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Erosion is a wear process, in which surface damage is causedlby the
repeated application of high localised stresses. Erosion by solid particle impact
is a problem of great practicai~significance which can result in component ’
failures in, for example, turbines and energy conversion systems.

This dissertation describes experiments in which ductile metal‘surfaces
were eroded with abrasive particles (size range 40 - 600um) under controlled
conditions. Damage to'theAsurface was characterised by weight loss measurements,
and also by microscopical examination. Surface and subsurface damage was studied
using optical microscopy and also scanning electron microscopye.

As a result éf this experimental work a new model of the erosion process,
for ductile metals\eroded by spherical particles, at normal impingement, is
proposed. Analytical techniques were used to investigate the observed surface

deformations, and also the energy requirements of the proposed model.

\\

Further experiments were conducted to investigate the effect of erodenf
particle shape on the erosion of mild steel. A literature survey was completed,
which identifiés methods which may prove useful in quantifying the shapes of
abrasive particles. |

A study of the effect of nitrogen ion implantation on the erosion fesistance
of mild steel was completed. An investigation of indentation parameters provided
an explanation for the minimal effects recorded.

The technique of cross correlation has been applied to. the problem of
measuring the velocity of the erodent particles. A device has been developed
to measure the time of flight of particles‘over a known distance. Data from this

device was analysed on a micro-computer.
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CHAPTER 1 : INTRODUCTION AND LITERATURE SURVEY OF EXPERIMENTAL STUDIES

e INTRODUCTION

In common use the word 'erosion' describes a wear process, for example the
process by which the landscape is shaped by the wearing away of rocks.
The root of the word is the latin verb 'rodere', which means 'to gnaw'.
In the disciplines of materials science and engineering the term 'erosion'

is used to describe a specific type of wear.

Finnie (1967) stated 'The removal of material from a solid surface by
the action of impinging solid or liquid particles is known as erosion'.
This definition is however too specific, and excludes processes which

can correctly be termed erosion.

Tabor (1979) spoke in more general terms, addressing a conference on
erosion. 'Erosion usually involves the repeated application of high
local stresses. In many cases the individual stresses are applied for

very short intervals of time'.

With characteristic thoroughness the American Society for Testing and
Materials (1977) defined erosion as 'progressive loss of original
material from a solid surface due to the mechanical interaction between
that surface and a fluid, a multicomponent fluid, or impinging liquid or
solid particles'. A.S.T.M. chooses its words carefully in order to
include all three of the fundamentally different types of erosive wear :
erosion by solid particle impingement, erosion by liquid drop
impingement, and erosion by cavitating liquids. The expression

'mechanical interaction' is chosen to isolate erosion from the chemical
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interaction of corrosion; however in the great majority of instances
erosion will occur in conjunction with corrosion. The types of erosive
wear can be further subdivided; for instance, erosion by solid particle
impingement includes wear by dust particles entrained in gas streams and
also slurry erosion (wear by particles suspended in a liquid). These

two subtypes will differ greatly in the actual mode of wear. The former
will in general involve much higher particle velocities, while the latter

may be accompanied by significant corrosion and cavitation erosion.

The removal of material by an erosive process can lead to component
failures, and thus the study of erosion can be motivated by the need to
increase a material's erosion resistance. Conversely the same process
of wear may be utilised for cutting or cleaning materials. In this
instance the study of erosion will be directed towards controlling and

maximising the removal of material.

Limited world resources have necessitated vast changes in energy extraction
methods in industry. Erosion problems occur at all stages in the
extraction of energy from mineral resources, from mining or drilling
through to energy conversion systems. 0il cracking involves the transport
of a catalyst which is deposited on the surface of finely divided, inert
and also abrasive powders. Extraction of energy from coal involves the
transport both of the pulverised fuel, before combustion, and also its

ash after combustion.

The present study is limited to erosion by solid particle impact, and
concentrates on the erosion of ductile metals by particles entrained
in gas streams. Mechanisms of erosion which occur only in brittle materials,
for example ceramics, are outside the scope of this study and are not

discussed.

—
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This dissertation commences by presenting a survey of the relevant
literature; for clarity this survey is divided into three sections.

The remainder of this chapter is devoted to an overview of the literature
describing experimental studies of erosion. Several mechanisms of the
erosion process have been proposed; these are reviewed in Chapter 2.

The third chapter presents more detailed literature surveys on the
specific topics which were selected as subjects for the present study.

In this way the first two chapters introduce the erosion of ductile
materials in general terms, whilst Chapter 3 provides a detailed

introduction to the present work.

152 LITERATURE SURVEY

1.2.1 Erosion Testing

The majority of experiments reported in the literature involve the use
of an erosion test apparatus. This apparatus will project a single
particle, or a stream of particles onto a flat specimen : impact
angle, particle size, and particle velocity are controlled during the
experiment. Field or service trials are sometimes conducted; Goodwin
(1968) reported details of field trials on helicopter engines, and
Mills and Mason (1979) reported service trials on pipework sections.
This type of trial is especially suitable for materials selection, but
provides limited fundamental information. In Chapter 5 full details

are presented of the types of erosion test apparatus in common use.

Experimental studies commonly involve the measurement of specimen mass
or volume change. Figure 1.1 shows a cumulative mass loss plot, which

records the specimen's mass change with increasing exposure to the

i



12

10

(= 8

#

mass loss (mg)

Figure 1.1

 _
s

/
/
o
/
/
2 4 6 8 ® 12 14 16 18 20 22
S o / |
o o y mass of erodent (gx100)

Cumulative mass loss curve for precipitation hardened
aluminium alloy (HE1l5) eroded by 400-600pm spherical
glass beads at normal impingement. (Dotted line
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abrasive particle stream. Initially the rate of material removal from the
surface is very low. Some specimens, as shown in Figure 1.1, may first
gain mass initially, before mass loss occurs, at an increasing rate.

The mass loss rate increases until a steady rate of wear is established;
this is shown by the straight line in Figure 1.1. The initial

behaviour, before steady state erosion is established, is known as

'incubation'.

It is common to quote the slope of the steady state region of the
cumulative mass loss curve as a value of erosion rate. This slope is a
dimensionless value, being mass loss per unit mass of abrasive.
Occasionally, alternative expressions for erosion rate are used, for
example volume removed per unit volume of abrasive or volume removed

per unit mass of abrasive (Sheldon (1977)). Other measurements of
erosion resistance have been suggested which are specific to an erosion
test method. An example of such a measurement, dependent upon the
geometry of the experiment, is the midpoint recession rate quoted by
Sherman et al (1979); this value has units of ms-l. A knowledge of the
mass of abrasive impinging per unit time on unit area of the specimen,
together with the specimen's density, will allow the conversion of this
'midpoint recession value' to the more conventional, dimensionless value.
The dimensionless erosion value allows meaningful comparisons to be
readily made between erosion tests conducted by different experimenters,

and, because mass loss is a relatively simple measurement to make, this

value is generally favoured.




1.2.2 Experimental Variables

(a) Angle of attack

For all types of material it is found that the erosion rate depends on the
angle between the target surface and the stream of particles, known as the
angle of attack. Figure 1.2, taken from Finnie et al (1967), is
frequently reproduced in the literature. It shows schematically the
typical response of ductile and brittle materials to varying angles of
attack. The brittle response is found in the erosion of ceramics and
glasses, but is also reported for certain metals. Wellinger (1949)
reported that hard steels behaved in a brittle manner, as defined by the
angular response in Figure 1.2. Softer steels behaved in the ductile mode.
The A.S.T.M. standard terminology (A.S.T.M. (1977)) states that 'With
brittle erosion the maximum volume removal occurs at an angle near 90
degrees, in contrast to approximately 25 degrees for ductile erosion

behaviour'.

Neilson and Gilchrist (1968) reported the dependence of erosion on angle
of attack for a range of materials. They too found brittle and ductile
responses, but also reported that certain materials, for example graphite
and polymethylmethacrylate (Perspex) behave in a more complex manner.
They interpreted this behaviour by decomposing the response curves into
brittle and ductile components. Their work was a development of that of

Bitter (1963), details of which are presented in Chapter 2.

Gulden (1979) used the variation of erosion rate with angle of attack to
investigate the behaviour of certain high-carbon martensitic steels. She
reported a transition from ductile to brittle behaviour as a result of

heat treatment, or at a critical size of impacting particle.

e A eSS
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In Chapter 8 a study is presented of the erosion response of mild steel.
A transition from ductile to brittle erosion behaviour, as defined by the
dependence of erosion on impact angle, is investigated using optical and

scanning electron microscopy.

(b) Particle velocity

Figure 1.3 (taken from Ives and Ruff (1979)) shows a typical set of
erosion test results. For a given angle of attack, it can be seen that
increasing the particle velocity greatly increases the slope of the

linear region of the cumulative mass loss curve (the steady state erosion
rate). (Note : the erosion rate for an attack angle of 20° is higher
than that at 900, for both velocities. Following the convention described

in section (a) above, this material displays ductile erosion behaviour.)

It is ‘generally accepted that there exists an empirical relationship
between erosion E (expressed by the dimensionless mass loss/mass erodent)

and particle velocity V, such that

E o¢ V"

Experiments reveal that n is greater than the value of 2, which simple

energy balance considerations would predict.

Velocity exponents have been measured for a variety of materials and
experimental conditions, but the true significance of the exponent has not
been determined conclusively. It appears not to depend solely on the type
of material (Goodwin (1968)), but is sensitive to particle size (Goodwin
(1968), Scattergood et al (1981)), attack angle (Ives and Ruff (1979))

and temperature (Ruff and Wiederhorn (1979)).

_
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In their general review Preece et al (1977) reported values of velocity
exponents for metals of between 2.0 and 3.4. For glasses, ceramics,

polymers and polymeric composites the range 2.0 - 6.5 was reported.

geveral proposed mechanisms of erosive wear are discussed in
Chapter 2. The velocity exponent predicted by any theoretical model for
erosion should be compared with the average value of 2.4 found

empirically for ductile metals.

(c) Environment

Erosive environments commonly involve both high temperatures and corrosive
conditions, as is the case in gas turbines and coal gasification and
liquefaction processes. While a study of corrosion is outside the scope
of this investigation, it is recognised that the process of corrosion
will alter the surface properties of materials. The form of the oxide
layer on the surface of a metal, for instance, will greatly influence the
rate of surface removal by erosion, and even the operating mechanism of
erosive wear. Vyas (1979) can be consulted for a review of the erosion-

corrosion literature.

High temperatures will both increase corrosion rates and alter the
mechanical properties of materials. It is clear from the literature that
there is no simple relationship between erosion rate and temperature. This
may reflect the poor understanding of the importance of a material's
mechanical properties, which is discussed in a later section. It may also
be due to an inability to separate the effects of erosion and corrosion.

Finnie (1972) suggested that the impact event produces large local

R e



temperature rises. He proposed that the material being removed may
therefore be close to its melting point and thus concluded that testing at
elevated ambient temperatures may not significantly alter the local
conditions unless the melting point is reached. The question of target
melting is discussed in section 7 of Chapter 2, where the significance

of thermal properties and their correlation with erosion are reviewed.

1.2.3 Properties of the target material

(a) Hardness

It is instructive to examine the role of specimen hardness in abrasive

wear, and to consider the results of erosion studies in this light.

Figure 1.4 shows Khruschov's results correlating abrasive wear with
indentation hardness (Khruschov (1974)). It can be seen that for annealed
metals a linear relationship holds between a metal's hardness and its
resistance to abrasive wear, defined as the reciprocal of the abrasive
wear rate. The results for steels show that as the hardness is increased
by heat treatment, the abrasive wear resistance also increases linearly;
however, the slope is much less than that for annealed materials. Thus,
in abrasive wear the selection of a material is more important in

achieving wear resistance, than modifying the hardness by heat treatment.

Figure 1.5 presents the results of Finnie et al (1967) correlating
erosive wear and indentation hardness. Figure 1.6 gives details of the
effects of work hardening and thermal treatments on erosion resistance

under the conditions of Finnie's experiments. These results are very

similar to Khruschov's results for abrasion. As with the abrasion study
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it is found that the annealed hardness of a metal correlates with its
erosion resistance, but that little improvement in erosion resistance can

pe achieved by heat treatment.

Wellinger (1949) reported the results of the erosion testing of steels of
various hardnesses. He found that the variation of erosion rate wih angle
of impingement depended upon the hardness of the steel. His results (as
discussed in section 1.2.2 above) showed a transition from what is
conventionally described as 'ductile' erosion, to 'brittle' erosion

behaviour as the hardness increased.

Gulden (1979) also found a transition in behaviour in the erosion of high
carbon martensitic steels, dependent on both the steel's heat treatment

and also the size of the erodent particles. She tested five high carbon
steels, each of which were heat treated to five martensitic conditions :
untempered, tempered to maximum hardness, tempered to maximum fracture
toughness, and tempered to the specific Rockwell hardnesses RC50 and RC30
(equivalent to 542 and 278, kgf‘mm—2 Vickers hardness respectively). She
reported that for low angles of impingement, increasing the hardness by
heat treatment resulted in little or no change in erosion rate. However,
at normal impingement the fully hardened martensitic steel had an

erosion rate some four times greater than that tempered to the RC30
hardness. If Figure 1.2 is consulted, it can be seen that it will be at
normal impingement that the greatest difference occurs in the erosion rates
of materials demonstrating each of the two modes of behaviour (assuming the
maximum erosion rates are of similar magnitude). It is significant that the

results of Finnie et al (1967) reproduced in Figure 1.5 and Figure 1.6 are

for metals eroded at a 20 degree impact angle.
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The work of Wellinger (1949) and Gulden (1979) illustrates two important
factors. First it is of little value to compare the behaviour of materials
tested at different angles of impingement. If the angular dependence of
erosion is different a test at normal impingement might lead to the opposite

conclusion from one conducted at glancing angles of impingement.

The second factor illustrated by this work is that changing the hardness
of a material almost invariably alters other mechanical properties of
that material. This is displayed in the transition of modes of erosive
behaviour, from a mode requiring high ductility to a mode reflecting

low ductility. Increasing a material's hardness generally decreases its
ductility. This effect is discussed by Gane and Murray (1979). They
reported that as their hardness was increased, some steels became more
susceptible to erosion losses. As the hardness of their specimens was
increased the volume of material displaced by each impact was observed to
decrease. However the proportion of the displaced material which was
removed from the surface increased as the hardness increased. The
conclusion that the balance of hardness and ductility is important in
determining the erosion rate is also reached by Jones and Lewis (1979),

Levy (1979) and Hutchings (1981), the latter stressing dynamic hardness. ;

Heat treatment can increase the hardness of alloys by several different
mechanisms. Salik and Buckley (198la) reported that the increase in
hardness caused by solution treating an annealed aluminium alloy (6061)

is accompanied by an increase in erosion resistance. However,

precipitation treatment to further increase the hardness results in a
slight lowering of the erosion resistance. Salik and Buckley also
investigated the effects of different heat treatments in the erosion of a

medium carbon steel ( 1045- 0.46%C, 0.8% Mn, 0.04%P, 0.05%S). When

—
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the steel was eroded with glass beads heat treatment was found to have a
profound effect on its erosion resistance; however the same steel eroded

by crushed glass showed little or no effect of heat treatment.

The hardness of metals can also be increased by mechanical treatments.
Salik and Buckley (198la,b) studied the effects of various surface
treatment  on the erosion behaviour of an aluminium alloy (6061). The
treatments included cold rolling, grinding, sand blasting and shot
peening. They concluded that during initial erosion a complex surface
layer is established. This layer is subsequently maintained independently '
of the initial surface condition, and thus the steady state erosion

behaviour will not be modified by surface mechanical treatments. Levy (1979)
published results showing the effect of cold working on spheroidised 1075

steel (a near eutectoid, plain carbon steel 0.75%C) and showed that the

initial erosion rate increased with the increased hardness developed by

cold working. The steady state erosion rate was however constant regardless
of the amount of prior cold working. These results suggest that the rate

at which the surface layer is modified to its steady state condition depends
upon the extent of prior cold working, but that the final form of this

layer is independent of the cold working.

Sheldon (1977) investigated the modifications to the surface properties of
metals caused by erosion. He measured micro-indentation hardness on
eroded surfaces (after light chemical polishing). Figure 1.7 reproduces
his results. Comparing Figures 1.6 and 1.7, we see that the work hardening
caused by erosion is indeed greater than the work hardening treatments i
carried out by Finnie et al (1967). Sheldon claims that Figure 1.7 shows

a better correlation between erosion rate and hardness measured after

erosion than between erosion rate and the hardness of the annealed metal.
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The general conclusions which can be drawn from the literature are :

(i)

(ii)

(iii)

(iv)

Changing a material's hardness will in general, affect

other mechanical properties, for example ductility.

Heat treatment of an alloy usually does not produce a
significant increase in erosion resistance; the gains
achieved by any increase in hardness are offset by the

loss due to decreased ductility.

The hardness of a pure metal in its fully annealed
state can be used as an indicator of its likely erosion

resistance.

Mechanical treatments can affect the rate at which the
initial surface of a metal is modified by erosion,

but will not in general affect the steady state erosion
rate. The steady state erosion rate will depend upon

the mechanical properties of the material after erosion,
rather than those of the undeformed material. The
surface, under steady state erosion conditions, is
mechanically deformed to the point of failure, and

therefore prior mechanical treatments are not significant.

(b) Other mechanical properties

A number of parameters have been investigated in an attempt to correlate

A metal's erosion response with readily available data in the form of

mechanical properties. Before considering these parameters in detail it

is useful to put into perspective the range of erosion responses of




Table 1.1 (From Tilly (1979))
Erosion values for common materials tested with 125 - Hﬂym1quartz
particles at 250m/sec and 90° impingement.

Material Diamond pyramid2 Erogion
hardness (kg/mm~) (cm”/kg)

Hot pressed silicon nitride 1800 0.2
11% chromium steel 355 0.6 |
Forged nickel alloy 207 0.6
0.05mm plated tungsten carbide 1050 0.85
Titanium alloy, sheet 340 10
Aluminium alloy, sheet 155 2.0
Cast cobalt alloy 600 2.2
Type 66 Nylon - 2.3
Polypropylene - 3.1
30% glass-reinforced nylon - 7.0
25% carbon-reinforced nylon - 740
Extruded magnesium alloy 37 13.0
70% glass-reinforced expoxy - 53.0

Annealed soda glass 450 100
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ductile materials. If all types of material are considered, the volume
erosion (cm3/kg) under a specific set of testing conditions may vary by
three orders of magnitude. Table 1.1 (taken from Tilly (1979))
illustrates this for common materials tested at normal impingement.
However, Tilly stated 'In all studies of the types of material commonly
used for compressor blading in aero gas turbine engines, it has been
found that as a 'rule of thumb' it can be assumed that the erosion
expressed as specific weight loss is the same for all these materials.
This simplification includes steels and the common types of aluminium,
titanium and nickel alloy.' The same conclusion was reached by Smeltzer
et al (1970) and Goodwin (1968). 1In the previous section the negligible
effects of heat treatment and mechanical treatments on erosion resistance
were reported. Thus we must expect, when investigating the class of
metals, not to find any great sensitivity to an individual material

parameter.

Sheldon (1977) systematically tested a series of copper/nickel alloys, and
concluded that there was poor correlation between erosive wear and elastic
modulus or density. C ‘D Wood (1966) reported that gross mechanical properties
(as determined from tensile tests) showed little correlation with his erosion
test results. His measurements included Knoop hardness, density, ultimate
tensile strength, yield strength, elongation and reduction of area, and

Young's modulus. Wood concluded that 'Erosion is influenced by undetermined
properties of the very thin surface layer, rather than by commonly used gross

properties.'

In agreement with the conclusions drawn from the literature relating hardness
with erosion (section (a) above), Smeltzer et al (1970) stated'It is
apparent that specimen flow strength, which is related to hardness and

metallurgical structure, has little bearing on the inherent erosion

resistance of a specific target material.'




Rickerby (1983) correlated the mechanical energy density required to
cause failure in a tensile test, with volume erosion. He computed

the maximum strain energy density in the material from the product of
the strain at failure in a tensile test, and the arithmetic mean of the
yield stress and ultimate tensile stress. His results are reproduced

in Figure 1.8 (data points labelled A).Rickerby used data from Finnie

et al (1967); his mechanical energy density data is presented for
annealed materials. If Rickerby's strain energy density calculation is
examined, the strain term is found to be almost constant for all the
metals (except magnesium, which does not fit the general trend of the
data). In Figure 1.8 the mean of yield stress and ultimate tensile
stress is also plotted versus volume erosion. This results in a
straight line (line B) of almost identical slope to Rickerby's line A,
with similar scatter of the points about the line. If the numerical
value for the mean of yield stress and ultimate tensile stress is
expressed as a multiple of the yield stress for these materials, in each
case the factor = is found to be approximately 1.5 (Table 1.2 presents
all the relevant data, taken from Rickerby (1983) and Finnie et al (1967)).
Indentation hardness in metals is similarly related by a numerical
factor to yield stress (Tabor (1951)) and is known to correlate with
volume erosion, for annealed metals. Finnie et al's results of
indentation hardness versus volume erosion are reproduced in Figure 1.8
(lines C and C'); again we find a straight line of similar slope, and
scatter of the points. (The points for magnesium, iron and molybdenum lie
on a separate line, the possible reasons for this effect are discussed
by Finnie et al (1967)). In conclusion, Rickerby's proposed mechanical
energy density can be shown to be simply an alternative presentation of

previously published correlations of hardness, or yield stress, with

erosion resistance.
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Table 1.2

Mechanical Properties of Annealed Metals

Material Volume Elongation Yield Ultimate 6'y+6u Mechanical Vickers
ergsigT stress tensile 2 enerqy density hardness
mm~Kkg % MPa stress MPa Imm=3x10~2 filg MPa
(Finnie et £ 6y MPa Em * Sy (Finnie et al
al (1967)) Cu (1967))

Al 169 45 35 20 62.5 2.8 179 265

Ag 108 48 55 125 20 4.32 1.64 392

Cu 88 45 69 220 1445 6.50 2,09 505

Fe 96 47 126 283 204.5 92.61 1.62 1280

Mg 426 15 103 193 148 2.22 1.44 305

Mo 58 55 345 549 447 2.46 1.30 2600

Pb 513 52 2 17 13 0.676 l.44 41.8

Sn 636 45 9 15 12 0.54 1.33 62.0

Ta 54 45 271 343 307 13.8 1.13 200

* Rickerby uses the following expression to compute the maximum stress energy density

W= %-GSy +-6h)(5%

(The values ofdf%,é;y and 6u listed in this table are those quoted by Rickerby (1983);

'Metals Handbook' Vol 1 ASM, Metals Park, OH, 8th edn. 1961
L Northcott, (Molybdenum, Butterworths, London, 1956, p.59
G L Miller, 'Tantalum and Niobium', Butterworths, London, 1959, p.398)

he cited as sources :

_9’[..
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Rickerby proposed that data for alloys should be tested by this approach,
in order for its predictive capabilities to be evaluated. The mechanical
energy density will alter with heat treatment, and to some extent with
mechanical treatment, but not in a simple manner. Erosion is known to

be insensitive to these treatments, and thus the mechanical energy density

correlation proposed by Rickerby would not be expected to hold.

An alternative correlation between erosion and a characteristic energy
term is presented by Vijh (1976). Figure 1.9 presents the results of
his correlation between interatomic bond energy and volume erosion rate.
Vijh explained that high binding energies signify that the atoms of a
metal are held together quite strongly, and will not leave the lattice
easily in any attempt to dislodge them, e.g. during impact erosion. The
approach of Vijh is over-simplistic, and does not take into account the
actual mechanisms of deformation that will occur during erosion. It is
known that energy requirements for plastic deformation are not dependent
upon bond energies. The correlation, as illustrated by Figure 1.9 (a)

and (b), is not good. Vijh claims merely to show a trend.

There are several possible reasons why erosion rate does not correlate
with the mechanical properties of a material. First, as discussed above
and also in the previous section, the mechanical properties of the
surface layer of an eroded specimen are as yet undetermined. It is
evident that the properties differ from the bulk material, although they

will in some way be related to the bulk properties.

In a similar manner, there is evidence that the microstructure of the

target material will influence its erosion behaviour. If the scale of

ey
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interaction during erosion is of the same order as the microstructural

scale, bulk properties may be less significant than, for example, the
properties of the matrix and precipitate phases. Green et al (1981)

discussed the erosion of plain carbon steels, with reference to micro-
structural features, while Levy (1979) reported similar work on pearlitic ‘

steels. |

Finally, as pointed out by Hutchings (1977), extremely high strain rates
1 are experienced by targets impacted by submillimetre particles
| travelling at velocities of the order of tens of metres per second. Such
high strain rates are not reached in conventional testing apparatus, and
thus bulk properties measured at low strain rates need not necessarily

be relevant to erosion testing.

(c) Correlation of thermal properties with erosion resistance.

Energy balance considerations for an inelastic impact show that at least
eighty percent of the kinetic energy of the impacting particle will be
dissipated as heat (Hutchings (1981)). Clearly this will lead to some
temperature rise in the area of impact. Ascarelli (1971) introduced the
concept of 'thermal pressure' to describe a material's response to heating
caused by impact. Ascarelli assumed that in the immediate region of the
tip of the impacting particle intense heating occurs. Moreover, the

bulk of the target material constrains the heated region of the crater to

remain at the same fixed density thrcughout the impact. He thus defined
the thermal pressure to be the pressure due to the atomic thermal
vibrations of the target material. A change in thermal pressure occurs
during the impact process. This change in thermal pressure is the change

in pressure experienced by a fixed volume of the target material which is

|
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raised in temperature whilst being constrained to a constant volume.

Ascarelli defined the thermal pressure (Pt) of a material by the following

relationship :
Pt = oct(Tm - Tr)

where oty = coefficient of expansion
Tm = melting temperature
Tr = room temperature

¢

(N.B. Ascarelli does not take the variations of both6(£ andbﬁ with
temperature into account).

isothermal compressibility

Figure 1.10 reproduces Ascarelli's results, showing that the erosion
resistance of pure metals may be predicted with some accuracy from their

thermal pressures.

Hutchings (1975a) considered the influence of thermal scftening on a
proposed mechanism of material removal. This mechanism involved the
formation of fragile lips of metal at the edge of impact craters. He
concluded that the product<?CpAJ should correlate with erosion resistance.
(e_is the density, Cp in the specific heat at constant pressure and AT

is the difference between the melting point and ambient temperature.)
Figure 1.11 is reproduced from this work. Hutchings is careful to
emphasise that the value of this parameter as an indicator of erosion
resistance is based solely on the evidence of the empirical data. In-‘a
similar manner Malkin (1981) related the kinetic energy per unit volume

of metal removed to the melting energy per unit volume of the target metal.
(Melting energy is defined as the difference in enthalpy between the liquid

state at the melting point and the ambient condition.) A discussion is

——
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included in section 8 of Chapter 2 of the significance of the localised

heating which occurs during erosion.

In conclusion, the results presented in the literature suggest that there
is good correlation between certain thermal properties and the erosion
resistance of metals. However, these correlations have been reported only
for pure metals, and have yet to be extended to alloy systems. While

there is little agreement on the interpretation of these correlations, it
can be observed that in general they are at least as good as those reported

for mechanical properties and erosion resistance.

124 Particle Characteristics

(a) Particle size

It is generally accepted that the erosive wear process becomes less efficient
as the abrasive particle size decreases below about lOO/Jm. This effect is
also noted in other wear processes, for example two and three body abrasion
of ductile metals (Misra and Finnie (1981)). The so called size effect is
fortunate, from a practical point of view, because small particles are not
so easily removed from the environment (for example by filtration) as large

particles.

Figure 1.12 presents the results of Tilly et al (1970), and shows an initial
increase in erosion with particle size, until above a certain size erosion
becomes independent of particle size. Tilly warned that in gas blast rigs
the effect is complicated by the fact that small particles may be deflected

by the gas flow. As a result of this deflection they either fail to impact

against the target, or do so at medified angles and velocities. This effect
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may indeed be a contributory factor to the dependence of erosion on

particle size, when testing with this type of erosion rig. However, the bulk
of evidence gained from tests with a variety of types of apparatus, together
with the observation of similar size effects in other forms of wear, indicates
that there is a 'true' size effect in erosion. Tilly offered a further
explanation of the size effect in erosion which was based on his model of a |
two stage erosion process (Tilly (1973)). This model is discussed in detail
in Chapter 2, section 2.3. Essentially Tilly suggested that the erosion
process can be considered in terms of primary and secondary impact events,

the total mass of material removed from the target is therefore the sum of
that removed in the primary and secondary stages. The primary impact is
simply the impact of the erodent particle with the target. The erodent
particle may or may not fragment as a result of this impact. Secondary
erosion will occur after fragmentation, and arises when the fragments
subsequently strike the target. This model is discussed fully in Chapter 2.
Relevant to the present discussion is Tilly's proposal that the particle

size effect is a result of reduced secondary erosion. Tilly suggested that
smaller particles are less susceptible to fragmentation, and as a |
: consequence of reduced secondary erosion, cause less erosive wear. Tilly's

} model has been the subject of much discussion and criticism (e.g. by Kleis

; et al (1975)), in particular, the importance and indeed occurrence of

secondary erosion is challenged. These criticisms are detailed in Chapter 2.

There are two weaknesses in Tilly's model, which are exposed by experimental

study of the particle size effect. First, the size effect im erosion is {
not confined %o erosion with frangible abrasive. Second, Tilly's model

suggests that the critical size below which erosion becomes less efficient

is a function of erodent type. This has not been reported in the

literature.
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| Misra and Finnie (1981) studied the particle size effect in erosive

and abrasive wear. Their work contained a review of much of the

literature in this field. They isolated two possible mechanisms which

may explain the size effect in these forms of wear.

First, it is possible that a thin surface layer preferentially work
hardens. The thickness of this layer is dependent on the properties of
the target material. Small impacting particles interact with material
contained in this surface layer. Thus the material subject to erosive
wear has a flow stress significantly higher than the bulk material, and

consequently lower erosion rates than expected are recorded.

Second, it is possible that there is a true physical size effect such
that regions below a certain size show an increase in strength values.
This proposal is based on experiments by Gane and Cox (1970) where
indentation hardness was measured with indenters of differing sizes.
Indentation hardness was found to increase to two or three times the
macroscopicvalue when very small regions, of approximately Humz, were
indented. Thus it is suggested that small particles will cause less

erosive wear, because the volume of metal deformed by an individual

impact is significantly harder than the bulk. This proposal is also |

reported by Finnie (1972). ‘

Hutchings (1977) discussed the work of Gane and €ox. He pointed out !
that the critical size, below which erosive wear falls rapidly in

efficiency, is of the order of lOOFm. Particles of this size will

produce indentations much larger than lﬂm2 in area. Hutchings

concluded that while the mechanism of Gane and Cox may be important in

erosion with submicrometre particles, it cannot account for the size
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effect in erosion. Hutchings, in the same paper, used both Hertzian
’ (elastic) and plastic theories to estimate the contact times and strain
l rates involved in the impact of spherical particles on to metals. His
work suggests that the impact durations for lmm and lpm spheres striking
a target are of the order of lPS and lns respectively. The corresponding
strain rates are very high, and depend on the impact velocity. A Imm
sphere striking mild steel at lOOms"l will deform the target at a

strain rate of approximately 1053-1; for a %pm sphere the strain rate

would be about 1083-1. Hutchings suggested that although little is known

of the behaviour of metals at such high strain rates, the indication is

that yield stress increases with strain rate. Thus small particles will
give rise to higher strain rates, and correspondingly higher yield

strengths will be experienced. In this way Hutchings suggested that the
strain rate sensitivity of metals may at least partially account for the

particle size effect in erosion.

Shewmon (1981);suggested a fourth mechanism by which small impacting

‘ particles interact with material with a flow stress significantly

higher than that involved in erosion with larger particles. Shewmon
suggested that generally erosion will involve localised temperature rises
which in turn lead to intense localised deformation and the detachment

of surface metal. In soft metals extreme local plasticity leads to
extruded lips, in hard alloys adiabatic shear localisation occurs. If

|

I the deformation is slow, or on a very fine scale heat conduction will
| make it effectively isothermal. Consequently material involved in the
|
\

impact work hardens rather than thermally softens, and the volume detached ‘

reduces.
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It must be concluded that the particle size effect in erosion is at
present poorly understood. Of the mechanisms suggested the most plausible
involve an apparent or actual increase in hardness of the surface layers.
However, as discussed earlier in section 1.2.3 (a), the role of hardness
in erosion is also poorly understood. There is much evidence that an
increase in hardness due to work hardening will not result in increased
erosion resistance. The proposed mechanisms are expressed in terms of

a pristine metal surface which is impacted with a single particle, or a
small number of particles. However, it has been experimentally established
that in the case of normal and near normal impact several thousand impacts
on a small area are required before any material is removed. It is not
known how such severely deformed metal will behave at high strain rates.
It is not clear either if the results of studies involving fine scale
deformation of pristine metal surfaces can be applied to models of the
deformation of eroded surfaces. More work is required to determine a

conclusive mechanistic explanation for the particle size effect.

(b) Particle shape

It is generally accepted that sharp erodent particles will cause more
erosive wear than will rounded particles. A search of the literature for
experimental studies investigating the effects of particle shape reveals

that this is an area which at present is poorly inderstood.

Goodwin (1968) was among the first to point out that comparisons between

results from different workers are meaningless, unless the abrasive

particle shapes are similar. He attemped to use only naturally occurring
sands 'such as regularly find their way into engines' in his work on the

erosion of turbine components, and contrasted his results with those of

workers using silicon carbide and alumina.
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Kleis (1969) eroded mild steel with angular and spherical iron shot and
reported appreciably more erosion with angular particles. He also
found that the angle of particle impact for maximum erosion was lower

with angular particles than with round shot.

Raask (1979) investigated the erosion of steels and refractory materials
using pulverised coal. He concluded that the abrasive property of
pulverised coal depends mainly on the quantity of hard sharp-edged quartz
and pyrites particles. Pulverised coal ash consists largely of spherical

glassy particles which Raask found comparatively non-abrasive.

Salik and Buckley (198la) eroded 6061 aluminium and 1045 steel with crushed
glass and glass beads. They reported that the crushed glass produced an
erosion rate an order of magnitude higher than that caused by glass beads.
Significantly, they also suggested that the mechanism of erosion is
dependent upon particle shape. They reported that erosion with crushed
glass -was not sensitive to the microstructure of the target material,
whereas erosion with glass beads was found to be very sensitive to micro-

structure.

Shewmon and Sundararajan (1983) suggested that irreqularly shaped abrasive
particles will embed in the target surface, and spin out leaving a tip
behind; this process will give rise to a composite layer of abrasive
fragments and base metal. Kosel et al (1978) and Sheldon and Kanhere
(1972) also found particle embedding when eroding metals with alumina and
silicon carbide respectively. Both reported that no embedding occurs with
spherical particles tested under similar conditions. Neither Sheldon nor
Kosel et al drew the conclusion that this effect is due simply to particle
shape. (In Chapteré of this work it is shown that erosion by spherical

particles can give rise to a composite layer similar to that described

by Shewmon. )
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Gonzalez-Rivas (1981) investigated the effects of particle shape and
sharpness on the slurry erosion of copper. He characterised the shape of
abrasive sands using many shape factors. His work highlights the many
problems involved in measuring shape factors of abrasive grits. He
reported some correlation between slurry erosion (at 30° impingement)

and Wadell's Roundness and Lees' Angularity factors. (Details of these
factors are presented in Chapter 4). Gonzalez-Rivas' results are
inconclusive, his experimental techniques and erosion parameters non
standard. (He quoted Rabinowicz wear coefficient, rather than non-

dimensional erosion rate - see Chapter 7, section 7.2.4.)

In addition to the experimental work reviewed above, there have also been
attempts to incorporate shape descriptions into expressions describing
erosion. Shewmon and Sundararajan (1983) produced an expression which
described erosion as inversely proportional to a shape factor. They

were not able, however, to describe this shape factor fully, but suggested

its form for a spherical particle.

Ratner and Styller (1981) accounted for particle shape in their fatigue-
based model of the erosion of polymeric materials by defining an

apparent particle density : the total mass of a particle is said to be
contained within a sphere of radius equal to that of a sharp projection on

its surface.

From this survey it can be concluded that little is known of the effect
of particle shape on erosion by solid particles. Experimental details
published suggest that the mechanism of material removal is sensitive

to particle shape, however this is not reflected in the theoretical

expressions describing erosive wear which attemptto include a shape factor.
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(c) Particle hardness

Intuitively it would be expected that for erosive wear to occur the erodent
| particles must be harder than, or at least as hard as, the target material.
Most of the analyses of static indentation assume that the indenter is
1 rigid and does not deform, and this approach is carried over to the analyses
of deformation during erosion. Particle hardness can be related to particle
shape : soft materials will in general tend to form more rounded particles
than hard materials. For a given material hardness, the particle shape
will reflect the way the particle was produced : for example wind blown
quartz will tend to be more rounded than quartz sand produced by crushing.
Care must be taken, therefore, to isolate the effects of particle shape and

particle hardness.

|

I

|

; Goodwin et al (1969) reported a correlation between erosive wear and the

l hardness of the erodent particles. They concluded however that in their
experiments it was not possible to fully isolate the effects of particle

shape and particle hardness.

‘ The studies of Raask (1979) on the erosive properties of pulverised coal

and its ash have been mentioned in the previous section. He concluded
that the amount of erosive damage is determined by the proportion of ’

hard (and sharp) quartz and pyrites particles. In British coal these

|

l

|

| particles account for approximately 1% to 3% of the total weight.
|

\

The most controversial study in this field is that of Head et al (1973).
They eroded 302 stainless steel and 6061-Té aluminium alloy, with alumina
and fluorite particles. The hardnesses of these materials are listed in

Table 1.3.

——
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Table 1.3
Material Vickers HErdness
(kgf mm™")

302 stainless steel 250

6061-T6 aluminium alloy 80

Alumina 2000

Fluorite 150

(Head et al (1973))

Head et al found, surprisingly, that the fluorite was more erosive than

alumina, for both 302 stainless steel and 6061-T6 alﬁminium alloy.

Tilly (1973) and Maji and Sheldon (1979) reported on the effects of
brittleness or frangibility of the erodent particles. Tilly suggested

a two stage mechanism of erosion, with primary erosion being caused

by the initial impact of the erodent particles. Secondary erosion is
caused by the glancing impacts of fragments of the original particle

which fly out radially from the primary impact site. Tilly and Maji and
Sheldon examined eroded surfaces by scanning electron microscopy, and claim
to have found evidence that a significant amount of erosive wear is

caused by the secondary mechanism. Tilly's work is discussed in more detail

in section 2.3 of Chapter 2.

It is concluded that the effect of the particle hardness in the erosion
of metals is at present poorly understood. The literature indicates that
the erodent particles must be harder than the target material for

significant wear to occur. The work of Head et al (1973) has yet to be

reproduced by others and unless they can be reproduced their results
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must be considered anomalous. Tilly's suggestion that the particle
hardness will determine the degree of fragmentation, which in turn will
determine the erosion rate, also requires further experimental verification.
The significance of secondary erosion is at present open to question, a
discussion of the criticisms advanced is included in Chapter 2, section
2.4, Further, the effect of strain rate on the hardness and frangibility

of the erodent particle is not known. It is possible that angular, hard

particles may fragment more than expected under the high strain rate
conditions occurring during impact in erosion, thus making the
relationship between hardness and fragmentation and secondary erosion more
complex than Tilly suggests. The literature survey indicates that more
work is required to isolate the effects of particle shape and particle
hardness in erosion. Until it is possible to quantify the shape of an
erodent particle, difficulties will exist in designing experiments to
investigate the effect of particle hardness. Shape quantification is
essential if particles of different hardness but identical shape are to

be selected for use in erosion experiments.
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CHAPTER 2 : LITERATURE SURVEY : MECHANISMS OF EROSION

2.1 INTRODUCTION

The preceding chapter has introduced some of the important factors in the
erosion process. It has also revealed something of the complexity of the

mechanisms by which material is removed from a surface by erosion. This

chapter presents an introduction to the proposed mechanisms of erosion.
It is not possible here to present an exhaustive discussion of each
model; further details are provided, where appropriate, in the body of
this dissertation. First, three of the most influential of the proposed
mechanisms are presented, these are among the earliest suggested
mechanisms and provide a useful background to this topic. The later

work is then presented, classified by type of mechanism.

It is interesting to note that none of the early models were based on
microscopical observations of eroded surfaces. The development of
electron microscopy has provided an important tool in the study of erosion.
The use of both scanning electron microscopy, and transmission electron
microscopy is frequently reported in the more recent literature in this

field.

2.2 FINNIE'S CUTTING MODEL

Some 25 years ago, Finnie (1958), drawing on his experience in the analysis

of metal cutting, proposed one of the first and most successful models

of the erosion of ductile metals. His analysis applied for grazing angles
of impingement, a condition which frequently occurs in erosive situations

and which is known to result in the maximum rate of material removal in

ductile metals.
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Finnie drew an analogy between material removal by a rigid tool tip,

and the cutting action of a sharp-cornered abrasive particle grazing a

plane surface. To estimate the rate of material removal in erosion,
Finnie solved the equations of motion of the particle as it impacted the
surface. By predicting the trajectory of the tip of the particle as it
swept through the metal, Finnie arrived at an estimate of the volume of
metal removed during each impact. He made various assumptions (fully
detailed in Finnie (1972)) to simplify the geometry of the impact, and
also to allow the results from cutting and grinding tests to be
incorporated in the model. Amongst the most significant of these
assumptions are: first, that the particle only rotates very slightly
during the impact and second, that the volume of material swept out by
the particle tip is the volume of material removed. Figure 2.1 shows
details of the geometry of impact, and the results of Finnie's analysis
compared with experimental data for the erosion of aluminium by angular

silicon carbide grit.

The expression Finnie obtains for the volume of material swept out by the

tip of the particle is :

CMU2 5 k't 5
Vo= bp (1 &11;2) (cos“ - (F72)° ) oo Bal |
where : V. = volume removed from surface
M = mass of eroding particles
m = mass of individual particle
I = moment of inertia of a particle about its centre of gravity
r = average particle radius

ot = angle of impact




Figure 2.1
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U = particle velocity
p = horizontal component of flow stress (which Finnie
found to approximate to the Vickers hardness of
the metal)
¢ = fraction of particles cutting in idealised manner
ié = horizontal velocity of tip of particle when cutting

ceases

Experimental results show good agreement with prediction for the angle of

impact for maximum erosion.

The factor c had to be introduced because the theoretical treatment was
found to greatly overestimate erosion rates. Values of ¢ must be taken
which allow for approximately 90% of the impinging particles not cutting in

an idealised manner, and consequently not removing material.

Finnie's analysis predicts a velocity exponent of 2, that erosion is
inversely proportional to 'flow pressure' and that no material is removed
by particles striking the surface normally. As discussed in Chapter 1
section 1.2.2 (b), velocity exponents of approximately 2.3 to 2.4 are
generally found experimentally. 'Flow pressure' and indentation hardness
are simply related; however, as discussed in Chapter 1 section 1.2.3 (a),
erosion is not found to be inversely proportional to indentation hardness.
Finally, as shown in Figure 2.1, significant erosion is found to occur

at normal incidence (in this example, for aluminium eroded by silicon
carbide at approx 170m/sec, the erosion at normal incidence is some 30%

of the maximum erosion).

In spite of these problems, Finnie's work has added greatly to the under-
standing of the erosion process. It is now generally accepted that cutting
mechanisms are the major source of material removal in the erosion of
ductile metals by angular particles at glancing angles. Scanning electron

microscope investigations carried out since Finnie's early work

RN
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(Hutchings (1979b), Bellman and Levy (1981) and Carter et al (1980)) have
provided ample evidence of cutting processes. Much work has been done
since Finnie first proposed his model to investigate the correlation of
erosion with material flow strength, as well as the velocity exponent.

Most simple approaches, analysing erosion in energy terms or as a dynamic
indentation process, make similar, incorrect, predictions (these are
discussed later in this chapter). The breakdown of Finnie's mechanism

of cutting, at near normal impingement, has stimulated much work
investigating erosion mechanisms under conditions unfavourable for cutting.

(Hutchings (1981) etc)

2.3 BITTER'S MODELS

Bitter (1963a,b) defines two types of erosive wear. At low impact angles
he suggests that a cutting wear process operates. Like Finnie he
generates mathematical descriptions of erosion by solving the equations

of motion of the impacting particle. His basic equation is :

m V2 - v2
Wc = E—(—-—~*-—) sw 2wl
where : WC = wear due to cutting, expressed as volume removed

by a particle of mass m

m = the particle mass

V. = particle velocity parallel to surface on impact

v = particle velocity, parallel to surface, as it
leaves the target

¢ = energy needed to scratch out a unit volume from

the surface




= B

This equation is not significantly different from that of Finnie

(equation 2.1).

Bitter propcsed that at high angles of impact 'deformation' wear predominates.
Bitter generates an equation governing this form of erosion from Hertzian
expressions describing elastic contact stresses, and expressions

describing the partition of the particle's kinetic energy during

deformation of the target. The result is :

. 2
wa - MmUsined - K) .. 2.3
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where : Wd = wear due to 'deformation', expressed as volume
removed by a particle of mass m
o¢ = angle of attack

(& yield strength)

deformation wear factor

0,

Elastic modulus

=
1

maximum particle velocity at which collision is
purely elastic

Neilson and Gilchrist (1968) described Bitter's theoretical work as
'exhaustive and extremely intricate, accounting... for the elastic as well
as for the plastic properties of the particle and specimen materials'.
Others are not so enthusiastic. Finnie (1972) dismissed Bitter's analysis

as curve fitting, in which K and é’are treated as disposable constants.

Bitter does not attempt to describe his deformation wear mechanism, apart
from its theoretical derivation. This derivation is based on Hertzian
analyses of stress fields for purely elastic contact, and it is clear that
erosive impacts resulting in material removal (by processes other than

cutting) will involve plastic deformation. Bitter's assumption is that

the deformation wear mechanism is some form of brittle fracture process.




It is not clear how the cutting and deformation wear processes are summed.
While Bitter stresses the importance of the target material's hardness

in the cutting processes, and the recrystallisation temperature in the
deformation processes, the roles of other material pbroperties are not
described. Chapter 1 details the complex roles of material properties and
microstructure in erosion, and also the variation of erosion with
experimental conditions. 1In the light of the experimental evidence available
it is clear that Bitter's work is over simplistic: most significant is

his inability to describe a physical basis for what he terms 'deformation

wear'.

2.4 TILLY'S TWO STAGE EROSION MECHANISM

Tilly (1973) proposed a two stage erosion mechanism. Cutting erosion, as
described by Finnie, forms 'primary erosion'. 'Secondary erosion' occurs
when the original impacting particles break up and project fragments radially

out from the primary impact sites. Tilly provided evidence for this

secondary process in the form of high speed photographs of fragmenting
particles, and also scanning electron micrographs of secondary 'scars'

around a primary impact site.

Tilly developed expressions for primary and secondary erosion using energy
balance considerations, similar to Bitter's work. He introduced concepts

of threshold particle size and threshold particle velocity into his

expression for primary (cutting) erosion.

Tilly produced evidence of the fragmentation of strong erodent materials,
such as silicon carbide, and concluded that his mechanism can be applied

to all types of solid particle erosion. He stated that this mechanism

B S ———
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successfully accounts for the dependence of erosion on impact angle, with
primary erosion being dominant at glancing angles, and secondary dominant

at near normal impingement.

Maji and Sheldon (1979) also produced evidence of two stage erosion.
They reported the results of erosion tests on a hardened aluminium alloy
(A1-6061 T6) using annealed, ductile, steel shot and also a heat treated
brittle steel shot. They found that ductile shot removed considerably

less material than brittle, more frangible steel shot.

Kleis et al (1975) raised several objections to Tilly's theory. They
disputed Tilly's energy calculations, and pointed out that in general

the fragments will be smaller than the experimentally determined
'threshold' size below which erosive wear becomes negligible. Moreover,
Kleis claimed, even if secondary erosion were energetically feasible, it
would involve particles impacting at very small angles of impingement.

It is generally accepted that erosion at such small angles of incidence,
far from being a major contribution to surface removal, is in fact almost

insignificant.

It must be concluded that even though fragmentation may occur in some
cases, secondary erosion cannot explain the experimentally observed rates
of wear when erosion involves near normal impact. Further, it is
suggested that the method of material removal during secondary erosion is
essentially the same as that caused by primary impact, and is a cutting
process involving small particles impacting at glancing angles. At

present the experimental evidence does not confirm this, and in certain

cases (especially of normal impact with rounded particles) there is much




- 37 =

to support the contrary view that different mechanisms of material
removal occur as the impact angle approaches 90°. This evidence is

discussed more fully in section 2.7 of this chapter.

2.5 CUTTING MECHANISMS

Hutchings (1976, 1979b) used a similar approach to that of Finnie in
developing a model for glancing angle erosion. He used a computer to
solve numerically the equations of motion of a square-sectioned rigid
particle as it impacts the metal. In this way Hutchings was able to
make fewer assumptions about the geometry of the impact than Finnie.
Finnie's treatment averages the orientations of the impacting particles.
Hutchings assumed that the force acting on the particle resqlts from a
uniform pressure acting over the area of contact: this pressure is a

measure of the hardness of the metal.

By computing the motion of the particle during impact Hutchings identifies
three types of behaviour. Ploughing occurs when the angle between the
leading face of the particle and the target is very small (or when

spherical particles impact a flat surface).

Two types of cutting behaviour are identified, depending upon the angle
between the leading face of the particle and the target, and the

consequent rotation of the particle during impact. Figure 2.2 illustrates
these cutting modes. Type I machining results in forward rotation

of the particle, and leaves triangular indentation with a raised lip.

Type II machining involves the backward rotation of the projectile and
leads to the removal of a machined chip of material. There is experimental

evidence for each of these deformation modes. The analysis also provided
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to support the contrary view that different mechanisms of material
removal occur as the impact angle approaches 90°. This evidence is

discussed more fully in section 2.7 of this chapter.

2.5 CUTTING MECHANISMS

Hutchings (1976, 1979b) used a similar approach to that of Finnie in
developing a model for glancing angle erosion. He used a computer to
solve numerically the equations of motion of a square-sectioned rigid
particle as it impacts the metal. In this way Hutchings was able to
make fewer assumptions about the geometry of the impact than Finnie.
Finnie's treatment averages the orientations of the impacting particles.
Hutchings assumed that the force acting on the particle results from a
uniform pressure acting over the area of contact: this pressure is a

measure of the hardness of the metal.

By computing the motion of the particle during impact Hutchings identifies
three types of behaviour. Ploughing occurs when the angle between the
leading face of the particle and the target is very small (or when

spherical particles impact a flat surface).

Two types of cutting behaviour are identified, depending upon the angle
between the leading face of the particle and the target, and the
consequent rotation of the particle during impact. Figure 2.2 illustrates

these cutting modes. Type I machining results in forward rotation ]
of the particle, and leaves triangular indentation with a raised lip.

Type II machining involves the backward rotation of the projectile and

leads to the removal of a machined chip of material. There is experimental

evidence for each of these deformation modes. The analysis also provided
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Figure 2.2 : Sections through impact craters, showing typical
shapes (After Hutchings (1979b))

(a) Plowing deformation by a sphere
(b) Type I cutting
(c) Type II cutting
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predictions of indentation volume and particle energy losses, which were

confirmed by experiment.

2.6 FATIGUE MECHANISMS

Hutchings (1979a) discussed the possibility of near normal impingement
erosion being a fatigue process. He cited experimental evidence that
under these conditions material is removed in relatively large fragments
after very many impacts, rather than in very small fragments after few
impacts. The Coffin-Manson law (describing low cycle fatigue in metals)
is used to derive an expression for near normal impingement erosion.
Hutchings concluded that experimental results are compatible with this
treatment of erosion, and thus further evidence for a fatigue mechanism

should be sought.

In a later paper (Hutchings (1981)) he proposed a theory of critical strain.
This states that fragments are removed from an eroded surface when the
maximum plastic strain within the surface reaches a critical value. He
suggested that the critical strain is a property of the material, and is a
measure of its ductility under erosion conditions. A simple argument
drawing on random-walk theory showed that an expression similar to the
Coffin-Manson law is generated by the application of the critical strain

failure criterion.

Hutchings proceeded to develop an expression for erosion based on this
principle. This expression involved the density, dynamic hardness and
erosion ductility of the target material. He also examined the ability of

his model to estimate the duration of the incubation period of erosion.

Experimental evidence was examined in the light of this theory.
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Hutchings' conclusions were that this approach allows several features of
the erosion of metals by normal impact of spherical particles to be
explained. It predicts that high values of dynamic hardness and ductility
are required for erosion resistance. Several problems exist; for example,
the model predicts a velocity exponent of 3.0 which is higher than is
commonly reported. In addition, conventional measurements of hardness

and ductility in general will not apply at the strain rates experienced
during erosion. Before this model can be used in a predictive manner,
these properties must be investigated under conditions more relevant to

erosion.

Follansbee et al (1981) also considered erosion at high impact angles as a
low cycle fatigue process. They used finite element analysis to examine
the strain reversals occurring under a single impact. From this analysis
of a single impact they inferred the effects of multiple impacts, using
the Coffin-Manson approach. Their theoretical study was carried out in
conjunction with a programme of experiments. The experimental results

correlated well with theoretically predicted erosion rates.

Fatigue mechanisms will only become dominant under conditions of erosion
which prevent the more effective cutting and gouging mechanism, for
example,erosion by rounded particles at near normal impact angles. The
work of Follansbee et al is marred by a conflict in the progression of
their hypothesis. Initially ‘the impact of a single particle on a pristine
surface is analysed. However, the results of this analysis are
incorporated in a description of a process which requires a vast number of
impacts to operate. It is not possible at present to analyse in detail

the dynamic indentation of an already severely damaged surface; it is

clear from experimental studies that erosive weight loss, under conditions
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of normal impingement of rounded particles, does not occur until the
surface has suffered several thousand impacts. While the fact that a
large number of strain reversals occur in an eroding surface encourages
speculation of a fatigue process, there is as yet insufficient

experimental evidence that this is the case.

247 FORGING AND EXTRUSION MECHANISM

Examination of eroded surfaces by scanning electron microscopy reveals
the presence of flakes or platelets. Many workers have proposed that
the removal of these platelets constitutes the major mechanism of
erosive weight loss. Platelets have been reported on surfaces eroded
by particles at all angles of impact; it is generally agreed that they

are most significant in erosion by rounded particles at normal impingement.

Levy and others (Levy (1982), Bellman and Levy (1981)) proposed a model
for the formation of surface platelets which involves the establishment
of three zones beneath the eroded surface. It was suggested that a thin
surface layer remains soft, due to the heating which occurs during impact.
This heating prevents any work hardening of the surface layer, and may
indeed stress-relieve or even anneal material that had become work
hardened. Immediately beneath the soft surface is a cooler zone of work
hardened material. The hardness increases with distance from the heated
surface region to a maximum level, and then decreases. Below the work

hardened zone the bulk material is unaltered.

Levy (1982) proposed that the incubation period is the time required
to establish these zones fully. Particles impact the soft surface and

deform it producing craters, smeared regions and platelets. The

stronger, work hardened layer beneath acts as an anvil on which the
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platelets are 'forged and extruded'.

The heating effects of particle impact will be discussed in the following
section. Levy's model requires that this surface heating must be
sufficient not only to relieve the strains in the surface layer
accompanying impact, but also to relieve the upper surface of the
underlying work hardened zone as it becomes exposed by material removal.

It is not clear from Levy's model how the work hardened zone is

established by deformation which occurs principally in the softened surface

zZone.

Salik et al (198la,b) reported experimental measurements showing that the
surfaces of aluminium alloys become work-hardened, in spite of a degree of
recrystallisation. Rickerby and Macmillan (1980) reported that the surface
material was hardened, and assumed that platelets are formed by extrusion

of the hardened surface material between the particle and the softer

substrate.

Carter et al (1980) proposed a mechanism which is based on the observation
that a stable hill and valley surface topography is established when
ductile metals are eroded. They suggested that these surface patterns are
related fundamentally to the morphology of individual impact craters. A

i process of plastic flow is said to result in the build up of hills, which
are collections of the extruded crater lips. Thus the hills are composed
of substantially hardened material, and Carter suggested that the major
erosive process occurs via removal of flakes from the embrittled hills.
Once again, another model has been proposed which is in direct contrast.
Brown et al (1981b) reported a hill and valley topography in the erosion of

copper and iron targets by glass spheres at normal impingement. Material

was removed from the hill sides by a ploughing process, but the major weighit

—



loss mechanism was said to involve flake detachment from the valleys.

The situation is further complicated by the more recently reported
phenomenon of erodent fragment embedding. A detailed survey of this

literature is reported in Chapter 6.

It can be concluded that although it is generally accepted that the
formation and removal of surface flakes or platelets is an important
weight loss mechanism in erosive wear, this process is at present poorly
understood. The accounts of soft surface layers on eroded surfaces are
not backed by conclusive experimental evidence. Microhardness

indentation measurements cannot give a reliable indication of the hardness
of a very thin surface layer. If the surface itself is indented
difficulties arise in ensuring that the deformation is confined to the

surface layer in question.

Sheldon (1977) reported the results of microhardness indentation tests on
a range of metals, and found that all metals tested 'appear to be work-
hardened by (erosion) to a very high degree; higher in fact, than has
been noted in other types of work-hardening process'. Sheldon's results
are reproduced in Figure 1.7 (Chapter 1). He estimated that in these
microhardness tests the depth of indentation was between 2 and %ﬂm.
Clearly these results contradict the claims for a soft surface layer,
even 1if allowances are made for the difficulties encountered in testing

rough surfaces.

The ultramicrohardness technique has been used with some success by
Pethica et al (1982) in the determination of hardness profiles of polished,

treated surfaces. It cannot however be applied to a rough, eroded surface.

R R



- 43 -

Attempts have been made to measure the variation of hardness with

depth by indenting polished sections (Levy (1982) and Naim and Bahadur
(1983)). Due to the requirement that the material deformed by the

indenter must be fully contained by undeformed material, this technique

can only reliably be used above a certain distance from the free surface.

An indentation made within this distance will result in the buckling of

the surface, or possible bursting, with a corresponding underestimate

of the materials hardness. Samuels and Mulhearn (1957) discussed this
problem and suggested that for 70:30 brass indented with a pyramidal

diamond the minimum spacing from the centre of the impression to the

edge of the specimen should be l.8dp (where dp is the diagonal of the
impression). They stressed that this factor is dependent upon both the
yield point and work hardening characteristics of the material. Levy (1982)
showed a plot of microhardness versus depth, and a micrograph of an indented
specimen, for an aluminium alloy (Al 1100-0) eroded by silicon carbide
particles. He stated that the test was carried out 'using a very light,
5gm, load so as not to cause false readings near the surface', and

further that 'the evenness of the geometry of the indentation indicates

that valid near-surface readings were obtained'. Levy's micrograph does
show that the geometry of'the indentation is uniform, even for indentations
at a distance of dp from the free surface. However, measurements from this
micrograph indicate that the indentation diameter increases with distance
from the surface. If all the indentations were made with the same, 5g,

load as is reported, the evidence of the micrograph is at variance with

the hardness results quoted in the same paper. Levy's micrograph shows

that the aluminium specimen was mounted in some form of resin, to facilitate
metallographic polishing. There appears to be fibrous material in the resin

and thus Levy probably used a commercially available bakelite mixture

containing chopped glass fibre. Such mixtures are recommended for edge




- 44 -

retention characteristics, and are considerably harder than conventional
mounting compounds. If it is the case that Levy used such a compound, far
from being a free surface the edge would in fact be supported and surface

buckling or bursting prevented.

It must be concluded that the results of the microhardness testing

reported by Levy require more detailed analysis and investigation. Further,
the evidence in the literature that an individual impact by an erodent
particle results in work hardening around the impact crater, is convincing.
For a soft surface layer, as described by Levy, to be established each
impact would have to generate sufficient heat to anneal the deformed
material completely. Moreover, as the underlying work hardened 'anvil'
material is exposed by the removal of the target surface, it will also
require annealing if the soft layer is to be renewed. The literature
describing the evidence of heat generation during impact, and its
significance in erosion, is discussed in section 2.8 following. The
evidence for a soft surface layer, and of a 'hammer and anvil' mechanism of
platelet formation, is at present inconclusive. More work is required,

involving the observation of eroded surfaces, the examination of debris
removed from the surface during erosion and also an investigation of the

subsurface features in eroded specimens.

2.8 THERMO-MECHANICAL MECHANISMS

Levy's model, reported in the previous section, involved the thermal

softening and recrystallisation of the eroded surface. Many workers have
reported the effects of heating caused by particle impact. These effects

include surface melting, surface recrystallisation and the formation of

adiabatic shear bands.
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(a) Melting caused by particle impact

Smeltzer et al (1970) were among the first to suggest actual melt ing of
the impact target surface. They reported that the effect was confined to
within lum of the surface. They suggested that splattering of molten
metal would be most likely to occur in erosion involving the impact of
sharp cornered particles. In this case, they claim, the particle is
decelerated most rapidly over the smallest total contact area. This
situation, they conclude, should promote very intense heat build up and
the maximum tendency to melting. They observed particles of colloidal
size (0.1 - 2pm) which 'appeared metallic' floating in the test chamber,
which were believed to be remnants of the liquid metal droplets. The
evidence reported by Smeltzer et al is extremely subjective, and the
theoretical basis of the mechanism proposed has been the subject of much
criticism. In order to achieve target melting the available energy
delivered by the particle must be concentrated into a very small area,

and delivered at sufficiently high rate to make losses by thermal conduction
within the target bulk insignificant. Thus, Smeltzer et al emphasise the
need for maximum deceleration rates, resulting in maximum transfer rate of
energy, as well as corner oriented impacts, to concentrate the energy into
the smallest possible volume of target material. However, maximum
deceleration will occur when the area of contact is maximised, as is the
case when a face of the particle impacts the surface. Furthermore, there
is now considerable evidence that the impact of sharp cornered particles
results in material removal by micro-machining mechanisms, as proposed by
Finnie and detailed in section 2 of this chapter. It is inconceivable that
melting on the scale reported by Smeltzer et al could contribute

significantly to target weight losses caused by the cutting and gouging

actions of sharp erosive particles.
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Finnie (1972) stated that the target temperature had little effect on
erosion as 'material being removed is almost at its melting point'.

Brown and Edington (1982a), Sarkar (1983) and Gulden (1979) all

reported small globular particles, which were assumed to be resolidified
ejected molten droplets. Gulden concluded, however,that the volume of the
particles observed, compared with the volume of material lost per impact,
indicated that the ejection of several hundreds of these particles from a
single impact would be necessary to account for the measured erosion.
Thus she concluded that melting was unlikely to be the only mechanism

of material loss.

Melting is by no means accepted as a significant mechanism of erosive weight
loss. Follansbee et al (1981) were careful to state 'there is no evidence
of melting on the target surface'. Rickerby and Macmillan (1979) similarly
stated 'the appearance of thecrater lips formed in the metals suggest

that these result from plastic extrusion rather than splashing of molten

metal'.

Hutchings (1979b) pointed out that in order to arrive at a figure for the
temperature rise, an estimate must be made of the volume of metal in which
the heat energy is dissipated. He estimated that the deformed volume is
about twice the indentation volume. His calculations produce temperature
rises insufficient to produce melting. He concluded that some mechanism
must be postulated by which the available energy is concentrated into

volumes much smaller than that of the indentation. Adiabatic shear

provides one possible mechanism, and is discussed below.
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Bellman and Levy (1981) assumed that melting does not occur on the metal
surface because the underlying bulk material acts as an efficient heat sink.
Thus rapid conduction will prevent the concentration of heat in a small
enough volume to result in target melting. Bellman and Levy did, however,
find evidence of resolidified aluminium on the surface of silicon carbide
erodent particles. They concluded that melting was possible against the
erodent particle because the thermal conductivity and heat capacity of

the silicon carbide was insufficient to remove heat from the contact area.

An extreme case of target melting in erosion has been reported by Brown
and Edington (1981c). They eroded Gallium (melting point 29°C) and Indium
(melting point 156°C) and found evidence of resolidified metal on the

eroded surfaces.

It must be concluded that the evidence of target melting, in the erosion
of engineering materials, does not substantiate the claims that it is a
major mechanism of material removal. Much of the evidence produced is in
the form of scanning electron micrographs showing spheroidal globules.

It is possible that the high surface energy of such a small particle will
drive surface diffusion, and result in a degree of spheroidisation at
temperatures significantly less than the bulk melting point. The small
size of the particles discovered on eroded surfaces prevents their
collection and detailed examination. While it is possible that some
material may be removed from the target surface in molten form, the
evidence reported to date suggests that micro-machining, forging and
extrusion mechanisms are considerably more efficient. Melting of the target
in such a way as to promote the detachment of chips of material is a more
feasible proposal than the simple ejection of microscopic globules. The

role of adiabatic shear is discussed in this context in section (c)

following.
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(b) Recrystallisation caused by particle impact

The work of Levy has already been discussed; Brown et al (198la,b and
19825) also produce much evidence for surface recrystallisation. In

their paper (1982b) they suggested that the presence of embedded

particles in an eroded copper target contributed to this recrystallisation.
They suggested that a continuous process of plastic deformation and
dynamic recrystallisation occurs during erosion. Simultaneously, large
plastic strains are imposed on the material and local heating effects are
maximised owing to the low thermal conductivity of the embedded erodent.

In their earlier paper (198la) they reported recrystallisation of

detached surface flakes, a process enhanced by poor thermal contact:with

the underlying bulk material.

Ives and Ruff have performed transmission electron microscopy and
selected area electron channelling studies on eroded copper (1979) and
310 stainless steel (1978). They concluded that a high degree of strain
exists in the immediate vicinity of the impact crater. Furthermore, they
concluded that this strain 'would have a significant role in the erosion
of ductile materials under repeated impact'. They provided microscopic
evidence showing a zone of high dislocation density a few microns wide
surrounding each impact crater. As discussed earlier, Levy's model requires
not only that an individual impact on the surface is accompanied by
sufficient transient heating to relieve any induced strain, but also that
exposed, work hardened, metal is also annealed. In the light of the

evidence of Ives and Ruff, this appears unlikely.
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(c) Adiabatic shear bands caused by particle impact

As indicated in a previous section, one method of concentrating the
available heat energy into a very small volume is the formation of
adiabatic shear bands. Many metals, when deformed at high speed, display
localised temperature increases and strain concentration. Examination

of the microstructure of steels deformed by ballistic impact, for
example, reveals narrow, white etching bands. Rogers (1979) has reviewed
the literature describing adiabatic plastic deformation. He concluded that
in most cases these bands of severely deformed material follow slip line
trajectories. Two types of shear bands are identified: deformed bands
which are regions of intense shear without structural transformation, and
transformed bands which have more distinct boundaries, a well defined
width and display a change in structure from the matrix. In neither case
is it certain that the deformation is truly 'adiabatic', but it is clear

that temperature plays a significant role in localising the deformation.

The role of adiabatic shear bands in erosion has been discussed by many
workers (Hutchings (1975b), (1979b),Hutchings et al (1976), Shewmon (1979),

Andrews and Field (1982) and Sundararajan (1983)).

As discussed in section 5 of this chapter, Hutchings impacted mild steel
with single hard steel particles: balls 9.5mm in diameter and 5mm square plates.
He reported that two forms of deformation occurred which resulted in lips
of material being raised at the exit edge of the impact craters. Sections
of these lips revealed that in both cases (Type 1 cutting, and ploughing
deformation) bands of localised shear were present in the raised material.
Hutchings concluded (Hutchings (1979b)) that although melting might occur

along these shear bands, it would simply aid the detachment of lip

material formed by a cutting or ploughing process. As such the




- 50 -

fundamental mechanism operating is, therefore, mechanical with melting

playing a minor role in aiding the removal of heavily deformed metal.

Shear bands have also been detected within the bulk material, underneath

' impact craters (see Figure 2.3). Andrews and Field (1982) suggested that
surface melting will occur where the shear band intersects fthe surface
within the impact crater. This, they suggested, will result in the
formation of small spherical globules which will contribute to the target
‘ weight loss. In this way it is proposed that melting, due to adiabatic

E shear localisation, will play a major role in material removal by erosion.
|
|

‘ Sundararajan (1983), continuing the work of Shewmon (1979), proposed two
mechanisms by which adiabatic shear in erosion can lead to material

removal. Figure 2.3 is taken from his work. First, as proposed by
Hutchings, the raised lip of material around an impact crater (Figure 2.3,I)

may become detached by separation along an adiabatic shear band. Second,

is formed at the base of the impact crater. Material is then removed in

'chunks' where the shear bands intersect. |

\

i in the case of very hard materials, a network of shear bands (Figure 2.3, II)
|

i

|

i

* The work reported above involved the projection of macroscopic (1 to 10mm)

5 particles at metal surfaces. Timothy and Hutchings (1983) investigated

the dependence of adiabatic shear band activity on particle size and i

found that there was a critical size of projectile below which no shear
; bands were formed. They fired steel shot, of sizes from 0.3mm to 6.35mm,
at velocities up to 320ms“l at normal incidence onto a titanium alloy.
This alloy (Ti - 6% Al - 4%V) is known to be very susceptible to adiabatic
i shear band formation; the impact conditions were chosen to be extremely

’ severe in comparison with common erosive conditions. They found that the

—



Figure 2.3 : Mechanisms of material removal proposed
by Sundararajan (1983)
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pattern of shear bands changes with projectile size, and that the shear
band width, and depth of shear band damage both diminish more rapidly
w than the projectile size. They concluded that for a given velocity there
will be a critical value of sphere diameter below which the deformation
will fail to localise into adiabatic shear bands. Thus the role of

adiabatic shear in erosion may be much less important than has

previously been suggested.
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CHAPTER 3 : INTRODUCTION TO THE PRESENT STUDY
Jsl EROSION BY SOLID SPHERICAL PARTICLES AT NORMAL INCIDENCE

It is generally found that the erosion rate of ductile materials is at a
maximum at angles of incidence in the range 3p° - 300; the experimental
evidence for this is reviewed in Chapter 1 section 1.2.2 (a). Early
experimental and theoretical investigations of the erosion of metals
consequently concentrated on wear at these shallow angles of incidence.

The mechanisms which have been proposed for the erosion of metals at

glancing angles of impact are discussed in Chapter 2, sections 2.2 and 2.5.

More recently, attention has turned to erosion at normal and near-normal
impingement. Most workers agree that in the erosion of ductile materials

by spherical or rounded particles the major mechanism of material removal
involves the detachment of thin flakes of metal which are formed by

multiple impacts. However, as concluded in Chapter 2 section 2.7, there

is less agreement concerning the mechanism of formation of these flakes

or platelets. Bellman and Levy (1981) proposed a combined forging-extrusion
mechanism, with a soft (flaky) surface layer above a harder subsurface layer.
In contrast Rickerby and Macmillan (1980) initially suggested a hard (flaky)
layer above a softer bulk, but subsequently revised this, to propose an
extrusion process involving a hard subsurface layer (Rickerby and Macmillan
(1982)). Carter et al (1980) also suggested that the flakes were hard;
their proposed mechanism involved the flow of metal from ductile troughs on

a rippled eroded surface to embrittled wave crests.

The work described in Chapter 6 was carried out in an attempt to investigate

the erosion process under conditions of normal impact by spherical particles.




The surface features of specimens eroded in this way are well documented,
and include flakes and surface ripples. The present study concentrates
on the examination of the subsurface structure developed by erosion, and
attempts to interpret the surface features in the light of these

observations.

In Chapter 7 consideration is given to the magnitgde of the stresses and
strains occurring in an erosion damaged surface. The erosion mechanism
proposed in Chapter 6 is analysed in detail, using techniques developed

for estimating forces in metal working operations. Experimentally observed
deflections are analysed to provide estimates of the strains developed by

erosion at normal angles of impingement.

The material in Chapter 6 has been published, (Cousens and Hutchings (1983a)).

3.2 PARTICLE VELOCITY MEASUREMENT

As reported in Chapter 1 (section 1.2.2(b)) it is generally found that
erosion, E, (expressed as mass loss per unit mass of erodent) is related

to the particle velocity, V, by the relationship :

E ol V2.4

Clearly the velocity of the erodent particle is an important factor in the
erosion process. The velocity of the particle on impact is possibly . the

most difficult parameter to measure in an erosion experiment. Several

velocity measurement techniques have been used in erosion research. These
include photographic methods, laser doppler anemometry and a mechanical

'shutter' device. Chapter 5 describes in detail the methods available for
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use, and concludes that all have significant limitations. As a consequence
it was decided to develop a new particle velocity measurement technique
specifically for use in erosion testing. The development of this device is
described in Chapter 5. The measurement is based on the determination of
the particle's 'time of flight' as it interrupts a pair of light beams which
are set at a known distance apart. These interruptions are detected by
photo-electric devices and the electronic signals generated are analysed

by a cross-correlation method. Chapter 5 also presents full details of the

experimental equipment and techniques.

3.3 THE EFFECT OF PARTICLE SHAPE ON EROSION

In a recent review, Finnie (1978) concluded that 'a weakness of most erosion
research is that the properties of the particles except for size have
received little attention'. It is generally agreed that along with size,
hardness and strength, particle shape is an important factor influencing
erosion. Chapter 1 (section 1.2.4(b)) presents a review of the literature
reporting studies of the effects of particle shape and erosion. This review
revealed that this aspect of the erosion of ductile materials is poorly
understood, While itis clear that the mechanism of material removal is
sensitive to particle shape, it has not been possible to describe this

sensitivity theoretically.

Chapter 8 reports an experimental study into the effect of erodent particle
shape on the erosion of mild steel. This work involved measurement of
erosion at different angles of particle impingement, together with detailed

observations of the surface features of eroded specimens.




- 55 -

The experimental study of Chapter 8 is complemented in Chapter & with a
review of the literature describing shape measurement. Whilst it is
discovered that shape measurement is a problem confronting a wide range
of disciplines (from geography to chemical engineering) it is concluded
that no simple solution is available. The methods most suitable for use

in erosion studies are identified and possible developments outlined.

The material presented in Chapter 8 has been published (Cousens and

Hutchings (1983 (b)).

3.4 THE EFFECT OF ION IMPLANTATION ON THE EROSION RESISTANCE OF MILD STEEL

Ion implantation is a relatively new technique for introducing foreign species
into the surface of a material, with the objective of modifying the mechanical,

chemical or electrical behaviour of the material close to the surface.

Historically, ion-solid interaction was first recognised by physicists during
the development of nuclear reactors. The effect of major interest was
radiation damage. Ton. implantation techniques were then initially developed
for the production of semi-conductors. Low ion dose rates are used for
doping semiconductors; essentially it is a technique for achieving controlled
low concentrations of an impurity element. Most recently, higher dose

rates, achieving higher concentrations have been used to modify surface

mechanical properties.

A discussion of the ion implantation process is beyond the scope of this work;

Dearnaley (1978) may be consulted for a detailed introduction.

Dearnaley and Hartley (1979) listed a number of important material properties
which are controlled by the near-surface composition and physical state of

a solid, including friction, wear, hardness, corrosion resistance, electro-
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chemistry, catalysis, interfacial bonding, lubrication and adhesion.
Potentially, they suggested, ion implantation can affect any or all of these

properties.

The increase in wear resistance as a result of ion implantation is an area

which has received much attention. Ion implantation has been attempted on

a wide range of materials, for example; steels (Hartley (1975), Herman

et al (1979), Pethica et al (1982), Dearnaley et al (1979)), iron (Pethica
et al (1982), Shepard et al (1982), Ashworth et al (1977)), titanium | f
(Pethica et al (1982), Shepard et al (1982)), aluminium (Ashworth et al
(1977)), chromium (Pethica et al (1982)), copper (Shepard et al (1982)),
phosphor bronze (Saritas et al (1982)), tungsten carbide (Dearnaley et al

(1979) and silicon and silicon carbide (Roberts and Page (1982)).

Implanted species have included N, B, C, P, Cr, Fe, Ti, Al, Ni, Si, Zn, Y,
La, Sr, Eu, Ce and Ba; most commonly however, the lighter elements N, B and

C are used.

In his recent review paper Dearnaley (1982) collected evidence that ion
implantation improves resistance to sliding wear, rolling contact fatigue,
abrasive wear and corrosion. Shepard and Suh (1982) reported improved
resistance to lubricated sliding wear achieved by ion implantation.

Herman (1981) reported improvements in the fields of friction, wear,

cavitation erosion and fatigue, and similarly Saritas et al (1982)

reported 'significant and persistant beneficial effects' on sliding friction

and wear.
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Experimental results have been published (Pethica (1982)) which indicate
that the depth of the implanted layer is of the order of 0.1 to 0.2um.
Although this is small it was nevertheless felt worthwhile to examine the
effect of ion implantation in steel on its resistance to solid particle
erosion. To date there has been no such experimental study reported in

the literature.

A small number of mild steel specimens ion-implanted with nitrogen were
available. Chapter 9 reports the results of a study investigating the

effect of nitrogen ion implantation on the erosion resistance of mild

steel.
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CHAPTER 4 : PARTICLE SHAPE ANALYSIS - A LITERATURE SURVEY

4.1 INTRODUCTION

A discussion of the effect of particle shape on the erosion of ductile
metals was presented in Chapter 1, section 1.2.4(b). Chapter 8 presents
the results of an experimental investigation in which mild steel is eroded
by particles of different shapes. This chapter presents a literature
survey of the methods available for analysing particle shape, with the aim
of selecting methods which can be used to describe the shape of particles
taken from erosive environments, or commonly used in erosion studies.
There are several examples in the literature of attempts to control the

erodent particle shape.

In single particle experiments it is possible to project a particle of well
characterised morphology (sphere, disc, cube etc) at a known angle and

orientation onto the test surface (Hutchings (1975b), (1979b)).

In multiparticle experiments the erodent is commonly a commercially
available powder or abrasive grit. The use of spherical glass ballotini is
one method of simplifying the geometry of erosion tests; the use of metal
shot can also be successful provided care is taken with the method of its
production (Exner and Linck (1977)). Experiments using angular abrasive
grits raise the problem of defining the shape of the grit, measuring its
size distribution and, if at all possible, arranging the orientation of the

particles at impact.

It is hoped that the use of some measure of shape will allow greater control

over erosion testing. Characterising grits and powders will allow




meaningful comparisons of results and enable laboratories to standardise
testing methods. Measurements of the sensitivity of erosion rates to
particle shape will provide information on mechanisms of material removal.
Dust samples from industrial environments (such as coal gas converters)
can be examined and the selection of erodent for laboratory tests

facilitated.

Whilst acknowledging the importance of particle size measurement in erosion ‘
studies, and the close association between size and shape measurement, this ‘
|

survey concentrates on the literature describing shape measurement.

One of the striking features of the literature in this field is the range
of disciplines embraced; Pohl and Redlinger (1977) suggested that the
anatomist Henning initiated the development of quantitative microscopy in
shape measurement. Mandelbrot (1977) developed an analysis from the work
by Richardson on measurement of geographical features. Geology, petrology,
chemical engineering, metallurgy and materials science, civil engineering
and agricultural engineering are among the disciplines contributing in

this field.

As an aid to presentation, two broad categories have been used: feature

measurement and shape analysis.

Feature measurement combines a series of measurements or observations to

produce a quantitative statement about one aspect of a particle's shape.

Shape analysis attempts to transform a large series of measurements
mathematically to produce a complex statement about the relationships

between many features of a given shape.
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Table 4.1 : Extract from BS 2955: 1958 'Glossary of terms relating to
powders' British Standards Institution, London 1958.

Acicular Needle shaped

Angular Sharp-edged or having roughly polyhedral
shape

Crystalline Of geometric shape freely developed in
a fluid medium

Dendritic Having a branched crystalline shape

Fibrous Regularly or irregularly thread-like

Flaky Plate-like

Granular Having approximately an equidimensional
irregular shape

Irregular Lacking any symmetry

Nodular Having rounded irregular shape

Spherical Global shape

4.2 FEATURE MEASUREMENT

4.2.1 Methods which use words to convey shape characteristics

From infancy we learn to classify objects by comparison, and descriptions

such as 'plate-like' remain acceptable in the scientific literature.

British Standard BS 2955 contains definitions of particle shape, and part

of the standard is reproduced in Table &4.1.

The obvious problem with such a classification scheme is that although it

is possible to describe certain idealised shapes, real particles will have

shapes lying between classes.

It is important to recognise that at present the description of shape in

the erosion literature is almost entirely at this level.




(a) Shape groups

In order to define more clearly descriptions such as those found in Table
4,1 several workers have suggested the use of shape groups. Figure 4.1
illustrates this concept. Ratios of breadth/length and thickness/length

define an area divided into named regions.

|
The borders between the regions are chosen arbitrarily and the concept of

such a sharp division has little practical bearing.

Later in this section the use of triaxial plots in feature-space
representation of shape is discussed. The use of two (and three)
dimensional plots to describe shape, and shape distributions can be seen as

a development of this simple classification.
(b) Fuzzy sets

Under the discussion of shape groups, the relevance of sharp divisions
between types of shape was questioned, especially in the context of
continuously varying shape 'ratios'. Bezdek (1977) discussed the use of

fuzzy sets in property representation (see also Beddow (1976b,1980)).

In an ordinary set there are only two levels of 'belonging'; @ represents
a non-member and 1 represents a member; . Beddow described a fuzzy set

as being 'a class in which there is graded membership'. He cited the
example of the set of 'old men'. This is poorly represented by ordinary
set theory, which assumes a sharp borderline dividing all men into old

and not old. Fuzzy set theory gives each individual a grade in the set

of 'old men'.
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Figure 4.1 : Shape groups
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In his article Beddow (1980) suggested the usefulness of the theory of
fuzzy sets in constructing models for many situations. Clearly it is an
attractive system for acknowledging the continuous spectrum which lies
between extremes of shapes. As in ordinary set theory relationships
between sets and subsets are defined, and the idea of an inexact inference

is developed.

It remains to be shown how fuzzy set theory can be developed to provide
a useful method for describing and manipulating shape descriptions and

factors.

4.2.2 Shape measurements derived from bulk properties

The relationship between the shape of individual particles, and the

behaviour of bulk powders, is the driving force behind the search for methodds
of describing and quantifying particle shape. Thus in an erosion study, to
be able to describe the shape of the erodent and then to compare rates of
erosion using erodents of differing shapes will add to our understanding

of mechanisms of erosion. Shape description will enable more control of

the variables in erosion experiments generally.

The use of bulk properties of powders to describe shape is to apply this i
principle in reverse. The measurement of sieving behaviour, compaction
behaviour, porosity, flow rate, permeability and bouncing under controlled

conditions have all been suggested (Beddow et al (197&)).

The major problem with this method is that of finding a relevant bulk

property to measure. A measurement of compaction behaviour will perhaps

help define particle shape for sintering studies, but it is difficult




to see how anything short of quoting an erosion rate under controlled
conditions would be of use in this field. Such a description hardly meets

the needs mentioned above.

4.2.3 Methods using shape factors to describe particle shape

A shape factor represents an attempt to assign a number to a word describing

a single feature of a shape.

Shape factors are calculated from measurements of individual particles,

usually measurements on profiles of particles.

Before discussing specific factors, it is useful to list certain

requirements that must be met by a shape factor for use in erosion studies.

(i) The measurements necessary to compute the factor must be easily

and reliably made.

(ii) The shape factor must not be dependent on the size of the particle.

(iii) The shape factor must not be magnification dependent.

These requirements are outlined in detail below :

(i) The measurements necessary to compute the shape factor must be

easily and reliably made.

A major factor in considering the ease of making measurements is the

availability of such facilities as image analysing computers. A list of
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measurements which can be readily made using such equipment follows this
section. Any factor requiring measurements not on this list (for example
Wadell's roundness factor involves measuring radii of curvature .(Wadell (1932,
1933), Davies (1975)) will depend on the speed and skill of the technician.
In some cases it may be possible to express a parameter in terms of
combinations of the available measurements, but this will not always be the
case. No attempt to compute Wadell's roundness factor from image

analysing computer measurements has yet been reported.

The consideration of reliability must be made when investigating the
experimental procedures leading to actual measurements. Most methods
require a profile to be generated - this profile is then examined. Commonly
a sample of the powder is spread on a microscope slide, magnified and

viewed under transmitted light. The silhouette generated can then be photo-
graphed or viewed by a television camera connected to an image analysing

computer.

Chernyavskii (1978a,b), among others, pointed out that this is not a random
method of sampling. Particles will lie in 'a position of greatest
stability'. Effectively this means that profiling by this method does not

allow equiaxed flakes to be distinguished from equiaxe