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Erosion of MgO by solid particle
impingement at normal incidence
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A study has been made of the erosion of almost fully dense, fine-grained MgO by
millimeter-scale WC—6 wt% Co spheres impinging at normal incidence with velocities
between 10 and 90 m sec™!. Scanning electron microscopy showed that the damage con-
sisted of a central crater surrounded by an array of intergranular radial and/or median
and/or lateral cracks characteristic of an elastic—plastic impact. The crater had a thin
lining of plastically deformed material, but appeared to have been formed primarily by
localized transgranular and integranular 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 gravi-
metric studies showed that mass loss, which was caused primarily by intersection of
lateral cracks with the free surface and with radial and/or median cracks, increased three-
fold 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 asymptotically towards a value smaller than that predicted by any
current theory of erosion in the elastic or the elastic—plastic impact regime. Nor are
these theories any more successful at explaining the observed particle-size dependence

of the erosion of polycrystalline MgO.

1. Introduction

Until recently, understanding of the erosion of
ceramics by solid particle impingement (reviewed
in [1] and [2]) was based largely on the work of
Finnie and co-workers [3—7]. Starting from the
assumption that ceramics behave in a totally
brittle manner, these authors combined Hertz’s
[8] or Hamilton and Goodman’s [9] analysis of
the stress arising from static elastic contact between
a sphere and a half-space with Weibull’s probabil-
istic treatment of fracture [10] to obtain an esti-
mate of the amount of material removed by a
typical normal or oblique impact, respectively.
The resultant model is only semi-quantitative, but
it provides a satisfactory rationalization of the
many different empirical relationships between
erosion and particle size or particle velocity that
have been reported. It also predicts quite well the

observed angular dependence of the erosion of
*

brittle materials and provides a convincing expla-
nation of their tendency to erode in an increas-
ingly ductile manner as the size of the erosive
particles is reduced [11, 12]. An essentially
similar model has recently been proposed by
Sargent et al. [13].

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 con-
tact. In particular, plastic flow beneath a normally
loaded hard indenter or a hard particle impacting
at normal incidence tends to suppress the formation
of Hertzian cone cracks and promote instead the
creation of various characteristic combinations
of lateral, radial, median and cone* cracks about
the plastic zone. The formation of such arrays

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.
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during static indentation has been studied in
hardened steel [14], WC—Co cermets [15—18],
polymethyl-methacrylate {19-21], solid high
explosives [22], Ge [23, 24], Si [24, 25], SiC
[24, 26-28], AL O, [24, 27, 29-31], LiF [32],
NaCl {24, 311, ZnS [31], ZnSe [31], quartz [25],
a spinel [31], SizN, [31], various rocks [33, 34],
fused SiO, [25] and a wide varety of silicate
glasses [25, 31, 35—-45]. In addition, numerous
attempts have been made to understand the defor-
mation processes involved in the nucleation of
these cracks [24, 39, 43, 46, 47], the fracture
mechanics of their propagation [18, 20, 21, 36,
48—58], and their role in material removal pro-
cesses [59—65). Useful reviews are given by Lawn
and co-workers [35, 66, 67]. Essentially similar
arrays of cracks have also been produced in sili-
cate glasses [68—82], various minerals [78], LiF
[83—-88], NaCl [84], MgO [83, 85,87-91], ZnS
[82, 91, 92}, MgF, [91, 93], SizN, [91, 93],
Al O3 [93], MgAl, 0, [91], ZrO, [82, 94] and
WC—Co cermets [91] by the impact (usually at
normal incidence) of solid particles at velocities
in the range ~ 10 to 10®msec™. Moreover, just
as in the case of static indentation, there have
been a variety of attempts [30, 82, 91, 92, 95, 96]
to use fracture mechanics to explain the propa-
gation of these cracks and their role in material
removal processes. In addition, a few studies [97—
99] have been made of the flow processes occur-
ring immediately below the impacting particle.
Two conclusions relevant to the erosion of
ceramics by solid particle impact at normal inci-
dence have emerged from these single contact
studies. One is that the primary determinants of
such erosion under fixed erosive conditions (i.e.
when the size, density, shape, material and velocity
of the impacting particle are held constant) are
the dynamic hardness and the dynamic fracture
toughness of the target. The former determines
the target resistance to the plastic flow processes
necessary to nucleate cracks in and around the
region of contact, while the latter controls the
growth of such cracks. The other conclusion is
that the removal of material from pristine sur-
faces results primarily from the propagation of
the lateral cracks rather than from the deeper-
penetrating median and/or cone cracks. On heavily
eroded surfaces, however, material removal is
clearly a more complex process, because it is also
influenced by interactions between cracks formed
at adjacent impact sites. This is one reason why it
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is difficult to predict the erosion of ceramic
materials from the results of single impact studies.
Another is that the mass losses produced by
impacts of irregularly-shaped particles can vary
1000-fold from one impact to another, depending
on particle shape and orientation at impact [100].
Consequently, the few attempts [31, 91, 95,
96, 101] that have been made to predict erosion
rates from single particle elastic—plastic impact
damage mechanics have mostly been dimensional
analyses restricted to the case of normal incidence
and designed to rationalize the intuitively obvious
experimental observation that erosion decreases
with increasing target hardness and fracture tough-
ness under these conditions, It should also be recog-
nized that the hardness and fracture toughness
values used in conjunction with 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 driven by transient
loads that act for a few microseconds over areas
having linear dimensions ~ 1 to 100 um; and it is
not clear how much hardness and fracture tough-
ness are affected by the high strain rates, adiabatic
heating and large compressive stresses characteristic
of such events. Nor is it clear for ceramics of com-
plex microstructure just how much hardness and
fracture toughness can 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 provides little or no infor-
mation on such topics as the inception and evo-
lution 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 might
occur in the contact region. Neither are the
currenily available experimental data entirely
unequivocal about these questions. For example,
the existence of “incubation” phenomena in the
early stages of erosion on pristine surfaces has
been observed in SiC [102], but not in MgF,
[100]. (Incubation effects occur also in boro-
silicate glass under elastic impact conditions [103],
and a theory has been proposed to explain them
[104, 105].) Furthermore, changing the erosive
particle size relative to some characteristic micro-
structural dimension has been reported to change
the appearance of the eroded surface of SiC with-



out altering the slope of the plot of erosion against
particle size [102], but to produce quite different
variations of mass loss with impact angle for
different refractory concretes [106]. 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 Al,O; and hot-pressed MgF,
[93]. Indirect evidence for the occurrence of
melting during impact continues to accumulate
from studies on alumina and mullite refractories
[107], Al,0; and silicate glasses [108], and
metallic glasses [109] .

In the absence of appropriate dynamic hardness
and dynamic fracture toughness data, mathemati-
cal modelling of impact also fails to predict
whether erosion should increase or decrease with
increasing temperature, although it does suggest
that this would be determined by the competing
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 tough-
ness, which probably increases but slowly with
increasing temperature [101]. Therefore, it is not
surprising to find that raising the temperature
from 25 to 1000° C increases the erosion of hot-
pressed Al,O; and SizN, [110], sintered Al,0;
[110] and calcium aluminate-bonded Al, Q5 [111]
at shallow impact angles (where plastic flow plays
its most important role in the material removal
process [110]), 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 impingement 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 was
sufficiently reproducible that it was possible to
resolve the incubation phenomena associated with
the early stages of erosion. Moreover, the simple
shape of the impacting particle permitted its
equation of motion to be solved analytically to
obtain the dynamic hardness from the dimensions
of the impact crater. An additional simplifying
factor was that all of the erosive particles used
were large enough to ensure that the impact crater
was always very much larger than the grain size.

2. Experimental methods and materials
The erosion experiments were carried out using a
rotating arm apparatus described in a previous
paper [112]. This apparatus consists of a steel
tank which can be evacuated to ~ 1Torr and
houses a counter-balanced, tubular Al alloy arm
that is rotated through a free-falling stream of
erosive particles by an externally mounted, variable-
speed electric motor. The specimens consisted of
6 mm thick, 16.5 mm diameter discs of MgO, the
edges of which were protected by an annular Al
alloy cover containing a central aperture of
diameter 12.5 mm. 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 [112], it was
necessary to recalibrate the apparatus to deter-
mine the ratio of the number of impacts, N,
against the MgO specimen to the number of par-
ticles, Vp,, introduced. This was done by counting
the numbers of craters produced on pristine speci-
mens when known numbers of particles were
introduced at each of several different speeds of
rotation. Since impacts could not occur at the
periphery of the exposed area due to the 2 mm
high raised rim of the cover, the effective speci-
men radius was taken to be (R —r), where R is
the radius of the aperture and r is the particle
radius. Then, if the radius of the cross-section
and the frequency of rotation of the arm are 4
and f, respectively, if the vertical velocity and the
width of the stream of falling particles are u and
2R, respectively, and if both the stream of par-
ticles and the specimen/rotor arm assembly are
assumed to be of negligible dimensions in the
direction of specimen travel, it can be shown that

N, afR—r)
A% - 2Ru (U
if f<u/2(A + R —r), and that
Ny _ fR—r)(n—0 +4sin26) o

Np 2Ru
if fZu/2(4 + R —r), where
6 = cos™! @ —24
2R—1r) |-
Fig. 1 shows experimental values of N;/N,, deter-

mined as described above with 1.58 mm diameter
WC—6 wt% Co spheres falling at a (photographi-
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Figure 1 Ratio of number of impacts to number of spheres
entering the apparatus plotted against motor speed.

cally determined) average velocity of ~ 3 msec™.
The line drawn through these data points repre-
sents the theoretical prediction of Equations 1
and 2 multiplied by an empirical correction factor
of 0.82 to allow for the approximations involved
in their derivation.

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 trans-
lucent appearance, a grain size of ~ 10um, a
density of 99.5% of that of an MgO monocrystal,
and the impurity content listed in Table I. All
experiments were performed on the as-received
surface.

Each specimen was eroded incrementally at
some fixed impact velocity in the range 10 to 90
msec™’, and was weighed with a precision of * 10
ug after each increment. Specimens were also rota-
ted 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 gradient and vertical particle
concentration gradient existing across the surface
being eroded. The erosive particles were WC—6
wit% Co spheres with 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 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 of diameters of 1.14
0.02mm and 0.35%0.10 mm, which weighed
11.5£0.5 mg and 0.10 to 0.60 mg, respectively.
These spheres did not deform plastically on impact

TABLE I Result 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 S
Cu 2

Not detected: B, Cr, Ni, Ti, Be, Na, Mo, Zr, Co, Zn, Sn,
Ge, In, Bi, Ga, Pb, Sb, Y, Yb, Ba, S1, La

with the target, and only rarely fractured. Nor
was evidence found of spheres or fragments of
spheres embedded in the eroded surfaces.

3. Theoretical considerations

Provided that the elastic contribution to the total
deformation is small, the impingement at normal
incidence of a hard sphere against a plastically
deforming target that exhibits negligible work-
hardening may conveniently be described by
assuming that the pressure over the area of contact
is uniform and has a constant value p (the dynamic
hardness) [113, 114]. Solving the resultant equa-
tion of motion yields [89]

— 1 2
pV— 7mvg,

3)

where V is the crater volume, m is the mass of the
sphere and v, is its initial impact velocity. A value
of p can thus be found by measuring the crater
diameter, d, and calculating the 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 [115]
applies under dynamic as well as static conditions,

i.e. that
p=kd?, )

where k and n (the Meyer index) are constants.
Solution of the corresponding equation of motion

gives
N (n + 2) mvg
p = —

4 ) oy ©)

at the end of the impact [113]. This expression is
similar in form to Equation 3, which therefore

* Kindly supplied by Dr T. Vasilos of Avco Corporation, Waltham, Massachusetts, USA.
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Figure 2 Damage due to single impacts of 1.58 mm diameter spheres as different velocities.

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.

4. Results

Fig. 2. shows the damage produced by single,
normal impacts of the 1,58 mm diameter spheres
against as-received target surfaces. The crater pro-
duced at the lowest impact velocity (20 msec™?,
Fig. 2a) has a relatively smooth 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 interior surface of the crater
in small quantities, Fig. 2b, 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. Fig.
2cand d.

Owing to this loss of material from the periphery
of the crater at higher impact velocities, accurate
dynamic hardness values could only be measured
for velocities < 25 m sec™*. The two values obtained
are shown in Fig. 3, together with static Meyer
hardness® values obtained by indenting the as-
received surface with similar spheres at loads rang-
ing from ~ 50 to 600 N. The similar Meyer indices
in the two cases (static, 2.57; dynamic, 2.6) sug-
gest that the work-hardening behaviour of the
target is little affected by strain rate.

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 Fig. 4. In comparison with the
single impact damage, the change in appearance
with impact velocity is less striking. In every case

* 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.
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Figure 3 Variation of static (Meyer) and dynamic hard-
ness with diameter of the crater produced by a 1.58mm
diameter sphere.

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 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 detachment
from the exposed target surface of flakes formed
by intersection of lateral cracks with the free sur-
face and with radial and/or median cracks.

Details of individual impact sites on heavily
eroded surfaces are shown in Fig. 5. In Fig, 5a a
magnified view of the crater seen at lower centre
in Fig. 4a reveals that about half of the original
impression remains standing proud of the fracture
surfaces exposed by the lateral cracks nucleated
beneath it. The still higher magnification micro-
graph presented in Fig. 5b shows that the smooth
interior of this crater consists of a thin layer of
extremely heavily plastically deformed grains of
MgO. Interesting features are that this layer is only

Figure 4 Steady-state erosion damage produced by 1.58 mm diameter spheres impacting at different velocities.
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Figure 5 Details of the steady-state erosion damage produced by 1.58 mm diameter spheres impacting at 20 m sec™?

(aand b) and 70 m sec™ (¢ and d).

one or two grain diameters thick and that the
underlying material exposed at its edge exhibits
both transgranular and intergranular fractures,
but little evidence of gross plastic deformation.
Fig. Sc and d are high magnification micrographs
of regions situated respectively outside and inside
a partly obliterated impact crater on a surface that
had been heavily eroded at a velocity of 70 m sec™ .
The former, which shows a fracture surface formed
by lateral fracture and intersected by a radial or
median crack, reveals that both cracks follow inter-
granular fracture paths. The latter shows both
another intergranular radial or median crack and
the combination of intergranular and transgranular
failure that occurs immediately below the impact-
ing 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 ~ 1 um in size.

The mass loss data obtained using 1.58 mm dia-
meter spheres are shown in Figs 6 to 8. At every
velocity studied, there was an initial incubation
period during which the average mass of material

70
60
50

20 m sec™!
40+ B

Mass Loss (mg)

30»— -
20| 10 m sec™!

10

i 1 1 1
600 800 1000 1200
Number of impacts

1
0 200 400

Figure 6 Experimental mass loss curves for 1.58 mm
diameter spheres.
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Figure 7 Experimental mass loss curves for 1.58 mm
diameter spheres.

removed per impact increased with the number of
impacts to some velocity-dependent steady-state
value. Particularly at the higher impact velocities,
Fig. 8, this incubation period was of very limited
extent and would not have been observable had
irregularly shaped erosive particles been employed.
Power functions of the form

me = bN?; (6)

where m, represents the mass loss due to erosion
and b and § are constants for given erosive con-
ditions, were fitted to the data in the incubation
period at each impact velocity. The dimensionless
erosion, E, which is defined by

1 dm,
E =— , 7
was then calculated from the expression
bB 4
E = ;Nf 1, ®)

Fig. 9 compares the dependence of steady-

T T T T T T
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1201
100 b

80 T

Mass Loss (mg)

60| .
a0l ° 4

201 -

—1 1 ! i i 1
0 10 20 30 40 50 60
Number of Impacts

Figure 8 Experimental mass loss curves for 1.58 mm
diameter spheres.
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Figure 9 Erosion by 1.58 mm diameter spheres as a func-
tion of impact velocity under single and multiple impact
conditions.

state (linear) erosion on impact velocity, v,, with
the corresponding dependence of massloss 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 = ©)
where ¢ is a constant and the velocity exponent-
a=2.1. However, the single impact data were

found to be better represented by an equation of
the form

(e}
avyp,

E = a; (v} —v3}),

(10)
where 4, is another constant and vy is the thresh-
old velocity (~ 25msec™ in the present case) for
detectable mass loss. Note that during steady-
state erosion not only is the mass loss per impact
at impact velocities greater than v roughly three
times that produced by a similar impact against
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Figure 10 Variation of exponent relating erosion by 1.58
mm diameter spheres to impact velocity as a function of

number of impacts.
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Figure 11 Steady-state erosion damage produced by different diameter spheres impacting at 50 msec™.

the as-received surface, but also material is removed
at velocities less than v, so that the effective
threshold velocity tends towards zero as more and
more impacts occur. In consequence, Equation 9
also becomes applicable to erosion during the
incubation period, provided that sufficient impacts
occur 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 Fig. 10.

The change in the appearance of the steady-
state eroded surface with decrease in erosive par-
ticle size at an impact velocity of 50m sec™ may
be seen by comparing Figs 4c and 11. Essentially,
the difference is one of scale rather than nature:
all three sizes of particle produce the same charac-
teristic combination of partly obliterated craters,
lateral fracture surfaces and radial and/or median
fractures. The corresponding mass loss data are
plotted in Fig. 12 as functions of the mass rather
than the number of particles impacting the target,

T T T T
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e}
Q

[}
[e]
1

Mass Loss {mg)

N
o
L

5
Mass of Erosive Particles (g}

Figure 12 Experiemtal mass loss curves for different

diameter spheres impacting at 50 m sec™.

and the values of the erosion calculated from the
linear portions of these plots are presented in Fig.
13. These latter data show that under steady-state
conditions the erosion of MgO by WC—6 wt% Co
spheres depends on the particle diameter to the
power 0.57.

5. Discussion

Single impacts of hard, miilimeter-scale WC—6
wt% Co spheres against almost fully dense, fine-
grained, polycrystalline MgO at normal incidence
produce craters surrounded by the sort of array
of radial and/or median and/or lateral cracks
characteristic of impacts in which a significant
amount of plastic deformation occurs beneath the
particle. The interior of the crater is smooth and
exhibits evidence of extensive plastic deformation.
However, this plastic deformation extends only
to a depth of one or two grain diameters (~ 10 to
20 um), and crater formation is accommodated
primarily by the residual strain generated in and
around the region of contact as a result of crack-

T T T T 1 T 71
004} o
003} ° 4
c
B=]
8
w 002 4
1 1 { i i |
00z 04 06 08 10 12 16

Particle Diameter (mm)

Figure 13 Variation of erosion in steady-state regime with
sphere diameter at an impact velocity of 50 m sec™.
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ing during the impact event. Immediately beneath
the crater many short cracks are formed. Some are
intergranular and others are transgranular, but none
appear to extend for more than a few grain dia-
meters. 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 [116] and a
very high critical resolved shear stress for second-
ary glide at or near room temperature [117], to
accommodate the strain imposed by the impact-
ing particle. 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 of a crater diameter or
more. These latter cracks are all intergranular,

The important conclusion to be drawn from
these observations is that it is not necessary to
have extensive plastic flow (i.e. dislocation glide)
in the contact region to produce radial and/or
median and/or lateral cracking: microcracking,
and probably any other irreversible mode of
deformation capable of releasing strain energy,
can produce the same pattern of fractures.

Mass losses large enough to be detected in the
present experiments (i.e. > 10 ug) occurred at all
impact velocities after a sufficient number of
impacts, but only at velocities X 25msec™" for
single impacts against as-received surfaces. Invari-
ably, the dominant mechanism of material removal
was detachment from the target surface of flakes
formed by intersection of lateral cracks with the
free surface and with radial and/or median cracks.
Interaction between cracks formed at adjacent
impact sites and repeated stressing of existing
cracks by 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 25
msec ! 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 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 does not appear tc have been reported in other
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studies of the erosion of ceramics. No evidence
was seen of melting in the impact zone.

An important result of the present studies is
that they show quite unambiguously that the
erosion of ceramics exhibits an incubation phase
when the starting surface is not too heavily dam-
aged. The existence of an incubation effect is
implied by the three-fold increase in average mass
loss per impact observed to accompany the change-
over from initial to steady-state erosion conditions,
and is demonstrated explicitly by the shape of the
mass loss curves presented in Figs 6 to 8 and 12,
These latter curves also make clear why there is
controversy in the literature on this point [100,
102]: the incubation period is so short that it
would be virtually impossible to document by
means of an experiment employing irregular ero-
sive particles which can give rise to orders of
magnitude variations in the mass loss they produce
per impact. Indeed, comparison of the present
mass loss curves with those obtained for poly-
crystalline Al under identical erosive conditions
[112], shows that the incubation period for the
metal is ~ 100 times that for the ceramic. The
reason for this 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 second,
the flaking process primarily responsible for
material removal from MgO can occur during
individual impacts, whereas the process of platelet
formation responsible for mass loss during the
erosion of Al at normal incidence requires over-
lapping impacts. One noteworthy consequence of
this difference in mechanism is that, even under
steady-state erosion conditions, material removal
from MgO must take place primarily from non-
work-hardened surfaces.

Because the impact crater did not remain intact
for impacts at velocities 2 25 msec™*, only two
dynamic hardness values were obtained from the
present study, Fig. 3. These values are consistent
with a Meyer index of 2.6, and suggest that the
target work-hardens rapidly beneath the impact-
ing particle. In contrast, previous studies [85, 87—
90] of the normal impact of similar 1.58 mm
diameter spheres against variously polished {1 00},
{110} and {111} surfaces of MgO single crystals
showed the dynamic hardness to be independent
of crater diameter in every case, implying a com-
plete lack of work-hardening and a Meyer index of
two. Likewise, there is a marked difference between



the responses of these same materials to static
indentation by the same kind of spheres: the poly-
crystalline material exhibits a Meyer index of 2.57,
indicative of rapid work-hardening, and {100},
{110} and {111} orientated single crystals
exhibit Meyer indices ranging from 1.59 to 1.73
[118], implying work-softening. Correspondingly,
the ratio of the dynamic to the static hardness,
which has a value of ~ 2 and is independent of
crater diameter in the case of the polycrystalline
material, rises with increasing crater diameter
from ~ 3 to 6 for single-crystal surfaces, depend-
ing on orientation.

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 not strictly correct; neither
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
dislocation motion. Rather, each parameter is used
as a convenient representation 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 reason-
ably 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 stress required to produce these inter-
actions (i.e. the hardness) depends on such
microstructure-sensitive parameters as slip-line
length, slip-line spacing, dislocation density, etc.
Nor is it clear by how much the increase in fracture
toughness associated with the change over from
{100} and/or {11 0} cleavage in a single-crystal to
to intergranular fracture in the present polycrystal-
line material effects the elastic stresses that con-
strain deformation 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 seamingly similar materials as MgO, LiF
and NaCl all differ appreciably in the way in which
their hardness varies with strain rate [84—90, 118},
as do Niand A1[87,112,118,119]. Evidently there
exists no simple way of relating dynamic hardness
and dynamic fracture toughness to microstructure.

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 (Fig. 10} or particle size (Fig. 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 [101]. Yet under the conditions of the
present study the velocity exponent decreased
from ~3.5 to ~ 2.1 in the course of the incu-
bation period. Similar behaviour has also been
observed in polycrystalline Al, although the incu-
bation period is much longer and the range of
variation of the velocity exponent rather larger
[112]. In the case of the particle size exponent,
there is also a significant discrepancy between
theory and experiment: theory predicts an expo-
nent of 0.7 to 1.2 [101], but the present experi-
ments yielded a value of 0.57. This discrepancy is
also apparent in the value of 0.39 obtained by
Sheldon and Finnie [6] for the erosion of poly-
crystalline MgO by spherical steel shot.
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