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Abstract

The sliding wear behavior of a number of reactively sintered metal-alumina-composites (s-MAC) containing zirconia and pure alumina and
yttria-stabilized zirconia (3Y-TZP) reference materials were investigated using a ball-on-disk method. Samples were tested against stainless
steel (s/steel) and 3Y-TZP ball-sliders. Two series of tests were performed, firstly the samples were tested at low loads against both ball
materials and in the second series, the Cr containing composites were tested against the s/steel sliders using increased loads. At low loads, tes
against s/steel balls showed no significant differences between samples containing Cr when compared to samples containing Mo. Cr-bearing
composites tested against 3Y-TZP showed lowest specific wear rate for this combination of couples. At the low loads no clear correlation
was found between hardness and specific wear rate. One Cr containing material showed significantly lower wear than 3Y-TZP, even though
it had a slightly lower hardness. Specific wear rates for 3Y-TZP slider balls were significantly higher than for s/steel balls, regardless of the
disk material. At high loads, s/steel ball-metal transfer to the specimen disk becomes the dominant “wear” mechanism. This phenomenon
occurred to such an extent that the specific wear determined for the sample disks was negative.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of both classes of materials, i.e. the hardness and wear resis-
tance of ceramics with the toughness and damage tolerance
Alumina ceramics show excellent sliding wear resistance of metals. The composites used in this investigation seek to
due to their high hardness. However, the potential of alumina exploit these benefits and were made by a reactive sintering
ceramics in many applications is limited by their relatively process. The technique used, called the s-MAC (sintered
low toughness. Under wear conditions with high Hertzian metal-alumina—ceramic composites) process, is derived
contact stresses and cyclic loads, such as in roller bearingsfrom the s-3A (sintered alumina—aluminide alloys) process.
the risk of catastrophic failure, surface fatigue and crack for- In the s-3A process, a precursor containing@d, Al and
mation are more important than abrasive wear. Under suchthe oxide of another metal, e.g. Ti@r F&Os3, is converted
conditions, a tougher and stronger material can be expectedo a composite consisting of aluminides and alumina by a
to perform better, as is indicated by the predominant choice redox reaction between aluminum and the metal oxide.
of silicon nitride where a ceramic material is used for high Because these redox reactions are usually highly exothermic,
speed, high load bearing applicatidns. careful process control is required in order to avoid thermal
One possible way to further improve the toughness runaway with possible detrimental effects on the product. In
of alumina ceramics is the addition of a metal phase. contrast to this, s-MAC precursors consist 05@§, a metal
Metal-ceramic composites are promising for a variety of powder such as Cr, Mo, or Fe, and only a small fraction,
applications. Ideally, they can combine the good properties typically <1wt.%, of Al. In this case, the redox reaction
takes place only on a microscopic scale between Al and the
mspondmg author. Tel:39-0546-699752: native oxide layer on the particles of the oth_er metal. This
fax: +39-0546-46381. has the advantage that no strong exothermic effect occurs
E-mail address: deportu@istec.cnr.it (G. de Portu). during firing and the process is, therefore, easier to control.
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As with other alumina-based composites, zirconia addi- Table 2 N
tions help prevent grain growth and improve the mechanical Batch compositions (wt.%) of precursor powders

properties of the final material. This is particularly of inter- C10Z10  C20z16  M10Z10  M20zZ16  M30Z14
estin the case_of MO—AD;; composites, in Which the metal ALOs 704 511 65.7 150 357
phase has grain sizes between 1 aparband is, therefore, 7o, 135 19.6 12.6 17.7 13.7
not sufficiently finely dispersed to ensure prevention of ex- cr 15.8 28.7 0 0 0
cessive grain growth of the alumina at the required sintering Mo 0 0 21.3 36.6 49.6
temperatures between 1650 and 1700 Al 03 06 04 07 1.0

It has been demonstrated that the sliding wear resis-
tance of alumina can be further improved by zirconia
additions®19 In particular, the load at which a transition calculated to be 2wt.% of the metal. Calculated composi-
from mild to severe wear occurs can be incredSeds tions of the final materials are given in the sample names:
such a transition increases the specific wear rate of aluminaC stands for Cr, M for Mo, and Z for Zr® The volume
by over two orders of magnitudé,this has a very strong  percentage of each phase, except alumina, is given after the
effect on the wear behavior. One possible explanation for |etter denominating the phase, e.g. C20Z16 is a composite
the improved wear behavior of alumina with zirconia addi- consisting of ApOs with 20vol.% Cr and 16vol.% Zr@
tions is the prevention of grain growth. In most cases, a finer Al is not considered in the final compositions because at
grain size of alumina leads to lower specific wear rateé. present it is not known which phases are formed during
However, this phenomenon appears to be highly dependenisintering by the initially added Al component. It is known
on test configuration, as is indicated by other data showing from similar powder-materials processes involving intensive
a decrease in specific wear rate with increasing grain'Size. attrition milling that over 50% of the Al initially added can
Choosing a reactive sintering route for metal-ceramic be hydrolyzed or oxidized during millintf, so that the re-
composites has the advantage that the materials can be sinmaining amount is in the range of 0.2-0.5wt.% of the final
tered pressureless to high densities. It has been shown thamaterials made here and is, therefore, difficult to detect.
materials with 50vol.% Cr can be sintered to a density of  The milled slurries were dried overnight and then sieved
95% T.D16 Even higher densities are achieved for compos- through a 20@um screen. Composite samples were com-
ites with lower metal contents. pacted by uniaxial pressing at 50 MPa and subsequent iso-
It must be pointed out that the investigations described static pressing at 900 MPa. Pure alumina (Taimei TM-DAR)
here were aimed at obtaining a number of results for rank- and pure zirconia (Tosoh TZ3Y) samples were made by uni-
ing a range of new materials. Therefore, the aim of this axial pressing at 50 MPa and isostatic pressing at 300 MPa,
study is to present our preliminary observations and hencefollowed by sintering at 1450C for 2 h in air. Sintering of
lacks depth and detail, in particular concerning possible wear the metal-ceramic composites was done in a graphite lined
mechanisms, and there is clearly a need for more detailedfurnace using the following heating cycle: 10/min —
investigations using a broader range of experimental condi- Tgjpey, 1.5h hold, 10C/min — RT. The sintering temper-
tions (including longer sliding distance). ature was 1500C for samples containing Cr, 165Q for
samples with 10-20% Mo, and 1700 for samples con-
taining 30% Mo. The samples were heated in vacuum up to
2. Experimental 400°C, then 1 bar argon pressure was applied. With one ex-
ception, M30Z14, which was post-HIPed in argon for 20 min
Generally, starting powders used in this investigation at 200 MPa and 155CC, all materials investigated in this
were attrition-milled 7h at 700-900rpm in acetone, us- study were sintered pressureless.
ing Y-TZP (yttria-tetragonal zirconia polycrystals) milling The composites can be densified without pressure as the
discs and 3mm Y-TZP mill media. Materials M10Z10, Al reduces any native oxide layer on the metal thereby as-
M20Z16, C10Z10, and C20Z16 were milled in 1 kg batches sists sintering. Fired densities vary with metal content, with
in a larger attrition mill in ethanol. The starting materials typical values of 98% T.D. for composites with 10vol.%
are listed inTable 1 while batch compositions of precursor metal and 94—95% T.D. for materials with 20 vol.% metal.
powders are given iffable 2 The amount of added Alwas The metal phase is homogeneously distributed and does not

Table 1

Starting materials

Material AlbO3 ZrOy Al Cr Mo

Manufacturer (type) Condea Chemie, Tosoh Corporation,  Eckart-Werke, Alfa Aesar Johnson Alfa Aesar Johnson
Brunsbuettel, Japan (TZ3Y) Germany (AS 081) Matthey, Karlsruhe, Matthey, Karlsruhe,
Germany (HPA 0.5) Germany Germany

Particle size jgm) 0.5 0.28 <45 APS 3-7 APS<10
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form a 3D interconnecting network unless the metal con- change was not, within experimental error, sensitive enough
tent exceeds 30vol.%, 3Y-TZP additions proved to favor to indicate a detectable weight change, even when a slight
the densification to a small extent. Note that all metal con- wear track was observable on the disk surface and the slider
taining samples discussed here were isostatically pressed ag¢xhibited a significant wear flat. In addition the sliding dis-
900 MPa in order to obtain high densities and hence good tance of 1000 m, in some cases, can be considered too short
green-state machinability. However, the effect of isostatic in order to obtain a detectable specific wear rate. However,
compaction pressure on the final sinter density was found toit was chosen to continue to use the gravimetric method for
be small, e.g. samples pressed at 300 MPa achieved almosall investigated samples as alternative suitable approaches,
the same density of samples pressed at 900 MPa. such a volume loss method have their own limitatiéhighe
Sintered samples were machined flat and polished to azero weight change result could also be explained as aris-
3wm surface finish using a diamond suspension prior to ing from the measured sum of disk mass being equal to the
wear testing. Microstructures were observed using a LEO disk mass (wear) loss plus the material transfer from the ball
1540 and a Leica Stereoscan SEM. onto the disk. In the later experiments, using higher loads,
The wear behavior of the prepared surfaces was testedthis transfer resulted in a weight increase, see below.
under unlubricated conditions at ambient temperature and The 3Y-TZP and alumina reference disk-materials,
humidity, using a ball-on-disk machine designed and built showed higher specific wear rates against 3Y-TZP balls
by the CSIRO (effectively a lathe on-end with an instru- compared with s/steel balls, ségg. 3. While the alu-
mented slider arm). The ball sliders comprised carefully mina disk showed no measurable wear when tested against
selected, commercially available, 10 mm diameter 3Y-TZP s/steel, the 3Y-TZP disk exhibited a specific wear rate
grinding media and St316 martensitic-stainless steel (s/steeljof 62 x 10 8mm*N-2m~1 and when testing 3Y-TZP
ball bearings. In the first series of tests the conditions entailedballs against 3Y-TZP disks an even higher specific wear
anormal load of 6.34 N, a sliding speed of 0.75Thanda  rate (170x 10" mm®*N~-tm1) resulted, while the mea-
total sliding distance of 1000 m; while in the second series, surable specific wear rate for the pure alumina disk was
loads of 20 and 60 N were employed to Cr containing com- 10x 10~ mm® N~2m~1. In all circumstances, the 3Y-TZP
posites using the same speed and distance and unlubricatedisk material showed a higher specific wear rate than alu-
condition. Friction coefficients were recorded throughout the mina.
tests, and the equilibrium value after a run-in distance of  Significant differences between composites containing
500 m was recorded. Before and after testing, samples werechromium and composites containing molybdenum were
ultrasonically cleaned in ethanol and weighed to determine not observed when tested against s/steel balls. This was
the weight change (loss or gain) using an electronic balancedifferent for tests using 3Y-TZP balls, where Cr-bearing
sensitive to four significant places. Determination of sample samples showed specific wear rate one order of magnitude
weight was repeated five times per sample and the averagéelow M10Z10 and M30Z14. However, M20Z16 was an
value recorded as the result. The values of the volume lossexception, as this material showed no measurable wear
were obtained dividingAP by the density. The number of against 3Y-TZP under the chosen test conditions. No mea-
tests for each coupling ranged from one to three. surable wear was also found for M10Z10 against steel balls.
In order to investigate a possible correlation between hard- It is interesting to note that Cr-bearing samples show lower
ness and wear behavior, hardness values were measured uspecific wear rate against 3Y-TZP balls than against s/steel
ing a Vickers indenter at load of 98.1 N. The indentation balls Fig. 3) while they showed lower and higher specific
technique was also used to determine the fracture toughnessvear rate than the pure alumina disk tested against 3Y-TZP
according to the method of Evan and Charfés. and s/steel, respectively.
All the disks always wear less than the mated 3Y-TZP
balls (sed-igs. 3 and § suggesting consistent material trans-

3. Results and discussion fer from the ball sliders to the disks. When s/steel balls were
used, in some cases (3Y-TZP, M20216 and M30Z14), this
3.1. Wear tests at 6.34N load behavior was not observed. However, when Mo-based com-

posites were rubbed against s/steel, the specific wear rate
Microstructural examination of s-MAC materials in the increased with metal content.
SEM shows that the metal phase has a typical grain size of Examination of wear tracks in the SEM showed material
1-5pm. In the matrix, chromium particles generally exhibit transfer from the ball onto the disk as well as surface fracture
more isotropic shape with grain sizes of 148 (Fig. 1a and and pull-out, examples for C10Z10 are showrFig. 4(a)
b) while molybdenum metal particles are typically elongated and (b) The wear track of C10Z10 against s/steel is shown in
and have grain sizes up tqubn in length Fig. 2). Fig. 4(a) In the upper region of the micrograph, surface pull
Fig. 3 presents the results of the ball-on-disk wear tests out of the disk is visible as well as dense, light areas which
using s/steel and 3Y-TZP balls. It can be noted that in some have been identified by elemental mapping as stainless-steel.
cases, a specific wear rate of “zero” is indicated; this is be- The wear track irFig. 4(b) shows even more pronounced
cause the measuring balance used to determine the weighiaterial transfer from the ball to the disk in the case of a
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Fig. 1. SEM micrograph of composites: (a) C10Z10 and (b) C20Z16, polished surface. Light phases contain CroamthrErfhase AlOs.

3Y-TZP ball. The dense light phase on the left side has beenertheless it must be noted that M30Z14, the material with the
identified as TZP. lowest hardness, shows the highest specific wear rate of all
The results of the hardness values and indentation frac-tested metal-ceramic composites both against 3Y-TZP and
ture toughness, measured using a Vickers indenter, aresteel ballsFig. 3). However, while no definitive correlation
given in Table 3 As expected, hardness decreases with in- between hardness and wear behavior could be clearly estab-
creasing matrix-metal content. Chromium-bearing sampleslished, some comment is warranted. The bar graphs plotted
show slightly higher hardness than comparable materialsin Fig. 3appear to suggest that against both slider materials,
with molybdenum. specimen specific wear rate for Cr decrease marginally while
There appeared to be no clear correlation between hard-for Mo increase marginally, disregarding M20Z16, with in-
ness and specific wear rate for the tests conducted here. Nevereasing matrix—-metal contentsig. 3). It can be also noted

Table 3

Vickers hardnessHy) and indentation fracture toughned§d) of selected metal-ceramic composites and the reference materials

Material 3Y-TZP AbO3 C10z10 C20z16 M10Z10 M20Z16 M30z14
Hy (GPa) 12.2 16.7 14.5 11.2 13.3 10.8 9.3
Kic (MPam-/2) 4.3 3.9 7.1 5.8 6.2 8.1 9.9

Hy was measured at a load of 9.8 N.
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Fig. 2. SEM micrograph of M30Z14, polished surface. Bright phase Mo, grey phasg 4Zn@ dark phase ADs.

that while with the s/steel slider, the coefficient of friction friction coefficient for both slider materials. For alumina,
decreases for both matrix—metal systems, it decreases or rethe friction coefficient was, in the light load regime, higher
mains almost constant, respectively, for Cr and Mo, with against s/steel balls, 0.83, which is in turn higher than
3Y-TZP (Fig. 5. The decrease in specific wear rate and in previously reported literature valué% Friction of alumina
friction for Cr-materials is most likely due to increase slider against s/steel has been found to depend significantly on
pick-up to the specimen surfaces. The pick-up effect is more speed, for the speed used in this study, values of approxi-
dramatically described in thgection 3.2 mately 0.50 have been report&.

The friction coefficients couples, using 6.34N slider  When the friction coefficient data obtained in this study,
loads, showed very limited correlation to either type or as a function of speed and loads are compared to those
metal-phase content (sddg. 5. The friction coefficient previously reported for similar testing conditions, the values
against s/steel balls decreases slightly with increasing sam-measured in this study as a function of speed and loads are,
ple metal content, while values for the ceramic reference in some cases, different or consistent. For example in the
materials, without metal, showed lower or equal friction. In case of SiC disk and 7wt.% Co-WC slider coupfethe
all instances, the metal-ceramic composites showed higheffriction coefficient is higher (about 1.2). On the contrary
friction coefficients against s/steel sliders than against when AbO3 and ALOs + Mo disks are used by de Portu
3Y-TZP. This difference was largest in the case of C20Z16, et al?! the values ofx are similar to those measured here.
which exhibited, for a 6.34 N load, an equilibrium friction Notwithstanding our agreement with the work of de Portu
coefficient of 0.50 against 3Y-TZP and 0.93 against s/steel. et al?! in general, friction coefficients vary considerably
Pure 3Y-TZP disks showed no significant differences in and are highly dependant on test couple and parameters.
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Fig. 3. Specific wear rate of different disk materials against steel and 3Y-TZP balls.
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Fig. 4. SEM micrographs of wear tracks on C10Z10 against (a) steel ball and (b) 3Y-TZP ball.
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Fig. 5. Friction coefficients of different disk/ball couplings at normal load of 6.34 N.
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Fig. 6. Specific wear rate of s/steel and 3Y-TZP ball-sliders against the different disk materials.

Previous studies between ZTA disks and alumina spheresparable. The comparison between steel and 3Y-TZP leads
have yielded friction coefficients between 0.45 and 0.55 in to the conclusion that system we@all 4 disk) is substan-
one study? values<0.2 have been found for alumina spheres tially lower for hybrid systems “ceramic against steel” for
on zirconia in another work® For alumina/alumina cou- the cases investigated here. This observation leads to the
ples, values around 0.9 have been repotfetihus, a con- further speculation regarding wear behavior, which includes
sistent friction coefficient for metal-ceramic/ceramic or ce- variables such as thermal conductivity and effects of mate-
ramic/ceramic couples has not been established and reportedials transfer.
to the knowledge of these authors.
Since wear is also a test system-configuration property, it 3.2. Wear tests at 6.34, 20, and 60N loads
is important to include results of the wear behavior of the
opposing partner in all discussiorfsig. 6 shows the wear In an effort to increase wear and to determine the effect of
behavior of s/steel and 3Y-TZP balls against the different load, on a couple which in general was the best performing
test-disks. The specific wear rate of the s/steel balls is of system studied here, viz. Cr10Z10 and Cr20Z16 with s/steel
the same order against all tested disk materials. For 3Y-TZPsliders, additional tests were performed at 20 and 60 N slider
balls, the variation is larger, with values differing by more loads. It was felt that this s-MAC system coupled to stainless
than an order of magnitude. What may be of significance steel was also the most likely to find industrial application, in
is that, in all cases, s/steel balls show substantially lower for example pumps and sliding automotive conditions hence
specific wear than 3Y-TZP balls. The largest difference in the attempt to simulate extreme industrial conditions.
slider wear behavior was that observed for 3Y-TZP against The results obtained were somewhat unexpected and are
Al>03 and against M30Z14, where the values for s/steel and shown inFigs. 7 and 8Fig. 7shows the specific wear rate of
of 3Y-TZP slider wear differ by about two orders of magni- the two Cr compositions against the s/steel slider, indicates
tude. In other cases, ball specific wear was less pronouncedthat the wear is reducing as a function of load and in fact, it
e.g. for C20Z16, both slider materials showed specific wear converges to similar negative values for the 60N load. The
rate of the same order. Cr20Z16 sample, i.e. the lowest hardness but highest matrix
Self-mated TZP shows, approximately, similar wear for metal content, showed the lowest specific wear rate, at the
both disk and ball. However, when mated with the other ma- lower load. Correspondingly, the specific wear rate of the
terials, TZP sliders always show a higher specific wear rate s/steel ball sliderKig. 8 as a function of load, is highest
(often even one order of magnitude higher) than the disks. for the C20Zr16 sample.
This is the consequence of the massive material transfer ob- The results as a function of load appear to indicate un-
served from the ball to the disk. For Cr based composites, theequivocally that, for zirconia containing s-M(Cr)AC, wear
specific wear rate of TZP sliders decreases with increasingagainst s/steel is a balance between sample surface loss and
the metal content while for the Mo composites it increases. slider material transfer, and as load is increased for our sys-
The slider wear comparison between s/steel and 3Y-TZP tem, the slider metal-transfer dominates.
is particularly interesting because both materials have sim- The observations as a function of increased load may
ilar elastic moduli, so that initial contact stresses are com- well indicate that it is very difficult to compare s-MAC and
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Fig. 8. Stainless steel slider ball specific wear rate against C10Z210 and C20Z16 as a function of slider arm-load.

pure ceramic systems against metal, s/steel in this case, aslisk, when occurring, appears to wear by surface fatigue
the wear mechanisms are inherently differénStachowiak and pull-out. Therefore, under these test conditions, slid-
and Stachowiak studies ceramic disc and metal pin wear ing against s/steel, alumina is far more resistant to surface
systems. Even though their conditions were much milder that fatigue and has a hardness advantage over 3Y-TZP.

those used here, 0.08 missliding velocity and 3.7 N normal

load, they concluded that in all cases metal-ceramic sliding

contact was associated with metal transfer onto the ceramic .

disc and that direct metal-metal contact then controlled the 4. Conclusions

friction and wear behavior of the sliding pair.

For the systems examined here as a function of load, The results for slider ball-on-disk wear tests of metal—
the more matrix—metal present, the greater the “stick-slip” ceramic composite (s-MAC), with zirconia, performed
transfer from the slider and a significantly lower speci- in this study have shown that it is difficult to establish
men disk loss occurring as a function of fatigue-breakout, well-defined relationships between composition, test con-
resulting in an overall specimen mass gain, while for the figuration, and wear properties. However, a number of
pure ceramic—metal sliding, i.e. alumina and 3Y-TZP, wear conclusions can be made based on the results obtained:
is controlled by the modulusE] and the hardnesdH(/)
of the disc material. In this case, the ceramic modulus e The specific wear rate of most slider metal-ceramic com-

will control the contact fatigueH ~2x higher for alu- posites vary by only one order of magnitude.
mina than 3Y-TZP) and hardneskl\{ about 30% higher e One tested material, C20Z16, showed specific wear rate
for alumina than 3Y-TZP, se&able 3. Very little wear more than an order of magnitude lower than the 3Y-TZP

correlation could be made with the indentation fracture reference disk, although it has a slightly lower hardness
toughness. During the test process, the s/steel slider wears than 3Y-TZP. This was the case both against s/steel and
by work hardening-micro-machining, while the specimen  against 3Y-TZP balls.
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Stainless steel slider-balls show lower specific wear rate 4.
than 3Y-TZP slider-balls against all tested disk materials,
suggesting that thermal conductivity is a parameter that
warrants further investigation.

There is no clear correlation between disk metal content,
hardness and specific wear rate under the chosen test con-
ditions, this may have partly been due to the transfer of 6
slider ball-materials to the sample disk.

The results indicated that the disc wear was lower for hy- -
brid systems “metal-ceramic composite against s/steel,”
when, particularly at higher loads, true disk specific wear
rates were often masked by slider-metal transfer to the
disk surface such that a very low or negative specific wear
rate of disk resulted.

For the limited examples observed, it appeared that
the s-MAC sample wear mechanism is one related to 9.
surface fatigue and brittle macro-fracture rather than
micro-breakout or machining.

A further study is necessary to identify the param-
eters most important for true disc wear rather than
metal pick-up. Among these parameters, hardness andll.
couple-thermal conductivity deserve more consideration
and further study, while additional parameters such as
slider materials may also need to be optimized to permit
further study of the metal—-ceramic disk wear mechanism. 13.
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