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Effect of post-sintering heat-treatments
on the erosive wear behaviour of
liquid-phase-sintered aluminas
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The influence of microstructure on the indentation-strength and solid particle erosive wear
behaviour of a liquid-phase-sintered (LPS) alumina subjected to coarsening, quenching and
crystallisation heat-treatments were investigated. Strength as a function of crack size using
Vickers indentations of varying loads was assessed. The short-crack toughness curves
(T-curves) of the materials were evaluated from indentation-strength data which is
pertinent to wear properties, since wear is governed by fracture characteristics at small
flaw sizes. The effects of impact angle and particle velocity on erosive wear rates were also
analysed. The relationship between short-crack toughness behaviour and erosion
resistance are discussed with reference to the material microstructures and phase
composition. © 2000 Kluwer Academic Publishers

1. Introduction acteristics that govern whether pronounced increases
Erosive wear constitutes a large problem for miningin erosion resistance may be achieved through simple
and mineral processing industries with large costs inheat-treatments. The prospect of adjusting the mechani-
curred from wear of material components. In response&al and wear-resistant properties of LPS aluminas using
to this problem structural ceramics, particularly, liquid- simple post- sintering heat-treatments before placement
phase-sintered (LPS) alumina ceramics, have been usédservice is nevertheless quite appealing.
as wear resistant liners for applications where ore bod- Crystallisation and quenching heat treatments have
ies and slurries are transported, for example in transbeen used on LPS aluminas to (i) generate or mini-
port chutes and pipelines [1]. These LPS aluminas havemise micro/macro stresses and (ii) manipulate the mi-
also enabled maintenance costs and downtime to berostructure and phase assemblage [11]. Studies have
reduced in particular environments by their improvedindicated that quenching from high temperatures is
service performance compared to steels and polymergffective in improving strength and toughness prop-
Despite the popularity and widespread use of LPS aluerties of LPS alumina ceramics [9, 11, 12]. Similarly,
minas as wear components, few studies have analysashhanced crystallisation or devitrification of grain-
both the short-crack-curve response and erosive wearboundary glass is an approach that has been advocated
behaviour in terms of microstructural modifications. and reported to improve toughness of this group of ma-
Considerable effort has been devoted to enhancintgrials [9, 10, 12, 13]. These studies presumed single-
the mechanical properties of alumina-based materialgalued toughness, precluding the detectio efurve
through microstructural tailoring [2—4]. However, lit- behaviour, and are therefore subject to scrutiny. An ex-
tle has been reported concerning the influence of mieeption is the work by Zdaniewski and Kirchner [13],
crostructure and the characteristics of grain-boundarywho measured toughness from crack size versus in-
phases on erosive wear properties of these materialdentation load. In contrast, similar post-sintering heat-
Studies that have been reported varied widely in theitreatment studies of various LPS aluminas were shown
conclusions [5-7]. to have little discernible effect on short-cra€kcurve
Alternative approaches involving post-fabrication behaviour [8, 14, 15]. Furthermore, related attempts di-
heat-treatments for strengthening of glass and glassected towards improving wear properties of alumina-
ceramics have been adapted to LPS aluminas to inbased ceramics have yielded conflicting results adding
prove both the mechanical [8-10] and erosive weato the considerable degree of controversy surrounding
properties [5]. There is, however, a deficiency in underthe benefits of post-sintering heat treatments and incor-
standing the microstructural and compositional charporating grain-boundary phases [5,12, 16, 17].

* Now with the Materials Division, Australian Nuclear Science and Technology Organisation, PMB 1, Menai, NSW 2234, Australia.
T Author to whom all correspondence should be addressed.

0022-2461 © 2000 Kluwer Academic Publishers 3505



Accordingly, in the present study, the-curve be- aseries of heat treatments to manipulate the microstruc-
haviour and the erosion resistance of a low-cost LPSure and phase assemblage. The aims of the heat treat-
alumina, processed in-house complying to various dements were to: (i) recrystallise the intergranular phase
sign prescriptions [18] and subjected to a variety of heawvithout changing the grain size (HT-1), (ii) induce com-
treatments, has been investigated with emphasis on thgressive surface stresses without changing the grain size
individual and combined influences of grain size, naturgHT-2), (iii) increase the grain size (HT-3) and (iv) in-
of the grain-boundary phase and residual stress state. &ease the grain size and induce compressive surface
pure alumina ceramic served as a control for comparstresses (HT-4).
ative purposes. It is envisaged that the LPS alumina is X-ray powder diffraction (XRPD) (Siemens D500)
to be used for specific erosion environments pertinentletermined the nature and phase composition of the

to the minerals processing industries within Westerras-fired and heat-treated LPS aluminas from Rietveld
analysis [20]. Scanning electron microscopy (SEM)
The indentation-strength approach was used to evalPhillips Jeol JISM-35C equipped with an EDS attach-
uate the toughness behaviour of the materials in thenent) was used to examine the material microstruc-
domain of erosion crack sizes and a high velocity partures. Grain sizes were determined using the linear
ticle impact tester was employed for determining ero-intercept technique [21] on SEM images of polished
sion rates. It is shown that contrary to some reports irand etched sections. Densities were measured by the
the literature, the heat-treatments had only moderatdrchimedes method using water as the immersion

Australia.

effects on the strength properti€g;curve behaviour

medium. The indentation hardness was evaluated as

and erosion resistance. However, an apparent connelzad/projected area from the impression diagonals of
tion between toughness in the small-flaw domain and/ickers indentations using a contact load of 150 N
and a fixed dwell time of 15 s. Young's modulus
was determined for selected specimens using a non-
destructive ultrasonic technique. Details of the heat-

erosion performance was established.

2. Experimental procedure

2.1. Materials and characterisation

mina and a LPS alumina (nominally 85 wtd4Al ,O3).

tiles (90 mmx 90 mmx 8 mm) for erosion tests. The 2.2. Indentation-strength tests

treatment schedules used and the absolute phase com-
Asindicated, the materials investigated were a pure aluposition of the LPS materials are listed in Table I. The
essential microstructure-property data of the high pu-
Fabrication of these materials was via a conventionality and LPS aluminas are summarised in Table [l whilst
powder processing route as previously reported [19]the microstructures of the materials are shown in Figs 1
Specimens were prepared as disk2 mm diame- and 2.
ter x 3 mm thickness) for indentation-strength tests and

pure alumina was chosen as a control for this work andisk specimens were ground to about 2.5 mm thick-
also to distinguish the effect of grain size and composiness and polished on one side to ath finish. The
tion onwear. The as-fired LPS alumina was subjected tpolished surfaces were then indented at the face centre

TABLE | Description of post-sintering heat-treatment schedules for the LPS aluminas

Material Heat-treatment Composition
designation process Purpose Phase structure (wt.%)

As-fired — — a-Al,03 86.7(1.4f
MgAI204 3.8(0.7)
CaAlSipOg 2.6(0.6)

glass 6.9(1.6)
HT-1 1150C, 24 h Crystallise a-AlL03 86.5(1.4)
MgAI,04 5.4(0.7)
CaAlSipOg 8.6(0.7)

glass 0.0(1.7)
HT-2 a) 1400C, 1 h Soak a-AlL,03 87.2(1.4)
b) Rapid air cooling Quenching MgAD4 2.9(0.7)
from 1350 C to room CaA$SirOg 1.5(0.6)

temperature glass 8.4(1.6)
HT-3 1500C, 12 h Grain-growth a-AlL03 89.7(1.4)
MgA|204 2.1(1.1)
CaAlSipOg 2.0(0.6)

glass 6.1(2.0)
HT-4 a) 1500C for 12 h Grain-growth a-Al203 89.0(1.5)
b) 1400C for1 h Soak MgA$O4 2.4(1.1)
¢) Rapid air cooling Quenching Caf8irOg 2.1(0.6)

from 1350C to room glass 6.5(2.0)

temperaturé

#Standard deviations given in parentheses for most significant figures of value. Percent glass phase determined from: 100 - wt.%dpinehina
(MgAI204) + anorthite (CaAlSi>Og)].
*Rapid cooling £2000C/min) was achieved by transferring specimens from the furnace directly onto a thick steel block at room temperature
(polished surfaces placed face down in contact with the steel plate) and convection cooling in a stream of air with a high velocity fan.
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TABLE Il Microstructural parameters and properties of the high-purity and LPS aluminas

Density Grain size/grain Hardness Natural Young'’s Poisson’s

Material (g/cn?) size rangé (GPa) strength (MPa) modulus (GPa) ratio
High-purity Al,O3

Fine 3.91 2/1-5 18.0 594 340 0.19

Coarse 3.89 13/2-80 14.1 412 390 0.22
LPS Al,O3

As-fired 3.56 4/1-6 12.0 454 270 0.23

HT-1 3.54 4/1-6 12.4 437 — —

HT-2 3.57 4/1-6 11.9 475 — —

HT-3 3.42 10/2-16 12.1 437 — —

HT-4 3.43 10/2-16 121 401 — —

*Approximate values of the smallest—largest grains in the material.

TheT -curveT (c) with crack sizes was deconvoluted
from indentation-strength data using the technique de-
veloped by Brauret al [22]. In a strength test with
Vickers indentation cracks, the elastic-plastic residual
contact stress intensitgr(c) supplements the applied
tensile stress intensitlf{ 4 () so that the net stress in-
tensity is [23]:

Kn(c) = Ka(c) + Kgr(c) = T(c)

x P
= Yoact? + 32 1)

whereP is the indentation load, is the crack lengthys

is a geometric parameter dependent upon crack shape
and size,x is the indentation contact-field coefficient
andop is the applied stress. For a material with single-
valuedtoughnesk, i.e.T = Ty, thenKy = Ty in Equa-

tion 1, and dp/dc =0, such that the fracture strength,
om, Of the material is gven by:

3/ T4\
a4\ 4y3y P

Thus, materials with single-valued toughness are char-
acterised by &~1/2 dependence onmy. A shielding
termK ,(c) exists for ceramics witfi -curve behaviour
modifying Equation 1 to give:

Kn() =To— Ku(© =To+ Tu(c)=T(c) (3)

(b)

whereT,(c) = —K,(c) is a shielding toughness term
Figure 1 SEM (secondary electrons) micrographs of polished and therand T (¢) defines theT -curve for the material. Failure
mally etched sections of (a) fine-grained and (b) coarse-grained aluminggccurs for a givenP, at the app“ed stressy = oy
which satisfies the tangency conditions:

with a Vickers diamond indenter (Model 3212, Zwick) dKy  dT(c)

at contact load® = 3 to 300 N. Some specimens were “dc ~  de )

left unindented as controls. A drop of silicone oil was

placed on the indentation site to minimise environmendt follows that T-curves are determined as the locus
tally assisted subcritical crack growth prior to strengthof tangency points to the family dy(c) curves con-
testing. The specimens were then broken in biaxial flexstructed from indentation-strengtla(,P) data sets.
ure using a screw-driven testing machine (Model 1122 Accordingly, appropriate calibration of the coefficients
Instron) at a fast loading rate:0 ms break time) and v and x in Equation 1 are required in order to con-
the inert strengths determined. All broken specimenstruct theKy(c) curves. In this case, the calibrated
were examined to confirm failure initiation from the coefficients used in deconvoluting the indentation-
indentation sites. Specimens that did not fail from thestrength data of the aluminag,= 0.77 andy = 0.076,
indentation were omitted from the analysis. were taken from data pertaining to a high-purity fine-
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TABLE III Operating parameters of the erosion rig

Nozzle length 55 mm

Nozzle diameter 4 mm

Distance to sample 37mm
Impingement angle a=20-90

Grit type angular SiC

Grit size 270um median size
Air pressure 400 kPa

Grit velocity v=95m/s

tained from the deconvoluted strength measurements
(see later, Fig. 6). Allowing for a dependence in the
residual contact field on the elastic modulus to hard-
ness ratioy o< (E/H)Y? (see Table Il);x =0.078 for

the LPS alumina.

2.3. Erosion tests

Impact erosion was simulated by feeding a fixed mass
of angular SiC grit into a high velocity air stream and
then propelled through a WC nozzle onto the surface
of the target specimen. Table Il specifies the system
parameters and operating range of the airborne particle
erosion rig. Grit velocity was determined by the double
rotating disk method [25].

The erosion trials were carried out over the range
of impingement angles = 20-90. Specimen tiles of
each material, were cut into two equal halves and the
prospective wear surfaces ground to a;dd surface
finish. These were then ultrasonically cleaned, dried
and weighed to 3 decimal place accuracy. Each speci-
menwas placed in the erosion rig in turn and exposed to
afixed mass (200 g) of SiC gritin atest of approximately
40 s duration. The specimens were then re-washed in
the ultrasonic bath to remove any residual SiC grit and
dried in an oven. The dry mass of each specimen was
recorded and the wear raté/, determined as mass
of the target material lost per unit mass of the incident
erodent particles (mg/g). SEM observations were made
on some eroded specimens to characterise the damage
morphology. Both ultrasonically cleaned and as-eroded
surfaces were utilised in the SEM examinations.

3. Results and discussion
3.1. T-curve behaviour
Fig. 3 shows inert strength versus indentation load re-
sults of the fine-grained (&m) and coarse-grained
Figure 2 SEM (secondary electrons) micrographs of polished and ther-(13 ©m) high-purity alumina control specimens. All
mally etched sections of (a) as-fired, (b) fine-grained crystallised (HT-1)data points with error bars on the plot represent the
and (c) coarse-grained (HT-3) LPS aluminas. means and standard deviation limits of at least 4 speci-
mens per load. The strengths of the materials based
on breaks from natural flaws are indicated at the left
grained alumina with a grain boundary toughnessaxis by the shaded boxes. The solid straight line is the
To=2.75 MPamY? [22]. For the LPS aluminas it classical Griffith result for a material with a single-
was assumed that the crack geometry coefficignt valued toughness (slope—1/3). The data for the fine-
is material-independent, so th&t=0.77 is retained grained alumina closely follow the solid line, indicative
and again usingdo = 2.75 MPam*?. As a check some of a material with single-valued toughness. In contrast,
comparative Vickers indentation tests on the as-firedhe coarse-grained alumina exhibits a flattening in the
LPS alumina at various loads yielded an average toughstrength-load response i.e. lower strength at low loads
ness of 288 + 0.23 MPam®/? [24] which compares and enhanced strength at higher loads when compared
favourably with theTy value given above and that ob- with the fine-grained material.
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Figure 3 Plot of inert strengthdu) as a function of indentation load Figure 5 Plot of inert strengthd) as a function of indentation load

(P) for the fine- and coarse-grained high-purity aluminas. Shaded boxe§P) for the as-fired LPS alumina compared with data from the fine-

at the left represent strength of the unindented specimens. Solid straighgrained high-purity alumina represented by the best-fitted dashed line.

line fit of slope—1/3 (logarithmic coordinates) is that for single-valued Shaded box at the left represents strength of the unindented specimens.
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Figure 4 Deconvolutedr -curves for the fine- and coarse-grained high-
purity aluminas using inert strengths, at indentation load$® from Figure 6 Deconvolutedr -curve for the as-fired LPS alumina using inert
Fig. 3. Dashed straight line represents single-valued toughfigss  strengthsoy at indentation load$ from Fig. 5. Dashed straight line
2.75 MPam¥/2, represents single-valued toughn@gs= 2.75 MPam'/2,

The objective evaluation technique (Section 2.2) al-quently provides indications of erosion resistance char-
lowed construction of the short-cratkcurve diagrams  acteristics.
for the aluminas from the strength data presented in Fig. 5 shows strength as a function of indentation
Fig. 3. Afamily of “calibrated”Ky(c) curves were con- load for the as-fired LPS alumina. Included for compar-
structed from each of the strength-load data points. Theson is the best-fitted (dashed) line for the fine-grained
locus of tangency points through the data sets then dédiigh-purity alumina. The material exhibits Griffith-like
termines thé -curve functions as shown in Fig. 4. The behaviour with data points following the solid line ex-
T-curves for the two materials intersect. For the fine-cept at large indentation loads where there is a strength
grained alumina, toughness remains essentially complateau which is mostlikely due to lateral cracking [27].
stant with increasing crack size, corresponding to theAs before, the family of curvesin Fig. 6 was determined
case where there is no microstructural shielding thusising the data from Fig. 5 to yield the fittddcurve. In
confirming its single-valued toughness. For the coarsethis instance the toughness coincides with the dashed
grained material the toughness rises with crack sizehorizontal line o = 2.75 MPam®/?) for single-valued
In the short-crack region (ca.< 100 um) the tough- toughness.
ness of the coarse-grained alumina is lower than that Strength responses as a function of indentation load
of the fine-grained alumina but is greater in the long-for the heat-treated LPS materials are shown in Fig. 7
crack region. The results show that scaling up the graimlong with the solid line representing a material with a
size is a principal element for flaw tolerance [23] at- constant fracture toughness. From the results in Fig. 7a
tributed to enhanced -curve behaviour [26], consis- there is a slight deviation and improvement in the
tent with the work of other investigators. In the con- strength at higher indentation loads for the HT-1 ma-
text of wear, the toughness value in the short-crackerial relative to the solid line whereas the HT-2 data
region is of particular importance as it corresponds tayenerally follow the solid line apart from the strength
the region of micro-fracture controlled wear and conse-at P =100 N which varied considerably as seen in the
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experimental scatter for the data point. In Fig. 7b thefrom a greater degree of variability in the strengths at
indentation strength-load response of the HT-3 materiathe large indentation loads compared with the HT-3
exhibit slightly improved strength at higher indentation material.

loads with no significant degradation in the strength at The T-curves for each of the heat-treated mate-
the low indentation loads. Likewise the HT-4 material rials are given in Fig. 8. The dashed line given in
demonstrated similar behaviour, with there being lit-each plot is the assumed single-valued toughness value
tle measurable difference in the strength response apafTy = 2.75 MPam®/?) of the materials. For the HT-1
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material (Fig. 8a) the fitted -curve exhibits a small
rise with crack size. Th& -curve for the HT-2 ma- 300 1
terial (Fig. 8b) also conveys single-valued toughnes‘g
although slightly lower than the assumdd value. =
The HT-3 material (Fig. 8c) exhibits a sligfitcurve  ©
as a consequence of the flattening in the strengths 100 |-
load response. This is also true for the HT-4 materiag 8o f
(Fig. 8d). = 60}

The quantitative XRPD analysis for the heat-treatec§

—&— As-Fired

materials showed that specific changes in the concer5 *0

trations of all the constituent phases occurred with hez — 7 Oil-Quenched |/
treatment regime employed (Table I). The Rietveld cal- o Lt , e ,
culations for the HT-1 material revealed that near 100% 10 30 50 100 200

of the grain boundary glassy phase crystallised. As ex Indentation Load, P (N)

pected the quenching treatment (HT-2) resulted in a @)

reduction of the amount of anorthite and spinel that

crystallised from the glassy grain-boundary phase. Ar 8 ' ' — -
assessment of strain in the near-surface region of ths™~ 7 | O Oil-Quenched | -
guenched material using XRD (line broadeningandline’g | ®  Air-Quenched | |
shift) indicated the presence of compressive uniform g A As-Fired
micro-strain effects. The coarsening treatments (HT-{ S 5 - g
and HT-4) resulted in a higherAl ;03 matrix content ¢, 4 [ é é = |
and lower glass concentration intimating some precipi- ¢ % * ¢ 3
tation of alumina from the glassy phase. Likewise,thes«:’é 3k —
materials exhibited lower anorthite and spinel concen & 5 L 3 & i
trations compared with the as-fired LPS alumina. E

It is clear that the thermal conditioning treatments Lr T
to induce complete crystallisation of the glassy phas: o L L

30 50 100 200

and quenching to develop compressive surface stress 10 )
in the LPS aluminas had only a minor effect on the Indentation Load, £ (N)
strength and toughness properties. The presence of a (b)

sm.a” quantity of remnant glassy phase in the Crys_Fi ure 9 (a) Crack length as a function of indentation | for th -
tallised (HT,_]') mate”‘?ll COUId_ hot be ruled out due.t.O firgeld and(oi)l—quenchedgLPS aﬁjmuingsowi(t)h Ieggt tse(l;uc;reze;iotltec()i Ifngsaan
the uncertainty associated with the phase compositiog) fracture toughness as a function of indentation load for the as-fired,
data, and as reported by others, is sufficient to relax inair-quenched and oil-quenched LPS alumina.
duced stresses [14, 17]. Furthermore, crystallisation of
the intergranular glass to anorthite and spinel appears to
be inconsequential to strength properties. The quenchmaterials. For any given indentation load, the radial
ing treatments (HT-2 and HT-4) are not adequate forcrack lengths for the oil-quenched are smaller than
the development of net surface compressive stresses #iee as-fired material, indicating a definite toughen-
evidenced by increased variability in the strength datang response of the oil-quenched material. The tough-
and signs of a toughness degradation in the HT-2 manress versus load plot in Fig. 9b shows this effect with
terial. Coarsening of the microstructure resulted in aabout a 50% increase in the toughness of the oil-
flattening in the strength-load response with a consequenched (84+ 0.26 MPam/?) to the as-fired mate-
quent rise in theT -curve, although too slight for any rial (2.88+ 0.23 MPam®/?). Included for comparison
pre-failure stable crack growth. Hence, attempts to main Fig. 9b is the toughness data for the air-quenched
nipulate and control the nature of the grain boundarymaterial (3434 0.12 MPam'/2), which shows an in-
phase and residual stress state of the LPS alumina wetermediate value between those of its as-fired and oil-
shown to have relatively little effect on strength andquenched counterparts. Solid lines indicate the average
toughness behaviour. toughness values. Note the difference in the toughness
In view of the null-effect on the mechanical prop- of the air-quenched material evaluated from deconvo-
erties by air quenching, several as-fired LPS aluminduted strength measurements (2.44 M#4?) to that
specimens were rapidly cooled into a high viscosity sili-obtained from Vickers—produced cracks. The reason for
cone oil from 1350C. This treatment was more severe this discrepancy is unclear.
with all materials suffering from thermal shock, rul-  The toughening effect is rationalised in terms of the
ing out any indentation-strength or erosive wear analaction of residual compressive stresses in opposing ra-
ysis. However, some of these broken specimens werdial crack extension. This indicates the presence of
examined using direct crack size measurements asreéet compressive surface stresses in the air- and oil-
function of Vickers indentation load (minimum of 5 quenched materials. Using the toughness of the as-fired
indents per load) to evaluate the toughness [24] commaterial K. =2.88 MPam'/?), an estimate of resid-
pared with the as-fired material which served as thaial compressive stresses can be made from the radial
control. Fig. 9a shows the mean crack lengths vercrack lengths measured on quenched specimens assum-
sus indentation load for the as-fired and oil-quenchedng a uniform stress field [28], i.&. = x P/c%? 4 20,
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(c/m)Y2 whereo;, is the residual stress ands the crack @ large~7 wt.% silicate glassy phase. This indicates
length measured on the quenched mategiat(0.078).  that the alumina content and therefore glassy phase
For the air-quenched material a compressive surfacgontent is not always a reliable guide to wear perfor-
stress ofo; ~ 46 MPa is obtained. It was established mance [6] with other microstructural features, namely
that the strength properties of the air-quenched mategrain size, playing a significantrole in erosive wear sus-
rial showed no discernible improvement over the as<ceptibility [31]. Thus, in specific cases microstructural
fired material apart from increased variability in the defects that initiate microcracking (e.g. grain size and
data (Fig. 7a), indicating that the level of stresses in{0rosity) may be more detrimental to erosion perfor-
duced is not sufficient to raise the contact damagénance than those which aid in crack propagation (e.g.
threshold even though the toughness computed from dplassy grain boundary phases) [32].

rect crack size measurements is about 20% higher than The T-curve data support the erosive wear results
the as-fired material. In contrast, oil quenching pro-as evidenced by the distinctly different short-crack
duces somewhat higher surface compressive stresstighness behaviour of the coarse-grained alumina
(or ~ 88 MPa) which is expected to improve the con-to the fine-grained high-purity and as-fired LPS alu-
tact damage threshold as indicated by the discerniblglinas (Figs 4 and 6). The coarse-grained alumina
toughness gain and demonstrated in quenching studlisplays risingr -curve behaviour, and degraded short-
ies by others [9, 29, 30]. Ultimately, oil quenching is crack toughness, compared with the fine-grained high-

disadvantageous in that the LPS alumina suffers fronpurity alumina and the as-fired LPS alumina which
thermal shock. both exhibit minimalT -curve characteristics. The im-

proved strength and increased toughness in the long-
crack region comes at the expense of reduced wear-
resistance in the short-crack region [33]. Hence, the
short-crack toughness value appropriate for the crack
scales operative in erosion leads to better correla-

: Lo P tion with erosion results and the elastic-plastic ero-

gle for the as-fired LPS alumina is shown in Fig. 10 _. . i

along with the data for the fine- and coarse-graine lon mod_els [34’,,35]' An ,(,astlmate_ of the flaw 25|ze
or the simplest “classical” case, i.e=(K¢/¥ o)

high-purity aluminas. Each material exhibits minimal 12 :
I . . (where ¢ = 2a/71/?) [36], for the as-fired LPS alu-
losses at low impingement angles, with monotonically® © = 454 MPa, K, —2.88 MPam¥?) yields a

increasing erosion rates to a maximura at 90° which hm;ﬂa ennv crack of radius~ 25 um. This value oro-
is characteristic of brittle behaviour. penny ey P

The erosion rate of the coarse-grained alumina wa\s/'de.3 a useful guide as to th_e approximate crack Slz€
region and hence the associated toughness applicable

higher over the angular range with the LPS alumina,[o erosive wear. As a consequencegurve behaviour
exhibiting the intermediate wear-resistance and the_ ~. S - .
fine-grained alumina showing the most substantialOrOVIdes ausgful'lndma}tor e matenalg susceptlbll-
wear-resistance. These differences in the erosion pe'rt-y to wear, which is pertinent when selecting candidate

formance illustrate the importance of microstructurem?:tie”ili for:’svsr?trs'rg:gtgg a{ﬂglr'%eglogﬁdence of erosion
variation on wear susceptibility. It can be seen that in- 9- P 9 b

rate W) for the as-fired and heat-treated LPS alumi-

creasing the grain size of the high-purity alumina has %as. Included for comparison is the erosion response

significantinfluence on wear resistance with the coarse- . . 0 ! :
of a commercially available 85 wt.% alumina material

grained high-purity alumina being about 3.5 times more(Coors ADSS, elongated grain structure witf6 zum

susceptible to erosive wear than the fine-grained alufnean rain size). The angular response is equivalent
mina. However, the LPS alumina portrays intermediat 9 ) 9 P q

wear resistance between the aluminas eventhoughith 2 the trends shown in Fig. 10. Irrespective of the

3.2. Erosive wear
3.2.1. Comparative erosion rates
The variation of erosion rate with impingement an-

1.6 T T T
1.6 T T T T T .
B As-Fired
2 um Al O D A HT-1
%n 1.2 | pm ALO, - T g o HT-3 N
= LPS As-Fired = ® HT4 :
= - 0.8 L B  Coors AD8S ]
R o ] 8 ® g
g8 1 ¥
5 . " g . $
g [ 2 04 . -
'z 0.4 ® is)
g . .
ia * F
o ® O | l | | { | !
0 . ! L L L L ! 10 20 30 40 50 60 70 80 90

|
10 20 30 40 50 60 70 80 90 Impingement Angle, o (degrees)
Impingement Angle, o (degrees)
Figure 11 Erosion rate as a function of impingement angle for the as-
Figure 10 Erosion rate as a function of impingement angle for the as-fired and heat-treated LPS aluminas. Erosion data for a Coors AD85
fired LPS alumina and the fine- and coarse-grained high-purity aluminasalumina are included for comparison.
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heat-treatment regime, all the materials exhibited simmance, exhibiting slightly higher erosion rates of the
ilar erosion rates particularly at low angles with a ten-treated materials at 60—9@Moreover, the microstruc-
dency towards a greater degree of variability at highetural coarsening and/or quenching treatments showed
impingement angles. A distinguishing feature is theno obvious improvement or degradation in erosion per-
lower erosion rates of the as-fired and heat-treated mdermance when contrasted with the as-fired material.
terials compared with the AD85 material. The key con- It would be expected that the erosion performance of
tributing factor for the superior erosion resistance ofthe coarsened materials (HT-3 and HT-4) would be con-
these materials compared to the commercial produdiderably degraded in comparison to the fine-grained
is the tight control of the processing—microstructureas-fired LPS alumina, likened to the wear behaviour
link (powder processing, sintering regime, high den-of the high-purity alumina, although this was not the
sity/low porosity, refinement of grain size and shape)case. This may be due to the narrow grain size distribu-
employed to manufacture the materials examined irion of the coarsened materials adding further support
the present study [19]. Moreover, the effects of grainto the erosion results obtained for the high-purity alu-
size and grain size distribution on erosion behaviour ofminas (Appendix I). The apparent anomaly could also
a range of high-purity aluminas [37, 38] indicate thatbe attributed to the higher-Al,O3 content &3 wt.%)
increasing the grain size does not necessarily lead tm the HT-3 and HT-4 materials compared with the as-
increased wear (refer to Appendix | for details). Evi- fired control (see Table I). Although inconclusive, the
dently, detailed information of grain size distributions increase in grain size may be somewhat counterbal-
is as important as mean grain size when ascertainingnced by the moderate increasexih\l,O3 content in
the wear susceptibility of a material. their combined effect on erosion. Overall, the erosion
Crystallisation of the grain-boundary glassy phaseresults highlight the apparently less damaging effect of
appears to have a modest influence on erosion perfocoarsening the grain size of the heat-treated LPS alu-
minas (Fig. 11) when compared with the equivalent
high-purity aluminas which showed an extreme grain
: : ' T T size—wear sensitivity (Fig. 10).
— & -2umAlLO, /DEL The relationship between erosion raté)@ndv sine
—0 - 13pumALO, ) (normal component of velocity), expressed \&s «
— m LPS As-Fired 1 (vsinx)" on alogarithmic scale is shown in Fig. 12 for
® - the as-fired and HT-1 LPS alumina specimens and the
"~ 1 fine- and coarse-grained high-purity aluminas. A least-
squares fit was made through the data, and the value
of the slope of the least-squares line is reported as the
3 velocity exponentn. The velocity exponents of all the
] specimens tested are presented in Table IV. These ve-
] locity exponents are lower than the values asserted by
: . , , R the models [39, 40], which may be expected because
20 30 50 70 90 the exponent depends critically on particle geometry,
vsina, (m/s) interactions with the surface and details concerning the
) . . _ scaling law used to relate fracture mechanics to material
Figure 12 Logarithmic plot of erosion rate as a function of the normal L . .
component of velocity for the fine- and coarse-grained high-purity alu-removal [41]' Hence, the variations in the éxperimen-

minas and the as-fired and HT-1 LPS aluminas. The lines represent tH&lly determined velocity exponents, particularly for the
linear least squares fit through the data points for each material. heat-treated material, is attributed to the complex nature

—

TTT]

o
h

o=
w
[ ]
\
°

Erosion Rate, W (mg/g)
I

(b)

Figure 13 Erosive wear zone images of the as-fired LPS alumina at impingement angles ¢f éad2®) 90 (inset: area showing localised melting;
note stringy morphology).
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of the multi-particle impacts. Various studies [32, 42] tional to the normal component of the kinetic energy of
have attempted to relate these differencesin velocity exthe SiC erodent particles.

ponents to transitions in material removal mechanisms.

For the as-fired and heat-treated LPS aluminas no such .

distinction could be made due to overlap in the relative3-2.2. Microstructural damage _
uncertainties of the velocity exponents. However, théRepresentative  SEM micrographs of the erosion
fine- and coarse-grained high-purity aluminas displaysurfaces for the as-fired LPS alumina at impingement
measurable differences in the velocity exponents whictangles of 20and 90 are shown in Fig. 13. Atlow im-
appears to be associated with distinctive erosion failur@ingement angles, the damage in the material is charac-
mechanisms (see Section 3.2.2). The main conclusiof¢rised predominantly by scratching and microfracture
drawn from the data presented in Table IV is that a valudProcesses (Fig. 13a). By contrast, at high impingement

of n~ 2 for the damage process is essentially propor2ngles (Fig. 13b) there is a greater degree of damage
with material removal in these instances dominated by

intergranular cracking and chipping. There is also evi-
TABLE IV Velocity exponents of the high-purity and LPS aluminas dgnce Of_ some grain d'fSI_Odgment and mate“a_-l fall-out
with obvious cavities visible due to preferential wear

Material designation Velocity exponemt,  of the grain boundary glassy phase.

Fine-grained AiOs 1601f In \_/arious erodt_ad regions of_the qs-fired LPS alumina
Coarse-grained ADs 1.93(8) specimens examined, long thin stringy forms were ap-
As-fired LPS ApO3 2.0(2) parent. Energy dispersive spectrometry (EDS) analysis
HT-1 2.3(1) of these stringy structures revealed the presence of Si,
:Ig i;g; Mg and Ca, the major elements of the glassy phase [19],

as well as Al, indicating localised melting of the glass
phase. The inset in Fig. 13(b) shows the solidified rem-
#Standard errors of the mean (95% confidence interval) for the leasfant produced in the melting of the glassy phase by
significant digit are given in parentheses. the solid particle impact. An idealised model [43] was

HT-4 2.1(1)

. ~
HEPE 201

Figure 14 Erosive wear zone images of (a) fine-grained crystallised (HT-1), (b) fine-grained quenched (HT-2), (c) coarse-grained (HT-3) and (d) coarse-
grained quenched (HT-4) LPS aluminas at impingement angles’of 90
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used to gain an estimate of the temperature increase gnces in the damage mechanisms compared with the
an impact event. The temperature change determinedPS aluminas. SEM micrographs of the surfaces eroded
was~1140°C, which is higher than the softening tem- at an impingement angles of 2@nd 90 for the fine-
perature of the grain boundary glassy phase and a@nd coarse-grained materials are shown in Figs 15
proaching the melting point of the glass (12@) [19], and 16, respectively. At low impact angles, the fine-
confirming that melting is quite likely to occur. Nev- grained material showed scratching, scarring and flak-
ertheless, SEM examinations of eroded surfaces showg (Fig. 15a) whereas at high impact angles extensive
that the melting process occurs sparingly but in a rangrain-boundary chipping became evident (Fig. 15b).
dom manner, thus depending on the contact condition8y contrast, the coarse-grained high-purity alumina
As expected, from the erosive wear data (Fig. 11), theshowed little evidence of inelastic deformation and
wear damage areas of the heat-treated materials weseratching with material removal being controlled by
found to be generally comparable to the as-fired LPSransgranular and intergranular chipping and grain dis-
aluminawith the same material removal processes opetedgment (Fig. 16). Consequently, the coarse-grained
able. Typical erosion surfaces of the fine-grained crysimaterial did not exhibit any such transition in damage
tallised (HT-1), fine-grained quenched (HT-2), coarse-mode apart from an increase in severity of the trans-
grained (HT-3) and coarse-grained quenched (HT-4granular and intergranular chipping processes.
LPS aluminas at 90impact are shown in Fig. 14. In- It was recognised from the values of the velocity
tergranular cracking is predominant in the fine-grainedcexponents given in Table IV that there may indeed
materials (HT-1 and HT-2) along with evidence of small be a link with erosion failure mechanism. Clearly the
cavities resulting from grain ejection. There are somdlifferences in the respective wear modes of the fine-
slight differences in the damage mechanisms in thend coarse-grained high-purity aluminas, principally
coarsened materials (HT-3 and HT-4) with transgran-at low impingement angles, alludes to such a link but
ular fracture, chipping and cleavage of grains increasis somewhat less convincing at high impingement an-
ingly more evident. gles. Nevertheless, the discrepancy in the velocity ex-
The erosion surfaces of the fine- and coarse-grainedonents may be associated with: (i) an increased effi-
high-purity aluminas portrayed some obvious differ-ciency inthe grain-boundary removal mechanismin the

(b) (b)

Figure 15 Erosive wear zone images of the fine-grained high-purity Figure 16 Erosive wear zone images of the coarse-grained high-purity
alumina at impingement angles of (a)°2ind (b) 90. alumina at impingement angles of (a)°2ind (b) 90.
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coarse-grained alumina which is supported by erosiomhe improved wear performance over similar commer-
rate data and SEM damage evaluations or (ii) an erceial materials and the low cost of fabrication. The LPS
dent particle size/target grain size effect in which thealumina is especially suited for large volume problem
velocity exponent decreases as the ratio of the particlevear environments which exist in the minerals pro-
size to target grain size is increased [32]. cessing industries. Moreover, subjecting this material

to various heat-treatments has shown that the strength,

flaw tolerance properties and erosion performance are
4. Conclusions not significantly affected i.e “heat-treatment tolerant”.
The principal conclusions from the study are as follows:Nonetheless, the benefits of the null effect have impor-
) ) tant implications in materials processing and utilisa-

1. The indentation-strength tests performed on thgjon in environments where contact damage and erosion
LPS aluminas provided clear evidence of the effectgesjstance are controlling factors. The capacity of the
of post-sintering heat-treatment and offered a means Qfyaterial to tolerate thermal fluctuations and the insen-

evaluatingT-curve behaviour especially in the realm sitjyity of the properties to these changes may lead to
of the short-crack region which is pertinent to wear.  potential applications.

2. The nature of the intergranular second phase and
the specific post-sintering heat treatments, had no ap-
preciable effect on the strength ©rcurve properties .
of the LPS aluminas examined in this work. Appendix | . . . L

3. The erosion results supported the strength andWo grades of high-purity aluminas, both with fine-
toughness findings, there being no discernible chang@nd_ coarse-gralngd microstructures .[38’ 4], were ex-
in wear performance as a consequence of the hea"f‘-.mme.oI to as_certalnthe _effects of grain shapg and grain
treatments. The crystallised material (HT-1) appearec’l"'z.e c_ilstnbutlon on erosion rate. The essential charac-
to show signs of increased erosion rates at high imleristics of the materials are as follows:
pingement angles attributable to induced stresses de- _ . o o
rived from thermal expansion mismatch between the (i) Fine-N (fine-grained, narrow grain size distri-
alumina matrix and the crystallised phases [44]. In conbution): alumina sintered at 1600 for 5 h from a
trast, the quenching treatments of the fine- and coarsdligh-purity alumina powder (AKP-50, Sumitomo) with
grained LPS aluminas, HT-2 and HT-4, respectively,mean grain size of wm, equiaxed grains and narrow
had no effect on erosion performance. The erosion redrain size distribution (smallest grains 1, largest
sponse of the coarsened materials (HT-3 and HT-4) gerirains 15-18:m).
erally matched that of the as-fired LPS alumina contrary (ii) Fine-B (fine-grained, broad grain size distribu-
to expectations of greater wear susceptibility. Contranyion): alumina sintered at 1600 for 5 h from a high-
to the high-purity alumina which showed an appreci-Purity alumina powder (A-16SG, Alcoa) with mean
able increase in wear with increase in grain size, coarsgrain size of 4.Qum, equiaxed grains and broad grain
ening the LPS alumina revealed little deleterious effecsize distribution (smallest grains/im, largest grains
on wear rate. 20-25pm).

4. The relative importance of grain size and pu- (i) Coarse-N(coarse-grained, narrow grain size dis-
r|ty (phase Composition) on erosion rate in the LPSt”bUUOn) alumina sintered at 1700 for 25 h from a
and high-purity aluminas was demonstrated. Theligh-purity alumina powder (AKP-50, Sumitomo) with
coarse-grained high-purity alumina showed signifi-meangrainsize of 10,2m, equiaxed grains and narrow
cantly higher erosion rates compared to its fine-grainedrain size distribution (smallest grains 2.5, largest
counterpart and the as-fired (fine-grained) LPS alugrains~30 xm).
mina which showed intermediate wear resistance ever{lV) Coarse-B(coarse-grained, broad grain size dis-
though it has a large secondary phase. tribution): alumina sintered at 1700 for 25 h from

5. The erosion rates of the as-fired and heat-treate@ high-purity alumina powder (A-16SG, Alcoa) with
LPS aluminas were found to be proportional to the ki-mean grain size of 12,8m, equiaxed grains and broad
netic energy of the impinging particles according tograin size distribution (smallest grains 26, largest
the velocity exponents. Microstructural damage stud9rains~75p.m).
ies of the LPS aluminas revealed that surfaces eroded
at 20 showed abrasive scratching and ploughing. Ob- Fig. A1 shows the comparative erosion rates of the
servations of the damage sites in the LPS and highfour materials at an impact angle of‘9@hder the same
purity aluminas eroded at 9@onfirmed that material conditions as described in Section 2.3. Itis apparent that
removal occurs by a brittle mechanism consistent witrdoubling the grain size of the narrow grain size distribu-
the characteristic angular dependence of brittle matetion materials (Fine-N and Coarse-N) has only a mini-
rials. Erosion processes in the LPS aluminas consistsal effect on the comparative erosion rates. In contrast
of repeated deformation, cutting and material removathe wear rate of the Coarse-B (broad grain size distri-
by intergranular fracture whereas the dominant mechbution) material is about 50% greater than Coarse-N.
anism of material removal in the high-purity aluminas Clearly, even though Fine-N and Fine-B as well as
is intergranular fracture. Coarse-N and Coarse-B essentially have equivalent

mean grain sizes, the disparity in wear rates can be at-

In the context of the study, the LPS alumina is con-tributable to differences in the grain size distributions.
sidered appropriate for use as erosive wear liners giveAlence, simply reporting mean grain size may not
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