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The Fundamental Mechanisms of the Erosive
Wear of Ductile Metals by Solid Particles

by ) '

I. Finnie, A. Levy and D. H. McFadden

University of California
Berkeley, California
Abstract

A brief survey is presented of the mechanisms which have been proposed
for the erosion‘of ductile metals by solid particles. After reviewing these
and examining scanning electron microscope photographs, it is concluded that
a ductile cutting mode applies when the velocity vector of the eroding part-
icle makes an éng]e of less than about forty-five degrees with the surface.
Above- this anglec the removal process appears to involve quite different
mechanisms. An earlier analysis of the cutting mechanism is reexamined and
shown to predict many features of the erosion process. In particular the
role of particle velocity, elevated temperatures and material properties are
discussed. Some preliminary results are presented for erosion at.higher
angles and possible mechanisms for material removal are discussed. Finally,
some suggestions are made for future directions in erosion research in view

of the current interest in coal-hydrogenation processes.

Key Words; abrasion, coal-hydrogenation, cutting, ductile metals, erosion,
erosive wear, flow stress, grinding, hardness, heat treatment, machining,

metals, scratching, size effect, wear, work-hardening.
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Introduction

Erosion By solid particles in a fluid stream has been a problem in many
industrial processes. Currently, there is a gfeat deal of interest in coal-
hydrogenation. From piTot plant results an&‘experience with similar opera-
tions, erosion appears to be an important . factor in the
development of novel hydrogenation processes. The need for a better under-
standing of erosion in this connection is the motivation for the present work.

This type of wear has been studied for many years and the classic mono-
graph of Wahl and Hartstein [1] "Strahlversch1eiss" pub]ished in 1946
contaiﬁs some 233 references. It was known, by this time, that erosion de-
pends markedly on the angle of impingement, with the dependence being quite
different for ductile metals and brittle solids. This early work, cbmpared
the erosion resistance of different materials and many ingenious solutions to
practical problems were devised. However, an interest in the fundamental
mechanisms by which solid particles remove material during erosion has only
déve]oped within the past twenty years. Work in this direction is stimulat-
ing because of the many different viewpoints which have been proposed. It is
also somewhat frustrating because of the difficulty in re]atihg the conditions
occuring during erosion to those in conventional materia1§ tests. Since the
literature on the mechanisms of erosive wear has been reviewed in detail in
rgcent publications [2,3] we will present only a brief summary at this time.

In 1958, one of the preseht writers [4] considered the trajectory of the

tip of a rigid abrasive grain which cuts the surface of an ideally ductile

‘metal. Making a number of assumptions which were spelled out in this and

later work [5,6], the volume V removed from a surface by a mass M of eroding

particles was predicted to be

V~MP fla) £ p - | (1)




Where U is the particle velocity, f(a) a function of'a,‘the angle measured
from the plane of this surface to the particle velocity vector and p is the
,horizontal component of the flow pressure between particle aﬁd surface. As
we will discuss later, this approach predicfs, successfully, many features
of the erosion of ductile metals when the angle a is less than say 45° but
is incapable of predicting the erosion observed for higher values of a. By
contrast to ductile metals in which material can be removed by the cutting
action of a particle, as well as other mechanisms, in ideally brittle solid
removal must occur by the propagation and intersection of cracks. Analyses
of this type of erosion were presented in 1966 [7] and later [8] which showed
encouragfng agreement with experiment. We will not pursue the topic of the |
erosion of brittle solids in the present paper'since we are treating»ductile
metals. However, it is important to realize.that the mechanisms of material
removal for ductile and brittle behavior are completely different.

With this in mind, one has to be skeptical about the analysis of Bitter
[9] which attempted to cover both brittle and ductile solids'with the same
eqﬁations. Following earlier workers he considered erosion to consist of
two simultaneous processes "cutting wear" and "deformation wear". For ductile
metals at low angles cutting wear predominates, while at hfgh angles deformation
wear predominates. The analysis is elaborate, being based on elastic contact
stress calculations and energy balances. Later it was simplified by Neilson
~and Gilchrist [10] who presentéd equations which gave a good fit to
experimental data. Our viewpoint may be partisan, but-it is difficult to
'view this approach as other than "curve fitting" and it sheds little light
on the fundamental processes involved in erosfon.

An extensive series of erosioﬁ studies was carried out by Tilly and his

colleagues [11-17] in connection with sand erosion of gas turbine compressors.
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A great deal of useful information was obtéined, for the first time, on the
effect of the‘prdperties of the eroding particles on erosion. By contrast

to earlier workers who assumed the eroding particles to be rigid, Tilly
proposed a two-stage process in which partié1es produce some erosion and then
fragment to produce additional damage. On the basis of this model, the
erosion which occurs at a = 90° was attributed to the radial motion of the
fragmented particle. However, this explanation has been questioned by Kleis
and his colleagues [18]. The two-stage process was also used to explain the
effect of particle size in erosion since large particles should fragment more
easily than small ones and produce more damage. However, such a size-effect
is also observed in slow-speed abrasion tests. Finally, the additional
fragmentation which should occur at higher velocities was offered as-an
explanation for the observed dependence of volume removal on velocity V ~ Tik
where n > 2. By contrast to Eq. 1 which predicts n = 2, virtually all
erosion tests on ductile metals show higher values of the.exponent n. In
Tf]]y's tests the value reported was n = 2.3. While fragmentation may play
a ro]é in some cases, the wide variety of situations in which values of the
exponent n greater than two have been reported lead us to seek a more general
explanation for this result.

Continuing with these different viewpoints, the next approach is that of
Smeltzer, Gulden and Compton [19]. They suggest that local melting during
impact and attachment of surface material to the impacting particles produce
erosion. Again the generality of this hypothesis may be questioned because
materials of widely differing thermal properties show a similar response to
eroding particles.

Another model for erosion was suggested by Sheldon and Kanhere [20];

Their derivation, which applies for a = 90°, consists of an energy balance



between the kinetic energy of the particle and the work expendea during in-

dentation. The result is

v ~ 033 (o/Hy)3/2

where V and U are as defined earlier,p is the particle density, D its diameter,
and Hv is the Vicker's hardness of the surface. Sheldon [21] contends that |
the appropriate value to use for the Vicker's hardness is that of the material
in the “fully work hardened" condition which may be as much as five times
greater than that of the annealed metal. Again, this analysis is lacking in
generality since the velocity exponent is usually between 2 and 3 and the
derivation based on an energy balance appears to be oversimplified.

An important contribution to our fundamental studies of erosion mechanism
in recent years has been the work of Hutchings and Winter [22-25]. Using
single particles they have shown that cutting or ploughing may occur depending
on the rake angle. Tﬁe ploughing or extruding of material above the surface
can also lead to erosion if this raised and more vulnerable material is re-
moved by subsequent particles. These authors have observed bands of local-
ized deformation in the material raised by particle impact. These bands are
attributed to thermal softening and the mechanism by which fracture propagates'
in these bands to remove material has been discussed [25].

From this brief review it is seen that a variety of opinions exist on the
mechanism or mechanisms of material removal in erosion. For this reason, it
appears worthwhile to re-examine the original cutting analysis [4] to assess

its range of validity and suggest directions in which it may be improved.

The Cutting Analysis

For completeness we will summarize the assumptions and the final results.

Details of the derivation have been given elsewhere [4,6,26].



A rigid polyhedral grain as shown in Fig. 1 strikes the surface and does
not fracture. ‘A1though the analysis can be extended to the three-dimensional
case [5], for simplicity we consider the two dimensional case in which the
grain of Fig. 1 has a uniform width, b. Little rotation of the particle
occurs during cutting, so for polyhedral particles the co-ordinates of the
Y

particle center of gravity X, Y and its tip X are related by XT = X + r¢,

T 7

Yr = Y. If particle rotation is limited, the cutting confjguration should be

T
approximately geqmetrical]y similar while the particle cuts into the surface.
Also, with sharp particles, large strains should occur from the beginning of
the cutting process. These conditions lead us to assume that the ratio K of
vertical to horizontal force on the particle is a constant during cutting and
that a constant plastic flow pressure exists during cutting with its horizon-
tal component being denoted by p. Before writing the equations of motion an
assumption has to be made for the ratio ¢ of the vertical distance L over
which the particle contacts the surface relative to the depth of cut YT' In
pfevious work [1], based on metal cutting experience this value was esti-
mated as 2. However, for the present we leave it as an unknown but fixed
ratio. Finally, the volume removed was taken as the product of the area
swept out by the tip of the particle and the width b of the cutting edge.
That is

tc dXT
v=ijdeT=bjo Y (D) dt

- where t is time from the start of cutting and té is the time at which the
particle ceases to cut.
Having made these assumptions, the equations of motion for the particle

: }&fa in the X, Y and ¢ directions may be solved and expressions determined
7




for V. In presenting the results it is convenient to make use of the quantity

P ='-———JL—?- where m is the mass of an individual particle and I its mass

-

moment of inertia about its center of gravity. Also, recognizing that not all

-’

particles will cut in the idealized manner we denote the fraction which cut in
the manner assumed by c. The resulting expressions for the volume removed by

a total mass M of abrasive grains are:

2
M 2 .. 2 .2 -1p
v p [K (sin2a - 5 sin a)] a<tan 3 | (2)
a2 2 |
y=- M fcosa a>tan’t B (3)
- 2yp- 2 2
N U

The first equation applies when the particle leaves the surface while still

cutting while the second applies when the particle comes to rest while cutting

(i.e. t. corresponds to YT = 0 and 7ﬁ}v= 0 respectively). The two expressions

for volume removal coincide for tan a = g-while maximum removal is predicted
to occur at the slightly lower angle given by tan 2o = P. Taking a value of
K = 2 based on grinding data and tests with single abrasive grains and choos-
ing I = %-mr2 for a polyhedral grain, P = 0.5 and maximum erosion is predicted
to occur at a = 13°. The angle for maximum erosion is fortunately not very

sensitive to the choice of P. For>examp1e, for P =1.0, a x = 22.5°. In

- Tma
previous work we have shown that-the predicted variation of volume removal
with angle agrees very Well with experiment for angles less than say a = 45°.
This is illustrated by Fig. 2 which compares the predicted result with recent
experiments on 1100 - 0 Al. Also a modification of the analysis to treat

curved surfaces, provides a qualitative explanation [27] for the ripple
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patterns which form when ductile metals are eroded at low angles of impinge-
ment.

To study, in a more fundamental way, the variation of erosion damage with -
angle a series of single particle impacts wa; examined using stereo scanning
electron microscopy. In addition, profiles wére traced through the approxi-
mate center of the "crater" produced by the impacting particle. There is
considerable variability in the craters produced at a given angle because of
the irreqularity in the shape of the abrasive grains. However, after examin-

ing five or six craters for each angle, "typical" results are shown in Figs.

3-6 for a = 10°, 30°, 60° and 90°. At o = 10° the particles, in general,

leave the surface while still cutting while at a = 30° the particles cut but
are trapped by the surface. These mechanisms cdrrespond to those involved in
the cutting analysis. However, much of the material which has been cut is dis-
placed rather than removed, as described by Hutchings and Winter. We will |
return to this aspect later. At a = 60° and 90°, no cutting is involved and
the original surface markings can be seen in the region stuck by the particles.

When very many particle strike the metal to produce a rough surface, the

- situation becomes more complicated. However, it appears inappropriate to

apply a cutting type of analysis for higher angles (say a > 45°).

Returning to Eqs. 2 and 3 we note two simple predictions which are con-
firmed by experiment. The volume removed is observed to be proportional to
the total mass of the eroding particles except for an incubation period which
is most pronounced for the higher angles. The particle size does not influence
the volume removal provided it is greater than about 50 - 100 ym. The reduc-
tion in volume removal ("size effect") which occurs with smaller particles has
been discussed by one of the authors [6] and there is little we can add to this

topic at the present time.
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As pointed out earlier, a puzzling feature of erosion has been its
dependence on velocity. Rather than the value V ~ U2 predicted by Eqs. 2 and
3 the observed values of the exponent are more typically 2.3 - 2.4 and can
range from 2 to 3. This was explained recently [26] by a slight modification
of the original cutting analysis. In the original derivation, based on Fig.
1, the vertical and horizdnta] forces were assumed to act at the tip of the
particle. By moving these forces to the center of the contact region be-
tween the particle and the surface, only the equation of motion in the ¢
direction is changed. This change depends on the ratio ¢ and the depth of
cut which in turn depends on the velocity. As result, velocity exponents are
predicted which agree with the range of values observed experimentally. The
modified analysis predicts a velocity exponent which increases with angle
in the range for which cutting occurs and a slight increase in the angle for
maximum erosion. The crater shape predicted by the original and modified
analysis for a = 10° and a = 30° are compared with experimentally observed
values in Fig. 7. The experimental curve was taken as the median one for all
craters examined for each angle (i.e. some were longer, some shorter). The
maximum depth was scaled to be the same in each case. For a = 10°, the
crater profile is predicted quite well. For o = 30°, it must be remembered
that the particle comes to rest while cutting and only the coordinates of
its tip are being predicted. The additional area removed may correspond to
the region occupied by the particle. Perhaps fortuitously, this is approxi-
mately equal to the area piled up above the surface ahead of the arrested
particle. However, stereo-viewing of the lower photographs in Figs. (3-4)

also shows material piled up at the sides of the craters.

The Influence of Material Properties on Cuttinggﬁrosion

So far, we have examined the effect of angle and velocity in a relative
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sense to avoid discussing the uncertain quantities ¢, p and to a lesser extent

¥. In previous work [28] it was found that the volume removed at o = 20° and

U = 76 m/s for several high purity annealed f.c.c. metals was inversely pro-

portional to their Vicker's Hardness Hv' Since this result has been qubted
on a number of occasions, and extended beyond the range of validity claimed
in the original work, it may be worth discussing it in some detail. First of
all, from volume removal measurements and Eq. 3 with ¢y = 2 an approximate
value quoted [6] from these tests was c¢/p = O.I/Hv. A more precise value
would be c/p = 0.15/Hv, or in the more general case with ¢ left as an unknown
c/Yp = 0.075/Hv. Anyway, returning to the original expression c/p = 0.]/Hv s
this was used along with observations made in abrasion experiments that
c = 0.1 to deduce p = Hv’ However, scanning electron microscope obsérQations
on single impacts in the cutting range show that almost all particles cut a
crater with some of the material being displaced above the surface rather than
being removed. To‘estimate p» the horizontal component of the flow pressure,
the crater shapes shown in Fig. 7 were compared with those predicted analyti-
cally. For annealed commercially pure a]uminum (1100-0) the average value ob-
tained in the cutting range is p = 2Hv where Hv applies to the annealed
material. On this basis we would deduce c¢=0.3, for y=2 or ¢=0.45 for y=3.
Values of this magnitude for the fraction of particles cutting in an idealized
manner appear reasonable. The raised materiaf observed in sing]e particle
experimehts has to be removed by subsequent particles when multiple particle
impact is involved. At this stage it appears_difficu]t to be more quantitative
about the values of the variables ¢, p and y, but theif combined value éi- may
be deduced from experiments on a given material. |

We return now to the relationship of p, the horizontal component of the

flow pressure to the hardness or other material properties since p is the only
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means of comparing the relative erosion resistance of different materials in
the cutting aha]ysis. In comparing different materials we recall that erosion
involves large strains, large strain-rates and elevated temperatures in the
region being deformed. By contrast, the Vicker's Hardness test is a measure
of the flow stress at low strains and ambient temperature. A common appréxiQ
mation is to equate the Vicker's Hardness to three times the tensile stress

at eight per cent strain. To a large extent, one would expect the effects of
high strain-rate and high temperature in erosion to offset one another. Thus,
in comparing annea]ed, high purity f.c.c. metals, which should have approxi-
mately similar stress-strain curves, it is not unreasonable to assume that

the Vicker's Hardness is proportional to the flow pressure.reached in erosion.
However, if the annea]ed‘material is cold-worked before erosion its Vicker's
Hardness will be increased but 1ittle change would be expected in the flow
stress at very large strains where the stress-strain curQe tends to become
flatter. Thus, it is not surprising to find fhat prior cold work has
essentially no effect on the erosion resistance of ductile metals [28]. In
steeTs, large increases may be produced in the yield strength by alloying and
heat treatment but the strain-hardening following yield is much less pronounced
than in say annealed f.c.c. metals. Thus, we would expect the hardness of
steels to overestimate their erosion resistance when using the result

Vol ~ %-~ %—- obtained from annealed f.c.c. metals. Another illustration

that the Viczer's Hardness cannot be relied upon to predict relative erosion
resistance is the work of Brass [29] on AISI 1075 in pearlitic and spherodized
forms. Comparing a fine pearlite with Hv = 250 kg/mm2 and a spherodized
structure with Hv=]62 kg/mmz, the "softer" material is seen to erode about 15
percent less at a = 15° with both materials showing the same weight loss at

a = 90°. After correcting Brass's observations for the difference in velocity

between his tests and those in reference 28, his results for spherodized steel
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are seen to fall quite close to the relation obtained for annealed f.c.c.
metals. The most striking feature of these tests is, perhaps, that a dramatic
difference in microstructure leads to relatively little changevin erosion resis- -
tance. Tests [29] on an Al - 4.75 percent Cu alloy heat treated to give fine
GP zone precipitates with a lower yield and a higher work hardening réte than
the larger precipitate 8' microstructure led to the unexpected result that GP
zone material eroded about 20-30 percent more at o = 15° than 0' material with
relatively Tittle difference being observed at o = 90°. Again, after correction
for the different velocities in these tests and reference 28, the erosion rate
at a = 20° is less than a factor of two greater than would be expected from the
tests on annealed f.c.c. metals.

The picture that emerges is a discouraging one from the point of view of .
material selection if we consider ductile metals tested in air with hard abra-
sive particles. The result obtained with annealed high purity f.c.c. metals

L gﬁlg-at a = 20° appears to provide a lower bound for the volume removal

p

when e:osion occurs by a cutting mechanism. For practical purposes an upper
bound would be more desirable. From previous work [28] and the tests of Brass
[29] it is seen that prior cold-work or microstructural changes have little in-
fluence on erosion. While these conclusions are based primarily on tests at low
values of o , where cutting is involved, they appear to apply also for erosion

at higher angles. However, changing tests conditions such as softer and more

friable particles or a corrosive environment could well alter these conclusions.

Erosion by perpendicular impingement

Our analytical treatment of erosion has been based on the cutting mechan-
ism which has been shown to be limited to angles less than a =~ 45°. Various
mechanisms have been postulated for removal when the particles impinge normally

onto the surface but these are all intuitive without any convincing
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proof. Among the mechanisms suggested for removal are: work hardening and
embrittlement [9], fracture of the particles with radial flow of fragments
.[17], an extrusion or pushing up of the surface [20], delamination of sub-syrface
material [29,30] melting [19], and low-cycle fatigue [6]. The difficulty in de-
ciding between these mechanisms is clear if we compart the volume removed by a
typical particle at a=90° with the volume of the crater formed when a single particle
indents the surface. If the hardness of the surface can be described by the
Vicker's Hardness of the annealed material this ratio is about 1/200. On the
other hand, if we accept Sheldon's explanation [21] that the surface may be
about 5 times harder than the annealed material the ratio is about 1/40. In
any evenf, the conclusion is that aboutlone percent of the indentation volume,
within a factor of two, is actually removed from the surface. With such a
small fraction of the deformed volume removed, many removal mechanisms are
plausible. However, seQera] may be discounted by scanning electron micro-
scopy. An examination of the same region as erosion progresses [31] eliminates
both the embrittlement and melting mechanisms and fracture of the particles
does not appear to be a general explanation. The process is best described
as a continuous "battering" of the surface leading to removal when extrusion
of vulnerable material leads to a ductile fracture. The removed material is
"flake-1ike" which is consistent with either an "extrusion" type of mechanism
or the concepts of "delamination wear" advanced by Suh [30]. This is illus-
trated by Fig. 8 which shows an aluminum surface eroded at o = 90° [31]. Both
photographs are of the same surface and have the same magnification. One
was taken at 63° to the normal and the other is a cross-section of
the surface. For the present we favor an exfrusion process ending in ductile
fracture as the mechanism of removal but cannot exclude "low-cycle fatigue"

or "delamination wear" as potential mechanisms. In fact, we believe that with
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further study these three potential mechanisms may prove to be interrelated

rather than distinct.

Influence of Temperature and Environment

Although many erosion problems occur at elevated température and in a
corrosive environment, there have been few basic studies which involved these
variables. Unless elevated temperature tests are run in a vacuum or inert
atmospheré, the effects of oxidation or other surface reactions may influence
the results. Further complications would be expected if chanées in particle
strength,size, velocity, or flow-rate alter the extent to which the surface
scale is removed relative to the removal rate of the base metal.

Considering first the role of temperature, it is found in static tests
that most metals cease to be of structural value when their homologous temper-
ature HT (temperature : melting temperature in degrees absolute) is about one-
half. However, because of the extremely high strain-fate in erosion, one
might expect to find strength levels maintained to higher temperatures than in
static tests. The most extensive collection of experimental results reported
to date are those of Tilly [13] who tested materials using a rotating arm in
a vacuum chamber. From room temperature to about 500°C, a nickel alloy and a titanium
alloy aa = 40° and o = 90° as well as a-11% chromium steel at a = 90° showed little
effect of temperature on erosion. On the other hand, the erosion resistance
of a beryllium copper, an aluminum alloy and a mild steel increased as the
temperature was increased. For both the aluminum alloy and the steel the
erosion at 400°C was only about a third of that at room temperature. The tests
of Smeltzer etal. [19] on four materials (2024 A1, 17-7 PH steel, 410 stain-
less, Ti-6A1-4v) also showed little effect on erosion of gas temperatures
ranging from ambient to 370°C. Recently, Young and Ruff [32] reported that at

500°C the oxide coating on certain alloys could decrease the erosion due to
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small particles (5um) relative to that due to larger particles. However, little
difference was noted in the erosion at 25°C and 500°C when larger particles
(50um) were used at the same velocity and angle (52m/s, 45°). These results
point out the importance of the particle depth of cut relative to the thickness
of the oxide coating. At the same time, Ives [33], using an ingenious test fix-
ture which permits simultaneous testing of multiple specimens, examined the
effect of temperature and environment on Type 310 stainless, a prime candidate
material for coal-hydrogenation systems. At a = 90° and 15-70 m/sec, silicon
carbide particles of 100 mesh (approx. 124-150 um) produced considerably more
erosion at 975°C than 25°C. At the lowest velocity where the particles did not
penetrate the oxide scale the effect of temperature was more pronounced.

In another study [34], several metallic alloys and silicon nitride were ex-
posed to oxidizing combustion gases at 870°C and velocities up to 270 m/s with
and without 130 ppm of 20 umA1203 particles. While the silicon nitirde was
relatively unaffected in either case, the metallic alloys showed two to three
orders of magnitude more weight loss under erosion-corrosion conditions than
with corrosion alone. In this case, each region of the eroded surface is being
struck on the order of once per second. The oxide scale forming in this period
is so thin that metal erosion governs removal rather than scale erosion. Addi-
tional evidence of the predominance of erosion under these turbine operating type
condjtions relates to the differences in alloy behavior found with and without
erosion. Iron and nickel base alloys that showed different behavior in corrosion
tests behaved similarily in combined erosion-corrosion tests. The surface fea-
tures which developed in these tests after exposure were typical of those ob-
served in eroding ductile metals at both shallow and steep angles of impingement.

As might be expected, smaller size, 2um, A1203 particles resulted in a different
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relationship between erosion and corrosion. These three references [32,33,34]
are notable for combining elevated temperature erosion measurements with micro-
" 'scopic observations of the surface and illustrate the complexity of the high
temperature erosion-corrosion problems. )
For fdrther experimental work we have designed a high temperature erosion
test facility which permits temperatures up to 1000°C with gas compositions
typical of coal-hydrogenation processes. Details of the apparatus will be re-
ported later. For the present we give only preliminary results on 1100-0 Al and
310 stainless steel with 250 um particles using nitrogen as the carrier gas.
Particle velocities were measured using the rotating disc technique of Ruff and
Ives [35]. Figures 9 and 10 show the results of tests at 30.5 and 61 m/sec on
1100-0 A1 with HT = 0.32 (room temperature), 0.4 (99°C), 0.6 (285°C), and 0.8
Hava HT OJeno’es Fe Hhomo/ogous Teueiivativlom Cubivarup sme =g 90a~ 5=
(471°C).‘~At the Tower velocity the curves for the lower three temperatures are .& Segres
quite similar. Even the curve for HT = 0.8 shbws a peak at about the same angle
as the other tests. This indicates that a cutting mechanism is still involved
at lTow angles even at the elevated temperatures. The decrease in erosion at low
angles as témperature is 1ncréased,.as in-some of Tilly's tests, is unlikely to
be due to an oxide scale. While his tests were run in air, ours were in nitrogen,
and one would expect a shift in the angle for maximum erosion if a brittle
material were being eroded. For a = 90°, the picture is reversed with no change
in erosion occuring up to HT = 0.6 and then a sudden increase for HT = 0.8. At
the higher velocity, Fig. 10, the effect of angle on grosion is decreased. The
curves still show a maximum at about o = 15° but for HT = 0.8 the difference be-
tween the maximum erosion and that at 90° is only about 15%. At the higher vel-
ocity, the erosion rate increaSes with increasing temperature which is a result

that might be expected from a decrease in flow pressure with temperature. How-



ever, the increase in erosion is much smaller than would be expected from the
effect of temperature on, say, the tensile test. The preliminary tests on 310
stainless are shown in Fig. 11. By contrast..to the tests‘on aluminum, increas-
ing temperature has a profound effect on erosion but the maximum erosion again
occurs at low angles. At a = 25°, U = 30 m/sec and 975°C, Ives [33] found an
increase in erosion by a factor of about five compared to tests at 25°C when
testing with excess oxygen or excéss propane. Our resu]ts‘at 982°C and 20°C in
nitrogen show an increase due to temperature by a factor of about eleven. This
further illustrates the need to test with the corrosive environment expected in
service.

From the references we have cited and Figs. 9-11, it is clear that addi-
tional work needs to be done to clarify the effect of temperature on the flow
‘stress and other variables. Generally, the factors such as velocity and angle
that influence the ambient temperature behavior of ductile and brittle materials
appear to play a simiTar role in elevated temperature testing. However, the
particle size and concentration in the fluid stream are much more important at
elevated temperature. Along with the velocity and angle these variables will
determine whether the particles remove a ductile metal or a brittle corrosion
product. At the same time the corrosive environment and temperature will con-
trol the growth rafe of protective oxide scales and in some cases destructive
sulphur compounds.
Conclusions

Many aspects of the erosion of ductile metals by rigid particles in the-
inert environment are quite well understood. The challenging and important pro-
blem, now, is to extend this work to elevated temperatures, corrosive environ-

ments, and particles which are typical of those found in service. An improved
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understanding of this complex problem will call for careful and extensive

mechanical testing and meta]]urgiéa] studies using specialized apparatus.
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Captions

Figure

Figure 1 Idealized two-dimensional model of a rigid grain cutting into a
ductile metal. '

Figure 2 Predicted and experimental curves for erosion as a function of
angle, normalized to give the same maximum erosion in both cases.

"Velocity 78 m/sec. ,

Figure 3 (A) Damage caused by a single 1100 um diameter SiC particle at
10° angle of impingement with initial velocity of 67 m/s on
1100-0 aluminum. (B) Crater profile along section XX.

(C) Stereo photographs of impact (use stereo viewer provided in
Metals Handbook, Vol. 9).

Figure 4 Same conditions as Fig. 3 except o 1is now 30°.

Figure 5 Same conditions as Fig. 3 except o is now 60°.

Figure 6 Same conditions as Fig. 3 except a 1is now 90°.

Figure 7 Single particle crater profiles for representative experimental
results and profiles predicted by original and modified analysis
at (A) o = 10° and (B) a = 30°. Results are scaled such that
the maximum depth of cut for experimental and predicted results
are equal for a given a.

Figure 8 Scanning electron microscope photographs of 1100-0 aluminum

) eroded at o = 90° and a velocity of 61 m/sec by 600 um SiC parti-
cles. Top view is taken at 63° to the normal, lower view is a
Vcross-section of the surface.

Figure 9 Erosion of 1100-0 Aluminum at a velocity of 30.5 m/s as a function
of angle for several temperatures.

Figure 10 Erosion of 1100-0 Aluminum at a velocity of 61 m/s as a function
of angle for several temperatures.

Figure 11 Erosion of Type 310 stainless at a velocity of 30.5 m/s as a func-

tion of angle for several temperatures. HT 0.73 = 982°C;
HT 0.63 = 820°C; HT 0.17 = 20°C.
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