0955-2219(95)00160-3

Journal of the European Ceramic Society 16 (1996) 483-491
© 1996 Elsevier Science Limited

Printed in Great Britain. All rights reserved
0955-2219/96/$15.00

Wet Erosive Wear Behaviour of Fine-grain Zircon

Ceramic

A. Wootton, M. Miranda-Martinez,* R. W. Davidge & F. L. Riley'
School of Materials, University of Leeds, Leeds LS2 9JT, UK

(Received 27 January 1995; revised version received 4 August 1995; accepted 27 August 1995)

Abstract

The wet erosive wear rates of a set of hot-pressed,
dense, fine-grained zircon materials of grain size
in the range 2 to 6 n.m have been measured. There
is no correlation between wear rate and hardness
or fracture toughness: wear rate instead appears to
be strongly linked to grain size and pore fraction.
The wear rate-grain size relationship is explicable
in terms of a model based on grain-boundary micro-
fracture and crack linking, which allow grain
detachment to occur. Wear rates for this set of
zircon materials are slightly lower than those mea-
sured for a set of pure polycrystalline aluminas with
a similar grain size range.

1 Introduction

Zircon (zirconium silicate, ZrSiO,) is widely used
as the constituent of many traditional ceramic
materials, refractories and glazes,' and there is
interest in its use as a basis for milling media because
of its hardness and low cost. At high temperature
(~1675°C) zircon dissociates into zirconium dioxide
and silicon dioxide,”® but by the use of liquid
forming sintering additives it is possible to densify
zircon powder at relatively low temperatures with
retention of the zircon phase.® !

Zircon has a hardness of ~7-5 on the Mohs
scale,® and although this is significantly less than
that of alumina [~9, corresponding to a Vickers
indentation hardness of ~25 GPa (Ref. 12)] zircon-
based materials might be expected to be reason-
ably wear resistant. For the milling application
considered wet erosion resistance is of primary im-
portance, and this wear mode was assessed during
the preliminary investigation reported here. Wear
testing was carried out using laboratory equip-
ment, with a set of dense zircon discs. of tailored
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grain size and controlled porosities, obtained by
hot-pressing zircon powder in the presence of a
siliceous liquid phase. The CaO-MgO-SiO, system
was used as densification aid, because it provides
a suitable liquid at < 1300°C.}

Many attempts have been made to model the
wear behaviour of brittle ceramics in terms of the
parameters which intuitively seem likely to control
wear, and which can be justified on the basis of
a fracture mechanics approach. Several of these
have led (see, for example, ref. 13) to the develop-
ment of equations of the general form:

Vo P* HAK (1)

in which the volume of material removed (V) is
related to the applied load (P), hardness (H) and
fracture toughness (K), for which in this particular
instance the exponents are given by a = 5/4, b = 1/2
and ¢ = 3/4. It would be expected, and is indeed
found, that in general good wear resistance is
obtained in materials which have high hardness
and fracture toughness, and over a broad range of
materials types convincing correlations are found.

However, this type of expression has its limita-
tions in that it takes into account only three possible
wear controlling parameters, and other possibilities,
such as the electrical effects noted in insulating
materials during dry sliding,'® are disregarded.
These limitations become particularly apparent
when comparing the members of a specific class of
material (such as the aluminas, and the zircons
examined here) for which differences in hardness
are small, and the effects of microstructure on
toughness not clear. A number of arguments can
be advanced to show that such a simple type of
relationship is not appropriate for accounting for
the differences in wear rates observed in these
cases. For example, correlations between wear
resistance and toughness for pure and liquid-phase
sintered aluminas are poor, and variations of
crack propagation resistance with crack length
(R-curve behaviour) might be expected to influence
wear behaviour.!* However, although coarse-grained
alumina shows marked R-curve behaviour this is
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not necessarily an advantage when the critical
wear events occur over dimensions of a single
grain. A similar problem exists with the applica-
tion of hardness data obtained from the use of
an indenter giving penetration over many grain
dimensions, and doubts have been expressed about
the appropriateness of such data. Within a specific
class of material other factors must operate to
provide differences in wear rate, and microstruc-
ture very clearly is an important one. For materi-
als of normal grain size a strong influence of grain
size has been found in a wide range of wear
modes, with low rates associated with fine grain
size. For many wear modes, ranging from sliding
to grinding and cutting, wear rate is observed to
vary as a function of (grain size)™, where n com-
monly approximates to 1/2.'% These relation-
ships have in general been attributed either to
residual grain boundary stress (native to aniso-
tropic materials such as alumina), or to the pres-
ence of defects, the size of which scales with the
grain size. It seems clear, however, that the basis
for the wear process must reside at the sub-grain
level, even though the observed material loss
process commonly consists of the detachment
of whole grains. For very fine grained materials
(<1 um) polishing seems to be the preferred wear
mechanism, and it is likely that in these cases
an underlying tribochemical wear mechanism
becomes the dominant process, albeit at a very
slow overall rate.

Recently, a tentative model has been presented
for the wear of polycrystalline materials of grain
sizes in the range 1 to 12 um,?* which makes the
assumption that in the mechanical component of
the wear process fracture occurs predominantly
along two-grain boundaries (that is, the grain
faces), with cracks progressing along individual
grain faces at a mean rate characteristic of the
material. There is then a delay in crack propaga-
tion, for readjustment of the direction of propaga-
tion, at each three-grain junction.

The time (¢) for the crack to progress a specified
distance (d) is given by:

t=2(+ 1).dG 2
where f; 1s the time (proportional to the mean grain
dimension, G) to traverse a two-grain boundary face
of dimension ~G/2, and ¢ is the time (a constant)

taken to realign at a three-grain junction. The
experimentally observed wear rate (W) is thus:

W = Adlt (3)
or W= AG/2 (t + t) 4

where A is a constant related to the microstruc-
tural crack linking process and the experimental

conditions of the test. # can be eliminated by
defining a characteristic grain size (G,) for which
ty = ;. Thus:

t = (GIGy) (5)

and substitution into (4) gives
W=4GG/2t(G + G,)] (6)

A proportionality between W and G/(G + G,) is
thus predicted, with the plot passing through the
origin. This prediction has been shown to be sup-
ported by a wide range of wear data for which the
value of G, ranges from 1 to 100 um, depending
on the nature of the wear process. G, is expected
to vary with the nature of the wear process and
conditions, which affect in particular the scale of
the damage and the way that individual cracks
link to form a chip. This wear model specifically
focuses on grain size effects and ignores possible
contributions from other material removal pro-
cesses not likely to be grain size dependent, such
as tribochemical wear. It is therefore considered to
be applicable to materials with grain size above a
lower limit of ~1 um. An upper limit cannot at
present be identified, though the wear rates of a
material of infinite grain size (single crystal sap-
phire) are generally much slower than the simple
extrapolation of the essentially polycrystalline
model would predict. The precise details of the
mechanisms of the grain-boundary crack nucle-
ation and propagation processes are of necessity
at this stage undefined.

2 Experimental

Dense zircon materials were prepared from a pre-
mium grade Australian zircon sand (R.Z.M. Pre-
mium B). This was ball milled in water using
alumina media to give a set of four powders with
mean particle sizes in the range 1-7 to 87 um.
Particle size determinations were carried out on
aqueous suspensions using a Coulter LS130 Laser
Diffraction Particle Size Analyzer, with 0-2% Dis-
pex N40 (Allied Colloids, Bradford) dispersant.
Chemical analysis of the milled powders obtained
by X-ray fluorescence (Philips model 1606) on
fused borate glass discs showed that appreciable
levels of alumina were introduced during the
milling, with the maximum quantity in the longest
milled, and finest, zircon powder (Z1). In order to
obtain the same overall composition for each of
the four powders, varying amounts of alumina
were added to powders Z2, Z3 and Z4, as the
equivalent amounts of the isopropanol soluble
aluminium nitrate (Aldrich Chemical Co. Ltd), to
bring the total up to that of powder Z1 (4-24%).
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A liquid-forming densification aid corresponding
to the composition CaO-MgO-2Si0,, at the level
of 8% by weight, was blended by wet mixing into
each powder using appropriate quantities of cal-
cium and magnesium nitrates (Aldrich Chemical
Co. Ltd, or BDH Chemicals, Poole) and ultra-fine
silicon dioxide powder (Aerosil 380, Degussa AG,
Frankfurt). Thermogravimetric analysis estab-
lished the dry oxide equivalent for each additive.
Each powder blend was mixed in isopropanol for
2 h using zirconia media, and then dried at 30°C
under low pressure in a rotary evaporator to
avoid melting the nitrates. Dried powders were
lightly crushed, sieved through a 100 um aperture
nylon sieve, calcined in alumina crucibles at 700°C
for 1 h, and then crushed and re-sieved.

Powders were hot-pressed to high density in a
25 mm bore graphite die, with powder sufficient to
give a final disc thickness of 5 mm. Temperature,
pressure and die punch movement were continu-
ously monitored and data processed by computer
to provide a measure of extent of densification as
a function of time. Trial hot-pressings on the three
finer powders (Z1, Z2, and Z3) established their
optimum conditions of 1375°C and 20 MPa, and
times between 0-5 and 2 h. Onset of liquid forma-
tion (and of rapid densification) occurred at
~1300°C. The coarsest powder (Z4) was hot-
pressed under varying conditions, to give a second
set of materials of mean grain size 6-2 um, with a
range of densities and thus residual porosities.

Discs of hot-pressed materials were cleaned with
SiC powder, sectioned, and polished to 1 um dia-
mond for examination by X-ray diffraction (XRD),
and by scanning electron microscopy (SEM)
(Cambridge Instruments Camscan models 3 and 4)
with a Link X-ray microanalysis system attach-
ment. Mean zircon grain sizes were measured from
photographs of polished and thermally etched
materials, using the standard line intercept technique,
and counting a minimum of 600 grains. The com-
position of the material was estimated by analyses
of areas using point counting and line intercept
measurements and the multiplication factor 1-56.%

Disc densities were measured by the standard
water immersion technique (BS 7134 Section 1.2).
Theoretical (true solid) density values (p) for the
dense materials were obtained using powder
crushed to pass through a 100 wum sieve and
immersed in deionized water, on the basis of BS
7134. Microindentation hardness (H) and fracture
toughness (K,.) were measured on polished faces,
by Vickers indentation with a load of 29 N, and
the equation of Anstis et al.*

Wet erosion was carried out in a modified high
torque attritor mill using 0-5 to 1 mm dimension
crushed fused alumina aggregate in water. A

detailed description of the wear test has been
given.??’ Zircon discs 25 mm diameter and ~5 mm
thick were clamped between shaped discs of hard
polyurethane attached to the shaft of the mill, with
~50% of the zircon disc exposed. The sample
holder was immersed in a slurry consisting of
700 g of alumina grit (of stated purity 92:2% AlO;,
with SiO, and TiO, as the major impurities) in 250
cm’® of deionised water, and rotated at a speed of 8
Hz with a disc track radius of 36 mm (giving a disc
perimeter linear velocity of ~1-9 m s™). Disc weights
to £ 0-1 mg were measured after 2 h (¢;) and 6 h (¢,)
testing (w, and w,), using the standardized procedure.
A wear rate (R) measured in m s! was calculated
on the basis of the expression:

R = [(wi-wy) / (1-1))/(4p)

where A4 is the area of the exposed leading quad-
rant of the disc (approximately 1/4 of the disc sur-
face area). This time period was chosen in order
to minimize any effects of the disc’s initial surface
finish, and the significant smoothing of the grit
particles at longer times. Worn surfaces were
examined by SEM. Each disc generally provided
two wear values, and these were averaged.

3 Results

Table 1 shows the chemical compositions of the
four zircon powders after milling; a ‘balanced’
composition Z1 was used as the basis for the zir-
con materials used. Analysis also showed the pres-
ence in the powders of small amounts of CaO
(0-12%) and MgO (0:08%), possibly, introduced
by the milling media, and these amounts were
taken into account in the calculation of the
weights of liquid-forming sintering additives used.

-Figures 1(a) to (d) show the frequency distribution

curves for the four zircon starting powders. Figure
2 shows a typical scanning electron micrograph of
the Z2 powder of mean size 2.7 um. The hot-
pressing conditions chosen initially (1375°C and
20 MPa) and found to be satisfactory for thesthree
finest powders, are shown in Table 2, together
with the resulting mean grain sizes and densities.
The hot-pressing densification conditions for powder

Table 1. Chemical composition (weight%) -of milled zircon
powders: compositions used for hot-pressing were adjusted to
give that of composition Z1

Powder Median dimension

(wm) Zr0, HfO, Si0, ALO;
Z1 14 621 13 324 43
72 20 638 13 325 24
Z3 3-8 637 13 323 27
Z4 73 634 13 333 20
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Fig. 1. Frequency distribution curves for the four milled zircon powders, of the computed median dimensions: (a) Z1, 1-4 um;
(b) 22, 2.0 um; (c) Z3, 3-8 um; (d) Z4, 7-3 um.

Fig. 2. A scanning electron micrograph of the 2-7 um zircon
powder.

Table 2. Hot-pressing conditions and material densities
(temperature 1375°C; pressure 20 MPa)

Material Time Mean grain size Bulk density %“Theoretical

(h) (um) (Mg m™)
Z1 0-5 2802 4-35+ 001 989
72 05 42403 4-32 £ 0-01 98-2
73 1.0 52203 4-40 + 0-01 100-0
742 1-0 6203 4-24 £ 0-01 96-4

Z4, and material densities and grain sizes, are
given in Tables 3(a) and 3(b) respectively. Table 4
shows hardness and fracture toughness data for
the four most dense materials.

It was clear from the micrographs, and the rela-
tionship between initial powder mean particle size
and ‘the corresponding mean grain size of the
derived materials (Fig. 3), that the hot-pressing

Table 3(a). Hot-pressing conditions for the set of 8-7 um based
zircon powder materials

Material Pressure Temperature Time
(MPa) (°C) (h)
74} 10 1350 0-8
Z4.2 20 1375 10
Z4.3 10 1450 1-1

Table 3(b). Z4 densities and porosities

Material Grain size Bulk density Pore fraction
(pm) (Mg m?)
Z4.1 62+03 4.03 £ 0-01 0-084
Z4.2 62103 4.24 + 0-01 0-036
743 62103 434 £ 0-01 0-014
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Table 4. Property data for dense zircon materials

Material Grain size Hardness K;.
{um) (GPa) (MPa m'"?)
Z1 28105 106 £ 10 29103
Z2 42x05 10210 23103
Z3 5205 109+ 10 2.1+03
743 62+05 10:3+10 26103
mean 105+1-0 25103
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Fig. 3. Mean grain size of dense materials as a function of
mean zircon partlcle size.

technique had been successful in giving high densi-
ties with no significant grain growth. Figure 4
shows a typical back-scattered electron micro-
graph of dense material Z1 obtained by hot-press-
ing at 1375°C for 0-5 h. Figure 5 shows fully
dense Z4.3 (6:2 um grain size), after hot-pressing
at 1450°C for 1-1 h. The grey areas were shown by
EDS analysis to be zircon; the white regions of
dimension 0-5-1 um for Z1 and 1-3 um for Z4-3
(determined by the line intercept method) con-
tained predominantly Zr with small amounts of
Ca, indicating that they were zirconia with solid-
solution calcium oxide. Analyses of the phase areas
in all dense materials by point counting and line

Fig. 4. A back-scattered electron micrograph of material
of Z1 (mean grain size 2-8 um); white regions zirconia, grey
regions zircon.

Fig. 5. A back-scattered electron micrograph of material Z4.2
(mean grain size 6-2 um); white regions zirconia, grey regions
zircon.

Table 5. Wear rate data for all zircon materials

Material Grain size Pore fraction Wear rate
(wm) (nms)
Z1 2-8 <0-02 26
72 42 <0-02 31
Z3 52 <0-02 36
Z4.1 6-2 0-082 58
742 6-2 0-036 53
743 62 0-014 35

intercept measurements showed that the mean
zirconia content was ~2-5% and the mean glass
content ~21%; there was no obvious trend with
powder particle size or hot-pressing conditions.

Wear tests were carried out on 25 mm discs of
all materials using the standard conditions. Mean
wear rate data derived from the weight losses
between 2 and 6 h of wearing are given in Table 5.
Repeated measurements of wear rates for the
same disc using different disc quadrants showed
that the R values were constant within +3%.

Wear rates as a function of mean grain size are
shown in Fig. 6, and wear rate as function of
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Fig. 6. Wear rate as a function of mean grain size.
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Fig. 7. Wear rate as function of porosity.

Fig. 8. A scanning electron micrograph of a disc of porous
Z4.1 material after 6 h wear.

Fig. 9. A scanning electron micrograph of the edge of a disc
of Z4.1 material after 6 h wear.

porosity is shown in Fig. 7. Figures 8, 9 and 10
show typical views of the surface structures of
worn discs. Fig. 8, at lower magnification, shows
the extensive wear taking place in the vicinity of
porosity after 6 h wear. Figure 9, of the dense ma-
terial, provides strong evidence for grain detach-
ment. Figure 10, at higher magnification, shows
for a smoother section of the surface the relief
polishing effects, with the loss of some grains by
detachment.

—
:

Fig. 10. A scanning electron micrograph of a disc of Z4.2
material after 6 h wear.

4 Discussion

The zircon powders had a trend towards bimodal
size distribution, which was most marked for the
two intermediate size powders Z2 and Z3. This
results in the tendency, shown clearly in the SEM
micrographs of Z2 powder in Fig. 2, for very small
(~1 pum) fragments to split off from large (~10 um)
particles during milling. Nonetheless, the spread of
the four median sizes was sufficiently wide that the
powders could be regarded as having an identifi-
able mean dimension. Coeflicients of variation,
defined as standard deviation/mean particle dimen-
sion, were in the range 0-72 to 0-93.

During hot-pressing an appreciable proportion
of the zircon powder (likely to be mainly the finer
particle size fraction) dissolves in the aluminosili-
cate liquid to yield the large (~21 %) volume of
siliceous liquid, seen as a glass phase in the dense
material. EDS analysis showed this glass to con-
tain relatively small amounts of Ca and Al, and a
very much larger proportion of Si and Zr, con-
firming the dissolution of a significant amount of
zircon mnto the liquid. The overall system is very
complex, but viewed at the simplest level the
incorporation of the ‘impurity’ AL,O, into the sili-
cate system will generate liquids of lower forming
temperature than those in the simple CaO-MgO-
2810, system; certainly at temperatures well below
the melting point of diopside (Ca0.MgO-2Al1,0,)
of 1392°C and probably lower than that of the
1170°C eutectic in the Al,O;-CaO-SiO, system.
During densification very little direct fusion by sin-
tering of the zircon grains occurs, and even after
1 h at 1450°C there is no significant grain growth; the
correlation between starting zircon median particle
size and measured mean grain size in the dense
materials is close (Fig. 3). Some shift of median
particle size occurs because a greater proportion of
fines is likely to be lost by dissolution; in addition,



Wet erosive wear of fine-grain zircon 489

the fundamentally different techniques used in the
estimations of the two dimensions have to be taken
into account. Figures 4 and 5 show that there is
only a small amount of direct bridging of the zir-
con grains at the original particle contact points;
the glass is therefore generally the continuous
phase. An estimated 2-5% by volume of very fine
(<~1 um) zirconia particles develops. These zirco-
nia particles are well distributed in the material, in
a pattern which is independent of zircon particle
size. It appears that they nucleate and develop at
zircon surfaces during the release of an equivalent
proportion of silica into the liquid phase. Some
apparent bridging of zircon particles by zirconia
particles can also be seen. The zirconia particles
were assumed to be the cubic, fully stabilized ZrO,
phase, but this was not firmly established.

The microindentation hardness (mean 10-5 £ 1-0
GPa) and fracture toughness (mean 2-5 + 0-3 MPa
m'?) values are independent of zircon grain size.
The relatively low hardness values are assumed to
be the consequence of the large volume of glass
present in these materials.

There is clearly no relationship between wear
rate and hardness or fracture toughness within
this set of materials. The wear surfaces were in
general fairly smooth, with some local roughening
delineated by the zircon grain edges. There was
very severe, localized pitting in coarser grain size
materials, and particularly in those containing
higher levels of porosity. In the smooth surface
regions grain outlines are just visible, and differ-
ences in wear rate between the zircon grains and
intergranular glass were not marked. This general
impression of a polishing effect suggests that
another, quite different, process such as the tribo-
chemical loss of material is contributing to wear,
by superposition on an underlying mechanical
wear process involving grain fracture. Grain
facetting seen on the flatter surfaces, and the large
extents of wear at pore shoulders, indicate that
whole grain detachment is also occurring.

The overall wear rate is clearly related to grain
size (Fig. 6) and, at this stage of the investigation
of the erosive wear of polycrystalline materials of
this type, emphasis has been placed on developing
an understanding of the relationship between
grain size and the probability of grain detach-
ment, in the context of a wear process largely ini-
tiated by the point impact of a grit particle on a
surface. For polycrystalline alumina materials
with mean grain size less than ~2 um, tribochemi-
cal polishing appeared to be the major wear mech-
anism.” In the case of the polycrystalline zircon
materials examined here, because the finest grain
size was of the order of 3 wm, it would be expected
that tribochemical wear might not be an impor-

tant component of the erosive wear process. The
nature of the wear pattern on the discs (with the
most extensive wear taking place on surfaces nor-
mal to the direction of travel of the surface
through the abrasive fluid) indicates that the
effects of sliding, and thus particle-surface fric-
tional effects, are also of lesser importance than
particle impact events. For this reason it would
seem that the erosive wear damage process of
these insulator materials is likely to be largely me-
chanical, rather than electrical, in origin.

An approximate dependence of wear rate on
(grain size) ' is suggested (shown in Fig. 11), sim-
ilar to that seen for fully dense hot-pressed and
sintered 100% alumina materials.”> However,
treatment in accord with the supposition that
wear proceeds by a ‘stop-go’ process, involving
grain boundary microcracking and crack arrest at
multiple grain boundary junctions and giving a
wear rate proportional to G/(G + G,), also yields a
straight line passing through the origin for G, = 3
um (shown in Fig. 12). The wear rates for the zir-
con materials are similar to those for pure poly-
crystalline alumina of comparable grain size (Fig.
13), though the zircon wear is some 30% slower at
each grain size. In view of the large glass content
of the zircon materials this is surprising, but
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preliminary wear rate data for sintered alumina
materials containing 5 to 10% of a liquid-forming
silicate system suggest that wear rate is insensitive
to the intergranular glass content at this level %

A second clear factor controlling wear rate is
porosity: the relationship between pore fraction
and wear rate shown by Fig. 7 for the three 6-2
pum zircon materials. Although there are only
three points there is the suggestion that wear, by
grain dislodgment, occurs preferentially at the
edges of the pores. This is supported by Figs 8 to
10 which show the wear damage in Z4 material of
0-036 pore fraction.

On the basis of this study, it seems that fine-
grained liquid phase sintered zircon materials will
have low wet erosive wear rates, comparable with
those of fine-grained sintered alumina materials,
provided full density can be attained. Unlike the
alumina materials, grain growth in zircon does not
readily occur, which provides an added intrinsic
advantage for this type of material. Densification
is therefore predominantly the result of the com-
bined processes of void filling by liquid, and parti-
cle rearrangement.

5 Conclusions

Two wear mechanisms appear to be responsible
for the loss of material during the wet erosive
wear of liquid phase densified zircon. One is prob-
ably a non-selective tribochemical dissolution of
the zircon grains and intergranular glass phase in
which the zircon grains are embedded. This pro-
cess leads to a polishing action, and would not be
expected to be related to the zircon grain size for
material with a constant volume fraction of glass
phase. Another, and probably dominant, factor
with this group of zirconia materials is grain-size
related, and seems likely to be a grain detachment

process, occurring through localized microfracture
and crack linking. The variations in wear rate seen
within this set of materials are not explicable in
terms of H or K, because these are essentially
constant. Porosity is an important additional fac-
tor and leads to considerable enhancement of wear
rate. Exploration is being continued of the precise
basis for, and form of, the quantitative relation-
ship between the rate wear by grain detachment,
and grain size, in materials of this type.
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