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I. ABSTRACT

Solid particle erosion (SPE) resistance of ductile Fe, Ni, and Co-based alloys as
well as commercially pure Ni and Cu was studied. A model for SPE behavior of ductile
materials is presented. The model incorporates the mechanical properties of the materials
at the deformation conditions associated with SPE process, as well as the evolution of
these properties during the erosion induced deformation. An erosion parameter was
formulated based on consideration of the energy loss during erosion, and incorporates the
material’s hardness and toughness at high strain rates. The erosion model predicts that
materials combining high hardness and toughness can exhibit good erosion resistance. To
measure mechanical properties of materials, high strain rate compression tests using
Hopkinson bar technique were conducted at strain rates similar to those during erosion.
From these tests, failure strength and strain during erosion were estimated and used to
calculate toughness of the materials. The proposed erosion parameter shows good
correlation with experimentally measured erosion rates for all tested materials.

To analyze subsurface deformation during erosion, microhardness and
nanoindentation tests were performed on the cross-sections of the eroded materials and
the size of the plastically deformed zone and the increase in materials hardness due to
erosion were determined. A nanoindentation method was developed to estimate the
restitution coefficient within plastically deformed regions of the eroded samples which
provides a measure of the rebounding ability of a material during particle impact. An
increase in hardness near the eroded surface led to an increase in restitution coefficient.
Also, the stress rates imposed below the eroded surface were comparable to those

1
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measured during high strain-rate compression tests (103-104 s'l).

A new parameter, “area under the microhardness curve” was developed that
represents the ability of a material to absorb impact energy. By incorporating this
parameter into a new erosion model, good correlation was observed with experimentally
measured erosion rates. An increase in area under the microhardness curve led to an
increase in erosion resistance. [t was shown that an increase in hardness below the eroded
surface occurs mainly due to the strain-rate hardening effect. Strain-rate sensitivities of
tested materials were estimated from the nanoindentation tests and showed a decrease
with an increase in materials hardness. Also, materials combining high hardness and
strain-rate sensitivity may offer good erosion resistance. A methodology is presented to
determine the proper mechanical properties to incorporate into the erosion parameter

based on the physical model of the erosion mechanism in ductile materials.
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II. INTRODUCTION

Solid Particle Erosion (SPE) is a loss of material during repetitive impacts of solid
particles and is one of the primary reasons for the damage of power generation
components, such as boiler tubes, turbine blades, and valve stems. Damage associated
with SPE costs the utility industry at least $150 million annually in reduced efficiency of
power generation [1]. One method to combat SPE is to select erosion resistant materials
for use in components that are subject to an erosive environment. Therefore, the design
and proper selection of the erosion resistant materials can significantly reduce operating
cost of power generation facilities.

Depending upon its mechanical properties, a material may erode by different
mechanisms or a combination of mechanisms. Since the mechanical properties of a
material are a reflection of its composition and microstructure, many attempts have been
made to correlate erosion resistance to some readily measurable mechanical properties.
Some of these properties include hardness, ductility, yield strength, strain hardening
coefficient, fatigue strength and fatigue strain hardening coefficient [2,3]. However, no
simple correlation to predict erosion resistance using a single property or combination of
properties has been developed. There is wide uncertainty as to what various erosion
mechanisms exist, and to what mechanical properties control erosion behavior of
materials.

The purpose of this research is to achieve a fundamental understanding of the
effect of mechanical properties on erosion resistance of ductile materials. Once this
effect is understood, the microstructure and composition of a material can be optimized to

3
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provide the best combination of mechanical properties for erosion protection. The results
of this research can be useful for developing selection criteria for erosion resistant
materials based upon their mechanical properties.
ITII. BACKGROUND

III.A. EROSION DEFINITION AND MECHANISMS

Erosion is defined as the progressive loss of original material from a solid surface
due to mechanical interaction between the surface and impinging solid particles [4].
Erosion mechanisms may include plastic deformation, chipping, cracking, and melting.
Specific mechanisms depend upon the composition, microstructure and mechanical
properties of the material being eroded, along with the composition, size, shape, density,
velocity, and angle of impact of the eroding particles [5].
HIA.1. Ductile Materials

Hutchings et al. [6] established that the erosion mechanism for ductile materials
shows certain common features, irrespective of the alloy type. In all cases, severe plastic
deformation occurs in a localized region surrounding the point of particle impact. The
observed erosion mechanism involves three distinct stages that occur sequentially at any
one location. In the initial stage, an impacting particle forms a crater and the material
extruded or displaced from the crater forms a raised lip. In the second stage, the
displaced metal is deformed by subsequent impacts; this may lead to lateral displacement
cf the surface material, and can be accompanied by some ductile fracture in heavily

strained regions. Finally, after relatively few impacts, the displaced material becomes so
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severely strained that it is detached from the surface by ductile fracture. Evidence of this
mechanism for erosion of ductile materials has been observed by other authors [7,8] and a
schematic diagram of this process is shown in Figure 1.

A description of the ductile erosion mechanism in terms of the mechanical
properties was presented by Bitter [9]. During impact, when the yieid strength of the
material is locally exceeded, plastic deformation takes place in the vicinity of the impact.
After multiple impacts, a plastically deformed surface layer forms near the eroded
surface, and therefore, the yield strength of the material increases due to strain hardening.
Upon further deformation, the yield strength at the surface of the material will eventually
become equal to its fracture strength and no further plastic deformation will occur. At
this point, the material surface becomes brittle and its fragments may be removed by the
subsequent impacts.

Sundararajan [10] suggested that erosion of ductile materials is accompanied by
accommodation of the strain underneath the eroded surface. When a critical strain is
exceeded in the deformation volume beneath the surface, material is detached from the
eroded surface by ductile fracture. In this case, the ability of a material to absorb impact
energy through plastic deformation may play a major role in its erosion resistance.
Sundararajan then proposed that formation of the erosion lip is controlled by the strain
localization [11, 12]. A schematic illustration of the strain localization process is shown
in Figure 2 [12]. According to this mechanism, during the initial stages of erosion, the
particle impact energy is absorbed by a large volume of material that deforms

homogeneously and exhibits net strain hardening (do/de>0, where o is the flow stress

5
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Figure 1. Schematic diagram of material loss during erosion of ductile materials.
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and € is the true strain). As a result of strain hardening, a plastically deformed zone
develops beneath the impacting particle (Figure 2a). However, when a certain critical
localization strain is reached, the eroded material loses its strain hardening capacity
(do/de=0). Thus, deformation beneath the impacting particle becomes localized only to
the near surface layers leading to an extrusion of material (lip formation) as shown in
Figure 2b. At strains higher than the localization strain, deformation becomes even more
localized and material may exhibit softening behavior (do/de<0) due to the heating and
dynamic re-crystallization in the vicinity of the eroded surface, Figure 2¢.

The proposed strain localization mechanism indicates that material near the
eroded surface should be perfectly plastic (do/de=0) or soften (do/de<0). However,
nanoindentation tests performed on cross-sections of the several eroded materials (single
and multiple impacts) showed no softening within the erosion lip or beneath the eroded
surface for nickel-base Hastelloy C-276, annealed 1100 Al, and 7075-T6Al alloys [13].
On the other hand, some softening was observed near the eroded surface of the ordered
iron-aluminum (Fe;Al) alloy [13]. In contrast to the Fe;Al alloy, transmission electron
microscopy (TEM) analysis of eroded copper showed no evidence of dynamic re-
crystallization or softening near the eroded surface [14]. Also, a TEM examination
revealed an increase in dislocation cell diameter with distance from the eroded surface.
Hardness or flow stress is inversely proportional to the dislocation cell size according to
[15,16]:

._KGb
d (1)
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where ris the flow stress, d is the dislocation cell diameter, G is the shear modulus, b is
the Burgers vector, and X is a constant. Thus, an increase in dislocation cell diameter
with distance from the eroded surface causes a decrease in hardness with distance from
the surface that is often observed in strain hardened materials. It should be noted that,
although some materials may exhibit softening at the eroded surface, the strain
localization model may not be applied to materials that do not exhibit softening during
erosion.

In summary, erosion mechanisms for ductile materials are complex and involve
significant plastic deformation below the eroded surface. Therefore, the energy
absorption properties of eroded materials are important in determining their erosion
resistance.

IITLA.2. Brittle Materials

The erosion of brittle materials, (i.e., ceramic-type materials) involves brittle
fracture, chipping, and cracking after particle impact [4]. When a particle strikes the
material surface, the material may remain undamaged, it may fracture, or deform by
plastic flow. Hard particles striking relatively soft targets will tend to produce large
plastic deformation. However, brittle materials do not experience significant plastic
deformation and therefore, brittle fracture (radial and lateral cracking) occurs during an
impact [17]. A schematic diagram of the deformation and cracking during erosion is
shown in Figure 3 [18]. The lateral cracks propagate parallel to the surface, while
radial/median cracks propagate outward from the contact zone. Evans et al. [19]

established that erosion loss in ceramics is related to the formation and growth of only
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plasuc zone

latexal crack

radial/median crack

Figure 3. A schematic diagram of the deformation and cracking during erosion of brittle
materials.
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lateral cracks. Therefore, the severity of the erosion damage in brittle material is
determined by the depth of the lateral crack layer. Lateral cracks form because of the
large tensile stresses resulting from the strain mismatch between the plastically deformed
zone and elastically deformed surroundings [18, 19]. Since erosion of brittle materials
involves crack formation and propagation, fracture toughness appears to be an important
property that contributes to their erosion resistance.
III.A.3. Other Erosion Mechanisms

Several other erosion mechanisms have been proposed to account for loss of
material. Material removal by melting has been suggested by some investigators
[20,21,22]. A large portion of the kinetic energy of the impacting particles may
transform into heat during plastic deformation around the impact area. This may lead to a
significant temperature rise in this region. Doule et al. [20] suggested that the maximum
temperature rise is determined by the work done on the target material, its specific heat
and density. For example, it was calculated that a local temperature rise of about ZOOOC
may be experienced during particle impact on steel {20]. Because of this temperature
increase, local thermal cycling may assist the formation and propagation of subsurface
cracks and, therefore, accelerate material loss. It appears that in low melting point
materials, particle impact may cause surface melting and accelerated erosion, while
melting is unlikely to occur in high melting point materials. For example, Hutchings et
al. [23] have suggested that melting is not an important erosion mechanism in steels.

Other proposed erosion mechanisms are associated with the cyclic nature of

deformation (repetitive impacts) at the eroded surface and involve cyclic fatigue

11
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processes. Richman et al. [3] have found that the cavitation erosion rate for different
steels and nickel-base alloys is inversely proportional to their fatigue strength, o.
However, there are few definitive experimental observations (i.e., striations) to prove a

fatigue-type mechanism for the case of solid particle erosion.

III.B. EFFECT OF MECHANICAL PROPERTIES ON EROSION RESISTANCE
Many studies have been conducted to determine the effect of mechanical
properties of various materials on their erosion resistance. However, good correlations

were obtained only within narrow classes of materials. The effect of mechanical

properties on erosion resistance depends on the mechanism of material removal. For
example, for ductile materials the erosion process involves significant plastic deformation
near the eroded surface. Therefore, the material properties that contribute to its ability to
absorb plastic deformation may contribute to erosion resistance. These properties include
toughness, ductility, strain hardening coefficient, and hardness. In contrast to ductile
materials, brittle materials erode by forming lateral and radial cracks below the eroded
surface. Typically, the depth of crack formation below the surface and crack propagation
through the material determines the erosion wastage. Thus, properties such as hardness
and fracture toughness are expected to contribute to erosion resistance of brittle materials.

By determining the effects of mechanical properties on erosion resistance, the
microstructure of a given alloy can be optimized to provide the best combination of

mechanical properties for erosion protection.

12
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IIL.B.1. Hardness

In the past, the hardness of a material was thought to be the property that
determined erosion resistance. For pure metals, some correlation between erosion rate
and hardness has been shown by Finney et al.[24]. The best correlation was found with
the hardness of the metal in the fully annealed condition, rather than with the hardness of
the metal in a heavily work-hardened condition. The dependence of erosion resistance on
hardness for different materials is shown in Figure 4 [24]. [t can be seen that for metals
in the fully annealed condition, an increase in hardness led to an increase in the erosion
resistance. However, deviation of three metals (W, Mo, Fe), with BCC crystal structures,
from the straight line relationship was not explained by the authors. Also, Figure 4
indicates the deviation of the work hardening materials from the straight line relationship.
[n addition, several heat treated steels exhibited independence of erosion rate from
hardness. Several other researchers have reported that the erosion rate is not dependent
on material hardness [25,26]. Levy et. al [25] showed that an increase in the hardness of
a steel by microstructural modifications can lead to an increase in erosion rate. For
example, soft 1075 carbon steel with a spheroidized microstructure exhibited better
erosion resistance than harder 1075 carbon steel with perlitic microstructure.

Oca et al. [26] have shown that for a series of tool steels, carbon steels, brass,
copper, and aluminum, erosion resistance was proportional to the surface hardness after
erosion. Also, Hutchings [17], proposed that the effect of hardness on erosion resistance
is strongly dependent on the properties of the erosive particles (velocity, shape, size, and

density). When hard angular particles strike a relatively soft target, the target surface
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will tend to deform plastically. On the other hand, erodent particles of lower hardness
may distort or even fragment on impact. In this case, erosion damage will decrease as the
target hardness increases. This theory is in good agreement with results obtained by Guo
etal. [27]. The authors found that, when eroded by hard silicon carbide particles, the
erosion resistance of low chromium white cast irons did not change significantly with a
hardness increase. However, when eroded by softer particles (glass sand) the erosion
resistance of cast irons increased with an increase in hardness. Researchers suggested
that for a softer erodent, the impacting particles are easily broken and therefore, produce
less damage to the surface. The effect of the erodent particle hardness and target material
hardness on erosion resistance of white cast irons is shown in Figure S [27]. It can be
seen that when eroded by soft glass sand particles, the erosion rate decreases with an
increase in target hardness. But when eroded by hard silicon carbide particles, the erosion
rate increases with an increase in target hardness. In addition, the effect of hardness on
erosion resistance depends on the velocity of the erosive particles. For example, it was
established that a critical particle velocity below which plastic deformation of the target

does not occur is proportional to the target hardness. This relationship is given by [28]:

Vc=4-3H2'5J2p’°'5 (2)
1 -y2 2

Jz( ) () 3)
E, Ep

where v, is the critical velocity, H is the hardness of the target material, J is a parameter
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angle and E, is the erosion rate.
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that depends on elastic modulus of the target and particle materials (eq 3), o is the density
of the impacting particle, 4 and uy, are the Poisson coefficients of the target and particle
materials, respectively, and £, and Ep are the elastic modulus of the target and particle
materials, respectively. Based on equation 2, it can be suggested that at low particle
velocities (vp<vc) materials with high hardness may offer good erosion resistance because
particles cannot produce plastic deformation and/or cracking of the target material.
However, at high particle velocities (vp>vc), when plastic deformation and/or cracking
are common, hardness may not significantly contribute to the erosion resistance of the
target.

Evans et al. [19] found that for ceramic materials an increase in hardness led to a
decrease in depth of cracking and thus, decreased erosion damage. Several empirical
expressions that relate erosion damage in ceramics to their hardness and fracture

toughness were obtained [18,19,29,30]. These expressions have the general form of [18]:

Z~E"xHP+K ! @

where Z is the erosion rate, E is elastic modulus, K. is fracture toughness, H is hardness,
and n, p, q are constants. Typically, values for p range between -1.4 t0-0.25, while values
for q range between -1.3 to -1 [18,19]. These results suggest that brittle materials with
high hardness and fracture toughness may provide good erosion resistance. However, for
many ceramics, an increase in hardness causes a decrease in fracture toughness. Thus,
only an optimum combination of these properties can result in improved erosion

resistance.
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In spite of many attempts to correlate hardness to the erosion resistance of various
alloys, no adequate quantitative relationship was obtained. The effect of hardness on
erosion resistance must be considered in relation to other material properties, erodent
properties (i.e. size, shape, and density), and erosion test conditions (i.e. velocity).
ITL.B.2. Strain Hardening

Several studies proposed that material loss during erosion occurs when a critical
fracture strain is attained at the surface [10-12]. A critical fracture strain may be achieved
locally after single or multiple impacts by the erodent particles. As a result of particle
impact, the material is plastically deformed and the dislocation density increases in the
vicinity of the impact. The increase in dislocation density leads to an increase in hardness
at the surface. It should be noted that as material is lost at the attainment of the critical
strain, the material below the surface is still plastically yielding. A schematic diagram of
this process is shown in Figure 6 [31]. Ball [31] proposed that in order to design a
material to resist erosion, attention must be given to providing a microstructure which
ideally never accumulates the critical fracture strain under the stress imposed by the
impacting particles. Therefore, the ability of a material to accommodate impact energy
through plastic deformation may contribute to its erosion resistance.

Materials with high strain hardening capacity are able to dissipate impact energy
and therefore, the critical strain is accumulated after a much longer time. This effect is
illustrated in Figure 7 [31]. In this figure the hypothetical stress-strain curves for the

erosive wear of two materials (A and B) are shown. The impacting particles produced a
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stress that increased from ¢ to 94. Asa result of stress increase, the strains (€) produced
in each material are also increased. From this figure it can be seen that material with a
higher strain hardening coefficient (material A) requires a higher stress to achieve the
critical strain to fracture compared to a material with low strain hardening coefficient
(material B). Gee [32] pointed out that generally metals with face centered cubic (FCC)
crystal structures exhibit superior wear resistance compared with body centered cubic
(BCC) metals at equivalent hardness. This effect was attributed to the higher strain
hardening coefficient (n) of the FCC metals. This coefficient appears in the following

relationship:
n
0,=Ke, 3

where, 0, is the true stress, €, is the true strain, and K is a strength coefficient. However,
the strain hardening coefficient is not the only factor that contributes to the amount of
energy that materials can absorb during particle impact. The area under the stress-strain
curve represents the energy per unit volume that a material can absorb before fracture

(tensile toughness) and can be found by integrating eq. S:

-k ©)
n+l

Thus, toughness depends on fracture strain, strength, and the strain hardening coefficient.
For example, if a material has a high strain hardening coefficient but low fracture strain,
its toughness may be lower than for a material with a low strain hardening coefficient and

high strain to fracture. Figure 8 illustrates this effect. The ability of a material to
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toughness is a material property that combines the effects of strength, strain hardening,
and strain. Material A has a high strength, high strain hardening coefficient, and low
fracture strain, while materials B has a low strength, low strain hardening coefficient, and
high fracture strain. Toughness of material B (area OFB) is higher than that for material

A (area OAF).
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absorb energy during particle impact cannot be characterized based upon only one
property (i.e., strain hardening coefficient, strength, fracture strain). The combined effect
of these properties on the tensile toughness must be considered and only then correlations
with erosion resistance may be drawn. Some examples that illustrate different effects of
strain hardening on toughness and erosion resistance are discussed below.

Venugopal et al. [33] have studied the erosion behavior of Cu-Al, Cu-Zn, and Cu-
Si alloys. It was documented that their erosion rates decreased linearly with an increase
in the strain hardening coefficient. The authors suggested that a higher n value
corresponds to a higher critical strain necessary for material removal. As a result of an
increase in the critical strain to fracture, the erosion resistance of tested alloys increased.
However, Srinvas et al. [34,35] have found that for the series of steels (1040, Cr-Mo and
A533 B) with relatively high fraction of second phase particles (i.e., carbides), an increase
in strain hardening coefficient led to a decrease in the critical strain to fracture. Itis
believed that void nucleation in materials that consist of a high fraction of second phases
particles occurs either by decohesion of the particle/matrix interface or by breaking of the
particles when the local stress exceeds a critical value [36]. Higher strain hardening
coefficient values enable rapid attainment of the critical stress for decohesion of the
particle/matrix interface. Therefore, a lower critical strain is required to promote fracture.
Also, second phase particles may disrupt plastic flow during plastic deformation [21]. As
a result of this, the fracture strain significantly decreases. However, Lindsley et al. [37]
found that an increase in carbide volume percent in iron from 0 to 20 vol.% could lead to

improved erosion resistance. [t was found that microstructural spacing, and not the
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volume fraction of the second phase, was the critical parameter that controls erosion
resistance. The researchers established that erosion rate was proportional to the

microstructural spacing parameter according to:

E=0.090-0.040A™"? @

where E is the erosion rate and A is the microstructural spacing. The microstructural

spacing parameter was defined as:

A= ®)
N

where f is carbide volume fraction and N; is the number of ferrite-ferrite and ferrite
carbide boundaries. Figure 9 shows the effect of microstructural spacing on erosion
resistance [37]. It was concluded that, since the erosion is controlled by plastic
deformation of the ductile matrix, barriers that impede the movements of dislocations in
the materials, such as grain boundaries and carbides within the grains, as well as at the
grain boundaries, determine the erosion resistance. Although the presence of carbides
may decrease failure strain of metal-carbide composites, the increase in strength produced
by these carbides can contribute to the erosion resistance.

Strain hardening coefficient may have a different effect on the critical strain to
fracture for single phase materials. For example, with commercially pure iron, an
increase in the strain hardening coefficient (n) leads to an increase in the critical strain to
fracture [35]. In single phase systems fracture nucleation occurs by slip band

impingement on grain boundaries or by intersection of slip bands [32]. Therefore, a
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higher strain is required to initiate fracture. As a result of this effect, toughness of
commercially pure iron was found to be proportional to the strain hardening coefficient.

Strain hardening and plastic deformation play an important role in determining the
erosion resistance of ductile materials. However, the effect of strain hardening on erosion
resistance may vary with the alloy system. With single phase materials, an increase in
strain hardening coefficient may lead to an increase in the erosion resistance, while with
multiphase materials an increase in the strain hardening coefficient may lead to a decrease
in the erosion resistance. Only a few metallic systems were studied to evaluate the effects
of strain hardening and fracture strain on erosion resistance. Moreover, toughness, a
material property that combines the effects of stress, strain hardening, and fracture strain
on fracture energy may be a better property to represent erosion resistance of ductile

materials. In addition, the erosion behavior of brittle materials that do not deform

plastically cannot be explained based upon the strain hardening concept.
IIL.B.3. Fracture Toughness

The fracture toughness of a material is defined by Hertzberg [38] as a unique
stress intensity level that causes fracture. It is well known that fracture toughness is a
primary factor that contributes to a material's resistance to crack propagation. Since
erosion of brittle materials is accompanied by subsurface crack initiation and propagation,
fracture toughness may contribute to their erosion resistance.

The effect of fracture toughness on two-body abrasion resistance is shown in

Figure 10 [17]. The author hypothesized that the erosion resistance of materials varies
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with fracture toughness in the same manner as abrasion resistance. Figure 10 illustrates
that abrasion resistance initially increases with an increase in fracture toughness.
However, when fracture toughness reaches a certain critical value, wear resistance
decreases with further increase in fracture toughness. Hutchings {17] proposed that
during abrasion of low fracture toughness materials, brittle fracture is the primary
mechanism of abrasion. Therefore, an increase in fracture toughness leads to a decrease
in abrasion wear rate. On the other hand, in materials with relatively high fracture
toughness, abrasive wear is controlled by plastic deformation. In this case the abrasive
wear rate is controlled by the hardness of the material. Hutchings [17] suggested that the
peak in the abrasion resistance-fracture toughness curve (Figure 10) occurs at the point of
transition between the two regimes, in which wear is controlled by fracture toughness or
hardness, respectively. Thus, the optimum combination of hardness and fracture
toughness provides the best abrasion resistance.

Guo et al. [27] have studied the erosion behavior of brittle low chromium white
cast irons. When eroded by hard silicon carbide particles, the erosion rate drastically
decreased as the matrix fracture toughness increased. The microstructure of low
chromium white cast irons consists of a large volume fraction of hard chromium carbides
within a soft.iron-chromium matrix . The erosion mechanism of these materials may
include microcutting, subsurface crack initiation and propagation, spalling, and
fragmentation of carbides. When eroded by much harder silicon carbide particles, the
chromium carbides cannot absorb the energy of impact. This leads to crack initiation and

crack growth into the matrix. However, if the matrix has a high fracture toughness it can
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partially absorb the impact energy and delay crack propagation and fracture, thus leading
to lower erosion rate. Several authors have concluded that, when impacted by a harder
erodent, materials with a high fracture toughness and hardness offer good protection
against erosion {18, 19, 27].

In summary, the effect of mechanical properties on erosion resistance is complex
because of property interdependence. For example, an increase in hardness may lead to a
decrease in toughness. This may explain a relative insensitivity of erosion wastage to the
changes in any one mechanical property, as found by many studies. It appears that
erosion resistance is controlled by a combination of mechanical properties and to

determine this combination, a physical model of the erosion process must be developed.

III.C. MODELING OF THE EROSION BEHAVIOR OF DUCTILE MATERIALS

Erosion modeling has become important in the design of materials because of the
need to predict erosion behavior based on mechanical properties and environmental
conditions. Usually, erosion modeling consists of two steps. First, a theoretical model is
developed that explains the observed erosion process and second, derivation of the
mathematical expressions to predict the erosion resistance. A few theories have been
developed to explain the erosion mechanisms of ductile materials (see section III.A.).
However, no accurate quantitative prediction of erosion resistance has been produced.

One of the first erosion models for ductile materials was developed by Finnie et
al. [24]. This model assumed that the target material is an ideally plastic (non-work

hardening) solid. The authors proposed that hardness is the only material property that
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controls the erosion process and the erosion rate expression was given as:

_ 2, g(a)
V=y2: &%) 8
v *Sypef ®)

where Sy is the dynamic hardness of eroded material, v is the particle velocity, g(a) isa
function that adjusts particle velocity for the normal and tangential components
depending on impact angle, u is the ratio between vertical and horizontal force of the
particle, is the ratio between the depth of particle contact and depth of the erosion
damage, and f is the factor that accounts for the non-ideal nature of the eroded particle.
Parameters, u, @, and f were assumed to be constant. Finnie’s model predicts maximum
erosion rate for ductile materials to occur between 15 and 300 particle impact angle. This
result was later verified by many studies. However, the proposed erosion model
significantly underestimates erosion rates at normal impact angle. It is expected that
ductile materials exhibit significant work hardening during normal impact because the
maximum amount of impact energy is transferred into the material. But, Finnie’s model
assumes that eroded materials do not experience work hardening. Clearly, this
assumption is unrealistic and could explain underestimates of erosion rates for normal
impact angle. Also, this model predicts that erosion rate is inversely proportional to
material hardness. While this is true for some pure metals, for many ductile materials
erosion rate does not depend on material hardness (see Section IIL.A.2.).

Bitter [9] was the first researcher to consider the effect of work hardening in

developing an erosion model. He argued that repeated impacts of particles will form a
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plastically deformed layer beneath the eroded surface and hardness of this layer will
increase with each impact until it becomes equal to the failure strength of the material.
At this point, surface material is removed by subsequent impacts. Bitter then proposed
that erosion rate is equal to the ratio of the input kinetic energy to the energy needed to
remove a unit volume of the material. Input kinetic energy was determined from the
Hertzian theory of elastic contact taking into consideration elastic properties of impacting
particle and target material. However, the energy needed to remove a unit volume of the
material could only be determined by fitting the experimentally measured erosion rate to
the equation describing the erosion process. Also, no correlation between experimentally
measured and calculated erosion rates for the same experimental conditions (i.e., constant
impact angle and velocity) was shown. In addition, the strain rate effect during erosion
was not addressed in this model. Therefore, it is difficult to use Bitter’s erosion model in
predicting erosion rates of ductile materials.

Hutchings [40] considered erosion to be a low-cycle fatigue process caused by
repeated plastic straining of the target by impacting particles. Material is removed from
the surface when a critical fatigue failure strain (€, or “erosion ductility”) is reached.

According to the Coffin-Manson equation, fatigue failure strain is equal to:
_ 1”2
where N is the number of particles (impact cycles) and Aep is the strain increment

introduced by each impact. Hutchings suggested that erosion rate is inversely

proportional to Ny, and using the relationship between materials hardness (/) and plastic
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strain increments during each impact (Aep), derived an equation to predict erosion rate:

apglZy’

E=0.033
eiHI'S (10)

where E is the unitless erosion rate, ¢ is a constant, p is the target density, o is the erodent
density, v is the particle velocity, and H is the dynamic hardness of the target. However,
in Hutchings’s model, €_ or the “erosion ductility” parameter could only be determined
from the experimental measurements of erosion rate. Thus, it is difficult to use this
model to predict erosion rates. Although this model predicted reasonably well the
variation of erosion rate with velocity for Al 6061-T6 alloy, no correlations were
presented for different materials at the same velocity. Therefore, it is difficult to evaluate
the effect of mechanical properties parameter €2c H' on erosion resistance.

Only a few attempts have been made to measure the plastic zone size that forms in
ductile materials in the vicinity of the eroded surface [41,42,43, 44]. This is particularly
surprising, since the size of the plastically deformed region may represent a measure of
energy absorbed before fracture during erosion. Only one erosion model [43] accounted
for the plastic zone size. Assuming that the plastic zone depth is proportional to the size
of the crater that forms during impact, the researchers concluded that erosion rate is

proportional to L3 (L is the plastic zone depth) according to.

5 0021 30 F(HAEe,,

11
r3pbec (b

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where E is the dimensionless erosion rate, L is the depth of plastic deformation, p; is the
target density, py, is impacting particle density, F(t) is a numerically evaluated function
dependent on temperature, A€, is the mean strain increment per impact, r is the
impacting particle radius, and €_ is the critical strain for erosion lip formation. The
authors concluded that their model showed good correlation with experimentally
measured erosion rates for several Cu-Zn and Cu-Al alloys. However, upon plotting
predicted erosion rates versus experimentally measured erosion rates in Figure 11, no
significant correlation was observed. Also, this model contains several parameters that
are not readily measurable and require post erosion analysis. Therefore, its applicability
for selection of erosion resistant materials is limited. Moreover, the assumed
relationship between the plastic zone depth and crater volume needs to be justified. For
example, if the material is relatively soft and does not show significant work hardening
(i.e., pure iron), its plastic zone depth may be small, but its crater size may be large. It is
possible that the size of the plastic zone is controlled by the strain hardening ability of the
material, while the size of the crater is controlled by material hardness or resistance to
particle penetration.
III. D. SUMMARY

The effect of mechanical properties on erosion resistance is complicated because
of property interdependence. This may explain a relative insensitivity of erosion wastage
to the changes in any one mechanical property that was found by many studies. It
appears that the erosion resistance is controlled by a combination of mechanical

properties and to determine this combination, a physical model of the erosion process

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ST o .
]
. o :
e 45 r ® 7
] e
2 !
e 47 ¢ T
o )
g i
i) i
g 35 ° .
w 3
- o ® ]
@ L !
= 4
Q r . :
= :
2 5 e - P | i i . " N PR
2.5 3 3.5 4 4.5

Calculated Erosion Rate * 10*

Figure 11. Experimentally measured erosion rates (g/g * 104) for Cu-Zn and Cu-Al
alloys plotted versus calculated erosion rates using data presented in Reddy et al. [43]
erosion model.
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must be developed.

Several models were proposed to correlate erosion resistance to material
properties. Although these models showed a reasonable correlation with erosion
resistance for different alloy systems, their major simplification is a neglect of the work
hardening in ductile materials during particle impact. [t was assumed that materials had
constant mechanical properties during erosion (i.e., hardness, yield strength, fracture
strain). However, because of work hardening, the material hardness will increase in the
vicinity of the eroded surface and the strain introduced by each impact will be reduced.
When work hardening of the eroded surface is considered, modeling of the erosion
behavior becomes complex because of the change in mechanical properties within the
plastically deformed zone. Thus, the efforts to model erosion behavior of ductile
materials without considering the effect of work hardening do not accurately represent
the mechanism of material removal in these materials.

To develop a quantitative model for erosion of ductile materials, it is essential to
consider the energy balance during particle impact. Investigation of the relationship
between erosion resistance and the energy transmitted from the impacting particle into the
target material is a valid approach for the development of an erosion model. The portion
of this energy that is actually transferred into the material depends on the material’s
mechanical properties such as yield strength, strain hardening coefficient, modulus, etc.
Also, the size of the plastically deformed region may provide an estimate of the
material’s ability to absorb particle impact energy. In order to determine the effect of

mechanical properties on erosion resistance, their effect on the plastic zone size that
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forms during erosion must be investigated.

Finally, the development of an erosion model requires consideration of the strain
rate effect on mechanical properties of materials. During erosion, the particles impose
high strain rate deformation on the material. The erosion process involves strain rates on
the order of 103-106 sec’! [45]. In contrast, mechanical properties of a material are
typically measured from low strain rate (quasi-static, 10 sec'[) tensile tests. Therefore,
if a material is strain rate sensitive, the mechanical properties measured from a quasi-
static tensile test may be different from those during solid particle erosion. For example,
Meng et al. [2] reported that the dynamic hardness for some materials may be 10 times
higher than their quasi-static hardness. Therefore, it is necessary to use dynamic

mechanical properties for correlations with erosion resistance.
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[V. EXPERIMENTAL PROCEDURE

IV.A. Materials

Six annealed ductile alloys (Ultimet, Inconel-625, Hastelloy C22, Haynes 230,
316L SS, and B3) and two commercially pure metals (Nickel and Copper,) were used in
this study. Their chemical compositions were determined by the optical emission
spectroscopy and are shown in Table L. The selected materials provided a broad
variation in mechanical properties and therefore, the effect of mechanical properties on
the erosion behavior of ductile materials could be analyzed.
IV.B. Erosion Testing

IV.B.1. Erosion apparatus

A schematic diagram of the erosion tester that was used in this investigation is
shown in Figure 12. The system is driven by an air compressor which can deliver up to
1.65 x 102 m*/s of air (35 sfm) at 8.62 x 10° Pa (125 psi). The air is cleaned through a
series of fibers to remove any entrained water. The flow meter and pressure regulator

control the amount of air that flows through the system. The air can be heated by two

inline fluid heaters to temperatures up to 500 °C by exiting the heaters. Erodent particles

are fed into the air stream with a screw feeder to ensure constant feed rates. The particles

and air are accelerated and impinge upon the sample at any angle between 0° and 90°.

The particle velocity distribution prior to impact is directly measured with a TSI
Laser Doppler Velocimeter (LDV). A 20mW He-Ne laser produces a beam which first

splits and then crosses under the particle stream as shown in Figure 13. The receiving
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Table I. Chemical compositions of the tested alloys (wt %).
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Alloy Co Cr Fe Mn Mo Ni w Ta Cu Other
Ultimet Bal. | 255 |3.0 0.8 43 8.9 1.3 - - 0.24Si
0.07C
Inconel - 21.6 44 0.03 8.9 Bal. - - - 3.49N
625 b0.26
Ti
0.15A1
0.02C
Hastelloy 1.8 |21.6 5.0 0.23 138 | Bal. 29 - - 0.18v
Cc22 0.007
C
Haynes 0.3 |24.0 1.4 0.5 1.8 Bal. 13.2 - - 0.33Al
230 0.07C
0.43Si
316L SS - 17.3 Bal. 1.5 2.0 11.0 - - - 0.02C
0.5Si
B3 - 1.2 - 0.54 272 | 69.0 - - - 0.34Al
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Figure 12. Schematic diagram of the test apparatus used for erosion research.
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Figure 13. Schematic diagram of the Laser Doppler Velocimeter.
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optics measure the interference between the laser and the particles and TSI computer
software translates the data into a velocity profile. Figure 14 [46], shows the velocity
profile of the particles exiting the acceleration tube just before impact with the sample. It
can be seen that, because the particle stream spreads out after exiting the acceleration
tube, velocity quickly drops off outside a radius of 0.45 cm (0.175 in). Therefore,
sample size 0f 0.95 cm x 0.95 cm (3/8" x 3/8") was chosen so that most of the sample
surface area resided in the maximum velocity portion of the stream. Additional
information regarding the erosion apparatus can be found in reference [47].
IV.B.2. Erosion sample and erodent preparation

The erosion samples were cut to a size of 3/8" x 3/8" + 0.005"using a water
cooled low speed diamond saw. Each sample was mechanically polished to a 1 «m
surface finish. Brown alumina (96% Al,03, 3% Ti0O,), which has a size range from 300
pum to 550 pm was used as an erodent. The alumina was sieved to between 355 um and
425 um to minimize its size distribution because larger particles may cause a higher
erosion rate. Thus, the narrow particle size range minimizes the error in erosion rate
associated with the different size of the as-received alumina. Also, only fresh alumina
particles (i.e., particles were not re-used) were used for the erosion tests.

[V.B.3. Steady state erosion rate determination

The erosion kinetics that are typical for most materials is schematically shown in
Figure 15. Initially, the weight loss of a given material as a function of erosion time
often displays a relatively short incubation period with little or no material removal. The

material eventually experiences surface weight loss and surface hardening at the same
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rates and attains a steady state erosion rate. Steady state erosion is defined by the linear
portion of the weight loss versus time plot, as shown in Figure 15. Determination of the
steady state erosion rate is very important from a practical point of view since most of the
material removal occurs during this period. In order to adequately obtain the weight loss
vs. erosion time plots, eight different erosion exposure times (30, 60, 90, 120, 150, 180,
210, 240 min.) were used for each material. To quantify weight loss during the erosion
experiments, the erosion specimens were ultrasonically cleaned in acetone and weighed
before and after the erosion tests to the nearest 0.1 mg using Mettler College 150 balance.
A linear regression analysis was performed on the data in the steady state erosion regime
of the weight loss versus time plots, the slopes of which yielded the steady state erosion
rate. The volumetric erosion rates were obtained by dividing the weight loss rate by the
density of the corresponding material. It is essential to determine volumetric erosion
rates in order to compare materials with different densities. For example, two materials
with different densities may exhibit an equal weight loss due to erosion, however, the
high density material will have a lower volume loss than a material with lower density.
Densities of all materials were experimentally measured using the Archimedes method.
IV.B.4. Determination of tests reproducibility

Lindsley [46] analyzed the reproducibility of the erosion tests using the Lehigh
University erosion apparatus. The author conducted several erosion tests for the same
material and determined that the standard deviation in erosion rate was less than 1%,

indicating good reproducibility of the erosion tests. However, some deviation has been
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noted between different groups of erosion tests (i.e., tests for the same materials run at
different times of year). Possible causes of deviation include changes in air humidity and
wear of the erosion tester itself, resulting in changes in air and particle flow. Therefore, if
erosion samples were to be run at different times, a standard sample would be used to
compare erosion rates. Also, each alloy was tested at least once per day, to ensure that
slight changes in the operation of the erosion tester from day to day were experienced by
each sample. Moreover, the order of the samples to be tested on each day was also
chosen at random. These measures were taken to limit the error in the erosion rate
determination for each material.
IV.B.S. Erosion tests procedure

Erosion test conditions used in this study are summarized in Table II. All
materials were tested at a 90° impact angle and a velocity of 40 m/s. Erosion samples
were cross-sectioned after testing using a low speed diamond saw. The samples were
then mounted in cold curing, thermosetting epoxy and metallographically prepared using
standard techniques to a 0.04 um surface finish. These samples were used to analyze the
sub-surface damage in the eroded materials by microhardness and nanoindentation
techniques.
IV.C. Mechanical Tests
IV.C.1. Microhardness tests and plastic zone depth estimation

To measure the depth of the deformed region beneath the eroded surface,
microhardness tests were performed on a cross-section of each material after the longest

exposure time in the erosion tester. The plastic zone depth was estimated by obtaining a
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Table II. Erosion tests conditions.

Eroded Sample Planar Dimensions

0.95cmx 0.95 cm

Sample Temperature

20°C

Erodent Particle Velocity

40 m/s +3 m/s

Erodent Particles Flux

8.50 mg/(mmzlsec)

Impingement Angle 90°
Erodent angular brown alumina (Al,0O5)
Erodent Size Range 355-425 um
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microhardness profile from the eroded surface into the base material. A schematic
diagram of this technique is shown in Figure 16. The depth at which the hardness value
becomes constant is defined as the plastic zone depth. In order to minimize the specimen
edge effect on microhardness results, the measurements were conducted using a Knoop

indenter with a test load of 10g. Microhardness tests were conducted according to ASTM

E 384 standard [48] and indents started at the distance of 5-10 pm from the eroded
surface, depending upon the size of the indent. Three to five microhardness profiles were
obtained in different locations of each material in order to improve the statistical
significance of the data. From these profiles, the size of the plastic zone and increase in
surface hardness due to erosion were determined.
IV.C.2. Nanoindentation tests

Nanoidentation tests were performed at the Oak Ridge National Laboratory using
the Nano Indenter™ II system, Figure 17 [49]. The load on the indenter is generated
through the use of a current carrying coil and permanent magnet assembly. The
resolution of the loading system is 50 nN. The displacement of the indenter is measured
with a three plate capacitive system with a resolution of 0.04 nm. A detailed description
of the system has been presented elsewhere and will not be discussed here [50]. In
contrast to conventional microhardness tests, the Nano Indenter® Il system is able to
measure the displacement of the indenter as a function of the applied load within a small
volume of the material. The use of this depth-sensing indentation technique made it
possible to analyze the load-displacement and stress-strain response of the material within

the plastically deformed layer (<150 um) below the eroded surface. These results
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Figure 16. Schematic diagram of the microhardness profile that was taken in order to
estimate plastic zone size due to erosion.
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Figure 17. Schematic diagram of the Nano Indenter® II. A-sample; B-indenter column;
C-load applications coil; D-indenter support springs; E-capacitive displacement gauge;
and F-load frame.
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provided an understanding of the energy absorption properties of the eroded materials.

Load-displacement measurements

A schematic diagram of the typical load-displacement curve that can be obtained
by using the nanoindentation technique is shown in Figure 18. As the load, P, increases,
displacement, &, occurs due to both elastic and plastic deformation of the material
(loading curve). After the load is removed, the elastic displacement is recovered
(unloading curve). Thus, because of the plastic deformation, a material exhibits contact
hysteresis, i.e., some amount of energy that was transferred into the material during the
loading cycle is absorbed through plastic deformation. The shaded area in Figure 18
represents this plastic deformation energy.

Indentation tests were conducted with a 50 um radius diamond ball and a peak
load of 80 mN on the cross-sections of all materials exposed to erosion. For each
indentation a load-displacement curve was generated. The loading/unloading rate of 2
mN/sec and 20 seconds holding time at the peak load were used during the load-hold-
unload cycle. Indents started at 10 um from the eroded surface and proceeded into the
material with 25 um steps. Therefore, a series of load-displacement diagrams with
distance from the eroded surface was produced for each material. Since the area under
the load displacement curve represents the energy that materials absorb during the
indentation process, a profile of the eroded material’s ability to absorb this energy within
the plastically deformed region was obtained. Four profiles (five indents in each profile)
were obtained in different locations of each material in order to improve the statistical

significance of the data.
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Figure 18. Schematic diagram of the typical load-displacement curve obtained during
the nanoindentation test. Shaded area represents plastic deformation energy, 8¢ is the
final indentation depth after indentation, and 8,,,, is the maximum indentation depth at
the peak load.
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IV.C.3. Quasi-static and high strain rate compression tests

Quasi-static and high strain rate compression tests were conducted to determine
the effect of mechanical properties such as strength and toughness on erosion resistance
of ductile materials. In contrast to the strain rates during the quasi-static tests 10> sec'[),
the strain rates during the high strain rate compression tests were varied from 1500 s'to
9600 s™'. These strain rates are similar to those expected during the erosion process. To
estimate strain rates imposed on the target material during particle impact, Hutchings [45]

used the following equation:

5t or 2 (12)

where € is the mean strain rate (s'[), v is the particle velocity (my/s), r is the particle radius
(m), P is the dynamic mean contact pressure or hardness of the target material (N/m?'),
and p is the particle density (kg/m3). By using this equation for the experimental
conditions and materials used in this study, it was found that the strain rates during
erosion could range between 12-20* 10*s".

Compression tests in the quasi-static regime were conducted on a conventional
servo-hydraulic test frame, and tests in the high strain rate regime were conducted using a
compression split-Hopkinson pressure bar at the University of California at San Diego.
Compression specimens were machined from each material as right, regular cylinders
having a diameter of 5.08 mm and height of 5.08 mm. Detailed discussion of classical

Hopkinson bar techniques [S1] and recent experimental modifications [52] can be found
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in the literature.

The microhardness measurements made on the eroded samples are quasi-static
measurements of deformation which was introduced at high strain rate. In order to verify
that these microhardness measurements could be correlated to the high strain rate
behavior measured from compression samples, an additional set of experiments was
conducted. In these experiments, compression samples were first deformed on the
Hopkinson bar at high strain rate (>2000 s'l) to a true strain of approximately 0.2 and
were then unloaded. These same samples were then re-machined to right, regular
cylinders, and retested in compression under quasi-static conditions to determine the
reload yield strength. If the reload yield strength measured under quasi-static conditions
was the same as the flow stress level at the end of the high-strain rate compression test,
then it could be assumed that the microhardness measurements taken from the eroded
samples reflect the flow stress level introduced by the high-strain rate deformation of the
erosion process.

Finally, high strain rate compression samples were sectioned, polished, and tested
using the microhardness and nanoindentation techniques to develop a correlation between
flow stress in compression samples and microhardness in the eroded samples. This flow
stress/microhardness correlation was then used to infer the strength and strain of the

material below the eroded surface based on their microhardness readings.
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V. RESULTS AND DISCUSSION
V.A. EROSION TESTS AND PLASTIC DEFORMATION DURING EROSION.

Volume loss versus time plot for all alloys tested at a particle velocity of 40 m/s

and 90° impact angle are presented in Figure 19. The relative ranking of all alloys based

on their volumetric erosion rates is listed in Table III. The Inconel-625 alloy showed the

lowest erosion rate of 0.0074 mm°/min while Cu exhibited the highest erosion rate of

0.0104 mm"/min.

Results of the microhardness tests on cross-sectioned samples are shown in
Figure 20. These results demonstrate that for all materials, the hardness significantly
increased near the eroded surface. An increase in hardness indicates that the material
beneath the eroded surface experienced plastic deformation and therefore, erosion
resistance should be related to the ability of a material to absorb impact energy. The
estimated plastic zone depth for all materials are listed in Table IV. It can be seen that
Cu has the largest plastic zone of 140 pm, while Ultimet and B3 alloys have the smallest
plastic zone of 40 pm. Mechanical properties such as hardness and toughness affect the

ability of the material to deform plastically and may control its erosion resistance.

V.B. EROSION MODEL FOR DUCTILE MATERIALS. EFFECT OF
MECHANICAL PROPERTIES ON ENERGY DISSIPATION DURING
EROSION.

To consider the effect of the target material mechanical properties on erosion

resistance, the following assumptions can be made to simplify the energy balance
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Figure 19. Volume loss versus erosion time plots for all materials tested. The slope of

each line represents steady-state erosion rate.
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Table III. Volumetric erosion rates for tested alloys at 90° particle impact angle and

velocity of 40m/s.

Volumetric erosion
ALLOY rate

(mm’/min) *10°
Inconel-625 7.40+0.07
Ultimet 7.54+0.08
Haynes 230 7.67+0.08
Hastelloy-C22 | 7.80+0.12
B3 7.80+0.07
316L SS 8.30+0.05
Nickel 9.10+0.15
Copper 10.4+0.13
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velocity.
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Table IV. Plastic zone depth due to erosion. Depth was estimated using microhardness

technique.
Material Plastic zone depth
(1m)
Cu 140
Ni 80
316L SS 60
Inconel-625 50
Hastelloy-C22 50
Haynes 230 50
B3 40
Ultimet 40
60
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between an impacting particle and the target material: 1) the erodent particle is spherical
and does not break upon impact, and 2) the temperature rise in the target during impact is
not significant enough to cause changes in its mechanical properties. The latter
assumption appears to be reasonable for the erosion process due to the small size of the
impacting particles and the comparatively large size of the target specimens. Therefore,
the amount of energy converted to heat is insignificant to cause changes in mechanical

properties of the target material.
V.B.1. Plastic deformation energy

From the first principles, the kinetic energy of the particle before the impact is
given by:

5
mV;

2

KE = =KEpd +KEed (13)

where m is the mass of the particle, V; is initial velocity, KE,q and KEq are the plastic

and elastic deformation energies, respectively. However, the portion of this energy
transferred or delivered into the target material depends upon the mechanical properties

of the target and erodent such as surface hardness, elastic modulus, etc. Upon impact, the

kinetic energy of the particle transfers into (1) rebound of the particle (KE,4) and (2)

plastic deformation of the target (KE,,4). The portion of the initial kinetic energy used for

plastic deformation is equal to:
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where ¥, is the rebound velocity of the particle. The term V/V}, referred to as the

coefficient of restitution (e), represents the stored elastic energy in the particle and the

target material after the impact [28]. For example, if the coefficient of restitution is high
(i.e., the rebound velocity is close to the incident velocity), the energy transferred to
elastic deformation of the target would also be high and therefore, the target material
would not experience significant plastic deformation. The coefficient of restitution
depends on the mechanical properties of the particle and target materials (i.e., hardness

and elastic modulus).

According to Lankov [28] and Johnson [53], for spherical particles the coefficient

of restitution (€) can be expressed as a function of hardness and elastic modulus:

v 1.75* H0.625 *J0’5
ez[’VL): 0.125 5 1, 0.25 (15)
t Pp Vi
2
> (V. J“ 3.06* H123 * f
or e* = —| = (16)
[Vi ppo.zs * 05

where py, is the density of the impacting spherical particle in kg/m3, H is the target

material hardness in N/mz, V; is the initial particle velocity in m/s, and J is a parameter

related to the elastic modulus and Poisson coefficients of the target and particle materials.
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J is given by:

Jz(l—#fz)+(1‘/‘;za)

1
A (17

p
where u; and u;, are the Poisson coefficients of the target and particle materials
respectively, and E;and E, are the elastic moduli of the target and particle materials,

respectively in N/m°. Substitution of the equation 17 into 16 gives:

,
2 (3.06 ~g !> )* (p,?) O p7)

e’ = 3 93 (18)
(e8> *v02) | E Ep
Therefore Equation 14 can be rewritten as:
2 1.25 2 2
KE oy _mV-, 1_( 3.067*H o Qo) (pp7) (19)
2 \ppo._s +y,0.5 E, E,

Equation 19 shows that for target material with high hardness to modulus ratio, a larger
portion of the incident particle’s kinetic energy transforms into rebound kinetic energy

when compared to materials with low hardness. Therefore, the energy used for plastic

deformation (KE,4) during erosion is lower for hard materials than for soft materials.

V.B.2 Erosion parameter

Bitter [9] suggested that the erosion rate is proportional to the ratio of the input

kinetic energy to the energy needed to remove a unit volume of the material. Based on
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this concept, the erosion rate of the material is proportional to the ratio of the energy used

for plastic deformation, KE 4, to the energy required to cause Jfracture or the fracture

energy. A mechanical property that can represent the fracture energy per unit volume is
the tensile toughness or area under the true stress-true strain curve. The volume within
which plastic deformation is absorbed during erosion is defined by the plastic zone size.

Now, the expression for the erosion parameter, can be written as follows:

306* ' | [ () (bup)
m? || B )R B (20)
2 | T*L

Erosion- Epgyameter

where Ejarameter IS an erosion parameter, T is the tensile toughness of a material in

Joules/m® and L is the plastic zone volume in m’. All the terms in equation 20 are
summarized in Table V.

The developed erosion parameter represents a comprehensive model that includes
mechanical properties of the target materials as well as properties of the erodent. In

addition, Equation 20 shows that, for the same erosion conditions (i.e., erodent velocity

and density are constant), the Eparameter is low for materials that combine high hardness to

modulus ratio and high tensile toughness. To evaluate the validity of Equation 20, the

tensile toughness of materials during erosion was estimated from the high-strain-rate
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Table V. Summary of the terms included in the erosion model (equation 20).

Term Definition Units

Eparamerer | S7OSIO0 parameter -

m mass of the impacting particles kg

vy initial particle velocity m/s

H target material hardness N/m
density of the impacting spherical particle 3

p kg/m

M, Poisson coefficient of the particle material -

m Poisson coefficient of the target material -

E, elastic modulus of the particle material N/m?>

E, elastic modulus of the target material N/m?>

T Toughness Joules/m>

L plastic zone volume m>
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compression tests. [n addition, the maximum hardness measured beneath the eroded

surface was substituted for A in Equation 20. Plastic zone volume (L) was estimated

from the surface area of the eroded samples (constant for all materials ~9* 10'5m2) and

the depth of plastic deformation beneath the eroded surface as determined by
microhardness measurements. The procedure for estimating the mechanical properties
during erosion is presented below. It is worth noting here that if it were possible to
directly measure the coefficient of restitution of the impacting particles, then it would be
possible to use Equation 20 directly for determining the erosion parameter. However,
direct measurement of the coefficient of restitution for very small particles presents a

considerable experimental challenge.
V.B.3 Mechanical properties during erosion

The determination of the toughness of a material under the high-strain conditions
associated with the erosion process is necessary to determine the erosion parameter
calculated from Equation 20. Recall, toughness can be calculated by using equation 6 as

shown below:

6.n+l
rog+d ©
n+l

where X is the strength coefficient, # is the strain hardening coefficient, and & is the

failure strain. To estimate toughness during erosion, high strain-rate compression stress-
strain curves must be generated to determine strength and strain hardening coefficients.
However, compression tests do not cause failure of the material and this prevents
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determination of the failure strain. Consequently, a method was developed to determine
failure strain and toughness of the material by using high-strain-rate compression tests
and microhardness tests. To estimate the tensile toughness (7) associated with the
erosion process, the following procedure was utilized: 1) compression stress-strain curves
at strain rates comparable to those during erosion were generated using the compression
Hopkinson bar; 2) the failure stress at the eroded surface was estimated from
microhardness measurements of the eroded samples; 3) the failure strain was inferred
from the failure stress and compressive stress-strain curves; and 4) tensile toughness was
found by integration of the compression stress-strain curves over the strain range from

zero to failure strain.

High-strain-rate compression tests

Strain rates during solid particle erosion are different from those during quasi-

static mechanical tests. Depending on the erosion conditions (i.e., erodent velocity, target

temperature and erodent size), strain rates in target materials may range between 10° and

10’s’. In contrast, quasi-static tests are conducted using strain rates between 10 and

1

107 s'l. Clearly, for strain-rate sensitive materials, high-strain-rate mechanical tests are

necessary to develop accurate correlation between mechanical properties and erosion

resistance.

In this study, high-strain-rate compression tests were conducted at strain rates of
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Figure 21 (a-h). Stress-strain curves generated for each material over a range of strain
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flow stress of the material.
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~10°-10*s™!. These strain rates are similar to those calculated by Hutchings [45] using

equation 12 for particle impacts at 40 m/s. Therefore, mechanical properties measured
from the high-strain-rate tests could be used as an estimate of the mechanical properties
during erosion. Figure 21 shows stress-strain curves generated for each material over a
range of strain rates. For each material, strain-rate has a pronounced influence on the

yield and flow stress of the materials. In some of the materials, the flow stress at high

strain rates may be more than twice that associated with quasi-static conditions. The
difference in tensile toughness for each material is therefore very dependent on the strain-

rate associated with the erosion process.

Figure 22 shows the stress-strain curves for Ultimet, Inconel-625, Hastelloy-C22,

and 316L SS alloys which had been first tested at high strain rate at room temperature,

then reloaded at low strain rate to determine if a quasi-static test (such as the hardness
tests) conducted following a high strain rate experiment, accurately predicts the flow
stress level achieved during the previous high-strain rate tests. Since the quasi-static
reload yield point is close to the flow stress at the end of the high strain rate test, it is
reasonable to assume that the hardness measurements of the erosion samples accurately
reflect the flow stress levels achieved during erosion. The slightly lower quasi-static
reload stress level arises due to recovery following the high-strain-rate test as a result of
adiabatic heating associated with the dynamic deformation. The lower reload stress is

present even if the sample is reloaded dynamically.
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experiment, reasonably predicts the flow stress level achieved during the previous high-
strain-rate tests.
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Estimation of tensile toughness during erosion

For eroded materials, the failure strength can be estimated from the microhardness
profiles beneath the eroded surface. During particle impact, when the yield strength of
the material is locally exceeded, plastic deformation takes place in the vicinity of the
impact. After multiple impacts, the yield strength of the material near the surface
increases due to strain-rate and strain hardening. Upon further deformation, the yield
strength approaches its fracture strength and materials cannot tolerate any further plastic
deformation. At this point, the surface becomes brittle and its fragments are removed by
subsequent impacts. Thus, the hardness of the material at the eroded surface may be used

as a measure of its fracture strength, written as [54]:

H=Ados 1)

where H is the hardness, oy is the fracture strength, and A is a constant which can be

experimentally determined from microhardness measurements conducted on compression

samples.

To estimate failure strength during erosion, 10g Knoop microhardness tests were
conducted on both high-strain-rate compression samples and cross-sections of the eroded
alloys. Using known stress values from the high-strain-rate compression curves and
corresponding hardness values, the constant 4 was determined using Equation 21.
Subsequently, the constant 4 was used to calculate the erosion failure strength from the

microhardness measurements near the eroded surface (5-10 pm from the surface).
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Results of the hardness-stress conversion are shown in Table VI. Once the erosion
fracture strength was determined, fracture strain and toughness were found from the high-
strain-rate compression stress-strain curves. Toughness was found by integrating the
stress-strain relationship between 0.02 strain (yielding) and failure strain. A schematic
illustration of this procedure is shown in Figure 23. Estimated failure strength, failure

strain, and tensile toughness values during erosion are listed in Table VII.

V.B.4. Erosion model correlation. Effect of mechanical properties on erosion

resistance.

In this study, the erosion test conditions were the same for all materials (V=40
m/s, Ep = 400*10° N/m?, Hp=0.21, p, =0.35, and p, = 4000 kg/m3). Also, all tested
alloys have similar elastic moduli values (E; =210* 10° N/ml) with the exception of

copper (E=130* 10° N/mz).. Thus, tensile toughness (T), maximum hardness near the

eroded surface (H), and plastic zone volume (L) values can be used to examine the
validity of Equation 20 for the erosion parameter and determine the combined effects of

hardness and toughness on erosion resistance. The calculated erosion parameter,
Eparameter from Equation 20 is plotted against experimentally determined volumetric
erosion rates in Figure 24. [t can be seen that a decrease in values of the erosion
parameter leads to a decrease in erosion rates. Thus, materials combining high hardness

and high toughness at high strain offer good erosion resistance. Hardness is necessary to

reduce the energy transferred from the incident particle into the material while toughness
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indicates the ability of the material to absorb this energy without fracture. However, high
hardness may reduce the ability of the material to deform plastically and therefore, its

toughness may decrease. According to equation 20, the optimum combination of these

properties that provides the minimum value of Ep,ramerer Provides the best erosion

resistance.

If a ductile material is not strain rate sensitive, its quasi-static mechanical
properties can be related with erosion resistance. However, for most ductile materials,
mechanical properties at high strain rates are different from the quasi-static properties.
Since solid particle erosion involves high-strain-rate deformation of the target material,
caution must be taken when a relationship between quasi-static mechanical properties and
erosion resistance is drawn. Unfortunately, the exact strain rates during erosion are
difficult to estimate because of the gradual change in mechanical properties with distance
from the eroded surface. However, as was shown here, compression tests at high strain
rates can provide a reasonable estimate of the mechanical properties during erosion and

can be used to predict erosion behavior of materials.
V.B.5. Summary of the erosion model for ductile materials.

Deformation behavior and erosion resistance of ductile Ni, Co, and Fe-base alloys and
commercially pure Cu and Ni were analyzed. High-strain-rate mechanical tests along
with microhardness tests were used to estimate the mechanical properties of these

materials during erosion. Based on the results of this study, the following can be
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summarized:

1. An erosion parameter was developed based on considerations of energy loss

during erosion that showed good correlation with experimentally measured

erosion rates.

2. Materials combining high hardness and tensile toughness at high strain rates
showed good erosion resistance. Hardness is necessary to reduce energy
transferred from the particle into the material while toughness indicates the ability

of the material to absorb this energy without fracture.

)

A procedure for the estimation of the mechanical properties of a material during
erosion using high-strain-rate compression tests and microhardness measurements

was developed.
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Table VI. Hardness-Strength conversion (H = A*c)

Material [Strain Etress, ardness, H [Constant, ardness [Failure
rate , 10g Knoop), |A=H/c at the trength at
igh strain  [(average roded |[the eroded
ate sample ([value) urface [surface,
(10g,
oop)
-1 MPa a a MPa

[Ultimet {1500 1350 fs030+360! [3-7
4200 1500  |lss00+430 3.7 3.7  [6330+200 [1710+60

8700  [1600 [enoorze0  P7

IIN-625 1700 1250 [4410+530 3.5
4500 1350  [4580+220 34 34 5660280 (166482
19000 1400 [4740+260 3.4
C22 1700 1050 |[3840+230 3.7
4500 1100 |4465+280 4.0 3.7  j4860+230 |1314+62
19000 1160 |4150+240 3.6
316L SS  |1400 900 3410+260 3.8
4300 1000 [3750+290 3.8 3.6 4270+100 |1186+28
8200 1150 [3820+260 3.3
B3 1300 1095  |4290+280 3.6
4500 1248 [4600+270 3.7 3.8 5560+330 |11463+87
7800 1392  [4930+320 3.9

Copper 2500 345 1250+60 3.6 3.7 125050 [338+14
4500 350 1310+110 3.7

|Nicke12 35 |2560+150 [731x43

lHardness numbers and standard deviations were calculated from at least 10 indentations.

? Since in this study no high strain rate tests were performed for nickel, value for constant
A was approximated as 3.5 and failure strain and toughness were estimated from the high
strain rate stress-strain curves found in the literature [Follansbee, P.S. et al., Acta metall.
mater., Vol. 38, n. 7, 1990, pp. 1241-1254]
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Figure 23. Schematic diagram showing procedure that was used to estimate tensile

toughness during erosion using high-strain-rate compression and microhardness tests.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table VII. Estimated failure stress, failure strain, and toughness values during erosion.

Alloy train rate, [Stress-strain [gl[i:)ure strength|Failure Toughness

i:(ss'l) relationship’ a), train, (MJ/m>)
o=co+Ke" Ot f

[Ultimet 8700 804+1926¢%°° | 1710£60 ‘|0.25i0.02 355443

IN-625 9000 830+1600e%° 1664+82 ﬁ0.31:t0.05 41684

C22 9000 "613+12005°'5“ 1314+43 l 35£0.05  [370+65

316LSS | 8200 l684+1208¢%° | 1186+28 uo.zzio.oz 22022

B3 7800 508+1940c058 || 1463+87 ’ 35+0.05  375+70

Copper 4500 h0+693° 338+14 ’ 27+0.02 5745

INicke12 4000 50+1298¢%" 731+43 l 32+0.04  [[158+30

10'0 is the yield strength and K is the strength coefficient.

2 Stress-strain relationship was obtained from Follansbee, P.S. et al., Acta metall. mater.,
Vol. 38, n. 7, 1990, pp. 1241-1254.
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Figure 24. Erosion parameter calculated from Equation 20 is plotted against
experimentally determined volumetric erosion rate. Good correlatior. is observed. A
decrease in values of erosion parameter lead to a decrease in erosion rate.
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V. C. ANALYSIS OF SUBSURFACE DEFORMATION DURING EROSION BY
USING THE NANOINDENTATION TECHNIQUE
V.C.1. Theoretical basis for the indentation load-displacement and stress-strain

analysis.

Stress-strain analysis

A series of load-displacement diagrams with distance from the eroded surface was

produced for each material using Nanoindenter n® system with a 50 um radius spherical

indenter. Also, pure tantalum was included for nanoindentation analysis. The main
advantage in using a spherical indenter over sharp indenters (i.e. Vickers or Berkovich) is
that in spherical indentation, imposed strain is proportional to the indentation size
according to [55]:

a

Ep = —
ol = g 22)

where &, is the plastic strain, a is the radius of the indentation, and R is the radius of the

indenter. If the indenter penetration depth is small compared with the radius of the
indenter, the value of a can be estimated from the depth of indenter penetration using the
following relationship [S5]:

a=V3*R @3)
where Jis the penetration depth. Also, mean applied pressure or stress values (o) can be

found from:

c = (24)
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where P is the applied load and 7a’ is the projected area of indentation. Therefore, by

using equations 22, 23, and 24, the load-displacement diagram, P vs. J can be converted
into a stress-strain diagram, o vs. @/R, which allows an analysis of the strain-hardening
behavior of materials. Stress-strain curves of ductile materials can be described by a

power law relationship:

n
c = K| — 25
(<) @s)
where K and n are strength and strain hardening coefficients, respectively. Thus, the use
of the small spherical indenter in combination with continuous monitoring of the load-
displacement behavior makes it possible to observe changes in strength and strain-

hardening behavior with distance from the eroded surface.

Elastic recovery analysis

During loading, the work done by the indenter in deforming the material is given

W = [fmax P(5)dS 26)
where W is work done by indenter, P is the applied load, and §'is the depth of penetration.

The work W is represented as the area under the loading curve in Figure 18. During

unloading, the recovered elastic energy (W) is given by:
)
W elastic = Ié'}?::l P(8)do 27
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where J7,,4 is the depth of the residual indentation. In Figure 18, the elastic energy is

represented as the area under the unloading curve. [f the indenter is regarded as a free

particle, the coefficient of restitution (e=V,.p,ns/V) can be found according to [S6]:

0.5
e = [ZMC__)

w (28)
e’ = W elastic (29)

W
According to equation (14), the particle impact energy that is transferred into plastic

deformation equals 0.5m v (1 -e2). Therefore, load-displacement tests and equations 27

and 28 can be used to calculate changes in elastic recovery and restitution coefficient as a
function of distance from the eroded surface. Measurement of restitution coefficient is
important because its value determines the rebounding ability of the material during
erosion. Also, results from the nanoindentation tests can be used (1) to determine the
effect of hardness on restitution coefficient of materials and (2) to compare the amount of
energy that is transferred into plastic deformation during particle impact.

V.C.2. Measurements of subsurface elastic recovery and plastic deformation.

Results of the load-displacement tests conducted on cross-sections of the eroded

materials (particle impact angle-900 and velocity-40m/s) are presented in Figure 25.

Two observations can be made from the data. First, all materials showed load-unioad

hysteresis which represents a measure of the amount of energy dissipated into plastic
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deformation during indentation. Second, elastic recovery (W 51i/ W) was significantly

higher near the eroded surface than away from the eroded surface. Subsequently, energy

that is dissipated into plastic deformation Wyjaq;c decreased near the eroded surface and
materials became less ductile. Table VIII lists the values of Wyagic and Wejagic/ W or e
for all tested materials. Average values of e within the plastic zone were determined
using the following equation:

average e~ =
Ly

where L is the plastic zone size due to erosion. Table VIII shows that, at 10 um from

the eroded surface, anywhere from 36 to 88% of total energy is elastically recovered

during unloading cycle. Tantalum showed the lowest elastic recovery (e2=0.36) while B3

alloy showed the highest elastic recovery (e2=0.88). On average, between 27-72% of

total energy is recovered during the unloading cycle. These findings are important
because often researchers assumed that during particle impact, only 5-10% of the total
energy transfers into elastic recovery (particle rebound) and 90-95% transfers into plastic
deformation of the target [40]. Therefore, elastic recovery was largely ignored in energy
balance calculations. This research suggests that elastic recovery plays a substantial role

in the total energy loss and thus, must be considered in the energy balance calculations.

Latham et al. [57] measured rebound velocity and coefficient of restitution (¥;epounda/¥) of
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Figure 25 (a-i). Indentation load, P, versus displacement. 3. for tested materials as a
function of distance from the eroded surtace. Measurements were made on the cross-
sections of the eroded materials (90° particle impact angle and velocity of 40 m/s). Note
an increase in elastic recovery near the eroded surface.

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Inconel-625

80 ¢ 3
: 3
- 3
70 L ]
- 1
S0 E
T s0r ]
o C 3
8 40rF E
S
30 ¢ -
' bi
iy
10 © :
o Eﬂ___x._x___LM.i_.‘___.._._.._.*_.. [OOSR b._.._v_.'_j
0 50 100 150 200
Displacement (nm)
Haynes 230
Z -
s
g 40
S 1
-
3
£
t
Displacement (nm)
Figure 25 (cont).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80 E L ]
70 © =
o0 ¢ :
Zz F ]
E 50k 3
FE: z
o 40 ¢ 3
- : b
30 E. ® 10um F
i .2 ; Py 3 B 35m [
b X F . 60um [
20 - B30 I \ -
,L !_.. : N < 85um :
v A o® - 105um JA
10 a8 e ® Dbase E
1[; Ba .. ———L:
O .!_,_.# 1. LY AN O,
0] 50 100 150 200
Displacement (nm)
Ultimet
70 -
60 -
£ 50 -
B 40 ° :
§ ¢ ,-
30 - e 10um ({-
E [ | 35um ]
20 & - - 60um ]
E K X 85um |
. 5 105um {-
10 E .. ® base |-
——eeEEes———
0 50 100 150 200
Displacement (nm)
Figure 25 (cont.)

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PRERE SRSy

O 50 100 150 200 250 300 350 400
Ni

80 ¢ T

_ ot
Z E =
£l
s P
30 ¢ <

20 ©

10

0 P o

O N ©
O o o

TT'rTT'TrrrT'I e I‘] T ["}Tl"!’]". TT]‘YV T ‘.‘]‘l VY

Load (mN)
w H O
o O O

= N
o o O

0 100 200 300 400 500 600 700
Displacement (nm)

Figure 25 (cont).

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table VIIL. Summary of the load-displacement data for eroded materials. Particle
impact angle-900 and velocity-40m/s.

Material | Distance | Plastic Plastic Total Measure Average e~
from the | zone energy, energy, of elastic within the
eroded depth, W piastics w recovery, deformed
surface, Wi W volume

or
pm pm J*10” J*107? &

Cu 10 145 5.54 9.43 041 0.28
35 6.17 9.64 0.36
105 11.50 14.59 021
base' 16.41 19.28 0.15

Ta 10 110 4.83 7.57 0.36 0.27
35 6.86 9.32 0.26
60 7.36 10.12 0.27
85 7.45 9.82 0.24
105 7.55 9.75 0.23
base 9.38 11.50 0.18

Ni 10 80 2.87 6.11 0.53 0.40
35 3.68 6.43 0.43
60 361 6.22 0.42
85 3.96 6.40 0.38
base 7.14 9.64 0.26

316LSS | 10 60 1.09 5.52 0.80 0.58
35 2.74 6.60 0.58
60 4.85 8.20 041
base 5.23 830 0.36

Hastelloy | 10 50 0.83 5.13 0.84 0.66

-C22 35 240 5.84 0.59
60 324 6.06 0.47
base 3.48 6.29 0.45

Haynes 10 50 0.96 4.96 0.80 0.65

230 35 228 5.55 0.60
60 298 6.00 0.50
base 3.30 6.51 049

B3 10 40 0.61 5.03 0.88 0.7
35 2.02 5.34 0.62
60 3.09 6.09 0.49
base 3.24 6.31 047

Inconel 10 50 0.84 4.65 0.82 0.71

625 35 1.91 5.17 0.63
60 2.15 5.30 0.59
base 2.28 544 0.58

Ultimet 10 40 0.90 4.51 0.80 0.72
35 1.55 4.57 0.66
60 1.66 4.72 0.65
base 1.81 5.25 0.65

1 -
Base measurements were made on unaffected material away from the eroded surface

(=500 um).
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several annealed metals impacted by iron microspheres. It was found that, in the impact

velocity range 20-100 m/s, average e values for Cu, Ni, and stainless steel were 0.12,

0.10, and 0.3, respectively. These values are in reasonable agreement with those
measured using nanoindentation technique for base Cu, Ni, and 316L stainless steel
(0.15, 0.2, and 0.36, respectively). These results suggests that load-displacement
experiments can be successfully used to estimate restitution coefficient within small
volume of material. Also, this study definitively showed that, within plastically deformed
region, all materials
exhibited an increase in restitution coefficient with an increase in hardness near the
eroded surface.
Effect of hardness on restitution coefficient and plastic deformation energy.

The effect of hardness on measured restitution coefficient is shown in Figure 26.

Interestingly, the data for all materials and distances from the eroded surface (see Table
VIII) can be fitted into a logarithmic-type relationship (R2 =0.94):

e=-0.68+0.391og(H) €2y

where H is hardness in MPa. This result is somewhat different from that obtained by
Latham et al. [S7] who showed a linear relationship between Vickers hardness and

restitution coefficient (Figure 27). However, upon examining Figure 27, it can be seen

that the hardest tested material was graphite with Vickers hardness of only 400 kg/mm

(=4000 MPa). In this study (Figure 26), for materials with hardness below 4000-5000
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MPa, the relationship between H and e could also be described as linear. However,
materials with hardness greater than 5000 MPa deviated from the linear relationship. At
the same applied load, hard materials have a smaller deformed volume beneath the
indenter than soft materials. It can be suggested that, at some level of hardness, the size
of the deformed region becomes comparable with the size of the dislocation stress field
generated by the indentation. Therefore, changes and any further increase in material
hardness will not produce a significant increase in elastic recovery. Tabor [S4] suggested
that, when the deformed volume is very small, it may contain only a limited number of
dislocations and one should expect the hardness of material to approach the theoretical
value of a perfect crystal. However, near the eroded surface all materials were highly
hardened and, therefore, it is unlikely that during indentation experiments only a limited
number of dislocations were affected. It seems that, when indentation size becomes
small, additional deformation mechanisms (other than elastic and plastic deformation)
may take place that affect energy dissipation. More research is required to determine the
effect of hardness on energy loss mechanisms during the indentation process.
Stress-strain analysis of subsurface deformation

Stress-strain curves were generated from the loading portion of the load-displacement
diagrams according to the procedure described in section V.C.1. Stress-strain
relationships obtained within the plastically deformed zone at various distances below the
eroded surface are shown in Table IX. In general, all materials exhibited a decrease in
strength coefficient (K) and strain hardening coefficient (n) with increasing distance from
the eroded surface. These findings were expected because material near the eroded
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Table I[X. Stress-strain relationship for all materials eroded at 90° particle impact angle

and velocity of 40m/s.

Material Distance from the eroded | Estimated plastic Stress-strain
surface, zone depth, equation
pm pm o=Ke"

Cu 10 140 4992¢%%8
35 2826
105 1046e™*
base 569>

Ta 10 110 4131€>°
35 1826¢™>
60 1585¢>18
85 1579¢>%°
105 1579¢%2°
base 121716

Ni 10 80 6200e™>
35 4447
60 5213¢>°
85 4438¢°*
base 1432616

316L SS 10 60 81022
35 4584¢°%¢
60 29596
base 2474

Hastelloy-C22 | 10 50 10828e"%°
35 5566€™*
60 3945¢"36
base 3929¢%38

Haynes 230 10 50 9789¢™%*
35 7066
60 47348 "
base 49114

B3 10 40 173985
35 847152
60 58943
base 5240¢%¢

Inconel 625 10 50 14913¢>7®
35 7819¢™®
60 73666
base 71342

Ultimet 10 40 13499¢%"2
35 1082687
60 8696
base 931824
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Figure 28. Stress-strain curves obtained by using load-displacement measurements at
various distances below the eroded surface of the 316L SS alloy. Note changes in the
stress-strain behavior with distance from the eroded surface.
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surface is more brittle than material away from the surface. As an example, stress-strain
curves obtained at various distances below the eroded 316L SS alloy are shown in Figure
28. This figure illustrates changes in the stress-strain behavior with distance from the
eroded surface. It can be seen that the strength and strain hardening coefficients
decreased from 8102 to 2474 MPa and 0.62 to 0.30, respectively, with distance from the
eroded surface. To illustrate the use of load-displacement measurements in analyzing
stress-strain behavior within a small volume of material, data from the indentation tests
and conventional compression were compared. Good correlation was observed between
the two test methods for strain hardening and strength coefficients in Figure 29a and b.
Thus, indentation load-displacement measurements can be used to analyze stress-strain
behavior of materials within small volumes of material for which conventional
compression tests cannot be conducted (i.e., coatings).

To analyze the stress-strain behavior of materials that experienced high strain-rate
deformation, load-displacement tests were done on selected bulk samples (316L SS,
Inconel-625, B3, and Cu) that were compressed at high strain-rates (~ 10>-10* s'l) using
the Hopkinson bar technique. The results were then compared with the stress-strain
behavior of the materials near the eroded surface (10-35um from the surface) that also
experienced high strain rate deformation during particle impact. If the stress-strain
relationship for the eroded sample was similar to its relationship in the high strain-rate

compression sample, it can be suggested that strain rates during erosion and high-strain

rate compression tests are also comparable. Figure 30 shows the stress-strain curves
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Figure 30 (a-d). Indentation stress-strain diagrams obtained for samples below the
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strain rates 103-1045'1). Note similarities between stress-strain curves in the vicinity of
the eroded surface (10-35 um) and stress-curves obtained on high strain-rate compression
samples.
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Table X. Indentation stress-strain relationship obtained on samples below the eroded
surface and on bulk high strain-rate compression samples (Hopkinson bar method, strain
rates 103-1045"). Note similarities in the stress-strain relationships in the vicinity of the
eroded surface (10-35 um) and stress-strain relationship obtained on high strain-rate
compression samples.

Material Distance from | Stress-strain Stress-strain relationship
the eroded relationship below for bulk high strain-rate
surface, the erode surface compression samples

o=Ke"
gm o=Kze"

Cu 10 4992248
35 2826% 2626¢™*

105 1046**
base 569298

316L SS 10 8102e™% 79875
35 45844
60 2959¢%36
base 2474

B3 10 17398¢"%

35 8471 119797
60 5894”5
base 5240™*

Inconel 625 | 10 14913 15721e™*
35 7819¢>®
60 7366
base 7134e%%
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obtained on both type of samples. Best-fit, stress-strain relationships for both type of
samples are shown in Table X. Note similarities between stress-strain curves obtained
near the eroded surface (10-35um) and those obtained on using indentation tests on bulk
compression samples. For example, for the 316L SS and Inconel-625 alloys, K and n
values for the high strain-rate compression samples were less than 10% different than
those measured at 10 pm from the eroded surface. For the Cu and B3 alloys, K and n
values lie somewhere between those measured at 10-35 um below the eroded surface. It
should be noted that because of the indenter size, no indentations were made closer than
10um from the eroded surface. Therefore, it is possible that values for K and n at the
immediate surface could be higher that those measured at 10 um from the surface. Also,
the stress-state experienced by materials during uniaxial compression and erosion are
different. During solid particle erosion, the material below the impacting particle has
large hydrostatic stresses imposed by the elastic field that surrounds the plastically
deformed field. In contrast, these stresses are negligible during uniaxial compression
tests. Therefore, some caution must taken when correlations are made between uniaxial
compression and erosion tests. Stress-strain relationships provided a reasonable estimate
that, for the experimental conditions used in this study, strain rates imposed below the
eroded surface are comparable to those measured during high strain-rate compression
tests. Thus, high strain-rate compression tests can be used to estimate stress-strain
behavior of materials during erosion. Also, since material below the eroded surface

experiences a gradient of strain rates (highest at the surface), nanoindentation load-
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displacement tests can be performed on eroded samples to provide useful information on
stress-strain behavior of materials at high strain rates without conducting the Hopkinson
bar test.

V.C.3. Summary of the analysis of the subsurface deformation during erosion

Subsurface deformation behavior of ductile Ni, Co, and Fe-base alloys and

commercially pure Ni, Cu, and Ta exposed to solid particle erosion (900 particle impact

angle and velocity of 40m/s) was analyzed. The Nanoindenter 11® was used to determine

load-displacement and stress-strain response of materials below the eroded surface. The

results are summarized as follows:

1. A nanoindentation method was utilized to estimate the restitution coefficient within
plastically deformed regions of eroded samples which provides a measure of the
rebounding ability of a material during particle impact.

2. An increase in hardness (H) near the eroded surface led to an increase in restitution
coefficient (e) according to the logarithmic-type relationship: e=-0.38+0.39log (H).
Consequently, the increase in hardness produced a decrease in amount of plastic
deformation dissipated into the material.

An experimental technique was developed to determine changes in stress-strain

(78}

behavior of material below the eroded surface. Strength and strain-hardening
coefficients decreased with distance from the eroded surface.
4. Stress-strain behavior of materials near the eroded surface was similar to that

observed during high strain-rate compression tests. Thus, strain rates imposed below
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the eroded surface were comparable to those measured during high strain-rate

compression tests (103-1 045'1). High strain-rate compression tests can be used to

estimate stress-strain behavior of materials during erosion.
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V.D. MECHANISM OF ENERGY DISSIPATION DURING EROSION AT
NORMAL IMPACT ANGLE

V.D.1. Measurement of energy absorbed during erosion

The relative ability of a material to dissipate particle impact energy can be
determined by calculating the area under the curve of microhardness versus distance from
the eroded surface. This area can be interpreted as a measure of the amount of energy
that the material absorbs during particle impact before it reaches the critical fracture
stress. An analogy can be made between the true stress-strain curve and the
microhardness profile curve after erosion. The area under the stress-strain curve
represents the energy per unit volume that the material can absorb before fracture. For

the microhardness profiles, the hardness of the material can be correlated to its strength.

This relationship can be described by =40y, where H is the hardness, o, is the yield

strength, and A is a constant. A schematic illustration of the change in microhardness
with depth below the eroded surface is shown in Figure 31. The microhardness profile
curve represents the variation in strength beneath the eroded surface as a result of changes
in strain and strain-rate imposed by particle impacts. The decrease in hardness with
distance from the eroded surface is caused by a decrease in strain-rate and strain.
Therefore, the hardness versus distance from the eroded surface curve can be qualitatively
correlated to the stress versus strain curve (see Figure 31). By analogy with the true
stress-strain curve, the area under hardness-distance curve may be interpreted as energy
used to plastically deform a volume of material. Deformation energy or work is defined

as a force necessary to deform a unit volume. The force that is being applied during
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erosion is determined by the increase in hardness within the plastically deformed volume,
and the deformed volume is defined by the plastic zone size. To further illustrate
similarities between the stress-strain diagram and a hardness profile, the slopes of
microhardness profile and average strain hardening coefficient within the plastically
deformed volume can be correlated as shown in Figure 32. The average strain
hardening coefficients within the plastically deformed volume were determined from

indentation stress-strain diagrams obtained at various distances below the eroded surface

using a Nanoindenter 1®. The following equation was used to calculate the average

value of strain hardening coefficient:

]51 n(d)éd (32)
d

average =
where 7 is the strain hardening coefficient and d is the plastic zone depth. The procedure
for determining the strain hardening coefficient from nanoindentation tests was described
in section V.C. Figure 32 shows a trend of an increase in the slope of the microhardness
profile with the increase in the average strain hardening coefficient. This correlation
suggests similarities between microhardness profiles developed for eroded sample and
high strain rate compression samples. Qualitatively, microhardness profile represents a
variation of strength with distance from the eroded surface that resulted from changes in
stress-strain behavior below the eroded surface due to the changes in strain-rate and

strain. It can be suggested that microhardness curve is a compilation of different stress-

strain responses below the eroded surface.
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A schematic diagram that illustrates calculation of the area under the
microhardness profile curve is shown in Figure 33. To find this area, the microhardness
data within the plastically deformed zone was fitted into the power-law relationship and

then integrated from 0 to L range according to:

drea = [frl H (L)dL (33)
where L is the plastic zone volume, and H(L) is the variation of hardness with distance
from the eroded surface. Plastic zone volume (L=S*d) is determined by the plastic zone

depth d and the surface area S of the eroded samples which was kept constant at ~0.90

cm?. To simplify calculations of area under the microhardness curve, it can be assumed

that hardness decreases linearly from the eroded surface and the area under the

microhardness curve can be estimated according to:

stface + H pase xr
2

The use of equation 34 to estimate the area under the curve is reasonably accurate with

Area = (34)

less than 5% difference between the two approaches (egs. 33 and 34).

Area under the microhardness curve and erosion resistance

In the previously developed erosion model (section V.B.) the erosion rate was
shown to be proportional to the unitless erosion parameter. This parameter is equal to the
ratio of input energy to the energy that the material can absorb before fracture. The
energy absorbed is represented by the area under the microhardness curve, while the

energy transferred is determined by the impacting particle energy and the restitution
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Figure 33. A schematic diagram that illustrates calculation of the area under the
microhardness curve.
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coefficient of the target material according to the previously shown relationship:
mV? 5 (14)
KE pd = —2_(1 -e”)

where KE,; is the energy transferred into plastic deformation in Joules and e is the

restitution coefficient. The empirical relationship between restitution coefficient and
hardness of material (H) was determined from load-displacement indentation experiments
below the eroded surface (section V.C):

e = —0.68 +0.39 log( H) G1)

Thus, an equation for erosion rate and erosion parameter can be written as:

V2
mT(2.38—0.53log(H)) (35)

A

Erosion~ Epqrameter=

where the E, ;) 1merer I the erosion parameter, 4 is the area under the microhardness curve

in Joules and H is the average hardness within plastic zone in MPa. The calculated
values of erosion parameter from equation 35 are plotted against experimentally
measured erosion rates in Figure 34. It can be seen that a decrease in the erosion
parameter leads to a decrease in erosion rates. Thus, materials with high hardness and

large area under the microhardness curve offer good erosion resistance. According to

equation 34, materials that show high hardness (/},,,) and high hardening ability

(Hyurface) along with large plastic zone size (L) will have a large area under the
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microhardness curve. To predict erosion resistance of materials, it is important to
determine factors affecting surface hardness and plastic zone size during erosion.
V.D.2. Surface hardening effect during erosion

In the erosion literature it is assumed that surface hardening occurs mainly
because of the strain hardening effect [42]. However, the strain-rate hardening effect is

largely ignored. If the eroded material is strain-rate sensitive, it will experience both

strain and strain-rate hardening effects. The resulting flow stress, o, is given by [S8]:
o=Ce"e™" (36)

where C is a constant, ¢ is the strain, £ is the strain rate, n is the strain hardening

coefficient, and m is the strain-rate sensitivity. This equation shows that at high strain

2 - . . . e e . .
rates (>10" s l), strain-rate sensitive materials (m>>0) can exhibit a significant increase in

flow stress due to strain-rate hardening. Recall Figure 21, for example, during the high

strain-rate compression test conducted at high strain rates of = 10° to 10* , the materials in

this study exhibited an increase in yield strength (o, ) by a factor of 1.1-2.0 Therefore,
the increase in hardness at the eroded surface consists of two components: (1) an increase

due to the strain-rate hardening (H~a‘m) and (2) an increase due to the strain hardening
(H~£"). Table XI lists the ratios of 00.02, high rate 00.02, low rate dUring compression tests

and Hg,,,pce/Hpqse for materials after erosion tests. It can be seen that for eroded
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materials this ratio ranges between 1.4-2.15. For most of the materials, a good agreement
between strength and hardness ratios is observed. These results indicate that, because of
the high strain rates imposed during erosion, strain-rate hardening effect is a major cause
for the increase in surface hardness. It should be noted that strain-hardening could also
contribute to the increase in surface hardness. However, because of the imposed strain -
rates during erosion, strain hardening addition to surface hardness seems to be much
smaller than that due to strain-rate hardening.

Strain-rate sensitivity during erosion

To determine the effect of material properties of its strain-rate sensitivity,
indentation stress-strain curves were obtained at various distances below the eroded
surface by using Nanoindenter II with a 50 pm ball indenter. Because of the gradient in
strain-rates below the eroded surface, the resultant stress-strain curves represent the
materials behavior at different strain rates. Thus, for a given strain level, strain rate

sensitivity, m, can be calculated from [58]:

° m -
0'2 _ £2 (-’7)
o .
1 £

where jand o, are the flow stresses at two strain rates ", and €. The stress-strain

relationships for materials near the eroded surface (10 um), that correspond to the highest
imposed strain rate, and stress-strain relationship for unaffected materials are shown in

Table XII. Also, calculated strain-rate sensitivities are listed in this table. It should be
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Table XI. Comparison of the effect of strain-rate on strength increase during high strain-
rate compression and erosion tests.

Material 020.02/010.02) at €3 510°-10° s | Hypace/Hpases
and ' =107 s™ ,compression tests | erosion tests

Ta 2.00 1.78

316L SS 2.00 2.15
Hastelloy-C22 | 1.82 1.84
Inconel-625 1.80 1.70

Cu 1.63 1.84

Ultimet 1.60 1.4

Haynes 230 1.52 1.75

B3 1.40 1.7

Ni 1. 10‘ 1.68

! Estimated from the literature; [Follansbee, P.S. et al., Acta metall. mater., Vol. 38, n. 7,
1990, pp. 1241-1254].

Table XII. Estimated strain-rate sensitivities of eroded materials. Indentation tests
below the eroded surface were conducted to determine stress-strain relationships. At

10um from the eroded surface strain rate is the highest zloss'l, while strain rate in the

base material is 10 s™. Equation 36 was used to estimate values of m.

Material Depth, um o=Ks" m
Cu 10 4992¢"-%% 0.078
base 569s%-08
Tu 10 4131€°° 0.044
base 1217218

Ni 10 6200¢ 0.054
base 1432216

316L SS 10 8102¢ 0% 0.043
base 2474¢%30

Hastelloy-C22 | 10 10828¢ °° 0.037
base 392980‘38

Haynes 230 10 97890 0.026
base 491180'46

B3 10 17398¢ -0 0.039
base 524024

Inconel 625 10 14913¢"° 0.028
base 7134:»:0‘52

Ultimet 10 13499¢ ¢ 0.012
base 931850
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noted that, due to the indenter resolution, no measurements were made closer than 10 pm
from the eroded surface and therefore, actual stress-strain relationship at the eroded
surface could be different from those measured at 10 um below the surface. However, to
estimate and compare strain-rate behavior of different alloys, the data obtained at 10 pm
from the eroded surface provides a reasonable approximation.

For the normal impact of a sphere on to a rigid plastic surface, Hutchings [45]

showed that:

& (12)

. 215,0573p702
B Sxr |: }

2p
where ¢ is the mean strain rate (s'l), v is the particle velocity (m/s),  is the sphere radius

(m), H is the hardness of the target material (N/mz), and p is the particle density (kg/m3).
By using this equation for the experimental conditions and materials used in this study, it

was found that the strain rates during erosion could range between 1.2-2.0* 10°s™h

Table XII shows that the softest material, Cu, showed the highest strain-rate sensitivity
of 0.078, while the hardest material, Ultimet, showed the lowest strain-rate sensitivity of
0.012. These values indicate relatively low strain-rate sensitivity and they are similar to
those observed for metallic materials at room temperature [S8]. During particle impact,

materials with high strain-rate sensitivity could exhibit a larger increase in surface

hardness (Hg,,,fzc/Hpase) than materials with low strain-rate sensitivity. However, it does
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not necessarily lead to an increase in the area under the curve or energy absorbed. Strain-
rate sensitivity is also related to the base hardness of the material, as discussed below.
Effect of hardness on strain-rate sensitivity and plastic deformation depth

The effect of base material hardness on strain-rate sensitivity is shown in Figure
35. Strain-rate sensitivity decreases with increasing material hardness. Other researchers
observed a similar relationship in bulk steel samples [S8]. Thus, harder materials exhibit
a lower strain-rate hardening ability than softer materials. This behavior could be related

to the activation energy required to initiate deformation according to [59]:

-9
H = Aoe RT (38)

where H is hardness, 4, is a constant, Q is the activation energy, R is the gas constant,
and T is temperature. Hard materials have a high activation energy and, thus, are less
sensitive to changes in strain rates than soft materials. Strain-rate sensitivity affects the

ability of a material to absorb impact energy erosion. On one hand, an increase in strain-

rate sensitivity is desirable for erosion resistance because of the increase in Hgy¢,. that

will increase the area under the microhardness curve. However, materials with high
strain-rate sensitivity usually have lower hardness or yield strength which will decrease
the area under the curve.

To determine the area under the microhardness profile curve, microhardness tests
below the eroded surface are necessary. Results presented in this study showed that,

because strain-rate hardening is the major contributor to the increase in surface hardness,
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(Hgyurface) can be reasonably estimated from equation 37 knowing a material hardness

(Hpase) and strain-rate sensitivity. Thus, it is important to estimate the plastic zone size

based on easily measurable mechanical properties of the material. [t can be assumed that
during the impact process, the size of the plastic zone beneath the particle is proportional
to the size of the activation area during deformation. Activation area is defined as the

area swept out by dislocations during the activation event (i.e., deformation) [60, 61] and

can be found from [62]:

_ mkI_ (39)

A activation
bo

where 4, iivation 1S the activation area, m is the strain-rate sensitivity, k is the Boltzmann

constant, T is the temperature, b is the Burgers vector, and o is the applied stress. The
applied stress needed to initiate plastic deformation corresponds to the hardness of the
material. Also, Hertzberg [63] measured the size of the Burgers vectors for a variety of

steels, superalloys, and aluminum alloys. He found that their Burgers vectors were very

similar and varied between 2.48-2.86 *10’10 m. Therefore, equation 39 illustrates that, at

constant temperature, materials with high strain-rate sensitivity to hardness ratio (m/H)
should have a large activation area. The plastic zone beneath the impacting particle
represents the volume of material in which dislocation movement and generation take
place. Its depth represents the cumulative effect of multiple particle impacts. Therefore,
the size of the plastic zone during erosion should be related to the activation area during

the deformation event. The effect of strain rate sensitivity and hardness on plastic zone
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Figure 36 a and b. The effect of strain-rate sensitivity and hardness on plastic zone size
during erosion. a) strain-rate sensitivity effect; b) hardness effect.
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size is shown in Figure 36a and b. This figure shows a trend of an increase in plastic
zone size with an increase in strain-rate sensitivity and decrease in hardness. These
results are in agreement with equation 39. To observe the effect of both strain-rate
sensitivity and

hardness on plastic zone size during erosion, the plastic zone depth is plotted against the
m/H ratio in Figure 37. With the exception of Ta, good correlation is observed between
these two parameters indicating that materials with high »/H ratio may develop a large
plastic zone during erosion. Thus, for different materials, the size of the plastic zone can
be compared based on their strain-rate sensitivity to hardness ratio.

Proposed procedure to estimate relative erosion resistance of ductile materials

According to the developed erosion model, the erosion resistance of ductile materials
can be compared based on their mechanical properties. Hardness of the material
determines the amount of energy that will be transferred into plastic deformation during
erosion, while the area under the microhardness curve represents the portion of this

energy that the material can absorb. Area under the curve can be estimated from equation

34 based on the measured Hy,ge, Hypace, and plastic zone size (L). Then, the erosion

rate can be correlated to the erosion parameter that incorporates hardness and the area

under the microhardness curve. However, post-erosion analysis of the eroded samples is

required to determine Hg, .. and plastic zone size. To compare relative erosion

resistance of ductile materials without conducting erosion tests, the following procedure

can be used as a guideline:

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1) Hpgee can be measured from a hardness test on a bulk sample.

2) Hgyeface €2n be estimated based on strain-rate imposed during erosion (s'e,osion),

strain-rate sensitivity of the eroded material (m), and its base hardness according to:

m
[

& erosion (a)

H qurface = H pose .

€ quasi — static

3) Plastic zone size (L) for ductile materials is related to the strain-rate sensitivity and

base hardness of the target material from:

m
[~ —
Hbase ®)

4) By substituting equations a and b into equation 34, the area under the microhardness

curve can be found from:

° m

E, .
er:)swn +1 * m (C)

&l

~

2

Thus, equation 35 for erosion rate and erosion parameter can be rewritten as:

MV2(2.38-0.53log(H))
. (@

Eerosion +1l*m
[ ]

Erosion~ E parameter ~

€ quasi-static
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This equation shows that, for a given erosion condition (i.e., mV =const.), materials with

high hardness and strain-rate sensitivity may exhibit low erosion rate. However, an

increase in hardness causes a decrease in strain-rate sensitivity. Therefore, an optimum

combination of hardness and strain-rate sensitivity that minimizes erosion parameter are
needed for good erosion resistance.

V.D.3. Summary of the energy dissipation analysis during erosion

Energy dissipation during erosion was analyzed by microhardness and
nanoindentation techniques. Based on this analysis the following can be concluded:

1. A new parameter, “area under the microhardness curve” was developed that
represents the ability of a material to absorb impact energy. By incorporating this
parameter into a new erosion model, calculated erosion parameter showed good
correlation with experimentally measured erosion rates.

2. Strain-rate hardening of a material during erosion significantly contributes to the
increase in surface hardness during erosion. Strain-rate sensitivities of tested
materials were estimated from nanoindentation tests and showed a decrease with an
increase in hardness. The size of the plastic zone formed during erosion is controlled
by the strain-rate sensitivity to hardness ratio (m/H).

3. A methodology was developed to predict relative erosion resistance of ductile
materials based on their hardness, strain-rate sensitivities, and strain-rates during
erosion. Materials combining high hardness and strain-rate sensitivity may offer

good erosion resistance.
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VI. CONCLUSIONS
The effect of mechanical properties on erosion resistance of ductile materials was
investigated and the following conclusions were drawn:
1. An erosion model was developed based on considerations of energy loss. The
calculated erosion parameter was developed which showed good correlation with

experimentally measured erosion rates.
2. Materials combining high hardness and tensile toughness at high strain rates showed

good erosion resistance. Hardness is necessary to reduce energy transferred from the
particle into the material and toughness indicates the ability of the material to absorb

this energy without fracture.

3. A nanoindentation method was utilized to estimate restitution coefficient (e¢) within
plastically deformed region. This coefficient provides a measure of the rebounding
ability of a material during particle impact. It is related to their hardness, H,
according to the logarithmic-type relationship: e=-0.68+0.39/log(H). Consequently,
an increase in hardness produced a decrease in the amount of plastic deformation
dissipated into material.

4. An experimental technique was developed to determine changes in stress-strain
behavior of material below the eroded surface. Stress-strain behavior of materials
near the eroded surface was similar to those during high strain-rate compression tests.

Thus, strain rates imposed below the eroded surface were comparable to those

measured during high strain-rate compression tests (103-1045'1).
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5. A new parameter, “area under the microhardness curve”, was developed which
represents the ability of a material to absorb impact energy. This new parameter was
incorporated into the erosion model. Calculated erosion parameter showed good
correlation with experimentally measured erosion rates.

6. Strain-rate hardening of the material during erosion significantly contributes to the
increase in surface hardness during erosion. Strain-rate sensitivity was estimated
from the nanoindentation data and decreased with increasing material hardness. The
size of the plastic zone formed during erosion is controlled by the strain-rate
sensitivity to hardness ration (m/H).

7. A methodology was developed to predict relative erosion resistance of ductile
metals based on their hardness, strain-rate sensitivities, and strain-rates during
erosion. Materials combining high hardness and strain-rate sensitivity may offer

good erosion resistance.
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