AD=A088 571 PENNSYLVANIA STATE UNIV UNIVERSITY PARK MATERIALS RE~-~ETC F/6 7/%
MECHANISMS OF EROSION, (U}

AUG6 80 N H MACMILLAN DAAG29=T9=C-010%

UNCLASSIFIED ARO=14084+13-MS

NL
w3 : ]
T —
n




-
L

e il K

AD A088571

ayo

.

DOC FILE COPY

UNCLASSIFIED Ao
O

SLCUKITY CLASSIFICATION OF THIS PAGE (When Date Entered) ’

g L) -
REPORT DOCUMENTATION PAGE BEH D e ETING FORM

W R 2. GOVT ACCESSION NO.[ 3. RECIPIENT'S CATALOG NUMBER
uosh.13-ms | F - p-AusE 510/
a — s E.QF REPORT & p;raoo COVERED

— — 3
Mechanisms of Erosion , l A;:";;fegr;- :Z

SO

) M D ———
/O j Norman H.|Macmillan

DAAG29 78 6-0056; |

S ; r =T . ‘!4 -
S (|5 oamsasrs-c otk
9. PERFORMING ORGANIZATION NAME AND ADDNESS\[ ] 10. ::gER&A:‘OERLKEESINTT'NPRIIOBJEESST' TASK
Materials Research Laboratory . 'a">'(/
The Pennsylvania State University /- I
University Park, PA 16802 g I
11. CONTROLLING OFFICE NAME AND ADDRESS / 12. REPORY QATE _ .
U. S. Army Research Office ( /1 ] nugust 1989
Post Office Box 12211 : -OF PAGES
Research Triangle Park, NC 27709 212

14. MONITORING AGENCY NAME & ADODRESS(!f dilferent from Controlling Ottice) 1S. SECURITY CLASS. (of this report)

Unclassified
15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thia Report) ~

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetract entered In Block 20, if different from Report)

NA

16. SUPPLEMENTARY NOTES

The view, opinions, and/or findings contained in this report are those of the
aut@or(s) and'should not.be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

he. KEY WORDS (Continue on reverse side il necessary and 1dentity by oiock number)

gas gun, whirling arm apparatus, erosion, magnesium oxide, aluminum,
lithium fluoride, single crystal, polycrystals, single impact, multiple
impacts.

20. A“Tﬂ%’ (Cantinue en reverse side If neceesary and identify by block manber)
A single stage gas gun and a whirling arm rig have been used to study thy
erosion of mono- and poly-crystalline MgO and Al and mono-crystalline LiF
targets by millimeter scale steel and WC - 6% Co spheres. Both single and
multiple impact studies were variously performed as functions of impact
angle, impact velocity, particle size, method of surface preparation and
(in the case of mono-crystalline targets) surface orientation. The resultant] -

damage was variously studied by optical and scanning electron microscopy,
(r

FORM
PD ' 1AM 73 1473 E£01mow OF t NOV 6313 OBSOLETE UNCLASSIFIED

?y/ ) r/ :/ (/ j “ﬁ"g" '0“""'8'”. nr2.5r.r "Whan T.If’q‘

2




W,

i e B ,(Wu-.‘.«.d,‘mhu‘_;.;‘-,....‘Vvuwuw&m}.da o AP

(Abstract continued)

}/dislocation etching and surface profilometry, and the corresponding mass

losses were determined gravimetrically. In addition, a computer model of
oblique impact was developed and tested against the experimental observations.
The results show that the variation of impact craterjjdimensions with impact
conditions can generally be explained satisfactorily, but that it is difficult
to relate mass loss to craterfgeometry in quantitative terms under either
single or multi-particle impact conditions. They also suggest that the
erosion of semi-brittle materials is determined primarily by the intersection
of the lateral and median (or radial) cracks formed about the impact craters,
and that ductile materials erode by the detachment of thin platelets formed
by extrusion of piled-up material between subsequently arriving particles
and the underlying substrate.
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Abstract

A single stage gas gun and a whirling arm rig have been used to study the {
erosion of mono~ and poly-crystalline MgO0 and Al and mono-crystalline LiF
targets by millimeter scale steel and WC - 6% Co spheres. Both single and

multiple impact studies were variously performed as functions of impact angle,

I
j
3
1
i

impact velocity, particle size, method of surface preparation and (in the case
of mono-crystalline targeté) surface orientation. The resultant damage was
variously studied by optical and scanning electron microscopy, dislocation
etching and surface profilometry, and the corresponding mass losses were
determined gravimetrically. In addition, a computer model of oblique impact was
developed and tested against the experimental observations. The results show

that the variation of impact crater dimensions with impact conditions can

generally be explained satisfactorily, but that it is difficult to relate mass
loss to crater geometry in quantitative terms under either single or multi-
particle impact conditions. They also suggest that the erosion of semi-brittle
materials is determined primarily by the intersection of the lateral and median
(or radial) cracks formed about the impact craters, and that ductile materials
erode by the detachment of thin platelets formed by extrusion of piled-up

material between subsequently arriving particles and the underlying substrate.
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INTRODUCTION

This report describes the results of an investigation of the mechanisms of
solid particle erosion at subsonic velocities that has been carried out by the
present author in collaboration with Dr. David G. Rickerby over the past three
years. Almost all of these results have already been published or submitted for
publication in the form of eleven papers (Nos. 1 to 1l in the list of publications
below), and the remainder will shortly be presented in two further papers (Nos.

12 and 13 on the same list). Accordingly, the bulk of this report consists of
twelve appendices containing the texts of the first eleven papers and the abstract
from the twelfth, the text of which is not yet complete.* The remaining material
consists only of Section II, which summarizes these appendices and presents some
experimental information that does not appear in them, and the very brief Sections
II1, IV and V, which are self-explanatory.

It should also be noted that four of the papers in the list of publications
(Nos. 1, 4, 5 and 6) include contributions by one or other of two of the author's
graduate students, who carried out related work under National Science Foundation
sponsorship during the first 18 months or so of this project. Accordingly,

these four papers carry an acknowledgement of both sources of support.

®
Paper No. 13 remains to be written.
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II. SUMMARY OF RESULTS

(a) Apparatus

In the early stages of this project two major pieces of equipment were
designed and built--a single stage gas gun and a "whirling arm" erosion rig.

The five main components of the gas gun are shown in Figure 1. These are:
(i) a 2.3 £ steel gas cylinder that acts as a reservoir for the propellant gas;
(ii) a three-part brass breech, Figure 2, incorporating a dual "bursting
diaphragm" trigger mechanism, Figure 3; (iii) an external gas supply system with
its associated high pressure lines, control valves, gauges, etc., Figure 3; (iv)
a 16 mm caliber steel barrel fitted with a steel muzzle block (and interchangeable
with a square (12.7 x 12.7 mm) cross-section barrel); and (v) a demountable,
three-stage, photo-electric time-of-flight velocity measurement system, Figures
4 to 6, that can be attached to the muzzle end of either barrel.

To prepare for firing at a pressure P> the chosen erosive particle—-which
1 may be of any shape or size that will fit inside the barrel--is loosely mounted
in a recess in the front face of a 25 mm long nylon sabot of the appropriate
cross-section. Then, this sabot and diaphragms having bursting pressures in the

range 0.5 P to Py are installed in the breech, and the gas reservoir and the

space between the diaphragms are pressurized to P and 0.5 Pes respectively.
Firing is then accomplished by de-pressurizing the space between the diaphragms,
thereby sequentially raising the pressure differential across each to Ps and
causing them to rupture in turn. The gas thereby released propels the loaded
sabot down the barrel past the three equally spaced, short rise-time (V1 us)
phototransistors that control the velocity measurement system. At the muzzle
the sabot 1s stopped by the muzzle block, and the projectile continues freely

onwards to impact with a target several centimeters beyond.




Figure 1 General arrangement of the gas gun

Figure 2 The construction of the breech
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Figure 4 Construction of the time-of-flight velocity measurement
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To confirm that an erosive particle launched in this fashion strikes the
target with a velocity equal to that measured by the photoelectronic time-
of-flight system, a series of high speed photographic measurements were made.

The experimental set~up is illustrated in Figure 7. A double pulse ruby laser

provided the illumination, and a dual image of the particle was recorded by a
35 mm camera, Triggering of the laser was achieved by inserting a wire through
a small hole in the side of the muzzle block, so that the arrival of the sabot

made a contact between the wire and the block and thereby applied a potential to

the trigger input of the laser control system, The interval between the two

laser pulses typically was 500 us.

Two of the photographs obtained in this manner are reproduced as Figure 8.
They reveal that at higher velocities the particle is accompanied in its flight

by a certain amount of nylon debris resulting from partial break-up of the sabot

"

when it strikes the muzzle block. In general, however, this debris travels
somewhat more slowly than the projectile., It also has a much lower density than
the steel and WC particles used in most of this work. And hence it contributes
only slightly to the impact damage. Measurements of the particle velocity vp
obtained from such photographs are plotted against the corresponding (photo-

electronically determined) sabot wvelocity v in Figure 9, together with the

straight line vp = Vg It is apparent that vp is a little less than Ve at :

1

velocities less than v70 m s8™%, but that no large errors result from assuming

vV_=v .
Calibration of the gun, Figures 10 and 11, shows that, when N; is used as

! can be obtained from the

the propellant, impact velocities of up to V400 m s~
1.22 m long, round cross-section barrel, while the shorter (1 m long), square
cross-section barrel conveniently provides for firing particles in pre-determined

orientations at velocities up to “350 m s™!, For both barrels the velocity is

P TR P e Ty 7T Y MM
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Figure 7 Schematic diagram of the experimental arrangement used to confirm

the correct operation of the time-of-flight velocity measurement
system




N . g A i
- . ’
JIVIINSNSEEE M e TS et ———— e e

(®)

Figure 8 Double pulse laser photographs of erosive particles in free flight

(a) v =76.bmst, v.=792ms %, (b)v =13%.8ms ), v =134.6ms ]
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Figure 9 Comparison between experimental measurements
of projectile and sabot velocities
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reproducible to *1% at any given firing pressure and the acceleration of the .

b re i AAm s aan

sabot immediatély prior to impact with the muzzle block is V1% of the velocity.

| The complementary multiple particle impact capability was provided by the

!
*

whirling arm rig shown in Figures 12 to 14. This consists of an electrically
driven, counter-balanced rotor arm which carries a specimen through a continually
re-established, free-falling "curtain" of millimeter size or smaller particles,
Figure 15, at velocities up to V150 m s”!. The arm is mounted inside a steel
tank that can be evacuated to V1 torr by a rotary vacuum pump, thereby making it
possible to eliminate any possible aerodynamic influences on the particle
trajectories, Further details of this apparatus appear in Paper No. 7, and its

calibration is discussed extensively in Papers Nos. 7, 10, 11 and 12.

(b) Single Particle Impact Studies

The gas gun was first used to study the damage resulting from single,
normal impacts of 1.59 mm diameter steel or WC - 67 Co spheres against chemically
polished {100}, {110} and {111} and mechanically polished {100} and {110} surfaces

- *
of MgO single crystals at velocities ranging from 50 to 350 m s ! ). The

resultant damage was studied by optical and scanning electron microscopy,
dislocation etching and surface profilometry, and the mass losses were determined
gravimetrically. Subsequently, essentially similar studies were carried out on
mechanically polished {100} oriented LiF [5] and {100}, {110} and {111} oriented
Al single crystals [4], and an investigation was also made of the damage resulting
from oblique, single impacts against chemically polished {100} oriented MgO
single crystals [9].

The damage resulting from normal impacts of single spheres against MgO
invariably consists of a central crater, formed by combination of primary

glide and modes II and III cleavage fracture, and a surrounding zone of brittle

*
Numbers in square brackets refer to the papers in the list of publications.
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g arm rig

Figure 13 Close-up of whirlin

Whirling-arm rig partly disassembled to show the rotor arm

Figure 14




Figure 15 The '"curtain'" of free-falling erosive particles,
as seen by a target mounted on the rotor arm




fracture from which mass loss occurs by intersection of {100} and {110} cleavage
cracks with the free surface and with one another, Below the level of the
original surface the shape of the crater conforms closely to that of the spent
ephere, regardless of whether this deforms plastically during the impact or not;
but the shape of the crater rim is determined by the sinking-in and piling-up
resulting from extensive dislocation motion on the primary glide planes, and
thus reflects the symmetry of the target surface. The dimensions of the crater
are sensitive to crystal orientation and insensitive to the method of target
surface preparation, but the mass loss is sensitive to both of these variables.
And both crater volume and mass loss are proportional to the square of the
impact velocity.

At first glance, the craters formed in LiF look very similar. However, the
profilometry studies reveal that post-impact elastic recovery reduces the crater
diameter to a proportionally greater extent than the depth, resulting in an
indentation with a radius of curvature smaller than that of the indenter that
created it., Since the extent of such recovery increases with impact velocity,
crater volume is no longer precisely proportional to the square of this velocity.
However, the corresponding proportionality between mass loss and the square of
the impact velocity persists.

In the case of Al (and also Ni, which was studied in a related program) the
damage consists simply of a crater formed by primary glide, and such small mass
losses as do occur result from thec tecaring away of minute, ragged lips from the
raised portions of the crater rim, apparently as a result of extrusion of material
between the crosive particle and the work-hardened target. These mass losses
were too small and irreproducible for it to be possible to determine either if
or how they varied with impact velocity, and it may be that their magnitude is

determined primarily by (say) the surface roughness or any slight rotation of

the erosive particle. More extensive piling-up and sinking-in occurred around




the rims of craters in Al (or Ni) than in MgO or LiF, but the post-impact elastic
recovery of both metals was much the same as for LiF.

Since it is possible to solve analytically the equation of motion governing
the normal impact of a rigid sphere against an ideal rigid-plastic half-space [1],
this model of the impact event was used to obtain from all of the preceding
experiments values of the dynamic hardness (at a strain rate a10° s'l) that
could be compared with the quasi-static Meyer ball hardness (typically measured
at a strain rate ~1072-107% s71) [3]. For Mg0 and Al, the dynamic hardness
showed no obvious velocity depeﬂfsgggfggd,essentially the same anisotropy as the
Meyer ball hardness. Thus, both parameters were isotropic (to within the
experimental uncertainly) for Al, and both increased by "50% for {111} oriented
MgO specimens as compared to {100} or {110} oriented specimens. And, when the
same kind or sphere and size of indentation was used in the measurement of both
parameters, the ratio of the dynamic hardness to the Meyer ball hardness was
V5 for MgO and LiF and V2 for Al. It was also found, however, that the value of
the dynamic hardness depends on the type of indenter used to measure it. Thus,
because they deform plastically when they impact MgO, steel spheres produce
smaller craters and correspondingly larger values of the dynamic hardness.
Similarly, the dynamic hardness fof LiF appears to be velocity independent when
stcel erosive spheres are used, but to decrease as the impact velocity increases
when WC - 6% Co spheres are employed. At any given impact velocity, these
latter spheres also produce a greater mass loss per unit mass of impacting
ﬁaterial. These differences are attributed to the greater clastic mismatch of
the WC - 6% Co spheres with the target. Neither hardness parameter could be
correlated with mass loss in any obvious, general fashion.

The oblique single impact studies performed on chemically polished {100}

Mg0 surfaces with the WC - 6% Co spheres [9] revealed that reducing the angle of

impact tended to concentrate the mass loss about the exit end of the crater
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and produce more cracking within the crater as the crater got longer. They also
revealed surprisingly little effect of hardness anisotropy on either the shape
of the craters or the mass losses produced by particles approaching from different
directions at the same impact angle, even though the slip line patterns formed
around such craters can be quite different. Mass loss varied with impact angle
in the same fashion as is usually observed in multi-particle impact studies of
brittle or semi-brittle targets. As in all of the normal impact studies, there
was no evidence of melting during the impact event; nor did any appreciable
amount of target material adhere to the spent erosive particles.

Interpretation of these oblique impact experiments was based on the same
model of a rigid sphere striking an ideal rigid-plastic half-space, but in this

case the equation of motion of the particle had to be computed numerically by an

iterative procedure [8,9,11,12]. The model successfully predicted [9] not only
the observed crater dimensions and the measured rebound velocities, but also the
value of the exponent (2.2) that characterizes the observed velocity dependence

of the mass loss at velocities less than 200 m s™!. At higher impact velocities,

Y s, e ey e AR S T T

however, this exponent appears to increase, perhaps because frictional effects
contribute to the mass loss by causing the erosive particle to drag material out
of the impact crater. From the few data collected at normal and near-normal
incidence in these oblique impact experiments, it is also apparent that the MgO
crystals used were V257 softer and suffered V407 less mass loss under any given

erosive conditions than those used in the normal impact studies reported above.

Hence, because the (admittedly only semi-quantitative) spectroscopic analyses

performed on the two scts of crystals revealed no large differences in impurity

content, it is inferred that the mechanical behavior of Mg0 may be markedly more
impurity-scnsitive at high strain rates than low. !

The same computer model has also been shown to explain satisfactorily the -

dependence of crater volume on impact angle observed by Hutchings et al. in
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their studices of the impact of hardened steel spheres against mild steel
targets [8]; and it is now being tested more extensively [13] by comparing its
predictions of the relationships between such parameters as crater volume,
impact angle and velocity, rebound angle and velocity, and energy loss per unit
volume of crater formed with the appropriate experimental data from Hutchings'
work. Furthermore, when a power law representation of work hardening was
incorporated into the model [11], it also predicted successfully the variation
of crater depth and volume with impact angle and velocity in the case of
polycrystalline Al. For this material, however, the model was less successful
at predicting crater length at the shallow impact angles and high impact
velocities that produced the greatest pile-up of displaced material about the
exit end of the crater.

(c) Multiple Particle Impact Studies

The multi-particle impact (erosion) studies performed with the whirling arm
rig [7,10,11,12] used mechanically polished, polycrystalline specimens of Al and
Mg0 as targets. 1In the case of Al the grain size was 4-5 mm; and the Mg0O, which
was a 99.5% dense hot—-pressed material, had a grain size V10 um. The former

material was eroded at velocities up to 150 m s™!

with the same 1.59 mm diameter
WC - 6% Co spheres under conditions of both normal and oblique incidence; and
the latter was eroded at normal incidence by 1.59, 1.14 and 0.35 mm diameter
spheres of the samc material, using impact velocities in the range 10-90 m s,
An important fecature of the studies on Al was that they fully documented
for the first time the inception and evolution of the process of erosion on an
initially relatively undamaged surface as a function of impact angle and
velocity {7,11]. 1In particular,.they showed that the threshold number of impacts
per unit area required to 1nitia£e erosion (i.e., produce the minimum measurable

mass loss) varies roughly as the inverse of the steady-state erosion when the

impact angle 1is varied at some fixed impact velocity and as the impact velocity
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raised to the powers -2.67 and -2.5 at impact angles of 30° and 90° (normal
incidence), respectively. They also showed that the exponent relating the
erosion to the impact velocity decreases monotonically throughout the incubation
period--from 5.7 to 3.3 at normal incidence, and from 3.6 to 3.0 at an impact
angle of 30°.

The accompanying scanning electron microscopy studies of the eroded target
surfaces suggested that the same mechanism of material removal dominates at all
angles of impact [11)}. Specifically, they suggested that Al erodes via the
detachment of thin platelets formed by extrusion of piled-up material between
subsequently arriving particles and the underlying substrate. In this view, the
role of ploughing deformation (or of cutting deformation when angular erosive
particles are involved) is two-fold: first, it creates the piled-material for
subsequent particles to extrude; and second, in so doing, it so reconfigures the
target surface that a disproportionately large number of impact events take

Place against elements of surface area oriented more nearly perpendicular to the

~ particle velocity vector than the original target surface.

In the case of the polycrystalline MgO targets [10], scanning electron
microscopy revealed the damage to consist of a central crater surrounded by the
sort of array of (transgranular) radial and/or median and lateral cracks
characteristic of an elastic-plastic impact. However, although the crater had a
thin lining of plastically deformed material, it appeared to have been formed
primarily by localized transgranular and intergranular fracture processes,
suggesting that any mode of irreversible deformation in the contact region will
suffice to produce the changeover from Hertzian cracking to radial, median and
lateral cracking. Various reports to the contrary notwithstanding, the
accompanying gravimetric studies showed that mass loss--which occurred primarily

by intersection of latcral cracks with radial and/or median cracks--increased

threefold during the short incubation period in which the as-received surface
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) evolved into its steady-state eroded condition, Also, during this period the
exponent relating erosion to impact velocity decreased monotonically to a value
(2.1) less than that predicted by any of the current theories of erosion in the
elastic or elastic-plastic impact regimes. Nor are these theories any more #
successful at explaining either the observation that the erosion of polycrystalline
Mg0O varies as the particle diameter raised to the power 0.6 or the differences
in the way in which the static and dynamic hardnesses of monocrystalline and

polycrystalline MgO vary with strain rate [1,3,9,10].
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The effect of crystallographic orientation on

damage in MigO due to spherical particle impact

D.G. RICKERBY,B. N.PRAMILA BAI, N. H. MACMILLAN
Materials Research Laboratory, The Pennsylvania State University, University Park,

PA 16802, USA

A single stage gas gun has been used to fire spherical chrome steel and WC particles at
variously oriented and prepared MgO single crystals at velocities of up to 350 msec ™.
The resultant damage has been studied by optical and scanning electron microscopy, dis-
location etching and surface profilometry, and mass losses have been determined gravi-
metrically. The measured crater dimensions and the mass loss data have been compared
with the predictions of a simple analytical model of the impact event.

1. Introduction

The erosion of materials by solid particle impinge-
ment is a serious problem in many industrial and
aerospace systems. Yet, despite a growing tech-
nical literatuie on the subject, only relatively few
attempts have been made to understand the funda-
mental mechanisms involved [1, 2}. As a result,
little or nothing is yet known about the effect of
even such a basic parameter as crystallographic
orientation on the ratc of material loss. It has,
however, become clear that single impact studies
are a useful means of investigating this and other
questions about the mechanisms of erosion |3, 4].
This is because material removal during crosion
occurs as the result of a series of essentially inde-
pendent impact events. Morcover, it has also been
recognized that, even though erosive particles are
usvally random in shape, a spherical particle in
many cases can provide a reasonable simulation of
a typical impact event [4].

At the present level of understanding, this is
ample justification for using spherical particles
and taking advantage of the experimental repro-
ducibility and theoretical tractability that derive
from doing so. In particular, when the impact
direction is normal to the target surface, spherical
geometry allows an analytical solution 1o the
equation of motion of the particle to be obtained.,
It is for these reasons that the experimental work
reported herein has been restricted to single nor-
mal impacts of spherical particles against surfaces

of different crystallographic orientation. MgO was
chosen as the target material because: (i) it is avail-
able in the form of large monocrystals, (ii) it is
cubic and therefore easily oriented, (iii) its clastic
and plastic properties are well understood, (iv) its
chemical polishing and dislocation etching charac-
teristics are well established, and (v) it is relatively
casy to handle without introducing extraneous
damage.

2. Experimental .

A 16 mm bore gas gun, developed from a design by
Hutchings and Winter |5, 6], was used to fire the
erosive particles at the requisite velocities. These
particles were mounted on nylon sabots for firing,
and were scparated from them at the muvszle by
means of a steel muzzle block which stopped the
sabot virtually instantancously but allowed the
particle 1o pass on through a small hole. Sabot vel-
ocities were determined immediately before reach-
ing the muzzle by a photoelectric time-of-flight
device. These measurements were estimated to be
accurate to within 2 1%, and the velocitics attained
at a given firing pressure were generally repro-
ducible to better than £ 5%,

The targets were mechanically and/or chemicaily
polished 10 mm x 10 mm  monocrystalline  MgO
slabs about § mm thick. Those slabs oricnted paral-
lel to {100} were first rough-shaped by cleavage,
and those paraliel to {110} or {111} by cutting
with a watcr-cooled diamond saw. Thereafter, all

0022-2461/79/081807--10 $03.00/0 © 1979 Chapman and Hall I.td. 1807
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slabs were successively mechanically polished on
wet 240, 320, 400 and 600 grit SiC papers and
Buehler Texmet* cloths loaded with aqueous
slurries of 1, 0.3 and 0.05um AlLLO, particles.
Some specimens then received a further chemical
polish in boiling aqueous [P0, to which a small
amount of concentrated H.SO4 or HNQ, had been
added [7, 8]. The optimum solution concentration
(whichi determined the boiling temperature) and
polishing time varied with surface oricntation |9];
but in cach case it was shown by successively
polishing and etching (by immersion in boiling
concentrated HNO; for 10 sec [8]) that all mech-
anical damage had been rewmnoved. Finally, to facil-
itate subsequent handling, the polished slabs were
flush mounted in standard sized cylinders of Kold-
mount self-curing resin.t X-ray Laue diffraction
studied showed that the polished and mounted
target surfaces were typically within 2° of the
desired crystallographic orientation.

Two types of crystal, hereinafter referred to as
A and B, were used in the experiments. The
former were colourless, whereas the latter varied
from an almost colourless to a pronouncedly
yellow appearance, indicating a variable impurity
content. Lmission spectroscopic studies of one
crystal of type A and several of type B produced
the results summarized in Table I, and ctch pit
counts on chemically polished and etched {100}
surfaces indicated that both types of crystal had
initial dislocation densities ~ 105em™2.

Two kinds of erosive particles were employed.
WC spheres weighing 30 * 1 mg. and of nominal
diameter 1,575 + 0.025 mm and Vickers hardness
number (VIIN) ~ 2000 kg mm™ [10]. were fired
at surfaces of all three orientations; and precision
manufactured chrome steel spheres weighing 16.2
mg, having a diameter of 1.5875 mm and a spher-
icity§ of 0.00065 mm, and having a Rockwell C
hardness of 60 to 66,9 were used to impact {1 00}
surfaces in order to investigate the effect of par-
ticle hardness.

The impact craters formed were examined by
surface profilometry and by optical and scanning
electron microscopy (SEM)Y. The fitst of these
instiuments provided cross-sectional profiles of the

TABLE 1 Semi-quantitative spectrochemical analyses of
MgO crystals (p.p.m.}

Crystal type

Flement A B

Ca 200 100- 200
Al 40 40-100
Mn 50 50

I'e 100 100 - 200
Si 50 50

Ti 50 20

craters at equidistant (50 um) intervals, allowing
the determination of crater volume by the trap-
ezoidal rule. In addition, crater depth and diameter
were determined from the profile of a diamerral
section, which was assumed to be the section hav-
ing the largest area below the original, undisturbed
surface level.

Lastly, in order to determine the mass loss
associated with impact damage (typically ~ 1073 g),
each specimen was weighed before and after it was
impacted. These measurememts were reproducible
to within ~+5x107%g, and this scatter was
attributed to changes in the water content of the
slightly hygroscopic Koldmount resin employed to
mount the specimens.

3. Theoretical model of the impact

Following Tabor [11] and Andrews [13], consider
a rigid sphere of radius r and mass /1 impacting
normally on an ideal plastic-rigid half-space. At
some instant during the impact the situation is as
illustrated in Fig. 1, i.e. the projectile is moving

N

Figure 1 Schematic dingram of a spherical particle imping-
ing normally on a hatf space.

* Rucehler Ltd., 2120 Greenwood Street, Fyvanston, Hlinois, USA.
t Vernon-Renshoff Co., 413 North Pearl Street, Albany 1, NY, USA,
b4 Supplicd by: (A) A. Clauer, Battelle Memerial Laboratorics, Columbus, O14; and (B) R. C. DeVrics, General Electric

Rescarch and Development Center, Schenectady, NY, USA.

§ Diftesence between maximum and minimum diameters.

1 Variously teported as cquivalent to VIIN's of 765 to 960 kpmm™? {11} and 700 1o 860 kgmm ™2 112).
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with a velocity v against a resistive force P, the
radius of contact isa, and the depth of penetration
is p. If it is assumed that the indentation pressure,
or dynamic hardness, py is constant throughout
the impact and is independent of the particle vel-
ocity,* it follows that = na’py. and that the
equation of motion of the particle is

myp = —ma’pq. (1)
The solution of this equation is

2m
-3, @)

v’ = v
m
where g is the initial impact velocity. If the sphere
comes to rest at y =/, this gives

muvs

Pa = S5rG—13)y G)

where | is related to the crater diameter d by
1 =r—(@*—dy4"2. 4)

Equations 1 to 4 are. derived on the assumption
that there is neither deformation of the particle
during impact nor elastic recovery of the surface
afterwards, whereas either or both of these may
affect the situation significantly in practice. It
has been reported that elastic recovery tends to
reduce /, but to have little or no eflect ond [11].
If plastic deformation of the particle occurs, it can
be expected to absorb energy that would other-
wise be used in further deforming the target, and
to thereby decrease the crater volume V, cause
concomitant reductions in both  and [, and affect
crater sphericity, with the result that the relation
between d and 7 will no longer be that given in
Equation 4. In either event, thercfore, the
measurcd crater depth, hercinafter designated I,
may differ from the depth / implied by the theo-
retical model. However, only when the impacting
particle deforms plastically does it seem likely that
there will be any significant deviation of the crater
diameter from the predicted value of ; and such
a deviation can be detected by conducting parallel
experiments with particles of diftferent hardness.
It is therefore assumed initially that the measured
values of « are consistent with the predictions of
the original model and may be used in calculating
first 1 and then py. Furthermore, it is also assumed
that plastic deformation of the target occurs as a
radia! outilow of material without any piling up
above the level of the original surface. In practice,

* Note also that pd is, in general, larger than the static hardness pg [22].

pile-up does occur, und so for consistency all
measurements of crater dimensions were made
relative to the original level of the undisturbed
surface.

It should also be noted that, since the volume
of a spherical cap of radius r and depth [ is
al*(r - 1/3), Equation 3 can be rewritten as

paV = tmii. ()

This expression, which is valid for any shape of
crater when py is constant, is a statement of the
energy balance implicit in the proposed model —
namely, that all of the kinetic energy of the
impacting particle is consumed in deforming the
target plastically during crater formation, and that
none is dissipated by plastic deformation of the
particle or elastic recovery of the target. Equation
3 can also be rearranged as

172
= |z ———"—— 6
2apg(r --1/3)] ©
and then solved iteratively to obtain I in tesms of
Pa, the first iteration being

= [ mvd 2
! =~ [;—_AJ . o

And similarly, Equation 4 can be rcarranged as
d = 2Q2rl —1*)'"? (8)

to give d in terms of /.

Finally, it is useful to make an order of magni-
tude estimate of the plastic strain rate during an
impact event. This can be done straightforwardly
for the present model of an ideal plastic- rigid
target struck normally by a rigid sphere, for Tabor
[11] has shown that: (i)a “representative value”
of the strain € in the complex strain ficld gener-
ated in the impact zonc is

€ = 0.1d/r, )

and (ii) the impact duration ¢ is independent of
particle velocity and given by

12
n{ m
t == . 10
2(21rpdr) (10)
It follows that the mean strain rate ¢ during the
impact is

172
é =~ O.I(xd(p-d) ~0064%% (1)
rm rl
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100 Figure 27 A diametral profile of a crater in
Lzo_qum loo) | a {100} MO surtace produced by the
Y It impact of a steel sphere. The broken lines
X ," indicate the original surtace level and the
[ A I S N R e P Ce— ottline of the sphere.
S "o ¢

(00 300 m yec’

(from Equation 7). In the present work, typical
values of ¢ and ¢ were ~ 1 usec and ~ 10% sec™? .
respectively.

4. Results

4.1. Impacts using steel particles

Figs. 2 to S summarize the results obtained by
firing single steel spheres at chemically polished
{100} surfaces of A-type crystals at velocities of
up to ~350msec™?,

The first of these figures shows (at a 2:1 ratio
of vertical to horizontal magnification) a diametral
profilometer trace through a crater created by a
300 msec! impact. Superimposed on this profile
is the diametral profile of a pristine steel sphere. It
is apparent that the two profiles do not correspond
and, in particular, that the measured depth is less
than that predicted. Profilometry and SEM studies
of spent spheres revealed that this discrepancy
could be attributed to flattening of the spheres by
plastic deformation during impact, at least at
higher impact velocities.

Figs. 3 to 5 show the variation with impact vel-
ocity of the measured crater diameter, depth and
volume, respectively. The values of the dynamic
hardness calculated from the individual data points
in Fig. 3 by meuns of Equations 3 and 4 reveal no
systematic variation with velocity. but are distri-

buted about a mean value of 1450kgmm ™ with a
12—~ T T T
10k
€
£ ’ 4
& oa-
H
o o, -4
g o .
s |
32 o4 4
©
02 >
i 1 -1
0 100 200 300 400

Impoct velocity/m sec”)

Figure 3 Diameters of craters praduced by the impact of
stecl spheres on {100} surfaces,
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standard deviation of 210 kg nun 2. In comparison,
the static VHN was mcasured as 875kgmm™,
with a standard deviation of 19 kg mm™2. The solid
line drawn through the data of Fig. 3 was calcu-
lated from the mean value of the dynamic hard-
ness and Lquations 6 to 8. The good fit of this line
to the experimental data implies, however. only
that the scatter in the calculated vilues of the
dynamic hardness is random in naturc and limited
in extent. In contrast, although the solid lines
superimposed on the data for crater depth and vol-
ume shown in Figs. 4 and S also were obtained
from this same value of the dvnamic hardness (by
mcans of Lquations 6 and 7 in ihe case of Fig. 4.
and Equation 5 in the case of Fig. 5), it is seen
that the experinmental points systematically diverge
from both lines as the impact velocity increases. In

Celir—— —-
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§0's o ]
£ o i
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o |
@
© 010)- -
@

o
= o0s!

P B R
c 100 200 30C 400

Impact Velocty/m sec”

Figure 4 Depths of craters produced by the impact of
steel spheres on {100} surfaces.

007 S T - 1

006

300

- . Jd
o] 100 200 400

impoct Velocity /m sec”®

Figure 5 Volumes of craters produced by the impact of
steel spheres on {100} surfaces.




the case of Fig. 4 this trend is confirmed by com-
parison ol the experimental data with the points
calculated from the measured crater diameters by
means of Equation 4.

4.2. Impacts using WC particles
This section presents the results of a similar series
of experiments in which single WC spheres were
fired at variously polished $100Y, 1110 and 4111}
surfaces of B-type crystals, again using velocities of
up to 350 msec™'. These spheres exhibited neg-
ligible plastic deformation during impact.

Figs. 6a to ¢ show scanning clectron micro-
graphs of three craters resulting from impacts
against chemically polished {100}, {110} and

Q) e fieg)

3
.

’(C) | ;

{111} surfaces. 1t is clear from the very different
patterns of {100} and {110} cleavage cracks and
U10Y slip traces surrounding these three craters
that the mode of material removal due to impact is
markedly sensitive to crystatlographic orientation,
On a {100} surface, as noted by Hooker and Adler
[14]. a roughly square eroded region is formed
around a central plastic crater by intersection of
{100} and {110} cleavage cracks. This region is
deepest along its <1 10) disgonals, and the crater
rim is most extensively chipped away in these
directions also. In the {110} case, the first material
lost is that broken out along the (1 11) directions
in the impact surface by interscction of {110}
cleavage cracks. At higher impact velocities this

-
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Figire 6 Scanning clectron micro-
5 graphs of craters tormed by WC
particle impacts at (1) 204 msee !
on 100} (b)Y 118 msee ' on {110}

RS R S LU and (c) 168msec ' on {111)
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process is augmented by chipping due 1o inter-
section of these same cracks either with sebsurface
{110} cracks lying parallel to the impact surfuce
andfor with {100} cleavage cracks lying at 45° to
it. There is also a tendency in this oricntation for
long thin triangular prism-shaped fragments to be
broken out along the (100) direction in the impact
surface by intersection of two {100} cracks with
this surface. The damage mising from impact
against a {111} surface exhibits strongly the three-
fold symmetry of this surface, with material loss
occurring primarily by {100} cleavage from three
petal-shaped arcas (“'wings™) that extend along
(2 11) directions. Fig. 7, which shows a crater
formed at a lower impact velocity, reveals that the
material in these wings is not detached when this
velocity is small, but is merely raised above the
original surface. Detachment begins only when the
impact velocity exceeds ~ 100 msec™, and occurs
over an ever increasing arca as this vejocity
increases, with the wings coalescing to form a con-
tinuous eroded region completely suirounding the
central plastic crater at velocities around 200 to
300msec™. In this velocity regime the damage
bears some superficial resemblance to that occur-
ring In polycrystalline ceramics [15], although the
detailed fracture processes involved in the two
cases are rather difterent.

Profilometer traces through diametral sections
of craters in chemically polished specimens of the
same three orientations are shown in Figs. 8a to ¢

(111)

Y
Tmm | 510]

Figure 7 Scanning clectron micropraph of a crater formed
by the impact of & WC particle at 89 msee " ona {1 11}
surface.

at a 2:1 ratio of vertical to horizontal magnifi-
cation, These traces were obtained by traversing
the profilometer stylus across the impact regions
in the partdcular ervstallographic directions noted
in the figures™. Several features of these traces are
worthy of note. Fist, ecach exhibits a central
plastic crater that is complete and can be measured
accurately, This feature is usually lost at highes
impact velocities due to encroachment of the sur-
rounding croded region into the central crater,
Second, below the level of the original surface,
each trace is (i) symmetrical and (ii) of the same
curvature as the WC sphere that created it. More-
over, traces of other diametral sections obtained
by traversing the impact zone in different crystal-
lographic directions reveal the same features. Tt
follows that both plastic deformation of the WC
particle and elastic recovery of the target in the
central crater region are negligible, and this implies
that the difference between the measured and the
predicted crater depths observed when steel par-
ticles were used can be attiibuted almost entirely
to plastic deformation of these particles during the
impact event, A third significant feature of the
various diametral traces obtained from different
directions of traverse is that most are not sym-
metrical above the level of the undisturbed surface.
This asymmetry. which can be seen in Fig. 8¢, for
example, arises from material in the vicinity of the
crater rim piling up by slip on the active slip planes
in the active slip directions, The resuliant crater
rims exhibit four-, three- and two-fold symmetries
in the cases of U003}, {111} and {1 10} 1arget sur-
faces, respectively.

Figs. 9 and 10 show the variation with impact
velocity of the measured crater diameter and
depth, respectively, for impacts on chemically
polished {100} surfaces. The mean value of the
dynamic hardness was first calculated from the
individual data points in Fig. 9 and then used to
obtain the theoretical lines shown in the figures
exactly as in the previous section. The important
point 10 note is that, while there is random scatter
in the individual duta peints in Fig. 10, there is no
systematic deviation from the theoretical line of
the sort seen when steel particles are used, The
corresponding crater volumes are shown in Fig, 11,
together with  those measured on  chemically
polished {110} and {1 11} surfaces.

Mass loss data for the same seties of impacts are
plotted in Fig. 12, and superimposed on these data

* Quantitative measurements of criter dimensions were always made in these same directions.
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Figure 8 A compurison between diametral
traces through impact craters made by WC
particles in MpO  suifaces of dilferent
oricntations.
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by the least-squares method are purabolas of the
form

my = kmvd, (12)
where miy is the mass Joss and &k is a constant
dependent on the crystallographic orientation of
the target. The good fit suggests that it is not
unreasonable to suppose that, for a single impact,
the mass loss depends on the Kinetic energy of the
impacting particle. It will be noted that, in com-
parison with {100} surfaces impacted at the same
velocity, {I 10} surfaces yield a comparable crater
volume and ~ 3 times the mass loss, while {{ 11}
surfaces give risc 1o a crater ol about half the vol.
ume and about double the mass loss.

Croter Diameter/mm
Q o Q -
S o ® O

o
N

1 1
[ 100 200 300 400
Impoct Velocity/m sec”’

Fignre 9 Diameters of craters due to impacts by WC
spheres on chemically polished {100} surfaces.

In order to examine the influeace of target sur-
face condition on the impact event, further exper-
iments using WC particles were carried out on
{100} and {1 10} surfaces that had been given only
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Figure 10 Depths of craters due to impacts by WC spheres
on chemically polished {100} surfaces.
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Figure It Volumes of craters due to impacts by WC
spheres on chemically polished MO surfaces.
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TARLY T Summary of the resalts of nmpact experiiments with WC particles.

Sutface e

oricntation PPolish palkgmm )t My) kX 10T 0n Taee’)
{tou} chemical 1030+ 180 185 ¢ 23 202

{rtoo} mechanical 1170+ 240 213 - 47 3.71

{11a} chemical 1310 + 310 236 3 5.80

1o} mechanicat 1090 1+ 240 223+ 75 718

i} chemical 1860 + 470 329+ 59 3.96

*The fiewies giver are mean vatues @ one standard deviation.

— 1

Maoss Loss/mg

L
300

1

1
200
Impoact Velocity /m suc”

400

Figure 12 Mass loss dat for impuacts by WC spheres on
chemically polished MeQ surfuces,

the mechanizal polish, The vevulis indicated that
this inferior finish exerted tivtle influence on the
size of the contral plustic crater formed. but cansed
a significavt increase i the mass loss.

The vestlts of all five sets ot dyimic hardness
and mass loss measurements made using WO par-
ticles wre summurized in Tuble 11 together with
corresponding vulies of the static Meyer- Vickers
hardness Afe and Mever ball hardness M, (1o
The Meyer
conventional Vickers diamond pyramid indenter
amd a load of 300¢g. but caleulated as the load
divided by the projected vather than the actual
arca of contact, and is thuselated to the VIIN by

Vichers hardness was measured using i

M, = VIIN/OO27. (13)
In a similar manner, the Meyer ball hardness was
determined hrom the ratio ot the load to the pro-
jected arca ol contact when one of the WC spheies
used in the impact experiment was pressed guuasi-
statically into the target surlace with a load of 50
kg (which gave an indentation comparable in size
to a crater formed at an impact velocity ~ 100
msee '), These particular indicators of statie hard-
ness were selected because the dyvnamic hardness

1814

was also caleulited on the basis of the projected
rather than the actual arca of contact.,

It is clear from Table [T that the dynamic hard-
ness and the Meyer ball hardiess both have an
essentially similas dependence on (i) surfuce {inish
and (if) surface orientation. Specitically, neither
parameter is significantly affected by surface fin-
ish, and both are substantisity farger for 11711 sur-
faces than for {100} surfaces. In connast. the
Meyer- Vickers not  significantly
affected by cither swiace fiuish or surlace orien-
tation. But the more signiticant conclusion fram
Table I is that there iy no simple correlution
between the mass loss coetficient and any harduess
parameter,

hardness s

5. Discussion
In a semi-ittle erystal such as MeO there is a
complex interaction between flow and factne.
Dislocation ghide ar once promotes fractine by
nucleating cracks at blocked shp bands und retards
it by relaxing the apphed stiesses, thereby redue-
ing the forces available 1o propuapate these cracks.
Glide may also cause crack tip blunting, This com-
plexity is clearly apparent in the contusing arravs
of cracks and slip bands revealed, as in Fig, 13, by
etching a arystal after impact. Nevertheless. cerrain
features of the resubts presented in the preceding
section can he explained in terms of the established
flow and fracture praperties of MgO.

To begin with, it seems clear that the relatively
greater aniotropy of the dy namic and Meyer ball

hardnesses as compared to the Meyer Vickers
hardness stems simply from the diffeience in
indenter geometry. In particular, because  dis-

tocations in MeO glide on 110} planes and have
10) Burgers vectors, they have no tendencey to
move as oesult of uniaxia stresses directed along
A1 D directions, but are readily activated by such
stresses actimge paralie! to <1OOY or (1 1O). Hence,
“hbhunt™ spherical indenters. which in the caly
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Figure 13 An impact crater on o {100} smface. The sur-
face has been etehed to reveal dislocation ariays.

stages of contact excrt relatively larger compress-
ive stresses and smaller shear stresses than a
“sharper”™ pyramidal indenter, may be expected to
give rise to a pronounced hardness naximum on
{t11}.asis in fact observed.

Sccondly, it is possible to explain semi-quanti-
tatively the ditference between the dyvnamic
hardness at a strain rate ~ 10%sec ™ and the Meyer
ball hardness at a strain rate ~ 1073 sec™ in terms
of the known dislocation stress. velocity relation-
ship for MgeO [17]. Specificalty. because strain rate
is proportional to dislocation velocity at constant
(mobhile) dislocation density (i.e., when the strain,
the indenter geometry and the slip geometry are
held constunt) [18]. the ratio pg /A, of these hard-
nesses should be equal to the stress multiplication
factor required to speed up dislocation motion by
a factor ~ 10%x. Lincar extrapolation of the data
of Singh and Coble {17] gives a limiting value for
this factor of 6 to 7 for both edge and screw dis-
locations, in reasonable agreement with the values
of 5 to 6 for pg/My reported in Table 1 1t is also
interesting to note that dividing the longest dimen-
ston ol the dislocation array seen in Fig. 13 by the
impact duration time as given by Lquation 10 sug-
gests that dislocations may reach velocities as high
as 2.5 x 10*msce™ during a typical impact. This is
about half the {1 101 10) shear wave velocity,
and thus about halt the maximum theoretical dis-
location velocity.

The lack of any simple correlation between
either static or dynamic hardness and mass loss is
of practical interest because it demonstrates the
futility of trying to relate erosion resistance to a
single mechanical property. The reason for this
lack is, of course, the complexity of the inter-

related flow and fracture processes occurring more
or fess simultancowsly in the impuact zone during
the impact event. Thus, although the flow pro-
cesses that absoth most of the impact energy
undoubtedly begin, and for the most pait take
place, benecath the impacting paticles. fracture
propagation is prevented by the large compressive
stresses present in this region. As a result, there is
produced instead o well-defined central plastic
crater, the size of which defines the hardness; and
cracks nuclezte only at points around the crater
where the hoop stress below the target surface
changes from compiessive to tensile. Mass Joss, in
contrast, is detemrined by the orieniation depen-
dent interaction of these cracks with one another
and with the free surfuce as they propagate out-
wards from the central arater, and iy thus difficult
to ackite to the hardness. Nevertheleas, the fact
that both erater volime and muss Loy appear to be
propariional to e binctic enersy indicates that
there s sorie telaii - hip between thone quentities.
Presumubly thos vohitoiship ds an expression of
the frequercy wind the nature of the dislocation
interactions Jodn, o fractine mnstion at the
edpe of the coirild plasiic crater, and s obscured

by the compien Jdop

idenec aof this piocess on slip
Hine lengthy shp lie spacing, dislocation density,
and a host o1 erher samneters.

In conchinsion. 1t is cautioned that neither the
value of the sy loss coefficients, &, listed in
Table 11 nor tiie selocity exponent of two used in
Equation 12 shoukd be expected tu carry over to
the multipic fmpoct situation in which the further
complication ol intcraction of cracks from adjacent
impacts arises.
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Table 1. Effective Resolved Shear Stress Factors and
Measured Harduess Numbers

Y CosA conds

Indeater o g suy) Mo Li-
anentaton Vickers | Knoap VHN KHN VN KHN®
<100~ 0.110 0.304 922 400 124 96
<Ho0> 0.360 0O.149 765 780 99 103

*Ref. 3.

nated {110}, and { 110},,,. respectively. The quoted factors refer to
the {110}, planes. since these are the ones for which the effective
resolved shear stress is greatest and on which ship will thus initiate.
Although slip will subsequently accur on the {110}, planes aswell.
the analysis used in deriving Eq. (2) is based on the initial yielding
condition. There is clearly an inverse correlation between the
theoretical factors and the experimental hardness values. Hence the F
observed anisotropies for both Vickers and Knoop indentation are
compatible with the theory of Brookes ¢f «l.® and the apparent
anomaly is resolved.

bl it
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It HAs been proposed! that the Vickers hardness number (VHN) and
the Knoop hardness number (KHN) are related by

VHN == /2(KHN o+ KHNy, ( 2y )

where 8 is any arbitrary orientation of the indenter axis. This
expression implics that both types of hardness measurement should '
show similar anisotropies on the (001) surface of MgO and LiF. The
fact that they actually exhibit opposite anisotropies has been as- .
cribed. for MgO. to differences in the local work-hardening behav-
ior around the indenter due to changes in its geometry and orienta- :
tion.?
However. there is an altemative explanation based on the analysis
of hardness anisotropy presented by Brookes er al..? which states
that the effective resolved shear stress 7, on the operative slip plane
is given by

7,='/2(F1A) cosA cosd(cosis+siny) 2)

where F is the tensile force acting parallel] to the line of maximum
slope in the indenter facet, A4 the arca over which F is acting. A the
angle between the axis of F and the slip direction. ¢ the angle
between the axis of # and the normal to the slip plane. ¥ the angle
between the line in the indenter facet perpendicular to the axis of F
and the axis of rotation for a given slip system, and ¥ the angle
between this same line in the facet and the slip direction. The
angular factor in this expression should vary inversely with the
relative magnitude of the hardaess. a result which these workers
confirmed qualitatively by measuring the hardness anisotropices of
various crystals,

Experimental values of VHN and KHN for MpO and LiF are
given in Table I, together with the corresponding ettective resolved
shear stress factors computed from Eq. (2). The primary slip system
in both crystals is {T10}<1107 and there are thus two possible
orientations of the ship planes with respeet to the (001) surface.
cither at 45” 1o or perpendicular to it. These ship planes are desig-
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SUMMARY

Spherical indenters have been used to study
the effect of indentation diameter on the
hardnesses of variously oriented surfacss of
ductile and semi-brittle cubic single crystals.
The results are discussed in terms of the
elastic recovery, the initial yield, the strain
hardening and the crach nucleation processes
occurring around and beneath the indenter.

1. INTRODUCTION

During the past several years it has become
widely recognized that hardness tests
represent a useful means of studying various
mechanical properties of solids [1, 2]. In
particular, the Knoop test has been employed
extensively in investigations of plastic
anisotropy. One reason for this is that the
elongated shape of the Knoop indenter
renders this measure of hardness particularly
sensitive to indenter orientation about the
normal to the plane of indentation. Indeed,
Garfinkle and Garlick [3] have found that the
Knoop hardness of LiF and of various f.c.c.
and b.c.c. metal single crystals depends
primarily on the orientation of the long axis
of the indenter relative to the crystal lattice
rather than on the plane of indenlation. A
second reason is that the faceted shape of the
indenter gives rise to an indentation strain
ficld (and hence a strain hardening contribu-
tion to the hardness) that is independent of
load. Finally, the Knoop test is attractive for
its geometrical simplicity which facilitates the
task of relating this measure of hardness to
such fundamental parameters as the critical
resolved shear stress and the rate of strain
hardening. As a result Daniels and Dunn [4]

and Brookes et al. [5] have been able to
develop geometric arguments to relate Knoop
hardness anisotropy to the onset of yiclding
on the most favorably oriented slip plane or
planes, Armstrong et al. [6 - 8] have
succeeded in extending such arguments to
take account of strain hardening and
Wonsiewicz and Chin [9, 10] have succeeded
in relating this anisotropy to strain hardening
by means of a theory that takes into con-
sideration the total crystallographic shear
occurring around and beneath the indenter
[11].

In contrast, a spherical indenter produces a
measure of hardness that is independent of
the orientation of the indenter relative to the
crystal lattice but sensitive to both the
orientation of the indented surface and the
applied load. The spherical indentation test is
therefore complementary to the Knoop test
and of particular value as a means of studying
anisotropy in strain hardening; as such it has
been used in a variety of studies of single-
crystal plasticity [12 - 26]. The present paper
extends this previous work in systematic
fashion by using spherical indenters to study
the effects of load and orientation of the
indented surface on the hardness of both
ductile (nickel and aluminum) and semi-
brittle (LiFF and MgO) single crystals.

2. EXPERIMENTAL

2.1, Specimen preparation and character-
ization

{100}, {110} and {111} oriented slabs of
nickel, aluminum and LiF approximately
lcem X1 cemX1cemin size were sawn from
larger single crystals, were rough ground on
wet 240, 320, 400 and 600 grit SiC papers,
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were polished on Buchler Texmet* cloth with
aqueous slurries of 1, 0.3 and 0.05 um Al Oy
abrasives and were mounted in Koldmount**
resin. The corresponding MgO specimens were
similarly prepared except that they received a
final chemical polish in boiling aqucous
H,PO, [27, 28] prior to mounting. X-ray
Laue diffraction studies showed that the
mounted and polished specimens were
typically within 2° of the desired orientation.
Because aliovalent impurities can markedly
influence dislocation mobility in ionic crystals
[29], semiquantitative spectrochemical
analyses were performed on the LiF and MgO
specimens. The results are shown in Table 1.

TABLE 1

Impurity element Concentration (ppm)

MgO LiF
Ca 100 - 200 100 - 200
Al 40 - 100 40

Mn 50 -

Fe 100 - 200 100

Si 50 50

Ti 20 -

Mg - 2-5
Cu - 5-20

The suppliers’ data indicated that the alu-
minum and nickel crystals were 99.998% and
99.97% pure respectively. At these levels,
impurities should not significantly affect the
critical resolved shear stress of these f.c.c.
metals [30].

2.2, Indentation tests

An Instron universal testing machine fitted
with a spherical WC--6% Co indenter 1.59 mm
in diameter was used to make indentations
with diameters in the range 0.1 - 1 mm in
MgO specimens of all three orientations; the
corresponding indentations in nickel, alu-
minum and Lil* were made in similar fashion
with a spherical steel indenter 1.58 mm in
diameter, The indenters had Vickers hardness
numbers (VHNs) of about 2000 and 700 -
860 kgf mm 2 respectively, and the harder of

*Supplied by Buehler Ltd., 2120 Greenwood St.,
Evanston, 1il. 602041
**Supplied by Vernon-Benshoff Co., 413 N. Pearl
8t., Albany, N.Y. 12201,

the two was used in the experiments with

MgO to minimize any complication due to
indenter plasticity [12]. In all tests the rate
of indenter penetration was chosen so that
the maximum load was reached in 15 - 25 s;
the indenter was then held stationary for a
further 15 s prior to unloading.

The diameters of the resultant indentations
were measured along all the crystallographic
directions of cach type listed in Table 2 on
{100} and {110} surfaces and along any two
randomly selected (211) directions on {111}
surfaces. The measurements were made by
means of an optical microscope fitted with a
micrometer eycpiece and focused on the
surrounding undisturbed surface, with
ancillary oblique illumination being used to
highlight the crater rim; in every case the
hardness was calculated from the average of
the applicable set of diameter measurements.
Diametral traces were also made through a
number of indentations by means of a surface
profilometer.

TABLE 2

Material Surface Directions of
orientation measurement

Al Ni {100} 100y, (110;

LiF, MgO 100} 100

Al Ni, LiF, MgO {110} (100, (110

Al Ni, LiF, MgO {111} 21D

3. RESULTS

Figure 1 shows two typical load-time
records from the Instron machine. The one
for the nickel specimen has a smooth profile
whereas that for the MgO specimen exhibits
“spikes” associated with the formation of
cracks during loading. This cracking, which
was accompanied by an audible “clicking”
sound, occurred more extensively at high
loads than at low loads and was more
extensive in MgO than in LiF. Both records
show also that the load relaxed by a few
per cent during the 15 s that the indenter was
held stationary.

The micrographs in Figs. 2 and 3 show
indentations made at both high and low loads
in {100}, {110} and {111} surfaces of ductile
(nickel) and semi-brittle (LiF) crystals
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Fig. 1. Load-time records for indentations in {100}
surfaces of (a) nickel and (b) MgO.
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respectively. It will be noted that none of the
indentations made at high loads are wholly in
focus but appear as ill-defined and (particu-
larly in the case of nickel) oddly shaped black
regions completely lacking in contrast. The
lack of definition comes about because the
microscope lacked the depth of focus to
accommodate the deeper impressions and
more extensive piling-up and sinking-in of
surrounding material produced by the higher
loads; the loss of contrast occurs because the
steeper surface slopes in and around impres-
sions produced at higher loads reflected more
of the normally incident illumination used for
the photomicrography outside the cone of
acceptance of the microscope objective,
Therefore it should not be inferred from
Figs. 2 and 3 that the shapes of indentations
formed at different loads differ markedly.
On the contrary, as revealed by the surface
profilometry studies and the oblique illumina-
tion technique used when measuring indenta-
tion diameters, the shape of the impression
formed in any given surface by a given
indenter changes relatively little as the applied
load increases. These same sorts of measure-
ments also showed that for a given load and
indenter the deviation of the rim of the
impression from circularity is greater for
nickel and aluminum than for LiF and MgO,

e e )
ool - 107 |
"«311)-4“f 1)
[100] | [101]
—_— . L —

Fig. 2. The appearance of indentations in nickel single crystals for (a), (b), (c) a 2 kgf load and (d), (e), () &

25 kgf load.
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Fig. 3. The appearance of indentations in LiF single crystals for (a), (b), (c) a 5 kgf load and (d), (e), (f) a 20 kgf load.

100um
200um

Fig. 4. Diametral surface profiles through an indenta-
tion made in nickel at a 50 kgf load. The broken lines
indicate the indenter profile and the undisturbed
surface.

i.e. that slip produces greater surface displace-
ments than does cracking.

Comparison of the shape of the indenter
with surface profilometer traces across
different indentation diameters (such as those
shown in Fig. 4) revealed negligible elastic
recovery below the level of the original
surface at low loads. However, for indenta-
tions with a diameter greater than about one-
half the indenter diameter, clastic recovery
resulted in a net reduction of the indentation
diameter relative to its depth. This recovery
was more pronounced in nickel than in
aluminum, and in Lil* than in MgO.

For spherical indenters, Meyer [31] has .
shown empirically that the load P is related
to the indentation diameter d by

P=rkrd"

where % and n are material-dependent
constants. Further, because the Meyer
hardness M is defined [31] as the load divided
by the projected area of contact nd¥4 it
follows that

M=Fkd""?

and n — 2 can be found from the slope of a
plot of log M versus log d when Meyer's law
is obeyed. Figures 5 and 6 show such plots
for all three surface orientations of the ductile
and semi-britlle specimens respectively. Each
data point represents the average from nine
hardness tests. For each surface of each
material a good fit to the data can be ob-
tained by linear regression, showing that
Meyer’s law is closely obeyed. The values of
n — 2 obtained from these lines are listed in
Table 3 together with the extrapolated
hardness values M' corresponding to an
indentation diameter equal to the indenter
diameter. It should be noted that, whereas
nickel, aluminum and LiF all exhibit hard-
nesses that vary little with the orientation
of the surface and increase with increasing
indentation diameter, the hardness of MgO
both shows greater anisotropy and decreases
as the indentation diameter increases.
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4. DISCUSSION

The appearance of the indentations formed
in nickel and aluminum is in almost all
respects consistent with the descriptions given
by earlier workers in this ficld. In particular,
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TABLE 3

M (kgf mm~ 2)

{100} {110} {111}

Crystal n— 2
{100} {110} {111}

Al 0.15 0.12 0.3 164 16.6 16.5
Ni 0.35 0.38 0.36 95.9 105.2 95.4
LiF 0.34 0.38 0.36 139.8 165.1 1641.6
MgO —0.41 —0.41 —0.27 126.8 147.9 2296

there is substantial piling-up and sinking-in
around the crater rim, as reported long ago
by O’Neill [14, 15] and others [13, 17, 18].
Consequently, as was first pointed out by
Carpenter and Elam [13], it is difficult to
define the crater diameter unambiguously. As
in the case of the dynamic normal impact of a
spherical particle [32] the piling-up and
sinking-in can be explained in terms of
primary {111}(110) glide alone, as might be
expected in materials having five independent
primary slip systems.

The sinking-in and piling-up is much less
for the semi-brittle materials LiF and MgO
which have only two independent primary
slip systems. However, definition of the crater
rim is still no easier because extensive
fracturing occurs on {100} and {110} planes.
Nor is there any evidence of secondary slip
about any of the indentations made in LiF
and MgO in the present work. The same is
true in the dynamic situation at a strain rate
about seven orders of magnitude greater [32].
Lack of evidence of secondary slip is not, of
course, conclusive proof that such deforma-
tion did not take place. However, the observa-
tion that cracking occurs more extensively
around indentations in MgO than in LiF
supports this contention, for the work of
Buerger [33] and Mueller [34] implies that
secondary slip should occur more easily in
relation to primary in MgQ, and it must be
supposed that such slip would have an inhibit-
ing effect on crack propagation. Apparently
the extensive fragmentation occurring around
and beneath the indenter permits all the
additional deformation necessary to accom-
modate the shape change imposed by the
indenter.

The present results also (i) confirm the
previous observations that spherical indenters
produce indentations that are circularly
symmetric about the surface normal below
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the level of the original surface under both
quasistatic [35] and dynamic conditions
[32] and (ii) reveal that only for the larger
indentations does the shape of the residual
impression differ measurably from that of the
indenter (Fig. 4). For all four materials this
difference in shape takes the same form as it
does under dynamic conditions, i.e. a propor-
tionally greater reduction in indentation
diameter than in depth. As a result the radii
of curvature of the larger indentations are less
than the radius of the indenter. It follows that
this difference in shape between indenter
and indentation is the result of elastic
recovery of the material indented rather than
of flattening of the indenter by plastic de-
formation [32]. 1t also follows from (i) not
only that anisotropic elastic recovery plays
little part in determining the shape of the
impression but also that the distortion of the
outlines of the indentations seen in Figs. 2
and 3 results primarily from surface displace-
ment by slip.

From Hertz’s analysis of the problem of
elastic contact between two isotropic elastic
spheres [36], the relation between the
indentation diameter d, the radius of
curvature r; of the indenter and the radius of
curvature r, of the residual impression is

d- iﬁl’rlrz (1 —»? N 1—2 )%”3

g —ry E, E,
where v; and v, are the Poisson’s ratios, and
E, and E, are the Young’s moduli, of the
indenter and specimen respectively. Tabor
{12] has noted that this equation is applica-
ble only if the effect of elastic recovery on
indentation diameter is negligible and has
reported data confirming that the radius of
curvature of the indentation is greater than
the indenter radius by the predicted amount
for relatively shallow indentations in poly-
crystalline metals. However, data obtained by
Foss and Brumfield [ 35] indicate that as the
indentation becomes deeper the theoretical
expression tends increasingly to overestimate
the observed radius of curvature of the
impression,

In the present work the indenters were
about an order of magnitude smaller in
diameter than those used in both these
previous studics. ‘The product of ry and ry
is thus about two orders of magnitude

smaller, so the difference between them
must decrease by a corresponding factor for
geometrically similar indentations. It is for
this reason thal no elastic recovery was
observed in indentations made at low loads
in the present work. Moreover, the seemingly
anomalous recovery observed in the deeper
impressions cannot be attributed to the .
monocrystailline and therefore anisotropic
nature of the materials indented, for it was
also observed in polycrystalline nickel with a
grain diameter of about 0.015 mm. Instead, it
appears that the increasing amount of piling-
up and sinking-in that occurs as the indenter
penetrates deeper sufficiently distorts the
surface around the indentation to cause
breakdown of the Hertz-Tabor analysis, and
this produces a proportionately greater and
greater reduction in the diameter of the
impression compared with its depth.
In the case of aluminum the present
studies reveal that the total variation in
Meyer hardness with orientation of the
surface indented is less than 10% and that
M{110}> M{311} > M{00}; they thus confirm
the conclusions reached by O’Neill [14] from
experiments on less certainly oriented speci-
mens of this metal. They also confirm
findings of O’Neill that (i) Meyer’s law is
obeyed and (ii) M extrapolates to a value M~
that is virtually independent of surface
orientation as the impression diameter
approaches the indenter diameter. This
orientation independence of A " follows from
application of such theories of hardness as
those of Daniels and Dunn [4] and Brookes
et al. [5], which are based on an effective
resolved shear stress yield criterion, to the
expansion of a hemispherical cavity in a
plastic solid. This is because the hemispherical
surface of contact between the indenter and
the substrate effectively averages over all
possible slip plane orientations regardless of Y
the orientation of the surface indented. That
M" is independent of the orientation of the
surface in the present experiments thus
suggests that Lthe yield behavior of aluminum
is little affected by deformation path
during spherical indentation, It is similarly ,
interesting that even though this argument : 1)
ignores all strain-hardening effects it applies
equally well to the behavior of two lots of
aluminum crystals which appcar on the basis
of their Meyer indices (2.12 - 2.15 in the




present work and 2.27 - 2.48 in O’Neill’s
work [ 1-1]) to strain harden rather differently.
Presumably the greater rate of strain harden-
ing evinced by O'Neill’s erystals stems from
some precipitation hardening effect associated
with their substantially greater impurity
content (0.4%).

In comparison with aluminum, nickel
exhibits greater strain hardening (Meyer
indices 2.35 - 2.38) on all three surfaces,
motre scatier in M” and a qualilatively
different dependence of Meyer hardness on
surface orientation. Since f.c.c. single crystals
typically strain harden (in stage 11, at least)
at rales proportional to their shear moduli
[37], the first of these features conceivably
derives directly from the greater elastic
stiffness of nickel compared with alu-
minum [38]. Neither of the last two observa-
tions, however, is consistent with the models
of hardness anisotropy [4, 5] discussed
above, and either or both may result from the
stronger dislocation—surface interactions
arising from this greater stiffness.

Figure 6 reveals that MgOQ and LiF exhibit
qualitatively similar variations of Meyer
hardness with surface orientation, as expected
from the theories of Daniels and Dunn [4]
and Brookes et al. [5], but that the
magnitude of this anisotropy is greater for
MgO. The same figure also reveals that the
hardness of MgO decreases with increasing
load on all three surfaces studied and has no
tendency to converge to any surface orienta-
tion-independent value M~, whercas LiF
behaves much more like nickel and alu-
minum in both these regards. These differ-
ences in behavior are all presumed to derive
primarily from the much greater incidence
of cracking that takes place around impres-
sions in MgO compared with LiF, especially
at higher loads. Apparently crack propagation
represents a method of producing deforma-
tion of MgO beneath an indenter that is
sufficiently less energy intensive than dis-
location motion that it can — if it develops
extensively enough as the load increases —
more than offset any effect of strain harden-
ing, thereby allowing the indenter to
penctrate deeper and producing a hardness
that decreases with load. Morcover, because
this cracking in MgO is restricted for the
most part to {100} and {110} plancs its con-
tribution to the overall hardness probably

varies with surface orientation; this, it is
suggested, is why the hardnesses of dilferent
MgO surfaces diverge rather than converge as
the load increases and cracking contributes
an increasingly greater proportion of the
total deformation.

This rationalization of the experimental
observations ignores the more difficult
question of why MgO should fracture more
extensively than LiF in the present experi-
ments. This observation cannot be attributed
to the diffcrence in specimen preparation, for
the chemically polished MgO specimens
should have contained fewer surface flaws
than their mechanically polished LiF counter-
parts. In addition, as has already been pointed
out, it cannot derive from differences in the
relative ease of primary versus secondary
slip since (i) there is no evidence that second-
ary slip occurred in either material and (ii)
such slip would be expected to occur more
easily relative to primary slip in MgO than in
LiF {33, 34]. Moreover, since Alden {39, 40]
has shown that LiF has a higher latent harden-
ing ratio than MgO it is difficult to reconcile
this observation with the usual view that crack
nucleation in such crystals takes place at
blocked slip bands. Perhaps the answer lies
not in the relative ease of dislocation motion
in the two crystals but in the relative ease of
dislocation nucleation at the tip of a crack.
It is unfortunate that the existing theoretical
treatments of this process {41, 42] lack the
resolution to distinguish between LiF and
MgO in this respect. However, the greater
polarization occurring in MgO might be
expected to raise the ideal shear strength
relative to the ideal tensile strength [43] and
thus promote enhanced brittleness [44].

5. CONCLUSIONS

A study has been made of the effects of
indentation diameter (i.c. load) and orienta-
tion of the indented surface on the Meyer
hardnesses of nickel, aluminum, LiF and
MgO. The findings were as follows,

(i) Greater surface displacements were
produced by piling-up and sinking-in around
indentations in nickel and aluminum than in
LiF and MgO.

(ii) These displacements appeared always
to derive solely from primary glide, and any
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additional deformation that was required to
accommodate the shape change in LiFF and
MgO, which lack five independent primary
glide systems, appcared to derive from
cracking rather than secondary slip.

(iii) Regardless of the symmetry of the
surface indented, all impressiens exhibited
circular symmetry about the surface normal
below the level of the original surface.

(iv) Elastic recovery on unloading was
more pronounced in nickel than aluminum
and in LiF than MgO, and tended to produce
a proportionally greater reduction in indenta-
tion diameter than depth. This latter observa-
tion is at variance with the reported effect of
such recovery on shallower indentations and
appears to be a consequence of the propor-
tionally greater contribution made by plastic
flow in the formation of deceper craters.

(v) For all four materials Meyer’s law was
closely obeyed for indentations in all three
surfaces, and for nickel, aluminum and LiF
the Meyer hardness tended to a value M *
independent of surface orientation as the
impression diameter approached the indenter
diameter. Nickel exhibited higher Meyer
indices (greater work hardening) than alu-
minum and a different hardness anisotropy.
LiF exhibited Meyer indices similar to those
of nickel but greater scatter in M*. In
contrast, the Meyer hardness of MgO not only
decreased but also exhibited an increasing
anisotropy as the indentation diameter
decreased. These differences in behavior
between MgQ and LiF are attributed to a
greater case of dislocation nucleation at the
tips of cracks in MgO.
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MECHANISMS OF SOLID PARTICLE EROSION IN CRYSTALLINE MATERIALS
D.G. Rickerby and N.H. Macmillan

Materials Research Laboratory
The Pennsylvania State University ‘
University Park, PA 16802, U.S.A. ]

Erosive mechanisms in ductile (Al and Ni) and semi-brittle (LiF
and Mip0) materials are being studied at the basic level by impacting mono-
crystalline specimens of various orientations with single particles. With
such specimens effects due to variations in microstructure are eliminated,
and it is possible to concentrate on the fundamental erosive processes. In
both clusses of solid a crater is formed about the centre of impact, but the
surrounding damage and the operative mechanisms of material removal differ
markedly from one to the other. For the semi-brittle specimens, material
is lost as a result of the formation of cleavage cracks around the crater
and the intersection of these with the surface and with each other. For
the metals, material removal occurs as a result of ductile rupture at tne
crater rim. This process can lead to measurable mass loss even for a single

impact normal to the surface,

INTRODUCTION

Despite the existence of a great
deal of empirical data on solid particle
erosion, little is known about the basic
mechanisms of material removal involved (1,
2). This situation stems from the large
number of experimental variables involved,
and requires that any systematic investi-
gatlon of erosion mechanisms keeps this num-
ber to a minimum. Thus, the present work
was confined to single normal impacts of
spherical particles against monocrystalline
surfaces. Single impact experiments have
previously proved useful for investigating
erosive mechanisms (3-5), and spherical par-
ticles simulate adequately many of the impacts
which occur during erosion by irregular par-
ticles (5,6). Furthermore, for normal impact,
the motion of a spherical particle can be
described analytically, allowing direct
calculation of target hardness under dynamic
conditions(7,8).

EXPERIMENTAL

Experiments were performed on high
and low melting point pairs of ionic (MgO and
LiF) and metallic (Ni and Al) monocrystals.
The impurities present (see Table 1) were
sufficient to affect dislocation mobilities
in the fonic crystals (9), but not to affect
rignificantly the flow stresses of the
metals (10).

Table 1. Melting points and purities of the

crystals
Melting Impurities
Crystal Point/°C Purity >50 ppm
Mg0 2800 99.942 Ca, Al, Fe
LiF 845 99.96% Ca, Fe
Ni 1453 99.97% Si, Fe
Al 660 99,9982
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{100}, {110} or {111} oriented
specimens about 1 cm2 in area and about 0.5cm
thick were cut from larger monocrystals.
These were first ground on wet SiC papers and
then polished on cloth-covered wheels using
slurries of Al 03 particles down to 0.(5 um
in size. Finafly, they were flush-uourted in
self-curing resin. A number of MgO specimens
also were chemically polished (1l1) prior to
mounting.

The erosive particles were mounted
in nylon sabots and fired from a gas gun.
Sabot velocities were determined photoelec-
trically immediately prior to particle-sabot
separation at the muzzle (12). Two types of §
particles were used: steel spheres of diam- i
eter 1.59 mm, weight 16.2 mg and VN
800 kg mm=2; and WC-6% Co spheres of diameter i
1.58 mm, weight "~ 30 mg and VIN “ 2000 kg mm~% i
The harder type was required for experiments
with Mg0 in order to minimize the effect of
plastic deformation of the particle (7),
whereas the steel spheres were sufficiently
hard for experiments with the other mate- ;
rials. ;

[Ty~amy

The mass losses due to individual
impacts were determired gravimetrically. 1In
addition, cross~sectional traces through
impact craters were obtained at cquidistant k1
(50 um) intervals by means of a surface pro- )
filometer., Crater volumes weve determined ;
by mecasuring the area below the original
surface level for each trace and applying
the trapezoidal rule. Crater depths and
djumeters were determined from diametral
traces.

THEORETICAL IMPACT MODEL

Consider a rigid sphere of radius r
and mass m impinging normally on a plastic-
rigid half-gpace, and assume that the pres-
surc over the arca of contact is uniform and
has a constant value p (the dynamlc hard-
ness) during the impact (7,13). Provided




29-2

. Rickerby & Macmillan

that all the particle kinetic energy is ex-
pended in permanently deforming the target,

V=t ?, (1)

where V is the crater volume and v _ is the
initial impact velocity. This can be re-
written in terms of the crater depth £ as

2
mv

Py, 2)
2u8.” (r=-2/3)

provided that 2 < r. Rearranging this expres-
sion gives

2 1/2
mv

_-— _____7__—0 —
2= S (c<2/3) g 3

from which £ may be calculated iteratively by
neglecting the £/3 term in the first instance.
Also, the crater diameter d is given by

o
L)

2,1/2

2(2rf-2%) )

If 2 > r, Eq. 2 becomes

2
mv
pm g o—— (5)
2nr" (R-r/3)

and

2
mv r
2= 3“ + = . (6)
2 p

A "representative value" of the strain €
around a spherical indentation is (7)

d
€ = 0.1 P (7)

and, for purely plastic behaviour, the impact
duration t is given by (7,13)

m 1/2
t=m/2 . (8)

21pr

It follows that the mean strain rate ¢ dur ing
the impact is (8)

] o M2 dv_
€ = 0.15 d{—n;] = 0.064 —2 . (9)

An estimate of the effect of strain
hardening may be made by assuming that p
varies according to (14)

-2
p= k", 10)

where k and n are constants. It can be shown
that at the end of an impact for which £ < r
),

2

1
5 mv
p= {»“{—2} L— (1)

so that £q. 2 may still be used, provided it
is recognised that the values of p calculated
thereby will be lower than the actual end
values by a constant factor (n+2)/4.

RESULTS

Typical impact craters in chemically
polished Mg0 surfaces are shown in Figs. 1-3.
Those in LiF surfaces are essentjially similar
in appearance. In each case the central
crater is surrounded by a complex zone of
brittle fracture arising from intersecting
{100} and {110} cleavage cracks. The extent
of material removal is consequently highly
dependent on the crystallographic orientation
of the surface (8).
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Fig. 1. Crater in_ a {100} MgO surface due to
impact at 204 m s”t.
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Fig, 2. Crater in a {110} MgO surface duc to
impact at 118 m s—1,

A diametral profilometer trace
through a crater in chemically polished MpO
is shown in Fiy. 4. The diameter is defined
as the distance between the crater walls at
the oriyinal surface level (broken line), and
the depth as the vertical distance from this
level to the lowest point in the crater.

Trace directions were <100> on {100} and {110}
surtaces and <211~ on {111} surfaces {n all
cascs.
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Fig. 3. Crater in a {ill} Mg0O surface due to
impact at 168 m s—1,

100.m
200um 010}
oo,

{1001 161m 3!

Fig. 4. Diametral trace through an impact
crater in a {100} MgO surface.

The variations with impact velocity
of crater diameter, depth and volume for
chemically polished {100} MgO surfaces are
shown in Figs. 5-7. Similar data werec ob-
tained for {110} and {111} oriented MgO
specimens and for LiF specimens of the same
three orientations. Because elastic recovery
was negligible in MgO but resulted in a net
reduction of crater diameter relative to depth
in LiF, the dynamic hardnesses of these mate-—
rials were calculated from Jdiameters and
depths, respectively. The substantial scatter
in the data precluded identification of any
definitive variation of dynamic hardness with
impact velocity.
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Fig. 5. Varlation of crater diameter with
impact velocity for {100} MgO surtfaces.
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Fig. 6. Variation of crater depth with impact
velocity for {100} MgO surfaces.
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Fig. 7. Variation of crater volume with
impact velocity for {100} MgO surfaces.

Functions of the form

2
m = Amv ©, (12)
where m. is the mass loss and A is a constant,
were fi%ted to the experimental mass loss
data. A typical example is shown in Fig. 8.

Mass Loss/mg
a o @

N

1 1
0 100 200 300 400
Impoct Velocity/m s~

Fig. 8. Variation of mass loss with impact
velocity for chemically polished {100} MgO
surfaces.

The experimental results for MgO and
LiF are summarized in Tables 2 and 3, respec-
tively, which include static Meyer-Vickers
hardness M,* and Meyer ball hardness M, (15)
values for comparison. These paramcters. like
the dynamic hardness, are calculated In terms
of the projected rather than the actual con-
tact area.

."v = VIN/O.927
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Table 2. Summary of results for MgO

Orien- p/_, ZMB/ 3M\,/_2 A
tation kg mn kg =2 kg mm m=-2g2
4{ 1 . . crns -6
5 100} “1030+180 185123 995+24 2.0x10_6
A{loo} 11702240 213#47 1013+28 3.2x10_6
G110} 1310°310 236:34  972:29 5.8x10_,
{110} 10900240 223:75 1014230 7.2x10_¢

4{111} 1860'470 329:59 996120 4.0x10

i1 st. dev. %50 kg load 300 g load

Achemically polished 5mcch:\nically polished

Table 3. Summary of results for LiF

N
Orien- p/_, ZMB/ My/, A,
tation kg kg niin~2 kg mm m=2g
{100} ‘483159 9743 124%1 2.3x10:g
{110} 428156 105+7 12622 1.9x10_

{111} 553:106 106*3 118+3 3.7x10°

1, 1 st. dev. 220 kg load 3300 g load

Figs. 9-11 show impact craters in

Ni surfaces. Craters in corrcsponding Al
surfaces are similar in appcarance. Substan-
tial pile-up of material is apparent along
these directions perpendicular to primary
{110}<110> slip traces, whilst the surface
between such directions is depressed. At
higher velocities there is an increasing
tendency for ragged "lips" to form along the
raised portions of the crater rim, apparently
as a result of extrusion of material between
the particle and the strain hardened surface.

e

: mw,_w~~m._wﬂ~h.pﬁT
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| S,

Fig. 9. Crater {n a {100} NiL surface due to
fupact at 279 m s~1,

“a 1 ;;1

Fig. 10. Crater in a {110} Xisurtace due to
impact at 305 m s L,
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Fig. 11. Crat.r in a {lll} Ni surface due to

impact at 327 m s”1

A diametral prof ilometer trace
through a crater in Ni is shown in Fig. 12.
The broken lines indicate the original sur-
face level and the outline of the spherical
particle, and show that elastic recovery
produces a nct rceduction in crater diameter
relative to depth. The same happens in Al,
and dynamic hardness was therefore calculated
from the depth for both metals.

250.m
2 Cum . el
—

1) 289m o

Fig. 12, Diamctral trace through an impact )
crater in a {110} N{ surface. i

No variation of the dynamic hard-
ness of Al with tmpact velocity could be
discerned within the experimental scatter;
but for Ni there was a definite i{ncrease with
velocity., Expressions of the form of Eq. 10
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were therefore {itted to the hardness data for
Ni, assuming that n (i) could and (ii) could
not differ from its static value. As seen
from Figs. 13 and 14, either assumption ((i)
solid lines, (ii) broken lines) provides a
reasonable description of thc experimental
data over the limited range of crater size
involved. Morcover, experiments on poly~
crystalline Al over a wider size range reveal
little difference between the dynamic and
static values of n (16). Hence, the valyes
of n quoted here are those obtained from
other, more precise static spherical inden-—
tation studics of the same Ni monocrystals
17).

Q6 T T T
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Fig. 13. Variatjon of crater depth with im-
pact velocity for {110} Ni surfaces.
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Table 4. Summary of results for Ni
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Fig. 14. Varijation of crater volume with
impact velocity for {110} Ni surfaces.

Mass losses from both metals were
small (X 10-%g), if they cccurred at all, and
their variability was such chat it was im-
possible to resolve any velocity dependence.
Material removal was apparently due to scpar-
ation of metal from the extruded lips at the
crater rim by ductile rupture.

The experimental results for Ni{ and
Al are summarized in Tables 4 and 5, respec-
tively.

Orien- k/ig ulmn"2 ]M‘,/kgmm—2
tation n dynamic static

{100} 2.35 132 8L.5 288l
{110} 2.38 178 88.2 88+5
{111} 2.36 170 80.7 89+3
1500 g load 21 1 st. dev.

Table 5. Summary of results for Al

Orien-

tation p/kg — 2M.ﬁ/kg — 3Mv/kgmm 2
{100} Y147 14.6%0.5 18.9+0.5
{110} 73+28 15.9£0.2 18.5+0.4
{111} 6338 15.520.3 18.4%0.5
1

+ 1 st. dev. 210 kg load 3500 g load

DISCUSSION

Erosive behaviour is highly depen-
dent on particle size (18-20), and even very
brittle targets undergo a transition to duc-
tile response, via a semi-brittle regime (21),
as the particle size decreases. Moreover,
in practical situatiors the larger particles
often can be filtered out, making semi-
brittle or ductile erosion the primary cause
of concern. Thus, experiments involving
larger particles and a semi-brittle target
response are of relevance to the engineering
use of brittle ceramics.

Surface finish has been shown to
significantly affect material removal in
single impact experiments with MgO; and it
therefore must have a crucial effect on incu-
bation times for multiple impact erosion,
even though exerting little influence on the
steady~-state e¢rosion rate. However, the
differences seen in the orientation depen—
dence of mass loss for MgO and LiF are attri-
buted not to variations in surface finish
(since chemically and mechanically polished
MgO showed the same qualitative orientation
dependence), but to differences in flow and
fracture behaviour. MgO is more brittle than
LiF, and also differs in its relative ease
of clcavage on {100} and {110} planes.

Dislocation etch pit atudies (8)
indicate that the differences between the
static and dynamic hardnesses of variously
oriented specimens of Mg0 are compatible with
its dislocation velocity-stress relationship
(22); and the different hardness anisotropies
produced by spherical and pyramidal indenters
are evidently due to the change in indenter
geometry (8). No evidence of slip on the
secondary {100}<110> system was found, even
though {110}<110> slip provides only two of
of the five independent slip systems required
for an arbitrary shape change (23). The
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additional deformation apparently comes from
nodes Il and II1 extension of {100} and {110}
cleavage cracks.

In both Ni and Al, mass losses from
single impacts were extremely small., However,
multiple impact studies of metals at normal
incidence show that successive impacts even-~
tually roughen the surface and raise the rate
of material removal (2,16). The extruded
lips formed in higher velocity impacts bear
some resemblance to those produced by oblique
impacts against other metals (4.5), although
more material is removed in this latter case
because the lips are larger.

The lack of any distinguishable
strain hardening effects in the impact experi-
ments on Al may arise from localized adiabatic
heating into the recrystallization range. In
contrast, strain hardening was found to occur
at comparable rates under both static and
dynamic conditions in Ni, which has a higher
recrystallization temperature. Interestingly,
strain-hardening at the quasi-static rate has
also been observed in high purity polycrystal-
line Al (16) at rather lowcr impact velocities.

Although it has been proposed that
erosion may be related to thernal properties
(24,25), the present experiments provide
little support for the view that large scale
melting occurs. Some soitening may occur as
a result of adiabatic heating during impacts
against such low melting point materials as
Al, but the apparent lack of secondary slip
in MgO suggests that the temperature never
exceeded 600°C over any significant volume in
this material (26). The appearance of de-
tached fragments and of the surface damage
also supports this view. In the ceramics,
sharp edges are formed as a result of cleavage
failure, and there is no evidence of the more
rounded debris that nelting would be expected
to produce. Similarly, the appecarance of the
crater lips formed in the metals suggests that
these result from plastic extrusion rather
than from splashing of molten material.

It is clear from comparison of the
various static and dynamic data that hardness
is scnsitive to the strain and strain rate at
which it is measured. It follows that any
attempt to correlate erosion and hardness
should be based on a measurement of hardness
appropriate to the erosive situation.

Finally, it should be noted that the
mass loss per impact will be greater in the
multiple than the single impact situation.

For ductile materials this happens because
Impacts occurring in previously strained
reglons can more casily exbaust the available
ductility; and in semi-brictle materials the
caugse {8 interaction of the cracks produced

by the current impact with those created by
prior impacts. In both instances the result
is an erosive mass loss exponent preater than
two (1), the value which might be anticipated
from simple enerpetic considerations.
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The influence of particle properties on
impact damage in LiF

In the course of a broad investigation of the
mechanisms of solid particle erosion [1--3], the
present authors have used a single-stage gas gun to
conduct various impact experiments. In one serics
of experiments, spherical chrome steel spheres
were fired perpendicularly against mechanically
polished {100} surfaces of LiF monocrystals at
velocities ranging from 50 to 350msec™! ; and in
another series similar size WC-6% Co spheres
were fired at similar targets under identical condit-
ions. These experiments revealed several interesting
differences in target response arising from the
change in particle type. This note both reports
these effects and suggests an explanation for their
occurrence,

The steel spheres weighed 16.2mg and had a
diameter of 1.587Smm and a Vickers Hardness
Number (VHN) ~800kgmm2; and the WC
spheres weighed 30 £ I mg and had a diameter of
1.575+0.025mm and a VHN ~2000kgmm ™2
[1]. Examination of spent spheres of both kinds
by surface profilometry and microscopy revealed
no evidence of departure from sphericity due to
plastic deformation during the impact event. In
both series of experiments the targets were mech-
anically polished 10mm x 10mm x Smm slahs*
prepared and mounted as described in [1].

The damage shown in Fig. 1 is typical of that
produced by either kind of sphere over a wide range
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Figure | Scanniny clectron miucrograph of the mpact
damage produced by a steel sphere with o veloonty of
208 msec ' (707 uln).

of velocities. It consists of a central crater, appar-
ently formed by a combination of {110}110)
glide and modes It and HI cleavage crack propaga-
tion, and a surrounding region from which material
has been lost through intersection of {100} and
{1 10} cleavage cracks with one another and with
the free surface. This latter region encroaches
further into the central crater as the impact velocity
is raised.

To characterize this damage quantitatively,
two kinds of measurements were made. First, mass
losses were determined gravimetrically; and then
profilometer traces were made across each crater
in (100) directions at SOum intervals. Crater
depth [ (relative to the original surface) and diam-
eter (in the same plane) were determined directly
from the deepest (diametral) trace in each case.

In addition, the impact process was modelled
by considering a rigid sphere of radius r and mass
m impinging normally on an ideal plastic-rigid half-
space and assuming that the pressure over the area
of contact is uniform and has a constant value p
(the dynamic hardness) throughout the impact
event [1]. Since this model implies that all of the
particle kinetic encrgy is expended in permanently
deforming the target,

pV = mv?, o))
where V is the crater volume and v, the impact
velocity. Equation 1 can also be written as

2

vao ) (2)
2al*(r--1/3)

The mass loss data obtained from the two series

of impacts are shown in Fig. 2; and superimposed
on each set of data is a parabola of the form

p:

m, = kmv}, 3)

] T Y =T

BL * Steel ]
-3 o wWC
£, ]
]
)
7 o i
o
b3

2} i

. 2 8 —h
4] 100 200 300 400

Impoct Velocity/m sec”?

Figure 2 Vatiation of mass loss with impact velocity,

*O0brained from Harshaw Chemical Company, 6801 Cochran Road, Solon, Ohio 44139, USA, and vontaining as their

principal impuritics 1O to 200 ppm cach ot Ca and 1e,

3006 0022 2461/79/123006 03§02.30/0  © 1979 (hapmun and Hall Ltd.
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where nmt, is the mass loss and k the mass loss
cocfficient. This latter parameter, which is a
measure of the “erosive efticiency™ of unit mass of
impacting particles, rises from 2.3x 107® to
2.8x 107 m 2 sec? when the steel spheres are
replaced by those of WC.

Fig. 3 shows the corresponding dynamic hard-
ness values calculated from the measured crater
depths by mecans of Equation 2. A straight line rep-
resenting the average of the individual values has
been drawn through the data obtained from stcel
spheres, for the scatter in these data precludes
identification of any clear velocity dependence of
the dynamic hardness; but the curve fitted to the
data from the experiments with WC spheres
assumes a power function dependence of dynamic
hardness on impact velocity. The remarkable fea-
ture of these results is that the dynamic hardness is
independent of impact velocity and equal to
483 + 59* kgmm™? when steel particles are used,
but decreases asymptotically with increasing impact
velocity to less than hall this value when WC par-
ticles are employed. It may be seen from these
data that WC spheres produce larger craters and
smaller dynamic hardnesses than do stec] ones of
the same kinetic energy.

It was also discovered from the accompanying
surface profilometry measurements that post-
impact elastic recovery of the target in general leads
to a proportionally greater reduction in crater dja-
meter than depth. The cffect of such recovery is,
therefore, to reduce the crater dimensions and
increase the apparent dynumic hardness: but it is
unlikely that the slight differences in the extent of
such 1ccovery-induced phenomena produced by

g
ﬁ
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Figure 3 Voariaton of dynamic hardness with impact
velocity.

*+ one standard deviation.

WC as compared to steel spheres can account for
the observed differences in dynamic hardness.

The differences in mass loss and dynamic hard-
ness likewise cannot reasonably be attributed to
the greater strain and lower strain-rate resulting
from the slower deceleration of the more massive
WC particles over a longer time and distance. One
reason is that the differences in strain(F 1.2x )and
strain rate (~ 2x) involved are too small to alter
the flow stress sufficiently to account for a factor
2x in the dynamic hardness, and another is that
decreasing the strain rate and increasing the strain
have opposite effects on the flow and fracture
of a semi-brittle solid such as LiF. Specifically,
decreasing the strain ratc tends to favour flow over
fracture, whereas increasing the strain produces
more blocked slip bands capable of nucleating
cracks.

It therefore seems that the greater mass loss and
dynamic hardness values produced by the WC
spheres stem from their greater elastic mis-match
with the target and their rougher surfaces (which
should result in a higher coefficient of friction in
the contact region). Simce these factors presumably
influence the present Boussinesq stiess field in
much the same manner as they affect the [lertzian
stress field [4, 5], they will tend to incicase the
extent of the annular region around the contact
area in which radial tensile stresses act and from
which material is lost (Fig. 1). Hence, it is suggested
that the greater material loss occurs because the
increascd size of the region in which tensile stresses
act results in propagation of more surface flaws,
and that this greater loss leads to a lower dynamic
hardness by reducing the lateral elastic constraints
on the process of crater formation.

Acknowledgement

Wark supported jointly by the US Army Research
Ofiice under Grant no. DAAG29-77-G-0100 and
the National Science Foundation under Grant no.
DMR-76-02733.

References

t. D, G. RICKERBY, B, N. PRAMILA BALand N, H.
MACMILLAN, J. Marer, Sci. 14 (1979).

2. Idem, Basic Mechamisms of Erosion in Ceramics, in
“Procecdings ot the Fourth International Mecting
on Modern Ceramic Technologies™, Saint-Vincent,
Ttaly, May (1979).

a0 e D




JOURNAL OF MATERIALS SCIENCE 14 (1979) LETTERS

3. D. G. RICKERBY and N. H. MACMILLAN, Mech-
anisms of Solid Particle Erosion in Crystalline
Materials, in “*Proceedings of the Fifth International
Conference on Erosion by Solid and Liquid Impact™,
Cambridge, Fngland, September (1979).

4. K. L. JOHNSON, J. J. O'CONNOR and A. C.
WOODWARD, Proc. Roy. Soc. A334 (1973) 95.

5. B. LAWN and R. WILSHAW, J. Mater. Sci, 10
(1975) 1049.

Received 4 April
and accepted 11 May 1979

D. G. RICKERBY

B.N. PRAMILA BA!}

N. H. MACMILLAN

Materials Research Laboratory,
The Pennsylvania State University,
University Park,

Pennsylvania 16802,

USA

The central region of the calcium oxide~
gallium oxide system

During attempts to grow single crystal calcium
gallate (CaGa,04) from the melt using the
Czochralski technique, it became necessary to
check the phase diagram in the region of the com-
pound, CaGa, 0, since different authors have
variously assigned to this mole ratio, no compound
[1], two compounds [2], and three compounds
[3], nominally all with the formula CaGa,0O,.
This communication describes investigations on

this system and attempts to rationalize the results
obtained and those already published.

Mixtures of calcium carbonate and gallium
oxide of the highest commercially available
quality, with a total metallic impurity content
about 10ppm, were made in the range 35 to
65mol% Ga, 03, sixteen mixtures in all. Each
sample was subscquently placed in a differential
thermal analysis (DTA) unit heated until molten
and then cooled. The temperature was then
recycled and a DTA trace obtained, the heating
and cooling rate being 10° Cmin™". The samples

1500 ¢
1400 C.2G + liq
o
o
o
=
w
ool
1300
3C.G+3C.2G 3C.2G+C.G C.G+C.2G
1200 -+
40 50 60

MOLE % GoyOy

Figure 1 The CaO-Ga,0, system, C == (a0, G = Ga,0,. Futectic between 3IC.G and 3C.2G at 35mol % Ga, O,
1270 ¢ 3° C. Maximum meling point 35 to 45 mol % 1345 + 3° C. Eutectic between 3C.2G and C.G at 43 mol % Ga, O,

1332 ¢ 3° C. Melting point 50 mol’ mixture 1368 ¢ 3°C.
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BASIC MECHANISMS OF EROSION IN CERAMICS

D. G. RICKERBY, B. N. PRAMILA BAI AND N. H. MACMILLAN
Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802 (USA)

ABSTRACT

Erosion by solid particle impact constitutes a serious problem in turbines in
electrical power stations, in aero engines, and in any situation where rapidly
moving machine parts encounter dust-laden environments. The successful utilization
of ceramic materials in components of such systems requires, therefore, an under-
standing of the fundamental mechanisms of erosion and the material properties
which govern them. These mechanisms are being studied, at the most basic level,
by impacting single particles against wmownocyystalline specimens of LiF and MgO.
It has been found that ervsive mass loss is related to the kinetic energy of the
impacting particle and to the crystallographic orientation of the snecimen, but
does not correlate well with either static or dynamic hardness. The implications
of these findings with respect to multiple impact erosion of polycrystalline

materials are discussed.

INTRODUCTION

Erosive wear of materials by solid particle impingement is a significant
problem in power turbines, aero engines, compressors, and various other instances
where particle impact occurs at high velocities (ref. 1). Hence, because it is
envisaged that the next generation of power and automotive turbines and coal
conversion systems, in particular, will make extensive use of ceramic components,
it is essential that the erosive behaviour of such materials should be understood.
However, although there exists a great deal of empirical data on erosion, little
is known about the basic mechanisms of material removal involved (refs. 1, 2).
The work described here fs part of a wider program to elucidate these mechanisms
for both ceramlcs and metals, but the present discussion is limited to the former
materfals.

Systematic study of the basic ervsive processes is alded by the reduction of
the number of experimental variables to a aminimum. Thus, to avold such compli-

cations as grain size effects and varfation in particle shape and orientation,
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experimental work was limited to single impacts of spherical particles against
carefully oriented and polished monocrystalline surfaces. Single impact studies
have proved valuable iu previous investigations of crosive mechanisms in metals
(refs. 3-5); and it has also been pointed out that spherical particles provide a
rcasonable simulation of many of the impacts occurring during erosion by a stream
of irregularly shaped particles (refs. 5, 6). An analytical solution to the
equation of motion of an incident spherical particle is only possible if the impact
direction is normal to the target surface. Experimental work was therefore con-

fined to normal impacts on surfaces of three different crystallographic orientations.

EXPERTMENTAL

Specimens were prepared by cleaving and cutting MgO and LiF single crystals into
approximately 10 mm x 10 mm x 5 mm slabs, with their largest faces oriented parallel
to {100}, {110} or {111}. These were successively ground on wet 240, 320, 400
and 600 grit SiC papers, and then m-chanically polished on a cloth-covered whecl
using aqueous slurries of 1, 0.3 and 0.05 um alumina. In order to investigate
the effect of surface finish, and to allow dislocation etch pit studies to be

performed, some of the MgO specimens were given an additional chemical polish in

boiling aqueous H Po& to which a small amount of concentrated H_S0, or HNO, had

3 2774 3
been added (refs. 7-9). To facilitate handling, the polished specimens were flush-

mounted in standard-sized cylinders of a self-curing resin. Subsequent Laue X-ray

studies showed that the polished surfaces typically were within 2° of their

nominal orientations.
Because impurities are known to affect dislocation mobility in ionic crystals (%
(ref. 10), semi-quantitative spectrochemical analyses were performed on several

samples of both LiF and Mg0. The results of these tests are summarized in Table 1.

TABLE 1
Spectrochemical analyses of MgO and LiF crystals -
Impurity element . Concentration (ppm)

Mg0 LiF 1
Ca 100-200 100-200
Al 40-100 40
Mn 50 -
Fe 100-200 100 k
si 50 50 ;
Ti 20 -
Mg - 2-5
Cu - 5-20
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A 16 mm bore aftrogen gas gun, simflar in design to that described by Rutchings
and Winter (ref. 11), was used to fire erosive particles at the targets. The
particles were mounted in nylon sabots, from which they were separated at the end
of the barrel by means of an annular steel muzzle block., Sabot velocities were
measured at the muzzle with an accuracy * 17 by means of a photoelectric time-
o=t 1light system, and were reproducible to better than ¢ 57 at all firing
pressures used.

Fwo types of particles were used:  hardened steel spheres of diameter 1.59 mm
and weight 16.2 mg, and WC-67 Co spheres of diameter 1.58 mm and weight 30 * 1 mg.
Ihe Vickers Hardness Numbers (VHN) of these particles were n 800 kg mm_2 and

2000 kg mm—z. respectively.  The harder particles were used in the experiments
with MO in order to minimize the effect of plastic deformation of the spheres
tref. 12), but the experiments von LiF were carvied out with-steel particles
v lusively.

Experiments were performed over the velocity range 50 - 350 m s—l, and mass
losses were determined by weighing specimens immediately before and after impact.
In addition, cross-sectional traces through the craters at equidistant (50 pm)
intervals were obtained by surface profilometry. A cowposite topographical map
produced by this technique is shown in Fig. 1. Crater volumes were measured by
Jetermining the area below the original surface level for each trace and then

applving the trapezoidal rule. Crater depths and diameters were determined from

the traces corrvesponding to diametral sections in each case.

Fig. 1. Profilometer map of an impact crater in MgO.
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THEORETTCAL TMPACT MODEL

Consider a rigid sphere of radius r and mass m impinging normally on an ideal

plastic-rigid half-space. It is assumed that the pressure over the arca of contact

is uniform and has a constant value p (the dynamic hardness) throughout the entire

impact (refs. 12, 13). Instantanecously, the situation is as shown in Fig. 2:

the sphere is moving with a velocity v against a resistive force P, the radius of

2
contact is a, and the depth of penctration is y. It follows that P = na”p, and

that the equation of motion of the particle is
. 2
my = - #a p. (1)

It can be shown that the solution of this equation is

Ve
[s] m

(ry2 - )’3/3), ¢}

where v, is the initial impact velocity. If the particle comes to rest at
y = ¢, then

mv
4]

beo e &)
20 (r-173)

wherce the telation between £ and the crater diameter d is
1.
t=r - (e - dhw )

This model assumes that there is neither deformatjon of the spherical particle
during the impact nor elastic recovery of the deformed surface afterwards, and
that strain hardening effects are negligible.

Eqn. 3 can be rewritten
1
pv = 3 mv ©, (5)
where Vo is the crater velume. This expression represents a statement of the

energy balance implicit jn the model - namely, that all the kinetic energy of

the particle is expended in plastically deforming the target. Eqn. 3 can also

be rearranged to give

2 5
o
- [zﬁr,,‘ '(;173“)_] ' ()
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i, 2. Schematic diagram of the impact event.

rrom which  may be calculated by an iterative process starting from
rmvo -1}

. o . 7
‘Z:rprJ ’ (@)}
{

and d can then be calculated from % by rearranging Eqn. 4 as

d= 2 et - 2HT, (8

[t has been shown (ref. 12) that a '"representative value" of the strain € in

the complex strain field around a spherical indentation is
v = 0.1 d/r . 9

Also, for purely plastic behaviour, the impact duration t is independent of

particle velocity, and is given by (refs. 12, 13)

1
LT em
SR (2~.rpr) . (10)

by combining Eqns. 9 and 10 and then using Fqn. 7 it follows that the mean strain

tate ¢ oduriag the impact is

! dv

. ‘%
S oated (B 0.6n P2 an
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In the present work, typical values of t and 5 were Vv 1im and v ]05 s_l, respec-

tively.

RESULTS
MgO specimens

Scanning electron micrographs of damage resulting from single impacts of WC

g spheres against chemically polished MgO surfaces are shown in Figs. 3-5. 1n each
case the central crater is surrounded by a complex zone of brittle fracture

arising from intersecting {100} and {110} cleavape cracks. Tt is clear that the

T

H mode of material removal is highly dependent on crystallographic orientation and
can be rationalized in terms of the orientations of the primary and secondary

cleavage planes relative to the target surface (ref. 14).

t

|

3

)

|

i

i

Fig. 3. Crater formed in a {100} g0 surface by an impact at 204 m ¢! i
!

5

A typical profilometer trace through a diametral section of a crater is 1
illustrated in Fig, 6. The diameter is defined as the distance between the ki

crater walls at the level of the original surface (indicated by the broken line),
and the depth as the vertical distance from this level to the decpest point in

the crater. The trace directions were <100~ on {100} and {110} surfaces and

<211> on {111} surfaces in all cases. At higher impact velocities the surrounding
eroded region encroached upon the crater rim, thereby imposing an upper velocity

limit on the mcasurement of crater dimensjons.
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100um
200u:m l1oio1

(100) 16im s-!

Fig. 6. Diametral trace through an impact crater in a {100} MgO surface.

Figs. 7, 8 and 9 show the variation with impact velocity of the crater diameter,
depth and volume, respectively, for chemically polished {100} r0 surfaces. Similar
data were obtained for the other two orientations, and for specimens with a
mechanical polish only. A value of the dynamic hardness was calculated froem each
measured crater diameter by means of Eqns. 3 and 4. No definitive variation of
the dynamic hardness with velocity was observed, although considerable scatter
existed in the data. Thus, a mean value of dynamic hardness was calculated from
each set of data; and this was used with Eqns. 5-8 to determine the theoretical
crater geometry. The close correspondence between the theoretical lines and the
experimental data in Figs. 7-9 indicates that the assumptions made in deriving
the model werc reasonable.

Regression analyses were performed on all sets of mass loss data in order to
fit functions of the form

2

my = kmv0 . (12)

where n, is the mass loss and k {s a constant. A typical example is shown in

Fig. 10. The reasonably good fits obtained in all cases confirm the hypothesis

that, for a single impact, the mass loss is directly proportional to the particle

kinctic energy.
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Fig. 10. Variation of mass loss with impact velocity for chemically polished
{100} MgO surfaces.

The results of all experiments performed on MgO are summarized in Table 2. i
, * I
{ Corresponding data for the quasi-static Meyer-Vickers hardness Mv and the Meyer

ball hardness MB (ref. 15) are also listed for comparison. Hv was measured at .

'uv = VHN/0.927.
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a load of 300 g; and MB was determined using the WC spheres and a load of 50 kg,
which produced indentations comparable in size to those formed by impacts at

100 m s-l. These particular indicators of static hardness were selected because,
ftke the dynamlc hardness, they are calculated in terms of the projected rather

than the actual area of contact.

TABLE 2

Summary of experimental results for Mg0

Orientation  Polish p/kg mm_2 Mv/kg mm—2 MB/kg mm"2 k/m-zs2
(100} chemical 1030 ¢ 180" 995 % 26 185 : 23  2.02 x 10.¢
{100} mechanical 1170 # 240 1013 * 28 213 * 47 3.17 x 10,
{110} chemical 1310 * 310 972 + 29 236 t 34 5.80 x 10_,
{110} mechanical 1090 * 240 1014 * 30 223 + 75 7.18 x 10_¢
{111} chemical 1860 * 470 999 *+ 20 329 * 59 3.96 x 10

*
* st. dev.

LiF specimens
The overall appearance of impact damage in LiF was essentially similar to that

in MgO. However, quantitative measurements indicated certain differences. In
particular, noticeable elastic recovery occurred in LiF, especially in the deeper
craters. This effect was most pronounced for {111} surfaces. Fig. 11 shows a
diametral profile through a crater in such a surface superimposed on an outline
(broken curve) of the spherical particle. There i{s a net reduction in the crater
diameter relative to the depth, which is the reverse of the effect reported by
other workers (refs. 12, 16) in somewhat shallower quasi-static indentations.

Because elastic recovery evidentiy affected the crater diameter more than the
depth in LiF, dynamic hardness calculations were based on the latter dimensions.
Experimental data for crater depths and diameters on {111} surfaces are presented
in Figs. 12 and 13, respectively. The measured crater diameters tend to be
smaller than those predicted theoretically using the mean dynamic hardness.
Similar results were obtained for {100} and {110} surfaces, although the dis-
crepancies were less because the effect of elastic recovery was smaller.

Table 3 provides a summary of the relevant dynamic and quasi-static hardness
data, and lists the mass loss coefficients for each surface investigated. The
load used to determine “v was again 300 g, but that used in the measurement of

MB was reduced to 20 kg in order to produce indentations of similar geometry to

those made in MgO.
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g. 11. Diametral trace through an impact crater in a {111} LiF surface.
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3. 12. Variation of crater depth with impact velocity for {111} LiF surfaces.
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Fig. 13. Variation of crater diameter with impact veloecity for {111} LiF surfaces.

TABLE 3

Summary of experimental results for LiF

Orientation Polish p/kg mm-2 Hv/kgmm_Z MB/kg mm_2 k/mnzs_2

2.30 x 10:2
1.93 x 10_¢
3.65 x 10

{100} mechanical 483 * 59 124 1 97
{110} mechanical 428 * 56 126 * 2 105
{111} mechanical 553 + 106 118 : 3 106

o+

DISCUSSION

Erosive behaviour has generally been characterized as either "brittle" or
"ductile”" (ref. 17). This nomenclature is somewhat misleading, however, because
it is based on the variation of erovsion with angle of impingement rather than on
the nature of the material removal processes, and even a very brittle substance
undergoes a transition from "brittle" to "ductile" erasion behaviour as the
particle size is reduced (ref. 18). Moreover, this transition really represents
a change from brittle to ductile behaviour via a semi-brittle regime (ref. 19) -
i.c., there is an increasing relative contribution of flow versus fracture to the
overall deformation as the particle size decreases.

Brittle structural ceramics are primarily exposed to erosion by small particles
(<100 ym, say), because these are the ones that are most difficult to filter from
a gas stream; and therefore most practical erosive situations will {nvolve semi-
brittle or even ductile behaviour (refs. 20, 21). Thus, the present experiments
involving large erosive particles and semi~brittle tarpet responsce are of relevance

to more brittle ceramics in practical engineering applications.
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That therce exist significant differences between ductile and semi-brittle
erosion is emphasjzed by the lack of correlation hetween hardness and mass Joss
in the present experiments. In contrast, the VHN has been found to be a reason-
able indicator of relative ductile erosion behaviour for many, though not all,
anncaled metals (ref. 1). Some discrepancies may arise from differences in

strain and strain rate hardening cffects associated with different indenter

geometries and loading rates, respectively. 1t was in order to eliminate the
influence of such effects that static and dynamic spherical indentation hardnesses
were measured in addition to the Meyer-Vickers hardness. Despite this, no general
correlation was found between mass loss and any of these parameters. Thus,
although both the crater volume and the mass loss for a single impact are propor-
tional to the particle kinetic energy, the dynamic hardness represents the constant
of proportionality in the former case but bears no obvious connection with the
latter.

Surface finish has been shown to exert a significant effect on the amount of
material removed from a pristine MgO surface by a single impact; and it would
therefore be expected to be a crucial factor in determining the incubation period
in multiple impact erosion, but to have little effect on the final (steady state)
erosion rate. The differences in the orientation dependence of single impact
mass loss for MgO and LiF are attributed not to differences in surface finish
(since mechanically polished and chemically polished {100} and {110} Mg0 surfaces
showed qualitatively similar orientation dependences), but to differences in the
flow and fracture behaviour in the two materials. MgO is more brittle tham LiF,
and there is also a difference betwcen the two in the relative ease of cleavage
on {100} and {110} planes,

The relatively greater anisotropy observed in both the static and dynamic

spherical indentation hardnesses as compared to the Meyer-Vickers hardness is
apparently due to the change in indenter geometry. The primary slip system is
{110}<110> for both crystals. Consequently, a <111> uniaxial stress will produce
zero critical resolved shear stress on this system (ref. 22), unlike similur
stresses acting parallel to <100> or <110>, Hence, use of a blunt spherical
indenter, which in the early stages of contact will exert relatively greater
compressive stresses and smaller shear stresses than a "sharper” pyramidal !
indenter, results in a pronounced hardness maximum on {111} surfaces. »
Etching MgO specimens with boiling concentrated HNO3 frof. 7) revealed dis- i
location etch pit arrays similar to those reported for dynamic indentations in i
NaCl (ref. 23). No evidence of slip on the secondary {001}<170> system was I
found, even though {110}<110> slip provides only two of the five independent
slip systems required to produce an arbitrary shape change (ref. 24). The

additional deformation capability appears to be supplied by mode II and 1II
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extension of {100} and {110} cleavage cracks. The differences between the static
and dynamic spherical indentation hardnesses (measured at €N 10—33.1

4" 1055_1, respectively) may be accounted for in terms of the known dislocation

and

velocity-stress relationship for MgO (ref. 25). Extrapolation of these data,
-using dislocation velocities calculated from the maximum extent of the etch pit
arrays, Indicates that stresses beneath the indenter would have to be increased
by factors comparable to the observed ratio of static to dynamic hardness (ref. 1l
A few relatively long cleavage cracks penetrated into the bulk of the crystals.

On {100} surfaces (see fig. 14) these were similar in appearance to the median
vent and subsurface lateral cracks formed under a sharp indenter in brittle
materials (ref. 19). This phenomenon resulted from the particular orientation

of the {100} cleavage planes relative to the surface; and in general such cracks
occurred along cleavage planes rather than in directions determined by the stress
trajectories beneath the indentation and the singularities in the indenter
geometry, which is the case for amorphous materials and sharp indenters. In
either event, it is clear that, although such severe cracks little influence
material removal in a single impact, they will greatly enhance the rate of
removal during subsequent impacts. Consequently, the velocity exponent for
multiple impact erosion is substantially greater than two for materials in which

the semi-brittle erosive mode is operating (ref. 1).

Fig. 14. Subsurface lateral cracking under a 186 m s-l impact crater {n a
{100} MpO surface.

R . .
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Finally, it has been proposed that erosion may be related to thermal properties
(refs. 26, 27). The melting points of MpO and LiF are rather different (2800°C
and 845°C, respectively), but no differences in erosion hehaviour were observed
which could be attributed to this fact. The lack of secondary slip, which would
presumably occur If temperatures were above 600°C (ref. 22) within a significant
volume, indicates that adiabatic heating effects are relatively localized. The
appearance of detached material and of the surface damage is consistent with
cleavage failure, in that sharp edges are seen, whereas melting would be expected
to produce more rounded debris. 1t is therefore concluded that melting of the

material contributes negligibly to semi-brittle erosive mechanisms.
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Summary

A rotating arm apparatus was used to study the erosion of polycrystal-
line aluminum by 1.58 mm diameter WC-6% Co spheres impinging at
normal incidence. Dynamic hardness values were obtained from measure-
ments of the impact craters and compared with corresponding quasi-static
values. In addition, material removal was monitored gravimetrically, and
quantitative information was obtained on threshold and incubation phenom-
ena and steady state erosion behavior. The variation of the velocity depen-
dence of erosion with the number of particle impacts was derived from these
data. Supporting scanning electron microscope studies suggest that the mech-
anism of material removal responsible for ductile erosion at near normal
incidence is somewhat different from that which operates at shallower
angles. The similarities and differences between these mechanisms are
discussed, and it is suggested that together they account for the character-
istic variation of ductile erosion with angle of impingement.

1. Introduction

The erosive wear of materials by repeated solid particle impingement is
as yet incompletely understood. The literature contains an ever increasing
amount of empirical data on the subject but relatively little conclusive infor-
mation about mechanisms [1]. However, single impact studies on metals
have suggested several possible mechanisms for the removal of material from
ductile targets [2 - 5]. Furthermore, it has been shown that spherical
particles can provide a reasonable simulation of the majority of impacts
occurring during erosion by typical equiaxed, but irregularly shaped, particles
{5, 6]. 1t is nevertheless apparent that single impact experiments alone can-
not provide a complete understanding of erosion in ductile materials. In
particular, a single impact at normal incidence on a pristine target surface
produces negligible material removal, at least at lower velocities, whereas
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substantial loss occurs as a result of multiple impacts under otherwise similar
conditions.

It has been discovered empirically that erosion, which is defined as the
mass of material removed per unit mass of impinging particles, can generally
be described by a power function of the impact velocity [1], with the
velocity exponent lying between 2.0 and 3.4 for metals, depending on the
particular experimental conditions involved [7 - 11]. A value of exactly 2
might be anticipated from simple energetic considerations, and Finnie {7,
12} and others [13 - 15] have proposed theories of ductile erosion which
predict just such a result. It has also been suggested that the larger exponents
often found in practice are due to some size effect arising from an increase in
the effective flow stress of the target as the stressed volume decreases [8].

34 Numerous attempts have been made to correlate erosion with various

o mechanical and/or physical properties of the target material {1}, and the
Vickers hardness number (VHN) has been shown to give a reasonable indica-
tion of the relative erosion resistance of many, but not all, annealed metals
[8]. However, like any indentation hardness parameter, VHN is both strain
and strain rate dependent [16], and this may account for some of the
discrepancies. It is therefore of interest to measure the hardness under condi-
tions which more closely approach those obtaining during erosion. This is
most easily done by using spherical particles, for this allows impact at normal
incidence to be modelled analytically and the dynamic hardness to be
calculated directly.
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2. Experimental

A schematic diagram of the erosion apparatus is shown in Fig. 1. The

specimen is mounted near one end of a counter-balanced rotor arm inside a

steel tank which can be evacuated to about 1 Torr by means of a rotary

vacuum pump. The arm itself is a 6061-T6 aluminum alloy tube of length

0.25 m, wall thickness 2.1 mm, and outside diameter 19 mm, and is balanced

for high speed operation by mounting a dummy specimen at the opposite

end to the real one. A 1 hp electric motor rotates the arm at a speed

controlled by a rheostat and continuously monitored by a photoelectric

tachometer. Figure 2 shows the shaft speeds attained at different applied

voltages for tank pressures of 1 atm and about 1 Torr. The distance from the

centre of the shaft to the centre of each specimen is 0,115 m, and thus the

nominal specimen velocity is 0.72 f, where f is the frequency of rotation. A

stream of erosive particles falls vertically into the path of the specimen from .
3 a gravity feed system consisting of a 2 m long, 12.5 mm X 2.5 mm rectangular
cross-section chute supplied from a sealed hopper. This design ensures that
the falling particles form a more or less planar array parallel to the face of the
oncoming specimen. In the present work, the particles used were 1.58 mm
diameter WC-6% Co spheres having a mass of about 30 mg and a VHN of
about 2000 kgf mm 2, These are sufficiently massive that their motion is rei-
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Fig. 1. Schematic diagram of the rotating arm erosion apparatus.

atively little affected by aerodynamic influences at low specimen velocities.
For convenience, therefore, the apparatus was only evacuated when working o
at specimen velocities greater than 80 m s™?1.

This sort of rotating arm apparatus offers substantial advantages over
the types of equipment in which the erosive particles are transported
towards a stationary target by high velocity gas strcams [9]. For example,
impact velocities can be more easily and precisely defined, and uncertainties
about the effect of eddying of the gas flow around the target on particle i

N trajectories are eliminated. More important from the present point of view,
however, is the capability for introducing small numbers of particles in a
controlled manner. ) B

In order to interpret the experimental data, it is necessary to know the
ratio of the number of impacts N; to the nu mber of particles N, admitted to
the apparatus. Suppose, therefore, that the particles are falling vertically with .
a uniform velocity u and that the cross-sectional radii of the arm and the ]
specimen are A and R, respectively. Then, if the width of the particle stream 4
is 2R, the requisite ratio is given by

gﬁ =ﬂi f< 4 1) ]
N, 2u 2(A +R) .
or (
N, _fRr—0+isn2) @ 1;‘
N, 2u 2(A +R) |
where |

0 =cos™!

e
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The experimentally determined values of N;/N,, are plotted in Fig. 3, and
superimposed on these data are (i) a broken line indicating the variation

3 predicted by the above equations from the photographically measured mean
verlical particle velocity of about 3 m s™! and (ii) a solid line representing
X the theoretical variation multiplied by an experimentally determined factor

of 0.84 to allow for the finite size of the particles and the fact that some fall
outside the idealized parallel-sided stream.
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Fig. 2. Dependence of shaft speed on the voltage applied to the motor: 0,1 Torr; G, 1 atm.
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Fig. 3. Ratio of number of impacls to number of particles entering the apparatus vs.
shaft speed.

The specimens were 15 mm long, 12.5 mm diameter cylinders
prepared from a cast ingot of 99.9% pure aluminum having an average grain
size of about 4 - 5 mm and a VHN of 24 + 1 kgf mm™ 2, Their surfaces were
rough ground on wet SiC paper and then polished on cloth-covered wheels
using a series of aqueous slurries of successively finer Al,0; particles down
to 0.05 um in size. Finally, each specimen (which weighed about 5 g) was
weighed on a precision balance to +10 ug.

Each specimen was eroded incrementally at some selected impact
velocily for long enough to establish steady state behavior and was removed ]
from the apparatus for weighing and examination in the scanning electron ]

microscope after each increment. On replacement in the apparatus, the
specimens were rotated through approximately 90° in an attempt to cancel
out as far as possible any effects arising from the small horizontal velocity
and vertical particle concentration gradients existing across their faces. Only
very few impacts were produced in the first increment at each velocity, so
that surface profilometer studics could be carried out on the individual
impact craters before they began to overlap. These studies provided series of
traces at 50 um intervals from which the crater dimensions were determined.

3. Theoretical : !

Suppose that a rigid spherical particle of radius r and mass m impinges
at normal incidence on an ideal plastic-rigid half-space, and assun.e that the
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pressure over the area of contact is uniform and has a constant value p (the
dynamic hardness) throughout the entire impact [16, 17]. Then, by solving
the equation of motion of the particle [ 18], it can be shown that

mv}
20l%(r — 1/3)
where v, is the initial impact velocity and ! is the depth of penetration when
the particle comes to rest, It is implicit in this model that there is neither de-
formation of the particle nor elastic recovery of the crater. Thus, all the
kinetic energy of the particle is expended in permanently deforming the
target, and eqgn. (3) can also be written in the form

pV=1mv} 4)

where V is the crater volume. Rearranging eqn. (3) gives
1/2

p= (3)

) ®

from which ! can be calculated iteratively by initially neglecting the !/3 term
on the right-hand side. It also follows that the crater diameter d is related to
l by

d = 2(2rl —1%)12 (6)

An order of magnitude estimate of the plastic strain rate € during the
impact event can be made by combining expressions for the representative
strain in the complex strain field around the indentation [16] and the
impact duration [16, 17]. This gives [18]
dUo)

¢ ~ 0.064 (—
rl

(7

from which the dynamic strain rates in the present work were estimated to
be about 10° s~1,

As it stands, the preceding analysis takes no account of the effect of
strain hardening. However, for static indentations in materials which strain
harden, it has been found empirically that Meyer’s law [19] is widely
obeyed. This law states that

p=kd"? ' (8)

whelje n and k are constants, If it is assumed that a relation of similar form
applics under dynamic conditions, it can be shown [16] that

n+2y Lmy?
2 70 9

2 ®
at the end of the impact. Since n typically lies between 2 and 2.5, the differ-

ence between the values of p obtained from eqns. (4) and (9) is about 10% at

most. It follows that the previous analysis can still be used when strain
hardening occurs, provided that it is recognized that the value of p calculated

p~|
v
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thereby underestimates the actual end values of the dynamic hardness by a
factor (n + 2)/4.

4. Results

A typical diametral profilometer trace through an isolated impact crater
is shown in Fig. 4. Measurements of crater depths relative to the original sur- .
face level (broken line) were made directly from such traces, and the corre-
sponding crater volumes were determined by first measuring the areas below
this same level for the complete set of parallel traces through each crater and
then applying the trapezoidal rule. The results are shown in Figs. 5 and 6,
respeclively.

Dynamic hardness values were calculated from the measured crater
depths, rather than from the diameters as is usual in static experiments, for
two reasons. Firstly, it was more difficult to define the diameter unequivocal-
ly than the depth because of the displacement of the surface immediately
outside the crater (see Fig. 4); and secondly, previous measurements of both
dynamic [20] and static [21] indentations indicate that elastic recovery
tends to reduce the diameter relative to the depth at large penetrations. This
effect is the reverse of that reported for proportionally shallower static

250,.ml

200um 0lm s~

Fig. 4. Diametral trace through an impact crater.
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Fig. 6. Variation of crater volume with impact velocity.



376

indentations made by somewhat larger spheres [16] and has been discussed
elsewhere | 21]. The dynamic hardness valucs obtained in this fashion are
plotted in Fig. 7 as a function of crater diameter as calculated from crater
depth by means of eqn. (6), together with the corresponding quasi-static
Meyer hardness data [16, 19]. These latter measurements were made at a
strain rate of about 1072 s~ !, and the indentation diameters were measured
directly by means of an optical microscope fitted with a micrometer eye-
piece. These data reveal the Meyer index n to be 2.21 and 2.24 under static
and dynamic conditions, respectively, indicating that the strain-harden-

ing properties of aluminum are little influenced by increasing the strain rate
by eight orders of magnitude.
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Fig. 7. Variation of static and dynamic hardness with size of impression: O, dynamic;
0, static.

The inception and evolution of the process of erosion are illustrated by
the six scanning electron micrographs comprising Fig. 8. At first (Fig. 8(a)),
impacts are scattered and essentially independent of one another; but as
more impacts occur (Fig. 8(b)), craters begin to overlap, producing a distinc-
tive “‘ridging’’ in regions where material has been highly strained as a result
of more than one impact. As the number of craters continues to increase
(Fig. 8(c)), such regions are further strained by additional impacts until metal
begins to extrude in the form of thin platelets (Fig. 8(d)), the occasional
ductile failure of which causes the first material removal. Further impacts
increase the number of these platelets (Fig. 8(e)), thereby increasing the
extent of material removal until a steady state condition is attained
(Fig. 8(f)). Thereafter there is no further change in the overall appearance of
the surface, and the erosion remains constant. It should be noted that the
particular surface illustrated was subjected to relatively low velocity impacts,
and that the various deformation regimes become less clearly defined at
higher impact velocities. Under such conditions even a single pair of over-
lapping craters may produce material removal.
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Fig. 8. Evolution of erosive damage due to repeated impacts at 54 m s™1. The numbers
indicate the cumulative number of impacts on the specimen.

The appearances of surfaces characteristic of the linear erosion
regime for different impact velocities are illustrated in Fig. 9. As the velocity
increases, not only does crater size increase but also the extent of the regions
over which deformation leads to extrusion of platelets of metal, Whereas at
lower impact velocities platelets are small and scattered, and occur in rela-
tively few of the regions of crater overlap, at higher velocities the regions
between craters consist of multiple platelets of much greater size.

The data obtained from the mass loss measurements are presented in
Fig. 10. Each set of data is characterized by (i) a threshold number of
impacts below which material removal is negligible, (ii) a succeeding incuba-
tion region over which crosion increases with increasing numbers of impacts,
and finally (iii) a lincar erosion regime. Curves were fitled to the data in the
incubation region by assuming power function relations of the form where
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Fig. 9. Appearance of targetl surfaces in the lincar erosion regime for various impact
velocities.

m, = b(N; —N,)* (10)

m, is the mass of material eroded, Ny(v,) is the threshold number of im-
pacts, and b and § are constants for a given erosive environment. The varia-
tion of the threshold number of impacts with impact velocity is shown in
Fig. 11, from which it can be determined empirically that N, is proportional
to 00_5'8.

The dimensionless erosion E may be defined formally by the expression

1 dm,
E' =
m d.Ni

Hence, during incubation

(11)

- %’ (N = No)* | (12)

but once steady state conditions prevail, the crosion is given by the slope of
the linear region of the mass loss curve divided by the average particle mass.
Under these conditions, the variation of erosion with impact velocity can be
represented by an expression of the form [1]

E = avy”

(13)




378

7 T T T—T T
125+ 1 2oL- .
o
g oo 4 E
£ S 15k -4
H ]
< 75+ -1 ':
2 é |o[— g
= sof 10Im s~ .
25} 4 e 7
L 1 A i R | 1 1 L
© 500 1000 1500 [ 1000 2000 3000 4000
Numbar of Impacts Number of Impocts
(a) (b)
T . Y T D T T T T T T
o} . 2.or 4
-
o gl 33ms -
£ 1 E sk -
M 2 Lo B
3 4 4 2
0.5’— ~
4 of -
1 1 1 L 1 _1 F !
0 5000 10000 15000 [¢] 20000 40000 60000
Number of Impocts Number of impocts
(c) (d)

Fig. 10. Experimental mass loss curves.

10°

T vy

S
3

YTy

0%

MR RALL

Threshold Number of Impocts

10?

MR

I RTINS VYT DU
10 T

T ey ABIAR RN

sl

gl

o aaannd a2 sl

PEEPRETTe |

10
"
1
€
£
~
1
0t &
E
2
-
3
a
-
©
L3
E
kS
€
-3
) x
3
&
e
£

o™

Impact Velocity/m ¢°'

Fig. 11. Variation of threshold number of impacts with impact velocity,




379

where a and « are constants. More generally, however, a and a are dependent
on the post-threshold number of impacts N; — Ny, and the value of the
velocity exponent a appropriate to a particular value of N; — N, must be
obtained by first using eqn. (11) to evaluate E at that value for each impact
velocity in turn and then fitting a power function of vy to the resultant
values of E. The example shown in Fig, 12 represents the situation after a
sufficiently large number of impacts that the erosion is linear at all impact
velocities investigated and gives the velocity exponent as 3.3. Finally, Fig. 13
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shows the variation of the velocity exponent with the post-threshold number
of impacts, as determined by performing similar calculations for a range of
values of N; — N,. It is apparent that the exponent decreases with increasing
numbers of impacts and approaches asymptotically the value of 3.3 obtained
when the erosion is linear at all impact velocities.

5. Discussion

00 kgl

The experimental evidence indicates that the ductile erosion mechanism
operative when spherical particles impact in a direction normal to the sur-
face is rather different from that which operates for oblique impingement.
For single, independent impacts there was no evidence at any velocity of the
sort of lip formation at the crater rim seen in oblique incidence experiments
{3 - 5]. Rather, the mechanism of material removal at normal incidence
appears to be the detachment of thin platelets of metal that are formed only
when impact craters overlap. In contrast to the lips formed by oblique
impacts, which generally are quite bulky and project above the surface level,
these platelets tend to be thinner and in many cases to lie almost parallel to
the surface,

These morphological differences may be interpreted in terms of the dif-
: . ferent dynamics of crater formation in the two cases. In oblique impact
; T there is substantial lateral displacement of material by a ploughing mode of

deformation [4, 5], which leads to the formation of a raised rim ahead of the
particle. In contrast, the deformation occurring during normal impact is more
evenly distributed around the crater, unless existing deformation from prev-

N ious impacts presents a locally inclined and hardened surface to the incom-
ing particle, If sufficiently pronounced, such a perturbation can result in the
extrusion of the hardened surface material between the particle and the
softer substrate, but extensive ploughing-type deformation is precluded be-
cause the impact direction is still normal to the overall average surface.

Lip formation due to oblique impact is more pronounced in strain-
hardened specimens than in annealed specimens [3], apparently because the
deformation due to crater formation becomes localized more quickly in
strain-hardened metals [16]; and platelet formation presumably is similarly
dependent on the degree of strain hardening, with the result that the thresh-
old number of normal impacts required to initiate erosion is related to both
the probability of craiers overlapping and tite amount of strain hardening
arising from each impact. Since both of these factors increase with crater size,
there is a marked increase in the threshold number of impacts as the impact
velocity decreases. Furthermore, after the initiation of erosion, an ever-
decreasing amount of additional strain hardening takes place as subsequent

A impacts harden and reduce the extent of those areas not yet fully hardened.
This process, which gradually increases the extent of platelet formation and
causes the ecrosion to approach asymptotically its steady state value,
manifests itself experimentally in the incubation period observed in Fig. 10.
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The velocity exponent observed in the linear erosion regime in the
present work is substantially higher than the value of 2.26 reported by
Finnie et al. [8] for the erosion of 99% pure aluminum by SiC grit about
! 0.25 mm in size at an impingement angle of 20°. However, velocity expo-
nents of 2.8 and 2.34 have been recorded in single-impact experiments in
which 2.3 mm diameter steel spheres impinged at a similar angle against
X strain-hardened and annealed aluminum alloy surfaces, respectlively [2], so it
F is evident that this parameter is greatly influenced by experimental concli-

tions. It should also be noted that the type of size effects which previously
3 - have been invoked [8] to explain velocity exponents greater than 2 cannot
' explain the present results because strain hardening leads to an increase
rather than a decrease in the flow stress as the crater size increases. In addi-
tion, it is clear that the velocity exponent decreases with increasing number
of impacts because more impacts are required to strain harden the surface
fully at lower velocities and develop the erosion through its threshold and
incubation regimes to its steady state condition.

The well-known dependence of erosion on the angle of impingement
[7, 8] appears to be explicable in terms of the relative contributions of the
lip and platelet mechanisms to total material removal at different angles.
Experimentally it is found that the variation of mass loss with impingement
angle is of similar form in both single and multiple impact experiments at
relatively shallow angles [4, 5], but that the amount of material removed by
single, independent impacts is too small to account for the mass losses
produced by multiple impacts at steeper angles. Evidently, lip detachment
during individual impact events is the dominant mechanism in both the
single impact and multiple impact situations at shallower angles, and the for-
mation and detachment of platelets as a result of interaction between succes-
sive impacts accounts for the additional mass loss observed in the multi-impact
situation at normal and near-normal incidence. In this view, erosion at inter-
mediate angles is presumably due to a combination of three mechanisms —
primary lip formation and detachment during a single impact, secondary
removal of pre-existing lips by subsequent impacts, and detachment of
platelel .ormed as a result of crater overlap.

In general, indentation hardness is influenced by both the strain and the
strain rate at which it is measured [16]. It is therefore of interest to discover
here that while there is little difference in the rate of strain hardening of
aluminum under static and dynamic conditions, there is an approximately
twofold increase in the hardness when the strain rate is increased from about
10 '3 to about 10° s !, Moreover, since the ratio of dynamic to static flow
stress varies considerably for different materials [22, 23], it follows that a
more critical test of any correlation between hardness and erosion would
involve a hardness parameter determined under conditions which approx-
imate those occurring in the typical crosive impact.

Finally, it has been suggested that erosion may somchow be related
either individually or collectively to such thermal properties as the melting
point [24], the coefficient of linear thermal expansion [25], or the specific
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heat [26]. It is therefore worthy of note that the present experiments
provide no evidence that large-scale melting occurs. Specifically, the appear-
ance of both the eroded surface and the detached fragments of metal is
consistent with plastic deformation rather than splashing of molten material.
However, a cerlain amount of thermal softening may occur as a result of
adiabatic heating in a material having a melting point as low as that of
aluminum, It is therefore concluded that althiough adiabatic effects could
play a significant role in ductile erosion [27], the contribution due to actual ‘
melting is negligible, at least at subsonic impact velocities.
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On the Oblique Impact of a Rigid Sphere Against a Rigid-Plastic Solid

D. G. Rickerby and N. H. Macmillan
Materials Research Laboratory ‘
The Pennsylvania State University 3
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Previous workers have sought to explain the variation in crater volume

observed when hardened steel spheres impact at different angles against mild
steel plates by numerically modelling a rigid sphere striking an ideal rigid-
plastic half-space. The present note shows that the discrepancy between

experiment and their theoretical prediction from this model can be signifi- 3

cantly reduced by incorporating a more accurate calculation of the area of

contact into the analysis.
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INTRODUCTION

In the course of their studies of solid particle erosion, Hutchings et al.1

endeavored to predict the variation of crater volume with impact angle for a
i rigid sphere impinging obliquely against an ideal rigid-plastic half-space.
They used an iterative numerical procedure to solve the equation of motion of
the sphere and compute the volume it sweeps out during the impact event; and é
they compared the predictions of their model with the results of experiments in
which they fired 9.5 mm diameter hardened steel spheres at mild steel targets.
Their data are shown in Figure 1, and reveal a significant discrepancy between

theory and experiment. This note points out that this discrepancy largely

disappears when a better description of the area of contact between the sphere

and the target -3 is incorporated into the impact model.

IMPACT ANALYSIS

Figure 2(a) shows a sphere of radius r and mass m which has penetratea a
target to a depth.L at a time t long enough after first contact that it no
longer completely fills the crater formed thus far. The initial point of
detachment O' serves as the origin of a Cartesian coordinate system so oriented
that the target surface and the velocity vector of the sphere lie in the
planes 0'zx and O0'xy, respectively. BEDF is the diametral section of the sphere
perpendicular to the current velocity vector; and A1 is the areca of the segment
BFCE of this circle lying below the original target surface. Az denotes the
area of the circular segment AECF, which lies in the plane O0'zx and has a radius
a. The other parameters needed to define the problem are identified in Figure

2(b), which represents the section through Figure 2(a) in the plane O'xy. Note

that the angle of incidence a is taken to be negative when the penetration of




the sphere into the target is increasing. This is consistent with the usual
convention that angles measured anti-clockwise from the x-axis are regarded as
negative, and avoids the need to use different sets of equations to describe the
motion into and out of the target.

In their analysis of the situation represented by Figures 2(a) and (b),
Hutchings et al. ignored gravitational effects and assumed that the principal
retafding force P exerted on the sphere by the target derives from a normal
indentation pressure, or dynamic hardness, P4 that is uniformly distributed over
the contact area and is independent of both the velocity and the depth of
penetration of the sphere. Then, to simplify computation, they further assumed
that this force acts along RO and is proportional to the area of the circle with
AB as diameter. Additionally, they assumed that a small frictional force P,
where the coefficient of friction u = 0.05,1’4 acts tangentially through 0. 1In
reality, however, the system of forces acting on the sphere can be represented by
a force through O (which can be resolved into components parallel and perpendicular
to RO) plus a couple. In effect, therefore, Hutchings et al. approximated the
couple and the component of force acting perp‘endicular to RO by an effective frictional
force determined by'a fixed value of u. This force represents the sum of the
forces required to shear junctions between asperities on the surfaces in contact
and to deform the underlying solid.5 A similar treatment of the forces acting on
the sphere is adopted in the present work, the only difference being that the area
of contact is calculated more accurately,

As long as the sphere remains in contact with the entire surface of the crater,
calculation of the area of contact is straightforward. Thus, if hardness is defined
as load divided by the projected area of contact, the motion prior to detachment

at 0' can be described by

N
)

mX = - uP 1)

and

where P = wa’pd.

T
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After detachment, the calculation of the area of contact becomes more

complex. Nevertheless, because the crater dimensions obtained -from the model

are sensitive to error in this area, it is desirable to perform this calculation
more accurately than did Butchings et al. With the present definition of
hardness this canbe done relatively easily, for projection of the actual contact
area onto the plane defined by AB and 0'z gives exactly the same projected area
as does projection of Al and A2 onto the same pléne. It follows that the
equations*. governing the translational motion of the center of the sphere after
detachment are

mx = -P sin (¢ + B) - uP cos (a + B)

and my = P cos (ar+ B) - uP sin (a + B), (4)

where P = pd[A1 sin (v - a) + Az cos Y],
vy =sin"? {[2 - (1 - cos a)}/2r sin B}

and B = sin ' (AB/2r) = sin ! {[(a - r sina)2 + (L - r (1 - cos a))zl%/Zr}.

Furthermore, once it is recognized that the geometry of the impact crater
is completely detérmined by the motion and the variation in.area of the segment
BFCE after detachment at 0', it is also easy to calculate the crater volume. The
method adopted was to separate the motion of the segment during any time intervzl
t to t + 0t into rotationmal and translational parts. Then, it can be shown that
the volume 5Vt swept out by the segment BFCE (which is perpendicular to the
current translational velocity vector) as a result of the translational componexz
of motion is given by

aAy dv
th=(A1+%-d—t—-5t) (V+%'Et-5t) ét. (5)

*Provided that the sign convention adopted for a is observed, there is no
inconsistency between Fig. 2(b) and equations (3) and (4).




Also, since the rotation of BFCE is about an axis through 0 parallel to 0'z, it

follows from the formula for the volume of a sphere containing a cylindrical hole

that the volume 6Vr resulting from this rotational displacement is given by’

ar
dt

da
cos(a + ac St)

-9 r- £ ~ 6t

cos

o1

. (6)

Hence, the total volume V of the impact crater can be found from

<
1

, (7

t=T
[ e,
Y 4

t=T
[

where T is the duration of the impact event.

t=0 =0

CALCULATIONS AND CONCLUSIONS

To compare the predictions of the present model with the data from

Hutchings et al. presented in Figure 1, a straightforward iterative numerical

procedure was used to solve the equations of motion and compute V from equations

(5) to (7). Values of 3546 mg, 4.75 mm and 0.05 were assigﬁed tom, ¥ and 4,

respectively, and the initial value of v was set to 270 m s~'. Calculations

% vere performed for initial values of a ranging from -10° to -80°, using a time

i increment 8t of 0.2 us between iteratiqns; and py was varied until the 'best
fit" to the experimental data in Figure 1 was obtained. Since T decreased from

V30 us to V20 us as a changed from -10° to -80°, each integrand in equation (7)

was evaluated in at lecast 100 steps. This proved sufficient to determine V to

¢ within ~0.17%.

The results, which are presented in Figure 1, show that if P4 is taken to

be 3.0 GPa the present method of calculation provides much better agreement with
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experiment than that used by Hutchingset al. Subsidiary calculations showed that
two~fold variations in the value of U have but a marginal effect on the crater
volume. This implies that the total force acting on the sphere during the
impact event, cannot act very far from the line RO, and hence that the approxima-
tion used to model forces other than that actfng along RO does not substantially
affect the calculations. Physically, the-reason appears to be that the couple
arising from the frictional force acting on each element of the area of contact
tends to cancel out that due to the normal force acting on each such element. It
is thus suggested that the discrepancy between theory and experiment observed by
Hutchings et al. derives primarily from their method of calculating the contact
area rather than from their assumptions about the forces acting on the particle
or from the very simple constitutive relation used in their model. Such dis-
crepancy as still remains presumably derives from pile-up of displaced material
ahead of the moving sphere, the effect of which is not taken into account in
either case.
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Figure 2(a) Three dimensional view of the process of crater formation. The i
line DOCB lies in theplane 0'xy, which intersects the sphere along !
the broken line, and the arcs O'F, O'B and O'E are tangential
to the sphere at F, B and E, respectively.
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The Fffect of Approach Direction on Damage in MgO

Due to Spherical Particle Impact

D. G. Rickerby and N. H. Macmillan
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802, USA

The damage produced by spherical particle impact against {100} surfaces of
MgO has been investigated over a range of impact angles for a fixed particle
velocity and over a range of particle velocities for a fixed impact angle. The
mass of material removed by each impact was determined gravimetrically, and the
crater and surrounding damage were studied by means of surface profilometry and
scanning electron microscopy. A numerical computer model of the crater forma-
tion process was developed, and was shown to predict crater geometries which
agree closely with those observed experimentally. This same model also provided
estimates of the dynamic hardness, the contact time and the energy transmitted
to the surface during the impact. The dynamic hardness was ?:257 less than that
measured in previous normal impact studies [1] on MpO of similar static hardness.
The contact time and energy calculations give some insight into the reasons why
the energy balance model, which successfully describes the velocity dependence

of mass loss under normal impact conditions, breaks down for oblique impact.
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INTRODUCTION

The present authors have previously reported [1] the results of single
impact experiments in which spherical particles impinged at normal incidence
against monocrystalline MgO surfaces of various crystallographic orientations.
Both the volume of the crater produced and the mass of material removed from the
surrounding region were found to be orientation dependent and proportional to
the kinetic energy of the particle. In many situations of practical intcrest,
however, erosion derives from solid particle impact at oblique as well as normal
incidence, and it is therefore necessary to consider the effect of impact angle
on erosive damage. Hence, the experiments described in the present paper extend the
previous work by varying both the impact angle of the particle and the crystal-

lographic direction of the component of the velocity vector parallel to the

specimen surface.

Multiple impact experiments on ceramics and glasses [2-5] indicate that
erosion increases as the impact angle increases from zero (grazing incidence),
but penerally passes through a maximum somewhat ﬁefore the normal is reached.
This maximum cannot be rationalized in terms of a simple energy balance model of
the erosive process such as that proposed by Bitter [2]. It is therefore of
interest to assess the influence on erosion of such additional factors as the
contact time and frictional forces, which are not considered in this model. To

this end a computer was used to calculate the particle trajectory during impact

by an iterative numerical method.
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EXPERIMENTAL

Monocrystalline MgO specimens with {100} oriented target faces approximately
10mm x 10 mm in size were cleaved from a large single crystal, chemically polished
[6} and mounted in resin as in the previous work [1]. Table T shows the results of
an emission spectroscopic analysis of the crystal, and suggests that both the total
cation impurity content and the content of Fe plus Al lie within the range of

variation found in the crystals used in the earlier work.

TABLE I Semi-quantitative spectrochemical analysis of the MgO crystal

Element Concentration (ppm)
Ca 100
Al 20
Mn 30
Fe 200
si 100

Not detected: Cr, Ti, V, Ni, Be, Cu, Ag, Na, Co, Zr, Cd4, Zn, Sn, Bi, Ge, In, Ga,
Pb, Sr, Ba.

The particles used in the present experiments were WC -~ 6% Co spheres similar
to those used previously. They were of nominal diameter 1.575 * 0.025mm, weighed
30 * 1mg,and had a Vickers hardness number (VHN) A 2000 kg mm~—2. These particles
were fired at the specimens by means of a nitrogen powered gas gun, and the par-
ticle velocities were determined to within * 1%Z by means of a photoelectric
time-of-flight device. The specimens were mounted on a goniometer stage which

allowed the impact angle to be varied independently of the angle of rotation of




the target surface about its normal.

In one series of experiments a study was made of the damage produced at an

! as the impact angle increased from 10° to 90°.

impact velocity of 200 *+ S5ms™
Two sets of data were obtained, one with the particle velocity component parallel

to the target surface directed along <100> and the other with it parallel to

<110>., 1In another series of experiments the impact velocity was varied from

é 50ms™! to 320ms”~! while the impact angle remained fixed at 30° to the surface.
In this series the parallel component of the particle velocity was always directed
aleng <100>,

In some cases an indirect measurement of the velocity of the rebounding
particle was made by arranging for it to impinge normally against the surface of
an aluminum block. By measuring the depth of the crater thus produced it was
possible to calculate the rebound velocity of the particle from the results of

previous studies of crater formation in the same aluminum [7]. However, this

technique was limited to those relatively small impact angles for which the
aluminum block did not interfere with the flight of the particle between the
gun muzzle and the MgO target. 1
The impact damage was characterized firstly by measuring gravimetrically the
mass of material removed, and thereafter by examining the damaged region using

scanning electron microscopy and surface profilometry. These last studies pro-

vided a series of parallel, equidistant cross-sectional profiles along the long
axis of each crater. The crater volume could thus be determined by measuring the
areas between the crater boundary and the original surface level for this

series of profiles, and then applying the trapezoidal rule. In addition, crater N
depth relative to the same level was measured from that profile corresponding to

the deepest cross-section through the crater.
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- Static indentation tests were also performed on the same chemically polished

;
1
i
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d
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{100} MgO surfaces. The Meyer hardness M [8] was determined using a WC- 6% Co
sphere of the type used in the impact experiments with an applied load of 50 kg,

and the Meyer-Vickers hardness Mv* was determined using a standard Vickers dia-

mond pyramid indenter with an applied load of 300 g. The measurements of inden-
tation diameters or diagonals, as appropriate, were made along <100> directions
in each case, Both of these hardness parameters are defined as the applied load
divided by the projected area of contact, as is the dynamic hardness used in the
impact model. The measured mean values of M and Mv and their standard deviations

were 190 + 20kgmm™2 and 950 * 20 kg mm 2, respectively.

* Mv = VHN / 0.927
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THEORETICAL

Being mathematically tractable, the normal impact problem has received a
reasonable amount of attention [8,9]. Consequently, only the pertinent results
are given here. It is supposed that a rigid spherical particle of radius r and
mass m impinges normally on a plastic-rigid half-space, and that the indentation
pressure (dynamic hardness) P4 remains constant throughout the impact. If all
the kinetic energy of the particle is assumed to be dissipated in plastic defor-

mation of the target, then

- 2
pdV = X% L 1)
where V is the crater volume and vo is the initial velocity of the particle.
The contact time tc is independent of the impact velocity, and is given by
¥
Tl m
£, Z[prdr] . (2)

The oblique impact problem is more complicated bhecause the equation of motion
of the particle cannot be solved analytically. Hence, a computer program, de-
tails of which are discussed elsewhere [10], has been developed to provide a
numerical solution by an iterative method. The approach used is similar to that
adopted by Hutchings, Winter and Field [11], but incorporates a more accurate
description of the area of contact [12,13].

Figure 1 illustrates the situation at some ﬁime long enough after the
beginning of the impact that the sphere is no longer in coﬁtact with the entire
surface of the crater. At this instant the particle velocity, which was

initially v, at an angle oy to the x-axis, has reached a value w at an

0
angle a, and the arc of contact in the x-y plane subtends an angle 28 at the

center of the sphere. 1It should be noted that, by convention, o 1is negative when

PR e e o1

£
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the y-component of particle velocity is directed into the surface. The principal
retarding force P is taken to act along RO, and is assumed to derive from a con-
stant, uniform indentation pressure acting over the projection of the
area of contact onto the plane perpendicular to RO. 1In addition, a frictional
force UP is taken to act tangentially through Q. As long as the sphere remains

in contact with the entire surface of the crater, the motion can be described by

mx = -pP (3)

and my = P. %)

However, once the sphere detaches from the surface at 0', the equations governing

its translational motion become

mx = -P sin (a + B) - UP cos (a + B) (5)

and my = P cos (o + B) - UP sin (a + B). (6)

Each of these two pairs of equations can be solved numerically over that

part of the motion to which it is applicable by means of an iterative procedure
in which time is incremented in equal steps of appropriate duration. This pro-
cedure yields the complete particlg trajectory, together with values of crater

depth and volume, rebound velocity and rebound angle of the particle, and contact

time.

e
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RESULTS

Figure 2 shows the damage produced by 200 ms~! impacts in which the velocity
component of the particle parallel to the target surface was directed along

<100>, Although its appearance varies strikingly with impact angle, the damage

consists in general of a crater formed mainly by plastic deformation, together with a pe:

pheral region in which fracture occurs predominantly on {100} and {110} planes.
As the impact angle is decreased, this latter region tends to concentrate in-
creasingly around the exit side of the crater. Similar observations apply to
the damage shown in Fig. 3, which was produced at the same impact velocity and
angles, but with the parallel component of the particle velocity directed along
<110>, The effect of this change in approach direction on the appearance of the
damage is most apparent at the smaller impact angles.

The series of micrographs shown in Fig. 4 illustrates the effect of varying
the particle velocity while keeping the impact angle constant at 30°. At lower
velocities the damage outside the crater is concentrated along the <110> direc-
tions on the exit side. As the velocity is increased, these regions grow in size
and are supplemented by smaller amounts of similar damage on the entrance side.
Finally, at velocities above ~200ms~!, the damaged regions begin to coalesce and
to encroach back into the crater itself, resulting in significantly enhanced
material removal.

Further details of the damage produced by impacts at an angle of 10° are
shown in Fig. 5.** With the parallel component of particle velocity along <100>,
the slip lines around the crater all lie perpendicular to this direction, indica-

ting that the deformation is,produced by slip on tautozonal {110} planes inclined

ok
The white debris on the surface was identified by energy dispersive x-ray
analysis as WC.

T e
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at 45° to it. However, when this velocity component lies along <110>, two 4

intersecting sets of slip lines are seen on each side of the crater. From the
orientation of these lines, it can be deduced that the active {110} planes in this
instance are inclined at 60° to the parallel velocity component and lie in two
different zones. Figure 5 also reveals that inside the craters are networks of
cracks lying predominantly perpendicular to the direction of the parallel velocity
component. This cracking becomes less extensive as the impact angle increases
towards 90° and, at any given impact angle, is usually more pronounced for a <110>
orientation of the parallel velocity component than for a <100> orientation.

Near normal incidence any intersecting slip lines are generally confined, as
in Fig. 6a, to narrow regions along <110> directions: and detailed examination of
the eroded areas around the crater reveals complex patterns of cleavage steps on
the fracture surfaces, such as those seen in Fig. 6b.

Nowhere in any of these micrographs is there any evidence of target melting
during impact: and scanning electron microscopic studies of spent erosive parti-
cles revealed only insignificant amounts of Mg0O on their surfaces.

The crater profiles shown in Figs. 7, 8 and 9 are cross-sections along the
long axes of the craters of Figs. 2, 3 and 4, respectively. Comparison of Figs. 7

and 8 reveals that crater shape does not differ greatly when the direction of the

parallel component of particle velocity changes from <100> to <110>. The broken !
lines superimposed on the profiles represent the crater shapes predicted theoreti- |
cally—i.e., the envelopes of the successive positions of the circular boundary

of the particle as generated by the computer program. Such discrepancies as

exist presumably arise from experimental errors in the impact velocity and impact

angle, and from the effect of elastic recovery of the target (which was not

included in the theoretical model). The particles were hard enough that they did

not undergo any appreciable plastic deformation during the impact, thereby

eliminating this potential source of error.
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The variation of crater volume with impact angle at an impact velocity of
200ms~! is shown in Fig. 10, and the variation with velocity at an angle of 30°
is shown in Fig. 11. The lines fitted to the experimental data correspond to the
predictions of the computer model when pd is taken as 780kg|mm_2. This overall
mean value of Pgs which has a standard deviation of 70kpnm_2, was obtained by
making a first estimate from the volumes of the two normal impact craters, and
then successively correcting this value until the discrepancies between the cal-
culated and experimental crater volumes were minimized. The individual mean values
of P4 for the three sets of volume data presented in Figs. 10 and 11 showed no sig-
nificant deviation from the overall mean. The overall value was therefore used in
all final computations in this paper. A value of 0.1 was adopted for u as being a
reasonable estimate for a WC sphere sliding at high speeds on MgO [14,15] in any
crystallographic direction [16]. Varying u between 0.05 and 0.2 affected the
computed particle trajectories only marginally, so errors in u within this range
would not greatly alter the predictions of the model.

Measurements of crater depths were taken from the deepest profiles along
each crater, and are shown in F: ;. 12 and 13. The computer generated lines are
a reasonable fit to the experimental data, confirming that no large discrepancies
exist between the experimental and theoretical crater geometries. Tt is there-
fore concluded that neglecting plastic and frictional anisotropy and elastic re-
covery does not lead to any gross errors in the numerical calculations.

Mass loss as a function of impact angle at an impact velocity of 200 ms~! is
shown in Fig. 14. The general trend is similar for both orientations of the
parallel component of particle velocity: the material removal increases monoton-
ically with impact angle until a maximum is reached at ~80°, and then a slight

decrease occurs a8 the angle approaches 90°, Similar maximum values occur in both

cases, but the peak is somewhat sharper when the parallel component lies along <110>

T S T AR RO TR ¥ P . T PRy TR s e e 2 5
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rather than <100>, The two data points at 90° represent impacts performed under
nominally identical conditions, and therefore give an indication of the variabil-
ity of the experimental data. The variation of the mass loss with impact veloc~
ity at an impact angle of 30° is shown in Fig. 15. If a power function relation-
ship between mass loss and impact velocity is assumed, the best fit to these data
is obtained with a velocity exponent of 3.3. However, an exponential function of
the velocity fits the complete data somewhat better, while a power function with a
velocity exponent of 2.2 provides a reasonable fit to those data obtained at
velocities below 220ms™?.

Computer predictions of particle rebound velocities are shown in Figs. 16
and 17, together with the limited number of experimental data obtainable. These
show that agreement between theory and experiment is good for impacts at rela-
tively small angles to the surface. Although no data are available for angles
nearer the normal, it is likely that agreement would be less satisfactory in such
cases because the rebound velocity would be more strongly affected by the elastic
recovery of the target.

The energy transferred from the particle to the target during a single
impact can easily be estimated from the computer model described in the previous
section, since the total energy lost by the impinging particle is %ﬂn(\qf - v; ),
where ALY is the particle rebourid velocity. In this model particle rotation is
neglected, and it is assumed that an amount pV of the energy transmitted to the
target is used in plastic work, while the remainder is dissipated in overcoming
frictional resistance. Both-%n|(\Q; - v; ) and pV are plotted in Figs. 18 and 19
as functions of impact angle and velocity, respectively; and also shown is the
parameter %nlvg sinzao, which corresponds to the transfer of energy to the target
implied by Bitter's theory of erosion [2]. The parameters shown in Fig. 18 vary

in a similar manner with impact angle, and the fraction of the total energy trans-

ferred which 1s dissipated as frictional work decreases markedly as the impact angle
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increases. Bitter's theory assumes that the energy transferred to the target

2

0 irrespective of the impact angle, while

during an impact is proportional to v

the computer model indicates that the parameters %ﬂn(\qf - v; ) and pV vary as

v2.20 25

0

served variation of mass loss with velocity at this angle is therefore consistent

and v;' , respectively, for an impact angle of 30°, The experimentally ob-

with the energy balance derived from the computer model, at least for impact

velocities éZOOtns"l.

Finally, the computed values of the contact time tc and the detachment time

t, at which the particle begins to separate from the surface of the crater are

d

shown as functions of impact angle and impact velocity in Figs. 20 and 21,
respectively. The contact time decreases slowly with increasing impact angle up

to v60°, but then.falls off rapidly as this angle approaches 90°. In contrast,

it increases slowly with increasing impact velocity at an impact angle of 30°.
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DISCUSSION

The dynamic hardness data obtained from the present experiments not only
have an overall mean value " 257 lower than that measured previously on a {100}
surface [1], but also exhibit a twofold reduction in their coefficient of varia-
tion. In addition, the amount of material removed by a single normal impact at
200 ms~! was about 40% less than in the previous experiments. These differences
appear to be too large to attribute merely to random scatter, but are difficult
to explain unambiguously on the basis of the data presently available.

The reduction in the coefficient of variation probably reflects the fact thac
all of the specimens used in the present work came from the same large monocrys-—
tal, and thus were of more consistent purity than the specimens used in the
earlier work. It is also possible that the lower dynamic hardness and the reduction

in the amount of material removed by fragmentation stem from a reduction in yield

stress and/or work hardening and a concomitant increase in ductility, all of which de-
. . 3+ 3+ . . .

rive from a lower total trivalent (Fe” plus Al” ) cation impurity content

[17-20] in the present specimens. However, the spectrochemical analyses per-

formed on the different specimens lack both the capacity to distinguish between
2+ 3+ . , . . . .

Fe and Fe ions and the sensitivity necessary to confirm this hypothesis. Fur-

thermore, the corresponding reductions in the quasi~static Meyer and Meyer-Vickers

hardnesses that should accompany any such reduction in impurity content were not

observed, for the former did not change significantly and the latter decreased
only v5%. This may indicate that quasi-static and dynamic hardness measurements
are not strictly comparable, because they measure the stresses necessary to main-
tain very different numbers of dislocations in motion at very different average
velocities; and there is evidence [21-23] that the stress required to maintain a
given dislocation velocity varies more rapidly with Fe3+ content than does the

yield stress [20].
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In addition, it is important to recognize certain limitations of the methods
used in both this work and the previous study to derive the dynamic hardness from
the impact crater geometry. In both cases the separate contributions of such
effects as work-hardening, plastic anisotropy, material pile-up ahead and to the

sides of the impacting particle, stress-wave propagation and fracture are ignored:

and the net result of all these effects is interpreted in terms of a single para-

meter—the dynamic hardness. Consequently, changes in this parameter can only be

e, J

g directly related to changes in dislocation glide behavior to the extent that this
latter phenomenon dominates the process of crater formation. Unfortunately, the
relative importance of dislocation glide in the present experiments is not clear.

It should also be realized that any change in the impact conditions has the

effect of differently weighting the averaging process implicit in the derivation

S %5

' of the dynamic hardness. Thus, it is conceivable that an apparent difference in
dynamic hardness could arise even in the absence of any change in dislocation
glide behavior, merely because the present value was obtained from a series of
impacts made over a different range of velocities and angles from those in the
previous experiments. This cannot be the full explanation, however, for the
concomitant reduction in mass loss at normal incidence cannot be rationalized in
the same fashion. It is thereforeASuggested that the observed differences arise at

; ' least in part from an increased sensitivity of hardness to impurity content at
higher strain rates. If confirmed, this hypothesis might have important implica-
tions with respect to the erosion resistance of ceramic materials.

As far as can be ascertained from the present experiments, neither hardness
anisotropy nor frictional anisotropy appear to exert a significant influence on
crater shape. This was to be expected in the case of frictional anisotropy,
which is low for blunt sliders [16]. However, it is rather more surprising that

effects due to hardness anisotropy are not more evident when craters are formed

I
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along different crystallographic directions in the target surface, because the
Knoop indentation hardness of a {100} MgO surface doubles as the long axis of the
indenter rotates from <100> to <110> [24]. The differences between the slip line
patterns produced around low angle impact craters along <100> and <110> are due
to slip occurring predominantly on two tautozonal slip planes in the former case
and on four planes in two different zones in the latter. Apparently, the com-
bined effects of the different resolved shear stresses acting on the active slip
planes in the two cases, the different dislocation-dislocation interactions
occurring [25], and the different fracture processes initiated by these inter-
actions [26] do not produce changes in crater geometry significantly greater than
those arising from experimental error.

The simple assumption that the mass loss is proportional to the energy
transmitted to the target during the impact is only partially successful in
accounting for the observed variation of mass loss with impact angle. In particu-
lar, the maximum mass loss occurs at an angle of Vv 80° rather than at normal
incidence as predicted theoretically. This appears to be associated with the
predicted rapid increase in contact time that accompanies reduction of the impact
angle from 90° to 70°, for such an increase would be expected to promote the
formation of longer cracks in the damaged region around the crater and thus to
increase the amount of material removed from the surface. At smaller impact
angles the contact time varies more slowly, and hence the experimental data
conform more closely to the behavior expected from an energy balance model. This
result also suggests that any increase in stress wave interaction arising from a
longer contact time has only a minor effect on material removal. Differences in
the amount of material removed in impacts for which the parallel component of

particle velocity lies along <100> rather than <110> presumably reflect the

different orientations of the non-radially symmetric stress field generated around
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the moving particle with respect to the dominant {100} and {110} cleavage planes.
It is also interesting that the general form of the angular dependence of the

mass loss arising from a sinpgle impact is similar to that found in multiple impact
experiments [2-5].

For impacts at 30° to the surface, the energy balance model embodied in the
computer program successfully accounts for the experimentally observed variation
of mass loss with impact velocity, at least up to velocities v200ms~!, At
higher velocities, however, material removal tends to be increasingly greater
than expected on the basis of this model. Thus, the velocity exponent obtained
by fitting a power law curve to experimental mass loss data increases as the
measurements are extended to higher impact velocities. The variation of the
contact time with impact velocity does not appear to be sufficiently pronounced to
account fully for this effect. Rather, it appears that the increased mass loss is
associated with the removal of material from within the crater itself at veloci~
ties well below those at which this occurs for normal impact. This suggests that
frictional traction is responsible for dragging material out of the crater. Such
a mechanism would be expected to operate primarily at smaller impact angles, where
the proportion of the available energy used in frictional work is greater.

It is thus apparent that even é theory based on the more precise energy
balance derived from the computer program cannot explain fully all features of the
erosion of materials which respond in a semi-brittle manner to particle impact.
The replacement of the analytical approximations used previously by a more precise
numerical calculation of the energy transferred to the target during the impact
has resulted in some improvement in the correlation between theory and experiment.
Those discrepancies which still remain appear to be qualitatively explicable in

terms of the differences in contact times and frictional effects arising from

variations in impact angle and particle velocity.

At
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The Erosion of MgO by Solid Particle Impingement  at Normal Incidence

D. G. Rickerby and N. H. Macmillan
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

SUMMARY

A study has been made of the erosion of almost fully dense, fine-grained
MgO by WC-67 Co spheres impinging at normal incidence with velocities between 10
and 90 m s-l. The diameters of the spheres ranged from ~0.35 to 1.58 mm. Scanning
electron micrascopy revealed the damage to consist of a central crater surrounded
by the sort of array of (transgranular) radial and/or median and lateral cracks
characteristic of an elastic-plastic impact. However, although the crater had a
thin lining of plastically deformed material, it appeared to have been formed
primarily by localized transgranular and intergranular fracture processes,
suggesting that any mode of irreversible deformation in the contact region will
suffice to produce the changeover from Hertzian cracking to radial, median and
lateral cracking. The accompanying gravimetric studies showed that mass loss--
which occurred primarily by interséction of lateral cracks with radial and/or
median cracks--increased threefold during the short incubation period in which
the as-received surface evolved into its steady-state eroded condition. During
this period the exponent relating erosion to impact velocity decreased monotoni-
cally to a value less than that predicted by any of the current theories of
erosion in the elastic or elastic-plastic impact regimes. Nor are these theories
any more successful at explaining either the observed particle size dependence

of the erosion of polycrystalline MgO or the differences in the way in which the

static and dynamic hardnesses of monocrystalline and polycrystalline MgO vary

with strain rate.
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INTRODUCTION

Until recently, understanding of the erosion of ceramics by solid particle
impingement (reviewed in Refs. 1 and 2) was based largely on the work of Finnie
and co-workers{3-7]. Starting from the assumption that ceramics behave in an
ideally brittle manner, these authors combined Hertz's analysis[8] of the stresses
arising from static elastic contact between a sphere and a half-space with
Weibull's probabilistic treatment[9) of the fracture behavior of a brittle
material. The resultant model is only semi-quantitative, but it does provide a
satisfactory rationalization of the many different empirical relationships
between erosion énd particle size or particle velocity that have been reported.
It also provides an explanation of the tendency of brittle materials to erode in
a manner more char;cteristic of ductile materials when the erosive particles are
small enough[10,11]. An essentially similar model has recently been proposed by
Sargent et al.[12].

During the last decade, however, it has become widely recognized that many
ceramics exhibit some plasticity in response to "sharp" contact loading, and
that this plasticity exerts a significant effect on the nature and extent of the
cracking that takes place in and around the region of contact. In particular,
plastic flow beneath a hard indenter or impacting particle tends to suppress the
formation of Hertzian cone cracks and promote instead or in addition the creation
of characteristic arrays of lateral (wing) and/or.median (normal or star) and/or
radial (Palmquist) and/or conicalT cracks (vents)#* about the plastic zone. The

formation of such arrays during static indentation has been studied in materials

T These cone cracks are distinguished from the Hertzian cone cracks formed in a
purely elastic contact because their different inclination to the specimen
surface suggests that plastic deformation was involved in their formation.

* The nomenclature used to describe these cracks is far from settled.
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as diverse as hardened steel[13], WC-Co cermets[14-17]), polymethyl-
methacrylate[18-20]}, solid high explosives[21l], Ge[22,23], Si[23,24], Ssic[23,
25-27], Al1,0;3[23,26,28-30], LiF[31], NaC1[23,30], ZnS[30], ZnSe[30], quartz[24], a
spinel[30], Si3N,[30], various rocks[32,33], fused Si0,[24] and a wide variety

of silicate glasses[24,30,34-44]. 1In addition, numerous attempts have been made
to understand the deformation processes involved in the nucleation of these
cracks[23,38,42,45,46], the (fracture) mechanics of their propagation{17,19,20,
35,47-57], and their role in material removal processes[58-64] and strength
degradation[65-78]. Useful reviews are given by Lawn et al.[34,79,80]

Essentially similar arrays of cracks have also been produced in silicate
glasses[81-95], various minerals[91]}, LiF[96-101], NaCl1[97], Mg0[96,98,100-104],
ZnS[95,104,105], MgF,[104,106], Si3N,[104,106], A1,05[106]}, MgAl,0,{104}, Zr0,(95,
107] and WC-Co cermets[104] by the impact (usually at normal incidence) of

solid particles at velocities in the range 7102-10° m s”!, Moreover, just as in
the case of static indentation, there have been a variety of attempts([29,95,104,
105,108,109] to use fracture mechanics to explain the propagation of these

cracks and their role in material removal processes, and also to predict the
strength degradation resulting from their propagation[110-117]. In addition, a
few studies[118-120] have been made of the flow processes occurring immediately
below the impacting particle. )

Two conclusions relevant to the erosion of ceramics by solid particle
impact have emerged from this plethora of single contact studies. One is that
the primary determinants of such erosion under fixed erosivé conditions (i.e.,
when the size, density, shape, material, velocity and direction of approach of
the impacting particle are held constant) are (a) the dynamic hardness and (b)

the dynamic fracture toughness of the target. Essentially, the former determines

the target resistance to the plastic flow processes necessary to nucleate cracks

in and around the region of contact and the latter the extent of propagation




of whatever cracks are nucleated. The other conclusion is that the removal of
material from pristine surfaces results primarily from the nucleation and growth
of lateral cracks rather than the deeper-penetrating median and/or cone cracks.

On heavily eroded surfaces, however, material removal must be a more complex
process that is also influenced by interactions between cracks formed at adjacent
impact sites. This is one reason why it is diffdicult to predict the rates at
which ceramic materials will erode from the results of single impact studies.

And when irregular erosive particles are employed, a second reason is that mass
loss per impact can vary one thousand-fold from one impact to another, depending
on particle shape and orientation at impact{121].

Consequently, the few attempts[30,104,108,109,122] that have been made to
predict erosion rates from single particle elastic-plastic impact damage mechanics
have mostly been dimensional analyses designed to rationalize the (intuitively
obvious) experimental observation that, in the elastic-plastic contact regime,
erosion decreases with increasing target hardness and fracture toughness. It
should also be recognized that the hardness and fracture toughness values used
to test the predictions of these analyses were for the most part obtained from
room temperature tests performed on macroscopic specimens under static or near-
static conditions. The individual impact events that cause erosion, however,
typically involve deformation processes that are driven by transient applied
loads and occur in microseconds over distances more likely to be measured in
microns than millimeters; and it 1is not clear by how much hardness and fracture
toughness are affected by the high strain rates, the adiabatic heating and the
large compressive stresses characteristic of such events. Nor is it clear in
ceramics of complex microstructure just how hardness and fracture toughness will
vary from one randomly selected impact site to another.

At its present level of sophistication, therefore, mathematical modelling

of the erosion of ceramics by solid particle impact has little or nothing to
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say about such topics as the inception and evolution of mass loss from pristine
surfaces, the variation of mass loss with impact angle, the relation between
mass loss and microstructure, and the conditions under which melting could occur
in the contact region. Nor are the currently available experimental data entirely
unequivocal about these questions. For example, the existence of "incubation"
phenomena in the early stages of the erosion of pristine surfaces has been
observed in SiC[123], but not in MgF,[121]. (Incubation effects occur also in
borosilicate glass under elastic impact conditions[124], and a theory has been
proposed to explain them{[125,126]). Likewise, increasing the erosive particle
size from smaller than to larger than some characteristic microstructural
dimension has been reported to change the appearance of the eroded surface of
SiC without altering the slope of the plot of erosion versus particle size[123],
but to produce quite different variations of mass loss with impact angle in
different refractory concretes[127]. Significant, but as yet unexplained,
effects of microstructure are also apparent in the different dependencies of
mass loss on particle size and impact velocity observed in hot-pressed and
reaction-bonded Si3N,, glass-bonded Al1,0; and hot-pressed MgF,{106]. And
indirect evidence for the occurrence of melting during impact continues to
accumulate from studies on alumina and mullite refractories[128], Al,0; and
silicate glasses[129], and metallic glasses[130].

In the absence of the necessary dynamic hardness and dynamic fracture
toughness data, mathematical modelling of impact also fails to predict whether
erosion should increase or decrease with increase in temperature--though it does
suggest that this question should be resolved by a trade~off between the opposing
effects of a weak dependence of mass loss on dynamic hardness, which is expected
to decrease markedly with increasing temperature, and a stronger dependence on
dynamic fracture toughness, which latter probably increases but slowly with

increasing temperature[122]. It is therefore not surprising to find that raising




the temperature from 25 to 1000°C increases the erosion of hot-pressed Al,0;
and Si3N,[131], sintered Al203[131] and calcium aluminate-bonded Al,0;(132] at
shallow impact angles (where plastic flow plays its most important role in the
material removal process[131]), but has no significant effect at normal incidence.
The present work attempts to answer some of the questions raised in the
preceding paragraphs by studying erosion in the elastic-plastic impact regime
under the simplest possible conditions--normal impact of identical, rigid,
spherical particles against a fine-grained, almost fully dense, single-phase
ceramic at room temperature. Under such conditions the individual impact event
1s sufficiently reproducible that it is possible to resolve the incubation
phenomena associated with the early stages of erosion. Also, the equation of
motion of the impacting particle can be solved analytically to obtain the dynamic
hardness from the dimensions of the impact crater. An additional simplification
was the use throughout the work of erosive particles large enough to ensure that

the impact crater was always very much larger than the grain size.

EXPERIMENTAL METHODS AND MATERIALS

The erosion experiments were carried out using a rotating arm apparatus
that has been described in a previous paper(133]. Essentially, this apparatus
consists of a steel tank which can be evacuated to 1 torr and houses a counter-
balanced, tubular, Al alloy arm that is rotated through a free-falling screen of
erosive particles by an externally-mounted, variable-speed electric motor. The
specimens consisted of 6 mm thick, 16,5 mm diameter discs of Mg0O, the edges of
which were protected by an annular Al alloy cover containing a central aperture
12.5 mm in diameter., Each disc was cemented to the end of a 12.5 mm diameter,

9 mm long cylinder of Al alloy, which in turn fitted into a recess in the end of

the rotor arm.




Because this specimen configuration differed slightly from that used
previously[133], it was necessary to recalibrate the apparatus to determine
ratio of the number of impacts Ni against the MgO specimen to the number of

particles Np introduced. Since impacts could not occur at the periphery of

exposed area due to the A2 mm high raised rim of the cover, the effective

specimen radius was taken to be (R-r), where R is the radius of the aperture and

r the radius of the particles. Then, if A and f are the radius of the cross- 1
section and the frequency of rotation of the arm, respectively, and u and 2R are
the vertical velocity and the width of the stream of falling particles, re-

spectively, it can be shown that

N, 7f(R-r)?
_— = = (1) ]
N 2Ru !
p H
if £ < u/2(A-R), and that
N, f(R-r)%(m-8 + % sin 20)
p R
I (2)
N 2Ru ]
P ;

L6 £ 2 0/26R), where 0 = cos™ | DL ZAN)

Figure 1 shows the values of Ni/Np determined experimentally using 1.58 mm

diameter WC-6%Z Co spheres falling with a (photographically determined) average

velocity of W3 m s”!. The linc drawn through these data points represents the

theoretical predictioh of equations (1) and (2) multiplied by an empirical
correction factor of 0.82 to allow for those particles which fell outside the
idealized parallel-sided stream.

The MgO specimens used in this study were all cut from the same 6 mm thick
sheet of hot-pressed polycrystalline material*. This had a translucent appearance,
a grain size of 10 um, a density of 99.5% of that of an MgO monocrystal, and
the impurity content listed in Table 1. All measurements were made on the as-

received surface.

* Kindly supplied by Dr. T. Vasilos of Avco Corp., Walthan, Mass.

e e -
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Table 1 Results of an Emission Spectrographic Analysis
of the Impurity Content of the Target Material.

Element Concentration (ppm)
Si 500
Al 100
Fe 300
Mn 10
Ca 200
Ag 5
Cu 2

Not detected: B, Cr, Ni, Ti, Be, Na, Mo, Zr, Co, Zn, Sn, Ge, In, Bi, Ga, Pb,
sb, Y, Yb, Ba, Sr, La

Each specimen was eroded incrementally at some fixed impact velocity in the

1, and was weighed with a precision of *10 ug after each

range 10 to 90 m s~
such increment. Also, since the specimens were all eroded at normal incidence,
they could.be rotated through 90° about the impact direction each time they were
replaced in the apparatus in an attempt to cancel out the effects of the slight
horizontal velocity and vertical particle concentration gradients existing

across the surface being eroded. The erosive particles were all WC-6% Co spheres
having a density of 1.5 x 10" kg m~}! and a Vickers hardness number of ~2000

kg mm 2. Those used in the majority of the experiments had a diameter of 1.58 #
0.03 mm and weighed 30 *+ 1 mg. However, in order to investigate the effect of
particle size, a few experiments were also performed with spheres having diameters
of 1.14 + 0.02 mm and 0.35 * 0.10 mm, and weighing 11.5 *+ 0.5 mg and 0.10 to

0.60 mg, respectively. None of these spheres deformed plastically upon impact

with the target, and only in rare cases did they fracture. Nor did they exhibit

any tendency to embed themselves in the target surface.




THEORETICAL CONSIDERATIONS

Provided that the elastic contribution to the total deformation is small,
the impingement at normal incidence of a hard (non-yielding) sphere against a
plastically deformable target that exhibits little work hardening may con-
veniently be described by assuming that the pressure over the area of contact is
uniform and has a constant value p (the dynamic hardness)[134,135]. Solving the
resultant equation of motion yields[102]

pvV = % mvg, (3)
where V is the crater volume, m the mass of the sphere and v, the impact
velocity. A value of p can thus be found by measuring the crater diameter d
and calculating its volume as that of a spherical cap having the same radius r
as the sphere.

An approximate allowance for the effect of work hardening can be
incorporated into the model if it is assumed that Meyer's Law[136-8] applies
under dynamic as well as static conditions--i.e., that

p = kd7? (4)
where k and n (the Meyer index) are constants. Solution of the corresponding

equation of motion yields

n+ 2 mvé
(Rr2) ©
4 2V

p k4

at the end of the impact(134]., This expression is similar in form to equation
(3), which therefore can be applied even when work hardening occurs provided

that it is remembered that the value of the terminal dynamic hardness obtained

thereby is underestimated by a factor (n + 2)/4.




] : RESULTS

Figure 2 shows the damage produced by single, normal impacts of the 1.58 mm
diameter spheres against as-received target surfaces. The crater produced at
the lowest impact velocity (20 m s~!, Figure 2(a)) has a relatively smooth

4 interior and, although it is surrounded by a few short radial or median cracks,

exhibits little evidence of material removal, except perhaps from its rim. As

the impact velocity increases, however, material first spalls away from the

IO,

interior surface of the crater in small quantities, Figure 2(b), and then flakes
off in larger quantities from the region surrounding the crater as a result of
the intersection of radial or median cracks with (subsurface) lateral cracks,
: Figures 2(c) and (d).
Due to this loss of material from the periphery of the crater at higher
impact velocities, accurate dynamic hardness values could only be obtained for
1

velocities < 25 m s~ *. These data are shown in Figure 3, together with static

Meyer hardness®* values obtained by pressing one of the 1.58 mm diameter WC-6% Co

S YT~ e TR . ot Uy e 77, 28

spheres into the as-received surface at loads ranging from V50 to 600 N. The very

Ty

similar Meyer indices in the two cases (static, 2.57; dynamic, 2.59) suggest that

the work hardening behavior of the target is little affected by strain rate.

T

Typical areas of the surfaces of specimens that have been eroded until the
average amount of material removed per impact reached a constant value are shown

in Figure 4. In comparison with the single impact damage, the change in appearance

Y i A S

with impact velocity is less striking. In every case the eroded surface has an
uneven topography made up of remnants of semi-obliterated impact craters, fracture

surfaces created by lateral cracking, and radial and/or median fractures. The

* The Meyer hardness is defined as the load divided by the area obtained by
projecting the actual area of contact onto the original, undeformed surface.




scale of each of these features increases with increasing impact velocity, but

the major mechanism of material removal appears in all cases to be the detach-
ment from the exposed target surface of more-or-less petal-shaped flakes formed
by intersection of lateral cracks with radial and/or median cracks.

Details of individual impact sites on heavily eroded surfaces are shown in
Figure 5. In Figure 5(a) a magnified view of the crater seen at lower center in
Figure 4(a) reveals that about half of the original, spherical cap-shaped
impression remains standing proud of the fracture surfaces exposed by the lateral
cracks nucleated beneath it. And the still higher magnification micrograph
presented in Figure 5(b) shows that the smooth interior of this crater consists
of a thin layer of extremely heavily plastically deformed grains of MgO. The
interesting features are that (i) this layer is only one or two grain diameters
thick and (ii) the underlying material exposed at its edge exhibits both trans-
granular and intergranular fractures, but little evidence of gross plastic
deformation., Figures 5(c¢) and (d) are high magnification micrographs of regions
respectively situated outside and inside a partly obliterated impact crater on a

surface that had been heavily eroded at a velocity of 70 m s7!,

The former,
which shows a fracture surface formed by lateral fracture and subsequently
intersected by a radial or median crack, reveals that both cracks follow inter-
granular fracture paths; and the latter shows both another intergranular radial
or median crack and the mixture of intergranular and transgranular failure that
occurs immediately below the impacting particle. In this case much of the thin
overlayer of heavily plastically deformed material that originally lined the
crater has been removed by subsequent impacts, and the debris that remains is
typically V1 um in size.

The mass loss data obtained with the 1.58 mm diameter spheres are shown in

Figures 6, 7 and 8. At every velocity studied, there was an initial incubation

period during which the average mass of material removed per impact increased




asymptotically with the number of impacts to some (velocity dependent)

steady~state value. Particularly at the higher impact velocities, Figurc 8,
this incubation period was of very limited extent and would not have been visible
had irregularly-shaped erosive particles been employed. Power functions of the
form

m, = bN’,, (6)
where m, represents the mass loss due to erosion and b and B are constants for

given erosive conditions, were fitted to the data in the incubation period at

each impact velocity; and the (dimensionless) erosion E, which is defined by

[

dme
E= — —— )

=]
o
=4

was then calculated from the expression

= 2B \f-1
m 1

. (8)

Figure 9 compares the dependence of steady-state (linear) erosion on impact
velocity v, with the corresponding dependence of mass loss obtained from single,
normal impacts of the same size spheres against as-received target surfaces.

The curve fitted to the multiple impact data is of the form

E = avg , (9)
where a is a constant and the veloéity exponent a = 2.1. However, the single
impact data were found to be better represented by an equation of the form

E=a (vz - vi) R ’ (10)
where a; is another constant and Vo is the threshold velocity (25 m s~ ! in the
present case) for detectable mass loss. Note that during steady-state erosion
(i) the mass loss per impact at impact velocities greater than Vo is roughly

three times that produced by a similar impact against the as-received surface

and (ii) material is removed at velocities less than V., SO that the effective

threshold velocity tends towards zero as more and more impacts occur. In
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consequence, equation (9) could also be applied to erosion during the incubation

period whenever sufficient impacts occurred to produce measurable mass loss from
all specimens. The variation with number of impacts of the velocity exponent a
calculated in this fashion is shown in Figure 10.

The change in the appearance of the steady-state eroded surface with
decrease in erosive particle size at an impact velocity of 50 m s~} may be seen
by comparing Figures 4(c) and 11l. Essentially, the difference is one of scale
rather than nature: all three sizes of particle produce the same characteristic
combination of partly obliterated craters, lateral fracture surfaces and radial
and/or median fractures. The corresponding mass loss data are shown in Figure 12,
where they are plotted against the mass rather than the number of particles
impacting the target. And Figure 13 reveals that in the steady state represented
by the linear portions of the curves presented in Figure 12 the erosion of Mg0

by WC-67% Co spheres depends on particle diameter to the power 0.57.

DISCUSSION

Single impacts of hard, millimeter-size WC-67% Co spheres against almost
fully dense, fine-grained, polycrystalline MgO at normal incidence produce
permanent craters surrounded by the sort of array of radial, median and lateral
cracks characteristic of impacts in which a significant amount of plastic
deformation occurs beneath the indenter. The interior of the crater is smooth
and exhibits evidence of very extensive plastic deformation. However, this
plastic deformation extends only to a depth of one or two grain diameters
(v 10 to 20 ym), and crater formation is accommodated primarily by the elastic
strain "trapped” in and around the region of contact as a result of the cracking

that occurs during the impact event. Immediately beneath the crater many short

cracks are formed. Some are intergranular and others transgranular, but none
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L appear to extend for more than a few grain diametcrs. They are presumed to

develop because they represent the easiest way for the individual grains of the
target material, which has only two independent primary glide systems[139] and 1
a very high critical resolved shear stress for secondary glide at or near room 3

temperature[140], to accommodate the strain imposed by the impacting particle.

¥
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In contrast, the (radial, median and lateral) cracks formed beyond the crater

rim in response to the impact loading are few in number but extend over distances

e -

of a crater diameter or more. These latter cracks are all intergranular.

AR s R

The important conclusion to be drawn from these observations is that it is
i not necessary to have extensive plastic flow (i.e., dislocation glide) per se in
the contact region to produce radial and/or median and/or lateral cracking:

microcracking~~and, presumably, any other irreversible mode of deformation

Sk - ccat i

capable of releasing strain energy--will do just as well.

Mass losses large enough to be detected in the present experiments (i.e,
% 10 pg) occurred at all impact velocities after a sufficient number of impacts,
but only at velocities 2 25 m s”! for single impacts against as-received surfaces.

Invariably, the dominant mechanism of material removal was detachment from the

target surface of more-or-less petal-shaped flakes formed by intersection of
lateral cracks with radial and/or median cracks. Interaction between cracks
formed at adjacent impact sites and repecated stressing of existing cracks by y
i
subsequent impacts both appeared to play an important role in this flaking
process, because the average mass loss per impact during steady-state erosion at
any impact velocity 2 25m s™! was about three times that produced by a similar
velocity impact against the as-received target surface. The same processes also

appear to be responsible for the absence of any threshold velocity for the

occurrence of mass loss under multiple impact conditions. A secondary source of

mass loss was spalling away of the heavily plastically deformed material lining

R

the impact craters, some of which material could occasionally be found adhering




to the spent erosive spheres. Such spalling accounted for only a small fraction

of the total mass loss, but is noted here because it docs not appear to have
been observed in other studies of the erosion of ceramics. No evidence was seen
melting in the impact zone.

An important result of the present studies is that they show quite un-
ambiguously that the erosion of ceramics exhibits an incubation phase when the
starting surface is not too heavily damaged. This result is implied by the
three-fold increase in average mass loss per impact observed to accompany the
changeover from single impact to steady-state erosion conditions, and is demon-
strated explicitly by the shape of the mass loss curves presented in Figures 6,
7, 8 and 12. These latter curves also make clear why there is controversy in
the literature on this point[121,123]: the incubation period is so short that
it would be virtually impossible to document by means of an experiment employing
irregular erosive particles which can give rise to thousand-fold variations in
the mass loss they produce per impact. Indeed, comparison of the present mass
loss curves with those obtained for polycrystalline Al under identical erosive
conditions{133], shows that the incubation period for the metal is 100 X that
for the ceramic. The reason is two-fold. First, because extensive cracking
occurs around the impact craters in-MgO, the area of the target affected by each
impact is much greater than in the case of Al. And scecond, the flaking process
primarily responsible for material removal from MgO can be operated by individual
impacts, whereas the process of platelet formation responsible for mass loss
during the erosion of Al at normal incidence requires many overlapping impacts
to causec it to occur. One noteworthy consequence of this difference in mechanism
is that, even under steady-state erosion conditions, material removal from MgO
must occur from non-work hardened surfaces.

Because the impact crater did not remain intact for impacts at velocities

% 25 m s-‘, only two dynamic hardness values were obtained from the present
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study, Figure 3. These values are consistent with a Meyer index of 2.59, and
suggest that the target work hardens rapidly beneath the impacting particle. In
contrast, previous studies[98,100-103] of the normal impact of the same 1.58 mm
diameter spheres against variously polished {100}, {110} and {111} surfaces of
Mg0O single crystals from two different sources showed the dynamic hardness to be
independent of crater diameter in every case, implying a complete lack of work
hardening and a Meyer index of exactly two. Likewise, there is a marked differ-
ence in the response of the same materials to static indentation by the same
spheres: the polycrystalline material exhibits a Meyer index of 2.57, indicative
of rapid work hardening, and {100}, {110} and {111} oriented single crystals
exhibit Meyer indices ranging from 1.59 to 1.73[141], implying that they work
soften. Correspondingly, the ratio of the dynamic to the static hardness, which
has a value of V2 and is independent of crater diameter in the case of the
polycrystalline material, rises with increasing crater diameter from 3 or 4 to 5
or 6 for single crystal surfaces of different orientation.

Strictly speaking of course, the use in the preceding paragraph of the term
work hardening, with its implication of dislocation-dislocation interactions
leading to a steady increase in yield stress as more and more strain accumulates,
is something of a misnomcr, as is the use of the term work softening. The
reason is that in none of the experiments discussed is either the static (Meyer)
hardness or the dynamic hardness a true measure of the stress to produce dis-
location motion, Rather, each parameter is used as a convenient indicator of
the total force required to operate all of the inter-related flow and fracture
processes occurring in and around the region of contact. However, while it
seems reasonably certain that most of the fracture occurring around impact
craters and indentations in MgO is initiated by dislocation interactions, it is
not clear how the s:ress required to produce these interactions (i.e., the

hardness) depends on such (microstructure-sensitive) parameters as slip line
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length, slip line spacing, dislocation density, ctc. Nor is it clear by how
much the increase in fracture toughness associated with the changeover in the
mode of crack extension from {100} and/or {110} cleavage in a single crystal to

intergranular propagation in the present polycrystalline material affects the

elastic constraints in the region of contact under either static or dynamic
conditions. At the present time, therefore, no detailed explanation of these
data is possible. It is interesting to note, however, that such secmingly

similar materials as MgO, LiF and NaCl all differ appreciably in the way in

which their hardness varies with strain rate[97-103,141], as do Ni and A1[100,133, -
141,142]. Evidently it will be no easy task to unravel the relationship of

dynamic hardness and dynamic fracture toughness to microstructure.

E———

Finally, it is noted that none of the theories of erosion in either the
elastic or the elastic-plastic impact regime provides an adequate explanation of
the observed dependence of erosion on either impact velocity (Figure 10) or
particle size (Figure 13). In particular, since none of these theories has
sufficient resolution to distinguish between the incubation and steady-state

erosion regimes, each predicts a constant velocity exponent in the range 2.4 to

3.2[122]. Yet the present study shows that the velocity exponent decreases
monotonically from V3.5 to 2,1 in the course of the incubation period. The
same behavior has also been observed in polycrystalline Al, although the in-
cubation period is much longer and the range of variation of the velocity
cxponent rather larger[133]. In the case of the particle size ckponent, the 3
discrepancy between theory and experiment is more glaring: theory predicts an

exponent of 3.7 to 4.2[122], but the present experiments yield a value of 0.57.
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The Erosion of Aluminum by Solid Particle Impingement at Oblique Incidence

D. G. Rickerby and N. l., Macmillan
Materials Rescarch Laboratory
The Pennsylvania State University
University lrark, PA 16802

SUMMARY

Scanning electron microscopy, surface profilometry and weight loss
measurements have been used to characterize the erosion of coarse-grained aluminum
by 1.58 mm diameter WC-67Z Co spheres impinging at different angles with velocities
ranging from 10 m s”! to 130 m s™}, In addition, data obtained from these experi-
ments have been used to test a recently developed computer model of the process
of crater formation by oblique impact. The dynamic hardness data required as
input to this model came from previous studies of the normal impact of the same
spheres against the same target material. The results show that the computer
model successfully predicts the variation of crater depth and volume with impact
angle and velocity, but is less successful at predicting crater length at the
shallow impact angles and high impact velocities that produce the greatest pile-
up of displaced material at the exit end of the crater. It is also suggested on
the basis of the scanning clectron microscopy studies that the same mechanism of
material removal operates at all angles of impact, and that this involves the
detachment from the target of thin platelets formed by extrusion of piled-up
material between subsequently arriving particles and the underlying substrate.
In this view, the role of ploughing deformation (or of cutting deformation when
angular erosive particles are involved) is two-fold: first, it creates the piled-
up material for subsequent particles to extrude; and second, in so doing, it so
reconfigures the target surface that a disproportionately large number of impact

events take place against elements of surface arca oriented more nearly
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perpendicular to the particle velocity vector than the original target surface.
Finally, it is also shown that the exponent relating erosion to velocity is
greater for impacts at an angle of 30° than for normal impacts, that this
exponent decreases with the post-threshold number of impacts per unit arca at
both these impact angles, and that this number varies with impact angle and

velocity in the opposite manner to steady-state erosion.

INTRODUCTION

In a recent study[l], the present authors used a rotating arm apparatus to
study the room tempcrature erosion of polycrystalline aluminum by 1.58 mm
diameter WC~6% Co spheres impacting at normal incidence with velocities ranging
from V10 m s~! to 150 m 8™}, The results showed that these spheres neither
deformed plastically nor fragmented upon impact. Nor, at the particular impact
velocities used, did they exhibit any tendency to embed themselves in the target
surface. It was also found that the mechanism of material removal responsible
for erosion by a stream of such spheres at ncar-normal incidence is somewhat
different from that observed to operate when they impact singly at shallower
angles[2-5]. Specifically, normal impacts appeared to cause mass loss only when
they occurred in sufficient numbers to first form and then detach thin platelets
of metal from regions of crater overlap. These platelets were thinner in
proportion to their lateral dimensions than the rather bulky shear lip typically
formed along the rim of the exit end of the crater by the ploughing type of
deformation associated with a single oblique impact[2-5], and they tended to lie
parallel to the target surface rather than to project above it. The obvious
inference[l] is that the two mechanisms together account for the characteristic
variation of the crosion of a ductile material with impact angle[6-8].

Because the spherical shape of the erosive particles employed allowed the

impact event to be modelled analytically, the same study also provided values of




the dynamic hardness of aluminum appropriate to the (high strain and strain
rate) conditions pertaining during erosive impacts at different velocities., The
availability of these data make it possible to extend to aluminum the numerical
model of the oblique impact of a rigid sphere against a rigid-plastic target

that has recently been developed by the present authors and successfully applied
by them to mild steel[9] and monocrystalline MgO[10].

Accordingly, the twin aims of this work were to: (i) investigate the
mechanism(s) of material removal responsible for the erosion of polycrystalline
aluminum by obliquely incident streams of rigid spherical particles travelling
with different velocities; and (ii) attempt to provide a quantitative explanation
of the observed variation of the corresponding single impact crater size and

shape with impact angle and velocity.

EXPERIMENTAL METHODS AND MATERIALS

With the single exception that a different rotor arm having appropriately
oriented mounting recesses at its ends for the real and dummy specimens was
required for each impact angle investigated, the experimental methods, the
target material and the erosive particles used in this work were all exactly the
same as in the previous study{l]. This modification did, however, necessitate
making for each combination of impact angle and velocity a separate determination
of the ratio of the number of impacts against the specimen Ni to the number of
particles admitted to the apparatus Np. The results for the particular com-
binations of interest in the present study--impacts over the whole range of
angle at 50 m s ' (69.4 rps) and over velocities ranging from V10 m s ! (13.9
rps) to 130 m s~! (180 rps) at an angle of 30°--are shown in Figures 1 and 2,
respectively. The curve fitted to both sets of data is
N f R sin ao
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where f is the frequency of rotation of the rotor arm*, R the radius of the

target face of the specimen (6.25 nm), o the nominal impact angle, u the vertical
velocity of the (free-falling) particles as they cross the path of the, specimen,
and K a correction factor to allow for the finite size of the particles, the fact
that different portions of the target surface and the rotor arm pass through the
screen of particles at slightly different times, and the fact that some particles
fall outside the idealized parallel-sided stream. u was determined photographi-
cally to be v3 m s™!, and K is 0.746 in Figure 1 and 0.770 in Figure 2. It
should be noted that because u is non-zero the actual impact angle and velocity
differ from their nominal values by tan” ! (u/0.72 £) and [(u + 0.52 fz)% - ul,

respectively.

THEOQRY

Because the relevant equation of motion cannot be solved analytically, it is
necessary to resort to numerical methods to calculate the trajectory followed by
a rigid sphere of radius r and mass m after it impacts with velocity v, at an
angle ao against the surface of an ideal rigid-plastic half-space characterized by
a dynamic hardness (indentation pressure) p. The present authors have developed a
computer program to provide such a solution by an iterative method [9,10].
Their program uses an approach similar to that adopted by Hutchings et al.l4],
but incorporates a more accurate description of the area of contact[11,12].

Figure 3 illustrates the situation at some.time long enough after first
contact that the sphere no longer completely fills the crﬁter it is in the
process of creating. At this instant the particle velocity v is direccted at an
angle o to the target surface, and the arc of contact in the x-y plane subtends
an angle 28 at the center of the sphere. o 1s chosen to be negative when the

penetration of the sphere into the target is increasing, since this (i) is

*
The actual specimen velocity 1is 0.72 f.
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consistent with the usual convention that angles measured anti-clockwise from
the x-axis are regarded as negative and (ii) avoids the nced to use different
sets of equations to describe the motion into and out of the target. Gravita-
tional effects are ignored, and the principal retarding force P--which derives
from the indentation pressure p acting (uniformly) over the projcction of the
arca of contact onto the plane perpendicular to RO--is assumed to act along RO.
In addition, a frictional force WP is assumed to act tangentially through Q.

As long as the sphere remains in contact w'.th the entire surface of the
crater, its motion is defined by

mx = - WP 2)

and ny = P. (3
Once the sphere detaches from the target surface at 0', however, the equations

governing its translational motion become

m¥ = - P sin (o + B) - UP cos (a + B) (4)
and my = P cos (¢ + B) - uP sin (a0 + R) . (5)

Each of these pairs of equations can be solved numerically over the part of the
motion to which it is applicable by means of an iterative procedurc in which
time evolves in incremental steps of the appropriate duration. This proccdure
yields the complete particle trajectory, together with values of crater length,
width, depth and volume, particle rebound angle and velocity, time from first
contact to detachment at O' and total contact time.

In the cases of mild steel[9] and MgO[10], the assumption that p remained
constant throughout the impact event led to good agreemcnﬁ between theory and
experiment. However, the normal impact studies performed previously on the
polycrystalline aluminum of interest here show[1l] that this material work

2 and the

hardens quite rapidly. Specifically, if p is expressed in kgf mm~
final diameter £ of the impact crater in mm, it was found empirically that

p = 41 2°°%% . (6)




Accordingly, in all of the computer modelling reported herein, p (and hence P)
was recalculated at each iteration from equation 6. For this purpose L was
taken as the radius of the circle of contact prior to detachment at 0' and as

the length 0'A (Figure 3) thercafter.

RESULTS

Figures 4 and 5 show the damage produced on mechanically polished surfaces
of 99.9% pure cast aluminum by 1.58 mm diameter WC-6% Co spheres impacting at
various angles with a velocity of 50 m s~ ! and with various velocities at an
angle of 30°, respectively. In each micrograph the component of the particle
velocity tangential to the target surface runs horizontally across the field of
view from left to right.* The grain size of the target was 4-5 mm, so most of
the craters can be assumed to be contained within a single grain of random
orientation. The most obvious features of note are (i) the characteristic pile-
up of displaced material and development of a shear lip at the exit end of the
craters formed at the higher impact velocities and lower impact angles and (ii)
the random distortions of the crater shape resulting from the random oricntation
of the grain or grains impacted. In a few cases--notably TFigures 5(b) and (d)--
the slip lines resulting from the pile-up of material about the crater rim arc
clearly visible. None of these craters were made at a high enough velocity to
produce any detectable mass loss.

After the micrographs shown in Figures 4 and 5 were obtained, a surface
profilometer was used to make a parallel series of traces across each crater in
the dircction of the tangential component of the particle velocity. For each
crater these traces were spaced 50 ym apart, and the deepest one of the series

(the major diametral trace) was presumed to define the length and the depth of

The same counvention is also adopted in Figures 6, 7, 24 and 25.




that crater relative to the original target surface. The solid lines in
Figures 6 and 7 show the major diametral traces corresponding to the craters
seen in Figures 4 and 5, respectively, at a vertical to horizontal magnification
of 1.5x; and the Jength and depth data taken from these and similar traces of
craters formed at different impact velocities and/or angles are plotted in
Figures 8 to 11. In addition, the trapezoidal rule was used to detcrmine the
volume of each crater (reclative to the same surface) from planimetric measurements
of the areas defined by the (complete) set of traces obtained from it. The
results of these determinations are plotted in Figures 12 and 13.
The dotted lines superimposed on the measured traces in Figures 6 and 7 and
both the dotted and the solid lines drawn through the data points in Figures 8
to 13 were obtained from the computer model of the impact event. In these six
figures the deviations of the actual impact angles and velocities from their
nominal values were taken into account when computing the dotted lines, but not i
when computing the solid lines. These deviations were also ignored in computing |
the dotted traces in Figures 6 and 7. ;
In all of this modelling, a constant value of 0.1 was used for the
coefficient of friction, although there is evidence ({from e;perjmcnts in which

rapidly spinning (stecl) balls were either brought into continuous contact with :

[13] or dropped onto[l4] flat plate specimens of different metals) that this
parameter decreases with increase in both the velocity and the depth of penctira-

tion of the sphere. The justification for this simplification is that the

calculations performed previously for mild steel[9] and MgO[10] targets show the
crater dimensions obtained from the model to be relatively insensitive to two-
fold variations in the coefficient of friction.

The values of the crater dimensions and other impact characteristics
obtained from the computer model are also sensitive to the time increment between

successive iterations of the basic algorithm used in their evaluation. This is i




particularly true of the crater volume under conditions of near-normal incidence.
The reason is that this quantity differs from all others calculated in that it
derives not from the total number of iterations occurring during impact, but

only from those that take placce after the sphere detaches from the target surface
at 0' (TFigurc 3)--an event that occurs later and later in the collision as the
angle of impact approaches 90°. As a result, it proved nccessary to reduce the
time increment from 0.1 to 0.02 us at impact angles greater than 85° in order teo
maintain an accuracy of better than 1% in all computations.

Several featurces of Figures 6 to 13 should be noted. In particular, the
experimental profilomcetey traces (Figures 6 and 7) show the increasing importance
of pile-up of displacced material about the exit end of the crater at shallower
impact angles and higher impact velocities; and comparison of these traces with
the traces obtained from the computer model shows how this breaks down in such
situations due to its failure to take account of where the material displaced by
the sphere moves to, The same failure of the model is also apparent in its
systematic overestimation of ecraster length at shallow angles of impact (Figure 8)
and high impact velocities (Figure 9). Despite these difficulties, however, the
model is very successful in predicting both crater depth and crater volume as
functions of impact angle and velocity (Figures 10 to 13), particularly when the
differcnces between the actual and nominal values of these variables ure taken
into account. The mecasured traces also provide a quantitative indication of the
amount of surface rcelief produced by individual ampacts: typically, the angle
between the surface normals at the entrance and exit ends of a major diamectral
trace ranges from 2 or 2.5 times the impact angle for shallow impacts to 1 or
1.5 times this angle at near normal incidence.

The mass loss data obtained by varying the impact angle while holding the

1

impact velocity constant at 50 m s™° are shown in Figures 14 and 15; and Figures

16 to 18 present further such data obtained by varying the impact velocity at a
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constant impact angle of 30°. Each curve is characterized by a threshold number
of impacts below which the mass loss was not measurable (i.e., <10 ug), a
succeeding incubation period during which the mass loss increases with increasing
number of impacts, and a steady-state (linear) erosion regime in which the mass

loss per impact remains constant. The curves fitted to the data in the incubzction

L ek e SRR e e T

period are power functions of the form
mo= b -n)F, @
e i o)
where m, is the mass of material eroded away, No is the threshold number of
impacts, and b and B are constants for a given erosive environment. And in the
steady-state erosion regime straight lines are fitted to the data.

It follows that the dimensionless erosion J, which may be defined by

dme
E =3 @, o 8)
i
is given by
. _ BB (Bl
E = o (Ni NO) 9)

during the incubation period and by the ratio of the slope of the mass loss
curve to the mass of one erosive sphere during steady—statelerosion. Under
these latter conditions, the variation of erosion with impact velocity can be
represented by an expression of the form

- Y
E = av, (10)

: where a and y are constants. In the incubation regime, however, a and Y are h
H

dependent on the post-threshold number of impacts Ni - No, and the value of the i

i velocity exponent Y appropriate to any particular value of Ni - No has to be

obtained by a two-step process. This involves first using equation 8 to evaluate
E at the chosen value of Ni - No for several different values of v, and then

using equation 10 to find the value of Y most nearly consistent with the resultant

pairs of values of E and A
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The results obtained by analyzing the mass loss data from Figures 14 to 18

according to this scheme are presented in Figures 19 to 23. Figure 19 shows

1

that, when the impact velocity is held constant at 50 m s™°, the stecady-state

erosion varies with impact angle in very much the same manner as for other

ductile metals[6-8]--i.e., it rises rapidly from zero at glancing contact to a
maximum at an angle of 20 to 30°, and then falls off with further increase in
angle. Usually this decrease is monotonic, but the present data--like another
recently published set of data for aluminum[l5]--exhibit a slight increase in
erosion as the impact angle approaches 90°. The corresponding variation of the
threshold number of impacts for detecctable mass loss is shown in Figure 20, and

it is not surprising to see that this number varics with impact angle roughly as

the inverse of the steady-state erosion., Figures 21 and 22 show the way in
which the same two parameters vary with impact velocity at an impact angle of

30°. The solid lines fitted to these data imply velocity exponents of 2.98

and -2.67, respectively, which may be compared with the values of 3.3 and -2.5%

r obtained at normal impact (dashed lines)[1]. In analogous fashion, Figure 23
3

ety

provides a comparison of the way in which the velocity dependence of erosion
(i.e., Y in equation 10) varies during the incubation period at impact angles of

30° (data points and solid line) and 90° (dashed line)[1].

Finally, Figures 24 and 25 show the target surface topographies resulting
from steady-state erosion at the same impact angles and velocities as used to
obtain the single impact craters presented in Figures 4 and 5, respectively.
Note that in none of these micrographs is there any evidence either of target
melting or of erosive particles or fragments thereof becoming embedded in the
target. Nor is there any evidence of formation of the sort of "ribbon-like"

debris characteristic of micromachining; and only in a few places is there any

Not -5.8 as erroncously reported in reference 1.
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suggestion that bulky shear 1lips were formed by ploughing deformation of the
target. Rather, just as at normal incidence[l], the dominant feature of each
micrograph is a large number of thin platelets lying more~or-less parallel to

the original target surface. For completeness, it is also noted that

i
|
1

examination of the spent spheres showed no evidence of either plastic

deformation or fragmentation.

DISCUSSION

The absence of any detectable mass loss associated with the formation of
any of the single impact craters showm in Figuieo 4 and 5 is consistent with
previous observations[2,16] that obliquely impacting spherical particles cause
detachment of shear lips from the surface of polycrystalline 1100 aluminum only
at impact velocities > 200 m s”1, Likewise, shear lip formation at the rims of
the craters produced by normal impacts of similar particles against {100},
{110} and {111} oriented aluminum single crystals begins only at velocities of
this order[17]. Such observations confirm graphically a result that has long
been known from studies of abrasion[18]--namely, that "ploughing' deformation is
a very inefficient method of removing material from the surface of a workpiece
(target). The corollary to this statement is the inference that shear lip
detachment is unlikely to play a major role in the erosion of ductile materials
by spherical particles at the impact velocities involved in the present work.

The preceding statement notwithstanding, single impact studies can contribute
to understanding the mechanisms of material removal responsible for such erosion.
In the present case, for ecxample, the major diametral traces of single impact
craters shown in Figures 6 and 7 serve to delinecate the substantial surface
relief that can develop during erosion. Seen from the perspective of subsequent
erosive particles, the effect of this relief is to foreshorten the entrance

sides of the pre-existing craters, where the local surface has been made more

e - . A




nearly parallel to the impact velocity vector, and to emphasize the exit sides,
where piled~up material presents a local surface more nearly normal to this
vector. In consequence, erosion at a given, supposedly constant angle of impact
actually involves impacts distributed over a wide range of angles in such a
manner that more occur at the higher angles than at the shallower angles.
Furthermore, because of the shape of the exit end of a crater, these higher
angle impacts take place not against a massive half-space, but against hillocks
that are much smaller than the impacting particles and are little constrained as
to how they deform. It is therefore suggested that (i) platelet formation and
detachment is the dominant mechanism of material removal under oblique as well
as near-normal impact conditions, and (ii) this process occurs under oblique
impact conditions by the extrusion of the hillocks formed at the exit ends of
craters between subsequently arriving erosive pariicles and the underlying (and
already work hardened) target material.* Shear lip detachment also occurs from
time to time of course--as, for example, from the righthend (exit) end ¢f the
most prominent crater in Figure 25(d)--but from the evidence of Figures 24 and
25 it has to be concluded that this is a far less important_mechanism of material
removal than platelet formation and detachment over the whole range of erosive
conditions examined in this work. The formation of similar platclets by the
impact of spherical steel shot against 1100 aluminum at an angle of 60° has
also been reported(20].

Single impact studies are also useful in the study of erosion because they
provide mecasurements of crater dimensions that can be used to test mathematical
models of the mechanical behavior of solids at high strain rates. 1In this

respect, the present studies show that a simple constitutive relationship,

Under normal impact conditions “ridges" analogous to these hillocks develop
in the regions of crater overlap[l,19].
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derived empirically from normal impact studies and incorporating a power law
representation of work hardening[l], can successfully predict the variation with
both impact angle and velocity of several of the characteristic dimensions of
the craters formed by obliquely impacting spheres. Specifically, the model very
accurately predicts both the profile of the entrance side of the crater (Figures 6
and 7) and the crater depth (Figures 10 and 11). It is less successful in
predicting the crater length, particularly at shallower impact angles and higher
impact velocities (Figures 8 and 9), because it fails to take into account the
pile-up of displaced material at the exit end of the crater; but in spite of
this it provides a remarkably accurate estimate of crater volume (Figures 12 and
13).

Comparison of the plots of crater volume (Figures 12 and 13) and mass loss

(Figures 14 and 18) chow that the fraction of the displaced material that is
actually removed from the target by a single impact during steady-state erosion
increases sharply with increasing impact velocity and decreasing impact angle.
At an impact angle of 30°, for example, the fraction increases from < 0,01 at
10 m s} to > 0.20 at 130 m s~ *; and at a velocity of 50 m s~ !, the corresponding
increase is from 0.0l at normal incidence to n0.18 at an impact angle of 10°.

: ‘ Likewise, when mild steel is eroded by the impact of hardened stecel spheres at
an angle of 30°, the corresponding fraction is 0.08 at an impact velocity of
50 m s~! and 0.25 when this velocity increases to 400 m s ![3-5]. Since increases

in impact velocity and decreases in impact angle also lead to increased pile-

——y——

up of material at the exit ends of impact craters, these observations support

the contention that mass loss occurs primarily by the extrusion of this piled-up

material into platelets during subsequent impacts. In addition, they suggest
that attempts should be made in future work to seek some sort of quantitative

relationship between (say) the amount of material piled-up above the level of

the original surfacc and the mass loss per impact or the size and shape of the
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debris produced. Establishment of such a relationship would provide the link
between crater volume and mass loss necessary to give the theory a quantitative

predictive capability.

Except in the case of "type II cutting

by angular particles having small

negative rake angles, for which the entire contents of the crater are rewoved

[4,5,21,22], such a link between crater volume and mass loss is missing from all
theories of ductile erosion. Consequently, critical comparisons of competing
theories with experiment can only be made in qualitative rather than quantitative
terms--a limitation that greatly reduces their value. The problem is graphically
illustrated by comparing the present data on the variation of steady-state
crosion with impact angle (Figure 19) with those obtained from similar studies

by other authors[23-25]. Although these studies used a variety of sizes of

spherical and angular particles made of several different materials, and conse-

o e

quently involved different amounts of "type I cutting' and ploughing[4,5,21,22],
they all found a qualitatively similar dependence of steady-state erosion on

impact angle., Where the results differ is in the value of the angle at which

the maximum erosion occurs, the ratio of the erosion at any given angle to the |

maximum erosion and so-on. Intuitively, it seems reasonable to assume that

these quantitative differences derive from the different crater geometries and

b ok

amounts of pile-up of displaced material produced by the different erosive

T

particles involved. But proof of this assumption will require a considerable

P

amount of accurate, quantitative experimental work to establish whatever
rclationships exist between particle geometry, crater geometry, pile-up and mass 1

loss.

Much the same sort of difficulty arises in trying to understand in detail
the velocity dependence displayed by the present erosion data. For example,
Figures 21 and 23, rcspectively, show that the exponent relating erosion to

impact velocity is lower at an impact angle of 30° than at normal incidence both
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under steady-state conditions and during the incubation period; and the same
trend has previously been observed under steady-state conditions for copper(26],
1100 aluminum[27] and 6061-TO aluminum alloy[28], although the values of the
exponents involved are somewhat different. Thus, switching from eroding aluminum
with non-fragmenting WC-06% Co spheres, which exhibited no tendency to cmbed
themselves as they ploughed across the target surface, to croding copper with
angular Al.0; particles, many of which fragmented as they cut the target surface
and left pieces of themselves embedded in it, did not alter the basic trend in
the data, but merely the numbers involved. However, the only theoretical
explanation of the observed trend extant is based on a cutting model of erosion
which assumes that the entire contents of the crater are detached from the target
at each impact{15,27].

In conclusion, it is noted that Figures 20 and 23 show the threshold number
of impacts for detectable mass loss to vary with impact angle and velocity
more-or-~less inversely as the steady-state erosion, as might intuitively be
expected. Again, however, it is only the trend in_the data, and not the
numerical values involved, that can easily be rationalized, and it remains
unclear why the steady-state erosion is more sensitive to velocity at normal
incidence than at an impact angle uvf 30° while the reverse is true for the

threshold number of impacts.
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Appendix XII




Frosion of Zlumina: und Magnesiwa Oxide by Spherical Puviicles
N

D. G. Rickerby end N. H. Macmillan
Matericls Rescarch lLavorovary
The Peunsylvaniu Staite University
University Park, FA 10302, USh

Becnuse the amonot of material removed from any spocimen by the impact of a
cingle, irremldnrly shnped crosive particle can vary Dy several corders of
magnitude, it Is Jifricult to uce such particles to investipgule the early rilages
oi erusion. A further conplication in tho case of ductile wmterials is ihat
such purlicles tend to enbod themselves in the speciwmen surface, sometimes in
sufficient nuwbers tuat the specimen initislly gains rather then loses weipht.
However, bolh of theue difficulties can be overcome by using spherical particles.
Accorcinigly., a rotaling arm arparatus has been used to study tne cnset cof erouion
when 1..5 mn diametcr WC-6% Co svheres iwpinege at normal incidence against
coarse—praired aluzinuwn and Jine grained magresiuvm oxide specimens at velocities
ap to V150 end M00 ms”l, respectively.

For ¢luminua, there was no detectable material romoval until enoursh impacts
had cccurred to work harder the surface sufficiently thet small platelels could
be extrudcd fros thic higlity doformed regions where impact eraters had over-
lapped. Tn conirast, ot velocities greater than cbout 25 ms™! even o singie
impact produced suificient cracking around ithe central crater to cause mecouratie
material removel from magnesium oxide, Once material removal becumn, Lowever,

L,
the ercsion of bolh materiels inereased asymptotically to its stzady state valuc
&s more and mere particle impacts ocecurred. As & result of the type of erosive

particles employaed, tresc threshold and incubation phenomena cccurred in a vell-
defined wuda highly reproducible manner, and thus it was possible to describe
auantitslively, fo~ the first time, the way in which they derend upon impact
velocity ahd the eluastic-pluaslic response of the specimen.




