
AT0100458
H. Engqvist et al. HM 32 267^

15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

SLIDING WEAR OF CEMENTED CARBIDES

H. Engqvist, S. Ederyd, S. Hogmark* and B. Uhrenius

AB Sandvik Hard Materials, Stockholm, Sweden

*Dept. of Materials Science, Uppsala, Sweden

Summary
Cemented carbides are known to be very hard and wear resistant and are therefore
often used in applications involving surface damage and wear. The wear rate of
cemented carbides is often measured in abrasion. In such tests it has been shown
that the wear rate is inversely dependent on the material hardness. The sliding wear
is even more of a surface phenomenon than abrasion, making it difficult to predict
friction and wear from bulk properties. This paper concentrates on the sliding wear
of cemented carbides and elucidates some wear mechanisms. It is especially shown
that a fragmenting wear mechanism of WC is very important for the description of
wear of cemented carbides.
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1. Introduction
Due to its unique combination of high hardness and high toughness cemented
carbides are used in applications involving wear, e.g. face seals, knifes, pen balls,
cutting tools and drills for circuit boards. In a majority of the applications relative
motion between the cemented carbide and a counter material occurs. This will
inevitable lead to wear of the cemented carbide, in some cases the wear rate is
controlled by abrasion but often the wear rate is controlled by the sliding wear
properties of cemented carbides. Sliding wear occurs when two solid surfaces slide
against each other. The contact may be lubricated or dry. Sliding wear and abrasive
wear are similar in that they both demand relative motion between two surfaces,
while in abrasive wear also hard particles are involved as well [1, 2], Sliding wear is
more complicated than abrasion due to the larger number of factors that can
influence both friction and wear, e.g. temperature, pressure, counter material,
formation of surface films, phase transformations and lubrication [2]. The sliding
wear is even more of a surface phenomenon than abrasion, making it difficult to
predict friction and wear from bulk properties.

When adding a lubricant to the system, many effects have to be considered [2, 3].
The lubricant can reduce the pressure on the surface through lubricating films,
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which leads to reduced wear and friction. It can also dissolve or remove wear debris
from the interface thus affecting the formation of tribofilms [3]. Liquids have also
been reported to influence the near surface mechanical properties, which then
influences the wear property [4]. The possible formation of corrosion films also
influences friction and wear.

In a model test, the many parameters in a real application are often varied one at a
time. Model tests are often denoted by their contact geometry [1, 2]. All contacts
can be described as being either conformal or non-conformal. Conformal means that
two surfaces have or adapts to the same form, e.g. a ring on a ring. Non-conformal
indicates varying contact geometry, e.g. a spherical ball on a disc. When evaluating
materials tribologically, the behaviour in both types of geometries is often tested. A
contact can also be closed or open [2], the latter meaning that one of the surfaces is
renewed continuously, as for instance cutting tools. Closed contacts are
characterised through both surfaces being part of the same construction and by
these meeting repeatedly, such as for face seals. This paper concentrates on sliding
wear in closed contacts and the wear mechanisms and wear phenomena acting in
such contacts.

2. Wear mechanisms of single crystalline WC
Cemented carbides contain in general above 80 volume percent of micrometer sized
single crystals of WC. To understand the wear mechanisms for the material it thus
seems natural to study the wear of WC single crystals [5]. Large single crystals
(about 5 mm) were grooved by a spherical diamond indenter inside a SEM, which
enabled the formation of wear debris to be studied in situ. The main wear
mechanism was shown to be the formation of small fragments, see Fig. 1. Analyse
of the small fragments with TEM showed the surface planes, preferred by the
fragments, to be identical to the crystals slip planes [5, 6].

2.1. Non-conformal contact (ball-on-disc)

2.1.1. Dry sliding
In tests against silicon nitride balls, cemented carbide discs show a decreasing wear
rate with increasing composite hardness. The effect of hardness is not as strong as in
abrasion [7]. The wear mechanisms have been found to occur on a scale smaller than
the individual carbide grains. In sliding contact, the wear debris are not as easily
removed as in abrasion. The debris can therefore accumulate on the surface and form
tribofilms. The properties of the tribofilms are normally different from those of the
original material, thus changing the wear behaviour. It has been speculated that small
WC fragments compacted and mixed with Co increase the surface toughness and
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hence also the wear resistance [8]. Compared to other hard ceramic materials,
cemented carbides have a very low wear rate in sliding contact, especially at high
normal loads, Fig. 2 [9]. This is a very important property. Engineering ceramics
suddenly start to wear at very high rates when the supplied energy (i.e. increased
load and/or sliding speed) exceeds a limit for micro fracture at the surface [1,2]. This
affects the reliability of the ceramics negatively. Cemented carbides have a low wear
rate and no limit for microfracturing of the surface has been reported. This is also
true for WC-based ceramics with less than 0.5 wt.% binder, so called binderless
carbides.

Figure 1. Wear mechanisms of single crystal WC a) low magnification image
showing the groove process of WC and b) high magnification image of
the small fragments (SEM). Note the remarkable fragmentation in front
and around the diamond indenter.
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Figure 2. Wear rate versus normal load times sliding speed for some engineering
ceramics and WC-based materials including WC-TiC binderless carbide
and conventional cemented carbides. WRA denotes SiC whiskers
reinforced alumina.

The favourable sliding wear properties of cemented carbides and binderless carbides
can be understood from considering the wear mechanisms of the individual
constituents. Cobalt has been shown to withstand high pressures without seizure,
which is a very important property of metals in sliding contact. This also explains the
high resistance to seizure of stellite materials (Co-based). The fragmentation of WC
into very small wear debris rather than cracking of whole grains or of whole machine
elements is also important in order to relief the material from stresses, described
above. These two qualities together with the high macro fracture toughness of the
composite might explain the ability to endure high pressures without entering into a
high wear level as is common for ceramic materials.

Friction coefficients between 0.3 and 0.5 have been reported for cemented carbides
[9-11]. The friction coefficient values are measured in self-mated tests and in tests
against alumina and silicon nitride. Self-mated cemented carbides show the lowest
friction coefficient. The effect of the microstructure on the friction coefficient, i.e.
carbide grain size and amount of binder, is still not clear.

Also, binderless carbides exhibit a high resistance to microfracturing and show a
wear rate similar to the metal bonded cemented carbides [9-11]. The main wear
mechanism is, as for the cemented carbides, fragmentation of carbide grains with
subsequent oxidation of some of the fragments, Fig. 3. The friction coefficients are
somewhat higher for the binderless carbide in comparison to the Co-bonded
cemented carbides, about 0.4 to 0.5 in self mated sliding.
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Figure 3. Wear debris (WC and WO3) at the side of a wear track on a binderless
carbide tested in a dry ball-on-disc test [8].

2.1.2. Lubricated sliding
Cemented carbides are often used in lubricated applications where long life times are
required, e.g. face seals. It does not necessarily need to be water and therefore the
lubricant can have a very high or a very low pH. The influence of pH of the lubricant
on friction and wear of self-mated WC-materials is complicated, Fig. 4 [3, 10, 12].
For Co-bonded materials, the wear rate increases with increasing pH, whereas NiCo-
bonded materials seem to be more stable towards fluctuations in pH. Surprisingly,
the wear rate of the corrosion resistant WC-TiC binderless carbide shows the
strongest dependence on pH. At low pH the wear rate is similar to the metal bonded
materials while at a pH of 14 it is about 20 times higher.

Although the materials have very different corrosion resistances at low pH, the wear
rates were similar. This can be explained by the high normal load used in the tests,
reducing the influence of corrosion on the wear rates.

The somewhat confusing wear behaviour of the materials in the tests lubricated with
alkaline liquids may find its explanation in the galvanic coupling between the binder
(or y-phase) and WC. Investigation of the material's response to these liquids
without mechanical stimulation, showed that both the NiCo-bonded cemented
carbide and the binderless carbide were unaffected, whereas the Co-bonded
cemented carbide formed various kinds of oxides [11]. The high wear rate of the
binderless carbide at high pH can thus not be due to chemical reactions with the
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liquids. Instead it may be due to a reduction in the materials resistance to form small
fragments of WC, which has been found to be the main wear mechanism in dry
operation. Interestingly, the effect is absent in the metal bonded cemented carbides.
Thus, the binder should be corrosion resistant in itself but also be able to control the
behaviour of WC.
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Figure 4. Wear resistance versus lubricant pH for (a) Co-bonded, (b) NiCo
bonded cemented carbide and (c) WC-TiC binderless carbide. Note the
different scales on the y-axis. Negative values indicate material transfer
from pin to disc.

2.2. Conformal contact (ring-on-ring)
In conformal contacts the heat generated is transferred through the wearing
material and the wear debris are not as easily removed as in non-conformal
contacts. The wear debris are often agglomerated into surface films, so-called
tribofilms. The formation and properties of tribofilms are important to study
because they control both friction and wear. Often, these films are different from
the bulk material. The results reported here are from axially loaded rings pressed
together with one ring rotating and one stationary, the sliding speeds and normal
loads were chosen to resemble those in a real face seal application, 1-10 m/s sliding
speed and 50-350 N load.
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2.2.1. Dry sliding
The high sliding speeds and high loads lead to high energy-dissipation, which
promotes chemical and mechanical generation of wear debris. The debris are
compacted into tribofilms on the surface. This was observed on both cemented
carbides and WC-TiC binderless carbides tested in self-mated axially loaded ring-on-
ring contact in nitrogen or air environment [11].

In mild tests (low speed and low normal load) the cemented carbides form thick
(several îm) covering nanocrystalline tribofilms consisting of WC and Co of
approximately the same amounts as in the bulk material, Fig. 5. The fragmenting
wear mechanism of WC promotes the formation of the nanocrystalline films. The
WC grain size is about 100 nm in the films as observed in TEM. Beneath the smooth
films, the bulk carbide grains is unevenly worn due to the anisotropic nature of WC.
The friction coefficient is similar in both nitrogen and air, between 0.4-1, with a
lower friction coefficient at higher normal load. The low content of oxides indicate
that the surface temperature is below 500-600°C, which is the oxidation temperature
forWC [13].

In more severe tests (higher sliding speed) the tribofilms are much thinner and not
as covering. In tests in air, W-oxides form and are mixed together with WC
fragments and Co, whereas in nitrogen the films consist of WC and Co. The friction
coefficient is as low as 0.2 in both air and nitrogen, which indicates that Co reduces
the friction and not the oxides. The higher amounts of oxide plus theoretical
calculations show that the surface temperature is above 600°C. For the WC-TiC
binderless carbide the film (about 1 [ira thick) consists of nanocrystallites of
tungsten oxides and WC (grain size of about 10 nm) when tested in air and mainly
of WC in nitrogen. The friction coefficient is consistently higher than for the Co-
bonded cemented carbides, which again indicates that Co is important for lowering
of the friction coefficient. Due to the large volume expansion when going from WC
to W-oxide the films formed in air do not adhere well to the bulk material.
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Figure 5. Nanocrystalline tribofilm formed after mild tests, consisting of WC and
Co, (SEM)

2.2.2. Lubricated sliding
In lubricated self-mated ring-on-ring tests of Co and Ni bonded cemented carbides
and WC-TiC binderless carbide, the thick tribofilms are absent, because of the
lubricant continuously removing wear debris from the system. Instead other surface
phenomena occur, such as formation of equidistant 30-40 urn deep cracks followed
by a compositional "wave" pattern [14], Fig. 6. The surface damages are oriented
perpendicularly to the sliding direction and have a very regular appearance.
Interestingly, the cracks can form without much mechanical contact. Periodic cracks
are present although the lapping grooves from the ring fabrication are still present at
the surface, see Fig. 6a.
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Figure 6. Worn surfaces from lubricated ring-on-ring tests, a) Cracks on WC-Ni
cemented carbide and b) cracks and deformed areas on WC-TiC-Co
cemented carbide (LOM).

Of the investigated materials, the Co-bonded cemented carbide had suffered from the
most severe mechanical contact. Cross-section images from such rings reveal
periodic zones with deformed and oxidised material and cracks running through the
zones, Fig. 7. The zones can form through flopping of cracks due to fluctuating
stresses arising from direct mechanical contact between the two rings. Flopping
combined with high temperature lead to milling combined with oxidation of the
carbide grains near the surface. Carbide fragments mixed with Co and heated
through friction form CoWO4 and W-oxides. The Co binder around the zones is
deformed plastically. At the border between deformed and bulk material small voids
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are generated around carbide grains. If these voids merge large parts of the seal
surface might pull-out resulting in subsequent failure of the seal [14].

a)
Oxidised and deformed zone

Surface layer, small szrain size
low Co-content

Thermal crack
Deformed hinder

Figure 7. Cross-section images from worn Co bonded cemented carbide rings,
tested in a face seal bench test lubricated with water, a) schematic
illustration of observed features, b) FIB electron-mode image of a
cracked and deformed zone.

3. Discussion
The fragmenting wear of WC can explain much of the observed wear mechanisms of
WC-based materials. Probably it is the ability to fragment that explain the beneficial
tribological behaviour of cemented carbides. The fragmentation provides WC with
ability to relief stresses in a controlled manner instead of brittle cracking, as is
common for hard materials. The addition of binder metal increases the sinterability
and finally the macroscopical toughness but still most of the material consists of WC
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and thus it must be WC that controls the steady state wear. Of course when cracks
develop or when subjected to corrosive liquids also the binder plays a major role.
The metal binder also affects the hardness, which controls the indentation depth and
indirectly the wear. But most of the removed material is WC and thus WC's wear
behaviour is very important.

In dry sliding, the WC-based materials show a low and stable wear rate but the
friction coefficients are above 0.3. To further improve the material, a reduction of
the friction coefficient is desirable.

The complex relation of the WC-based materials to the pH of the lubricant needs
further investigation to be understood. The results for the binderless carbide
compared to the metal bonded cemented carbides clearly show the importance of the
binderphase.

The thick tribofilms formed in the dry ring-on-ring tests can be said to resemble
liquid lubricants, i.e. to even out stresses acting on the bulk material. To get an extra
protection of face seals, the seals could be run dry for a short time to form a
tribofilm (at correct sliding speeds and normal load to avoid too much oxidation)
before the lubricant is added to the system. By putting powders of elements, with
desirable properties, directly on the surface before the run, tailored tribofilms can be
formed.

As in the lubricated ball-on-disc tests, it becomes more complicated when a lubricant
is added to the ring-on-ring contact. Especially the mechanisms behind the crack
formation and the compositional wave pattern need further investigations. One way
to prevent both could be to use the pre-maid tribofilms mentioned above to protect
the bulk material.

The effects from specific environments on sliding wear behaviour of WC based
materials is not well known. There are still many parameters, the effects of which
are not sufficiently investigated, e.g. temperature, lubricant and counter material.
Experiments conducted to investigate this should preferably be performed in some
kind of model test where the parameters can be carefully controlled.

4. Conclusions
• Tungsten carbide wear through fragmentation into fine wear debris.
• The fragmenting wear can explain the wear behaviour also for cemented carbides.
• Tungsten carbide-based materials can withstand very high PV-values without

microfracture, much higher than common engineering ceramic materials.
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• Cemented carbides have the ability to form thick covering nanocrystalline
tribofilms during wear in dry conformal contact.

• In lubricated contacts WC-based materials can have a high wear rate. This has
probably to do with the galvanic coupling between WC and the binder. A periodic
crack pattern can also form on the wear surface. The crack pattern can lead to
failure of the material.
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