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ABSTRACT

The present work was_uﬁdertaken to study the mechanism involved
in the erosion of ductile metals by solid particles at grazing angles
of incidence. To investigate the material removal process, a series of
multiple and single particle tests was conducted on 1100-0 aluminum
with silicon carbide particles. These results were correlated with
existing analyfical models. Departures of the experimental results from
theoretical predictions were resolved by considering a more realistic

model of the erosion process.
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I. INTRODUCTION -

Through the years, erosion by solid particles in a fluid stream
has been a problem in many industrial processes. Currently there.is a
great -deal of interest in coal-hydrogenation. From pilot plant results
and experience with similar operations, erosion appears to be an impor-
tant, if not limiting, factbr in the development of novel.hydrogenation
processes. The need for a better understanding of erosion in this con- '
neétion is the motivation of the present work.

The study of erosion of ductile metals began in the 1930's.. Thé
first phase (1§3o~1960) of erosion research involved primarily the col-
1ectién ofverOSidn data for different materials and particles under
varied conditions. This era defiﬁed the basic relationships involved
in érosibn and‘repdrtedrinteresting observations on the erosion re-
sistance of varioué.metals and refractories. However, it was not until
1958 that the first analysis of erosion was performedf' This study be-
gan the next phase of erosion work, that is, trying to develop an analy-
sis to predict weiéht loss. An uhderstandiﬁg of the basic mechanisms
by which erosion occurs ié necessary if predictions are to be made for
new pfocesses.‘ | |

The fifst analysis of weight loss was given by Finnie,1 who con-
sidered the erosion of an ideally ductile material by a hard angular
particle as illustrated in Fig. 1. Tﬁe basis of the analysis was the
following assumptions:

(a) Matefial removal is the result of the cutting action of -

rigid particles.



(b)
(©)

(d)

@
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The plastic flow stress 1is constant.

There is a constant ratio (k) between the horizontal and
vertical forces acting on the particle during cutting.

The volume removed is the product of the area swept out by

the particle tip and the width (bj of the cutting face,
tc

b ;{( YTdXT, where XT and YT are the coordinates of the tip

of the particle as shown in Fig. 1. The time at which cutting

ceases is tc‘

There are two conditions for which cutting may terminate.

“One possibility is that cutting ceases when the particle tip

can no longer move forward (kT(tc) = 0). The other case is
when the particle leaves the surface while still cutting,
that is, when the particle's tip has a horizontal velocity

when Y. (t.) = 0.

'The area of contact is about twice the area given by the

depth of cut (L/yt = 2).

. The two dimensional case shown in Fig. 1 was used as the basis of

Finnie's analysis.2 By solving the equations of motion of the tip of

the particle, the volume removed was determined. The resulting ex-

pression for volume removal was. found to be>

. 2 X, 2
Vol = MWV (cosza -(-fi—)' ) (1)
4p (1+’EE v
I
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where . .Vol = volume swept out

m = mass of eroding particle

I = moment of inertia of particle about its center of

gravity

r . = radius of particle

C = fraction of particles cutting in idealized manner

a = angle of attack

\'A =.particle velocity

. P = horizontal component of pressure on particle taken equal

to Vicker's Hardness HV

XT(tC)= horizontal veloéity of particle tip when cutting ceases

This expression when evaluated for the two possibilities for the end .
of cutting reduces to

2

vol= - cos’a 3 Xo=0 2)
2p(1+0L-)
and
Vor = O’ (%) [sinZoc - _-ﬁ—ZSinza} | 3
mr2 P ' .
ap(1+7F-)
where
N
- p
)

Finnie, et a1,3 conducted experiments in which weight loss as a
function of angle of incidence, particle velocity, and target hardness

were determined and correlated with predictions from the analysis.
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for hard angular particles, SiC and A1203, it was found that the velo-
city exponent, n, varied from 2.04 to 2.50 rather than n = 2 as pre-
dicted. It was found that the analysis predicted an angle_of attack
for maximum erosion which was similar to experimental feéults. The
general shape of the predicted and experimeﬁtal erosion curvesvwere
found to be similar. Weight loss in erosion was found to vary in-

- versely with Vicker's hardness of the surface for annealed metals.

This indication of erosion resist;nce was also predicted by the analy-
sis (Vol « é;). It was found that heat treating steels or cold working
other metals had little effect on the materials'.erosion resistance.

In 1962 Bitter4 proposed a theory for solid particle erosion
which was based on Hertzian contact theory and assorted enefgy bélahces..
Bitter categorized the process as consisting of two distinct méchanisms,
cutting_wear and deformation wear. He asserted that for ductile metals
at low angles of attétk, the cutting mechanism was predominant with
negligible deformation wear and at high angles of attack deformation
wear caused the majority of the damage. It should be noted that Bitter's
approach was developed for:both brittle and ductile erosion and that
the only differences in these erosion mechanisms was the amount to
cutting or deformation wear present.

Neilson and Gilchrist5 presented Bitter's erosion analysis in the

simplified form:

W o= MvZcosasing + MvZsino < a<a
20 . _ 2€ ’ 0



and

where

W

W

M

&
s

MVzczsza . -Mvizinza ; o> ag

weight loss | |

total mass of eroding particles

particle velocity

angle of attack

anglé at which the horizontal coﬁpohent'of particle
velocity is zero R

the cutting energy absorbed by the surface té rélease |

one unit of eroded material

deformation energy absorbed by the surface to release

~one unit of material

It is interesting to note that the final expressions have little if

any relationship to the basis of the analysis.

Bitter4 found by adjusting certain parameters in his analysis that

Finnie's experimental results for aluminum and steel could be predicted.

Neilson and Gilchrist6 were also able to fit Bitter's analysis to their

experimental work with some accuracy. Bitter's final weight loss

equations are essentially a "‘curve' fit method and his predictions are

highly dependent on the two empirical energy constahts; ¢ and €.

Winters and Hutchings7 conducted studies with individual angular

particles striking lead and steel samples to determine the relationship

between the particle's orientation at the point of impact and the

subsequent material damage. It was found that two differentvfegimes

of deformation existed, ploughing and cutting. They found that
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ﬁloughing occurred at large negative rake angles, that is, when the
angle between the leading edge of the particle and the surface was
small. Ploughing deformation was found to be reduced if the particle
 had some angular rotation while it was in contact with the surface.
At more poSitive rake angles, cutting deformation occurred, but its
effectiveness was reduced by any rolling of the particle. This rolling
action resulted'in‘thé particle penetrating deepiy into the surface
rather than sweeping thoughlthe material. The authors also obsefved
localized deformation, identified as adiabatic shear bands, in the
lips raised during cutting deformation.7’8 They sﬁggested that
materials susceptible to adiabatic shear may also have a lesser
resistance to erosion.

Tilly9 proposed a completely different two stage process for the
erosion mechanism. This consisted of a primary and secondary process.
rather than two mechanisms which dominate under different conditions of
rake anglg‘and angle of attack. These two stages were identified as:

(a)_vPrhnary-erosion stafts with the indentation of the surface

followed by a micromachining process for chip removal.

(b) The second .stage consists of impacting particlés fracturing

and the resulting fragments producing additional removal.
Tilly tried to support this mechanism by characterizing the
particles size distribution and relating the size change to '
the observed erosion.

18

The studies by Goodwin, et al,” showed interesting variations in

erosion parameters with particle size and base material. The velocity
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exponent was found, for small particles, to be 2 but for sizes above
~100 ym it was approximated as 2.3 for normal impacts. These tests

17 found‘

were conducted on several ductile materials. Tilly and Sage
a dependence of erosion rate on particle diameter fbr a given impact
velocity. They found for a number of ductile materials tﬂat the re-
sults, weight loss as a function of particle diameter, could be divided
into three regions. These areas consisted of a segment defined by a
threshold diameter (dEL) below which no erosion occurred, a region
above‘dBL whére weight loss has a power law relationship to the dia-
meter, and fbr still larger particles the erosion rate was_constant;

Experiments relating the erosion characterists of single and
multiplé particle impacts were conducted by Sheldon and Kanhere.11
These teéts consisted of the erosion of 6061 aluninum (annealed and
work hardened) by large diameter stell and glass shot (dié. ~2500 um)
at angles of incidence of 20 and 90 degrees. The velocity exponent (n)
determihed for single and multiple particle tests were similar. For
‘work hardened aluminuﬁ at a = 20°, the velocity exponent was approxi-
mately 2.8. The annealed specimen under similar conditions produced a
velécity exponent which varied from 2.3 to 2.4.

| Sheldon and Kanhere11 developed an erosion model based on the
materials' indentation hardness characteristics. The derifation, for
normal impéct only, consisted of a simple energy balance between the

kinetic energy of the particle and the work expended during indentation.

This approach produced a weight loss prediction of the form



(4)
where D = particle diameter
V = particle velocity

particle density

-O .
"

H,, Vicker's hardness

W = weight loss
The model assumed that the force necessary to.indent the surface was
proportional to the depth of penetration to a power m, somewhat like
a "dynamic'" hardness test, but it did not consider the strain harding
of the surface or the inertié of the particle. Sheldon and Kanhefe
contend that the exponent for velocity (n = 3) is close to the actual .
experimental values. However, the prediction that the weight loss was "

“3/2 35 in disagreement with experimental results.

prqpqrtional to HV
Sheldon12 ﬁaintaihed that the best material property for correla-

tion with erosion_wear is the hardness value of the target material in
the fully work hardened condition as measured on the damaged surface.
‘It was found, for a number of pure materials, that the hardness was as
much as five times higher thaﬁ that measured for the annealed material.
Sheldon proposed that the fully work hardened value for hardness should
be used in analyses which employ a particle cutting or material dis-
placement mechanism for material removal.

Based on the preceding literature review it appears that different

erosion mechanisms predominate at low and high angles of impingement.
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Since low or grazing angles lead to the largest voluhe removal it was
decided to concentrate on this aspect of erosion.

As a starting point we will investigate the model for solid
particle erosion proposed by Finnie.l’2 At the preseént time, this is
the only theory which attempts to explain the erosion process. The
theories proposed by Bitter or Neilson and Gilchrist seem to be little
more than a curve fit, and those presented by Tiily, Sheldon, etc., -
are composed mostly of observations with very littie modeling of the -
process. - |

The work that will be described involved experiments with both
single and multiple impacts. These results are compared with those
predicted analytically. Departures from the predicted behavior are

considered and a modified analysis of erosion at grazing angles is

developed.
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IT. EXPERIMENT
The tests were made with an erosion testing device originally de-

3 The equipment was subsequently modified for

veloped by Sheldon..1
velocity measurement and easier operation. In its final.form it is
shown in Figs. 2 and 3.

The basic operation of the tester is simple and effective. The
silicon carbide was fed into the air stream, mixed for uniform particle
distribution, and then propelled down the tube by the air flow. By
Varying'the pressure drop across the nozzle, the air andvparticle
Velocity could be controlled. It was found that the partiClé velocity
was a function of the inner diameter of the tube, the 16ading.factor
(grams of particles/grams of air), the pressure drop across the nozzle, '
the surface roughness of the nozzle, and the size and shape of the
particles. To ensure constant velocities during tests, the above
parameters must be kept as constant as possible.

For multiple particle tests, the hopper feed arrangement shown
in Fig. 3 was used. This arrangement provided a very satisfactory means
of depositing the particlés into the air stream at a constant rate.

The mass of particles entering the air stream was a function of the
hopper rake angle (A) and the air pressure applied to the hopper
vibrator.

For the single particle tests, consiéting of five particles im-
pacting the target, the hopper was replaced by a glass and plastic

tube device, and the larger particles were fed from the tube into the
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mixing’chamber. “A constant loading?factof was'not’nééded‘to‘eﬁsure
a constant velocity in that at such small loadings any'émall deviation
of this value had negligible effect on the particle Velocity.14 |

To determine the particle velocity, the rotating disc device sﬁbwn ‘.
in Fig. 4 was employed. This equipment was based on thé.design 6f'
Ruff and Ives.ls To determine the particles' véibcities, the para:
meters (R, S, L, V) shown in Fig. 4b were needed. The simple obser-
vation that the time it takes the particle to travel between the discs
is equal to the time it takes the disc to rotate through the arc |
length wés required.

There are several advantages of the rotating disc method when
compared to a double flash photographic system. The strong points of
the rotating disc are that it is less expensive to build and operate,
it gives very accurate results, and less time is needed for particle
velocity calibration. Its accuracy is due to the large number of
particles which are used during a test and the resulting averaging of
variations in operating conditions (particle orientation in the stream,
particle loading, particle size). For several tests, at a given set
of conditions, this method produced results which varied by less
than 53. |

All but a few experiments used silicon carbide pafticlés and
1100-0 aluminum targets. The choice of these materials was dictated
by availability and the fact that an extensive amount of previous
testing had been carried out with this combination.. Specimens were

prepared from sheared plates by polishing with silicon carbide abrasive
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papers starting at 240 grit and ending at 600 grit. For the multiple
particle tests in which weight loss was determined as a function of
velocity, angle of attack, and amount of abrasive, the silicon car-
bide particles had a size range between 48 and 62 mesh (250-300 um).
This size range corresponds to a weight equivalent spherical particle
of 280 um diameter. The purpose of fhe single particle experiments
was to make observations on the craters formed during impact. To

make the observations easier, larger, 12 to 16 mesh, silicon carbide .
particles were used. These particles had eﬁuivalent diameters of |

1100 pm.
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ITI. RESULTS -

A. Qdalitative Interpretation of Single Particle. Impacts”

A large number of single particle impacts were eXamined with the
scanning electron microscope. It is not possible to present all of
these so representative photographs are shown in Figs. 5-11. These
stereo pairs (10° tilt) provide a graphic picture of.the mechanisms
involved in erosion. To supplement the photographs, a profile through
the approximate centerline of the crater is also sﬁown. |

Figures 5 through 7 are craters fhat were formed by particles
which had angles of incidence of 10, 11, and 15 degrees, respéctively;'
These craters had similar characteristics in that each exhibits, to
some degrée, striation from the cutting edge of the particle, a 1lip
at the end of the crater, and werelshallow with an average length to
depth ratio of about 10. At 10 degrees, the particlé swept though
the surface and removed the majority of the displaced material. The
11° and 15° impacts are similar in that the particles entered the
surface in a cutting manner. However, in these cases the particlés
were unable to remove all of the displaced material and left a
large 1ip of material at‘ihe end of the craters.

A transition in the removal mechanism appears to occur between
20 and 40 degrees. In this area, a change from a Cutting mechanism of

.removal to one involving indentation appears to take place. The 20°
and 30° impacts (Figs. 8 and 9) are typical of this region in that
the pérticle entered the surface in a cutting manner and proceeded to

plough the material forward. In this region, there is considerable
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displaced material and the craters are becoming shorter and deeper
compared to the grazing impacts (10°-20°) with length to depth ratio
.of about 5.

At higher aﬂgles of incidence (40°-90°) the deformation mechanism
is primarily one of indentation with very little cutting occurring.
Figure 10 shows a crater formed at 60 degrees. The particle indeﬁts
the surface as it moves across it with the resulting damage being the
depression of the surface. The original surface can be seen on the
floor of the crater. At 90°, Fig. 12, the damage is the-fesult of sur-
face indehfation by the particle. As with the 60° crater, the 90°
impact has only minor material displacement at the'edges of the crater, -
and the crater floor has a remarkably constant slope.

B. Cutting Analysis

To determine the applicability of Fimnie's cutting-theory,'a series

of experiments were conducted. Since the single particle tests showed

o
it

that a cutting-fype_removal.mecﬂanism was appropriate over a rangé of

10<aq < 30°; the cbffelations between predictions and experimental re-

sults wili be confined to this region. The theory and tests results

were examined for the.following cases:

| . (1) Multiple particle tests were compared to the predictions of
'Eq. 1.

(1i) Crater profiles obtained from the single particle experiments

and profiles predicted from the analysis were compared. Also,
an estimate of the material hardness (HV) was obtained from

single impacts and the analysis.
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(1ii) The assumptions made for several of the parameters (e.g. k)
in the analysis were compared to the test results.

Erosion (expressed as g removed/g abrasive) as a function of the
angle of inéidence, for particle velocities of 77 m/s and 102 m/s, is
shown in Fig. 12. By examining the normalized curves, it can be seen
that the maiimum‘amount of weight loss occurs at about 115 for the
lower velocity and 12° for the higher, and that erosion curves have
very similar shapes between 10 and 30 degrees but diverge after that
boint. (It is interesting to note that at 90°, for the lower velocity
test, the erosion is 13% of the maximum, while at 107 m/s the erosion
is about 22% of the peak value.) The velocity exponents for the ex-
pression erosion o Vn; plotted on Fig. 12, range from 2.46 at 10 degrees
to 3.12 for normal impacts. ‘

A comparison of Finnie's analysis using Eq. 1 and the experimental
results is shown in Fig. 13 (normalized about their peak weight loss

values). Using Finnie's assumptions for the constants k=2, —17—= 3,

the results compare favorably for what we have termed the'cutt?;g region.
For both velocities, the shape of the experimental curve and predicted
curve are very similar in the region of a < 30°, and the analysis pre-
dicts a peak erosion angle very similar to the test results. As would
be expected, the cutting analysis and the experimental results diverge
for higher angles.

There are several anomalies in the cutting analysis when compared

to experimental results. The analysis predicts a constant velocity
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exponent of 2; whereas the experimental results show an exponent which
i$ greater than 2 and increases with a. These aspects are discussed
in detail in section C. |

By plotting the erosion results in terms of erosion pér particle
for bqth experimeﬁtal and analytical results (Fig. 14), it.is possible
to make an estimation of the cutting efficiency. Using the values of
annealed hardness for the horizontal stress p, a cutting efficiency of
one, and an average particle weight, the analysis uﬁderestimates the
test results by about a factor of 10.5. This result is similar to
Finnié'é1 assértion that the cutting efficiency for erosion-shdqld
be simiiarbtq fhe efficiency found in abrasive wear studies, that is,
1 particle ihVIO produces actual removal while the‘remainder diéplace ,

and roughen the suriace.

12 contends that eroding particles work

On the other hand, Sheldon
hardeh avsurface to about five times the annealed hardness. In this
case the discrepéncy between experimental andAanalysis is a factor of
about two.:‘in other words abbut half of the particles would then be
cutting.in the idealized manner. It is difficult to isolate the vari-
ables C and P in Eq. 1 but theilr quotient Y seems to be approximately

p
Qll-when annealed metals are eroded by silicon carbide grains. We

will later pfesent some evidence to support the viewpoint that p should
be taken as the Vickers hardness H, -
The trajectory of the particle's tip, XT and Y, as it cuts through

the surface was predicted using Finnie's analysis. These results were

compared to the profiles of typical single inpaéts.
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Finniel showed in his original paper that the motion of the particle's

tip can be described as with reference to Fig. 1 as:

')(T =X + 1¢ . (6)
where | |
Y = Vsém‘ sinBt
X = Vsina © . Vsina
= Jg— Singt + V cosa(t) - —p— (t)
¢ = m——————————rk}/SBm“ [sinBt - Bt]
1/2
_ {Pkyb
B = ( m )

* *
Then expressing equations 5 and 6 in a dimensionless form, X and Y ,
the particle's trajectory is shown to be

« BX

X =1

—V—-= sinT(Zsinoﬂl~ T(2sina) + t(cosa) (N
* BY . .
Y = - = sina sint (8)

where T = 8t, I = 1/3 mr2 and k= 2.

A comparison of profiles predicted by Eqs. 7 and 8 and several
typical single impacts are shown in Figs. 15 and 16. The curves are
scaled such that the maximum depth of cut for the analysis and the
test results are the same.

For an angle of 10 degrees the analysis predicts the general
shape of the crater quite well, The positions of the maximum depth of

* .
cut (Y __ at X*= 1.2) are similar as is the trajectory of the particle

max
*
before it reaches Yax There is some dissimilarity near the end of

i
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the volume removal process in that, in two of the actual cases, the
pérticle travels a bit further but raises a small lip. The analysis
shows the particle covering a shorter horizontal distance but removing
the entire volume. |

Even at the limits of the cutting region (a = 30°), the analysis
is able to describe many of the features of the actual impact. The
trajectory of the particle's motion for the predicted and experimental
cases is similar up to the maximum depth of cut. After Y;ax the com-
parison of the analeis and impact results is no longer valid. The
analysis assumes that the particle removes all of the material up to

% A : 5
Y and is then ejected from the surface. In reality, the particle

max
displaces extra material past Y:ax to create a large lip on the lead%ngjg,
edge of the crater. -

There 1is, of'course, variability from ong;impéct.fo‘another &ith
angular particles so one should nof expect pfecise predictions from an
idealized model.

It was also of interest to determine whether the cutting theory
could predict the plastic flow stress which a single particle would
"see'" during the removal process. By using the non-dimensional péra—
meter Y* and several dimensions from the single particle experiments,
a "flow pressuré" could be estimated and compared to the material hard- -
ness Hv‘

From the cutting theory it is shown that
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or for the maximum depth, Y oo

B
max _max

v = sinc , : (9

Solving the above relationship for Bﬁax yields

/2 -
_ [ Pkyb _V o
Bma)( (———— m ) TT sSinoa (10)
where m = mass of particle
k = force ratio = 2

flow pressure

o
]

b

width of impact

The maximum flow pressure is then expressed as

2.2
mV-sin“a
P = =" (11)
max Yi 4b
max

By taking measurements for Y and b and knowing the velocity,

Tmax

mass, and angle o, the flow stress for the single particle impacts at
10, 15, 30, and 60 degrees (Figs. 5, 7, 9, 10) could be determined.

The results of this prediction are presented in Fig. 17 and are compar-
able to the actual hardness which the single particles ''saw'" on impact,

28 kg/mn%).

R

that is, the hardness of the fresh aluminum surface (Hv
It is interesting, although perhaps coincidental, to note that by
extrapolating the results of Fig. 17 to a = 0°, the hardness obtained

is approximately equal to the value for the annealed specimen.
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The average ratio of horizontal to vertical forces, k, was deter-
mined experimentally to be 2.12 (k = 2 in analysis). This experiment
consisted of several anéular particles (1400 u dia. SiC) being mounted
on styluses and the recordihg of the horizontal and vertical forces
which the particles generated as they scratch the 1100-0 aluminum
specimen.

Some of the éssumptions of the cutting analysis can be verified by.
the experiﬁental results already presented. It wa§ assumed that the
particle éntered the surféce at the angle of incidence of the air stream
to the specimen. By measuring the initial slope of thevpartiéle's tra-
jectory for single particle.tests, it was found that fora <40° the average
slope deviates from the.assumed angle of incidence by less than 7%.

For the cutting region, only two modes of cutting are observed, that

is, the particle was able tb leave the surface in a cutting manner
(Xr(g:) = 0) or the forward motion of the particle was stopped by the
base material (XT(tC) = 0). The lack of secondary damage in single
particle tests indicates that the particle is rigid and did not fracture
upon impact as was assumed in the analysis.

By using Figs. 18 and 19, the assumption thét for multiple impécts
the flow pressure each particle "sees”vis thé annealed hardness (HV)
of the bése metal is shown to be reasonable. The results, represented
as two linear regions with positive incréasing slopes, indicate that
the particle ''sees' a constant hardness in the steady state region.

This pressure must be similar to the annealed hardness observed in the
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incubation portion of the results in that the erosion rate had in-
creased somewhat when compared to the initial rate. If it is assumed
the particles see a progressively work hardened surface, then the
"erosion rate should decrease>with the amount of abrésivé’and not in-
crease as fhe results indicate. It is noted that the transition from
the incubation portion of the curve to the steady state region
(e.g.'l80 gm at 27 2) is characterized by the onset of rippling.

C. Modification of the Cutting Analysis"

In view‘of the success of the cutting analysis in explaining many
features of erosion at low angle of impingement, it is disturbing that
it underestimates the veiocity exponent. As pointed out earlier the
theoretical value of 2 in the relation volume “’Vn is rarely observed
with experimental values ranging from 2.4 to 2.6 or greater. Other

thah the Sheldon and Kanhere11

model based on indentation (Eq. 4)
which predicts volume ~V3 and Tilly's suggestion9 that shattering
and secondary erosion occur at higher velocities, there has been little
attention paid to -this discrepancy. Both of these approaches are lack-
ing in generélity and clearly do not apply to the experiments we have
reported. |

One consideration is that the thermal properties of the eroded sur-
face may be involved in the mechanism of erosion. This was disposed

2 .
of by testing titanium. Its thermal diffusivity (.0282 cm /secc) differs

2, .
greatly from that for aluminum (.712 cm”/sec). However, the values for



-22-

the exponent n were essentially the same as for aluminum
'(nAl = 2.42, np, = 2.47 at o = 10° and velocities of 39 and 97 g).

In searching for another explanation, Finnie16 examined the assump-
tions of his original analysis. He suggested that the equation for
angular rotation be modified to locate the resultant force at the
correct distance from the C.G. of the particle. Originally this was
taken to act at the tip of the particle since this simplified the
analysis. However, as shown in Fig. 20 it is more realistic to locate
the resultant force in the center of the material having contact with
the particle; The symmetrical picture of two-dimensidnal cutting shown
in the figure could be considered as an average condition for grains
which are "tilted" in either direction as they strike the surface.

‘The equations »f motion for the X and Y»(YT = Y),directionsAare
unchanged by this modification and are _

mx + Pyyb=0 Q2
my + kpYy b = 0 , .3

The equation for angular rotation now becones:

I + PYb(r-Y)Y - 2py )%k =0 Caw
where pybY = horizontal force
pYYok = vertical force:

The assumptions used in the above equations are identical to those
used in the original analysis.

Solving Eq. 13, the vertical motion of the particle can be expressed
as |

Y(t) = clsinBt + c,cosft (15)

a:g? 0 olot al 2pb ol 0 a0
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where ) .- '
1/2 _
6=(—‘5"—Pmb) as)

using thevinitial conditions that at Y(0) = 0 and Y(0) = Vsina
the expression for Y(t) reduces to
A |
Y(t) = 3-51na sinft _ (16)
Substituting Y(t) into Eq. (12), the horizontal motion of the
particle is found to be | |
kB

X(t) = Vsina sinfit + cyt + ¢, (17)

For the boundary conditions X(0) = Vcosa and X(O) = 0, X(t) may be

expressed ‘as:

X(t) = ‘_’%]1(_119 sinft + {Vcosoc - Eil’ﬁ} t (18)
The rotation of the particle is found to be of the form
ab | [favdind) 1.2 . 1 Y
¢(t) = > gt «—7-c0528t)
I 8 88 '
 sin® oo Vsina dzvziinza] 19)
8 B 8p°

where d = 2k + 1 and the other constants are as defined previously.
It is assumed that for many impacts the initial particle rotation and
angular velocity would, on the average, be zero (¢(0) = $(0) = 0).

If it is assumed that I = +mr’ and k = 2 for angular particles, then

N A

+ cos2gt - %] + %— Vsina (sinft - Bt)

- 2. 2
o(t) = 13 g [z(st)
B r 2r8 (20)
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As in the original analysis, the motion of the particle's tip can

be expressed as

and
Xp 2 X+ 1¢
Again, this assumption implies an average condition exists for many im-
pacts. Since the motion of the particle's tip is known, then the
volume removed is | ’
, t .
(o
Vol = b/ Y X, dt : )
0 _

time at which cutting ceases

where t
: c

b

a unit width of the cutting face

Combinine Eqs. 16, 18 and 20, the volume expression reduces to
t

C .
Vol _ Vsin ; - Acsi
ol _ sm@ / (sinBt) [(AZ_AS-A_]) + (A1+A6) cosBt - Acsinft + A4t].dt

b B

0
where A1 = \—Zl-sind
A, = Vcosa
A3 = }Z—Vsiga
A4 = %{3 ¥- sinza
AS = —lgé r18 'stinzcx
' A6- = % Vsina
Ay = A



Ley

R R E I Y= Dy U S B R
V0% S uludy7 yi i g7 9935

-25-
Evaluating the integral from 0 to tc, the volume expression is

Véi - st inza
b 82

N _ _
. 3.1
[cothC(Z cotana} + cotana "5 2-cosZBt€}+

‘Vsiigna [—ABE (- %— sinf;tC + % sin;BtC) + A4 (81—2 sinBtC - %tccothc)]
(22)
This expression is composed essentially of Finnie's original solution.
(the first parentheses) and a correction term.
To determine the volume remoVal for the case when the tip of the
particle is still moving horizontally as it leaves the surface, the
condition on tC is“that Y(tc) = 0 when iT exists or BtC = rm. Using

this condition, the expression is given as -

| 2 .3
YL - ¥ (sin2e - asine) + L2 v351§ o (23)
B - 8

The other possibility for the manner in which the particle ceases

to remove material is when it is prevented from moving through the sur- -

face, that is, when XT(BtC) = 0. This condition for cutting termination

can be expressed as
A

. . . 4
Vcosa - 2Vsina + 2Vsina cosBt_ - A551n(28q:)+ 7?'(Btc) =0 (24)

By éombining this expression and Eq. 22, the volume removed for this

region is given as

: ' : 2.2
Vol _ Vsino jVcosa _ Vsina _. 2 V'sin'a . ) .
5 z [ B g sin Btc + _§E7¥__ (15 sthC 5 51n38tci]

(25)
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it is noted‘that t., as detemmined from Eq. 24, is a function of the
angle a and must be determined for each angle of,impingement.

Since maximum erosion occurs when the particle leaves the surface
while still cutting, the implications of Eq. 23 will be considered
first. | |

If we assume that for two velocities Vz and V1 the volume'removalA
“can be eﬁpressed as Volume o V", then a value ﬂ may be estiméfed

from Ea. 23. Recalling that BZ = pkyb/m, then -

- : 2 15‘ ‘ stinsoc N
VOIV v n v 2 [|sin2a - 4sin®o + T
OIVi ' V1 Vi 5 15 VlsinSa
: sinZa - 4sin“o + v
Br
Since Y - Vsina the last term in arehtheses becomes lé-n EEEE
max B P . ) T
Y
If an estimate can be made for T?X = X for Vl’ then(kqfx) for V = V2
Vv
‘is’merely’-( V-Z—) A. The preceding equation becomes ' '
: 1
- : 2 15 V3 2
v n-2 sin2a - 4sin"o + ZT VP-A sin“a
) - 1 e
VI = A (26)
sinZa - 4sin2a + 15w x sinza

4
Typically in erosion tests at two velocities used to determine thé_
exponent n the value of A is about 0.1. The following tablé shows
n values calculated from the preceding equafidn,for three velocity

ratios as well as values_for A = .075 and .125.

Mt VN



-27-

Table 1. Velocity exponents as determined from Eq. 26 for
several angles, velocity ratios, and - A = .125,

.100 and .075.
Velocity Exponent n
p v a = 11° o = 15° o = 18°
1 ' o .
2.250 2.377 - 2.492
.125 1.75 2.237 2.261 2.457
1.5 2.224 2.343 2.436
, 2 2.212 2.326 2.420
.100 1.75 2.198 2.311 2.402
1.5 2.186 2.294 2.368
_ 2. 2.168 2.267 . 2.358
.075 1.75 2.158 2.253 2.358
1.50 2.148 2.239 2.333
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While these values are somewhat smaller than the experimental results
presented previously,»they are in the range reported by Finnie1 and
Tilly.9 The results also indicate that the exponent n increases with
the angle a, as do the experimental results of Fig. 12 and those of
Sheldon.11 Varying A and VZ/V1 has little effect on the velocity ex-
poneﬁt at a given angle with a maximum change of n of less than 6%.

Up to this point we have discussed only the effective velocity
exponent for the situation of the particle leaving the surface while
still cutting, but it is of interest to determine n for the case when
the particle is prevented from moving through the‘surface. For the
case of A = 0.1, the transition between the two conditions occurs at
21°, a higher value than given by the simple analysis. Tﬁeiend of
the cutting region (o = 30°) will be considered. Solving Eq. 24 for
the time af which cutting ceases (Btc) and then evaluating Eq. 22, the
effective veolcity exponent n for a = 30°{ _VZ/V1 2'2, end A= ;1 was
found to be 2.76 which is very similar to experimental results.

The modified analysis does predict a shift in the peak angle of
erosion with velocity. Differentiating Eq. 23-with respect to a, the

relationship for the -peak erosion is found to be

tan2a = v .@n
2 - 30 T 2 A .
16 Vl
Evaluating Eq. 27 for velocities V1 and 1.4V1, and assuming for typical
impacts that A = .1, then the peak erosion angles are
(]
0y = 17.76 ; V = V1

a, = 20.21 ; V= 1.4V

2 1
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Determining the exact angle for peak erosion is very difficult, and
trying to find such slight shifts in the peak value would require ex-
tensive experiments.

One of the features of the original analysis is its ability to pre-

dict the shape of single partiéle impacts, and it is necessary to deter-

mine if the new analysis predicts similar profiles. As before the non-
% *
dimensional parameters X and Y are used for profile determination and

take the form of

%
X = 2sinasinBt + (cosa - 2sina)Bt +-%j?—VSina(2(Bt)2 - cos2ft - 1)
. ‘ (28)

*
Y = sinasinft (29)

where A = .1. A comparison between the experimental prqfiles, those
obtained from the original analysis, and those of the modified analysis
are presented in Fig. 21. The new analysis predicts the crater profile
somewhat more accurately than the original theory at 10°, but there is

little difference in the results at 30°.

-~
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IV, CONCLUSIOQ

The assumptlon in solid particle erosion that the partlcle removes
materlal in a cutting manner was found to be valid for an angle of in-
c1dence of less than 30°. The basic model proposed by Flnnle1 was
found to a large extent, to describe the eros1iori proce~s for this
reglon. By making this model more realistic, some of the eros;oo
characteristic were more precisely described. |

Single particle experiments indicate the erosion proceéé for
o < 30° was primarily one of cutting, and for o« > 40° the erdsion pro-
céss was predominately one of indentation. At angles between 20° and
40° degrees (a transition region) the mechanism for removal was a com-
bination of cutting and indentation deformation.

‘Finnie's original analysis was able to predict many of the erosion.
characteristics of multiple and single particle damage. . It was: found
to be very effective for multiple particle tests for:a.< 30°,-but for;:
larger angles of incidence the experimental and predicted results.. |
diverged. Also, the cutting analysis was able to predict some of the
features, crater profiles and the flow stress, of single particle im-
pacts at a < 30°. Both single and multiple impacts were used to confirm
assunptions used in the analysis. It was shown that the assumptions
for the force ratio k, the geometric parameters, and for treating the
particle as rigid were valid. The proposal was made that the Vicker's
hardness of the annealed specimen best described the surface that both

multiple and single particles ''sce' on impact. Using this assumption
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for the flow stress, then the cutting efficiency was shown to be about

.1 for multiple particle tests,

By modifying the original analysis, the discrepancy in predicting
the role of velocity could now be explained. The modified cutting
analysis produced an effective velocity exponent ranging from ~2.2 at
10° to ~2.7 at 30°. These resultsvare similar to reported experimental
results, that is, the exponent n is in the range of 2.2 to 2.8 and
n increases with the angle of impingement a. A small shift in the
peak angle of erosion with velocity is also predicted, but it was not
distinguishable in the experiments. Also, the profiles. for single im-

pacts were predicted more accurately than before for a < 30°
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FIGURE CAPTIONS
1. (A) Two-dimensional picture of an angular particle -
surface material. (B) The forces acting on a particle during the ..
removal process..
2. A photograph of the test apparatu51lsed:for_the erosion experiments.
3. Schematic drawing of the erosion testef. o j
4. (A) A drawing of the velocity calibration equipmént aﬁd fhe
modified test apparatus. (B) Parameters measuréd for deterhining
particle velocity. |
5. (A) Single particle damage éaused.by 1100 um diameter SiC at 10°
angle of impingement with initial velocity of 67 m/s on 1100-0 aluminum.
(B) Profile of impact through approximate centerline of crater.
(C) Stereo photographs of impact (use stereo vicWer proyidcd in

Metals Handbook, Vol. 9).

6. (A) Silicon carbide particle (1100 pm diameter) struck the 1100-0
aluminun specimen at 67 m/s at o= 11° causing the crater shown.
(B) Profile of impact taken along section line X-X. (C) Stereo paif of

damage (use viewer provided in Metals Handbook, Vol. 9).

7. (A) Impact damage on 1100-0 aluminum the result of a single 1100
um diameter. SiC particle with initial velocity of 67 m/s and at angle
of incidence of 15°. (B) Crater profile along section X-X.

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

8. (A) Damage of 1100-0 aluminum specimen due to 1100 um diameter.
SiC particlc at a = 20° and initial velocity of 67 m/s. (B) Sterco

photographs of damage (use viewer provided in Metals Handbook, Vol. 9).

. 9. (A) Photograph of 1100-0 aluminum specimen damaged by SiC particle

with 1100 pm diameter at o = 30° and with initial velocity of 67 m/s.
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(B) Crater profile along section X-X. (C) Stereo view of impact

crater (use viewer provided in Metals Handbook, Vol. 9).

10. (A) Single impact crater in 1100-0 aluninum the results of SiC

particle (1100 pm diameter) striking the surface at o = .60° and

at 67 m/s. (B) Profile of crater through approximate centerline.

(C) Stereo pairs of damage (use viewer found in Metals Handbook,

Vol. 9).

11. (A) Damage to 1100-0 aluminum specimen due to 1100 um diameter

‘SiC’partitle with angle of impingement of 90° and initial velocity

Qf 67 m/s. (B) Profile of crater through section X-X.

(C) Stereo photographs of crater (use viewer provided in Metals
HandboOk, Vol. 9).

12. Plot of normalized erosion as a fﬁnction of the angle of incidence,
and aléo shown is velocity exponent n for Séveral angles.

13. Ndrmalized experimental and predicted erosion (g/g) results as

a function of the ahgle o. | |

14. Plot of erosion per particle (gm/part) as a function of angle

of incidence (o) for experimental and predicted results.’

15. Single particle crater profiles found expefimentally and

predicted for o = 10°.

. 16. Plot of crater profiles found experimentally and predicted by

the analyéis for a = 30°,

17. For single impacts, a plot of the predicted plastic {low stress
as a function of the angle o.

18. Weight loss (gms) plotted as a function of the amount of SiC

abrasive.
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19. Plot of erosion (gms) as a function of_the'amount ofvsilicon
carbide abrasive. .

20. (A) Two-&imensional picture of angular pérticlé femo?ing
material. (B)_Forces écting on parficle during material removal
procesé as used in the modified analysis. (C) Location of forces
acting 6n particle assuming an included angle of about 120°.

21, Single particle crater profileé for repfesentati&e eXperimental
results and profiles predicted by original and modified analysis af
(A)a= 10 and (B) a= 30°. Results are scaled such tvhét. the maximum
depth of cut for experimental and prediéted reéuits éreréqual for a
given a. Experimental curves correspond to'fhe'dash;dot curves 1n

Fig. 15 and 16.
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This report was done with support from the United States Energy Re-
seatch and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the author(s) and not
necessatily those of The Regents of the University of California, the
Lawrence Berkeley Laboratory or the United States Energy Research and
Development Administration.
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