Tribology Letters (2020) 68:127
https://doi.org/10.1007/511249-020-01363-0

ORIGINAL PAPER o')

Check for
updates

Tribological Analysis of Contacts Between Glass and Tungsten Carbide
Near the Glass Transition Temperature

Petr Chizhik' - Marcel Friedrichs? - Dirk Dietzel'*® - André Schirmeisen3

Received: 10 June 2020 / Accepted: 19 October 2020 / Published online: 7 November 2020
© The Author(s) 2020

Abstract

In recent years, the tribological contact between hard solids and glass at high temperatures has been identified as a crucial
aspect in emerging technical applications like e.g., precision glass molding. To optimize such tribological systems, especially,
the internal transformations of the glasses need to be considered, since these can determine which kind of energy dissipation
channels become relevant, when the temperature of a glass is increasing and approaching the glass transition temperature.
Here, we now introduce a new tribometer specifically developed for the analysis of glasses at elevated temperatures. Using
this tribometer, we characterize friction of contacts between tungsten carbide (WC) and soda lime glass as a function of
temperature, while additionally PMMA was analyzed for comparison. Our experiments reveal different tribological regimes
where either simple sliding, surface fracturing, or surface deformation can be identified as relevant interface processes for
the tribological behavior.
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1 Introduction

Measuring friction of contacts formed between solids and
glasses at temperatures close to the glass transition is a
problem of both fundamental scientific interest and tech-
nological relevance. Concerning technological applications,
understanding the tribological mechanisms is particularly
relevant for precision glass molding (PGM) [1-4], where
optical components are formed in a one-step process from
heated glass by using molds made typically from tungsten
carbide (WC) with a precisely machined and smooth surface.
Since the production of the pressing tools, i.e., the molds, is
an expensive and complex process, their lifetime ultimately
determines the economic viability of the method.

To prevent friction and wear of the molds, different
strategies like surface coating or optimization of process
parameters can be applied. But in both cases, it is essential
to understand the specific tribological system formed by the
pressing tool and the heated glass in an increasingly rubbery
state around the transition temperature. As a consequence,
first high-temperature friction measurements between WC
and glass have been performed using equipment, closely
resembling the geometry used in PGM [5, 6].

From a more fundamental point of view, it is also interest-
ing to systematically explore how the tribological properties
of glasses are changing close to the glass transition tempera-
ture 7. In principle, the internal processes of glasses upon
temperature changes are relatively well known [7, 8] and a
promising route to understand the tribological behavior lies
in considering the obvious analogies to polymer systems.
These materials have been extensively studied by techniques
like e.g., dynamical mechanical analysis (DMA) [9-12] and
the resulting temperature dependence of the elastic and vis-
coelastic behavior can be explained by internal relaxations
of the polymers. The link between tribology and these inter-
nal relaxations becomes particularly clear in recent analy-
sis by friction force microscopy which directly correlates
the different temperature-dependent transitions within the
polymers to characteristic energy barriers derived from
nanoscale friction [13-18]. But already for macroscopic
systems these mechanisms were anticipated based on experi-
ments, which explored the influence of velocity and tem-
perature on polymer friction [19]. Regarding the temperature
dependence alone, friction is typically characterized by a
significant increase around the glass transition temperature
that can be related to the additional energy dissipation once
the molecule relaxation processes result in an increasingly
viscoelastic behavior of the material. Over a wider range
of temperature, friction of polymers can then be separated
into three parts: At low temperatures, the material behaves
as an elastic solid with a constant friction coefficient. At
higher temperatures, friction increases when T approaches
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T, before it finally decreases in the viscous regime above
T [6, 20, 21]. However, transferring this concept to glasses
is not entirely straightforward due to the differences of the
materials. Most prominently, the entanglement of long poly-
meric chains cannot be compared directly to the behavior of
the smaller molecules forming the glass, which nonetheless
show a strong dependence of the mechanical properties on
temperature [22-26].

Despite this motivation related to both fundamental and
technological aspect, so far, there are only few systematic
tribological studies of glasses at high temperatures. In
principle, most current tribometers are optimized for the
general analysis of friction and wear between hard sur-
faces close to room temperature either in dry or lubricated
environments [27-33]. Nonetheless, high-temperature sys-
tems are also available, but they are rather applied to hard
contacts between ceramics [34] or metallic materials, with
the analysis of metallic glasses [35] or steel [36] as promi-
nent examples. Tribological characterization of glasses at
high temperatures has instead been based on compression
tests [37—40] or was done by using tribometers specifically
designed to mimick the PGM process [5]. In the latter case,
a geometry was used where the glass sample is confined
between flat metal surfaces in relative lateral movement,
which allowed to analyze stick-slip-behavior of glass fric-
tion [41]. The potential to apply pin-on-disk configurations
to the problem of high-temperature glass friction was high-
lighted only recently [42]. In this work, we will now present
experiments using a novel high-temperature tribometer, that
was constructed to study the general tribological properties
of WC/glass contacts at temperatures up to 700 °C using a
standard pin-on-disk configuration. Being home-build, the
tribometer is very cost-efficient and the construction can eas-
ily be modified if required.

As a reference glass, we have chosen B270, which is a
very common and well-known soda lime glass that is rou-
tinely used in a large variety of applications, among which
is also precision glass molding. The material is readily avail-
able, relatively cheap, and all its core characteristics are well
documented, with a glass transition temperature of 533 °C,
an annealing temperature of 541 °C, a softening temperature
T of 724 °C, and a young modulus at room temperature of
71.5 kN/mm?2. Most importantly, there was no adhesion of
glass to the tungsten carbide pins at high temperatures. In
addition, acrylic glass (polymethylmethacrylate, PMMA)
was used as a complementary sample. Based on the experi-
mental results for these two materials, we will then develop
a first tribological model for the WC/glass contact, which
considers different friction regimes related to sliding, crack
formation, and plastic/viscoelastic deformation.
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Fig. 1 a Schematic diagram of the high-temperature pin-on-disk tri-
bometer. The lower part of the figure depicts a chamber containing
an inert gas and which also houses both the tungsten carbide pin and
the glass sample. The integrated heater, which is positioned directly
underneath the metal glass holder, is shown in red. The upper part of
the figure shows the electric motor with an attached gear. The motor

2 Experimental Set-up

In principle, the general construction of our new apparatus is
based on a previously developed pin-on-disk tribometer, that
was used for the analysis of oil lubricated friction and the
characterization of oil additives [33]. As a main modifica-
tion, the new design is now equipped with a heating chamber
that allows to reach temperatures of up to 700 °C, thereby
exceeding the glass transition temperatures 7; of typical
materials used in precision glass molding like e.g., Schott
B270 and Sumita K-VC89 with glass transition temperatures
of 533 °C and 528 °C. Inside the chamber, heating is facili-
tated by a resistive pyrolithic boron nitride heater with a
maximum input power of 220W (Tectra, HTR100135, size:
35 mm X 25 mm X 2 mm). In order to minimize mechani-
cal strain related to thermal expansion at high temperatures,
the heater is only loosely fixed at two opposite corners. For
good thermal contact, the heater is positioned directly under-
neath a metal glass holder that is equipped with a cavity to
fit the glass (see Fig. 1a). To enable tabletop operation of
our tribometer and to minimize heat losses, both the boron
nitride heater and the metallic glass holder are mounted on
a ceramic base plate. Additionally, both components are
enclosed by a cylindrical steel housing (Fig. 1).

To prevent oxidization within the heating chamber, the
tribometer is operated in a protective gas environment.
More specifically, the heating chamber is flooded by nitro-
gen through a small inlet at the side of the cylindrical steel
housing (see Fig. 1a). A constant nitrogen flow of appr. 10
I/min is typically chosen, which results in the build-up of
excess pressure within the heating chamber, that is released
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volume spring
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(b)

directly drives the pin holder within the high-temperature chamber.
A thermal insulation at the bottom of the gas volume ensures that the
tribometer can be used as a tabletop device even during high-temper-
ature operation. b Photograph of the high-temperature pin-on-disk tri-
bometer with inert gas volume, electric motor with gear, and spring
system for precise load setting

through a narrow opening on top formed between the heat-
ing chamber and the pin holder. This geometry also ensures,
that the electrical motor, which facilitates force detection
as well, is sufficiently separated from the heat source and
remains unaffected from the elevated temperatures.

In this set-up, friction is then measured between the
pins and the glass substrates. Throughout this work we
have used uncoated pins made of cemented tungsten car-
bide with cobalt binder content below 1 wt%, that were
provided by Aixtooling GmbH, Aachen, Germany. The
pins are of 14 mm overall length with a tube diameter of
7 mm. The tube is capped by a section of a sphere with
a radius of 6 mm, which is in contact with the glass dur-
ing the experiments. The surface of this sphere is highly
polished with a roughness R, of only a few nm. The glass
plates used in our experiments are of square shape with
edge lengths of 20 mm and a thickness of 5 mm. Experi-
ments have also been performed using thinner glas sam-
ples, but no apparent difference has been found. For each
measurement presented in this work, a new glass substrate
has been used. The tungsten carbide pins, on the other
hand, proved to be largely unaffected by wear and could
often be used several times. Both the pin and the glass
substrate were cleaned using isopropanol before each
measurement.

To perform the tribological analysis, the pins are
rotated across the glass substrates in circular motion
with a radius of 7.5 mm. The rotation is facilitated by an
electrical motor with linearized characteristics (Maxxon
A-max19). For this motor, the current required to main-
tain the rotational frequency is a direct measure for the
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Fig.2 Calibration of the high-temperature glass tribometer. a Charac-
terization of the spring system for load setting. The normal force val-
ues show a linear dependence on the turns of the load setting screw as
expected for springs operated in the elastic regime. b Friction force
signal as a function of the normal load measured for B270 glass at
room temperature. The recorded friction values can well be described
by a linear increase (continuous line) in accordance to Amontons’
law. ¢ Temperature calibration curve recorded during continuous
heating of the glass. The temperature measured at the glass surface
(green spheres) is plotted versus the temperature of the glass holder
that is recorded during tribological experiments. The resulting curve
can well be approximated by a linear fit (continuous line)

torque generated by the interfacial friction between the pin
and the glass. To mimic the conditions of precision glass
molding, low sliding velocities in the range of mm/s are
required. This is achieved by installing a gear reduction of
131:1, which reduces the typical rotation frequencies of a
few 100 min~! while still providing a sufficient sensitivity
to friction changes. For all experiments shown in Sect. 3
rotational frequencies of 10 min~' were chosen, which is
equivalent to a sliding velocity of about 8 mm/s.
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Additionally, the tribometer is equipped with a system
of counteracting springs, where a load setting screw (see
Fig. 1b) can be used to adjust the normal force acting on
the pin/glass contact in a range from O to 20 N. The con-
struction of the spring system, with springs above and
beneath the ground plate carrying the electrical motor,
ensures, that the overall load is zero once the pin comes
into contact with the substrate. After that, operation of the
load setting screw steadily compresses the springs result-
ing in a linear increase of the normal load by 2.3 N/rota-
tion (see Fig. 2a). A rough estimation based on contact
mechanical calculations for a metal sphere on a planar
glass substrate at room temperature shows, that normal
forces of only a few N are already equivalent to contact
pressures of up to 1-2 GPa.

For a quantitative determination of friction forces, we
have to take into account that for all experiments the fric-
tion signal always consists of two components: (i) sliding
friction between the pin and glass substrate and (ii) the
internal friction of the motor and gear. The second compo-
nent is a constant and can be obtained as a reference level
when rotating the pin attachment without contact between
pin and plate. Only the difference between the total fric-
tion (i+ii) and the reference level (ii) then represents the
sliding friction between pin and glass, which is the main
result of all our tribometer experiments.

Considering this, also the dependence of the friction
force on the normal load can be characterized. This was
done at room temperature using a B270 glass substrate
and a standard pin at a rotational speed of 10 min~!. Our
experiments show, that the friction force depends linearly
on the normal force as expected based on Amontons’ law.
Absolute friction values have been obtained using cali-
bration factors provided by the motor manufacturer under
consideration of the gear reduction. Ultimately, a sliding
friction coefficient of y = 0.29 is derived from the results
shown in Fig. 2b.

To monitor the temperature during our experiments, a
thermocouple is inserted into the metal glass holder. Due
to the generally poor heat conduction of glass materials, the
value registered by this thermocouple does not represent
the surface temperature of the glass, which is additionally
cooled by the nitrogen flow. Therefore, the actual surface
temperature must be correlated for each type of glass to
the temperature of the glass holder in a separate measure-
ment. In most cases, the resulting temperature calibration
curve can well be approximated by a linear fit as indicated
in Fig. 2c for the case of a B270 glass.
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3 Experimental Results

To obtain the experimental data shown in the upcoming
paragraphs, two systematic approaches have been used. In
the first approach, friction is analyzed at constant tempera-
ture. Therefore, the glass is slowly heated up to the required
temperature. Once this temperature has stabilized, the motor
is started and the pin is brought into contact with the surface
at a constant load, while the friction force signal is perma-
nently recorded for a defined amount of time. To character-
ize the temperature dependence of the tribological proper-
ties, this procedure must be repeated for a sufficiently high
number of temperatures in the relevant temperature range.
Alternatively, a second approach can be used. In this case,
the measurement is started well below the glass transition

461°C 511°C 520°C

—

{
|

|
i

temperature with a constant normal force and sliding veloc-
ity. Throughout the course of the measurement, the tem-
perature is then continuously increased until the maximum
temperature is reached. Optionally, the measurement can
be continued by slowly decreasing the temperature again.
While the first approach is especially suitable for a precise
characterization of the tribological properties at a fixed tem-
perature, the second approach allows for a faster analysis of
general trends in the temperature dependence. However, any
modification of the sample system induced at an earlier stage
of the temperature variation might potentially influence the
results later on.

Based on the first approach, Fig. 3a shows the result-
ing friction vs. time curves for B270 glass obtained at
5 different temperatures, a rotational frequency of 10
min~! and a normal load of 5N. The normal force and
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Fig.4 Measurements of the friction coefficients on B270 glass (a)
and PMMA (b) recorded during continuous temperature variation,
i.e., heating and cooling (dark and light gray spheres). For com-
parison, the friction coefficients obtained for steady temperatures on
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B270 glass (see Fig. 3b) have been added to a as colored symbols. In
both a and b, the vertical dashed line indicates the respective glass
transition temperature 7
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the rotational velocity were chosen to ensure optimum
operation of the tribometer while at the same time allow-
ing to probe the effects related to the gradual softening
of the glass. In Fig. 3a, the reference level of the motor
current has already been subtracted and an effective fric-
tion coefficient was calculated from the resulting current
signal. For all 5 temperatures, the WC pins used in the
experiments did not show any discernible signs of wear
or surface modification. Fig. 3b then displays the average
friction coefficient as a function of temperature. We find,
that the frcition coefficient is continuously increasing with
temperature. At room temperature, we find a friction coef-
ficient of 4 = 0.34, which is similar to the sliding friction
coefficients for glass/WC contacts as reported in Ref. [6].
Finally, Fig. 3c contains images of the 5 glass samples
after the tribological tests. The samples show distinct dif-
ferences in the level of deformations, cracks and scratches.
More specifically, the glass tested at room temperature is
mostly unaffected by the experiment, while glasses ana-
lyzed at 415 °C and 461 °C show scratches in combination
with cracks perpendicular to the direction of pin move-
ment. For even higher temperatures, i.e., at 511 °C and 520
°C, we can observe significant deformations of the glass,
that go along with more visible effects of wear along the
circular area of contact.

To check, how the data points obtained at fixed tem-
perature compare to measurements during which the tem-
perature is continuously varied, we performed a second
experiment on B270 glass using the same normal load and
rotational speed as before. However, this time we continu-
ously increased the temperature between T, = 323°C
and T,,; = 515 °C at a rate of appr. 20 °C per minute while
the motor current was continuously recorded. The resulting
friction data are shown in Fig. 4a (dark gray symbols). We
find, that friction is almost independent of temperature well
below the glass transition temperature. At around 460 °C
friction starts to increase slowly. The friction vs. temperature
curve then becomes increasingly steeper as the temperature
approaches the glass transition. At the maximum tempera-
ture 7,4 friction has increased by approximately a factor of
6 compared to the starting temperature T,

For a direct comparison between the two sets of experi-
ments (i.e., fixed vs. varying glass temperature), the friction
coefficients obtained at fixed temperature have been added to
Fig. 4a as colored symbols. We find that the two approaches
yield very similar results. Therefore, cracks and surface
modifications induced at lower temperatures do not seem
to significantly alter the energy dissipation process later on.

In addition, the light gray symbols of Fig. 4a show the
friction data recorded during the cooling process after the
maximum temperature was reached. One might expect, that
the friction coefficient should decrease as the temperature
decreases. However, this is not the case. Instead, friction
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remains on an elevated level upon cooling. This behavior
implies, that the irreversible changes induced to the glasses
related to deformation of the sample and altered surface
roughness do affect the friction coefficient significantly.

As a second material we also tested PMMA using the
same approach of continuous temperature variation. Due
to the drastically different glass transition temperature
T; of PMMA our temperature range was limited to 20 °
C < T < 103 °C, which is accessible without flushing the
heating chamber with nitrogen. Above a temperature of
approximately 105 °C meaningful experiments are no longer
possible, since the material becomes too soft and interaction
between the pin and the polymer does no longer resemble a
defined sliding process.

The resulting friction coefficient as a function of tem-
perature is shown in Fig. 4b, where friction was recorded
during heating and cooling. Especially the heating branch
(dark gray symbols) looks very similar to the previously
described results for B270. We find, that the friction coef-
ficient is constant in the low temperature range and only
increases once the temperature exceeds 95 °C. Upon cooling
(light gray symbols), friction decreases again and becomes
relatively constant for temperatures below 90 °C, with a fric-
tion coefficient roughly 50% higher than during heating.

4 Discussion

So far, our results have revealed the distinct temperature
dependence of friction and wear between tungsten carbide
and glasses at elevated temperatures. In addition, there are
numerous temperature dependent studies of non-tribological
glass properties, which can help to understand the tribologi-
cal processes in more detail. In particular, mechanical analy-
sis of soda lime glass revealed a similar temperature depend-
ence, where the elastic modulus remained relatively constant
for a range of several 100 °C, before a sharp decrease of the
elastic modulus was observed when approaching the glass
transition temperature [23]. This similarity emphasizes the
general link between the mechanical properties and the tri-
bological behavior.

With respect to surface modifications, tests using sharp
spherical tips with radii of approximately 75 pm have
revealed, that normal forces of 0.5N are not yet sufficient
to induce scratches in soda lime glass at room temperature
[43]. Consequently, it is not surprising, that a relatively
blunt and smoothly rounded pin as used in our experi-
ments does not immediately damage the surface and fric-
tion remains on a constant and relatively low level. Only
at higher temperatures, we have observed an increasing
amount of cracks along the path of the pin. This behavior
can be understood based on models, where a decreasing
energy barrier for fracture can be overcome by the shear
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stress related to the sliding motion [44]. More specifi-
cally, in Fig. 4a, the elastic sliding friction regime with
a constant friction coefficient extends up to a temperature
of approximately 400 °C. For higher temperatures, albeit
still significantly below the glass transition temperature,
the subsequent increase of p can then be linked to the
formation of cracks during sliding. For T = 415°C, the
increase of the friction coefficient is still small, while only
a limited number of cracks can be formed (see Fig. 3c). At
higher temperatures (e.g., T = 461 °C in Fig. 3c), the fric-
tion coefficient increases with more cracks being formed in
this thermally activated process. At even higher tempera-
tures, the increase of the friction coefficient remains steep,
when the glass is entering a regime, where effects related
to increasing viscoelastic and plastic deformations of the
glass can contribute to the energy dissipation process.

In summary, this suggests that our tribological experi-
ments can be separated into 3 principle regimes, the gen-
eral idea of which is illustrated in Fig. 5. Here, we distin-
guish (1) the sliding friction regime of an elastic solid,
(2) the regime of crack formation, and (3) the temperature
range, where viscoelastic and plastic deformation has to be
considered as a potential factor for the energy dissipation
process. However, the question remains how the different
and potentially overlapping interface processes contribute
to the friction signal. In each regime, either direct dissipa-
tion is possible via the channels described previously or an
increased friction coefficient due to an overall increasing
surface roughness and contact area in combination with
increased wear. Furthermore, also temperature dependent
adhesion between pins and the glass substrate can play a
role, e.g., for the crack formation process [43].

200 300 400 500 600
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Concerning the three regimes, it is noticable that the
surface temperatures of Figs. 3 and 4a remain well below
T, even when effects of the glass transition are supposed
to have already set in. While this inconsistency might in
part be related to general problems of using a pre-recorded
temperature calibration curve, it also implies the relevance
of higher subsurface temperatures related to temperature
gradients between the metal holder and the glass surface.

Also our results on PMMA can well be reconciled with
the material softening close to the glass transition tempera-
ture and the resulting contributions to friction by viscoelastic
and plastic deformations as well as increased adhesion and
contact area changes. Similar to the temperature depend-
ence in our experiments, the mechanical analysis shows a
relatively steep decrease of the elastic modulus within only
a few °C before the glass transition temperature, an effect
that can be mainly attributed to the a-transition of PMMA
[45]. Although brittle behavior can be observed for PMMA
under certain conditions [46], we did not notice any pro-
nounced fracturing of the PMMA sample throughout our
experiments and the temperature dependence fits well to the
existing models [6, 20, 21] in the relevant temperature range.

When cooling the PMMA sample after the maximum
temperature was reached, we find that the friction coefficient
decreases immediately, but remains on an overall elevated
level compared to the heating curve (see Fig. 4b). This effect
can be rationalized, by considering reversible changes of the
material properties in combination with irreversible modifi-
cations of the contact area, where an almost pointlike contact
transformed into an extended contact area, with the pin now
moving inside a groove formed during high-temperature
testing. For the B270 glass, we observe a cooling behav-
ior where the influence of previous temperatures and strain
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becomes even more obvious. Down to a temperature of 350
°C, u does not show any appreciable decrease but instead
remains at the high-temperature limit. A straightforward
hypothesis to explain this behavior would favor the irre-
versible changes of the contact geometry over the reversible
changes within the material, a speculation, that might also
explain, why Fig. 4a shows a strong similarity of u for the
two experimental approaches as long as the maximum tem-
perature and thus the resulting contact areas are the same.

5 Conclusion

So far, our results have demonstrated how our newly devel-
oped high-temperature tribometer allows to analyze friction
of tungsten carbide/glass interfaces at temperatures close to
the glass transition. For the soda lime glass B270, we found
that the friction coefficient remains at a relatively constant
level for temperatures well below T, before a systematic
increase of the friction coefficient is found. This increase
was linked to different regimes of surface modifications
including fracturing as well as plastic and viscoelastic
deformation. In addition, similar regimes could be identi-
fied for PMMA, which was analyzed as a complementary
material. Still, our pin-on-disk measurements do not yet
allow to unambiguously separate direct effects of the differ-
ent dissipation channels from the influence of contact area
changes and adhesion. This problem seems to be linked to
the irreversible friction changes that occur when cooling the
glass after the maximum temperature was reached. In this
context, measurements with varying maximum temperature
might determine threshold temperatures for the hysteretic
behavior. In addition, measuring the velocity dependence
should be instructive, since both mechanical analysis and
nanotribological AFM studies have highlighted the effects
of strain rates on the internal dissipation [17, 18, 45]. Con-
cerning PGM, such experiments are relevant, since they help
to develop a basic understanding of tribological processes
between molds and glass. Based on this knowledge, e.g.,
about the increase of friction as a function of temperature,
the process parameters in PGM can then be optimized. In
addition, a promising strategy for optimizing PGM molds
lies in the use of protective coatings. Here, questions con-
cerning the specific energy dissipation mechanisms are also
relevant, e.g., to determine if rather hard or chemically inert
coatings might be favorable for technical application. More-
over, initial tests of potential coatings can be performed in a
quick and straightforward way using the simple pin-on-disk
tribometer presented in this work, and promising candidates
can then be tested in depth using real PGM machines.
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