transformation fion face centered cubic to hexagonal close packed
structure. The erosion resistance was also shown to be independent of
hardness or grain size. Therefore, it appears that the strain energy
properties provide at least one clue to developing improved materials,
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Other correlations (Reference 29) with thermal properties such as
thermal expansion coefficients, specific heat, temperature rise required
for melting, melting point, etc, have been developed, but a clear cut
correlation 1s not evident,

2. POLYMERS

Development of polymeric coatings, rompositas and bulk plasfics with
erosion resistance has concentrated on elastomeric coatings for rain
erosion resistance and assessment of plastics behavior. Correlations with
properties have been minimal because the rotating arm apparatus (Figure 6)
provides 8 direct simulation of the actual rain encounter (except for
cantrifugal force effects) and success has been ach&aved in improved
polyurethane and fluorocarbon coatings by doing ranking and development
with the rotating arm. Correlations between rotating arm ranking and
actual flight exposures have been obtained (Reference 77) and the performance
of improved materials 1n actual service has further confirmed the use of
this apparatus (Reference 78).

Conn and Thiruvengadam (Reference 79) utilized a split Hopkinson
pressure bar apparatus to study the dynamic stress-strain characteristics
of elastomeric rain erosion resistant coatings., This apparatus provided
strain rates of 104 sec-1 which approached the loading rate in an actual
drop impact. Considerable controversy ensued over utilization of the
apparatus because of the assumptions associated with uniaxial stress for
2 drop impact on which 1ts use was predicated (Reference 13). No direct
correlation between strain rate properties and erosion resistance was de-
termined in these studies.

Oberst (Reference 80) descrihed the erosion of bulk nolymers as
related to their notch impact strength and found a genera’l correlation
between the two. However, scatter in values of notch impuct strength
and other complications in the experiments (perforined at Dornier) such
as temperature rises prevented a definitive correlation,
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3. CERAMICS

The plastic deformation observed in ceramics at elevated temperatures
and/or low impact angles 1s particulariy important and results in residual
stresses which can cause crack formation and chipping (Reference 35).
This behavior is governed by the dynamic hardness (hardnesses measured
under impulse loading) and the critical stress intensity factor of the
matertfal. The ductile-to-brittle transition of ceramics 1s determined
by the behavior of these variables as a function of temperature but tests
have {ndicated the critical stress intensity factor of ceramics is not
dependent on temperature. There 1s also indication that dynamic hardness
may be {ndependent at least for short times (less than 1074 sec), The
ability of the elastic~-plastic theories to predict ceramics erosion
indicates that the dynamic toughness which governs those elastic-plastic
processes 1s a critical property for these materials.

The influence of density and porosity on the 1iquid impact erosion
of reaction sintered s11icon nitrides has been described by Schmitt
(Reference 81). He determined that a tradeoff could be made between
maximizing density/minimizing porosity (which resulted in minimum surface
erosion and increased in-depth cracking) and intermediate density/porosity,
where strength properties were sufficient for structural purposes and
surface erosion was acceptably moderate while cracking was eliminated.
It appears that for certain ceramics the porosity can be tailored to
cause crack arrest in severe erosive exposures (in these tests, which
were Mach 4 velocity rain impacts). ; :

Other experiments by Schmitt (Reference 82) on most state-of-the-art '
ceranics showed that some monolithic materials (alumina, beryllia, hot
pressed silicon nitride) which had extremely high strength properties
would survive a 1600 m/s multiple {mpact exposure with no damage. Still
others (Pyroceram, cordierite, slip cast fused silica) exhibited massive

fracture, particularly at higher impact angles.
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Thus, 1t can be concluded that for the above classes of materials,
no simple set of materials properties can be optimized for erosion re-
sistance. Dynamic properties at strain rates comparable to impact
loading are the keys to erosion performance. For these reusons ampiri-
cal determination of erosion resistance and extensive screening and
relative ranking of materials have proven to be cost-effective ways of
developing materials, particularly for multiple impact erosion environ-
ments. Studies of other properties which would be expected to influence
erosion resistance such as grain orientation, size and toughness, have
not been conducted as yet.
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SECTION VI
MATERTALS TO RESIST EROSION

The resistance of materials to Tiquid drop and solid particle impact
erosion has been determined experimentally with ranking of materials as
a major output of these determinations. Due to the complexity of the
erosive processes, particularly in multiple impingement, this approach
has proven cost effective because actual fleld experience has confirmed
the improved performance of these materials.

1. METALS

Liquid drop impact in large steam turbines led the manufacturers of
such equipment to screen and rank metals for erosion resistance. Thin
coatings were avoided because of very long 11fe continuous operating
conditions which dictated reliance on inherent materials characteristics
rather than on a thin protective layer,

These screening tests led to the selection of Stellite 6B alloy
applied as protective leading edge shields or as bulk material, Service

experience proved that the Stellite 6B combatted the problem so effectively

that the steam turbine manufacturers were able to de-emphasize research
for new erasion resistant blade materials. A case history of this
material development may be found in Reference 20.

For helicopter main rotor blades operating in dusty or sandy un-
improved areas, the solid particle impact damage was sufficiently severe
that dynamic operation of the blade became unstable due to pitting and
roughness on the leading edge perturbing the aerodynamics. After con-
siderable Jevelopment, the use of electroplated nickel, which had been
pioneered for 1iquid impact erosion protection by Weaver (Reference 83),
was adopted for rotor blade protection, The nickel was applied either
as an electroformed nickel sheath adhesively bonded, or fastcned to the
aluminum rotor blade, or plated onto a stainless steel sheath which was
then fastened to the rotor ieading edge.
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This system or some variation of it 15 sti1l the state-of-tne-art
for rotor blade erosion protection including that for advanced composite
graphite epoxy or Kevlar-epoxy constructions. Because of welght require-
ments, the metal is used only on the high impact angle and severe exposure
areas, while the remainder of the blade is coated with elastomeric
polyurethane,

The polyurethane alone as a protective coating was investigated but
did not provide sufficient long term resistance to severe particle impact
environments; hence, it has only been used in low impact angle surfaces.

The selection of metals and metal alloys for gas turbine vanes and
blades has traditionally been based on mechanical strength properties,
fatigue resistance, and creep resistance in rotating dynamic environments.
Tolerances are typically extremely tight and allowances for erosion
protective measures are minimal. As a result, thin chemical vapor deposited
or sputtered coatings have been investigated. Titanium carbon-nitride,
titanfum diboride, ferric boride, and cther coatings have been attempted
with Timited success because of thickness 1imitations, deposition parameters
which adversely affected fatigue 1ife, corrosion resistance raduction due
to galvanic action between coating and substirate, or application cost,
Sputtering (Reference 84) offers one methnd for application which does
not adversely affect the substrate; silicon carbide and tungsten carbide
sputtered coatings have demonstrated some promise.

Titanium diboride (Reference €7) has exhibited excellent resistance
to solid particle impact although 1t has not been optimized for Jet engine
applications.

2,  CERAMICS

Impact erasion nt ceramic materials has concentrated on rain erosion
effects on tactical missile radome materials at high velocities until
recently when solid particle erosion on refractory liners, runway debris
on optical missile domes,and the desire to use ceramics in turbine
engines to increase performance has led to consideration of such effects.
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A summary of recent efforts to understand mechanisms of solid particle
impact and analytically model those effects may be found in Reference 35,

As discussed in Section V, the use of ceramics with resistance to
Tiquid fmpact has been 1imited because additional requirements for thermal
shock resistance, fabricability, and lower cost have dictated the use of
s1ip cast fused silica and pyroceram for missile radomes.

Recent research and development has explored reaction sintered and
hot pressed silicon nitride for such applications, but the apparent
sensitivity of these materials to surface flaw distribution has rendered
their utility somewhat suspect., Fiber reinforced ceramic constructions
such as silica with colloidal silica matrix, sil1ica with ethyl silicate :
matrix, and alumina fabric with alumina matrix have also been evaluated ,
but severe surface erosion was experienced even though catastrophic '
fracture did not occur (Reference 60).

Th,. .oramic coatings have been utilized for composite radome con-
_struction protcction with 1imited success (Reference 19). The key to
utilization was maximizing the forgiveability of the coating to the
impact so that 1t did not spall or fracture off due to coating-substrate
impedance mismatch. A s1ip cast alumina shell adhesively bonded to glass-
polyimide laminate withstood a Mach 3 multiple rain exposure while
optimized plasma-sprayed coatings did not survive the test. Surface
erosion was observed on the slip cast alumina but 1t did survive,

Solid particle erosion resistance of numerous refractory materials, ,
ceramics, and cermets has been determined by Hansen (Reference 67).
Matertals such as boron carbide, tungsten carbide, silicon carbide,
silicon nitride, and titanfum diboride were found to have more than four
times the erosion resistance of metals such as Stellite 6B and 304 and
316 stainless steel, Cubic boron nitiride and industrial diamonds were
found to not erode at all.
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The use of ceramics for many large scale applications is of course
dictated by economies of manufacture, installation, and maintenance.
Discussion of these implications can be found in Referance 20,

3. ELASTOMERS

One of the most effective ways of combatting 11quid impact erosion
effects on reinforced plastic composites in aircraft has been the use of
elastomeric coatings of thicknesses 0.2 mm to 0.3 mm (0.008 to 0.012
inches) (Referencas 19, 77). These materials have been developed for
aircraft radome protection to have combinations of rain erosion resistance,
antistatic properties for reduction of precipitation static buiidup on
plastic surfaces, dielectric transmission for radar and other electro-
magnetic radiation, thermal flash resistance for protection from ther-
monuclear burst thermal pulse and room temperature curing, and spray
application characteristics.

Coatings hasad upon neoprene rubber, which were daveloped in the
early 1950's, have been superseded as the state«of-the-art by moisture
curing and two component polyurathane coatinqs, The polyurethane coatings
have proven to have greater erosfon resistance,improved weathering
characteristics, and much longer 11fe in service than the neoprenes.

In addition, a class of coatings based upon fluorocarbon elastomers
has also been developed which possesses long-term high temperature (260°C)
capabflity and extremely good weatherability while maintaining the com-
binations of properties previously mentioned.

Solid particle erosion tests of these volyurethane and fluorocarbon
coatings have demonstrated 1imited capability; however, the fluorocarbon
coatings have shown sand erosion resistance at temperatures of 500°F in
short duration exposures, :
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Tasts on other elastomeric materials such as silicones have demon-
strated no 1iquid impact erosicn resistance due to the lack of tear
resistance and inability to withstand the repeated deformations under
drop impingement., By contrast, the poiyurethane and fluorocarbon elasto-
meric coatings have high elongation, low modulus and moderate tensile
strengths, and withstand impact for protracted periods,

The development of these coatings has been empirically based because
the rotating arm simulation apparatus on which they have been tested
provides a very close simulation of the subsonic rain impact conditions
to which they are exposed and correlations have bean developed between
the modes of fatlure and relative rankings of materials in this apparatus
and the actual performance in flight exposures.

4.  PLASTICS

The erosion resistance of monolithic and reinforced plastics has
been determined as a baseline substrate material which must be protected
from 11quid and solid impact. Only in a few i1solated instances, 1.e,,
protective covers for certain elactromagnetic antennas, have thesa
plastics been considered as erosion protective materfals themselvas
(Raference 14),

Thermoplastic polymers such as nylon, acetal, polyethylene, and
polyphenylene oxide have provided resistance to rain drop impact;
although their application has been 1imited because of thermal and
strength inadequacies,

Tests of reinforced composites have shown that chopped fiber rein.
forcement provides less erosion resistance than c¢loth reinforcement and
that only by resorting to unusual construction, such as all fibers
oriented end-on to the surface being impacted, could any significant
erosion resistance be achieved., These unusual constructions are typically
impractical because of lack of structural properties,
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SECTION VI
DESIGN TECHNIQUES TO AVOID EROSION

The design methodology for avoiding erosion in impact situations is
not well developed because, with the exception of some aerospace systems
or components, erosion has typically been an afterwthe-fact occurrence

or other requirements have dictated the configuration, choice of materials,

or constraints on erosion prevention measuves.

1. REDUCTION IN VELOCITY

As previously discussed, the velocity of impact is the most important

variuble in governing the severity of erosion and the most important
influence on erosion rate, However, increased velocity is almost always
desired whether 1t 15 aircraft and missile flight capability, turbine
engine fan speed for efficiency. movement of coal particles in energy
conversion processes or velocity of steam turbine generator blades,

Redesign of equipment to reduce the speed at which impacting drops
or particles strike eroding surfaces should be accomplished whenever
possible to reduce the velocity below the erosion threshold vaelocity.

2. REDUCTION IN IMPACT ANGLE

The variation of ernsion rate in 1iquid impact depends upon the
sine squared of the angle for composite laminates (Referance 52) and the
sine cubed of the anqgle for 3-dimensionally reinforced carbon composites
(Reterence 2), Since most of the erosion processes are governgd by the
prassure loading as developed from the normal component of the velocity
vector (V sin 8), reduction in the impact angle 1is perhaps the most
effective design method for mitigating erosion effects in liquid impact.

The erosion rate varies with the angle for solid particle impact
with ductile materials showing a maximum rate at 20-30degrees and brittle
materials showing a maximum for 90-degree impact. Therefare, depenh1ng
upon the types of materials being protected, an impact angle selection
and design must be based accordingly.

Angles of 15 degrees or less will usually minimize erosion.

38

wdrim L.

e

Cm e e




AFML-TR-79-4122

3, REDUCTTON IN DROPLET SIZE OR PARTICLE DIAMETER

The 1nfluence of droplet or particle size on erosion is a minor but
important one. The smaller the drops or solid particles are, the less
damage will be experienced.

One technique which is most appropriate is utilization of shock layer
shattering and breaking up of rain drops to mitigate the impact damage
by fragmenting the drops into very small pieces which do not damage aft
surfaces at supersonic speeds. This phenomenon has been the subject of
numerous papers and sessions at international erosion conferences and
the knowledge on the subject is summarized in References 85 and 86. .

The shock layer protection has been extended to optical domes and
even to certain cone shapes by use of tapered cylindrical covers over
the optical domes or wide annular rings at the base of the cones. The
shock layer attached to these fixturaes provides sufficient distance
from the shock to the surface to enable shattering to occur. Obviously
thase techniques apply primar{ly to Tiquid impact supersonically, as the
shock layer will have no effect on solid particles and even deflection
will be minimized (References 87, 88).

4. PARTICLE CONCENTRATION REDUCTION

Since the erosion is directly proportional to the number of particles
being struck, the elimination or reduction of significant numbers of
particles {s desired for protection of surfaces and components.

Liquid impact has caused speculation for debris layer shielding of
materials dus to impacted water layer and/or target debris on the surface,
This would reduce erosion since that layer would absorb considerable
energy of impact and reduce the loads delivered to the material surface.
However, some evidence exists for 1ittle or no affects of this layer
(Reference 89) and others for some measurable shielding provided by this
layer.
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Solid particle centrifugal separators have been used on helicopter
engines for reducing the concentration of particles ingested into the
fnlet, Although these separators result in performance penalties, they
are successful 1n prolonging the 1ife of engine blades operating in
dusty environments, Similar techniques may 1ikely be required for direct
gasificatiun in coal energy systems,

§. LEADING EDGE RADIUS EFFECTS

‘The sharpness of the leading edge in turbine blades, aircraft air
foils, or other forward facing surfaces has an interesting effect on
11quid impact erosion. Although no quantitative studies hava been done,
many investigators have observed that erosion 1s aggravated when the
leading edge radius 1s reduced so that the dimensions of the edge are
similar to or less than the impacting drops. The concentration of
stresses under the impact loading aggravates damage while in a blunter
shape, these stresses are dissipated with correspondingly less damage.

The only method known to reduce these effects 1s to make saw teeth
in the knife edge. Experiments at the Air Force Materials Laboratory on
composite knife adge specimens showed that sizing of the tooth point-to-
point spacing versus depth could be optimized to cause significunt
reduction in erosion (Reference 90). No such effects of leading edge
radius are known in solid particle erosion.

6.  FLUSH MOUNTING/GRADUAL BENDS

The impact of 1iquid drops on surfaces shows that preferential
attack will occur at any discontinuity in the surface, even though the
two sides of the seam are flush mounted. This occurs in high spaeed

11quid impact but has also been observed in low speed rotating arm tests.

The dasign of radomes with very siender ogival or conical shapes
(for drag purposes) has typically employed a sharp pointed metal cone
for erosion protection in the 90-degree impact area. However, it has
been essential to inciude a conical hase diameter of the metal which
s1ightly extends beyond the outer radius of the ceramic tip to prevent
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attack of the ceramic at that edge with fracture and potential loss of
the tip,

Flush mounting i{s desired since major discontinuities will be
immediately attacked. However, any holes (for example, the back edge of
a Phillips head slot in a bolt) which are oriented perpendicular to the
flowing drop can be attacked.

Similar results have been experienced for misaligned pipe carrying
flowing solid particles eithar antrained in a gas or in a 1iquid slurry,
The preferantial attack has caused fatlures as the edges are eroded and
widened, Extremely careful alignment and minimization of discrepancies
at weld joints are the guidelines to be followed.

Another aspect of this problem {s the desirability of large radius
bends 1n pipe or ducting carrying solid particles to avoid erosion at
elbows., Since the impact velocity of the particles against the surface
governs the erosion, reduction of that valocity by a gradual curvature
which minimizes normal impact can provide change in particie direction
without the serious erosion otherwise experienced.

Another technique 1s a dead tee where the particles build up in the
blocked end of a teae and then conform to flow streamlines so that particles
changing directions impact other particles rather than the walls of the
tube or pipe.

7.  GEOMETRY AND SCALE-UP

The methodology for assessing full size geometry and scale-up effacts
for erosion has not been developed. Typically, small simple specimen
shapes are used for erosion testing and estimates are then made of effects
to be anticipated on a large scale.
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In the case of ceramics for tactical missile radomes, the proof of
the erosion resistance of a particular material can only be proven by
fabrication of a piece of prototype hardware which has realistic attach-
ment fixtures and testing 1t in a simulated rain environment (such ay
a prototype radome propelled through the rainfield on a rocket sled at
Holloman AFB),

Similar considerations apply to ceramics for larye scale equipment
in coal conversion plants, metals in combined corrosive erosive
environments, and numerous other sftuations. Attempts to describe and :
predict effects in large scale equipment are becoming move available in
1iterature (References 20, 63).
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SECTION VIII
CONCLUSIONS

The science of 1iquid and solid impact erosion 1s growing rapidly.
The vast quantities of empirical and screening data which have provided
rankings of performance of materials and the basis for selection of .
erosion resistant materials are now being supplemented with analytical . /
models and mechanistic understanding for improved analysis of erosion f i
processes.

The guidelines for improved erosion resistance inmaterials which :
have been obtained through experimental testing have been successful in F
déveloping better materials. However, the methodology for predicting :
in~service parforman-e and the lifetima of materials in erosive environ-
} ments 1s still in 15 infancy. Careful review of past experience with
materials approaches, design techniques, and practical protective methods
can enable selection and design of erosion resistant components and

structures.
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TABLE 2

DESCRIPTION OF DATA AND SYMBOLS USED

IN FIGURES 8 AND 9

Velocity Diameter
Symbol Material ; of Drop Author
! (ft/sec) (mm)
FaN Parspex 730 1.9 Fyall et al
(1957
A 1180 1.9 Schmitt et al
(1970)
4 1395 2,0 King (1965)
\VJ Alkathanae 2 585-730 1.9 Fyall et al
(1957)

V¥ | 5.4 730 1.9 Fyall et al
Polyathylete (1957)

\ 74 Polyphenylene 5353720 1.9 Schmitt et al
Oxide (1970)

V Cast Urethane 730 1.8 Morris et &l

- (15 72)
V¥ | Polypropylene 980-1470 1.2 King (1967)
e —— — [ S,

4 Teflon 1180 1.9 Schmitt (1970)

O Aluminum Alloy, 730 1.9 Fyall et al
D.T.D. 423B (1957)

- wd

. 1100-0 1120 - 1.8 Morris & Wahl
Aluminum (1970)

0 1145-H19 1120-2240 1.8 Morris & Wahl
Aluminum (1970}
2024-T6 1120-2240 1.8 Morris & Wahl
Aluninum (1970)

CD 5052-0 1120 1.8 Morris & Wahl
Aluminum (1970)

e 6061-T6 1120~2240 1.8 Morris & Wahl

L Aluminum (1970)
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Table 2 (Cont'd) A

Symbol Material ‘(";:75:?; gingig:r Author
(mm)
7075-T6 1120-2240 1.8 Morris & Wahl
® Aluminum (1970)
1120 Morris et al
‘ (1972) \
|
€ | Atuntnun 820-980 1.2 | King (1967) s
(Pure) X !
® Aluminum 1650~1420 1.2 Rioger (1965)
LB T ‘
@ | Aluminm 1340 1,2 Hoff at al ,
Alloys (1969)
. i
[[] | Memmestun Alloy 730 1.9 Fyall et al L
D.T.D., 259 (1957) ' |
- . 1
O Copper Alloy 585-730 1.9 Fyall et al |
B.S. 1433 (1957) . \
0 Copper 1120 1.8 Morris & Wahl N
(Elactrolytic) (1970) |
—— M i
(B | Micke 1000 0.866 Engel at al ,
(1971) L
m 1120 1.8 Morris et al
(1972)
E Cobalt-Chromium 1020 0.66 Baker et al
Alloys (1966)
S Iron 1000 0. 866 Engel et al
(1971)
m Steels 1020 0.66' Baker et al
(1967)
E 1455 0.64 Herbert (1965)
i
3 1120 1.8 Morris «t al
(1972)
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Table 2 (Cont'd)

Diametar
Lymbol Material ‘(’;:7::3 of Drop Author
(mm)
O Titanium Alloys 1020 0.66 Baker et al
(1967)
0 1120 1.8 Morris at al
' (1972)
‘> 1340 1.2 Hoff et al
(1965)
G Tantalun 1000 0,866 Engel at al
(1971)
@ Udimet 700 1000 0,866 Engel et al
(1971)
e Magnesia Ceramic 1340 1.2 Hoff (1965)
g Zirconia 1340 1.2 Hoff (1965)
8 Alumina Ceramic 1340 1.2 Hof£ (1965)
8 Spinell 1340 1.2 Hoff (1965)
‘ Glass 1340 1.2 Hoff (1965)
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TABLE 4

ROOM TEMPERATURE EROSION TEST RESULTS: 90-DEG IMPINGEMENT, 27-um A1,0
PARTICLES, 5-G/MIN PARTICLE FLOW. 170-M/S PARTICLE VELOCITY, 3-MIN 185t
DURATION, N, ATMOSPHERE

Manw-
Inetuting
Material Method Comjnnition [

4op° P 99ALO, (Krohn) ® 1249
ZRUSCM hp  ZrRy-SICgraphitelN) b.b
cheomiie p (UCAR) 144
RiSIA pr  I9NI binder (K) 137
Kinlb p 28NI+6Mo binder (K) 1.8
941 pr 98AI30 5 (Krohn) L
Ti-bAl4Y w " .20
Haynuy 93 ¢ 17C 16Moe b, dCa3C bl Fu (Stellite) 1,28
Graph-Aie w 1.4C:1.9Mne 1. 251 LINE LS Mushal Fe (TRY) 1LY
25C iron ¢ 28Cr2NI-2Mn-0,881.3.5C-bal Fa (OUC) (AL}
Stelliie 6K w 30Cr-4.3W-1.5Mo:1,7C-bal Co (Stellite) 1.08
Stellite 3 ¢ 3ICr-12.8W:2.4C:bal Co 1.0d
K% pr 28 binder (K) 1.0
Stelliie 68 w 30Cr4.5W: 1,5Mo:1,2C:bal Co (Stullile) 1,00
304 58 w 1 7Cr-ON1. 3Mn- 1 81-bal Fo 1.0
M6 S5 w 17Ce 1 2Ni: 2Mn- 1 81:2, SMu-bul Fu 0.04
Huyhes |48 w o 22Cr |4, 8W.22NI0,18C bal Cu (Sieltite) 0.9
Haynos 28 w 20Ces |SW10NI- 1 .5Mn-U, 15Cbal Co (Stellie) 0.9 . !
430 88 w 17Cr I M1 80:0,1Cbnl He 0,93 :
HK:.40 ¢ 26C T 20NIO.AC:bul Py 0.9 .
Ineanel 600 w 6N 18,8Cr BBe (HA) 0.92 .

w 19CH 3SNL 1 5Mn< 1,381 bal B (RA) 0.91 :
Rafeax 20C m SICSIyN4 bond (Catbor) 0.9
Incoluy B00H w J2.5NE2) Ce0,07C 4ok (HA) 091
Beta L Ti ] 11.8Mo.bZr4.88n-bal T [
|tcutoy 800 w 32.5NidoFe-21Cr (HA) IR
HOD 438 vn o teerystaliiaed SIC (N) 0.80 '
HA 333 w 25Ce: 1 8Mn1.I81:0C0.IMo+ IW: 18 Fe:bial NI (RA) .40 !
Kéb ps BHCo binder (K) .78
Incone! 671 w SONIABCHO04Ti (HA) 077
Lucalox v demsified ALO 5 (OR) (.70
mild steel w 0.15C:bal Fe .70
wio ps YOW.IINI,Cu,Fe) (K) 0.70
JIw Py 12,2 binder (K) 62
K94 ps 113 binder (K) .87
Mu w e [1K.}]
Carbolray D ps S1C-ceramic bund (Carbue) .49
w w {OR) .48
Kok ps 8.8 binder (K) 1.4
J40n [ 7.8 binder (K) .42
HD 430 cor o merystaliised SIC (N) 01.40
SINy hp (N 040
Norbide hp  WC (N{ 1.8
.9 Py IMRO2STIRG-N.8WC-hat AL O OUC) 0.37
B.ll- 12 m 1.SMRO49'T11 3:3 SWC:bal Al ;O {OUC) 1.8
_ll Il s 1. IMROQIN 100, 3WC:bal Al1O 3 (OUC) [{RA}
ZRUSC.D hp 4B 2 SIC (N) .12
YR-84 p WC.7Co bindet (F) IR}
8124 pr IMyO-J0TIB)-3.8WE bal AL, (OUT) IR}
L pr 6N1 binder (K) .02
Al 10 P My O-J0T1H -3, SWC-bal Al;O 3 (OUC) 0w
K714 pr 6Co+ ICr binder (K) .26
K701 m 10.2Co +4Cr binder (K) 0,28
CA JOb i1 WC.6Co binder (Carmet) 0.2
Narac 33 hp  SI;N4SIC (N) 0.20
TIC:AI;0 )y p (BandW) 0.19
095. [ WC.6Co binder (Carb) 0.19
SiC hp (N 012
K02 ps < 1.8 bindur (K) [N T
SiC e {01 0.08
CBN ae o (GR) 0 \
GB diamond e (QE) 0 :

Yoluma loas matetlal
*REF (relative aroslon faclor) 8 ———cmammom e

. yYolume loss Siollite 6B |
S Abbreviations are listed in TabW 8, |
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TABLE 5
700°C EROSION TEST RESULTS: 90-DEG IMPINGEMENT, 27-um Al

PARTICLES

0
5-G/MIN PARTICLE FLOW, 170-M/S PARTICLE VELOCITY, 3-MIN st DURATION,

N, ATMOSPHERE

Manu-
Tacturing
Mueml Method Compaositlon REFY
ZRUSC:M hp? Arlh Sic. *‘rnphlw (N >8.00
wp s 9°M]°,|( rohn) >4.00
chromite ps J4
Ki628 [ 25Nl+6Mo bindee (K) 1.7
KISIA ps ISNi binder (K) 1.62
Stellite ¢ J1Cre12.5W:2.4C bal Co (Stellite) Ll
Carbofrax D ps SiCeceramic bond (Curbor) 1.8
1) o WEC6Ca binder (Catb) 1.2
K90 m 28 bindr (K) 1.2}
28Criron ¢ 25Cr-2Ni:.2Mn-0.881-3,5C bal Fe (OGC) l.i4
Refrax 20C P SICSENG bond (Cnrbor) 118
Y40 m 9HAI;O ) (Kruhn) 1.2
Stellite 6K w JOCr 4 AW 1,8Mu+ 1, 7C bal Co (Steltiie) (K0
Kib i 8.8C0 bindee (K) 108
Stellite 6H w J0Crd, SW.1.5Mo: 1, 2C bal Co (Stelli) 1,00
Haynes 93 ¢ 17Cr 16Mu:6,3C0+3C:bal Py (Stelllte) 1.00
Haynes 28 w 20Cr | WL HONI- 1 SMn<0, L 8C bl Co (Stellitg) (1.H%
K9d pe LES binder (K) U84
Haynos 148 w 22Cr 1 4.5W- 22N1:0, 18C bl Co (Stellite) 0.8
RA 333 w 25Cr1.5Mn+ 1,351 3C0o-IMo-3W- | BFa:bai Ni (RA) 040
Jlw m 12.2 binder (K) 0.80
RA 330 w 19CrJ8NI-1,5Mn-1,351:bal Be (KA) 01
HK-40 ¢ 2601 20Ni-0,4C bal Ky 0.8
JOd4 88 w 17Cr 9N 2Mue 1S bal Fe 0.7
Inconsl 671 w SONI-48Cr-0.4T1 (HA) 0.62
40 §8§ w 17CH I Mn 1800, 1C bal Fe 0.62
Inconel 600 w T6NI-18,5Cr-8Fe (HA) 0.41
Lucalox s demsitied A3 01 (OR) 0.87
Boeta 1N°TI w 1. 8Mao-t2r-4. 880 bal Ti 0.57
Incoloy 800 w 32.5N1:21CerdbFe (HA) 0.57
16 58 w 17Cr 12Ni-2Mn-181-2,8Mo- bal Fe 0.56
! TibAl4Y w . 0.5
Inculoy 800H w 32.5N1-21Cr+0,07C-40Fe (HA) 0.54
Ko8 ps 5.8 binder (K) 0.50
VR-54 py  WCCo binder (F) 0.50
Jd06 [ 7.8 binder (K) 049
K701 ps  10.2Cu+4Cr binder (K) 0.47
K801 ps 6N binder (K) 0.46
SIC hp (N 0.4
w10 ps QOW.10(Ni,Cu,Fe) (K) 0.44
Noroe 33 hp  SIsN¢-SIC(N) 0.42
HL 410 Vel recrystailized SIC (N) 0.34
CA 300 ps  WC6Cu binder (Carmun) 0.36
BT9 ps 2MyO.25TiB; - 3.8WC.bal A;O ;(0CC) 0.3b
HD 438 v recrystaliized SIC (N) 0.2
TIC-Al30 ps (Bund W) [{RD)
a1 ps 1. 7Mg O- T8 -3.8WC-bal A);O 3 (QGC) 0.2
K714 ps 6Co+ ICrbinder(K) 0.25
Bt-10 ps  2MgO.30TiB2.d.5WCibal Al;O 3(0GC) 0.28
Norbide hp  BU.C(N) 0.21
BT.24 P8 2MgO-dO0TiB.0.5WC-bal Al;0 3(0GC) Q.20
w w (GH) 07
BT-12 ps 1.5My Q-49°TiB1-3.5WC-bal Al30,(00C) 0.16
K602 p < 1.8binder (K) 0.1
SiiN4 hp  (N) 0.12
ZRBSC.bD hp 2eB,-SIC(N) 0.07
Sic P (o] ] 0.0
diamond oo (QE) [}
CBN .. (o) 0

olume Joss material
*REF (relative erosion lactor) * anum s Toms Sisilite 6B

b Abbreviations sre listed in Table
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TABLE 6
ROOM TEMPERATURE EROSION TEST RESULTS ON COATED MATERTALS:

90-DEG IMPINGE-
MENT, 27-um A'|203 PARTICLES, 5-G/MIN PARTICLE FLOW. 170-M/S PARTICLE

VELOCITY, 3-MIN TEST DURATION, N, ATMOSPHERE

REF*

Material Composition and Coating Method

Horatuse 25Cr10.8Ca:2Fe: 7.5W-0,5C-bal Co w/diffused B (MDC)®  1.40
Steliite 34

Ni.CrB . plnuw 0.5C481:16C ¢+ 4B 4 Fe:2,4Cu.d. 4Mo2.4W.bal N| 1.92

(CWS)

Borofuse 29Cr.4.5W.1C-bal Co w/diffused B (MDC) 1.29
Stellite &

Cri03 plasma Cr 0 585103 3TIO 3 (CWS5) 123

wC playma INWC+ BNI).11Cr2,88:2.8F.2.551-0,8C-bal Ni LN

(CWS)

Borofuse J1Cr:12.5W:2,4C:bal Co w/diffused B (MDC) 0.92
Stellite d

w pure CVD coating (RMRC) 0.5

Borofuse 0.87T1-0.082r.0,03C-bal Mo w/diffused B (MDC) 0.0
MT: 104

Borofuse Mo w/diffused B (MDC) 0,25
PM moly

Sic CVD $iC on C ¢onverted to SIC (.06

Sic pure CVD conting 0.08

Borofuse WC W w/diffused B (MDC) .02

TiB, electrodeposited over Ni (CPMRC) ]

188-11 T g electrodeposited over 310 85 (UT) 0

19A:1) TiB ; electeodeposiied ovet 310 85 (U'T) 0

v ! lul
*REF (relative arosion fnetor) = \;:':*1:-:'2':':-]3}:-'5@;%%?6
¥ Abbrevintions are listed in Table g,

TABLE 7

700°C EROSION TEST RESULTS ON COATED MATERIALS: 90-DEG IMPINGEMENY,
27~um MZO3 PARTICLES, 5-G/MIN PARTICLE FLOW, 170-M/S PARTICLE VELOCITY,

3-MIN TEST DURATION, N, ATMOSPHERE

Materlal Composition and Coating Method
Ni-CrB plasta 055C-4SI- 6Cr4B 4Fe:2.4Cu+2,4Mo-2.4W.bai NI
(CWS)
wc plasma IS(WC +8Ni)-11Cr-2.58:2.5F¢-2.95i-0.5C balN|
(CWS)

Borafuse 29Cr-4.5W-1C . bal Co w/diffused B (MDC)
Stellite 6

Boruluse 28Cr:10.8Co-2Fe-7.8W-0.5C - bal Co w/dilTused 8 (MDC)
Stellite 31

Borofuse ICe12.5W-2.4C-bal Co w/diffused B (MDC)
Stellite 3

Borofuse WC W w/diffused B (MDC)

Borofuse PM moly Mo w/dlifused B (MDC)

w pure CYD conting (RMRC)

Borofuse 0.571.0.082r.0.03Cr-bal Mo w/dliTused B (MDC)
MT.104

SIiIC pure CVD coating

Sic CVD SiC on C convorted ta $IC

TiB, clectradeposited on Ni (CPMRC)

18011 N Tl 3 electradeposited on Y10 8 (UT)

13A:13 "Ti@3 3 electrodepusited on 310 88 (UT)

REFY
X
206
1 40
1,37
0.8)
0.72
0.24

0.25
0.19

[-R— NN R-]

Volume loss material
* REF (relat) 0 Q) BB e e e
REF (relative eroslun factor) = e oas Sieliie 68

® Abbreviations are listed in Table 3,
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TABLE 8

ABBREVIATIONS USED IN TABLES 4 AND 7

Band W
Carbh
Carbor
Carmot

¢
CPMRC
Cws

F

(4]}

hp

HA

K

Krohn
MDe

N

oac

}]

MRC
RA
Stellite
TRB
ur
UCAR
W

Bubeock and Wileax

Carbaloy Systems Dept., General Electric Corp.
Carborundum Co.

Carmet Co., Allegheny Ludlum Steel Corp,

cist

College Park Metaliurgy Research Center
CWS Corp,

Fansteel, Inc.

Generul Eleetrle Co,

hat pressed

Hunlington Alloy Producty Div., International Nickel Co,
Kennametal, Ine,

Krohn Cernmies Corp.

Materlals Duvelopment Corp,
Nurton Co,

Oregon Gradunie Cenler

pressed and sinfered

tolla Metallurgy Research Conter
Rulled Alloys Corp.

Stellite Div,, Cubat Corp,
‘Timken Kollee Henring Cu.
United 'Technolagles Corp,

Union Curbide Corp.

wrought
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