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Abstract

We have reviewed the effect of microstructure — content of intergranular phase, grain size, and grain shape — on the lubricated, sliding-wear of
pressureless liquid-phase-sintered (LPS) SiC ceramics. The sliding-wear resistance in LPS SiC decreases with an increase in the content of the
intergranular phase or an increase in the equiaxed-grain coarsening. However, the sliding-wear resistance is dramatically improved with anisotropic-
grain coarsening. Based on these results we suggest two strategies for the microstructural design of low-cost, sliding-wear resistant SiC-based
ceramics: (1) grain refinement, and (2) grain elongation. The latter strategy allows the materials to be simultaneously in sifu toughened, and we

describe its optimization by judicious selection of the SiC starting powder.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramics are innately hard and stiff, which makes them very
attractive materials for use in contact-mechanical and tribo-
logical applications. In addition, due to their high-temperature
tolerance and chemical inertness, many ceramics are appropri-
ate for applications where lightness and/or resistance to hostile
environments are required. It is not surprising then that many
tribocomponents — such as bearings, wear-parts, valves, seals,
rollers, cutting tools, nozzles, dies, gears, tappets, etc. — are
increasingly being made of ceramics.

In this context, silicon carbide (SiC), which has one of
the highest hardnesses of all single-phase ceramics, has been
identified as a promising candidate for its use in the above
applications.!~® What distinguishes SiC from the majority of the
ultra-hard ceramics is its high thermal conductivity? and high
melting point,'® which help to relieve and resist the frictional
heating in sliding contacts. However, conventional solid-state
sintering of SiC bulk ceramics involves the use of extremely
high temperatures and pressures, which makes SiC tribocompo-
nents expensive, at the same time as imposing severe restrictions
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on their shapes and sizes. Fortunately, pressureless liquid-phase
sintering enables the limitations of solid-state sintering to be
overcome, paving the way towards low-cost processing of SiC
ceramics. Hence, it is not surprising that liquid-phase-sintered
(LPS) SiC has recently been investigated (although as yet not
extensively) for its potential as a low-cost, highly sliding-wear
resistant, ceramic.”-8-11-14

The design of SiC-based tribocomponents with improved
performance requires their microstructure—properties relation-
ship to be established. In this paper we review the effect of
the microstructure on the lubricated sliding-wear of LPS SiC
ceramics under initial elastic contact, in an effort to provide
guidelines for the processing of low-cost SiC ceramics with
tailored contact-mechanical and tribological properties.

2. Experimental procedure
2.1. Processing

Four powder batches were individually prepared, each con-
taining a-SiC (UF-15, H.C. Stark, Germany) or 3-SiC (Ultrafine
SiC, Ibiden Corp., Ogaki, Japan) powder, plus a combination
of Al,O3 (AKP-30, Sumitomo Chemical Company, New York,
NY) and Y03 (Fine Grade, H.C. Starck Inc., Newton, MA)
powders in the molar ratio Y>03:Al»03::3:5 to result in YAG
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liquid phase during the sintering of SiC. The compositions
of the four powder batches were designed to yield 3.6 vol%,
7.3 vol%, 20vol%, and 23.2vol% YAG, respectively, in the
sintered materials. After successive steps of powder mixing,
drying, and deagglomeration, several pellets were then uniaxi-
ally pressed (Model C, Carver Inc., Wabash, IN) in a steel die
(25 mm diameter) at 50 MPa pressure. The pellets were subse-
quently cold-isostatically pressed (CP360, AIP, Columbus, OH)
at a pressure of 350 MPa. Individual pellets were embedded in
powder beds inside graphite crucibles with screwable lids. The
pellets were sintered in a graphite furnace (Model 1000-3560-
FP20, Thermal Technology Inc., Santa Rosa, CA) at 1950 °C
for 2, 5, or 7h in flowing Ar-gas atmosphere (see Table 1). The
sintered pellets were cleaned and lightly ground to remove any
surface reaction layers and/or adhered packing powder.

2.2. Microstructural characterization

Densities of the sintered materials were measured using
the Archimedes method, with distilled water as the immersion
medium. Density values of 3.213 gecm ™3 and 4.544 g cm™> for
SiCand YAG, respectively, were employed in the relative density
calculations.

Polished cross-sections of the specimens were plasma-
etched (PT 1750, Fissions Instruments, East Sussex, UK)
for 100120 min using CF4+4% O, gas (300Pa, 80 W) to
reveal the grain boundaries, and were then observed under the
SEM. Several micrographs of representative regions within the
microstructures were recorded for grain size analysis. Image
analysis was used to estimate the longest chord!® (defined as
the length /), the longest dimension perpendicular to the longest
chord / (the width d), and the aspect ratio (//d). For each sintered
material at least 300 grains were used for the grain size analysis.

2.3. Mechanical properties characterization

2.3.1. Vickers indentation

Vickers-indentation tests (peak load Py =98 N) were per-
formed on the polished specimens under ambient conditions
using a hardness tester (Model MV-1, Matsuzawa, Tokyo,
Japan). The indentation sites were examined using the opti-
cal microscope (Epiphot 300, Nikon, Tokyo, Japan), and the
diagonals (ay) and radial-crack diameters (2¢) of each indent
were measured using image analysis. The Vickers-indentation
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hardness (H) and toughness (Kjc) were calculated using H =
2Py/a¥ and Kic = 0.016(E/H)*> Pyc™!, respectively.!617
Elastic modulus (E) values determined experimentally using
Hertzian indentation (WC ball of radius 7.94 mm, peak loads
in the range 15-400 N) were used in the Kjc calculations.

2.3.2. Sliding wear

Several polished disks (7 mm diameter, 2 mm thickness) were
core-drilled from the sintered materials for wear testing. Wear
testing was performed at room-temperature in a Falex multi-
specimen tribometer (Faville-Le Vally Corp., Sugar Grove, IL)
using the ball-on-three-disks geometry. Here, a commercial,
bearing grade Si3zN4 ball (NBD 200, Cerbec, East Granby, CT)
of radius 6.35 mm rotated in contact with three disk specimens
aligned with their surface normals in tetrahedral coordination
relative to the rotation axis.!® Paraffin oil (Heavy Grade, Fisher
Scientific, Fair Lawn, NJ) was used as the lubricant (viscosity
~3.4x 10> m2s~! at 40°C). The contact load on each disk
was 70 N, which corresponds to an initial contact pressure of
~1 GPa (elastic regime), and the rotation speed was 100 rpm,
corresponding to a sliding velocity of ~0.04 ms™!. The wear
tests were interrupted at intervals, and the diameters of the cir-
cular wear scars on each disk were measured under the optical
microscope (two orthogonal measurements per disk, three disks
per ceramic). The wear-scar diameter was used as quantifica-
tion of the extent of wear damage. At the end, the wear damage
was also observed under the scanning electron microscope, SEM
(S-3600N, Hitachi, Japan).

3. Results and discussion

Fig. 1A-D are SEM micrographs representative of the four
different microstructures selected in this work: fine-equiaxed-
grained (Fig. 1A), fine-equiaxed-grained with a higher amount
of intergranular phase (Fig. 1B), coarse-equiaxed-grained
(Fig. 1C), and duplex with both elongated and equiaxed grains
(Fig. 1D). The nomenclature, sintering conditions, microstruc-
tural parameters, and mechanical properties of these materials
are summarized in Table 1. The absence of residual porosity in
the SEM images indicates that the four ceramics are fully dense,
which is consistent with the density values givenin Table 1. Also,
the contrast within the SiC grains represents the characteristic
core—shell structure, evidence that grain growth took place by
solution-precipitation (Ostwald ripening).!>!° In these ceram-

Table 1

Properties of the six LPS SiC ceramics selected in this study

Ceramic? vol.% Sintering Density Density Grain length,  Grain aspect Elastic modulus, Hardness, Toughness,
YAG time (h) (mgm™3) (%) [ (wm) ratio, i/d E (GPa) H (GPa) Kic (MPam®?)

Eq-3.6YAG-0.8 3.6 2 3.261 100 0.8 14 410 £ 3 24.0 £ 0.6 24 +£0.1

Eq-7.3YAG-0.8 7.3 2 3.310 100 0.8 1.4 390 £+ 2 212 £ 0.3 29+ 0.2

Eq-3.6YAG-2.0 3.6 7 3.228 99 2.0 1.4 405 £ 2 17.7 £ 0.5 39+03

Dp-7.3YAG-2.0 7.3 7 3.310 100 2.0 2.0 391+ 3 169 + 0.4 40£03

El-20.0YAG-3.1 20.0 5 3.479 100 3.1 4.0 350 £ 3 16.1 £ 0.4 39+02

Eq-23.2YAG-0.8 232 2 3.523 100 0.8 1.4 345 £ 4 16.6 + 0.3 2.8 £0.1

2 x—-yYAG-z, where x refers to grain morphology (Eq for equiaxed-grained microstructure, El for elongated-grained, and Dp for a duplex microstructure with both
equiaxed and elongated grains), y the YAG content in vol.% and z refers to grain size in pwm.
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Fig. 1. SEM micrographs of polished and plasma-etched cross-sections of the four different microstructures selected in this study. The light region is crystalline YAG
and the darker regions are SiC grains. Arrows relate the materials compared to illustrate the effect of the different microstructures on the sliding wear of LPS SiC.

ics, coarsening is interface-reaction controlled, since grain size
is independent of the liquid-phase amount. Anisotropic coars-
ening occurred after 7 h sintering in the ceramic with 7.3 vol.%
YAG as a result of 6H — 4H phase transformation.2%2! Thus,
there is a liquid phase threshold — 7.3 vol.% — below which elon-
gated grain growth is hindered due to the proximity of the SiC
grains.

Regarding the mechanical properties, the increase in the
amount of softer intergranular phase resulted in a decrease in
the elastic modulus and the hardness of the SiC/YAG compos-
ites, and in an increase in the fracture toughness due to enhanced
crack deflection.?? Obviously, grain coarsening did not affect the
elastic modulus, and also led to a decrease in hardness due to easy
shear-faulting along weak SiC/YAG interfaces?>>>> and high-
temperature YAG degradation,”® and to crack-wake-bridging
toughening.?’

The Eq-3.6YAG-0.8 and Eq-7.3YAG-0.8 ceramics (Fig. 1A
and B) can be used to show the effect of the intergranular phase
content on the sliding wear of LPS SiC (Fig. 2). These mate-
rials exhibit the characteristic two-stage wear-accumulation
behavior that has been observed in other polycrystalline
ceramics!-78:18:28-30. 1yi1d deformation-controlled wear, fol-
lowed by severe fracture-controlled wear, with a well-defined
wear transition. Assuming that for the two wear stages the
wear-scar diameter evolves with sliding time according to the
empirical expression A + Blogt, where ¢ is cumulative sliding
time in min, we calculated the rates of mild and severe wear (B)

and the transition times in the ceramics (Table 2). Increasing
the intergranular phase amount from 3.6 vol.% to 7.3 vol.%, we
observed a two-fold increase in the mild-wear rate, and a five-
fold and 2.6-fold decrease in the transition time and severe-wear
rate, respectively. According to this, Eq-3.6YAG-0.8, which has
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Fig. 2. Wear scar diameter as a function of the sliding time for selected LPS
SiC ceramics to show the effect of the intergranular phase content on the sliding
wear of LPS SiC. Common to all the wear plots: each datum point represents
an average of three specimens tested; error bars represent data range. The solid
lines are fits to the data, with the discontinuities in the lines indicating wear
transitions.
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Table 2
Wear properties and associated parameters for the six LPS SiC ceramics
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Ceramic Effective tensile residual Pre-transition Wear-transition Post-transition
stress, g (MPa)? slope, m (p.m) time, f. (min) slope, m (pm)
Eq-3.6YAG-0.8 53 30 350 769
Eq-7.3YAG-0.8 99 60 70 300
Eq-3.6YAG-2.0 53 60 135 273
Dp-7.3YAG-2.0 99 37 300 230
El-20.0YAG-3.1 210 15 310 370
Eq-23.2YAG-0.8 231 90 25 198

The effective tensile residual stresses were calculated by!'!: g=(Vi(1 — V) EAaAT)/2, where Vi is the volume fraction of the YAG phase, E the Young’s modulus
of the composite, A« the thermal expansion mismatch (Aa =25 x 1076 °C~!) and AT is the temperature range through which the material is cooled without stress

relaxation (AT~ 1500 °C).

the greatest hardness and the lowest toughness, is the most
sliding-wear resistant ceramic here. Fig. 3 shows optical and
SEM micrographs of a typical wear scar at the end of the wear
tests, after 500 min of sliding. Grain-boundary fracture and grain
pullout are clearly observed in the micrographs.

The effect of grain size on the sliding-wear of LPS SiC is
illustrated in Fig. 4 using the Eq-3.6YAG-0.8 and Eq-3.6YAG-
2.0 ceramics (Fig. 1A and C). The rates of mild and severe

Fig. 3. Optical and SEM micrographs of the wear damage after 500 min of
sliding in the Eq-7.3YAG-0.8 ceramic. The presence of grooves in the optical
images is indicative of the fracture-controlled wear regime.

wear and the transition times are given in Table 2. Now there
is a two-fold increase in the mild-wear rate, and a 2.6-fold and
2.8-fold reduction in the transition time and severe-wear rate,
respectively, with increase in grain size from 0.8 wm to 2.0 pm.
Again, Eq-3.6YAG-0.8 is the most sliding-wear resistant mate-
rial. Similarly to the fine-grained ceramic, the wear damage in
the coarse-grained ceramic consisted of grain-boundary fracture
and grain pullout.

The above trend, that is, the decrease in the wear resistance
with increasing grain size, is reversed when grain coarsening
is accompanied by grain elongation, as confirmed in Fig. 5
by comparing the Eq-7.3YAG-0.8 and Dp-7.3YAG-2.0 ceram-
ics (Fig. 1A and D). The development of elongated grains in
Dp-7.3YAG-2.0 results in a decrease in both the mild- and
severe-wear rates (1.6-fold and 1.3-fold, respectively), and in
a significant delay in the wear transition (4.3-fold). Now the
most sliding-wear resistant material (the material with elon-
gated grains) has also the highest fracture toughness. Therefore,
this type of in situ reinforced microstructure allows the clas-
sical trade-off between sliding-wear resistance and long-crack
toughness in polycrystalline ceramics to be overcome.'>!* In
addition, Dp-7.3YAG-2.0 maintains a high degree of surface
integrity compared to the equiaxed-grained ceramics at the end
of the wear tests. Indeed, the wear damage in the Dp-7.3YAG-
2.0 ceramic only consists of some pullout of the second phase, so
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Fig. 4. Wear scar diameter as a function of the sliding time for selected LPS SiC
ceramics to show the effect of grain size on the sliding wear of LPS SiC.
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Fig. 5. Wear scar diameter as a function of the sliding time for selected LPS SiC
ceramics to illustrate the effect of grain morphology on the sliding wear of LPS
SiC.

that the interconnecting network of SiC grains remains in place
after 1.2 km of sliding (see Fig. 6).

4. Analysis

A simple model due to Lawn and co-workers provides a
framework for analyzing the sliding wear of these ceramics.?®
According to this model, during deformation-controlled wear,
plastic-deformation damage (mainly dislocation pile-ups’®)
accumulates within the grains as a function of sliding time
t, inducing tensile stresses (op(f)) that bear up against the
grain boundaries. In addition, tensile stresses from the ther-
mal expansion mismatch (g) are also present. Values of g for
the materials considered here are given in Table 2. The model
then considers “penny”’-shaped grain-boundary facet cracks of
length Bl under the wear contact, where [ is the grain size
and B is <I. Those short cracks are subjected to g and op(?),
resulting in a time-dependent stress intensity factor for such
cracks?®:

2
K@) = (W) (op(1) + @)1, ey

Despite the various assumptions and simplifications,’ this
model captures the trends in the sliding wear of the equiaxed-
grained ceramics, in particular the effects of the intergranular
phase amount and grain size. With increasing intergranular
phase amount from 3.6vol.% (Eq-3.6YAG-0.8 ceramic) to
7.3vol.% (Eq-7.3YAG-0.8 ceramic), the hardness decreases
(Table 1), and the tensile residual stress increases (Table 2).
The decreasing hardness results in a higher rate at which the

b First, the model assumes all grains and grain-boundary cracks to be of the
same size, and the deformation and fracture events are not considered to be
stochastic. Second, the grain pullout debris is likely to interfere during the wear
test, which is not considered either. Third, the wear-stress accumulation rate is
not likely to be linear because strain hardening is expected to occur. Fourth, the
wear-stress accumulation rate may not be the same for the different materials
considered here. Finally, the residual stresses may influence the strain hardening
rate, which needs to be investigated further.

Fig. 6. Optical and SEM micrographs of the wear damage after 500 min of
sliding in the Dp-7.3YAG-2.0 ceramic. The material maintains a high degree of
surface integrity at the conclusion of the wear tests.

dislocation-plasticity induced stress accumulates, and hence a
greater pre-transition wear rate; the increasing tensile residual
stress will contribute to reducing the wear-transition time, qual-
itatively consistent with the results in Fig. 2. Likewise, with
increasing grain size from 0.8 um (Eq-7.3YAG-0.8 ceramic) to
2.0 wm (Eq-7.3YAG-2.0 ceramic), the hardness decreases result-
ing in a higher mild-wear rate. The increased grain size, while
maintaining constant residual stress, will also assist in reducing
the transition time according to Eq. (1), qualitatively consistent
with the results in Fig. 4.

The above correlation between hardness and mild-wear rate
breaks down in the case of highly heterogeneous ceramics
such as Dp-7.3YAG-2.0, as observed in Fig. 5. Indeed, since
mild wear is controlled by dislocation plasticity, one would
expect Dp-7.3YAG-2.0 to have a greater mild-wear rate than Eq-
7.3YAG-0.8, as it has a lower hardness. However, the reduced
hardness in Dp-7.3YAG-2.0 is due to enhanced shear-faulting
along grain boundaries, which is not likely to occur under
the initial elastic contact in the wear tests. Therefore, the
harder interlocking SiC-grain network in the elongated-grained
ceramic appears to control the mild wear, with little contribu-
tion from the softer, isolated YAG phase which does not form
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Fig. 7. SEM micrographs of polished and plasma-etched cross-sections of the EI-20.0YAG-3.1 and Eq-23.2YAG-0.8 ceramics. The light region is crystalline YAG

and the darker regions are SiC grains.

the continuous network that it does in the equiaxed-grained
ceramics.

The results presented in this work suggest two different
strategies for the microstructural design of sliding-wear resis-
tant polycrystalline ceramics: (1) grain refinement, leading to
fine-equiaxed-grained microstructures, and (2) grain elongation,
leading to in situ toughened microstructures. Further improve-
ments in the sliding-wear resistance of LPS SiC using the first
strategy would require the use of a SiC starting powder with
smaller particle size (nanosize powders), as well as a reduction
in both the intergranular phase amount and the sintering duration
and temperature. However, under these circumstances the con-
ventional mechanical mixture of the starting powders (SiC plus
additives) might not lead to a homogeneous distribution of the
liquid phase, and the resulting materials will not be fully dense.
One would have to explore the use of colloidal processing tech-
niques, such as the sol-gel routine, as an alternative to introduce
the sintering aids and thus overcome this drawback. For the
optimization of the sliding-wear resistance of LPS SiC using
the second strategy, a larger transformation-assisted anisotropic
grain growth would be desirable, which can be achieved by using
different combinations of SiC starting powders.
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Fig. 8. Wear scar diameter as a function of the sliding time for selected LPS SiC

ceramics to illustrate the optimized sliding-wear resistance in the EI-20.0YAG-
3.1 ceramic prepared from (3-SiC powder.

As mentioned above, the in situ toughening approach has
a clear advantage over the grain refinement strategy: it allows
the fracture toughness of the materials to be simultaneously
improved, resulting in ceramics with a superior combination
of mechanical properties overall. We therefore have focused
on optimizing the in situ toughening strategy by using B-SiC
starting powder. B-SiC powders are more expensive than the
more conventional a-SiC powders,'* but they are more effec-
tive in promoting highly anisotropic grain growth due to the
B — « transformation during sintering.!> The microstructure of
a material obtained from (3-SiC starting powder, EI-20.0YAG-
3.1, is shown in Fig. 7 and compared with an equiaxed-grained
ceramic with a similar amount of intergranular phase. Note that
the microstructure of the E1-20.0YAG-3.1 ceramic is now uni-
modal, consisting only in elongated SiC grains, which results
in an increased average aspect ratio (4.0). This optimized in
situ toughened microstructure is much more sliding-wear resis-
tant than its equiaxed-grained counterpart, as clearly observed
in Fig. 8. Moreover, Fig. 8 shows that the EI-20.0YAG-3.1
ceramic is even more sliding-wear resistant than the most
resistant equiaxed-grained ceramic, Eq-3.6YAG-0.8, despite
containing a much higher amount of intergranular phase; in
addition, the elongated-grained material is more than 60%
tougher.

5. Summary

We have reviewed the microstructure-properties relationship
in the lubricated sliding-wear of pressureless liquid-phase-
sintered (LPS) SiC ceramics under initial elastic contact. Based
on this study, the following conclusions can be drawn:

e The increase in the content of intergranular phase and the
grain coarsening degrade the sliding-wear resistance in LPS
SiC ceramics.

e The transformation-assisted anisotropic coarsening of SiC
grains improves the sliding-wear resistance in LPS SiC
ceramics.

e Two strategies for the microstructural design of low-cost,
sliding-wear resistant SiC-based ceramics are (1) grain refine-
ment, and (2) grain elongation. The latter has the clear
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advantage that it allows the fracture toughness to be simulta-
neously improved.

e The in situ toughening strategy for obtaining both sliding-

wear resistant and tough LPS SiC ceramics can be optimized
by using 3-SiC starting powders.
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