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Chapter One

Review of Previous VWork

1.1 Introduction

The wear of materials by impacting abrasive particles
is a severe problem in many situations. These range from
pneumatic pipelines for transporting powders to gas turbine
engines operating in sandy or dusty conditions. Rocket
motor nozzles, boiler tubes and fans used in heavy industry
all suffer from erosive wear, which is in many cases the
major cause of failure of the machine or component concerned,
There is therefore a considerable economic incentive to
investigate the process of erosion; not only may the wear
of machinery be reduced, but constructive applications of
the process might be further developed. Erosive cutting
of rock and the cleaning and preparation of metal surfaces
are examples of such uses.

The difficulty of selecting a material with a high
resistance to erosion has been recognized for some time;
Wahl and Hartstein (1946) summarised the empirical data
available then, which included the somewhat surprising
fact, since confirmed by many workers, that increasing the

hardness of a carbon steel has little effect upon its
resistance to erosion. Most early research was devoted

to this problem of finding erosion-resistant materials,
and little consistent information was gathered about the
effects of impact angle and velocity of the impinging
particles. In the last twenty years, considerably more

has become known about the process of erosion, and several
theoretical approaches have been made to the problem; this

work will be summarised in the following sections.

1.2 ‘xperimental results

Pttt

1.2.1 Presentation of data

I tianany ¢ It is well established that the erosion of a surface,
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which may be expressed as weight lost or volume removed,
ie directly proportional to the total mass of eroding
particles which have struck it, all other variables
remaining constant. In gsome cases, an "incubation period"
of low ereosion precedes the establishment of a constant
erogsion rate, but such incubation is of short duration,
and the erosion thereafter follows the linear relation
described.

Erosion may therefore conveniently be quoted as
the weight lost per unit mass of impacting particles
(dimensionless erosion parameter) or as volume lost per
mass of imwmacting varticles. Most authors quote erosion
&5 the dimensionless parameter, but for some purposes the
second unit is more useful. Unless otherwise specified,
the term "erosion" in this work will be used to refer to

the first, dimensionless, gquantity.

1.2,2 Typical erosive particles

The particles responsible for erosive wear vary
in composition, but are universally harder than the material
which they erode. More than 70% of the dust which causes
erosion in gas turbine engines in the desert is quartz
(Sage and Tilly 1969), and quartz is also a major constituent
of flue ash in coal-=fired boilers (Raask 1969). Aluminium
oxide and silicon carbide particles have been used in many
experimental studies of erosion, as well as quartz and sand.
Typical erosive particles are between 5 and SOO;Jm ina
diameter; impact velocities may be as high as 800 ms™ "~ in
gas turbine engines (Goodwin, Sage and Tilly 1969) and as
low as 10 ms-1 in solid transport systems.

1.2.3 Variation of erosion with angle - ductile and brittle
erosion

Figure 1.1 shows the variation of erosion with
impact angle for two different target materials. The impact
angle is the angle between the particle velocity vector
and the target surface, as defined in the figure. The

; —_ : . 0
erosion of aluminium is a meximum at w18, and falls to

about one third of this value for normal impacts. The
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bebaviour of aluminium oxide {(corundum or sapphire) is
strikingly different. The erosion rises monotonically to
a maximum at 90°.. The behaviour of alwmrinium is typical
of a ductile metal, and that of aluminiwm oxide, of a
brittle material. This distinction has been noted by

numerous workers, most metals being found to conform to a

~ductile erosion pattern, and few materials being impossiblc

to clagsify into either group. Figure 1.2 shows the
variation of erosicn with angle of impact for a number of
metels. All the metals normally considered ductile do
indeed show ductile erosion curves, while tungsten and
bismuth, which both show brittle erosion characteristics,
have very low ductility.

It is important to note that this distinction
between ductile and brittle erosion does not only depend
upon the bulk properties of the target material, but also
upon the size and velocity of the impinging particles.

A brittle material may in fact erode in a characteristically
ductile manner when the particles are so small that the
volume which they deform becomes comparable with the

volume between flaws in the material. This effect has been
studied by Sheldon and Finnie (1966b); figure 1.3 shows

how the erosion of plate glass changes from britile to
ductile as the particle size is reduced.

A distinctive feature of ductile erosion is the
formation of surface ripples on the eroded surface. The
phenomenon occurs only at shallcow impingement angles, and
ripples do not form when the erosion is of the brittle type.
Finnie and Kabil (1965) have studied this effect in detail.

The sharp distinction bhetween the two types of
erosion, brittle and ductile, suggests that the mechanisms

88
by which material is removed by the impacting particles

are not the same in the two cases., Sheldon and Finnie (196Ca)
and Finnie and Oh (1966) have investigated the erosion of
brittle materials both experimentally and theoretically,

and find a reasonable correlation between their theory

and experiment, at least for normal impacts. The theories

of ductile erosion are not so satisfactory; this dissertation

will deal mainly with this type, and unless qualified,

"erosion" will refer to the characteristic cductile mode.
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1.2.4 Variation of erosion with velocity

Many workers have investigated the effect of particle
velocity upon erosion, and have found that over a wide
range of velocity their results fit an eguation of the form

Erosion = Av'

where v is the particle velocity and A depends upon the
experimental conditions. The exponent n is always greater
than 2.0, values of 2.1 to 2.5 having been obtained by
Finnie, Wolak and Kabil (1967) for many pure metals, and
the value of 2.3 by Goodwin, Sage and Tilly (1969) for
several alloys and non-metals. (see figure 1.4)

Brittle materials tend to exhibit higher values of
the velocity exponent than ductile metals; the figure
6.5 has been reported by Finnie (1960) for the erosion of

e

glass by steel shot, and values from 2.5 to 4.4 by Sheldon
and Finnie (1966a) for several brittle materials.

1.2.5 Particle size, shape and material

Experimental worlk has shown that the erosion per
unit mass of impacting particles depends to a certain
extent upon the size of the particles. Goodwin, Sage and
Tilly (1969) found that the erosion (weight loss per unit
mass of abrasive) of metals by quarts is linearly dependent
upon particle size up to a critical size, and then remains
constant for larger particles. Their results are shown
in figure 1.5, and are in substantial agreement with those
of Kleis (1969), whose investigations extended to considerably
larger particles (»1 mm diameter). Tilly (1973) has also
pointed out that below a critical particle size and veiocity
(e.g. S}km and 250 ms—1) the erosion is not measurecable.
Even thouszh the magnitude of erosion might change
with particle size, it is unlikely that the fundamental
mechanisms by which the varticles remove material change,
since the characteristic ductile erosion curve is retained
for particles as small as 9)Am and as large as w»wimm (Kleis

1969). Figure 1.6 shows superimposed curves for 9 and

e

127;Am particles,
The shape of the eroding particles certainly affccts

the wear rate, but it is difficult to obtain information on

the effects of shape alone, since particle fragility also
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seems to affect crosion, and this may be direcctly related
to the shape of the particles. Kleis (1969), however, has
eroded mild steel with angular and spherical iron shot,
which do not break up on impact. Figure 1.7 shows his
results - the angular particles cause appreciably more
erosion than the spherical, and the angle of maximum erosion
is rather lower with angular particles thapn with round shot.

As mentioned above, erosive particles are nearly
always harder than the material which they erode; should
they be softer, the erosion decreases considerably, but
not always to zero (Kleis 1967). The material of the
abrasive particle can therefore affect its eroding power
in this way.

A rather more important effect is that of particle
fragmentation. TFigure 1.8 shows the variation with
impact angle of the erosion of an aluminium alloy by
particles of different fragility. The relatively strong
quartz particles give a characteristic ductile erosion
curve, whereas glass beads, which fracture readily on
impact, cause very much more erosion at normal incidence
and result in a curve of different shape. Tilly's (1973)
theory of erosion which takes into account the effects of
fragmentation will be discussed later.

1.2.6 Tensile stress

Since the rotating blades of turbines are under
considerable centrifugal stress, it is of interest to
discover whether tensile stress in.the specimen might
affect its rate of erosion. Tilly (196%a) investigated
this possibility and found a slight but significant decrease
in erosion with increasing tensile stress. ©Smeltzer
et al (1970) found an increase in erosion with increasing
tensile stress, but again the effect was small and not
considered worthy of further investigation,

1.2.7 Temperature

The effect of testpiece temperature upon the rate
of erosion also appears small, but consistent results have
been reported. Tilly (196%a) has found that the effect of
increasing the temperature of a variety of alloys is to
decrease the rate of erosion. Confirmatory results have
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been obtained by Fehndrich (1969), Raask (1969) and
Wood (1966), A corresponding increase in erosion at
low temperatures has been observed by Lepikson and
Siimpoeg (1969) who found that cooling mild steel from
room temperature to 120K increased its erosion rate

"significantly.

1.2.8 Particle concentration

Kleis (1969) and YWood (1966) have noted a
decrease in erosion with increasing particle flux; the
impingement rates at which this becomes noticeable are
high ( 200 kgm_g
of this result in the design of accelerated erosion

3-1) but there are obvious implications
tests.

1.2.9 Chemical effects - erosion/corrosion

Many practical cases of dust erosion take place
in highly corrosive environments; in such cases it is
difficult to separate the effects of erosion from those
of corrosion, and the two processes may well occur
cooperatively. Tor example, Kleis (1969) has shown that
guartz with 1% moisture content can cause double the
erosion caused by dry quartz; whether this effect is
physical or truly chemical is not clear. 0.5% sulphur
dioxide in dry nitrogen increases the rate of erosion of
mild steel to six times that in pure nitrogen (Muravkin
and Riabchenko 1960). The majority of erosion tests

3‘tor‘r‘), and

have been conducted in air or vacuum (107
good correlation is found between the results obtained
in the two environments, suggesting that surface oxidation

is not important in such tests.

1.2.10 Testpiece material

Many investigations have been aimed at discovering
how the resistance of a material to erosion depends upon
other, more readily accessible, properties. The numerous
results ootained with ductile metals confirm the early
vork reviewed by ¥Wahl and Hartstein (1946). The commonest

structural material used in erosive envircnments is steel,

and little improvement can be made in the erosion resistance
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£ steels either by heat treatment (Finnie, Wolak and
Kabil 1967) or by alloying (Tilly 1969a). Other alloys

and pure metals have been tested and attempts made to

Q

correlate their erosion resistance with other properties.

These will be discussed in section 1.5.

1.2.11 Single impacts

The processes occurring in a single impact have
been studied by very few workers. Several scanning
electron micrographs have been published of the surface
damage caused by single erosive particles (Smeltzer et
al 1970, Jones and Gardos 1971 and Tilly 1973).

Sheldon and Kanhere (1972) have made the only quantitative
comparison between the weight losses resulting from single
impacts and those found in erosion experiments using many

particles.

1.3 Experimental technigues

In comparing the results of erosion experiments it
is important to realise the limitations of the testing
techniques used. Two types of equipment are in common
use, the air-blast device and the whirling arm rig.

In the first apparatus, the erosive particles are
entrained in a fast-flowing gas stream whiclh accelerates
them down a tube. The velocity with which they leave the
tube depends upon a number of variables, and carcful
attention must be paid to these if a reasonably uniform
particle velocity is required. Since, as we have seen,
the erosion of all materials varies more rapidly than
the square of the particle velocity, it is especially
desirable to hold this velocity constant. A theoretical
treatment of the air-blast rig has been given by
Smeltzer et al. (1970) which shows that long (~3m)
acceleration tubes are needed to ensure that the larger
particles reach the gas flow veleccity; a similar point
was made by IPinnie (1960). Such long tubes have not been
used by many workers, most relying upon photographic
measurement of particile velocities to ensure ithat the
particles reaching the target are reasonably monoenergetic.
Another disadvantage of this technique is that the actual
angle at which the particles strike the surface is somewhat
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uncertain. The gas flow over the target may deflect the
smaller particles, and some may not strike the surfac
at all (Tilly 196%a),
The whirling arm rig, being rather more complex,
is used by fewer workers, but seems to be the only
‘apparatus cavable of producing definitive results,
Figure 1.9 shows such a rig; the two specimens are
attached to the ends of a rotating arm in an evacuated
(107°
the path of the specimens at a controlled rate; the

torr) chamber., Erosive particles are dropped into

specimens are of sufficient depth to ensure that all the
dust particles are struck. The impact velocity is closely
defined, since the rotor speed may be precisely controlled
and the variation of impact velocity across the specimen
face is typically less than 11%. Evacuation of the test
chamber reduces the power needed to spin the wrotor, and
eliminates aerodynemic influences on the angle of impact.
Kleis (1969) has described similar apparatus. Whirling
arn rigs have the disadvantages that specimens must be
small and accurately machined, and that the effects of
specimen stress and temperature are not easily investigated.
The influence of the testing apparatus upon the
results obtained is illustrated in figure 1.10; the
apparent dependence of erosion rate upon particle size
is shown for three different types of test apparatus.
Curve 1 was obtained with a pneumatic blast rig in which
the air pressure was held constant and the particle size
changed. Since the smaller particles achieved higher
velocities than the larger, it appears that they are
considerably more erosive. Curve 3 was obtained with a
centrifugal accelerator, as described by Kleis (1969).
In this apparatus a stream of particles falls onto the
centre of a rotating horizontal disc with radial grooves.
The particles are accelerated down the grooves; although
their tangential velocity when they leave the disc is
constant, the radial component depends upnon the frictional
resistance they experience while sliding down the groove.
It is seen that this curve lies below what must be regarded
as the "true" curve (number 2) obtained with a vacuum

whiriing arm rig. 1In any critical appraisal of the

results of erosion experiments it is therefore essential




to know how they were obtained, and to know the spread
¥ 9 i

of velocity among the particles striking the testpiecc.

1.4 Theoretical treatments of ductile erosion

1.4.1 Aims of theoretical treatments

Several theoretical approaches to the problem of
ductile erosion have been made in the last twenty years.
The purpose of such a treatment is to predict the erosion
rate in any situation from a knowledge of such variables
as particle size, share, material and velocity, the angle
of impact and the surface material. Ideally, a theory
should also be able to predict the resistance to erosion of
different metals from a knowledge of their other, more
readily measureable, properties.

Many of the theories seek only to fit the empirical
data into a coherent pattern, without reference to the
physical mechanisms underlying the erosion process. The
more valuable approach is to base the theory upon a physical
model, preferably with some experimental justification,
but such attempts have led to oversimplification of the
problem. A brief survey of the theories will be presented
here, together with a discussion of their validity in the

light of experimental evidence.

1.4.2 Finnie (1958 and 1960)

FFinnie's approach is essentially mechanical; he
considers that abrasive grains will cut into the surface

on impuct and remove metal by a "cutting or displacing"”

action. Figure 1.11 illustrates this approach. Finnie
acknowledges that the mechanism will only operate at low

impingement angles, but emphasises that these are important

since for ductile metals the angle of maxinum erosion is
around 20°. Je solves the equations of motion of the
particle making the following assumptions:
(i) that the ratio of vertical force component to
horizontal force component is a constant (K). |
(ii) that the length 1 over which the particle contacts
the surface divided by the depth of cut Yt (sec
figure 1.idia) is a constant ()

(iii) that the cutting face of the particles is of constant

- |
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Figure 1.11
Finnie's theoretical approach to erosion.
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width b .

(iv) that a constant plastic flow stress p is reached
immediately upon impact (ignoring elastic stresses).
To estimate the volume of material removed, he

assumes that this will be equal to the volume swept out

.by the tip of the particle, the cutting process being

terminated either when

(i) the horizontal velocity of the particle tip becomes
zero ( kt=0 ) or

(ii) the particle leaves the surface ( y=0 ).

The final eguations governing weight loss are :

W=EM°EX2{?in2“" §sin2d] (1.1)
pY i K
for tanog K/6

end  Wen_.mv> ngg%% (1.2)

Py K 6
for tan<> K/G.

Here n is the density of the metal being ercded and
W is the total weight eroded by a mass m of abrasive grains,
the assumption being made that all grains will remove the
same amount of material. The angle for muximum erosion is
given by  tan 28 s = K/3 .

IFinnie (1958) performed scratching tests to estimate
the value of K, and from these, and by analogy with the
process of grinding, suggests a value of K = 2 .The angle
of maximum erosion is therefore predicted to be «17Y and
equations 1.1 and 1.2 becone

W =n .mvz (sin2dd - Ssin%i) oL < 18,5° (1.3)

py 2
(5] <
and W = n_.mv”® cos“x o 3 18.5° (1.4)
py ©

Figure 1.12 shows experimental results for the
erosion of pure aluminium by silicon carbide grains (solid
line) and the predictions of Finnie's theory (dotted line).

The value of py has been selected to give the best fit ;

it is seen that the theory underestimates the ercsion at




20— =i
To :
Mo
- o
a 15 ;
S e TOOL STEEL
@ Kﬂ_\o‘g—o_____—-ﬂ
o |cd_ ostien —
PP 1045 steeL—
w Ol e _
S
d LEGEND:
v Al —O— ANNEALED CONDITION OF GIVEN METAL
a5 ——x-— WORK- HARDENED CONDITION OF GIVEN METAL |
« —0— THERMALLY-HARDENED CONDITION OF GIVEN METAL
d e 1020 STEEL ANNEALED
Pip, Ol @ 1020 STEEL AS RECEIVED
oksi | | | | l l a | |

0 100 200 300 400 500 600 700 800 900
VICKERS HARDNESS, VHN (kg per sq mm)

Figure 1.13

Resistance to erosion (grams of eroding particles per
mm3 removed) as a function of indentation hardness for
erosion by 250 pm SiC particles at 20° and 78 ms—l.
(Finnie, Wolak & Kabil 1967)
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high angles, predicting no erosion at 50°%. An empirical
correction may be introduced to bring the curves ianto
coincidence, but there scems little physical justification
for it (Minnie 1958).

The theory predicts that if the deformation process
is similar in all metals, the volume eroded, at any rate near
18° impingement angle, will be inversely proportional to p ,
a plastic flow stress. Finnie, Wolak and Kabil (1967)
compared the predictions of this theory with experimentally
determined erosion rate, assuming that p will be proportional
to the Vickers hardness of the metal. Figures 1.13 and
1.14 show their results, plotted on linear and logarithmic
scales. While the metals Ag, Al, Sn, Cu and Ta lie close
to the straight line, the other metals tested, and notably
the steels of varying temper, lie some way from:it. Tilly
(1969) bas found even less correspondence between the hardness

of various alloys and their rates of erosion.

1.4.3 DBitter (1963)

Bitter accounts for the erosion at normal impact
by splitiing the wear into two components. That which
predominates at low impact angles he terms 'cutting wear',
while at high angles 'deformation wear' predominates.

The phenomenon of brittle erosion differs from that of
ductile only by the fsact that in brittle materials no
cutting wear occurs.

Bitter (1963a) develops his expression for the
deformation wear term by considering the energy dissipated
in plastic deformation of the material, calculated assuming
an elastic-plastic normal impact. Since in an ideally
brittle material, plastic flow does not occur, this
approach is somewhat surprising. He finds that the.
energy loss is given by

4 m (v-K) 2
where m is the total mass of the impinging particles, and
v is their velocity. K is the velocity of impact at
which plastic deformation first occurs.

ie then replaces v by v sino to allow for impacts
not at 900, and assumes that an energy € is needed to

remove unit mass of material from the surface by this

mechanism. For deformation wear, then,




Wd

3]

2m (v§i§d~K)2 (1.5)
=
where wd is the weight loss due to this type of wear,
llis calculation of the "cutting wear" term (Bitter

1963b) is based on a similar specific energy approach, an
energy ¢ being needed to displace unit mass from the surface.
The two cases are considered, as by Fimnnie, of the particle
leaving the surface while still moving horizontally, and

of it stonping cutting while still in contact. To caiculate
the energy lost by the particle which will result in

cutting wear, Bitter considers the particle to be spherical,
of radius equal to the radius of the corner of the real
particle, and yet of the same mass as the real particle.

{e then applies the elastic-plastic collision formulae

of Andrews (1930), assuming a constant plastic flow stress,

and derives the expressions :

o
W, = 2mC (vsind—K)“.(vcos«-C(vsipa—E)?() (1.6)
vsinol SJVSEﬁﬁT
4 2 2' i | o d —2-‘ )
and W, = dm. (vcos ™ -K ' (vsinn-X)“) (1.7)
()

Equation 1.6 is valid when the particle rebounds
while still cutting and equation 1.7 where it stops cutting
during the impact.

At sufficiently high velocities, the elastic deform-
ation may be neglected, and K and K' put equal to zero.

C is given by

C=0.29 %

n
h 4 b §

where n is the density of the target material and y is its
plastic flow stress. The total weight loss is then equal to
Wd + Wc ; the material is characterised by €, ¢, and C. Ior
ductile metals, Bitter suggests that equation 1.7 will apply
at impact angles greater than 150; the sum of the two

erosion terms is then :

[s
W= ﬁmvzsigg% + 1mvigg§i¥ (1.8)
= C
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Since this equation contains two paramcters,
€ and ¢, which cannot be expressed in terms of other material
properties and must therefore be experimentally determined,
this equation may be adjusted to fit experimental results
well. Bitter (1963b), Head, Pacala and Poole (1967),
‘Neilson and Gilchrist (1968a) and Kleis (1969) have all
attempted to analyse erosion data using these equations.
All find that the values of € and ¢ needed to fit the
experimental data depend not only upon the surface material,
but also upon impact angle, velocity, particle size, shape
and composition. Wood (1966) made a similar assessment of
the erosion behaviour of several metals, attempting to
correlate € and ¢ with bulk properties of the metals such |
as hardness and strain energy to fracture. He was able to l

find no systematic correlation.

1.4 .4 'Thermomechanical approaches

The analyses of Smeltzer et al. (1970) and
Ascarelli (1971) are based upon the premise that very

high temperatures are developed under an impacting

melting.

Smeltzer proposes two mechanisms by which the
molten material is removed. In the first, droplets of
metal are "splattered" out of the crater, while in the
second they adhere to the particle, which is then
dislodged by a subsequent impact. Their analysis will
not be discussed in detail; the final equation contains
a term for each mechanism and expresses the weight loss

as:

particle, and that the material is removed as a result of
\
|

9] 0 |
W o= A(dmv?) (sine —sin%x)+~B(%mv“) sin4e (1.9) '

where A and B are constants.
This equation is essentially the same as Bitter's result

(1.8); the functions of ™ are not the same as his, but

reasonable agreement may be obtained with experimental

|
[
|
|
\
clearly by selection of suitable values for A and B, a
results. "Predictably, Smeltzer found that A and B %

i

varied with velocity and particle type, end could find

no correlation with elastic modulus, melting point,




e Bi

@ Pb

e Mg
Cd e

0.8}
0.6

0.4

VOLUME REMOVED (mm3/gm of abrasive)

0.2

~N
Al €8

1

-
-

>

1

0.1
100

Figure 1.15
Erosion (mm®

2 4 6

8

1000

TEMPERATURE (°C)

6 10,000

per gram of eroding particles) plotted against

melting point (degrees C) for pure metals. Data on erosion
taken from Finnie, Wolak & Kabil(1967) - silicon carbide

grains at 20° impact angle and 140 ms .

(Smeltzer et al.

Figure 1.16

1970)

1

8.0

40—

Sn® -

[

I

I

I

Volume Eroded, V, (mmlg of Abrasive)
O

T

o Mg::
Not ann. e Cd 2

Thermal Pressure
(T - Tg)
=

Apy/3lk bar)

Volume eroded (from Finnie, Wolak & Kabil 1567) plotted

against Pt’

pure metals and some steels.
(Ascareclli 1971)

Ascarelli's thermal pressure parameter, for

i
|



i4
energy required to melt unit mass or surface tension

of the liquid metal. lie has, however, pointed out a

correlation between erosion resistance and melting

point for pure metals (see figure 1.15).

Ascarelli envisages some form of melting
phenomenon, the erosion of a metal being inversely
proportional to its "thermal pressure', Py given by

Pt = .':.3.05 (Tm - Tp) (1;10)
X
where & is the coefficient of linear thermal expansion,

X is the isothermal comvressibility, T, is the melting

point of the metal and T, is room tempeggture, The |
agreement between Pt and the erosion rates experimentally
determined by Finnie, Wolak and Kabil (1967) is remarkaebly !
good (v 25%) for all the metals tested by them. Figure
1.16 shows the correlation; the values of o« and X used

to calculate Py are room temperature values.

1.4.5 Sheldon and Kanhere (1972)

Sheldon and Kanhere describe a model for erosion
by spherical particles. They calculate the depth of the
plastic indentation made in a verfectly plastic material
by a normally impacting sphere. ‘This problem has been
discussed by Tabor (1951); it was found empirically by
Martel in 1895 that the volume of such an indentation

is proportional to the kinetic energy of the sphere.

Sheldon and Kanhere, however, erroneously state that the

volume of the indentation is proportional to the cube of

its depth, and so deduce that the volume removed by the

impact, which they state "is nearly the full crater size"

is directly proportional to the cube of the impact :
velocity, and inversely to the 3/2 power of the harduess

of the metal.

1.4.6 Tilly (1973)

This theory is the only one to allow for the
effects of particle fragmentation. BErosioun 1s considered
to be a two component yprocess. Primary erosion is a

result of the impact of particles before fragmentation;

equation 1.11, which expresses it, incorporates a
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threshold size and velocity below which no erosion

occurs
3
&

2 (1 -(_g-o)‘ezo)?‘ {1.11)
v

B, = vV
Yoy
¢ is a specific energy, and do and v, are the diameter
and velocity of particles at the thresheld conditions,
which are determined experimentally.

The secondary damage, which results from fragmentation

of the particles, causes erosion given by :

Hy =

2 .F

<l<,

where v is a specific energy
and ' is the degree of fragmentation of the particles. If
all the particles are broken then F = 1.

The total erosion is given by the sum of the two
terms. aAlthough the parameters do, v, and F may be determined
experimentally, the two specific energy terms g and ¢ are
left for ‘'curve-fitting'; these have not been related to
any material properties, and the variation of erosion
with angle can only be argued qdalitatively from this
theory.

1.4.7 Empirical approaches

Purely empirical approaches have been taken by
Brauer and Kriegel (1965), Raask (1969) and Head and Harr
(1970). .

Brauer and Kriegel examined the wear of bends in
pipes carrying abrasive particles; they considered both
brittle and ductile materials and found that their resultis
could be correlated with the Young's modulus of the
material (figure 1.17). The ductile metals, however,
lie on a very small portion of the curve, and the test
conditions were not simply analysed, rendering this finding
of little practical use.

Rausk wished to predict the life of mild steel

boiler tubes in an erosive ash stream. lle expressed his
r

the limited range for which it was intended, enabled him
a

to forecast erosion wear with sufficient

accuracy.
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rig, plotted against Young's modulus E.
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Head and Harr attempted a dimeusional analysis
of the problem, and then constructed an empirical model
from their experimental data, using regression technigues
to cbtain the best fit. Their final model presents the
erosion rate as a function of particle velocity, particle
shape factor, impact angle, hardness of the particles,
hardness of the target and "erosion resistance" of the
target. This last is simply an energy per unit volume
which should in theory be characteristic of the metal.
Their equation contains eleven terms and gives a 'very
good fit" to the data, However, its ability to predict
erosion under untried conditions is very limited, and

Head, Lineback and Manning (1973) have modified it i
considerably with the aim of widening its usefulness, and ;
J

have introduced anocther empirically determined variable.

1.:9 . Discussion

The qualitative features of ductile erosion have
been well established, but none of the present theories
can explain more than a few of the observed phenomen a
The velocity exponent, for example, is certainly not 2,

but in most cases nearer 2.4, yet all the theoretical
treatments, except Tilly's, predict a variation of
erosion with the square of the velocity. For large
particles, Tilly also predicts this dependence., Clearly
the underlying assumption that the weight loss will be
provnortional to the kinetic energy of the incident
particles must be at fault; any approach which makes
this hypothesis must fail in its prediction of the
velocity exponent.

Similarly, attempts to correlate erosion resistance
with a single material property have failed. Finnie
predicts a dependence on some plastic flow stress, but

the agreement found between this theoretical - stress and

observed indentation hardness is poor. Other attempts [
to compare erosion resistance with strain energy to |
fracture, elastic modulus and melting point have produced

similar conclusions. The inefficiency of indentation

hardness as an indication of erosion resistance is

‘ ' particularly frustrating, since it correlates well with

] abrasive wear, a process which intuitively might be
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thought similar to erosion. Figure 1.18 shows the
results of Krushchov and Babichev (1256) who measured
the wear rate of metals rubbed on abrasive paper. These
results have been confirmed by later work (for a review
of abrasive wear see Moore 1974). All the pure metals
lie on a straight line, and heat treatment of carbon
steels does increase their wear resistance, in contrast
to the results of the erosion tests shown in figures
1.13 and 1.14. ‘

It is noteworthy that those metals which do show
a proportionality between erosion resistance and hardness
in figure 1.13 only do so if the hardness of the annealed
metal is considered (Sheldon 1970b). Figure 1.19 shows
these results plotted against the hardness of fully
work-hardened (after erosion) and annealed specimens;
the straight line of slope -1 which shows the inverse
proportionality fits only the annealed hardness values.
This result is surprising, since surfaces are highly
strain-hardened by erosion; VWellinger (1949) has shown
plots of microhardness against depth below eroded
surfaces, and a similar graph from Sheldon (1970h) is
shown in figure 1.20. Previous work-hardening of the
material has no effect upon erosion rates. (Iinnie,
Wolak and Kabil 1967)

The success of Ascarelli's "thermal pressure"
as an indicator of erosion behaviour is surprising;
the physical basis for his assumptions is weak, but
the correlation over the complete range of metals
tested suggests that the agreement may be more than
fortuitous. It is, however, difficult to see how his
calculation of "thermal pressure" which ignores the
variation of thermal expansion coefficient and bulk
modulus with temperature can predict erosion resistance,
especially since the observed variation of erosion with
temperature is of the ovposite sign to that predicted.
More experimental data on the erosion of pure metals is
needed to test this theory.

The mechanism by which metal hecomes detached from
a surface by an impacting particle is far from clear,
Conflicting evidence has been presented. Finnie (1958)
suggests that metal is removed by the cutting or displacing

action of the particle, and Tilly has shown photographic

evidence of a metal chip partly removed by a glancing | u
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impact which would appear to confirm this model,
Smeltzer (1970), however, in a detailed SEM

study of eroded surfaces, could find no evidence

of micromachining and observed no traces of intact

chips in the eroded debris; he felt that his observations
supported a "localised melting" process.

Since simple energy-based theoretical approaches
to the problem of erosion appear to be very limited in
usefulness, more information is clearly needed on how
metal is removed by an impacting particle. Only when
an experimentally verified physical model has been
developed can the process be analysed mathematically.

It was to investigate the physical pracesses occurring

in ductile erosion that this work was carried out,




Chapter Two

Introduction to this work

2.1 Introduction

Ve have seen in chapter 1 that no real understanding [
xists of the mechanisms by which erosive particles remove |
metal when they strike a surface. The first stage in |
formulating any theory of erosion is clearly teo identify
the important physical processes involved; the theories

so far developed are not based on physical modeis for
which there is good experimental evidence.

It is felt that the process of erosion wmust be
stochastic in nature; irregular particles will strike the
surface with random orientations, and it is quite possible
that a large number of slightly differing mechanisms may
in practice operate. However, it is argued that only a few

fundamentally different processes can be important; it is

essential before formulating any theory of erosion that
these mechanisms bhe identified. Several possible mechanisms
have been suggested in the numerous theories discussed in
chapter 1; a consideration of the processes of machining

and grinding suggests another.

2.2 Metal removal in machining and grinding

In the conventional machining of ductile metals with
a single-point tool, two types of deformation may be
distinguished: cutting and ploughing. Figure 2.1 shows
the distinction between them; in cutting (a), a chip of
metal flows continuously up the rake face of the tool,
wvhereas in ploughing (b), the metal in front of the tool
piles up and may even flow down the rake face. The
incidence of ploughing and cutting is related to the rake
angle of the tool face; the definition of rake angle is
illustrated in the figure. For tool rake angles greater

than a critical angle, cutting deformation occurs, while

more negative rake angles result in ploughing. A typical
value for this critical angle in orthogonal cutting is
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Figure 2.1

Geometry of the machining process (orthogonal).

(a) positive rake angle
(b) negative rake angle.
a b

b

Figure 2.2
Influence of rake angle in Graham & Baul's grinding

experiments.

(a) positive rake angle - cutting deformation
(b) large negative rake angle - ploughing deformation.

(redrawn from Graham & Baul 1972)
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-60 (Rubenstein, Groszman and Keenigsberger 1566)

While machining is seldom carried out with rake

angles low enough to cause ploughing, there is little
control over the orientation of grit in a grinding wheel
or on abrasive paper, and a number of such particles will
plough rather than cut. fulhearn and Samuels (1962)
found that for the small grit particles on abrasive paper
the critical rake angle was 0 + 20; in other words, all
particles with negative rake angles deformed the metal
by ploughing, while those with positive rake angles
removed continuous chips of metal by cutting. Having made
a statistical survey of the rake angles presented by the
grits on a piece of abrasive paper, they could plot a
rake angle distribution curve, and estimated that only
one sixth (typically) of the particles would remove metal
by cutting, the remaining five sixths deforming the surface
by ploughing. 7

Althouzh Mulhearn and Samuels assumed that the
majority of grit particles, which caused ploughing
deformation, would not remove metal, the work of Graham
and Baul (1972) shows that in the process of grinding,
ploughing deformation can lead to removal of material.

The grinding process differs from that of abrasive rubbing

in that the grit is constrained to move in a circular arc
through the workpiece. A single-peint tool at the end of

a swinging arm was used to study the process; figure 2.2
shows tools midway through the arc of swing. 7The positive
rake angle tool in (&) cuts a conventional chip, whereas

the spherically-tipped tool in (b), which has a large
negative rake augle, remcves metal by a different mechansism
associated with ploughing. The critical rake angle in this

e 0
study was found to be »w=55".

2.3 Rake angles in erosive particle impacts.

We have seen that erosive particles are harder
than the metal which they erode, and that the imnact

" _—— ; \ 0 .
angle at which most erosion occurs is «20°. The length/

depth ratio of typical gingle immact scars formed at this

angle is «10:1 (Finnie 1958). The impact geometry will

therefore by similar to that occurring in grinding, and

. |
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we might expect that the deformation processes observed

by Graham and Baul in grinding would also take place in
erosion at shallow impact angles. |
Dust particles may be broadly classified into
rounded and angular shapes. Naturally occurring erosive
dusts may be composed of particles of either shape; wind-
1 blown sand particles are rounded (Tilly 1969b) and so are
coal ash particles (Raask 1969), while some of the natural
soils examined by Smeltzer et al. (1970) contained many
angular grains. We can see from the work of Graham and
Baul that spherical particles may remove material at
oblique impact angles by the ploughing mechanism shown i
in figure 2.2b. Angular particles may remove metal by |
either cutting or ploughing, depending upon the rake |
angle with which they strike the surface. Real angular !
particles are irregularly shaped and are not amenable to
simple analysis, but a simple argument will show that
impacts at ploughing orientations wiil be important.
An idealised picture of two angular particles is shown
in figure 2.3. Sections through the impacting particles
are represented by a square and a hexagon. The range of
rake angles (g) with which each shape can strike the surface
-is shown below it, and the corresponding probability
distribution P(g) is plotted against g. it is seen that
if a critical rake angle (ﬁc) of -60° is assumed, then
ploughing deformation will take place in one third of
the impacts of the square-sectioned particle (a), and in
one half of the impacts of the grain with a hexagonal
section.
Particle fragmentation is an important feature
of the impact of even quite strong particles (e.g. silicon
carbide and diamond - Tilly 1973); in such cases, even
for normal impact, ploughing deformation may again be
important. The break-up of brittle spheres on normal
impact produces fragments of the form shown in figure
2.4 (Arbiter, larris and Stamboltzis 1969). Several oblique
fracture planes (I’) break the sphere intoc fragments which
then move radially outwards from the impact site. Tilly
and Sage (1970) found that in such an impaet the radial
flow veloéity is comparable with the initial impact
velocity; numerous radial scars on the surface result

from this flow. It is apparent from figure 2.4 that these

"
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Figure 2.4
The fragmentation of a brittle sphere on normal impact

(from Arbiter, Harris.& Stambdltzis 1969)
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fragments will all present negative rake angles tc the
1 nl

surface, and many of them will cause oughing

e 3
deformation.

The possibility that ploughing deformation, of
the type discussed, might be an important mechanism in
the erosion of ductile metals has not been considered
previously. Finnie's (1958) analysis assumes a mechanism
of cutting or micromachining rather than ploughing, in
which the volume of the chip cut from the crater is assumed
to be equal to that swept out by the tip of the particle.
This simple analysis overestimates erosion considerably,
and Finnie (19680) had to introduce a correction factor
to allow for the proportion of particles which do not
cut in an idealised manner.

While the arguments above suggest that erocsive
particlies may remove metal by ploughing, the forces
acting on a freely-impacting grain are very different
from those on a single-point tool constrained to deform
the metal by an external machanism; it is not immediately
apparent that such a particle can remove material by a
ploughing action. Exnerimental investigation of the impact
of single particles at ploughing rake angles was clearly

needed.

2.4 Aims of this worlk

The work to be described had the main aims
(i) to assess the plausibility of the erosion mechanisms
: suggested by previous workers and
(ii) to investigate whether the process of ploughing,
discussed above, might be an important mechanism
in the erosion of ductile metals.
The experimental approach adopted was to study the
impacts of single particleé on a plane metal surface. It
was considered that this would be of more value in
identifying the processes of metal removal than the study
of multiple impacts, which has already received much attention,
or of single imvacts on a previously eroded ond roughened
surface. Some means of producing impacts at controlled
velocities and angles was needed. A technique of wide
versatility was required; the ahility to project comneratively

large (»10mm) specimens at stationary particles was desired
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for the study of angular particle impacts, while the
facility to accelerate particles as small as « 80 pm would
enable size effects to be studied. Explosive methods of
acceleration were ruled out for reasons of cenvenience and
‘safety; a compressed-gas gun was built which provided

the desired facilities. The design and performance of this

gun is described in the next chapter.
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Chapter Three

The Gas Gun

3.1 Introduction

All single-stage gas guns consist of a reserveir,
initially containing gas at a high pressure, separated
by a valve from a barrel, containing the projectile at
reste. 'he projectile is accelerated by the pressure
difference across it once the valve is opened. The
simplest theory of gun performance assumes a constant
pressure difference across the projectile during its
travel down the barrel; although it seriously overestimates

worth considering in detail since it highlights the more
important factors involved in the design of such a gun,

3.2 Constant pressure theory

We consider the one-~dimensional motion of a
projectile under the action of a constant driving pressure
P. The projectile is a perfect frictionless fit in a
cylindrical barrel of diameter d and length l. The
equation of motion of the projectile is:

m¥ = iPna

where m is the mass of the projectile. Ve assume that
the projectile starts from rest at x = 0; then at the
muzzle where x =1, X = v given by:

4
2

1
(%ndzl)a(P/m)

<
i

the muzzle velocity of the projectile, this theory is

So for any gun with 1 and d defined, the muzzle velocity
X . - 1
will be proportional to (P/m)=.
If we consider a cylindrical projectile of length

2d and density n, then m = %ﬁndd anc

1
v = (1F/dn)?
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The muzzle velocity is therefore dependent on the ratio
1/d which is a geometrical factor, and upon P/n. Jt i
seen that geometrical scaling of such a gun will not change
its muzzle velocity, provided that the projectile is
similarly. scaled.

The influence of: some other factors may be inferred

®

from their effect upon the assumption of constant driving
pressure. For example, the volume of the reservoir,
provided that it is large compared with the volume of the
barrel, will have little effect on the muvzzle velocity.

At projectile velocities low compared with the sonic
velocity of the driving gas, '"relativistic" effects in
the gas will be of little consequence, but at higher
velocities these effects may become of major importance.
The limiting velocity at which a pressure discontinuity
can propagate down the barrel is the shock wave velocity
corresponding to that pressure; clearly this theory
predicts no such limit. Similarly, the opening time of
the valve, and any resistance to gas flow which it may
offer when open, will tend to invalidate the quasi-~static
assumption of constant driving pressure. Some idea of the
limitations of this model may be gained from the results
of Taylor and Davies (1942). They applied the constant
pressure theory to a compressed air gun used at low
velocities, and found a discrepancy of 10% between theory
and practice for a velocity of’l&@ms"i. e shall see later
that at higher velocities the discrepancy is much greater.

3.3 - Discussion of valve design

The most important single part of a gas gun is the
valve which permits the reservoir gas to flow down the
barrel. Ideally, such a valve should open instantaneously,
offer no resistance to gas flow when open, yet provide a
perfect seal when closed. Many different techniques have
been used in the past; no single design of valve has a
clear advantage over the others.

One possibility, which provides a negligible
opening~-time, is to use the projectile itself as a valve.
Barnsley, Meredith and Robinson (1968) used an electro-

mechanical clamp to hold the projectile at the breech

until firing; Fowles et al. (1970) describe a
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breech in which the projectile seals off the firing vpressure
until it is pushed forward a short distance by a small 1

1 firing impulse. These techniques, however, demand a good

seal between the projectile and barrel, which in turn
requires extreme accuracy of the projectile dimensions
and barrel bore.

Mechanical valves have been widely used: Miles and
Pearson (1974) describe a fast-acting pneumatic valve |
for use with a gas gun; however, the opening time of this
valve is about & ms, which is comparable with the transit |
time of a projectile in the gun used in this work. Perfect
(1966) has used a similar valve, but experienced serious |
practical difficulties with it. Thunborg, Ingram and Graham
(1964) used a pneumatically controlled gate valve, but
this tock 65 ms to open fully, and could therefore only
be used at low velocities.

Perhaps the simplest valve is a single diaphragm,
interposed between reservoir and barrel. The pressure
in the reservoir is slowly increased until the diaphragm
bursts, allowing the gas to accelerate the projectile.

Such a valve has been used by Taylor and Davies (1942), but

has the disadvantage that the bursting pressure of the

diapbragm is only certain to within 5%. The technique
is greatly improved by the introduction of a second

diaphragm; the resulting valve has a very short opening

time and negligible impedance to gas flow when open. The
two diaphragms are sevarated by a small volume which may
be pressurised independently from the main reservoir. 1f
it is desired to use a firing pnressure of P, diaphragms
are selected which have bursting pressures between P/2
and P. The interdiaphragm space is charged with gas to a
pressure of P/2, and the reservoir to a pressure P. The

valve is stable in this state, a pressure difference of

P/2 across each diaphragm being insufficient to burst it.

In order to open the valve, the gas between the diaphragms

is allowed to escape to the atmosphere, whereupon the rear
diaphragm, now having a pressure difference of P across it,
bursts. The front diaphragm, immediately behind the projectile,
is then subjected to the full reservoir pressure, and it

too bursts. IFowles et al. (1970) and Thunborg, Ingram and
Graham (1964) have used this technique with success; Perfect

(1966) modified it slightly, by applying a transient high

. |
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pressure te the interdiaphragm space in order to fire

the gun.‘ This method would appear less satisfactory,
since the front diaphragm must burst before the rear,
leading to an interrupted pressure rise at the projectile.
Other methods of causing a single diaphragm to burst at

a known pressure, such as puncturing with a stylus or
fusing with an electric current, have been used, but lack
the simplicity of the double diaphragm method.

3.4.1 Description of pgas gun

The requirements of this work were met with a gun
of calibre 16 mm, barrel length 1.03 m and maximum
working pressure 3 MPa. he main features of the design
are shown in figure 3.1. The reservoir is a steel pgas
cylinder, with a volume some ten times that of the barrel.
In order to minimise the opening-time of the valve, the
double diaphragm technique described above was used.

The breech separates easily intc three sections,
labelled A, B, and C in the diagram. The projectile is
loaded into the barrel at D,.and the diaphragms are
placed between sections A and B and B and C. The breech
is clamped together by six bolts which pass through
sections B and C into A. Gas~tight seals are effected
around the diaphragms by rubber O-rings on each side of
the joint. The complete reservoir and breech assembly
has been tested at a pressure of 10 MPa,

Figure 3.1 shows the control system in use with
the gun; gas from a large cylinder flows via a pressure-
regulating valve into the reservoir through valve 1 and
into the interdiaphragm space through valve 2. In
practice hoth reservoir and interdiaphragm space are
pressurised together to half the required firing pressure;
valve 2 is then closed and the pressure in the reservoir
raised further. To fire the gun, valve 3 is opened,
allowing the pressure between the dianhragms to drop. The
pressure in the various parts of the system is monitored

on gauges.
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Figure 3.2

Sabots used to accelerate spherical particles of various

sizes with the gas gun.

Light _
///SOUFCGS\\\
(: 3

s,

Vent slots (4)

Y Zzz

==

O L 2 L o O B e B St B P B e

[ﬁ:\:l NASNW 7\;@

Phototransistors

F——50mm

Muzzle block

Figure 3.3

The muzzle end of the gas gun, showing the arrangement
of the velocity timing components and the steel muzzle

block used to stop the sabot.
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3.4.2 Diaphragnms

Using the double diaphragm system, the range of
‘ pressures used in this gun, from 0.1 to 3.0 MPa, may be
covered with a small number of diaphragms. The types used

and their average bursting pressures are listed in table 3.1.

Table 3.1

Diaphragm Thickness / fam Bursting pressure / MPa
Polythene ix 25 0.10 |
Copper 1 x 25 0.20
\ Aluminium 1 x 25 0.25
Copper 2 x 25 0.40
Aluminium 2 x 25 _ 0.55
Aluminium 3 x 25 0.80
Copper 1 x 50 1..00
Copper 1 x 75 1.55
Copper 1 x100 2.40

The pressure at which any diapbhragm will burst is uncertain
to within 5% or soj; this uncertainty must be allowed for

in selecting diaphragms for a given reservoir pressure.

3.4.3 Projectiles

Since the bore of the barrel (16 mm) is larger than
the particles which it is desired to accelerate, sabots are
used to carry the particles down the barrel. A sabot
(French - clog) is an expendable vrojectile which is a good
fit in the barrel, and which is decelerated at the muzzle,
allowing the particle to continue in free flight. Typical
sabots used with this gun for accelerating spheres of
different sizes are illustrated in figure 3.2. They are
machined from high density volythene rod, and are a loose
sliding fit in the barrel. The polythene provides Jlow
frictional drag during acceleration. |

At the muzzle the sabot strikes the block shown in |
figure 3.3. The particle continues forward through the
hole in the block, while the sabot is retained at the end
of the barrel and prevents any debris (such as fragments

of diaphragm) from following the vparticle. The muzzle block

”I
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screws onto the end of the barrel and may be easily detached

for removal of the sabot. The vent slots milled in the

barrel behind the muzzle block allow the gas to escape

from behind the sabot,

3.9 Measurement of nrojectile velocity

309.1 Introduction

A photoelectric device was developed to measure

the velocity of the projectile at the muzzle. The ophysical

rey

arrangement of the apparatus is shown in figure 3.3. Two
pairs of holes in the barrel allow light beams, defined

by 2 mm diameter apertures, to traverse the barrel. These
light beams fall onto phototransistors connected into

the circuit shown in figure 3.4. The time interval between
the restoration of the light beams after they have been
obscured by the projectile is disnlayed on a digital

timer with an accuracy of = 1 ps. knowing the separation
of the light beams, the mean velocity of the sabot over

the timing distance may be calculated.

3¢9.2 Descrintion of electronic circuit

The circuit is composed of two identical channels;
a logic gate which combines the signals from these channels
supplies a single pulse to the timer. One channel and the
logic gate are shown in figure 3.4.

The light from a 50 W tungsten-halogen bulb crosses
the barrel and strikes the phototransistor (type BPX 29).
In this state the phototransistor is fully conducting
and the voltage at point A is about 4.8 v. As the projectile

cuts off the light the current through the phototransistor

drops. The voltage at the input to the monostable
multivibrator (type 74121i) falls almost to zero. When the

rear of the projectile uncovers the light, the phototransistor
switches on and the poiential at the monostable input rises
again. The waveform at point A resulting from these events

is shiown in the figure. Since the monostable, as used here, |
will trigger only when its input rises in potential, no

output pulse anpears at B until the rear of the sabot passes

the light. The timing capacitor ccnnected to the monostable

B ———
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is chosen to provide an ocutput pulse length of 1.5 s;

¥

during this time any further nulses at the input A have

1 . no effect upon the signal at the output L. The output
pulses from the monostables in both channels are combined
in an exclusive~OR gate (type 7486G) which provides an
output puise at D of length equal to the time interval (t)
between the trigzering of the two channels. The second
output pulse at D is suppressed by the timer, which will

only accept one pulse until manually reset.

The long time constant chosen for the monostables
effectively prevents any interference from fragments of
diaphragm which may follow the projectile down the barrel.
The decision to trigger the timer from the rear of the
sabot was made to avoid interference from shock frouts
which will form at high projectile velocity, and also took
advantege of the shorter "switch-on" time than "switch-
of £" time of the photransistors. '

The circuit has operated reliably and reproducibly j
for projectile velocities from 50 to 635 msml, and has
a high intrinsic accuracy. lHowever, since the timing points
are located on the barrel and the nrojectile will still
be accelerating as it passes between them, the velociiy
at the muzzle will be somewhat higher than that calculated
from the physical separation of the timing points and the
measured time interval., Calibration experiments were there-
fore performed to check the correction needed to compensate

for this effect.

3.5¢3 Corrvection of velocity measurecments

If we assime that the projectile accelerates uniformly
in the barrel, we can calculate the correction neceded to

allow for the effect discussed above. i4s we shall see later,

this calculation yields an upper limit for the correction,
since the acceleration in fact decreases with increasing
velocity.

Taking the total length of the barrel to be 1, the
physical separation of the timing peints to be d and the
distance of the timing point nearest the muzzle from the
muzzle to be x, we find that the muzzle velocity v is given

by :

1 1
Ve 2. 19((1 - x)%= (1L = x = d)%)
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where t is the time interval measured at the timing points.

We can therefore calculate the muzzle velocity from t by

o

replacing the true separation d by an effective separation

d where

eff’

1 1
- 001 - «)2 - - A )
deff = 2 12((1 x) (1 X d)?=)

| For this gun, 1 = 1.035 m, x ==0,060 m and d = 0.100 m

giving a value for deff of 105.8 mm. Ve could therefore
take & value of 103.0 mm for deff

and be sure that the possible error would be less than &%,

for practical calculations

since it is inconceivable that the acceleration of the
projectile would increase with velocity.

A more accurate measurecment of deff was made

experimentally. The projectile was allowed to pass out
of the muzzle and break two thin (100jm) copper wires

about 200 mm apart. These wires were used to trigger a
timer, accurate to + 1 fs, and the true muzzle velocity

was measured in this way to within 0.5 %. FFrom this
velocity, and the time interval recorded photoelectrically,
a value of deff could be calculated. The results of several
measurements at different velocities are plotted in figure
3.5. The scatter in the points, 0.5 mm, probably results
from slight variations in the separation of the wires,

which were prestrained before use so that they would
fracture at a very small extension. No dependence of

dope On velocity is seen in figure 3.5. Velocity

measurenents were therefore calculated from the times

measured photoelectrically using the mean of the values
of dopp in figure 3.5, i.e. a value of 103.5 mm. It is
felt that the velocity determined in this way is certainly
known to + 1% and probably to 4+ 0.5%; the major source

of uncertainty is,not the measurement of the time interval,

but the value of déff‘
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3.6, Performance of the gun

3.6.1 Introduction

The experimentally determined velocity characteristics

o ge mn adulle

of the gun are shown in figure 3.6. The velocity has been
found to depend primarily on the ratio of reserveir pressure
to projectile mass, as predicted by the constant pressure
heory, with little dependence of velocity on pressure or
mass alone. As may he seen from the curves, the velocities
attained using helium as the driver ges are always appreciably
higher than those with nitrogen. This effect is not predicted
by the constant pressure theory, but it may be argued
qualitatively that the lower viscosity, density and higher

sonic velocity of helium must lead to greater cfficiency.

3.6.2 Comparison with Seigel's theory.

A theory of gas gun performance, which takes into
account the finite amplitude pressure waves propagating
in the system during firing, has been published by Seigel
(1965). This theory predicts a dependence of muzzle
velocity upon P/m, but also incorporates the effects of
reservoir volume, sonic velocity in the propellant gas, and
the ratio of its specific heats (¥). Figures 3.7 and 3.8
show the performance of the gun over the lower part of the
velocity range, and for comvarison, the prcdictions of the
constant pressure theory and that of Seigel. 1t is seen
that with nitrogen propellant, the ccunstant presswre theory
overestimates the muzzle velocity by some 50% when the
actual velocity is around 300 ms—i. The error is not so
great with helium, but Seigel's model gives a rather nore

accurate estimate for both gases. The discrepancy between

performance and Seigel's theory is nevertheless appreciable,
and it is instructive to consider possible feasons.

Seigel's basic theory ignores the retarding effect |
of the air in the barrel in front of the projectile; ihe |
correction due to this resistance forms a large part of the |
discrepancy between theory and practice. Although Seigel

civen

(]

has not incorporated the effect into his model, he has
a simple correction term which is shown in figure 3.9 (solid

curve). The correction is expressed as v, the actual

.
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. $ A < ¥ - 3 5 4 o 3 E e (Jm s . f =~
veleoecity, divided by v, ., the velocity predicted by Seigel's w

&k

basic theory; the correction depends only on the mass of the
projectile, for a given gun. With a ten gram projectile, ‘
the correction is only «2%, but for a mass of one gram it ‘

reaches 14%. Experimental results obtained with the gun

are shown for comparison. Although they all lie below the 1
solid line, they appear to lie on curves parallel to it,

suggesting that the remaining discrepancy is independent of

ey w—

projectile mass, and amounts to some 6% with helium and 12%

with nitrogen. ‘
The abrupt change of section of the gun between

reservoir and brecch (figure 3.1) is certainly responsible

for part of this error; Seigel assumes a well-matched

tapering transition and a smooth gas flow. The main |

; assumptions of Seigel's theory, namely that the expansion

| is reversible and adiabatic, are of course erroneous, but it

may be argued that the importance of irreversibility in such

a system is much greater in the case of sudden compression ;

than in the situation here of sudden expansion (Seigel 19G5).
: &

3.7 Conclusions ' |

The gas gun described here is a versatile laboratory
tool, capable of accelerating projectiles to over G600 msmi.
9 J [ > S €

The system of expendable sabots used enables differently

shaped particles of widely varying mass to he accelerated.
Using the dcuble diaphragm breech system, fiving pressures

may be accurately preset, and the muzzle velceity may be
confidently predicted from a calibration curve teo within

5%. The photoelectric method ¢f measuring projectile velocity
gives an absolute measurement to within less than 1%.

The performance of the gun has been compared with ‘
the predictions of a simple theory and that of Seigel (1965). ‘
The simple theory overestimates the muzzle velocity by 50% ‘
at 300 ms“l9 while that of Seigel gives a much better fit.
The discrepancy between the Seigel model and the actual

performance may be accounted for by the design of the gun

and by the simplifying assumptions of the thecory.
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Qualitative Observations of Single Particle Impac

4.1 Introduction

In this chapter a qualitative study of the removal
i of metal by spherical particles is presented. The particles

wvere accelerated using the gas gun described in chapter

; three; for reasons of convenience, large particles (3 -~ 1C mm)
were used. Bvidence will be presented in chapter 5 that the
deformation processes occurring with these large particles
are fundamentally the same as those with particles as small
as 90 pum. The ase of these large pafticlos permitied \
metallographic examination of the damage site, and
microhardness measurements could be made around single ‘
impact craters. As we shall see in chapter €, the weight
loss resulting from the impact of a gingle large particle
may be measured, and compared with the results of multiple
impact experiments.

Recent work by Winter (YWinter and Hutchings 1874)
has shown that angular particles, impacting with large
negative rake angles, may indeed remove metual by a
ploughing mechanism as suggested in chapter 2. The results
of this work will be summarised and coupared with the results
obtained with spherical particles described in this chapter.

The experimental results were obtained using spheres
of hard steel (ball-hearing steel). 4 tough material was
needed since it was desired to eliminate the effects of
fragmentation; ball becarings do not deform plastically
even at high impact velocities on mild steel, the first
signs of damage to the ball being brittle cfacking
(Carrington and Gayler 1948). Such cracking was not

T observed in any of these exneriments. Steel halls are

denser than real erosive particles (almost 3 times); the j

effects of ball density are discussed in section 5.3.3. ;
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The results fall into two groups. #xperiments with
3 mm diameter balls on aluminiuvm, copper and mild steel at
a shallow impact angle (184%) were used to show that
removal of metal by a single spherical particle can occur under
certain conditions, and to investigate the effect on the
process of the plastic behaviour of the target metal. A
more comprehensive study of the variation of damage with
velocity and angle was then carried out using 9.5 mm steel
spheres and mild steel targets. Metallographic examination
revealed the mechanism by which metal was beingz removed.
Each groun of experiments will be discussed immediately

after the results have been presented.

4.2 FExperimental

«Q

The 3 mm and 9.5 mm (3/8 inch) diameter steel bhalls
ki

were accelerated using the gas gun. The sabotls used for

the smaller balls were ag shown in figure 3.2 (a), while

the design in figure 3.2 (b) was used for 9.5 mm balls. In
this case the ball was attached to the sabot during firing
by a small svot of low-strength glue (Durofix). The
specimens were firmly clamped to machined angle blocks
screwed to the muzzle block (figure 3.3); the angle of
impact was thereby determined to within 0.5%, Impacts with
3 mm balls were at 18.50, those with 9,5 mm balls at various
angles.

The muzzle of the gun was enclosed in a strong steel
enclosure, lined with rubber sheet, to contain the ball

after impact and catch any fragments of metal detached.

4.3 Snecimen materials

The 3 mm sphere impacts were carried out on sgpecimens
“3e2 mm thick. Aluminium specimens were cut from S1C-H4
rolled sheet (B.S.1470) with a Vickers hardness of 430 NMPa.
Mild stecel specimens were cut from 12.7 mm cold drawn rod
of Enia (0.1%C) free-cutting lead-free steel, VPH500335O Mra.,
Vork-hardened copper specimens were taken from hard drawn,
high conductivity rod to B.S.2874 Ci0O2 and had a hardness

. . i O,
of 1100 MPa. After annealing for 1h in vacuc at $00°C,

?

their hardness was 400 MPa.







Figure 4.1

Craters formed in aluminium by the impact of
Zum diameter steel balls at 184°. Impact
velocities were

(a) 220 ms™ 1

(b) 210 ms™ .




Figure 4.2
Scanning electron micrographs of copper

. " s : 0
targets impacted by 3 mm steel balls at 18%
. . -1
(a) & (c) annealed copper, 215 ms ,
A

) . 3 = -1
(b) & (d) work-hardened copper, 220 ms .
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Miid steel specimens used with 9.5 mm steel balls
wvere cut from 15 mm cold rolled square bar to EniA
specification (0.15% C). The Vickers hardness was 2350 MPa.
Impacts took place on the side faces of the bar, which were
prepared by machining and final polishing with 600 grit
silicon carbide pavper.

. o .
4.4 Experiments at 181" impact angle
I D

4.4.1 Results

The formation of a fragile lip at the exit end of ‘M
the crater was observed in aluminium, mild steel and work-
hardened coprer. Figure 4.1 shows typical craters formed

, : - : . - .
in aluminium iwmpacted at 220 and 210 ms . 1in both cases

a lip has becn formed and partially detached by the
propagation of a rupture from one side of the crater to the
other. The similarity of the damage in the two cases
illustrates the reproducibility of the effect; although in

L

detail no two craters are the same, the qualitative picture
t

: - o » -1 2 s
is very similar. At velocities above 220 ms =, the lip
became completely detached by the impact.

Material removal by lip fermation was also observed

in mild steel. In this case, the velocity at which the lip

became detached was lowver (v 180 ms“l) although the size of
the lip was smaller than in the case of aluminium. Lips
formed in steel were observed to detach by the pronazation
of two ruptures, one from each side of the lip, in a manner
similar to that to be described for work-hardened copwner.
The copner speciniens were used to investigate the
influence of the plastic behaviour of the metal on the
deformation process. Marked differences were noted hetween
craters formed at the sane velocity in work-hardened and
annealed copner. Althoush , as would be expectied from the
hardness values, the crater in anmealed covper was larger
than that in work-hardened copper, the lip raised in the
latter case was considerably larger than that in the former.
The sconning electron micrographs in figure 4.2 illustrate

this difference. Photographs (a) and (c) show the exit

end of a crater formed in annealed copper; although [ s

considerable deformation is visible around the end of the M
crater, no 1ip of the type seen in figure 4.1-is seecn.
|

Work-hardened conper, on the other hand, has formed a
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pronounced lip at almeost the same velocity of impact

(figure 4.2 (b) and (d)) and evidence of necking or

rupturing is seen at the two sides of its hase.
Examination of the specimens after sectioning and

etching in alcoholic FeCl,, solution showed the difference

in depth of the two crategs, and the more intensive shear
deformation beneath the crater in the work-hardened copper
(figure 4.3 (b)) than in the annealed svecimen (figure 4.3(a)).
Enlarged sections of the crater lips are seen in figure

4.4 ((a) and (c¢) work-hardened, (b) and (d) annealed). Not
only is the work-hardened lip much larger than the annealed
one, but it is much less firmly attached, being continuous
with the bulk of the specimen over only a narrcw neck.

The 1lip in figure 4.4 (d) shows no overhang, and appears

much more a part of the substrate.

ticrohardness measurements were made on scctioned
specimens to investigate the cxtent of the subsurface
deformation. Figure 4.5 shows the hardness contours plotted
for the two types of material. The deformation in the work-
hardened case 1is more lccalised than in the annealed metal,
This localisation may be further deduced from figure 4.2. The
distortion of the previously flat metal surface heyond the
end of the crater, visible in (a), is apparent up to 1 mm
from the cfater, whereas in the work-hardened copper (b) the
surface appears undeformed immediately in front of the
crater. The metal displaced at the sides of the crater
follows the general trend; in the work-hardened case it
piles up to & height of «200 pm, and in the anncaled case,
to a height of wlOO{Jm.

In order to check that, in the annealed copper
specimen studied, a lip had. not in fact been formed and
removed, similar targets were subjected to impacts at 51,
101, and 149 ms"i. In no case was a lip raised which was
at all similar to that seen in figure 4.2 (d), or laerger
than that in figure 4.2 (c¢). ' '

The velocity at which the lip which was formed in
work-hardened copper became detached during impact was
found to be »250 ms_1. At 270 ms_1 a lip weighing 1.6 mg

was recovered, constituting a dimensionless "erosion'" of

14.5 x 1077 (weight loss per unit mass of impacting particles).




Figure 4.3
Etched sections through the craters fornmed

-1 ‘
(a) annealed copper, 210 ms 7,

B -1
(b) work-hardened copper, 220 ms .
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Figure 4.5a
Hardness contours ( VPI o in kg mm—2 ) beneath a crater | |
in annealed copper formed by a 3 mm steel ball impacting

: at 18%0 and 210 ms—i. Hardness contours are shown at

80, 100 120 and 140 kg mm™ 2.
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Figure 4.5b
! Hardness contours beneath a crater formed in work-hardened
copper by the immact of a 3 mm steel ball at 18%0 and

220 ms-1. Contours arevplotted at 120 and 140 kg mm-g.
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4.4,.2 Discussion

These results indicate that metal can be removed
by a single spherical particle impacting at a shallow
angle on the three metals tested (aluminium, copper and
mild steel). The mechanism by which the lins are formed ‘

1 and, at sufficiently high velocity, removed, appears to

i be the same in all three metals. Detailed examinaticn of
the specimens indicated that the lips are composed of
material from near the surface of the metal which has been
sheared in the direction of travel of the ball. Frictional

1 forces between the surface and the sliding ball probably

play an important role in the formation of these lips.
At a critical velocity detachment of the lip occurs. For
the well-defined impact conditions described here this
velocity depends upon the target material.

The formation of larger, more fragile lips in worlk-
hardened copper than in annealed copper can be explaincd
by the different degrees of localization of the deformation
in the two cases. Iully work-hardened copper avpproximates
to perfect plastic behaviour: it deforms elastically until

its flow stress is reached and then deforms plastically with
little further increase in stress. Annealed copper, on the i
other hand, strain-hardens considerably. Tabor (1951) has

shown that for quasi~static normal indentations in a fully ‘
work-hardened metal, the plastic deformation is localized t
and produces "piling-up" of metal around the indenter, |
whereas the widespiread nature of the deformation in an 1
annealed metal causes "sinking in". As an indenter is

pressed into the surface, the annealed metal in the immediate F
vicinity of the indenter deforms first, but in so doing '
work-hardens, rendering its further deformation more difficult.

The effective size of the indenter is increased by this ‘

penetrates deever into the metal, material further and
further from the indenter becomes strain-hardened. The
deformation is spread over a large volume, and the level of

the surface immediately around the indenter is depressed.

It is suggested that a similar explanation is probable here.
The spreading of the deformation which occurs in the

[

- . A . |
shell of strain-hardened metal, and as the indenter
annealed copper causes the plastic work done by the l
|

|

!

!

|

i

}

impacting ball to be dissipated over a large volume, ‘
|
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explainipg the surface disturbance observed heyond the
crater end, and the hardness contours in figure 4.5. The
localization of shear deformation in the work-hardened
metal results in intense shear in the surface layers,
causing the formation of the large fragile lip at the end

of the crater.

4.5 Pxneriments with 9.5 mm balls

4.5.1 Results
Figure 4.6 shows impact craters formed by 9.5 mm
steel balls in mild steel at an impact velocity of
270 + 5 ms—1. The angle of impact varied from 10° to 40°,
It is seen that both the size and nature of the impact
crater are critically dependent on the impact angle.
Overhanging lips can be seen at the exit end of the craters
formed at angles of 100, 15° anda 20°. At 25° ana ZOO, the
lips have been comnletely removed, tearing with them part
of the floor of the crater; the surface over which
detachment has occurred may be clearly seen. Fragments of
metal which had been detached were recovered in many cases.,
At 400, the lip has remained attached to the specimen; it
is considerably larger than those formed at the lower angles.
The appearance of craters formed at different velocitics
but at the same angle is illustrated in figure 4.7. The lip
formed at the exit end of the crater is seen to become
larger with velocity until at a critical velocity, which
for this angle lies between 174 and 178 ms—i, it is detached
during the impact. At higher velocities the lips are
removed and increasing volumes of metal displaced.
Pronounced surface colouration was obscrved on the
surface of many craters formed in steel at about 270 ms
and at angles varying from 20° to 40°, The colouring was
intense at the exit end of the crater, and on the fragments
of lip which were recovered. The phenomenon is visible in
figure 4.8; the strong blue marking on the crater is rather
more pronounced than the colour on the lip fragment.
Sectioning and etching (2% nitul) of the specimens

revealed deformation patterns very similar to those seen

in work-hardened covwner (see section 4.4.1). Figure 4.9




Figure 4.6
Impact craters in mild steel formed by 9.5 mm

steel balls at 270 + 5 ms ~. The impact angle

is marked on each photograph in degrees.
* o &)




FFigure 4.7
Impact craters in mild steel formed by 9.5 mm

3 . = o
steel balls at an imnact angle of 30~ ., Impact

velocities are marked on the photographs in ms™
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Figure 4.8a

Surface colouration on a crater formed in mild steel

: : — ;
by a 9.5 mm diameter steel ball at 30~ impact angle

s -1
‘ and at 274 ms .

1 mm

IFigure 4.8b {

Two fragments of lip detached from the crater shown

above during impact.

|
|

L F =




D s e

—1mm

Figure 4.9

(a) Section through a crater formed in mild steel at
40° and 270 ms™! by a 9.5 mm steel ball; note the
scale of the lip in relation to the size of the
crater,

(overleaf)

(b) Etched section of the lip in (a). S indicates a
band of intense shear at the base of the lip;

vv is a void - the lip is attached to the bulk
of the specimen over a small region only.

(c) Enlarged view of the shear band.

(a) Elongated grains in the shear band, typically

w1l pm wide.
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Figure 4.10 f
Etched sections through a crater lip formed

in mild steel by the impact of a 9.5 mm

diameter steel hall at 30° and 174 ms'"i°

(b) & (¢) show the shear band at higher

magnification.




200pm

formed in mild steel by the impacts of 9.5 mm
diameter steel balls at 30° and

(a) & (b) 906 ms
(¢) & (@) 143 ms
(e) & (£) 174 ms®

Figure 4.11

Ltched longitudinal sections through craters
" > Flple)] j

| (g) & (h) 178 ms .
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shows a crater formed at 40  and 270 mg *; the scale of the
1ip in relation to the whole cratcer may be seen in (a).

The iip (b) is folded over onto the undisturbed metal, being
separated from it by the void vv. The region over which

the lip is attached to the bulk of the specimen is small,

and contains a region of very highly strained metal (s).

This shear band is shown further magnified in figure 4. 90 and
d; the overall width of the band is w20 pmj indivicdual ferrite
grains have been deformed to a thickness of »i pm, whereas
undeformed grains in the bulk of the metal &are avproximately
equiaxed and w25 pm across. Shear bands of this type.were

seen in sections of many craters; figure 4.10 shows details

+
of a crater lip formed by an impact at 30° and 174 s 19
The ferrite grains in the band (figure 4.10c) are even
thinner than those in figure 4.9d.

At a sufficiently high velocity, the lip at the exit
end of the crater is detached during. the impact; examination
of craters from which the lip has detached reveals that
detachment occurs within a shear band of this type. Figure
4,11 shows the lips formed by steel balls impacting at 307
and at velocities between 90 and 174 ms ot (a - f). It is
seen that the lip size increases rapidly with velocity:
the shear band first appoars at some velocity bhetween 143 and
174 mssi. At 178 ms~ (fL sure 4,11 g and h) the lip is
detached during the impact. Commarison of sections g and h
with e and ¥ indicates that the lib has become detached
along the line of the shear band.

Several detached lips were examined by sectioning
they all consisted of metal which had undergone considerable
deformation, the grains being elongated and sheared by
large strains. IMigure 4.12 shows a section, etched in
Nital, of a lip detached by an impact at 50° and 264 ms”

The lip is similar in shape to that in figure 4.9 and is
composed of extensively deformed grains. FFigure 4,12b
shows an enlarged view of the lower surface. of the lip,
which would have formed a part of the shear band had the
lip remained attached to the target. On the edge of this
section are visible a number of very small grains, -1 pi
across; similar microcrystallites are visible on both sides
of the tail of the 1lip in figure 4.12 c.

Transverse sections of craters formed at obligue
angles of impact showed that the lips formed at the sides

of the craters were more firmly attached to the bulk of

. |



FFigure 4.12
Etched section through a lip detached from

mild steel by the impact of 9.5 mm steel

4

pall at 30° and 264 ms” .

(b) shows an enlarged view of the lower
surface of the lip.

(¢) shows the tail end of the lip at the

same magnification as (b).
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the metal than those formed at the ends of the craters. |
No bands of shear or "foiding-over” of the raised material
were observed. Typical photomicrogiraphs are seen in figure
4.13; although the main bulk of the lip is not heavily ‘

deformed, in most cases a small fragment of metal at its |

tip appears fragile and highly strained. Comparing figure I
4.,13b with 4.13%a we see that such a fragment has probably

been removed in the former case. Very similar lips are seen ‘
around craters formed at normal impact; sections are ‘

illustrated in chapter 8.

4.5.2 Discussion of mechanism of lin detachment

I'rom the observations described above, it is possible ’
to identify the mechanism by which the lip becomes detached ‘
during impact. The evidence of figure 4.11 indicates that {
the lip separates from the bulk of the target along the }
line of a band of intense shear; in all cases where the |
lip detaches at a critical velocity, sections of craters |
formed below that velocity reveal a similar shear band j
below the lip. The band is probably formed by the phenomenon f
of adiabatic shear; it is unlikely that any geometrical
constraints to the deformation would yield such a narrow
band, and there is ample evidence of high temperatures ‘
associated with the band, such as one would expect to fingd «
if it arose from adiabatic shear. |

Adiabatic shear bands were first reported by Zener

and liollomon (1944); in the high-specd punching of hard

carbon steel, they found narrow (~30 pm wide) bands which
etched white with nital, and in which no structure could
be resolved optically. They attributed their formation to

4

localized thermal softening of the metal; at high rates i
of strain, the deformation would he effectively adiabati ‘

C’
and if the rate of thermal softening outweighed the effects
of strain hardening and the increase in shear strength
with strain rate, catastrophic failure in a narrow band
would ensue., The effect has been studied by several other

workers. Wingrove (1971) has shown the structure of the
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and Hollemonj; the high temperature generated by nlastic \

flow iu the bands is sufficient to cause local transforumation ‘
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of the structure of the steel to austenite, which is then
gquenched by the surrounding metal to form martensite.

The shear strain within the band shown in figure
4.9, for example, may be cstimated from measurements of
the elongation of individual grains. A simple calculation,
assuming that all the work associated with the deformation
is instantaneously converted into heat within the shear
band, yields a temperature rise of some 4000 K. This must
be an overestimate, since heat will be rapidly conducted
away by the surrounding metal, but the thermal mechanism
suggested above is clearly a feasible explanation for the
formation of these bands. The shear bands observed in these
experiments are, however, not martensitic, nor optically
irresolvable; the ferrite grains and pearlite regions
within the bands are very elongated, but are still discrete,
indicating that the transformation to austenite has not
taken place. The temperaturec nceded for the complete
transformation with a steel of this composition is ~1150 K,
the transformation starting at «990 K; this therefore puts
an upoer limit on the temperature which may have developed
in the band. lowever, this may well be sufficiently high
for thermal softening and preferential shear in the band
to occur. Campbell and Ferguson (1970) have shown that at
strain rates of «w4 x 104 s—l the yield stress of mild
steel decreases by over 40% as the temperature is raised
from 300 to 700 K.

The surface colouration seen in figure 4.8 lends
further supnort to the theory that localized heating
occurs in the shear bands. The colours arise from optical
interference within thin films of iron oxide (FeQOS and
Fe0O) formed on the surfacec of the steel; such oxidation
is conclusive evidence of high temperatures having been
reached by the surface., The colours of oxide films on iron
have been studied by Constable (1928), who tabulated the

4-1 .

thickness of film corresponding to the difierent colours.
The sequence of colours differs somewhat from the normal
sequence of interference colours scen, for examnle, in

a soap film (Newton 1704), because the oxides are strongly
dispersive and absorbeat. For the same reasons the colours

of thicker films, formed by second and subsequent orders of
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interference, are nect distinct, so that the thickness
of the film is defined uniaguely if it appears of a strong,

well-defined colour. The secquence of colours listed by

Constable is: straw, reddish yellow, brownish red, nurple,
violet and blue; beyond blue the sequence is very dull,
Constable found the thickness of a straw coloured film to
be 46 nm, and that of a blue, 72 nm. It is noteworthy that
the range of film thickness for which distinct colours
are seen is small; it is therefore not surprising that
the bright colcours seen in these experiments only occur
within a small range of impact conditions, and disapvpear
at higher velocities.

There are three possible sources of heat which may
have caused the surface oxidation:
(i) plastic deformation of the bulk of the metal around

the crater, associated with the formation of the

crater,
(ii) localized nlastic deformation within the shear
band discussed above and
(iii) frictional hecating caused by the ball sliding over
the crater surface.
The well-defined boundary of the blue area suggests that (i)
cannot be the only source of heat, altbough it may well be
responsible for the general straw colouration visible over
most of the crater floor in figure 4.8a. The abscence of
any colouration on the surface of the steel ball examined
after impact, over a range of velocities, suggests that (iiiJ
is not the causej; slow heating of a ball and a steel target
in air resulted in identical oxidation colours cn bhoth
surfaces. ¥We must therefore conclude that the intense
colouration in figure 4.8a and on the lip fragments in
figure 4.8b results from heat developed in the localized
shear band. This band is seen in figure 4.9 and 4.10 to
be close to the surface at the base of the crater lip;
heat developed in the band will be rapidly conducted to
the surface.
The small undeformed crystallites seen in figure
4.12b and c cn the surface of the detached lip appear
to have formed by recrystallization; however, no similar
small undeformed grains were secen in the shear bhands

formed bencath undetached lips. It must be concluded that

—
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the exira temperature rise needed to permit the growth

of these grains arose as a result of the detachment process;
a probable explanation is frictional heating betweenn the lip
and the target during detachment. The temperature rise

in the shear band of an undetached lip is limited by the
shear deformation which has occurred in the band; whe
fracturce occurs along the shear band the lin may continue

to slide over the underlying surface for some time, resulting
in a further rise in its surface tcuperature. tThis sliding

of similar metals under a heavy load may account for the

torn appearance of the region from which the lip has become

detached, visible in figures 4.6 and 4.7.

4.6 Impacts of single angular narticles

Yinter (Vinter and Hiutchings 1974) has studied
the mechanisms by which metal may be removed by the impacti
of single angular particles. The particles were of
millimeter dimcnsions and were accelerated using the gas
gun described in chapter 3.

The mode of deformation at shallow impact angles
was found to depend on rake angle inr the way discussed
in chapter 2. Attemnts to model a "cutting" situation,
in which the particle has a positive rake angle and cuts
a chip from the surface in the way envisaged by [innie
(see section 1.4.2), failed. although large lips were
raised by the impact, they remained firmly attached; the
particles tended to roll on the surface and in no case was
the lip removed by a single particle which did not fragment.
ft therefore apsears that the process assumed by Finnie as
a hasis for his theory seldom occurs in practice.

Experiments at large negative raike angles (~7OO)
did cause ploughing deformation; surface material was
sheared in the direction of motion of the warticle, and
a shallow curved crater was formed, very similar to those
formed by svheres and described above. A4 lip was raised
at the end of the crater, and mectal was also displaced
to the sides.

An interesting feature of the lips raised at the

end of the crater in the experiments with "cutting"

geometry was the prescence of narrow shear bands; these




bands, very similar (o those described above, were found
passing through the bulk of the undetached lip. It seems
likely, therefore, that adiabatic shear may play an important

1role not only in the ploughing deformation produced by

spheres and particles impacting with large negative rake

angles, but also in the cutting situation envisaged by

) many workers as being the most important mechanicsm of

erosion.
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Chapter Five

Effects of Particle Size and Density

5.1 Introduction

In an experimental study of single particle impacts,
it is desirable to know the effects of particle size and
density on the impact process. it is frequently useful to
model. the impact by using larger particles, which are not
of the same density as the original erosive particles. In
chapter 4, information on the process of metal removal was
gained from sections of the impact sites, but such sectioning
is only possible when the particles are larger than a few
millimeters. It will be seen in chapter 6 that weight
losses and crater volumes may be measured directly from
single impact sites when the particles are larger thai
w10 mm in diameter, but reducing the particle size to,
say, 1 mm diameter diminishes the weight and volume loss
by a factor of 1000, and renders them impossible to assess
with accuracy.

In this chapter, the errors introduced by these
scaling processes will be investigated. A simmle model
of the normal impact process, assuming a constantl wmean
pressure under the indenting sphere, yieclds information
about the effects of particle size and density on the
strain rate involved in the impact. This will be discussed
in section 5.2. An experimental study of the scaling laws

has been made, and is presented in the rest of the chapter.

Se2 Constant dynamic yield pressure model

In this section we shall analyse the normal immact
of a rigid sphere on a rigid, perfectly plastic half-space,
making the simplifying assumption that the mean pressure

under the indenting sphere is & constant, P. The problem

has previously been discussed by Tabor (1951), who showed

that these assumptions are reasconablie for indentations in

a fully work-hardened metal.
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Jjer the sphere to have mass m and radius r,

and to strike the surface normally with initial velocity v.
The volume o¢i the indentation formed during impact may be ‘
simply deduced; since the retarding force on the sphere

for any area of indentation A is given by PA, the work

done by the ball in coming to rest is

X
j PA dx
0

vhere x' is the final depth of the |
indentation, x being its instantaneous depth. This work

will be equal to the initial kinetic energy of the ball;

hence
x!
1 ?‘ b » 3 < 1 Y
-+ mvo = PA dx = PV Ded)
! 0
i
since the volume V of the indentation is given by:
\ ot
1 V = f A dx
1 0
WVe see therefore that
2 3. 2 "
V=3m’ = fner v’ 5.2)

where ¢ is the
density of the sphere.
This simple model predicts that the volume of the
| crater will be vnroportional to the kinetic energy of the
sphere; hence to the cube of its radius and directly to
its density.
In a dynamic indentation, the effects of inertia
of the deforming metal and of strain rate would be expected

to influence the value of P ; we can exlend the analysis

: further and examine, at least on an order-of-magnitude
‘ basis, the effects of r and @ on the mean rate of strain
| during the indentation process.

If the chordal radius of the indentation formed at |
| time t is &, and the depth of the indentation is x, then
| the projected area A is given bhy
f | 2 o

A = a” = 2Ivx - X (5.3)

——
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To gimplify the analysis, we assume that x << r, so that

, & - .
we can put ma™ = 2nrx, and the force decelerating the
sphere becomes 2nPrx. Its equation of motion is therefore:

m¢ = - 2nPrx (5.4)

whose solution for these boundary conditions is:

X = v sin wt {8.5)
' I
where
% % ,
w= (2cPr/m)? = 1 (3P/2¢)% {5,8)

The sphere stops moving when X = 0, that is, when wt = W/2;

the time T taken to form the crater is therefore given hy

~
9)]
L)
~J

S

T = 17/20

A

and is therefore independent of the initial impact velocity.

The final depth of the indentation, x', is

x'. =¥ (5.8)
o

and so its chordal radius a is given by

Y

[

a = (Grxe)t = (Bpyis) (5.9)

Tabor (1951) has shown that a representative strain
may be associated with the imprint of a spherical indenter,

given apvoroxinmately by

€ = 20 a/r (5

e
o
A
()

where € is the percentage

strain. This relaticnship is empirically deduced for quasi-

e & . ; |
static indentations, and doecs not hold rigorously for
values of a/r approaching unity, but we may assume that

\

some similar relation, perhaps with a different constant
of proportionality, will hold for the dynamic indentations

we are considering. If we assume that the strain €% is

—
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developed in the time T, the strain rate may be approximated

by €/100T i.e.

¢ = 20 (2rv/w)?.2 & (5.11)
' 100, T
{ Substituting for w from equation 5.6 we find that
/ jrecg —:]— e ot s N
e w22 . vy, 3P (5.12)
o r 414

’ Vhile this equation must, from its assumptions,
be very approximate, it illustrates the influence of v,
‘ r and @ upon € . The radius of the particle, r, has the
largest effect on the strain rate: reducing the size of
the particle by a factor of ten increases the rate of strain
tenfold. The influence of impact velocity and particle
density is less pronounced; if we suppose that we take
two spheres, with density differing by a factor of four, |
and with the initial velocity scaled by a factor of two
to maintain a constant value of sz, we find that the
strain rate associated with the faster sphere is two times
that with the slower. A numerical example will illustrate
the influence of scaling. If we take v = 200 ms—i, r = SOIAm
and ¢ = 3 Mgmua for a typical erosive particle, and
1 P = 2 GPa. for mild steel, we find that the rate of strain
given by equation 5.12 is »w1.6 x 106 8—1° Supnose that

the particle is scaled up and represented by a steel ball

-3

of radius 5 mm; since the density of steel is «8 Mgm ~,
g o !
we must use a velocity of 200 x (3/8)% ms 1 in order to

¢

maintain sz constant. Thus v = 122 ms and €= 1 x 107 g%,
Scaling the process by a factor of 100 in linear dimensions

{ and replacing the material of the particle by steel has
decreased the strain rate by a factor of »i60.

] Kaguation 5.12 would not be expected to hold for

oblique impact, since equation 5.10 will not be valid,

but a simple argument establishes the effect of particle

A size on strain rate for such impacts. Suppose tine crater

' formed in the impact to be considerably longer than it

, is deep ( say, 10 : 1, corresponding to an impact angle

of w20 - iinnie 1958 J. We assume that craters formed

at the same velocity, by particles of the same deunsity

but of difierent sizes, are geometrically similar. 'The

RS EEEESEBBDDwDTZIZII_——.,
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pattern of deformation around the crater, ignoring the

g
effects of inhomogeneity of the metal, will alsc be
geometrically similar, and the "representative strain"

for all sizes of particle will be a constant. The time

taken to form a long shallow crater is proportional, we
argue, to the length of the crater, divided by the particle
velocity (constant). The mean strain rate associated with
the formation of the crater is therefore inversely
proportional to the length of the crater, and hbence inversely
proportional to the particle size. The same dependence on

r is predicted by equation 5.12; it is therefore reasonable
to assume that this relationship will hold for all angles }
of impact. The dependence on v and ¢ at oblique impact |

angles is not easily argued; we would expect, however, that
€ would increase in some way with v at all angles.

5.3 Effects of particle density

5.3.1 IExperimental

It has been shown (section 5.2) that for normal
impact at least, a simple model predicts that spherical
particles of the same size and kinetic energy (i.e. constant
stg) will produce craters of the same size. Since the
strain rate is not a function of QVZ, but of ¢ and v
separately, it is not clear to what extent this simple
picture will be valid.

Experiments were performed to test these assertions
for the case of obliqgue impact, and in particular to
investigate the effect of varying the density of the sphere
upon the shape and size of the crater lip.

Spheres of diameter 3.17 mm (1/8 inch) were used
for these experiments, since spheres of different materials
were readily available in this size. The materials used
were ball~bearing steel (mass of ball 130.4 mg), synthetic
sapphire (67.1 mg) and sintered tungsten carbide (249 mg).
The densities ranged from 4.0 Mgm ° for sapphire to 14.9 Mom™
for tungsten carbide.

The particles were accelerated using the gas gun

described in chapter 3, with sabots as shown in figure 3.2a.

Specimens were cut from 12.7 mu diameter cold drawn mild




Figure 5.1
Impact craters formed in mild steel by 3.1 mm
i balls of different density and velocity at '

0 : 4
25° impact angle.

| (a) Tungsten carbide ball, K.f&. 1.89 Jd.
| (b) Hard steel ball, K.E. 1.92 J.

| (c) Synthetic sapphire ball, K.E. 1.85 J.




Figure 5.2
Scenning electron micrographs of the 1lip
ends of craters formed in mild steel at
! 25° impact angle by
(a) a 3.1 mm tungsten carbide sphere,

energy 1.89 J and

A (h) a 3.1 mm sapphire sphere, energy
| 1.90 Jo




Figure 5.3

Etched longitudinal sections through the
lips of craters formed in mild steel by

. S : = O
the impact of 3.1 mm balls at 257.

(a) tungsten carbide ball, encrgy 1.89 J
(b) sapphire ball, energy 1.90 J.




steel rod (EniA) and polished. They were clamped onto an
+

—

angle block at the muzzle of the gun, the impact angle
: ; B g o
being held constant throughout the experiments at 25 .

5.3.2 Results

To study the lip morwnhology, en angle and velocitly

of impact known to give a pronounced, folded-over lip was

»

chosen. 'This corresponded to a kinetic energy of the
sphere of v1.9 J; for the tungsten carbide sphere, the
impact velocity was 120 ms—i, for the steel sphere,
w167 msui, and for the sapphire sphere, » 233 msmi. The
impact velocity therefore varied by about 2:1 between the
sapphire and tungsten carbide balls.

Several impacts were made with balls of each material,
‘ to eliminate the possihle effects of specimen inhomogeneity.

In no case was deformation of the ball (plastic or brittle
1 cracking) detectable after impact. 7The craters formed

appeared superficially very similar. IFigure 5.1 shows
1 typical craters formed by the three types of bally for ease
of comparison, the kinetic energy of the ball is given in
each case. No systematic variation of crater dimensions
with ball density could be detected although there were
differences of up to 3% in linear dimensions betwecen
individual craters.

Closer examination in a scanning electron microscone
revealed differences in surface condition; figure 5.2 shows
the lip ends of craters formed by tungsten carbide (&) and
4 sapphire (b) balls with the same initial kinetic energy.

There are signs of surface smearing, perhaps localised
melting, in (b) which are absent in (a). Numerous microcracks
and fissures are seen in the surface of the crater in (o)
which were not scen in the crater formed by the sapphire ball
(b).

The craters were sectioned longitudiﬁally, and
etched in 2% nital. Figure 5.3 shows the crater lips. fhe

two photographs are very similar, both lips being of nearly

ne
the same size, and being separated from the bulk of the
metal by a_prnnnnnced shear hand, very similar to that

y described in section 4.5.1. The lip formed by the sapvhire

ball (figure 5.3 b) is perbaps less firmly attached than

o

” N\

that formed by the tungsten carbide ball (figure 5.3a),

4
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An estimate was made of the critical velocity ai
which the lips formed with the different balis became t
detached during impact. The values found were for the

; : . - ~1
tungsten carbide balls, 155 + & ms ~, for steel,

e

c =1 . ‘ ” 1 ’ .
205 + 1 ms and for sapphire 260 + 3 ms ~. The kinetic
energies corresponding to these velocities are 3.00 + 0.20 J,
2.74 + 0,03 J and 2.27 + 0.05 J, which are not the same

within the limits of experimental error.

In several experiments with sapphire balis at
various velocities, traces of metal were found adhering
to the ball after impact. Care was taken to ensure that
the ball had not struck any metal surface during deceleration
after its initial impact on the target; the area of the
metallic film was comparable with the contact area during
impact. The metallic nature of the deposit was confirmed
by a micro-chemical test. Phosphomolybdic acid
(H3P04.12M003) in concentrated aqueous solution provides
a non-specific test for metals (Feigl 1954). The reagent
solution is a pale yellow; on contact with any metel a very
intense "molybdenum blue" colour is produced., A small drop

of this reagent applied to the surface of the ball showed

the silvery deposit to be indeed metallic,

5.3.3 Discussion

The results of these experiments indicate that
changing the density of an impacting sphere, but maintaining
its kinetic energy constant, has little effect on the ;
size and shape of the crater and lip formed during iiepact.

4

The sections in figure 5.3 of craters formed by bails

differing in density by a factor of four show no

SO G
gross

differences; it would appear that when the lips are

\
removed, they would comprise nearly the same volume cof |

-

material. Increasing the velocity, and hernce the rate of
strain (section 5.2) by two times has had little effcct
on the deformation process.

Differences are however visible on the surface of

the craters (figure 5.2); the indentation formed at the

bigher velocily by the sappbire ball shiows sipos of nmuch
more surface flow and smeariug than the low-velocity
crater. Several microcracks or fissures are seen on the

surface in figure 5.2a which are either not present or

have been obliterated by surface flow in fi_ure 5,2L,




The surface flow is directly associated with the higher
sliding velocity; Bowden and Persson (1961) observed
similar flow in a study of friction at high speeds under
impact loading. A rise in temperature sufficient fo cause
softening in a thin surface layer has occurred; the
abscence of any obviously melted droplets visible in the
neighbourhood suggests that any actual melting which

may have occurred will have been very localised. The
difference between the craters formed by tungsten carbide

and sapvhire balls is probably not only causcd by the

difference in velocity of impact: saﬁvhir- has an appreciably

1

lower thermal conductlvj ty ( 1.9 Wm ) than tungsten

carbide ( 4.5 Wm~ ” ), which would tend to increase the
temperature rise at the sliding interface. The two
materials may well have different cocefficients of friction
during the impact as well.

We have scecen that craters formed by spheres of the
same size and kinetic energy are very nearly identical in
size and are surrounded by similar patterns of deformation,
This would suggest that the distribution of strains around
the crater, and especially at the base of the crater lip,
is constant. The energy of the sphere at which the lip
becomes detached during impact is not, however, constant,
indicating that the lip deces not detach when a critical
strain is reached at its base. It seems likely, and mey
be argued from these observations, that a critical rate
of strain is needed for detachment of the lip. Althoagh
strain and strain-rate are clearly not single-valued
quantities for these complex deformation patterns, the
way in which the energy of the sphere at which the lip
detaches increases with sphere density suggests that
strain rate might be important. We have seen in the
previous chapter the importance of adiabatic shear in
the mechanism of lip detachment. Clearly the temperature
rise in a narrow shear band from which conduction is taking
place will devend not only upon strain but also upon strain
rate.,

While the observation of metallic transfer to the
sapphire balls during impact has little bearing on the
question of scaling effects, it does illustrate one of the
mechanisms of erosion suggested by Smeltzer et al.(1970).

Smeltzer envisaged molten metal adbering to a rebounding

particley a]t.“xough the metal in this case has probably
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not been melted, softening and suriface flow has occurred,
and the ball has plucked a certain amount of metal away
from the surface. Similar adhesion and transfer 1is
commonly observed in sliiding, especially at high loads
(Bowden and Tabor 1950), but it is doubtful whether such
transfer of metal can account for more than a very small
fraction of observed erosion rates. Certainly in this case

the volume of the crater lip 1is many times that of the

thin film transferred to the ball.

S.4 Effects of particle size

S5.4.1 Experimental

It has been shown by several workers (see chaptler 1)
that the erosion caused by many particles does depend
to a certain extent on the size of the erosive particles;
we would not therefore exvect in this study to find a weight
loss directly proportional to the mass-of the particle over
a wide range of sizes. The purposec of this work was ruther
to establish that the deformation occurring in the impact
of large spherical particles (of millimeter dimensions)
was qualitatively the same as that pnroduced by small soheres
of size similar to those found in practical erosion
situations.

Spherical particles of the same material which are
harder than mild steel are not available in a wide range
of sizes; the effect of size scaling was studied with
tungsten carbide svheres of 3.1 mm and 356 Jrm diameter,
and tungsten spheres of 89-104 fm diameter (sieve sizes).
The particles were accelerated with the gas zun desciribed
previously, and their velocities were measured phceto-
electrically. The velocity and angle of impact were
chosen to give a raised lip at the end of the impact
crater of the type observed in the first part of this
chapter; the velocity was scaled, using the results of
that part, to maintain a constant value of evg for the
spheres of different density. The targets were of cold-

worked mild steel (inid) and were clamped to an anzle block

at the muzzle of the gas gun.

QO




IFigure 5.4

Scanning electron micrographs of craters

— .
formed at 2 impact angle by

(a) a 3.1 mm tungsten carbide ball at 117 ms~ 1
(b) a 356 nm tungsten carbide ball at 117 ms™
(e) a 89 - 104 pm tungsten bhall at 29 msni.




Figure 5.5
Impact sites in indium formed by carbonyl
iron particles (round) of «i pm diameter

accelerated electrostatically to w«iS0 ms~ 1

) -

(a) 157 impact angle
O s

(b) 25~ impact angle.

(from Winter 1971)
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5.4.2 Results

FFigure 5.4 shows scanning clectron micregraphs
of craters formed by the 3.1 mm, 356 pm and 89 - 104 pm
; s . -1
spheres at velocities of 117 ms (tungsten carbide halls)
\
l

and 99 ms™ 1 (tungsten balls) at a constant impact angle

.. of 25°. The overall lengths of the craters formed by the
‘ three different sizes of ball were 1.83 mm, 199 pm and
‘ 54.5 fam e

i . 5.4.3 Discussion

| It is seen in figure 5.4 that the general form

J of the craters and extruded lins is very wmuch the some
over this range of particle size, I'igure 5.5 shows

' scanning electron micrographs of craters formed in indium

! by iron spheres of «1 pm diameter (Winter 1971); prominent

. lips are formed at the exit ends of the craters, and the
\

l general form of the deformation differs little frowm that
seenn with 9.5 mm diameter balls in chapter 4.

o

One difference to be seen in figure 5.4 is the

w ' increase in irregularity of the crater outline with
decreasing particle size. The lip formed in figure 5.4c¢c
is rather more irregularly shaped than that in figure
5.4a. This may be directly attributed to the finite grain
size of the steel target material, the ferrite grains of
which were typically 25}Jm across. Wwhile the crater in

figure 5.4a will have extended over many grains, and the

' metal may be regerded as effectively homogeneous, the

\ deformation in figure 5.4c will have occurred in only a few
A grains, and differences in grain orientation will have

| produced local inhomogeneity in the metal. As the crater

| size becomes appreciably smaller than the grain size, it

| is expected that the material will behave in a more
homogeneous manner again; the crater outlines in figure
5.5 are guite smooth in shapec.

From the measurements of the craters in figure 5.4,

3 the validity of linear scaling may be assessed. Although
sl

the sizes of tue 3 mmn and 356 Jrti particles are known

:

with accuracy, ther

L")

an uncertainty of some 16% in

e is
the size of the particle which formed the crater in figure

" |
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S5.4c. The lengths of the craters, expressed as fractions
of the ball diameter, d, are.then 0.58d, 0.56d and

0.56 + 0.06d. We see that the deformation scales well,

as predicted by the model in section 5.2; this might be
expected, since large increases in indentation hardness
only occur.when the deformed volume approaches micrometer
dimensions (see for example Gane and Cox 1970).

It is therefore concluded that the scaling of the
ploughing impact process which is;ehployed in this work
does not introduce gross changes in the crater and lip
formed in the impact. While the extrapolation of
quantitative results may not be Justlfled the physical
processes of metal removal by ploumhlng would be expected
to remain unaffected by the scaling of particle size over
the range involved in erosion. \

The conclusions of this chapter may be expressed
in the following way. It has been shown that for a fixed
angle of impact,« , and radius of the sphere, r, the
volume of the impact crater, V, is some function of the
product gvz. Further, it has been shown that for a constant
value of sz, and of impact angle, the volume of the
crater is proportional to rs. We may therefore describe
the volume of the crater by

V(r,e,v,x) = ro.£(pve).g () (5.13)

where f and g are as

yet unspecified functions.




Chapter Six

Measurements of VWeipght Loss in Single Impacts.

6.1 Introduction

While the qualitative results presented in chapter 4
give some idea of the way in which erosion by single spheres
varies with impact angle and velocity, quantitative inform-
ation is desirable for comparison with the resulis of
multiple impact erosion tests, and with the predictions of
the theories. In chapter 1 it was shown that although
most theoretical treatments of erosion predict a dependence
of weight loss upon the kinetic energy of the impacting
particles, the experimentally determined velocity exponent
is always greater than 2.0 and usually between 2.3 and 2.0.

Information on the velocity exponent in single particle

a4

impacts will determine whether the flaw in these theoretics

approaches lies in their assumptions about the single impact,

or in their extrapoclation to the case of muliiple impacts.
Sheldon and Kanhere (1972) have measured weight

losses resulting from single impacts of spheres; however,

they have not made a quantitative comparison of their

results with those of multiple impact (erosion) experiments,

nor have they investigated the variation of weight loss

with angle. Kleis (1969) has published the results of

multiple impact experiments with round iron shot (~qmm diame ter)!
on mild steel targets The work to be described was carried ﬁ
out at suitable angles and velocities to enable a comparison f

with Nleis' results to be made.

6.2 Kxperimental

The specimen material used in this study was
| work-hardened mild steel (0.15% C, EnilAi, VP 2.35 GPa),

’ cold rolled in 16mm square section. The specimens were
impacted on the side faces of the bar, prepared by final

l polishing with 600 grit silicon carbide paper. The spheres,

i

1

9.5 mm (3/8 inch) diameter., of ball-bearing steel, were

accelerated using the gas gun described in ¢! pler 3

) |



weighed and found to constitute 90-99% of the total weight

68

sabots as shown in figure 3.2b were used. The specimens
1

were clamped to machined angle blocks at the muzzl

the gun. The angle of impact was thereby determined to

within 0.5°, |
The target specimens were weighed before and after

impact, and the mass of material removed in the impact |

was determined to within 0.1 mg. The volumes of the

craters were measured in the following way. The lips

raised around the crater were machined down to the level

of the undisturbed metal, and the crater filled to this

level with modelling material (Plasticine). The Plasticine

(density 1.94 Mgmms) was then removed from the depression

and weighed. The accuracy here was + 7% in the worst case

(the smallest volume measured); the method was found, with

care, to give results reproducible in most cases to + 3%.

6.3 Results

As shown in chapter 4, for some impact engles and
velocities, no lip is detached in the impact, while at
others, a lip is detached and recovered in one or two

fragments. 1In such cases the lip fragments have been
[) ! o

lost by the specimen.

In figure 6.1, the weight losses resulting from the
impact of single spheres impacting at 270 ms_1 are plotted
against impact angle (solid line). The weight loss measured
has been divided by the mass of the ball te yield a
dimensionless parameter which can be directly compared
with erosion values published by other workers. Although
no large lip was detached at angles above 400, a detectable

weight loss occurred, increasing slightly with impact angie.

' i . : , g 0 N v O
The scatter in experimental points at 257, 307 and &5

cannot be explained by uncertainties in velocity or impact
angle; it must therefore be due to inhomogeheity of the
target metal.

The erosion caused by spheres impacting at 307 is
plotted aguinst velocity in fiuﬁre 6.2. Again the weight

logs is expregced as the dimengionle

gg mnarameter
g ; - -1 ;

a critical velocity of «175 ms ~, no weight loss could bhe

detected, and the crater lip was still attacked to the

specimen. Above this velocity, lips were detached during

l'..IIlIllllIlllIIIIIIIIIIIIIIIIIIIIIIIIIllllllllllllllllllllllIIIIIII----J
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Figure 6.1

1

Weight loss in single impacts at 270 ms™ ~ plotted against

impact angle (solid line). Kleis' results (Kleis 1969)

for multiple impact erosion (dashed line).
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Weight lost in single impacts at 30 impact angle plotted
against velocity of impact. 9.5 mm steel ball on mild
steel. The actual weight loss has been divided by the
weight of the ball to give the dimensionless parameter for

comparison with Kleis' multiple impact results (open circles).




|
|
?‘ 100 |-

|
[
° |
& N ‘
. g &0 w
| (@ |
= (
" |
0
]
kS
c ™
'% 60 [— %
c
©
E ~
= B ¢
) 3
= =
2 40 >
o) .
> @
[ 5 .l’..«
@ 24
"6 i oy
[ ¥
(@]
20—

l 1 I J | I | !
10 20 30 40 50 60 70 80

Impact angle / degrees

54

Figure 6.3

Crater volume nlotied against impact angle for 9.5 mm

S 5 8 , . -1
steel balls striking mild steel at 270 + 5 ms .
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impact, and measurable weight losses were rscorded. The
points on the graph corresponding to velocities above
175 msni were plotted on a log/log scale, and found to lie
close to a straight line of gradient 2.9. The solid line
in figure 6.2 represents the relationship
W= 5.82 x 1077 v&e?

where W is the dimensionless erosion parameter and v the
velocity of impact (msni)k

The volumes of the craters formed at 270 ms"'1 and
various angles are shown in figure 6.3, and rise with
increasing angle to a maximum at 90°, The right-hand
ordinate of this graph shows the volume in mmz; on the
left, this volume has been multiplied by the density of
the specimen material and divided by the mass of the ball

to yield a dimensionless volume parameter which can be

2

s

The variation of crater volume with velocity at a constant

compared directly with that plotted in figures 6.1 an

angle of impact of 30° is shown in figure 6.4. The units

of the ordinates are the same as in the previous figuve.

An empirical power-law equation may be fitted to these

points; it 1s shown as the solid line and has the equation:
$ = 4.95 x 107° 24

where ¢ is the dimensionless volume parameter and v is the

impact velocity (ms—i).
6.4  Discussion

igures 6.1 and 6.2 illustrate the concept of
Figures 6.1 and 6.2 illustrate the concept of
critical angle and velocity discussed in chapter 4. For
. . . . o, : .
this specimen material, impacted at 30~ by 9.5 mm stcel

~

balls, the critical velocity is 175 + & ms“l, while for
an impact velocity of 270 ms"1 there is a critical angle
between 35° and 40° above which the crater lip is not
removed. Separate experiments have shown that the critical
angle and velocity are interdependent; as the hall velocity
increases, the critical angle rises, and as the angle of
impact is increased, so the critical velocity increases.
It was shown in chapter 4 that lips formed during
the impact of spheres at obligue angles on mild steel
tend to be separated from the bulk of the material by
comparatively narrow and fragile necks. In multinle impact

erosion, such lips could clearly be removed by the impact

of other particles, even though they might not be removed




by the particle which formed them. The clearly defined
critical velocity and angle observed with single impacts
would not therefore be obhserved in multiple impact experi-
ments. Since the masses of lips detached above the

critical velocity lie close to the v2 curve in figure
6.2, it is reasonable to suppose that the masses of those
lips which were not detached would also lie on this curve.
It is argued, then, that the multiple impaci erosion
results should lie on this solid curve, the velocity exponent
being 2.9.

The results presented in figure 6.2 may be directly
compared vith the multiple impact experiments of Kleis
(1969), who measured the weight loss of a 0.2% carbon sieel
impacted by spherical iron shot («1 mm) at an angle of 30"
using a whirling arm erosion rig. Although his resuits

were obtained with particles of a different size, they may

be directly compared with the points in figure 6.2 if they

, are expressed in terms of the dimensionless erosion
’ parameter. It is seen that Kleis' results (open circles)
J for multiple impacts lie vcry close to the curve describing
weight losses from single spheres. This result stroagly
supports the contention that single impacts might be used
to assess the response of a material to multiple impacts
by spherical particles.

The only published data on the angular variation
of multiple impact erosion by spheres is that of Kleis
(1969), who performed his experiments at a velocity of 120 ms .
Unfortunately, weight losses in single impact tests at

this velocity were too small for accurate measureient,

. : 5 . v 2y i
The experiments were thercfore made at a velocity of 270 wms ~,
If it is assumed that the erosion weight loss will vary

J (Vel()city)‘&"9

as
s as shown above, and that this relationship

will hold at all angles of impact, Kleis' results may be scaled

. 5 -1 . .
up te a velocity of 270 ms ~. A meaningful comvarison
can then be made with the results of the single impact
tinle
-1

experiments. In figure 6.1, weight losses in Kleis' mul
impact experiments, extrapolated to a velocity of 270 ms
(dashed curve) are shown for comporison with the weight
losses resulting from single impacts (solid curve).

In making this comparison, the lip wmass rather than the

PSS U S— SRS

mass actually removed must be considered, as discussed

above. At impact engles greater than 400, 1i are formed

—
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Figure 6.5 :

Volume of the crater lip / volume of the crater plotted
against impact velocity - 9.5 mm steel balls striking
mild steel at 30°. The solid curve represents lips which
were removed in the impact; the dashed curve is derived

from the curve in figure 6.2 and represents lips which

~remained attached.




but not removed (see figure 4.6); it is arpgued that in the
case of multiple impact erosion they would he removed.

The single impact experiments were cariried out on polighed
plane surfaces; in a practical erosion test, the surface
would be roughened by previous impacts, and there would

be a spread of impact angles due to this effect. Tor these
reasons, it is suggested that the sharp peak observed in
the single impact curve would be considerably broadened for
multiple impacts; Kleis' results (dashed line) might be
more closely matched.

There has been considerable disagreement among
previous workers about the proportion of the material
displaced by the particle which is actually removed from
the target. Finnie (1958), Bitter (1963) and Sheldon and
Kanhere (1972) all assumed that the whole volume of metal
displaced by the particle will be removed, whereas Smeltzer
et al. (1970) state that the proportion is »0,3%. Since in
these experiments both the weight loss and the volume
displaced (i.e. the volume of the crater) have been
measured, the ratio may be calculated. ‘The fraction of
displaced material found to be removed is ploited agzingt

velocity in figure 6.5. The broken curve shows the ratio

between lip volume and crater volume for the cases where
. . - -1
the lip remains attached. It is seen that at 50 ms the

lip volume constitutes «1/12 of the total crater volume,

1 of the erater

and that this fraction increases to nearly
volume at 400 ms—1° The material displaced by the ball
which is not formed into a lip causes deformation over a
large volume around the crater (hinterland deformation as
discussed in chapter 4).
It was considered possible that although the

velocity exponent for weight loss is greater than 2, that
for the crater volume might be 2.0, as predicted by the

m

theories. [Figure 6.4 shows it to be 2.4. There is
therefore clearly an underlying error in the basic
assumptions of the erosion theories about the process of
impact.

The volume of the crater, for a constant immact
velocity of 270 msmi, is seen to rise steadily with impact
angle (figure 6.3) Such variation is not predicted by any
of the theories; thes
fraction of the crater volumic is removed, must inevitably

cl
se, since they assume that a constant

deduce that the crater volume reaches & maximum at
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same angle as the weight loss. These results show that |
none of the existing theories is capable of explaining the
weight loss caused by the impact of a single sphere.
The results presented in this chapter indicate the
nature of the functions f(evz) and g(«) introduced in
section 5.4.3. The experimental evidence that the
2.4 shows that
, and g(A) is the function depicted in

crater volume is proportional to v

f(evz) - (6V2)1.2

figure 6.3. Equation 5.13 may now be written
V(rac yVyx) = r3. .(ev2)1.2. g (=)

6D Conclusions

The results of these single impact experiments
compare well with those of multiple impact erosion tests,
indicating that the processes of metal removal are

probably the same in the two cases. It is suggested that |

the behaviour of a metal in single impact tests of this type

may provide an indication of its performance under

multiple impact erosion conditions, at least where the

rarticles are spherical.

The velocity exponent of erosion found in this work

was 2.9, and that of crater volume 2.4; the value 2.0 is

predicted by all current theories of ductile erosion.
Ll The fraction of the crater volume which is removed by the
impact is shown to vary substantially with velocity and !
angle of impact; this fraction has been assumed constant by i
previous theoretical workers. 4 |
It must be concluded that none of the theoretical

treatments predicts the results of a single impact

expected to extend to the case of multiple impacts and hence

to erosion.

accurately, and their predictions cannot therefore be '
|
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Chapter Seven ‘

The Energy balance in single impacts

o Introduction

1e

yemd

It was shown in the vrevious chanter that t
weight loss resulting from the imnact of single spherical
particles varics with (VOLOCllv\ q, and the volume of
the crater with (Ve]OLl*")1'4o These results differ

substantially from the variation of erosion and crater
volume with velocity squared predicted by the theories.
The theoretical prediction results from the assumpticn

that a constant specific cnergy 1is réquired to remove unit
mass of the target material, and that a constant fraction
of the kinetic energy of the incident particles goes into

removing material. In order to understand better the

processes occurring during impact, some knowledge of the
encrgy balance in the impact is reaquired.

The incident sphere will have translational
kinetic energy, and negligible rotational cenergy. During
impact this energy is apportioned to plastic deformation
of the target (crater formation), frictional heating due
to sliding between the ball and target and kinetic energy
of the ball (both translational and rotational) on rchound;
a certain fraction of the initial energy will be diszsipated
in elastic waves in the ball and target. The final term
may be shown to be negligiblej; Hunter (1957) has shown it
to be so for the Hertzian impact of a sphere on the nlane
surface of a massive body, and Davis and Iunter (1960)
have extended the argument to plastic impacts, vrovided that
T > d/c. Here T is the impact duration, d is the diamcter

1

of the indentation and c¢ is the velocity of longitudina

elastic waves in the specimen. for the experiments to be
described, d = 5 mm, and ¢ ¥ § kms 1mqu1ng that T must
be much gl"ozrte1" than 1 pe. Ye shall see from ihe

photographic results that T is always greater than 20 =R

and we are therefore justified in ignoring the energy lost

in elastic waves.

_
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If we can wmecsure the initial and final kinetic
energy of the bhall, we can then estimate how much energy
has heen lost in impact, and correlute this with the
results of chapter 6. The technique of high-speed
photograﬁhy was used to make theege measurements; although
velocity may be measured in other ways, the detection of
ball rotation was made very much more ecasily by the ‘
photographic method. {

Studies were made of the energy absorbed in
} impact over a range of angles at 270 ms"l, and over a
| range of velocities at 50 impact angle, for coimparison
with the results of chaplter 6. In addition, some
measurenmnents were made at other velocities and angles ?
to provide more information about the dynamics of the *

impact process.

\ s xperimental techniaue

| . . - L
i The spherical particles were 9.5 mm diameter hard
( steel balls as used in much of the previous work, and were

accelerated on polythene sabots with the gas gun described

‘ in chapter 3. The sabots were arrested at the nuzzle by
the block shown in figure 3.3. In some of the experiments

a measurenent of the angular velocity of the sphere aftier

impact was needed; in order to provide a mark on the ball :
which would be visible in silhouette, a short copper tag
was soft-soldered to the surface of the ball. This tag

had, typically, a mass of 25 mg compéred with the mass of

D

the ball, 3.52 g. The position of the centre of gravity

of the ball was therefore changed by the addition of the

tag by w35 pu, @ negligible fraction of the radius of the
ball (w86 mm); The heating of the ball involved in

soldering the tag did not alter its properties significantly

for the purpose of these experiments; after impact, no

|
| plastic deformation of the halls could be dectected.
| The specimens were cut from cold-rolled Enia mild

| steel bar (16 mm scuare) and polished, as described in
section 6.2. In order that an unobscured view of the
specimen surface could be obtained for phbotosravnhy, a |

could be adjusted to hold the specimen vigidly at any

i
2 . L) ) - « A ] . . e
I clamping Jjig was constructed with ithis vrovision, which




impact angle between O and 907, The specimen clomp
and the muzzle of the gas gun werce enclosed in a thick-

walled wooden protective enclosure, of internal diumensions
500 x 500 x 300 mm. 'This box had removable side manels
for access, and 20 mm thick Perspex (poly (methyl
methacrylate)) windows for photography and lighting.

A low-power helium-necn gas laser was used to
align the system and to nicasure the angle of impact.
During setting-up the beam was passed axially down thlie
barrel of the gas gun, its central position within the
barrel being ensured by passing it through small holesg
at the centre of removable plugs at each end of the
barrel. The correct position of the specimen relative
to the axis of the gun was ensured in this way. The
laser beam, after specular reflection from the polished
surface of the specimen struck the inside of tne

protective box some 300 mm away. The angle of reflection
3 { & 3

-

could be deduced from measurements of the position of the
reflected spot; the angle of impact was measured in this
way to better than 0.5°, The angle of rebound, that is, tinc
angle between the particle velocity vector and the swvecimen
surface, was measured in a similar way, by measuring the
position of the impact scar on the inner surface of the
wooden box. A similar accuracy G«O.SO) was obtained for
this measurement.

The initial velocity of the particle was measured
using the photoelectric timer described in section 3.5
it is certainly known to within 1¢%. The velocity of
rebound of the ball was determined from measurements on
the high-speed photographs which will be described in

section 7.4.1.

7.3 The high speed photorranhy

7.3.1 The camera

An "Imacon" image-converter framing camera was
used for this work, at a nominal framing spced of
4 . . . :
5 X 101 frames nevr second (;’,0 }JS‘. interfrane 1;];‘1@.),
principle of operation of this camera has been described

by Huston (1964), and will be briefly summarised here.

A conventional optical system forms an image or
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the photocathode of a special image converter tube,

containing three sets of deflector electrodes. The pnoto- ‘
electrons emitted from the cathode are accelerated by

a high voltage (~20 kV) and focucsed to form an image on

a phosphor screen. The visible image on this screen 1is

then focused onte a photographic film by a reley lens,

or may be viewed directly for focusing the camera. Between |
the photocathode and phosphor screen, the electron bean
may be deflected in two directions and shuttered, by means
of the deflector plates, so that by applying suitably
varying voltages to the plates a sequence of pictures at
evenly spaced time intervalgs may be displayed on the screci,
and hence recorded on the film. The camera has the useful

facility that the waveform-generating circuitry may be

triggered by an electrical signal, and the camera will
then start recording pictures after only a short delay

(in this case 10 ps). Pew other cameras have thig facility,

or provide results in so short a time, since the Imacon
l may be used with a 'Polarcid' film back.
Two types of photograpvh were taken with this

camera: silbouette photographs in which the light source,

impact site and camera were collinear were used to obtain
guantitative information about the impact, and obliduely-
lit photograpnhs provided a gualitative view of the process
of lip removal. The field of view for the silhouette
photographs was 40 mm square, and in the obliquely-1lit
cases about 20 mm square.

The majority of the photogranhs were talen using
Polaroid type 47 film (3000 ASA speed) to record the
phosihor images. Some tests were made with Kodak type

2485 high specd negative film. This was developed in

Kodak MX 257 developer to give a speed of »3000 ASA, and

was used in the hope that it would give less film grain

4- L

and better definition than the Polaroid process. It was
found to yield no improvement, and was used for only a

few photographs.

|
The triggering signal for the camera was provided {
by a breaking wire; a thin (100 pm) copper wire was |
1
stretched across the path of the ball, some 10 mm from
the muzzle block and sli htly away from the axis of the
© J o

gun, so that the fragments would be swept aside by the

ball and not intrude into the photographs. The trigger
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pulse was delaved by the circuitry described in sectiocn
7.3.3, the cemera and light source being switched on at

guitable times after the wire had been broken.

7.3.2 The light source

-

For the framing speed and field of view used in
this study, and with the high intrinsic seunsitivity of
the Imacon camera, a conventional photographic flashgun
provided adegquate illumination. A Braun LF 300 flash unit
was used; in the silhouette photographs a thin paper
diffuser was interposed betwecen the flash tube and subject,
which were «300 mm apart.

The flashgun is normally triggered by closing a
pair of contacts; so that it could be triggered by a
voltage pulse a simple auxiliary circuit was cevised. The

3

voltage pulse, applied to the base of a transistor, drove

~ -

it into conduction, in which stat

®

current passed from the
emitter of the transistor into the gate of & thyristor
connected across the flashgun contacts, so triggering the
flashgun. Using this circuit to trigger the light source
its light output was measured with a high-speed

hotodiocde (type BPY13). The light output was found to rise
Y g I

to a maximum some 40 ps after triggering and remain roughly
constant for a further 250 PSe The light duration was
therefore sufficient for at least 10 frames to be recorded

with the camera at 20 ps intervals.
l

7.3.3 Delay circuitry.

A block diagram of the control system used with
the camera is shown in figure 7.1. The first delay unit
& J u 9

which was triggered by the breaking wire and provided

output nulses to the light source and sccond delay unit,

7

I‘\

was developed for this work. The second delay unit was a
standard Beclkman and Whitley lodel 511 contrel unit, which
nprovided a suitable posgitive outnut pulse to trigger the
Imacon camera. This second delay generator, which nrovides
the delay for the light source to build up to full brightness,
was set to give 50 ps delay for all the cxperiments.

Figure 7.2 shows the circuit of the first delay

o

generator. The breaking wire feeds the Schmitt trigger

OO

I A



breaking | delay unit S0v delay unit
wire 0 -1000us pulse 0-100ps
5v | pulse

light source

to

camera

Figure 7.1

Block diagram of the control system used with the high-

speed camera.
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Figure 7.2

Delay circuit used to trigger the light source and camera
‘ after the breaking of a thin trigger wire in the path of
the ball. The delay -is variable between 0 and 1000 ps.
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input of a type 74121 TTL monostable multivibrator, which
provides the muin timing delay. This delay is infinitely

variable from O to 100 or O tec 1000 ps depending on the »

position of the cavnacitor selector switch, the delay being
set on a multi-turn potentiometer. The delay is repeatable
to within 0.2%. After the preset delay time, the second

74121 monostable delivers a 5v, 2kS. impedance pulse of |
width 35 ps to socket Sk2, and an amplified, 503 impedance ?
90v pulse to Sk3. The 5v pulse is used to trigger the i
flash unit, and the 90v pulse to trigger the second delay ‘
generator. |
The first delay generator provides the bulk of the ‘

time interval between the ball breaking the trigger wire
and the first photograph being recorded. Since the
stance from the wire to the specimen surface was «50 mm,

delays of 100-500 ps were used, depending upon ball! velocity.

7.3.4 DMeasurements from the photographs

‘ From the silhouette photographs, measurements of

the velocity of the ball after rebound and of its angular
velocity were made. Typical photographs are seen in figure
7.3. Usually five to nine frames were recorded of the ball
rebounding after impact. The photographs were enlarged
photographically to aporoximately life-size, and the position

1

of the hall measured relative to the edges of the frame to
within 0.2 mm. From these x and y co-ordinates two mutually
perpendiculer velocity components were deduced and combined
to yield the velocity of rebound. The magnificaiicn of the
photographs was established from calibration nhotographs of
a stationary graduated scale. The interframe time of the
camera was measured with a timer (0.1 ps resolution) and
found to differ substantially from the nominal value of

20 ps. The interval shortened slightly as the camera

varmed up, but was always 19.0 + 0.2 ps. The overall
accuracy of the velocity measurements made in this wvay

wvas + 4%, |
The angular velocity of the ball was measured by }
noting the rotation of the marker tag on the back of the |
ball (see figure 7.3a). This rotation was always small

6*4 /frame); a realistic estimate of the cverall accuracy

of the angular velocity measurecments would probably be

+ 10%.

)




Figure 7.3

1 3 1 s g o i B e
h-speed photographs

Typical seauences of hig

Sequences (a) to (d) are silhouette photographs

” )
Y

used for measurements of rebound velocity;
(e) is an obliguely-lit sequence at a higher

Y,
L 3

J -
1he a.

magnification. ameter of the ball is in
all cases 9.5 mm, the interframe interva.

19 ps and the frames are numbered sequentially.
les and velocities were:

Impact ang]
A S ~1
(a) 307, 211 ms
. = O - -1
(b) 35 274 ms
) o . -1
(c) 107, 274 ms
(a) 607, 276 ms
0 ,
(e) 207, 202 ms .

Polaroid film was used for all these sequences.

e e







Migure 7.4

xamples of high-speed photographs obtained
using oblique illumination. The ball is 9.5 mm
in diameter, the film was Kodak type 2485

and the interframe time was 19 ps. The impact
angle and velocity were

(a) 20°, 210 ms™ T

0 , -1
(bh) 207, 272 ms .
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7.4.1 Qualitative results
Figures 7.3 and 7.4 show typical seguences
his apparatus.

of high-speed photographs obtained with

t
The light source was found to be of constant intensity

for the ten frames taken, and good results were
trigger wire

O

with the synchronisation system used. The

was found to break in two places and the detached fragment

o

often followed the ball through the field of view,.

o

Fragments of wire are just visible moving above the bal
o &
in sequences 7.3¢c and 7.3d. Experiments were mac

which the trigger wire was mounted across the axis 0]

O

"

gun; in this case the wire stayed in front of the ball

and obstructed the view of the impact site.

—

The Imacon camera is inherently very sensitive,

and the light source therecfore proved adequately nowerful

Ty i o - o Nt oo b “ ey B gt T vy
craphs at a higher magnificatien

C

for the reflected light

=y

seen in figure 7.3e and 7.4. It is of note

e
ey
“_,)
o
[0}
s
0]
n
621
-
ch
Q

that the definition and film grain in the photographs
> e & O “
v o

on Polaroid film are no worse than those obtained with

o

2485 negative film developed to give the same specd

rating (3000 AS54); it was for this reason that FPolaroid

film was uscd for most of the seuuences.
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Figure 7.5

The kinctic energy lost by the ball during impact, plotted
against initial (impact) velocity for the various angles
of impact. The solid curve through the origin renresents
he total initial kinetic energy of the ball; the results

n e O - . 5 .
01 1mpacts at 90" would lie almost on this line and are
not shown.
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Figure 7.6 .
Kinetic energy lost by the ball during impact plotted
against impact angle. The velocity of impact was 273

+ 3 ms” L.
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| Rebound angle (p) plotted against impact velocity for
‘ the various angles of impact («). Note that excent at
| -900, the rebound angle is always less than the angle

of impact.
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7.4.2 Measurements of enerpy loss

The high-speed photographs were measured as
described in section 7.3,4; the data available about
each 1npa<t then comprised the initial velocity of the
ball (u), the impact angle (e¢), the rebound velocity of
the ball (v) and the rebound angle (f). In some cases
the angular velocity of ithe hall after impact (@) was
alsoc measured (section 7.4.3).

The principle aim of this work was in some way to
correlate the energy lost by the ball in the impact with
the information on weight loss and crater velume available
from chapter 6; the kinetic energy lost by the ball during
impact was therefore conputed from the velocity measurements.
Figure 7.5 shows the kinetic energy lost by the ball plotted
against impact velocity (u) for a range of impact angles (o).
The rotational kinetic energy of the ball after impact has
been neglected; it was found to be always less than 1J
(section 7.4.3). The solid curve passing through the origin
in figure 7.5 recresents the initial kinetic energy of the
ball; the energy losses corresponding to the normal impact
cxperiments would lie almost on this line, since the rebound
energy at normal incidence was always less than 1.2J.
Bearingz in mind the relative inaccuracy of the rebount
velocity measurement (~4¢) implying «»8% in the calculated
energy), the scatter of the exverimental noints is small.

In figure 7.6 the results obtained at impnact
velocities of 273 + 3 ms"1 are plotted against immact angle
(2). The energy lost in the impact is secn to rise almost
linearly with angle to «50° , and then flattens off rapidly,
the maximum energy loss being at normal incidence.

The angle of rebound (B) was measured for all the
impacts, and was found in all cases except that of nermal
incidence to be less than the angle of impact (o). Figure
7.7 shows the measured rebound angles, plotted against
velocity, for the various angles of incidence used. It is
seen that the angle of rebound, for a given angle of

incidence, is essentially independent of velocity, cxcept

. . o . . , N
in the case where &= 607, For impacts at €0~, the
rebound angle was found to vary significantly with impact

velocity; as the impact velocity increased, so did the angle

of rehound.




7.4.3 Ball rotation

In several experiments, the angular velocity of

the ball after rebound was measured. A typical seduence

of high speed photographs showing the marker used for these

)
measurements is shown in figure 7.%a . The ball was loaded

onto the sabot so that the marker tag would be at the rear

LG
of the ball and would not interfere with the impact process.
The rotational velocity before impact was not measurable,

i : o . ' 50

> immact it was never found to be more than «8

o~ g - ro s 1 . . o v

per frame ( = 7.3 krad s 7). The moment of inertia of the
: . -8 2 ; y -

ball was calculated to bhe 3.2 x 10 (gm™ 3 the kinetic

while after

o e y 0 " y
energy of rotation corresponding to 8  per frame is then

0.85 J. The rotational energy of the ball after impact

=]

J
he initial translational

o+

was always less then 1% of

energy of the ball and was justifiably neglected in the

calculation of the energy balance.
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7.5 Discussion

7.5.1 Qualitative observations

The high-speed photographs in figures 7.3 and 7.4
~confirm the mechanism of metal removal by ploughing deformation
put forward in chapter 4. The lip becomes detached from
the crater end during impact; it is scen that at the low
angle of 10° (figure 7.3¢c) a lip is still detached, while
at 60° impact: angle (figure 7.3d), above the critical

gle for this velocity, no fragments of metsl are seen
to be detached.

Figure 7.3a shows a sequence used for determining

the rotatiocn of the hall on rebound; the marker tag is

clearly seen, and a slight rotation is visible

7.5.2 Comparison of cenergy losses with weight losses a

crater volumes

The points corresponding to an angle of impact of
30° in figure 7.5 may be directly compared with the graphs
of weight loss and crater volume versus velocity of impact
(figures 6.2 and 6.4). To make this comparison, the energy
lost by the ball to form unit volume of the crater lip, and
unit volume of the crater, was plotted against velocit
Figure 7.8 shows these curves, which wvere generated by
dividing the curve through the 30° points in figure 7.5 hy
the experinmental curves in figures 6.2 and 6.4. The energy
to form unit crater volume at 30° impact angle (left-hand
ordinato) is seen to be approximately constant over the
velocity range examined. The energy ver unit lip volume
(and hence per unit weight loss - right-~hand ordinate)
falls significantly with increasing velocity. This fuanction
is the sume as the specific energy used in many theoretical
anproaches (see section 1.5); it is illuminating to note that

even in the case of the single impact of a sphere, the

D

energy absorbed per unit weight loss, at 307, is certainly

not constant.

The variation of energy per unit crater volume

with angle at a constant velocity may be deduced
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Figure 7.8
Energy absorbed in the impact for the formation of unit
volume of the crater (left-hand ordinate, upner curve)

and of the lip (right-hand ordinate, lower curve). The

WO

abscissa shows the impact velocity; the impact anglc was
—
307 .
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dividing the curve in figure 7.6 by that in figure 6.3.

As may be seen in figure 7.9, this enecrgy falls with
increasing immact angle, the variation being very steep
at shallow angles, and flattening off above w459,

These measurements of energy loss show, then, that
the energy required to form unit volume of the crater is
nearly independent of velocity, implying that the energy
absorbed in the impact varies as (velocity)g’a; this
energy per unit volume, however, varies strongly with |
angle of impact, at 10° being twice its value for normal |
incidence. The volume of the crater lip, or the weight lost }
in the immact, is not simply proportional to the cuergy
absorbed in the impact, nor to the kinetic energy of the
incident particle, as assumed in the majority of erosion

theories.

7.5.3 The dynamics of the impact process

The classical theory of impact, which allows for
plastic deformation simply by a coefficient of restitution
(e), may be applied to the problem of a sphere striking a
plane surface (see e.g. Routh 1905). The case of a plastic
sphere striking an elastic plane is not, however, distinguished

by this theory from that of an elastic sphere on a plasiic

plane. While for small plastic deformation the classical
theory will apply to both cases, at higher velocities the
two will become significantly diffcrent, and the theory
will no longer apply to the case of the elastic sphere on
the plastic plane. A qualitative discussion of the
impact process will illustrate this.

We consider the obhligue impact ¢f a sphere on a
plane; the initial velocity and angle of impact are u and
oK, and the final velocity and angle of rebound are v and f.
The ball has no initial angular momentum, and the coefficients
of friction and restitution are poand e respectively.

At sufficiently low impact velocities, the sphere
and the plane both deform elastically. For normal impact,
no energy is lost by the ball, all the energy stored in

eiastic deformation during impacti being resitored tv the

o ; & i . e
kinetic energy of the ball on rchound., « = £ = 90", and

. NS) i o s ) G
v = u. When «# 90", the frictional forces between the

<

"

ball and the plane come into play, giving a rotational
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of u and o, the ball may or wmay not stop sliding during

impact; its final horizontal velocity conpenent,
will

be less

v cos f

=]

<

as a result of the dissipation of energy in sliding

than u cos . The final vertical component, v sin 8,
the

as in the case of pormal impact, and will thus be

~will result from the elastic energy stored in impact,

cgual

to u sinoet. A certain amount of energy is dissipated in ?
frictional heating, and we see that f will be greater

than o,

At higher velocities, when the colliision becomes

plastic, e is less than 1, and energy is lost by the
ball in plastic work. The vertical component of recbound
velocity, v sin g, is now ecaual to eu sin w, and the

\ horizontal component is less than u cosao because of
frictional dissipation. At high velocities of impact,
e will be small, and the angle of rebound may then be

less than the

angle of impact. The guantitative predictions

of this simnle theory will not be derived in detail;

Routh (1905) derives them fully, and a readable discussion

of their application has been presented by Daish (1972).

The results, however, will be given.

Two cases may be identified: that in which the

]

ball slides throughout impact (case I) and that in which

the ball rolls off the surface (case II). The condition

for rolling to occur, for the situation considered here,

is that
(1 + e) P tanw > 2/7

We shall see later that F:gO,OS in the immacts being
considered (section 7.5.4), and e is much less than 1. If
will

we take p = 0.05 and veglect e, we find that rolling

[
. . 5 . o JH
only occur at impact angles higher than -807; for all
the impacts studied, except at 907, the equations pertaining
‘ to case I will apply. These are:
v sin f = eu sin ot (7:1)
v cos f = u{cos ot - (i+c) P sinot ) {72

1- |



and hence e cot f = cot ot - (1 + e) (7:5)

When the results described in section 7.4 are
analysed usingz these equations, it becomes apparent that

the assumptions of this simple theory cannot be valid.

-~

. " . . O P -
Let us consider the impact of a ball at 30" and 270 ms .

"The coefficient of restitution, e, may be deduced from the

rebound velocity at normal impact (see chapter 8) and is
roughly 1/6 for the vertical velocity couponent involved in
this example. Substituting these figures into equation 7.3
we find that g, the rebound angle, is w52, We would also
expect, from eguation 7.3 and the observed variation of e
with velocity (figure 8.3), that g would decrease rapidly
with increasing velocity. Figure 7.7, however, shows
these predictions to be badly in error; the experimentally
determined value of g is about 200, and is independent of
velocity over the range studied. Similar disagreement
between the simple theory and the experimental result is
found for the other angles ¢f impact. An examination of
the impact process, however, reveals the reason for this
disparity.

Low values of rebound angle are deduced from the
theory because the vertical component of the rebound
velocity is assumed to e e times the vertical component
before impact. For the case of a plastic sphere on an
elastic plane, this may be a good approximation, but in
the case of an elastic sphere on a plastic plane, there
exists a mechanism by which horizontal momentum may be
converted into vertical mecmentum. The end of the plastic
indentution acts as a slope or ramp, being at an angle to
the undisturbed surface of the metal; the reaction force
on the ball, being normal to this slope (ignoriug friction)
will have a verticael component. We can see now how the
large vertical component of rebound velocity arises. Only
a part of it is derived from elastic forces, the remainder
resulting from this conversion of horizontal to vertical
translational momentum. The importance of this effect is
shown in figure 7.10. Here the kinetic energy associated
with the vertical coumponent of lhe rebound velocity

I

, - : R g " : ;
(B sin” ) is plotted against velocity for a range oi

impoct angles. The points obtained at normal impact show
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Figure 7.10
The kinetic energy associated with the final vertical
velocity component (v sin f) plotted against imnact

velocity (u) for various impact angles (X).

—
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|
the true effect of elastic cnergy storage; it can be 1
seen that at very shallow impact angles { v« 10%) the |
elastic forces will again be most important. At
intermediate angles, however, the '"ramp" effect has a very
marked influence. As may be seen in figure 7.10, this !
effect has the maximum influence at impact angles around
300; since the lip formed at the exit end of the crater,
which constitutes most of the weight loss, must result
from frictional forces between the ball and the "ramp", |
it is not surprising that this angle is near that at which

the largest lip is formed.

1 7.5.4 The coefficient of friction in impact

From the measurements of ball rotation after
impact discussed in section 7.4.3, the coefflicient of
friction hetween the ball and tbhe surface during impact

may be estimated. We shall assume that the classical

5

] theory of impact is applicable, arguing that the discrepancy
| noted in the previous section will have little effect on
this calculation.

The sphere has radius r and mass m, the impect

parameters u, v, o, g and p being the same as in the
preceding section. During imnact, the total change in
i

1ﬁ).

This imnulse results from a normal force N (t). So we

vertical momentum of the ball = m(u sino + Vv s
can write:
]Gﬂ(t) dt = m(u sin« 4+ v Sin{%) (7.4)

where the integration is over the whole impact duration.

Ve have seen (section 7.5.3) that the bhall slides

throughout inmact except at very high impact angles; the

frictional force acting on the sphere at any moment is
therefore VN(t) and the angular impulse is egual to the

change in angular momentum of the sphere: |

|
/PrN(t) it = To (7.5) |

: i _— " Y , g . 2
where I, the moment of inertia of the sphere, is 2/5 mr©
andwis its final angulur velocity. Combining equations

7.4 and 7.5, and substituting for I, we find that
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po= 2r e - (7.6)
S(u sin & + v sin )

Knowing, r and the impact parameters W, u, v, ™, and

f we can calculate p. The "ramp effect", which was shown
j to introduce considerable disparity between the simple

theory of impact and the experimental results, will

' introduce little error into this calculation; the term
‘ v sin f will be considerably larger than that predicted
| by the theory, but both v and @ are photographically
determined, and it is these experimental values which are
| used in calculating Pe

The values of p deduced from the photographic
results by equation 7.6 are very consistent; not enough
~ measurements of bhall rotution were made to cnable the
! variation of p with velocity to be studied, but all the

j values of p calculated may be represented by
J

|

: po= 0.04 + 0.01

J This value of p is very much less than the

‘ coefficient of friction measured at low loads and sliding

| speeds (typically 0.8 - Bowden and Tabor 1950), but

‘ correlates well with the results of experiments at high

: sliding speeds under impact loading revorted by Bowden and

: Persson (1961). They found values of 0.07 at & sliding

| speed of 200 msmi, and 0.05 at 400 ms™* for the friction of
hard steel (VP 9.0 GPa) on itself in vacuo.

.

* Studying the coefficient of friction at high loads

1

and sliding specds by measuring the rotation of a ball

after obligue impact suggests itself as an alternative to

| Bowden and Persson's method; it has the advantage that

the experiment need not be done in a vacuum, and any

\ effects of a reactive gaseous atmosphere may be examined.
A restriction of Bowden and Persson's approach is that the
slider is rotated and suprorted electromagnetically, and

’

must therefore be ferromagnetic; althouzb electrovlated

metallic coatings may be used on a stecel svhere, the
method is not as versatile as that described above, in
which the sphere may be made of any sufficiently strong

material.

R R R R R RRRRRRRRREEEREEEDEIErmmm
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3

7.5.5 The energy dissivnated in slidin

An estimate of the energy dissipated in sliding
between the ball and the metal surface may be made from
the measurements of ball rotation. If the frictional

force pN(t) (see section 7.5.4) produces an angular

impulse Iw , equation 7.5 applies. The work done by the

| frictional force during impact is equal to its impulse

] times the mean velocity of its point of application (see

| e.g. Routh 1905). VWe can therefore calculate the ecnergy

| dissipated in frictional work:

| P ‘
] e ok J 1t
Wp = 4 ( u cosw+ Vv cos F)J/Ph(t) dt |

|

J and using equation 7.95:

i

| W = 2 (u cos ot + v cosp ) Te/r

|

} ' = (ucose + v cospR) mrw/5

Evaluating Y, for some of the experiments at an

i
! impact angle of 30° , it was found that about 12% of the
{ energy lost by the sphere in impact is dissipated in
Ay overcoming frictional resistance. For examnle, at 20°
and 210 ms“l, the ball was found to lose w30 J in impact,
| w3.5 J of which formed W At 142 mP“i impact velocity,

| O

the energy loss was «12 J, and W wags found to be «1.4 J.

IO
The fraction of the ball's energy loss which is
dissinated in sliding will clearly increase with decrecasing

impact angle; conversely, the fraction of the energy loss

which corresnonds to plastic deformation of the target

! will decreasé with decreasing angle. The form of the
curve in figure 7.9 may qualitatively be explained by this
argument. 7The rotation of the ball at low inmnact angles
could not unfortunétely be detected with the camera used
for this work; a slower framing speed would be nceded to

measure such low angular velocities. It was therefore not

l possible to measure the proportion of energy loss which
| was of frictional origin at shallow angles of incidence.
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| Chapter PEight

The Frocess of Normal Impact

8.1 Introduction

The previous chapter was largely concerned with

| the energy balance in oblique impacts; the dynamics of

oblique plastic impact are very complex and no theoretical |
treatment which could be used to analyse the results has |
been published. The normal impact, however, is somewhat |
simpler, since the tangential forces which are so ‘
difficult to treat theoretically in the cbligue case are

absent. The static normal indentation of spheres into

plane metal surfaces under loads sufficient (0o cause nlastic

£low has been studied by a number of workers. Rigorous

| theoretical analysis of the quasi-static vroblem is

| unfortunately impossible since the system has axial symmetry,
but Ishlinsky (1944), using the unrealistic Haar-Karmar
criterion of plasticity, has determined analytically the
distribution of oressure between a spherical indenter

and its indentation. Hde finds that the mean pressure

depends only slightly on the depth of the indentation,

and is 2.6 to 2.9 Y where Y is the yield stress of the

material. This has received experimental confirmation

by Tabor (1948,1951) and other workers.

\ We have seen in section 5.2 that with the impact

: velocities used in this work, the mean rate of strain
associated with the formation of an indentation is high
(3>104 S-l); the assumntion of a constant mean »ressure

’ beneath the svphere under such conditions may well be
invalid. The normal nlastic impact of spheres on vnlanes

has received attention in the low velocity regime (< 5 ms™ ')
in connection with dynamic hardness testing and the
measurement of yield stresses under dynamic conditions

(for example by Davies 1949, Tabor 1951 and Vincent, Gee

& jiunter 1957); interest in terminal ballistics and
nmeteoroid damage to spacecraft has stimulated research

. . . . . -1 i
in the hypervelocity regime (>1 kimms ~) where large-scole

melting and cratering is produced, and the projectile
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is damaged in the impact (Kinslow 1970 contains
comprehensive reviews). Botlh low velocity and hypervelocity
resecarch have been reviewed by Goldsmith (1960) and
Johnson (1972). Little information is, however, |
available about the intermediate velocity region (10 ~
500 ms~1) with which this work is concerned. At these |
velocities, with hard steel spheres impacting onto mild
steel, the projectile suffers only elastic deformation
and the crater formed during imnact is less than the
radius of the ball in depth.

Goldsmith and Lyman (1960) determined the force- ‘
indentation relation for steel balls striking various
materials at 10 to 100 ms—1; mild steel was not, however,
studied by them. They found that for lead, aluminium
(pure and alloyed) and anncaled tool steel, the plastic
indentation process departed from the assumption of a
constant pressure bheneath the indenter; the effective
pressure was found to fall with increasing indentation
depth. This effect, if corroborated, is clearly of
importance in establishing a possible reason for the velocity
exponents greater than 2.0 found in single impact tests
(chapter 6); a series of experiments was therefore performed
to examine the dynamics of the normal impact process,
and to investigate, as far as possible, to what extent
the deformation pattern differs from that caused by
quasi-static indentation. The approach used was 10 measure
the depths of craters formed by impact, and knowing the
impact velocity of the indenting sphere, to plot a curve
of energy against depth of indentation. Then by differentiat-
ing this curve (section 8.4) a graph of force against
indentation depth could be obtained, end compared with
the results of quasi-static loading experiments. Th
method is very simple, and makes the assumption that the
energy losses due to elastic waves and frictional work
are minimal. The justification of pavis and Hunter (1960)
for ignoring the energy lost in elastlic waves has been
presented in section 7.1i; for normal impacts the contact
duration is greater than at obligue angles (typically
> 100 us) and no great error is therefore introduced in
ignoring elastic waves. The effects of interfacial friction

will be discussed in section 8.5.2.
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The experimental arrangements were almost the

~

same as those described in chapter 7; for t}

,,.
)
0]
@

experiments larger stecl specimens were used to confine

the region of plasticity well within the specimen.

8.2 Fxnerimental

Specimens were cut from cold-worked 1inihA mild stecl
bar and were in the form of cylinders, 38 mm diameter
and 40 mm long, with one face polished., The specimens

were clamped to a massive (+~ 10 kg) steel block and were

et

impacted axially on the polished face, parallel to the
direction of werking of the steel. The 9.5 mm hard ste
balls were accelerated in sabots using the gas gun

4

described in chapter 3. The velocity of the balls before
to within ¢

impact was measured photoelectrically 03 their
rebound velocity was measured photographically using the
technique described in section 7.3%. Owing to the low value
of the rebound velocity (~2 msﬂl) it could not be measured
more accurately than «10% with the 20 Jis framing interval
of the Imacon camera used.

The depths of craters formed by impact were
measured relative to the undisturbed surface of the gpecimen
block using a dial gauge, and were revroducible to
within 0.01 mm. Quasi-static loading tests were performed
using a hydraulic vress; the steel ball was placed between
two mild steel specimens which were slowly (<10 kNmin"i)
compressed. A dial gauge registered the separation of the
two specimen cylinders, and hence the mean depth of the

indentations.

8.3 Qualitative observations

B

Distinct differences were visible between the
craters formed dynamically and quasi-statically. Figure
8.1 shows comparative photographs which illustrate the
points of dissimilarity. These show two craters of identical
depths, the one formed dynamically by the normal impact
of a steel ball at 270 ms™ ", the other by the quasi-static
application of a load of 110 kN. Immediately apparent

is the nature of the surface at the bottom of the crater;




Figure 8.1
Indentations formed by auasi-static loading )
and by normal impact.
(a) was formed by the normal impact of
a 9.5 mm diameter steel ball at 270 ms™ .
{(b) wvas formed by a 9.5 mm ball under a
quasi-static load of 110 kN
(c¢) and (e) show etched sections through the
edges of the dynamic indentation in (a). ‘

4.

(@) and (f) show the edges of the guasi-static

indentation in (bh).




(a) (b)

Figure 8,2

Subsurface deformation under normal impact sites, as
revealed by distortion of drawing lines in the steel.
(a) Dynamic indentation by a ball at 270 ms™ 1

(b) Quasi-static indentation under a load of 110 kN.

The drawing marks in the undeformed steel were pernendicular

to the surface.




both specimens were npolished before the experiment, and

| the static indentation in figurc 8.1 b has retained this

» polish and has a smooth, shiny surface, The dynamic

’ indentation in figure 8.1 a shows white radial streaks

! on its surface, identical with those seen at oblique

| . angles of impact in figures 4.6 and 4.7, ‘They are

' probably associated with frictional heating c¢f the surface
at high impact velocities.

The rim of the crater differs markedly between the
two cases. Figure 8.1 ¢, d, ¢ and f are photomicrograpghs
of etched sections through the rims of the two craters. 1t
is seen that there is little '"piling—up" of metal close to
the crater in the static case; the grain structure of the
metal close to the crater rim shows that the plastic
deformation is widely spread around the crater. The rim
of the dynamic crater, on the other hand, is raised some
way above the surrounding metal, there is considerable
! piling-up, and the grains in the raised lip are elongated.

Farthermore, at the tip of the crater rim in figure 8.1 ¢
there is a weakly-attached lip which might easily be
removed,

The pronounced drawing marks in the specimens,
visible in the photomicrogranhs, allow the pattern of
deformation around the indentations to be assessed. After
heavy etching, these drawing lines were photographed;
figure 8.2 shows the pattern formed by the marks around
(a) the dynamic and (b) the quasi-static indentations.
These drawing lines were originally perpendicular to the
impacted face of the specimen; it is seen that in (b) they

| have not been sheared far from this angle, whereas in the
dynamically~formed crater in (a), the drawing lines at the
edge of the indentation have been sheared parallel to the
surface. The effect is particularly noticeable in figure
8.1c. Differences are also seen in the deformation below
the centre of the indentutions. The maximum deformation
below the static indentation occurs some 500 pm beneath
the surface; the drawing lines can be seen to bulge out
around this point. In the dynamic case, the maximun
deformation is immediately under the centre of the crater,

and cauvses a different displacement of the drewing marks.
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Figure 8,3
Coefficient of restitution (e) plotted against impact

velocity for the normal impact of 9.5 mm steel balls

against mild steel targets.
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8.4 Quantitative measurenents

Several experiments were made at impact velocities
between 47 and 411 msml. Figure 8.3 shows the results of
the velocity measurements. The coefficient of restitution,
e, which is the ratio of rebound velocity to impact velocity,
has been calculated and plotted against impact velocity.

It is seen that e falls with increasing impact velocity;
the scatter in the points is no doubt due to the inaccuracy
of the measurements of rebound velocity.

The depths of the craters after impact were
measured. As Tabor (1951) has pointed out, the indentation
will recover elastically by a certain amount during the
rebound stage of the impact, the elastic energy stored up
during imnact being converted into the kinetic energy of
the rebounding bhall. As a result of this elastic recovery,
the depth of the indentation measured after impact will be
less than the maximum depth of penetration occuriing during
impact. Hertz's (1881) equations for the elastic deformation
of contacting surfaces are not accurately applicable to the
deep indentations formed in these experiments; the extent
of the elastic recovery was therefore determined empirically.
Specimens were loaded incrementally in the hydrauvlic press,
the depth of the indentation being measured with a dial
gauge; afler each loading increment the lcad was relaxed and
the elastic recovery of the crater depth measured. From
these results the graph in figure 8.4 was drawn. ‘%he
elastic recovery was small, less than 13% of the depth of
the indentation; the wide scatter of the points is due to
the resolution (- 10 }lm) of the dial gauge.

figure 8.5 shows the initial kinetic enerpgy of the
impacting ball plotted against the depth of the indentation
produced; to the depth measured after impact has been
added the small correction for elastic recovery. TFrom this
curve, it is possible to derive the corresnonding force/
indentation curve. Neglecting elastic deformation, which as
we have scen is much less than the plastic displacements,
the work done, dE, in increasing the depth of the

indentation from x to x + dx is
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Figure 8.4

The elastic recovery measured in a slow-loading normal
indentation test. The initial portion of the curve is
only approximate - before any plastic indentation is
‘formed, the elastic recovery will equal the (elastic)

indentation depth.
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Figure 8.6

Load versus depth curves for normal indentation;
gquasi-static curve shows the result of a slow-loading

experiment, dynamic curve is derived from figure 8.5 as

descrined in the text.
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Here F{x) is the force which must be applied to the
indenter when in an indentation of depth x in order that

further plastic yielding may occur. 50
F(x) = dE/dx at the depth x.

By differentiating the function E(x), which is displayed
in figure 8.5, we can determine F(x). Numerical
differentiation of the curve in figure 8.5 yields that
in figure 8.6 (labelled "dynamic").

The results of a quasi-static loading experiment
as described in section 8.2 are shown for comparison. The
depth of indentation in this case was measured under load;
so no correction for elastic recovery neced be made and the
two curves may be directly compared. Several quasi-stati
experiments were made, and the curves were found not to
differ from that in tbe figure by more than 2%. The force
acting on the sphere during dynamic indentation is
consistently higher than that for the corresponding

quasi-static indentation.

8.5, Discussion

8.5.1 Digcussion of the mode of deformation

The extended crater lips visible in figure 8.1 are
clearly the source of the weight losses measured in the
normal impact of single spheres by Sheldon and Kanhere
(1972), and suggested by the general trend of the curve
in figure G6.1. The formation of these lips only occurs
in dynamic indeutations, and would not be predicted by
any quasi-static aunalysis of the impact, such as that.

attemnted by Sheldon and Kanhere, The weight loss, or

even the lip volume, cannot be related to the crater volume

by any theoretical trecatment, and must ther¢fore be
determined empirically. The lips formed in dynamic normal

indentations are very similar to the ridges raised at the

5
4.13); such livs are probably responsible for the

é
N §i S— 2 -l - 0] - 3 P‘(\()
measurable weight losscs at angles between 40" and 70

—

plotted in figure 6.1, when the termipal lip had not been

removed during the impact.
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The mechunism of formation of the lipe must be
, considered alongside the differences in deformation
| pattern between the quasi-static and dynamic cases (figure
\ 8.2). Yew and Goldsmith (1964), studying the impact of
! steel balls ou lead at velocities of w3 ms™ ", measurcd
displacements of inscribed grids beneath the indentation
and found a similar difference in the patiern of
‘ deformation, for which they offered no explanation. The
lip formation and the intense shear deformation at the
sides of the indentation may be thought of as resulting
from the extrusion of a comparatively weak layer of metal
between the sphere and the bulk of the material. That
. this weaker region may have resulted from thermal softening
is apparent from a simple calculation of the temperature
rise which will have occurred during impact. If we assume
that all the plastic work associated with the formation

|

of the indentation is converted into heat ( a reasonable

assumption for the purposes of this calculation - seec

Taylor and Quinney 1934 ), and assume that the volume of

metal deformed is equal to the volume of the indentation
4 3 i

(supported by metallographic observations), we find that

a temperature rise of some 900 K is associated with an

o~

impact at 275 msnl. The volume of such an indentati
was found exverimentally to be 39 mmé, and the kinetic
energy of the impacting bhall 134 J. The specific heat
of steel was taken as 500 ka'—'lK"1
Tud Mgm-é. There is no metallographic evidence of a

and its density as

temperature rise in figure 8.1, but as was discussed in
chapter 4, significant thermal softening may occur at
temperatures below that needed for the transformation to
austenite.

Another mechanism which might be suggested to
explain the formation of the crater lips in normal impact
is some form of plastic wave effect. The velocity with
which a plastic strain can propagate in a metal is given

by the formula:

o 8
| v = (1 +¢).(K/p)?

where & is the stra K is some modulus of the metal and
e is its density ('a lov 1946). In the case of a plastic

.
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strain, X is the slope of the stress~strain curve at the

relevant plastic strain; for large strains in a fully

work-~hardened material, such as we have here, K, and hence
v, may be very small. Any attempt to deform the metal
faster than the corresponding plastic distorbance can

- propagate must lead to a localization of the strain, and
i might explain the formation of the lips. However, as we
shall see in the next section, other observations indicate
that thermal softening, rather than a plastic wave effect,
is responsible for the differences between the quasi-static

and dynamic indentations.

8.5.2 Discussgion of the dynamics of the indentation process

The decrease in the coefficient of restitution

\ with increasing velocity, noted in figure 8.3, is in
agreement with earlier work on impact at lower velocities,
Tabor (1951) has treated the subject in detail. It is of |
interest to compare the energy of rebound of the ball

with the elastic energy stored during indentation. The
velocity, and hence the energy, of the rebounding bhall

was measured photographically, and the elastic potential
energy stored during impact may be deduced from the elastic
recovery curve in figure 8.4 and the static loading curve
in figure 8.6. The elastic energy stored, for examnle,

by a ball impacting at 275 ms—l may be deduced from the

depth of the crater formed at this velocity (1.72 wm),

the equivalent static load being found from fipure 8.6

| to be 110 kN. VWe know from figure 8.4 that the variation
] of elastic recovery with crater depth (and hence load) is

almost Llne*r up to this devth; the elastic recovery for

a static lOud of 110 kN is w»a2 pm. 80 the elastic energy

stored is 4 x 22 pm ox 110 kN = 1.2 J. The velocity of the
1 rebounding ball was found to be 24 + 3 ms 1, implying a

kinetic energy of 1.0 + 0.3 J. The elastic energy stored

i during the impact correlates well with the rcbound enery)
, of the ball.
‘ The most obvious implication of figure 8.6, namely

that the dynamic indentation pnressure is always greater
than the static, bhas been pointed out by several worlers
(e.g. Tabor 1951, Davis & Hunter 1960 and Coldsmith &

Lyman 1960), and is well estabhlished.
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The data woresented in figure 8.6 may be treated

in another way. Knowing the lecad needed to deform the

indentation further from any depth, and the geometrical
shape of the crater (spherical), we can calculate the
mean contact nressure (lecad/projected are2 of the indent-
ation). Tabor (1951) has shown empirically that a

.

representative strain (2) may be associated with a spherical

‘ indentation, given by

€ = 20 4/D %

where d is the chordal diameter of the indentation aund
D is the diameter of the indenter. laking the somewhat
naive assudiption that this expression will be valid for

indentations formed qguasi-statically and dynamically, we

can convert the crater depth into a representative strain.

Furtbermcre, dividing

the mean indentation pressure by 2.8
(see section 8.1) gives an approximate value for the
yield stress of the material under the indenter. this
assumes, of course, that the deformation pattern around
the dynamic indentation is the same as that arcund the
static.

Figure 8.7 shows the yield stress, determined in
this way, plotted against the representative strain, for
the range' covered by the impact velocities used. While
the assumptions which are made in this analysis are
sweeping, an interesting effect which cannot result irom

these assumptions is shown. The static stress-strain

curve, derived from the load/indentation curve in figure
i 8.6, is parallel to the strain axis, indicating that the

mean contact pressure (or stress) under the indenter is
independent of crater depth (or strain). The curve
derived from the dynamic results, however, shows a
pronounced drop in the pressure at large stirains; it anpears
that the indentation pressure falls with increcasing crater

depth (i.e. velocity of impact). Similar results have been

obtained by Goldsmith and Lyman (1960) (see ahove) and by
Goldsmith and Yew (1962) who examined the dynamic
penetration of conical indenters into metals and found a
drop in mean indentation pressure with increasing velocity.

Inertial effects, work—-hardening and the rise in yield stress

{
{
|
{
!
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Figure 8.7

Dynamic and static stress-strain curves for mild steel.
Their derivatioh is described in the text. Both curves
must pass through the origin but the method of derivation
"of the curves does not allow them to be drawn accurately

within the low strain region.




' with strain-rate which is well established (for a review see
Campbell 1973) would all tend to incrcase the mean
indentation pressure. ‘the observed fall is therefore
surprising; Goldsmith and Yew suggested that the fall in

coefficient of friction with increasing velocity (Bowden

and Freitag 1958) caused the effect. However, Johnson (1570)

has shown that although friction may influence the pattern l

of deformation below the indentation, the mean contact |

pressure is little affected; it therefore scems unlikely 1
i that the variation of friction can explain the whole effect. ‘
Johnson's calculation was performed for a wedge indenter,
since the axially symmetrical problem is iniractable, but
the effect would be expected to be less for an axisymmetric
| indenter (Tabor 1970).

A mechanism which can explain the drop in mean
indentation pressure at high velocities is the thermal
softening suggested in section 8.5.1. As we have seen,
provided the loss of heat from the deformed region is not
too great during the impact time, high temperatures and
consequent thermal softening of the deformed region may
develop. The yield stress of the metal would fall,

| ' accounting not only for the deformation pattern visible
in figure 8.2, and the extrusion of the crater lips, but
also for the fall in indentation pressure with increasing
velocity. This mechanism will be discussed in more general
terms in the next chapter.

The plastic wave effect mentioned in section 8.4.1,
which might explain the deformation pattern around the
indentation, cannot however account for the drop in
indentation pressure with increasing velocity; it would
predict a rise rather than a fall. 7The effects of the
plastic wavc'effect7 inertia of the metal and the increase

in flow stress with strain rate would tend to increase

the indentation pressure with velocity. It appears that
the opposing effect of thermal softening dominates in this

case. |

8.6 Conclusions

e

Significant differeinces exist between the patierns

of deformation arouand indentations formed in mild steel by

. .
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the impact of steel spheres at velocities from 5C

Sonsr’

to
400 ms™ ' and those formed by quasi-static loading.
Pronounced lips are raised in the dynamic case which are
absent in the static; the tips of these lins are fragile
and account for the weight losses observed in single
impacts at 90°,

Measurements of the depths of craters formed by

4

impact at different velocities indicate that the mean

indentation pressure is always greater in the dynamic cage
than in the static. However, the mean dynamic indentation
pressure is observed to fall significantly with increasing
velocity. This effect, and the deformation patterns, |
may be explained by adiabatic heating of the deformed

metal. around the indentation, leading .to thermal softening,
which dominates over the opwosing influence cof strain-rate

effects, plastic wave effects and inertia of the target

metal,
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General Discussion and Conclusions

9.1 Introduction
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The work described in the previous chant
provided information not only on the ercsion of ductile
metals by solid particles, but also on the coefficient

of friction at high loads and sliding velocities and on

the broad subject of the plastic impact process, for both

normal and obligue impacts. 1t was felt thut some

unifying discussion was needed to combine the conclusions

L

of the various chapters relevant to erosion; the other
topics have been discussed in some detail already. This
chapter therefore presents a general discussion of the
results obtained in the previous chapters and examines

the role in erosion of the various possible mechanisms

of material removal. In section 9.5 a somewhat speculative

3

approach to erosiocn is develoned and a method of
predicting the erosion resistance of a metal from its
physical proprerties is presented and shown to corrclate

remarkably well with experimental data.

9.2 Ploug th< deformation

It has bveen shown that spherical particles striking

a metal surface obliquely can indeed remove metal from

the surface by "ploughing deformation" as defined in chapter

2. A lip of material is sheared forward in front of the
ball and may remain at the end of the crater as the ball
rebounds from the surface. There exist a critical angle

and velocity at which the lip formed at the end of the

crater during impact becomes detached; above the critical

velocity or below the critical angle all immacts result
in removal oi the 1lip. The critical angle and velocity

are interdevendent and zare functicns of other parame

such as particle density and target material. Metallogranh

examination reveals that lins whichi have heen formed but

)
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not detached, resulting from impacts just below the
critical conditions, are atiached to the bulk of the
material by a relatively narrow neck of material; within

this neck is a thin repgion of intense shear deformation.

cJug 1
It is suggested that this band results from adiabatic sbhear:
localized strain of the metal resulting from thermonlastic
~instability of the deformation process. The theory of

such instability has been discussed in detail by Recht (1964),
Observation of surface oxidation at the base of the lip

in mild steel confirms that substantisl locaiized

temperature rises occur during impact. Other metallographic
evidence shows that when lips are detached during impact

the separation occurs within the shear bhand.

The fact that the size of the lip is define even

when it is not removed, by this shear band, indicabeﬂ that
when the lip is removed from the crater by a subsequent
nearby impact, as suggested by Tilly (196%a), it will

have the same volume as if it had been removed by the narticle
whicli formed it. The measurements of weight loss in chapter

6 confirm this; the curve of weight loss against velocity,

extrapolated below the critical veleocity, shows
excellent agreement with the results of the multiple
impact erosion experiments of Kleis (1869).

Iixamination of lips recovered after detachment, and
high-speed photography of the impact process, reveal that E
lips are removed in a small number of nieces (usually one
or two) and may sometimes remain attached to the rebounding
particle.

4

An investigation of the influence of particle

(n
=
[
o]

on the immact deformation reveals that the ploughing
process may be expected to occur over the full range of
sizes of erosive particles, from 1 pm to 1 mm, and that

results obtained with particles as large as 10 mm will he

applicable to the smaller sizes of particle.

Ouantitative measurements of weight losses, crater
volumes and energy losses in single imnacts reveal that
previous theoretical approaches are in error in assuming
that the weight loss in a single impact will always be
proportional to the kinetic energy of the incoming
particle. Neither the weight loss, nor the crater volume

nor the energy lost by the narticle in oblique impact ‘

is proportional to its incident energy.
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9.5 Normal impacts

While weight loss measurcments were not made for
. . N N O el 1 "
impact experiments at 907, the general trend of the graph
in figure 6.1 and tie results of Sheldon and Kanhere (1972) ‘

indicate that weight losses result from single impacts

|
of spheres at this angle. None of the theoretical approaches \
can account for this, since they suggest that wear at 1
normal impact results from repeated deformation of the |
metal, from fragmentation of the particle, or is caused by |
impacts on & previously roughened surface; these explanations
are clearly not applicable to this work. Sheldon and Kanhere
(1972) suggest that metal "flows out around the sides of
the cavity until it is strained sufficiently to bhreak off".
The ridges raised at the sides of craters forned by
oblique imnact (figure 4.13) are very similar to those

raised around normal impact craters (figure 8.1) and

m

probably result from the samc wmechanism. They are
characterised by fragile narrow tips which must be the source
of the weight losses measured in normal impact. The
observation that these ridges are only formed in dynamic
normal indentation, and are comnletely absent in quasi-
static experiments, is of great importance. Doubtless

similar results would be obtained if the oblicue imwact

could be simulated quasi-statically, but this experiment
would be very difficult to perform. The process by which

the ridges are formed denends therefore on the deformation
being carried out rapidly; the mech:nism of thermal

softening proposed in chapter 8 accounts for these
observations. Other nossibilities, such as uwlastic wave
eficets, would not account for the pronounced fall in

dynamic indentation pregsure observed with increasine impoct
velocity (section 8.5.2), which may be explained by thermal
softening. _

The thermal softening envisaged is a rather less
localised phencmenon than that responsible for the narrow
bands at the base of crater lips in oblique impacts; the
deformation of a comparatively large volume of metal leads to
a temperature rise and subsequent softening. In this cese,
heat conduction from the deformed region will be much les=s
important than from a narrow localised shecar band, and the

rate of strain involved in the deformation will therefore
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not be critical, provided that it is sufficiently high

to result in heating. The initial formation of the lip

in front of the particle in obligue impacts will also be

aided by thernal softening, although as the lip becomes

further deformed during impact, a narrow shear band finally

forms at its base. Against the effects of thermal softening

must of course be set the work-hardening behaviour of the

metal; as was seen in chapter 4, if the metal has a
sufficiently high rate of work-hardening (e.g. ammealed
copper) the localization of deformation resulting from
thermal softening is outweighed by the work-hardening
tendency of the metal and only a small lip is formed in
oblique impact. In practical erosion situations, however,
the surface material is always heavily strained, and its
small.

It may therefore be argued qualitatively that the

rate of furtier work-hardening is very

volume of metal removed in the impact, whether in the
terminal lip or in the tip of the side ridges of the crater,
will depend on the tendency of the metal to thermal
softening during deformation. A predictor of erosion
resistance based on these ideas will ke presented in
section 9.5. VWhile the discussion of normal impacts
presented here has mainly considered the impacis of
spherical particles, the arguments would be ecxpected to
apply generally to any shape of angular particle;
similarly, the discussion of oblique impacts will apply
to the impacts of angular particles at large negative
rake angles, which will constitute a large fraction of
the oblique impacts of angular erosive particles (see

section 2.3).

9.4 Other mechanisms of erosion

The results of the experiments performed with

spherical particles shed some light on the mechanisms

impacts of single angular narticles (Winter & lutchings
1974) and the arguments in section 2.3 suggest that
ploughing deformation, as observed with spherical particies,

|
of erosion proposed by other authors. A study of the
— g ) .
will be an important mechanism of metal removal by

o

angular particles impacting at shallow angles. It is,

.\_)
o)

'

1

however, difficult to give a moré- accurate prediction «
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the relative incidence of ploughing and cutting deformation

than that presented in scction 2.3. Certainly cutiing
deformation, of the type idealized by Finnie (1958, 1¢60)
in his model, does lead to the removal of a fragile chip
under somé conditions (as evidenced by Tilly's (1973) SEM
photograph), but Winter and Hutchings' work suggests that
this may be a very infrequent occurrence, and that more
often the impinging particle rolls over the surface,
raising a large but firmly-attached chip.

Since these mechanisms, at least, of metal removal
can be identified, the process of erosion must be stochastic;

the relative importance of different mechanisms will

depend on the probability of their occurrence and upon their
efficacy in removing material. It therefore seems certain

that no model which assumes a single mechanism can describe

more than a part of the erosion process. It might be, ‘
however, that under certain circumstances one mechanism

is so much more probable, or lcads to so great a weight

loss, that it outweighs all others in importance; in this

case, a description of that one mechanism might enable

erosion to be predicted. From the evidence precented in
this work it is not possible to state whether the ploughing
mechanism will dominate in importance, but it can certainly
be said that some of the mechanisms suggested by other

workers will make insignificant contributions to the

total erosion rate.
Smeltzer et al.(1970) and Ascarelli (1971) sugy

that erosion resulted from melting of the metal under the

gested
impacting particle; the molten metal is then sprayed out
in the form of droplets or adhcres to the rebounding
particle. In order for this mechanism to be feasible,
soite mechanism must be envisaged whereby enough energy

can be concentrated in a sufficiently small region of the

target surface for melting to occur. While widesvread

the target and projectiles

melting and even vaporization of
material certaiﬂly occurs at very high impact velocities
(> 5 kms™ "= sce e.g. Charters, Gehring & Maiden 19G66), no

|

. . : i con 4
evidence of such widespread melting was found in the velocity |
\

ra sl
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during oblicdue impact (section 7.5.4) indicates thrat
v A= o33 A= X e [ B0 bl o PR - S " ) . B LN 4. - ST — I
substantial softening or cven melting of the metal has

occurred at the interface, but the thickness of the inter-

ill \I
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facial layer must have been less then 1 pm since no
evidence of surface melcing was visible in the sectioned
sgests that if an angular particle

impacts with a sharp corner Gowmxards, this will lead to

snecimens. Smeltzer su

very high temmeratures, and melting, at the point of impact
However, the volume of the indentaticn formed by any shane
of particle, to a first approximation, is proportional to

the kinetic energy lost in the impact; an angular particle
impacting point downwards may lose more energy than in
other orientations, but this will be dissipated over a
proportionately larger volume. The correlation between
erosion resistance and melting point pointed out by
Smeltzer, or between erosion and Ascarelli's "thermal
pressure", is no evidence that melting actually occurs.

Temperature rises definitely do take place in erosion;
Neilson and Gilchrist (1968 b) observed bulk specimen
temperature rises of «160 K during accelerated erosion
testing, and Uetz end Gommel (1966) made thermo-clectric
measurements of transient rises c¢f «300 K in the normal
impact of steel balls on S*@ol surfaces at 70 ms-j.
However, these temperature rises, although sufficient to
account for some thermal softening, are not enough to agree
with a theory involving widespread melting.
The only effect of geometrical scaling on this

2.

mechanism can be to change the effects of heat conductio:

n...)

4

aking the results of chapter 5 to imply that Tabor's (LS))
model of impact is applicable to this case, we sece that the
energy dissinated per unit volume of metal during immuct
must be independent of particle size. Changing the
purticle size will alter the impact duration and also the

scale of the deformation, and may therefore change the heat

losses by conduction. The maximum possible temnerature rise
in the deformed region may bhe calculated by neglecting

e
these losses; we have already seen (section 8.5.1
will not be sufficient to cauvse melting.

Tilly (1972) considers particle fragmentation to he
important; we have scen in figure 1.8 how it can affect
erosion rates, especially at normal impact. However,
fragmentation will not change the fundemental mechanisms by
which the fragments remove material; even though the

frogments may strike the surface at different velocities

and angles from the original particle, they must
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still remove material in the same way as single, non-
fragmenting particles. For this reason the effects of
fragmentation have :been neglected in this study. liowever,
fragmentation of many erosive particles will occur

during impact and must clearly be allowed for in any ‘

’

- comprehensive theory of erosion; another statistical

element must be introduced into the analysis.
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8.5 Prediction of erosion resistance ‘

The dependence of erosion wear on particle Velocity
and angle of impact has been emmirically determined by
many workers, and is found to vary little among different
metals (see sections 1.2.3 and 1.2.4). Such dependence

may be easily represented by emnirical equations for

application to practical problems.

The solution of pnroblems of erosion in industrial

plant, however, often reqguires some method of predicting
the comparative erosion rates of different metals under the
same conditions, since it is ratiher more difficult to
redesign the machinery to minimize the erosion rate than

; to change the materiel from which the wearing components

11
(7

are made. If theoretical approaches such. as Finnic (1958)
e of

or Bitter's (1983) are tried it is found that the rat
erosion of a metal depends upon material prowerties which
must not only be determined by =mractical erosion tests, but
which are also found to vary with experimental conditions
(see section 1.5). It would cleearly be of considerable
usefulness 1if sone method of predicting the erosion
resistance of a metal or alloy from a knowledge of its

physical properties could be developed.

As was seen in chapter 1, indentation hardness is
not a good nredictor of a metal's resistance to erosion;

melting temperature is better (Smeltzer et al. 1970).
Ascarelli (1971) has developed a "thermal pressure’
parameter which seems to predict erosion rather better than
any of the indicators suggested by other workers. His

arguments are somewhat implausible, but in the developnment

of such an indicator, its validity when compared with

4

experimental data is more important than the arguments
leading up to its develownment.

Another indicator of erosion resistance, which is
in some respects better -than that of Ascarelli, may be

-
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above (see section 9.3). The mechanism envisazed is one

n

of thermal softening; the concentration of deformation

which leads to the formation of an easily detached crater
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lip results from adiabatic deformation of the metal, the
conscauent temnerature rise lLeading to a drop in yield
stress of the deformed metal. A detailed analysis of

mechenism of lip formation would be very difficult, but

o
S
o

we can assess the immortance to this mechanism of some
physical properties of the metal. VUWe shall assume that the
process of deformation is carried out so rapidly that
thermal conduction is not sjgnificant; the process is

truly adiabatic. We would not therefore expect the

thermal Conductivity of the metel to influence the process,
Factors which would increase the tendency to thermal
softening under these conditions wre a high plastic flow
stress, since the energy dissipated for a given strain

will be proportional to the flow stress, a low heat

o)

cavacity per unit volume ( = C x and a high rate of

-
St

thermal softening. As an anproximation we assume that the

rate of thermal softening is inversely proportional to the
difference hetween the supecimen temperature and its meliing
point (T -~ T = AT). The volume of the lip might Dbe
ed to be proportional to the volume of the associated
crater, and therefore inversely proportional to the
relevant nlastic flow stress (see section 5.2). From
these arguments, then, it is deduced that a large lip
would be favoured by a low value of C@AT, if we assume
that the opwnosite influences of the metal's nlastic flow
stress cancel each other out. The arguments presented are
purely qualitative; the sole evidence for the validity of
the parameter CPAL as an indicator of erosion resistance
lies in the emnirical data to be presented helow.
Comparison of the erosion bhehaviour of well-
characterised metals under controlled conditions has

received little attention; the only published results are

those of Tadolder (1966) and IMinnie, Woluk and Kabil (1967).

Tadolder eroded a number of pure metals with cuartz sand
using a centrifugal accelerator; Finnie et al. tested a
similir range of metals with silicon carbide grit in an

air-blast rig.

Agscarelli (1971) compares his "thermal pressure”
7y \ 3 - e SR g hnodin e B ¥ S X . 3= e s e, R
Q3 JL) witit the results reported by Finnie, Wolak and Keiil;
his figures have been renlotted in figure ¢.1. The

volume eroded by 1 ky of abrasive at a velocity of 156 ms

(5}

is nlotted against Py calculated from the equation in 1.4.%
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The correlation is, at worst, + 28%. An appreciably
greater disparity is found, however, hetween Ascarelli's
parameter Pt and the exverimental results of Tadolder
(fipure 9.2). Tadolder tested the metals titanium, zinc

-4

and niobium (columbium) which were not tested by Finnie
ot al., and the abilily of Ascurelli's paremeter to
predict the erosion of these nmetals is of interest

The dewnarture from the straight line in thi graph is
rather worse thun in figure 9.1.

Figure 9.3 and 9.4 show Finnie's and Tadholder's

data plotted egainst the product CPAT, which has the units

of pressure. While the difference between these graphs and

¥ =

those of Ascarelli's thermal y»ressure is pot great, the

prediction of erosion resistance amony the more resistant
metals ( Ti, Cu, Fe, Ni, Co, Nb, Ta, Mo and W) is
scmewhat mourc accurate with the vnroduct CQAT than P_.

v

Certainly both P, and CpAT are considerably better
t J

indicators of the erosion performance of pure metals then

other properties which have been suggested.
The accuracy of these - indicators in predicting the
behaviour of &lloys has not been tested, since no

comparaetive erosion tests have been carried out on a wide

enough range of well-chuaracterized alloys. However,

Ascarelli's model would vpredict a much higher rate of eros

sion

of the alloy Invar (F'e + 36% Ni) than of either pure iron

or nickel. Invar has & low coefficient of {thermal

’

expansion, leading to a low velue of Ft’ whereas the
value of CpdT for Invar is close to those for iron and

41

theory

e

nickel. Gold wounld be predicted by Ascarclii's to
suffer a volume erosion less than thut of iron and almost
as low as nickel, while the CPAT parameter for gold is

roughly the same as that of silver, which is intermediate

in erogsion resistance between alunminium and copper. Drosion

y

tests on zold and Invar would therefore yield useful
nformction about the reluative value of these two methods
of prediction.

While these indicators of erosiocn resistence do
appear to predict the behaviour of pure metals guite well
their linitations and the assumpntions made in their use
must be anpfcciated. Since they both yield only one quon

to describe "erosion resistionce’ there is an inlierent

assumption tuat all metals show the same variation of

7

ti L'\’
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erosion with angle of impact. As we saw in figure 1.2, this
is not so. The values of physical quantitics used to
determine Pt and CpAT nlotted in the figures were all
room-temperature values; C varies apureciably with
temperature, as dooetand X , but allowing for such

variation gives slightly worse corrclation with erosion

“than using the values obtained at «300K. Until more

information is available on, for examnle, the comparative
erosion behaviocur of several alloys, little more can be
decided about the value of these indicators. Although
their validity can only be judged empirically, they may

nevertheless be nractically useful pointers to materials

which have good resistance to erosione.




9.6 Conclusions ]
While it is impossible to list all the conclusions
of this work in a short space, an attemmt has been made \

to summarise the main points below. ‘

(i) Spherical particles were shown to remove metal
from a plane surface in oblique impacts under certain
conditions. The mechanism, ploughing, has not been
considered previously by other cuthors. Angular particles
will also remove metal by this nrocess under certain

circumstances,

4

(ii) The process of ploughing involves the formatioid of
a lin at the end of the impact crater, which may be ‘
removed by the particle which formed-it, or by subseauent

impacts. This lip constitutes more than S0% of the weight

lost by the surface during the ohlique impact of a spherc.
Detachment of the lip occurs within a band of intense
shear defcrmation, thought to be an -adiabatic shear band.
(iii) Veight losses in normal impacts, and the weight
losses in oblique impacts where the terminal lip has not

been removed, arise from the fragile tips of ridges

i

extruded to the sides of the projectile. These ridges are
not formed in quasi-static indentations,

(iv) Weight losses occurring in the single impacts of
spheres were found to correlate well with the weight
losses found in multiple impact erosion tests, indicaling
that the study of single imnacts was a valid approach

to the erosion problem; a velocity exponent of 2.9 was

found for weight losses in single impact exneriments.

5

The damage caused by sing;le spheres was found to scalc
geometrically and scaling rules were established to include

(

the effect of particle density.

(v) The energy reaquired for unit weight loss was found
to depend strongly on the imnact conditions; the assunmption
of a constant specific cnerpgy made by some theories is
false. The fraction of the volume of metal displaced in ‘

he impact which is actually rewoved from the target also

—
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9.6 Conclusions

Yhile it is impossible to list &ll the conclusions
of this work in a short space, an attempnt has been made

to summarise the main points below.

(1) Spherical particles were shown to remove metal
from a plane surface in obligue impacts under certain
conditions. The mechanism, ploughing, has not been
considered previously by other cuthors. Angular particles
will also remove metal by this vrocess under certain

circumstances.

(ii) The process of ploughing involves the formatiorn of
a lin at the end of the impact crater, which may be
removed by the particle which formed-it, or by subsecuent
impacts. This lip constitutes more than 20% of the woight
lost by the surface during the obhlique impact of a spherc.
Detachment of the lip occurs within a band ol intcnse

shear defermation, thougiit to be an -adiabatic sh

(iii) VWeight losses in normal impacts, and the weight
losses in oblique immacts where the ter m1nﬂ1 lip has not
been removed, arise from the fragile tips of ridges

‘ extruded to the sides of the projectile. These ridges are

not formed in qguasi-static indentations,

(iv) Weight losses occurring in the single impacts of
spheres were found to correlate well with the weight
losses found in multiple impact erosion tests, indicaling
that the study of single immacts was a valid apwnroach

‘ to the erosion problem; a velocity exponent of 2.9 was
found for weight losses in single impact exneriments.
The damage caused by single spheres was found to scale

4

geonictrically and scaling rules werc established to include

£ 0

the effect of particle density.

(v) The energy required for unit weight loss was found
to depend strongly on the imnact conditions; the assumption

of a constant swvecific cnergy made by some theories is

‘ false. The fraction of the volume of metal dismplaced in

T T - . h s BN RAVIERRG i 'Y T, TN T
e impact which is actually removed from t(he target also
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varies with velocity; the theoretical approaches assume

it constant.

(vi) High-speed photography of the impact of a sphere
on a plane provides a versatile technique to measure the
coefficient of friction under impact conditions (high
load and sliding speed). The values obtained agree well
with those of other workers; this method eliminates some

of 'the restrictions of previous approaches.

(vii) The mean indentation pressure beneath a normally

impacting sphere on a steel surface, although always
higher than that in static indcntaﬁions, was found to

fall with increasing velocity of impact. Large differences
were found in the pattern of deformation below dynamic and
quasi-static indentations. Thermal softening of the

steel during rapid deformation was felt to be responsible
for the drop in indentation pressure and to account for
the different deformation patterns.

(viii) Thermal softening was suggested as an important
process in the removal of metal by an impacting erosive
particle, and a simple predictor of erosion resistance was
developed from this idea and found to correlate well with

experimental data.

The following lines of research are suggested as
a continuation of the work described here.

(i) This work has suggested that thermal softening plays
an important role in the erosion of ductile metals, and

the simple product @CAT shows encouraging agreement with
the experimentally determined erosion resistance of many
pure metals. More data, however, are needed on the erosion
resistance of alloys under controlled conditions, and a
more rigorous theoretical analysis of thermal softening

under adiabatic deformation conditions should be attempted.

(ii) The study of impacts on other materials using the

techniques of chapters seven and eight would be informative.
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In particular, the influence of work-hardening rate on

the impact process and on the variation of dynamic yield
pressure with velocity of impact would be of interest.

In view of the results obtained already on copper (chapter
fotr), work—-hardened and annealed copper might be suitable
metals. Inscribed grids could profitably be used to

study the pattern of sub-surface deformation. The

effect of adiabatic shegr susceptibility might be studied
by using titanium targets; titanium forms adiabatic shear
bands very readily.

(iii) A theoretical analysis of the oblique impact of a
rigid sphere on a plastic plane would be of great interest
and would aid further analysis of the results presented

in chapter seven. A simple analysis might be based on the
assumption of a constant yield pressure as made by ‘tabor
(1951) in his model of the normal impact, but it is not

clear what physically reasonable simplifying assumptions

may be made to render the analysis tractable.
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