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Abstract

Controlled wet erosive wear tests were performed
on polycrystalline alumina specimens of mean grain
size G = 12, 38 and 14-1 um and on sapphire
specimens. The tests were performed by using an
apparatus consisting of a jet body that rotates
immersed in the slurry medium (SiC grits). Impacts
are normal to the target surface. The construction
and calibration of the apparatus are described. The
impacting velocity used was 2-7 m s~'. The weight
loss of polycrystalline alumina and sapphire specimens
increased linearly with impacting time. The wear rate
of polycrystalline alumina specimens increased with
grain size. Wear rates of 1-83, 836 and 11-3 nm s~/
correspond to G = 1-2, 3-8 and 14-1 um, respec-
tively. For sapphire specimens the wear rate was
9-56 nm s~'. Worn surfaces of both polycrystalline
alumina and sapphire specimens were analysed by
scanning electron microscopy. © 1996 Elsevier
Science Limited

1 Introduction

It is well known that the wear resistance of poly-
crystalline alumina materials has a strong depen-
dence on grain size. For example, in wear due to
sliding,'* grinding,>® sawing,” dry erosion® and
wet erosion,’ the wear rate increases with the grain
size.

In the study of wet ¢rosive wear of a series of
polycrystalline alumina specimens reported by
Miranda-Martinez et al.,’ the tests were conducted
using an apparatus where the specimens were discs
clamped between blocks of polyurethane in a central
shaft that rotates immersed in a pot filled with slurry.
Approximately 50% of the disc area was exposed
to impacts. The most worn area was the lower
part (bottom) of the exposed area. Using this
tester, it is quite difficult to control some important

*To whom correspondence should be addressed.
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parameters, such as impact velocity, impact angle
and the number of impacting particles per unit of
time.

Several other types of wear tester have been
used to study the mechanisms and rates of erosion
produced by single and multiple particle impacts,
carried by either wet or dry media, on brittle
materials.'®? None of these machines is suitable
for the study of the early stages or basic mechanisms
of surface damage, because even for a very short
test time the amount of material removed is large
and the control of impacting angle is quite difficult.

Here we report the design and use of a new
slurry wear tester. Controlled particle impacts are
produced normal to the test surface. The velocity
of impacting particles was determined by comparing
the crater depths produced by particle impacts and
hardness indentation. Normal particle impact
tests were performed on polycrystalline alumina and
sapphire specimens using SiC grits in water as the
eroding medium. In order to observe the evolution
and mechanisms of surface damage in the early
stages of wear on a polished surface, tests were
performed for 1 and 15 min. To measure the
weight loss and wear rate, tests were of 660 min
duration.

2 Wear Machine — Construction and Calibration

2.1 Description

The rotating jet slurry wear tester is shown
schematically in Fig. 1. It consists basically of
three parts: (1) an electric motor, (2) a jet body-
sample holder and (3) a slurry pot. The motor
operates at nominal rotating speeds ranging from
10 to 200 rev min~'. The jet body-sample holder is
mounted on one end of a 275 mm stainless steel
arm attached to a stainless steel shaft connected to
the motor. At the other end of the arm a stainless
steel paddle is attached to mix the slurry. Both the
jet body and the paddle rotate in a groove delimited
by the pot’s inner wall and a fibreglass cylinder in
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the centre of the pot. The groove width is 65 mm
and the jet body rotates 20 mm from the bottom
of the pot in the groove. A buffer system is
mounted 3 mm above the rotating arm in order to
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prevent the slurry from rotating with the jet body.
The buffer system consists of eight stainless steel
blades. The pot is placed on a table and attached
to a mechanical jack to control its position in
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Fig. 1. Schematic diagram of the wear test machine. The machine consists of three parts: a motor, rotating jet body and slurry
pot. Dimensions are in mm.

Fig. 2. The jet body-sample holder, showing the sample holder, slurry exhaust and funnel-nozzle system.
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relation to the rotating arm. The jack also is used
to lower and lift the pot during specimen and slurry
changes.

The jet body-sample holder is made of nylon
and consists of a funnel-nozzle and a lid as shown
in Fig. 2. The diameters of funnel mouth and noz-
zle are 50 and 5 mm, respectively. The ratio of 10
between the funnel mouth and nozzle is responsible
for accelerating the slurry when the jet body
rotates. The sample holder is a nylon disc (40 mm
diameter) placed in the bottom of the lid.

2.2 Calibration

2.2.1 Theoretical consideration—impact velocity
When a jet body rotates at a frequency f in a
fluid, its linear velocity v; can be calculated by

ve =2mr,f (1)

where r, is the rotating arm length. If the jet body is
a funnel-nozzle system, the velocity at which the
fluid flows into the funnel is the same as the veloc-
ity v; of the jet body. Hence, the velocity of the
fluid at the nozzle v, is given by

2

v, = 277( :f ) r,v 2

n

where r; and r, are the radii of the funnel and
nozzle cross-section areas, respectively.

(@)

If a spherical particle strikes a metal surface,
at low speed, producing plastic deformation, the
crater size and maximum penetration should be
a function solely of the normal kinetic energy during
the impact. According to Hutchings,?' approximately
90% of the particle’s kinetic energy, during normal
impacts on soft metals, is dissipated in plastic
deformation (~80% heat and ~10% stored energy)
and 10% is used in rebound velocity. The dissipated
energy due to plastic deformation is given by

Kinp = 5y = V) = T (1 =€) ()
where m is the mass of particle, vy, is the normal
impact velocity, e is the coefficient of restitution
(v/Vimp) and v, 1s the normal rebound velocity. The
fraction of the kinetic energy at impacts that is dissi-
pated in plastic deformation is given by (1 — &%), and
e varies with impact velocity as shown by Kosel et
al.? On the other hand, if the same sphere is slowly
loaded onto the same soft surface, the work done
by the load to produce plastic deformation (plastic
work) during indentation (of depth 4,,,,) is given by

hmax

W= [ Pdh= Phy, )
0

where P is the indentation load and h,,, is the

maximum penetration of the spherical indenter

(indentation depth).

(b)
Fig. 3. Optical micrographs of (a) ballotini (lead glass beads) and (b) SiC grits.
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Assuming that the response of soft materials to
plastic deformation is independent of strain rate?' 2
so that the depths of the craters produced by single
particle impacts and slow load indentation are the
same, the velocity of single particle impacts can be
calculated by combining eqns (3) and (4).

172
2Ph

e max

Vimp = m(l — &%)

&)

where P is the applied load to produce an indenta-
tion of the same size as the single particle impact
crater of depth A,,,.

The depth, A,,, can be calculated by Pythago-
ras’ theorem:

h

where R is the radius of the spherical indenter and
r is the radius of the crater produced either by sin-
gle particle impact or slow load indentation.

=R- (RZ _ r2)1/2 (6)

max

2.2.2 Measurement method — impacting velocity
The velocity of normal particle impacts in this
apparatus was calculated by measuring the crater
depth produced by single particle impacts onto
soft metal and using the energy balance model.
Lead glass beads (ballotini), provided by Jencons
Scientific Limited, Leighton Buzzard, UK [Fig. 3(a)],
were used as impacting particles and OFHC cop-

Table 1. Jet body rotating speed (f), and velocity of the fluid
at the funnel entrance (v;) and at the nozzle exit (v,)

Jet body rotating speed vy Vv,
f (ms') (ms')
(rev min ) [eqn (1)] [egn (2)]
60 0-63 13-29
80 0-84 17-73
100 1-04 22-16
120 1-26 26-59
140 1-47 3102
160 1-67 35-45
180 1-88 39-88
200 2-10 44.32
Mean digmeter 675 pm
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Fig. 4. Size distribution of 200 ballotini. The mean diameter
is 675 um.

per as the target material. The rotating speed f of
the jet body immersed in the slurry was measured
using a tachometer. Table 1 shows the values of v;
and v, for each rotating speed f.

A histogram of the diameter of 200 ballotini,
measured using a micrometer, is shown in Fig. 4.
The average diameter is 675 um. The average
weight of a ballotino was determined (by weighing
600 beads) as 5-625 X 10*g. OFHC copper bars
of 2 X 3 X 3 mm were cut, annealed at 300°C for
1 h, mechanically ground with 1 pum alumina
slurry and polished on 14, 6 and 1 um diamond-
paste impregnated cloths. To obtain strain-free
and highly reflecting surfaces, the specimens were
electropolished for 15 min, at 1-8 V DC, using a
copper cathode, in a solution of 700 ml of
orthophosphoric acid and 300 ml of distilled
water.

The copper bars were mounted in the jet body
system. The specimen surface was positioned at
3 mm from the end of the nozzle, facing normal
to its centre. The slurry consisted of 1 kg of ballo-
tini dispersed in 8 litres of water. Each test was
performed for a time of 15 s, chosen so as to make
it possible to measure crater diameters by giving a
sufficient number of craters produced by single
particle impacts without a large number of craters
overlapping. Two rotating jet body speeds (140
and 180 rev min™') were tested. For each speed, 30
isolated craters were measured and the correspond-
ing crater depths were calculated by using eqn (6).

The value of the coefficient of restitution used
in the present work was the same as that used by
Clark® and measured by Kosel?® for 635 um steel
spheres on OFHC copper specimens. The coeffi-
cient of restitution decreases from 0-43 to 0-30 as
the impact velocity increases from 5 to 27 m s\
The value for the coefficient of restitution used in
all our calculations was 0-36.

A ballotino was mounted in the tip of an indenter
of a microhardness tester (model MHT-1, Mat-
suzawa Seiki Co. Ltd, Tokyo, Japan). Indentations
of 0-5, 1, 2, 3, S and 10 N were then performed on
the OFHC copper specimens. The indentation
holding time was 5 s. For each load a set of 20
indents was performed and the sizes of the inden-
tations were measured using an optical system on
the microhardness tester; the indentation depth
was then calculated using eqn (6). The test was
repeated for two spherical steel indenters of 500
and 1000 um diameter to compare the crater sizes
produced by a given indentation load.

2.2.3 Calibration results

The sizes of indentations produced by slow load
indentation on OFHC specimens are shown in
Fig. 5. In this plot there are three curves which
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correspond to the indentation depth produced by
spherical indenters of mean diameters 500, 675
and 1000 um. The depth increases linearly with
the applied load and, for a given load, the inden-
tation depth decreases as the indenter diameter
increases.

A best-fit polynomial regression of first order for
the indentation depth versus load curve produced
by the 675 um ballotino indenter is given by the
following equation

Bimp = (0-10756 + 0-62157 P) X 107 (7N

where P is the applied load to produce plastic
deformation of depth A, Inserting the above
equation into eqn (5), the particle impact velocity
(Vimp) can be determined by measuring the depth
of craters produced by impacts 4, as

) :[ 2 (himr,—0-10756x 107
m T (1 — ) | 062158 X 107

Figure 6 shows the distribution of crater depths
produced by single ballotino impacts. In Fig. 6 (a)
(140 rev min™'), crater depths range from 0-11 to
0-45 um; in Fig. 6(b) (180 rev min™"), crater depths
range from 0-78 to 1-61 wm. This scatter in crater
depth can be attributed to:

1/2
Joins| ®

(1) The ballotini used as impacting particles
showed a scatter in size, as shown in Fig. 3;
and

(2) fluid turbulence causes particles to collide
with each other and with the nozzle wall,
which decelerates them and changes
their trajectory before striking the target.
Some researchers*’2 attributed some decelera-
tion to the formation of a thin layer of
water between the particles and the target
during impacts.

Impact velocities were calculated using the most
frequent crater depths (Fig. 6), the average mass
of the impacting particle, (5625 X 10*g) and the

10—
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Fig. 5. Slow load indentation into OFHC copper. The inden-

tation depth increases linearly with the indenter diameter for

loads ranging from 0-5 to 10 N. For a given load, the smaller
the indenter, the deeper the crater produced.

coefficient of restitution (0-36) in eqn (8); the
results are shown in Table 2. For a rotating speed
of 140 rev min™' the impact velocities range from
0-28 to 0-52 m s™'. For a jet body rotating speed of
180 rev min~! the impact velocities range from
178 t0 296 m s\,

Figure 7(a) shows a micrograph of indentations
produced by slow loads (5 s holding time) of 0-5,
1, 2, 3, 5 and 10 N, using a ballotino indenter,
while Fig. 7(b) shows a micrograph of craters pro-
duced by single ballotino impacts onto an OFHC
copper specimen at 180 rev min~'. Typical impact
crater dimensions of 0-815 and 1-26 um diameter
correspond in size to indentations made with 1
and 2 N loads, respectively.
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Fig. 6. Crater size distribution produced by single ballotino
impact at normal incidence onto OFHC copper specimens. Jet
body rotating speeds (a) 140 and (b) 180 rev min~".

Table 2. Impact velocities calculated using eqn (8) corre-
sponding to the most frequently observed crater depths pro-
duced by rotating speeds of 140 and 180 rev min'

Rotating Crater depth  Crater depth  Impact velocity
speed, f himp (M) f requency vimp (m sil)
(revmin)  [eqn (6)] % [eqn (8)]
0-20 11-36 028
140 0-25 9-09 042
0-27 20-45 0-47
0-29 22:72 0-52
085 10-00 1-78
180 092 13-33 195
1-16 6-66 2-47
1-24 23-33 2-66
1-38 20-00 2:96
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3 Wet Erosive Wear Tests on Polycrystalline
Alumina and Sapphire Specimens

3.1 Sample fabrication

Polycrystalline alumina materials were fabricated
using high purity, (99-9%) a-Al,0, powder (Sum-
itomo AKP-50, Japan) of mean particle size
~180 nm. Alumina specimens of mean grain size G
= 1.2 um (referred to later as F) were produced
by hot-pressing the powder in a 25 mm diameter
graphite die at 20 MPa and 1300°C for 30 min.
Specimens of grain size 3-8 and 14-1 um (referred
to later as M and C, respectively) were produced
by pressureless-sintering, in air, of powder discs
37 mm diameter that had been uniaxially pressed
at 50 MPa in a stainless steel die then cold-isostat-
ically pressed at 300 MPa. The sintering conditions
and characteristics of the hot-pressed alumina
specimens are shown in Table 3.

3.2 Wet erosive wear tests

The specimens were cut into bars of dimensions 9
X 4 X 4 mm, mechanically ground with 14 um
SiC slurry, polished on cloths impregnated with
6 um polycrystalline diamond and finished with a
‘Syton’ polish. The tests were done in a slurry
medium of 1-5 kg of SiC grits with a mean size
of ~780 um and a mean mass of 910 X 10 g,

(@)

dispersed in 8 litres of water. SiC grits (specified as
24 C6) were provided by Washington Mills, Electro
Mineral Ltd, Manchester, UK. [Fig. 3(b)]. The jet
body rotating speed was 180 rev min~'. Assuming
that the 780 um diameter SiC grit particles travel
at the same velocity as 675 uwm ballotini under the
same fluid flow conditions, the impact velocity is
most likely to be 2:7 + 0-4 m 57! (Table 2).

Tests were performed for different periods, 1
and 15 min, to observe the mechanisms and evolu-
tion of surface damage, and for 660 min to measure
the weight loss of each specimen. The wear rate, R,
was calculated as:

Table 3. Sintering and hot-pressing conditions and character-
istics of polycrystalline alumina specimens

Material  Sintering condition Bulk density Mean grain size

(g em™) (pum)
Temp. Holding time
O »
M 1450 3 3-938 3808
C 1600 3 3-947 14115
Material Hot-pressing condition Bulk density Mean grain size
(g em™) (um)
Temp. Pressure
0 (MPa)
F 1300 20 3-89 1.2+0-5

(b)

Fig. 7 Optical micrographs (Nomarski interference contrast). (a) Craters produced by slow indentation at loads of (X) 0-5 N,
(*)IN,(O)2N, (#)3N, (@ 5N and () 10 N and (b) craters produced by normal particle impacts at 180 rev min™'.
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R=-A4w_ 9

AimppAt ( )

where 4w = w — w,. w, is the specimen weight before

testing (#,) and w is the specimen weight after test-

ing for a time t. A;,, is the impacting area (worn
area) and p is the specimen density.

4 Wet Erosive Wear Results of Polycrystalline
Alumina and Sapphire Specimens

Figure 8 shows worn surfaces of polycrystalline
alumina, mean grain size G = 12, 3-8 and

(a) (™)

Fig. 8. (a) Frontal and (b) lateral views of the eroded surfaces

of polycrystalline alumina [grain sizes 1-2 (F), 3-8 (M) and

141 wm (C)] and sapphire (S) specimens. Erosion rate
increases with grain size.

14-1 um, and sapphire specimens, due to normal
particle impacts at ~2-7 m s™'(180 rev min™') for
660 min. The frontal view of the worn area for
each specimen is shown in Fig. 8(a). For the same
worn area the greatest amount of material
removed is for the coarse-grained specimen, and
this decreases as the grain size of the specimens
becomes finer. This is more evident in the lateral
views of the worn area as shown in Fig. 8(b). Notice
that for all specimens the area exposed to impacts
is the same although the damage depth varies.

Scanning electron micrographs of worn surfaces
of polycrystalline alumina, G = 12, 3-8 and
141 wm, and sapphire specimens due to tests run
for 1, 15 and 660 min at 2-7 m s impact speed
(180 rev min™') are shown in Figs 9, 10 and 11,
respectively. In tests run for a short period of time
(Fig. 9), single particle impacts produce clusters
of damage which may be isolated or linked to
each other. Also, there is some plastic deforma-
tion similar to that produced by Vickers hardness
indentation. At this early stage of damage it is
already clear that the wear of the polycrystalline
alumina specimens is grain-size-dependent. The
damage evolution is clear for tests run for a longer
period of time (Fig. 10), where loss of whole
grains and transgranular fracture are already evi-
dent. At a later stage (Fig. 11) the damage is
much more severe and grain loss and transgranu-
lar fracture are predominant. Notice that for the
finest grain size specimen (G = 1-2 um) plastic
deformation or polishing is always present.

The weight loss versus impacting time for each
specimen is plotted in Fig. 12. The weight loss
increases linearly with time. The weight loss of
polycrystalline alumina specimens increases with
the grain size.

Figure 13(a) shows the wear rate for polycrys-
talline alumina and sapphire specimens calculated
using eqn (9). The worn area was measured directly
on the specimens and was the same for all speci-
mens, 3-32 X 10~ m% The density for polycrystalline
specimens was taken as in Table 3, and for the
single crystal specimen as 3-98 g cm™. The coarse-
grained specimen, C, exhibited a wear rate about
one order of magnitude higher than that of the
finest grain size specimen, F. For the sapphire
specimen, S, the wear rate was intermediate
between those of the medium grain (M) and
coarse grain (C) specimens.

The wear rates due to normal particle impacts
presented here are apparently about 10 times
lower than the results presented by Miranda-
Martinez et al’, Table 4, for specimens of the
same grain size and sintered under the same con-
ditions. However, the two experimental methods
used vary in the following respects.



A. Franco, S. G. Roberts

Fig. 9. Scanning electron micrographs of eroded surfaces of polycrystalline alumina [grain sizes 1-2 (F), 3-8 (M) and 14-1 um (C)}

and sapphire (S) specimens. Test time: 1 min.

Fig. 10. Scanning electron micrographs of eroded surfaces of polycrystalline alumina [grain sizes 1-2 (F), 3-8 (M) and 14-1 um
(O)] and sapphire (S) specimens. Test time: 15 min.
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(1) The particle flux -—— in our experiments this
is 8:6 X 107 particles m™ s7'; for Ref. 9 we
estimate (using data from Riley®) a flux
of 1:92 X 10° particles m2 s™!. In Fig. 13(b)
and Table 4, results are shown normalized
to the same flux, as erosion rate per impacting
particle. The erosion rates from Ref. 9 are
then approximately four times lower per
particle than in our results.

(2) The velocity of impact — this is ~2-7 m s!
in our experiments, ~1‘9 m s in those
of Ref. 9. Lower impact velocities would be
expected to give lower erosion rates.

(3) The angle of incidence of the particles — in
our experiments this is always 90°; in those
of Ref. 9 the angle is not controlled and
probably ranges from 0 to 90°. For ceramic
materials, the erosion rate decreases markedly
as the impact angle decreases from 90°.

Both the last two factors will tend to give lower
erosion rates per impacting particle for the results
of Miranda-Martinez et al.’ as observed.

5 Conclusions

A new apparatus to study the erosive wear mecha-
nism of brittle materials due to normal particle

impacts has been designed and constructed. The
apparatus consists of a jet body (funnel-nozzle)
which rotates immersed in a slurry medium in a
pot.

The velocity of particle impacts was determined
by a model [eqn (8)] based on the balance between
the kinetic energy of a spherical particle and the
work of slow load indentation of a spherical
indenter to produce the same plastic deformation
in soft materials. The model enables us to calculate
the normal impact velocity solely as a function of
the crater depth produced by impacts.

Weight loss (x10°kg)

L L L L)
6 8 10 12 14 16
Impacting time (x3600 sec)

Fig. 12. Weight loss versus impacting time. The weight loss
increases linearly with test duration, and depends strongly on
grain size.

Fig. 11. Scanning electron micrographs of eroded surfaces of polycrystalline alumina [grain sizes 1-2 (F), 3-8 (M) and 14-1 um
(O)] and sapphire (S) specimens. Test time: 660 min.
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Worn surfaces of polycrystalline alumina speci-
mens produced by normal particle impacts at
~2-7 m s! for test times of 1, 15 and 660 min were
studied. The wear mechanism at the early stage of
damage is similar to that at a later stage where
severe damage has taken place.

Weight loss of polycrystalline alumina and sapphire
specimens due to normal particle impacts of SiC
grits in water increased linearly with impacting time.

T T T
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Fig. 13. Wear rate versus grain size for normal incidence (this
study) and from the study of Miranda-Martinez et al.’ The
wear rate increases with grain size and sapphire specimens
exhibit behaviour intermediate between those of medium- and
coarse-grained polycrystalline alumina specimens. Erosion
rates (a) uncorrected, (b) corrected for different particle fluxes
in the two experiments. Erosion rates per particle (b) due to
normal impacts are higher than those due to lower impact
angles.’

Table 4. Erosion rate of polycrystalline alumina and sapphire
specimens, from this study (normal impacts, 90°) and from
Ref. 9 (lower incidence angles. <90°)

Specimen Erosion rate Erosion rate
grain size (nm s) (1077 n?® per particle)
(pm) Impacts at Impacts at
90° <90° 90° <90°
1-2 1-83£07 59 2:12+0:08 027
38 836 08 456 9-72+009 237
14-1 11:30£06 610 13-14£ 006 3-18

Sapphire 956 +0-6 286 1120+ 0-08  1-48

The measured wear rate of polycrystalline alu-
mina specimens is grain-size-dependent, being
about one order of magnitude greater for Al,O; of
14-1 um grain size than for 1-2 um grain size. For
sapphire, the wear rate is between those of the
medium and coarse grain size polycrystalline
alumina specimens.

The erosion rates per impacting particle from
our study are about four to 10 times higher than
those of Miranda-Martinez et al,® which we
attribute to the effects of impacting angle’ and
particle velocity on erosion rate.
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