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Abstract: High temperature tribology is considered to begin from a minimum temperature of
300-350 °C, where organic base oils and polymers begin to decompose, until a temperature of
1000 °C. In this field of tribology, tests are typically run under dry or solid-state friction, unless a solid
lubricant is used, since most lubricants will oxidize or break down when exposed to these extreme
temperatures. Therefore, this form of tribotesting is useful to determine the friction, wear, and other
tribological characteristics of coatings, ceramics, alloys, cermets, and similar materials. Additionally,
high temperature tribology is important to further understand the frictional interactions and adhesive
behavior of contacts that operate at these high temperatures. When considering measurements of
the tribological parameters in a high temperature application, the standard Schwingung, Reibung,
Verschleiz (SRV) (Oscillating, friction, wear, in English) reciprocating, linear-oscillatory tribometer
can be modified for testing temperatures of up to 1000 °C by using a high temperature heating
block. With this configuration, the instrument can accurately monitor many parameters of the
tribosystem, such as coefficient of friction, electrical resistance, zero stroke point, sliding speed,
and others. As a result, the SRV instrument is shown to be a powerful tool for high temperature
tribotesting. This paper will provide an overview of this high temperature tribology test rig and
will discuss its versatility and efficacy, and will show how it can effectively be implemented in
both research and practical applications for the development of various coatings and other high
temperature tribological contacts.

Keywords: high temperature tribotesting; SRV; friction; wear; linear oscillation tribometer

1. Introduction

When exposed to high temperatures above 350—400 °C, tribosystems must operate
without liquid lubricants and a hydrodynamic film separating the mating surfaces. Some
contacts in an internal combustion express an increase in wear, when exposed to unlubri-
cated high temperature conditions [1], which is one of the engine’s life limiting factors [2].
For example, in the tribosystem “valve seat/valve insert”, hot combustion and oxygen-rich
gases have been shown to accelerate exhaust valve failure in automotive engines, as a
result of valve guttering and torching [3,4]. Similar dry friction and temperatures occur in
waste gate valves and their bearings. Other applications where high temperature tribol-
ogy analysis is useful are the metal processing of hot forging of steel and hot forming of
metals parts, power generation, and aerospace industries. In the high temperature regime,
tribosystems are exposed to static and tribologically enhanced oxidation, which impacts
friction and wear resistance. Tribo-oxidation can be either detrimental or beneficial to wear
at high temperatures in air.

In standard applications, lubricating oils and greases are used to provide improved
frictional behavior and wear resistance and to help reduce corrosion. However, at high
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temperatures (300-350 °C) that are above the vapor pressure and/or decomposition tem-
perature, base oils, additives, and polymers tend to decompose, rendering most of the
lubricants useless. Fluid films accommodate the velocity difference between two surfaces,
which under dry conditions proceed by another mechanism. Therefore, solid lubricants
having lower vapor pressures and higher sublimation temperatures with lamellae structure
are used. Solid lubricants demand high temperature stability, oxidation resistance, tough-
ness, and hardness [5]. For high temperature applications, a tribocontact may consist of a
ceramic, hard metal, cermet, or refractory metal alloy, either monolithically or as coatings
for improved tribological properties, which form stable oxides with low shear strength [6].

In air, most metals are not stable, and will react with oxygen to form an oxide layer on
the metal’s surface [7,8] as well as on non-oxide ceramics, cermets, and hardmetals. When
exposed to high temperature, the oxidation behavior of the substrate can change, because
they form different types of oxides. For example, iron and mild steels have been shown to
form different types of oxides, depending on the temperature [9,10]. Below temperatures
of 570 °C, these steels will form Fe,O3 (hematite) and Fe3O4 (magnetite) oxides on the
surface, which act as a protective layer or scale against further oxidation by increasing
the diffusion resistance and adhesive wear (scuffing). Above this temperature, FeO forms,
which increases the oxidation rate. On the surfaces of alloyed steels, high-temperature
and hard facing alloys, chromium forms in air Cr,Oj3, nickel NiO or cobalt Co304 and
mixed/double oxides (FeCr,Oy4, NiCr,O4 or NiFe,y.) are formed [11].

M.N. Gardos [12] coined the term “lubricious oxides” to describe expected low co-
efficients of friction (COF) and wear rates in unlubricated dry sliding conditions. The
property—tribology relationship for tribo-oxidation is today related to sub-stoichiometric
oxides. Sub-stoichiometric oxides formed by tribo-oxidation can have planar oxygen de-
fects [6] such as y-Ti3Os, TisOg (TinO2n—1, Tin-2CroO0zn—1) and TigO17 and Moy 975 Tig 02502
as well as double oxides, such as 3-NiMoOy or NiTiO3 or the oxygen deficiency is accom-
modated by block-structures (Nbzn+10gn—2) [13].

High temperature tribological contacts can be quite complex and will influence the
tribological properties. For example, thermal softening and annealing, phase transitions,
oxidative morphological changes, diffusion, and surface degradation due to fatigue and
wear [14]. To further the understanding of the high temperature contacts, reliable tribome-
ters are needed to simulate the lubrication conditions of these contacts. This review will
focus on one of these tribometers and will assess its capability to be used as an effective
tool for research and development on high temperature tribological applications.

2. Background

The need to reduce dry wear effects has been around for thousands of years in simple
tools and instruments. However, it was not until the industrial revolution that the uses of
iron and steel shafts, along with softer bearing materials became more prominent [15]. In a
study done by Professor D. Dowson [15], the wear effects of various material combinations
were analyzed. The study focused on the friction effects of ceramic coatings, which were
neglected in the times when steel and iron bearings were predominant, but have been
gathering interest since they are less likely to react when compared to metal materials and
their capabilities maintain their functions at elevated temperatures. The study shows that
metal on metal combination gives the highest wear factor, k, while the ceramic on ceramic
wear gives one of the lowest wear factors. Nevertheless, they are not impervious to wear
and the aforementioned scenario only applies at moderate loads and speeds. An increase
in the load, oscillation speed, or distance causes a decrease in wear resistance. Furthermore,
the debris that result from the friction process can cause further wear damage due to their
abrasive nature.

As medical technology advances, certain procedures such as total hip joint replace-
ments (THRs) are made possible. However, the materials of the THRs will start to wear
over time and a study by Beadling et al. [16] focuses on the tribological aspects of the
metal-on-metal wear and degradation of THRs in order to reduce repeated revisions. In
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this study, the process of understanding the “tribocorrosive contact” was investigated using
simplified 2D models and taking into account simple walking data. A simulator was used
with three electrodes to measure the corrosive break down of the materials. The acquired
result was that the tribological wear of the metal-on-metal materials greatly correlated
with the electrochemical degradation. When the currents are at their highest, the lubricant
films are at their thinnest, which leads to a cascade of increased abrasion and thus a higher
corrosion. The authors admitted that while this study showed good results, it still has its
limits in that more complicated tasks cannot be easily simulated. This work showed how
tribology can be used for practical applications in the medical field.

3. Tribometer for High Temperature Applications

This review will focus on the Optimol Schwingung, Reibung, Verschleiz (SRV) tri-
bometer, which is a widely used tribometer that can be modified for high temperature
applications. The SRV exists in a variety of configurations, and it is most commonly used to
simulate dry and lubricated contacts under linear, reciprocating motions. This tribometer
uses an electromagnetic linear drive to generate periodic translational movement to an
upper specimen, against a stationary lower specimen. Figure 1 visualizes this setup of the
upper and lower specimen.

Upper specimen

Lower specimen holder
and cartridge heater
e e —

Figure 1. Test chamber of the Optimol Schwingung, Reibung, Verschleiz (SRV) reciprocating friction and wear tester.

To apply a normal force, a spring and servomotor apply a load on to the upper
specimen, pressing it onto the lower specimen. As the upper specimen oscillates with
a designated frequency and stroke length against the lower specimen, the tribological
properties are monitored. The SRV can measure the frictional force, wear rates, contact
resistance, and other characteristics of the tribosystem as a function of time throughout
the test for up to a surface pressure of 5000 MPa. There are numerous ASTM, DIN, SAC,
ISO and other standardized methods or tests that utilize the SRV instrument. In these
tests the normal force is increased incrementally or stepwise over time to see how the
tribological properties are affected. The ambient temperature is the key test parameter
within high-temperature tribology.

The standard SRV model can be modified for high temperature applications through
use of a heating block. For these applications, the standard block—which supports the
lower specimen from below—is replaced with the high temperature heating block. The
heating block is made of high temperature resistant materials, such as Inconel 600, and
allows block temperatures to reach 1000 °C. Optional is a vacuum-type system up to
1000 °C or a pressurized chamber for hot steam up to 750 °C. Furthermore, the high
temperature block is secured in place with adapters, clamps, and holders. This heating
block permits the analysis of high temperature tribological contacts for research and
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development applications by monitoring and measuring a variety of properties, such as
the coefficient of friction wear rate.

4. Purpose and Methodology

This paper aims to determine the efficacy of the SRV tribometer when examining
the behavior of tribocontacts under dry friction and high temperatures. This will be
accomplished by investigating and reviewing published literatures where this tribometer
is used to evaluate the frictional and wear properties of a high-temperature tribosystem.
These literatures will contain both research and practical applications. As SRV tribotesting
is a wide and varied field, a few will be chosen and the important data on the main
findings of the paper will be discussed in detail while others will have their results briefly
summarized and discussed. Five of these published papers were chosen for a detailed
review analysis: one paper regarding tribolayers, another about coatings, the third about
an application of brake materials, the fourth on steel wear in automobiles, and the last
on applications in drilling. Then, conclusions will be drawn, with regards to the SRV test
rig’s capability to be used in high temperature research and developmental applications in
addition to real-world usage relevance.

5. Experimental Comparisons
5.1. Tribolayers

Tribolayers play a fundamental role in the dry wear of the metallic materials. However,
most of the research studies done on the different subsurface zones are at room temperature.
In a study done at the Ruhr-University Bochum, Institute for Materials, Bochum, Germany,
the wear of the tribosystem nickel-based Alloy 80A—cast iron—was observed at high
temperatures, with the use of an SRV tribometer, since mechanically mixed layers will
develop at a rate much faster than when compared at ambient temperatures. In previous
tests at room temperature, there are usually three subsurface layers. The mechanically
mixed layer is the upper layer, which contains mixed materials from both the body and
the counter body. The second layer, the middle layer, consists of ultra-fine structures that
contain a composition that is typically the same as the base material. The third layer on
the bottom does not contain any specific structures and instead contains deformed base
materials. The experiments were performed at temperatures of 600 °C and 800 °C, over
a course of up to 10 h. A tribometer with a hemispherical pin-on-disc configuration was
used for this study, with the disc consisting of the cast iron and the pin consisting of the
Ni-based Alloy 80A.

One section of the study focused on the sliding wear of the metals after 10 s of exposure,
the results of which are shown in Figure 2. It can be clearly seen in the images that even
after a brief contact of 10 s the materials of the pin are etched onto the disc. Figure 2a shows
signs of wear and material deposit on the surface of the disc. Figure 2b,c are taken with
energy dispersive X-ray spectroscopy (EDX) and the bright parts indicate a high amount of
Ni and Fe, respectively. The high concentration deposit of Ni on the surface of the disc will
change from dry friction wear of Ni on Fe to Ni on Ni if the test is to be continued. Using a
focused ion beam (FIB) to cut out a portion of the disc, the Ni on the surface of the disc was
observed to have ultra-fine-grained structures—which appears in zone 2 of the tribolayers
present in a test done at ambient temperature.
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Figure 2. Image (a) results of cast iron disc after 10 s of exposure at 600 °C. Images (b,c) shows Ni
and Fe in the highlighted areas, respectively [2].

The tests for 10 h for both 600 °C and 800 °C showed a much more pronounced
wear and the surface patterns can be easily seen. Using a FIB, a portion of the Alloy 80A
pin was removed and shown in Figure 3. Compared to the results at room temperature,
tests done at both 600 °C and 800 °C show the formation of four subsurface zones. These
tribolayers went through multiple iterations after a long period of wear exposure and the
distinct layers formed as a result. Zone 1, the glaze layer (oxidized layer), has a very similar
chemical composition compared to the Ni-based pin, with an increased amount of O and
Fe. The development of this layer acts as a protective coating on the surfaces, assisting in
reducing the wear rate of the objects. Zone 2 is very thin at 15 nm after exposure at 600 °C
and 70 nm after exposure at 800 °C and consists of CrpO3. Zone 3 is the ultra-fine-grained
layer and zone 4 is the plastically deformed layer without grain refinement that consists of
the base material. Zones 1 and 2 in the disc have the same composition as those in the pin.
Zone 3 is made up of material from the pin and zone 4 is the disc substrate.
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Figure 3. Cross sectional view near the surface of the pin after 10 h of exposure at both (a) 600 °C
and (b) 800 °C [2].

The process that the disc and pin went through during 10 h of wear is shown in Figure 4.
After roughly 20 cycles, Ni metal starts to accumulate on the Fe disc and after 200 cycles
the situation is the same as in Figure 3, where a lump of Ni accumulates on the surface of
the disc. What follows after is the formation of the glaze layer through Ni on Ni contact
and the repeating process of welding, fracturing, and re-welding the Ni particles, occurring
after 10,000 cycles. After 720,000 cycles, which is after 10 h of wear exposure, the glaze
layer covers a majority of the wear scars and an additional layer is formed. The Cr from
the Ni-based pin and the O from the glaze layer react to form a layer of Cr,O3 directly
underneath the glaze layer. The glaze layer exhibits a process that can be described as
“self-healing” during wear exposure. When a piece is chipped off due to sliding friction, a
piece of debris fills the gap that forms from the action. This occurs when steady state is
reached, and the layers remain constant.

Overall, compared to the tests done at room temperature, the test at higher tempera-
tures resulted in the formation of different tribolayers. In this study of dry sliding wear
at temperatures of 600 °C and 800 °C, the tribolayers “evolved” based on the conditions
of both the disc and the pin throughout the experiment. Results at ambient temperature
show that the three subsurface layers contain the expected mixture of materials of the two
objects on the surface and only materials from the base object on lower levels. The high
temperature testing shows a different result. The first layer, the glaze layer, proves to have
a very beneficial effect as it seemingly heals itself and prevents damage on the inner levels
of the materials, essentially minimizing the effect and rate of wear after a long period
of exposure.

5.2. Coating

The use of coatings is a cost-effective alternative to designing superior materials to
withstand the conditions of a high temperature tribosystem and to lessen the effects of
wear due to extended exposure. For this reason, the paper “High temperature tribology of
polymer derived ceramic composite coatings”, which uses a steel ball-on-disc modular-
tribometer, by Sajid Ali Alvi and Farid Akhtar of Lulea University of Technology in Lulea,
Sweden, was selected for review and discussion. As the name suggests, this specific
study focuses on the reduction in frictional wear caused by the polymer derived ceramic
(PDC) composite coatings. The authors opted for the use of solid lubricants formulated
through the use of materials such as solid metals, fluorides, and metal oxides which are
selected for their low vapor pressure at high temperatures and their ability to adapt to
large temperature ranges.
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Figure 4. Schematics showing the change in wear after (a) 0 cycle, (b) 20 cycles, (c) 200 cycles, (d)
10,000 cycles, and (e) 720,000 cycles [2].

The focus of this paper is on the tribological properties of PDC at relatively high
temperatures and loads. Although previous tests have been conducted, most, if not all,
were done at low temperatures and low forces. Two PDC were studied and discussed in
this research: SiOC-ZrSi; and SiOC-Ag, and the base substrate is AISI 304 stainless steel.
Pure PDC, such as SiOC, have a maximum thickness of a few microns due to the shrinkage
that occurs during the conversion from polymers to ceramics. One method of addressing
this issue is the addition of fillers—either passive or active. Passive fillers can reduce the
effects of the shrinkage while active fillers can form new phases through the interaction
with gas products or with the atmosphere. For this reason, the active filler ZrSi; and the
passive filler Ag were chosen for the tribological tests.

The results from conducting various wear tests on the two coatings are shown in
Figure 5. As the load increases, up to a max of 5 Newtons (N), the coefficient of friction
(COF) increases for SiOC-ZrSi, but decreases for SiOC-Ag. Despite the increase in COF for
SiOC-ZrSi; at higher forces, the COF is still lower than the value obtained for pure steel
on steel contact at 1 N. For tests at increasing temperatures, SiOC-ZrSi, shows high COFs
for 150 °C and 300 °C, but low values for 200 °C and 400 °C. For SiOC-Ag, however, the
COFs seem to increase as the temperature increases. These results will be examined in
more detail later on.
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Figure 5. Friction coefficient curves of SiOC-ZrSi; (a,b) and SiOC-Ag (c,d) composite coatings under
different temperatures and different forces [5].

The tests done on the two coatings at room temperature but with increasing loads are
shown in Figures 6 and 7. Wear tracks for SiOC-ZrSi, are very minor at low loads, with
little amounts of base material present in the tracks. For the wear at 5 N, the wear track was
much more significant. Through these tests, the authors discovered that the coating has
an adhesion of 6 N, which is due to the reaction between the substrate and the polymeric
precursor, polymethlysilsquioxane (PMS). The track wears on the SiOC-Ag coating were
much less noticeable. As is shown in Figure 5, the COF for SiOC-Ag was much lower,
which is a result of lubrication through coating transfer. As the wear progresses, the Ag in
the coating “smears” onto the counter balls. An increase in the “smear” amount occurs
when the load increases and this can be seen in Figure 7d, where a large amount of coatings
were removed. Due to these differences, SiOC-Ag has a lower load bearing capability when
compared with SiOC-ZrSi,.

(c)

Figure 6. SEM images for SiOC-ZrSi, wear tracks at room temperature for 1 N (a), 2N (b), 3 N (c),
and 5 N (d). [5].
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Figure 7. SEM images for SiOC-Ag wear tracks at room temperature for 1 N (a), 2 N (b), 3 N (c), and
5N (d). [5]

The wear tests at various temperatures for SiOC-ZrSi,, shown in Figure 8a—d, showed
interesting results in that the COFs for tests done at 150 °C and 300 °C were higher than
those for pure steel on steel contact. After the temperatures were increased to 200 °C and
400 °C, the COF decreased substantially. The authors attributed this to an initial run-in
period, where the decrease in COF is due to the transfer of the coatings to the counter
balls. The increase in temperature leads to an increase in the amount of coating transferred;
as a result, a shield is created that limits the contact between the subject surface and the
ball, leading to a lower COF. The results for the same test done on SiOC-Ag are shown in
Figure 8e-h. Although the COFs start out low at 150 °C and 200 °C, the COFs increase
substantially for the wear test performed above 300 °C. This was attributed to the excessive
softening of the coating at such a high temperature.

Figure 8. SEM images of wear tracks of both SiOC-ZrSi, at 150 °C (a), 200 °C (b), 300 °C (c), and
400 °C (d) and SiOC-Ag composite coatings at 150 °C (e), 200 °C (f), 300 °C (g), and 400 °C (h) at 1 N
load and various temperatures [5].
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This study focused on the wear tests of two coatings and their strengths and weak-
nesses. The active filler ZrSi; allowed the coating to handle higher load bearings, up to
4 N, and enhanced its lubrication properties. The passive filler Ag enhances the lubrication
properties of the coating through coating transfer, but it does not apply at high tempera-
tures due to excessive softening. While the coatings hold, there will be reduced friction
and less damage on the substrate. The ball-on-disc tribometer is very similar to the SRV
tribometer in function but the former does not oscillate so it does not cover an even area
like the latter will. Furthermore, the SRV tribometer simulates environments such as the
piston reciprocating movements in an engine while the ball-on-disc does not.

5.3. Brake Materials

The action of braking is simply the dry sliding wear between two mating surfaces and
proper material selection will increase the life of the brakes. The reference [17] shows the
applications of the instrument to real-world applications, rather than the more experimental
usages seen in the previous sections. The authors opted to perform the tests at various
parameters: applied loads from 40 to 160 N and temperatures from 100 to 300 °C. The
choice of the upper temperature limit was oriented to the polymer linings with resin
binders. The brake rotor materials are comprised of 38% ceramic particulate reinforcements
and 62% Al-alloy composites, while traditional brake pads are used.

An initial test to observe the friction coefficients was performed at a constant load of
40 N, an oscillation stroke of 1 mm, and a constant frequency of 80 Hz. The temperatures
ranged from 100 to 300 °C, in increments of 50 °C. The initial test consisted of friction fade,
shown in Figure 5 in [17], and recovery, in Figure 9 in [17]. The friction fade part is the
wear test while the recovery is letting the materials cool. All the temperature tests ran for
10 min and the end results showed the surfaces rough with E-glass fibers, debris, grooves,
and particles spotted throughout, indicating that different areas of the surface were worn
at different rates. The groove in Figure 5e in [17] has a length that is close to the preset
oscillation stroke of 1 mm, which signifies that the grooves were most likely formed by the
protrusions from the indented ceramics instead of the free-rolling abrasive particles.

An increase in temperature results in the breakdown of organic matters in the brake
pads, so it should theoretically lead to lower friction coefficients. However, the authors ob-
served an initial increase in friction coefficients, instead, for the former three temperatures,
followed by a decrease in friction coefficient for the latter two temperature tests. In Figure 9
in [17], the recovery phase showed an increase in friction coefficient, even surpassing
the corresponding values of the fade part. This is known as over recovery, and serious
over recovery is impermissible when the brake materials are taken into consideration.
Furthermore, as the temperature increases, the specific wear rates will increase as well.

The following wear test was done at a constant temperature of 100 °C with loads of
40 N to 160 N, in increments of 40 N; the image results are shown in Figure 9. The test at
40 N resulted in a small number of grooves and slight damages. The tests done at 80 N and
120 N showed a higher number of grooves and the lengths were around 1 mm. The authors
concluded that the higher loads caused a deeper penetration of the ceramic protrusions,
pushing materials aside and forming the grooves. The most plausible wear mechanism
was determined to be a two-body abrasion. For the test at 160 N, significant damage was
observed. Conversely, the grooves present (not shown) from the tests done at 250 °C show
less damage at all levels of load. The authors concluded that the adhesive abrasions existed
predominantly at higher temperatures due to the presence of more tribofilms. Since the
adhesive abrasions are weaker compared to the two-body abrasions, less damage was done.
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Figure 9. Images for wear test at 100 °C, 1 mm oscillations, 80 Hz for 40 N (a), 80 N (b), 120 N (c),
and 160 N (d) [17].

The friction coefficient and the specific wear rate data for the aforementioned tests are
shown in Figures 10 and 11. The friction coefficients for tests at both 100 °C and 250 °C
decreased as the load increased. However, the coefficients were higher overall for the
test at 100 °C. The authors determined that the increased friction is due to the increased
amount of Al and Si particles, which are characterized as severe abrasives. The wear rates
for both tests are presented in Figure 11. The two tests surprisingly showed two different
results. While the wear rate decreased with increasing load for 250 °C, the opposite was
true for 100 °C. This was attributed to the increased tribofilms at higher temperatures with
increasing load. This protected the brake materials from wear at higher temperature. The
authors attributed the increase in wear rate to the observation that more free particles are
present at 100 °C, causing the abrasions to become more intense and the wear resistance
decreased as a result.

0.50

—=—100°C
——250°C

045 |

0.40 | ~ —

0.35 |- ~

Friction Coefficient

0.30 |- .

0.25 : : ! : ! : !
40 80 120 160
Load (N)

Figure 10. Friction coefficient on the test done at 100 °C and 250 °C, 80 Hz, and various loads [17].
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Figure 11. Wear rate on the test done at 100 °C and 250 °C, 80 Hz, and various loads [17].

The tests in this paper were done with an SRV tribometer and the frictional wear of
the brake pads were analyzed under various temperatures and loads. A fade test was
performed, and the friction coefficients experienced an initial increase before decreasing
at higher temperatures; the amount of wear increases with temperature. What followed
after was the recovery phase, where over recovery was observed for all temperature levels.
Although both tests at 100 and 250 °C showed a decreasing trend with an increased load, the
former showed a higher overall friction coefficient than the latter. The opposite was true for
the specific wear rates, where 100 °C showed a lower rate of loss compared to 250 °C, and
the former displayed an increasing trend with load, while the latter showed a decreasing
trend. The aforementioned differences are attributed to the increase in free particles at a
lower temperature, causing frictional wear to increase. Furthermore, the higher content of
Al and Si, which are severe abrasives, at 100 °C contributes to the previously mentioned
observation.

5.4. Tool Steels

High-strength steels have become more prominent in automobiles, as steels are favored
for their properties. Some of these steels, especially more complex ones, are shaped through
the usage of hot-metal forming. In certain scenarios, Al-Si-coatings are utilized to keep the
shape of the uniform during the aforementioned process. However, since the interaction
between this coating and tool steels is not yet well-known in practical settings, in [18], the
authors formulated a test to further the knowledge on this specific topic. To this extent, the
authors used an SRV tribometer for testing in two parts: one where temperature steadily
increased from 40 to 800 °C, and the other where the temperatures remained constant at
40, 400, and 800 °C. Three different tool steel pins were used with Al-Si-coated steels discs
for simulating the frictional and wear effects that would result from actual scenarios. The
wear tests were performed at a load of 50 N, stroke of 1 mm, and a frequency of 50 Hz.

The first tests done were at increasing temperatures, from 40 to 800 °C, at a steady
rate with three plasma-nitrided (PN) tool steels (TS). For the PN (Figure 12) and untreated
(UT) tests (Figure 2 in [18]), TS1, TS2, and TS3 all showed similar trends. The coefficient
of friction for both tests showed an initial value of around 0.8 before decreasing to 0.6
shortly after the tests started. The COFs reached a maximum of approximately 1.35, before
slowly decreasing over the rest of the test, while an increase in friction was noticed at
above 1000 °C. However, when the overall COFs are considered, the treated tool steels had
lower values. In Figure 13, the wear rates of TS1 and TS2 PN showed similar wear rates,
while TS3 PN showed a much lower wear rate. For the TS1 and TS2 UT test the results
(not shown) were irregular due to scattering in the results, resulting in a negative wear
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rate (gaining of particles). However, TS3 UT showed a higher wear rate, indicating that
plasma-nitraded tool steel has a higher resistance to wear.
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Figure 12. Coefficient of friction over a steady temperature increase from 40 to 800 °C using plasma-
nitrided tool steel on Al-Si-coated steel [18].
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Figure 13. Specific wear rates for steady temperature increase from 40 to 800 °C using plasma-nitrided
tool steel on Al-Si-coated steel [18].

The test done at a constant 40 °C was performed by using plasma-nitrided tool steels,
shown in Figure 14. The other two tests, done at 400 °C and 800 °C, are Figures 4 and 5
in [18], respectively. The COFs for TS1, TS2, and TS3 for 40 °C showed a steady increase
from an initial value of 0.6 until it reached approximately 1.3 at 200 s, and it plateaued from
there. However, for the test at 400 °C, the initial values were regular, until it stabilized at
200 s around 1.0, before steadily declining until hitting 0.8 for COFs. The test at 800 °C
showed different trend patterns from the former two tests. TS1 started around 0.7, before
stabilizing around 0.9; by the end of the test, however, the COF increased up to 1.2. For
TS2, it also initially began at 0.7, before reaching 1.0 and then falling back down to plateau
at 0.9. The values for TS3 began around 1.0 and declined to hover around 0.9; similar to
TS1, TS3 also experienced an increase near the end of the test to a max of 1.45, falling down
to 0.9 at the end.
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Figure 14. Coefficient of friction over time at 40 °C, plasma-nitrided tool steel on Al-Si-coated
high-strength steel [18].

The specific wear rates were also recorded for the three constant temperatures. At
40 °C, all three tool steels had very low wear rates, but the opposite was true for the
Al-Si-coated steel. Although the wear rates for the disc were much higher, TS3 still showed
the least specific wear rate for either the pin or the disc out of the three. At 400 °C the discs
all display a higher wear rate than compared to that of 40 °C. The wear rates of the disc
were similar for TS2 and TS3, but lower than that for TS1. Finally, for the test at 800 °C, the
wear rates for the pins were all very close. However, while TS1 and TS2 did not have much
of a difference from the ones at 400 °C, TS3 values were almost halved. The disc, on the
other hand, showed negative wear rates for TS2 and TS3.

The purpose of these tests was to understand the real-world effects of using tool
steels on Al-Si-coated high-strength steels in automobiles. To this extent, two tests were
conducted—one with a steady increase of temperature and the other at three constant
temperatures. The COF values for the steady incline in temperature showed an initial high
COF, then lower in the middle, and finally either increasing or plateauing at the end of
the test. This result is supported by the individual temperature tests, which demonstrated
highest friction coefficients at 40 °C, lowest at 400 °C, and mixed results at 800 °C. The
specific wear rates data displayed inconclusive data for TS1 and TS2 PN, as it showed a
weight gain instead of a decrease for the non-constant temperature test. At 40 °C, low
wear rate was observed for all three tool steels, while the Al-Si-coated disc had high wear
rates. Although the specific wear rates for the pins were also similar for all three tool
steels at 800 °C, TS3 showed a decrease in the wear rate of approximately a factor of two
compared to its corresponding value in the test at 400 °C. The two-part tests done in this
paper showed a dependency of frictional wear on temperature, with higher friction at
lower temperatures, and lowest friction at medium temperatures.

5.5. Drilling

Drilling is a common process necessary for a plethora of operations. However, when
the drills are used for an extended period of time, an elevated temperature is reached,
and wear is increased as well. Drills are meant for multiuse purposes, so reducing their
vulnerability to frictional wear will allow cutbacks on costs for new drills. In the paper
“On the tribology and micro-drilling performance of TiN/AIN nanolayer coatings” [19],
the authors used an SRV tribometer to quantify the function of the coatings. The tests had
parameters of a load of 50 N, stroke of 0.2 mm, 10 Hz, and a total of 6 min for each run. The
tests were performed on an SRV tribometer and without lubricants (dry contact), and the
setup diagram is shown in Figure 15 shown below. The coatings were created through the
use of technology that allowed the “high-speed reactive pulsed-arc plasma aided physical
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vapor deposition,” and the periods of the nanolayers were also controlled by managing the
deposition parameters.
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Figure 15. Schematic of the tribometer testing [19].

The coatings are made of three elements, N, Ti, and Al. The “R” coatings contain lower
Al content and period when compared to the “N” coatings. From R5 to R1, the period
increases while no specific patterns are found from N20 to N10.

The tests done with the SRV tribometer were observed for the wear depths and
the COFs of the various nanocoatings. All eleven coatings, along with uncoated drills
for comparison, were subjected to the wear test and the data are shown in Figure 16.
For the COFs, the highest number of the coated was approximately 1.3 and the lowest
around 1. The highest COF overall was the uncoated, which reached almost 1.4. The R1-5
coatings had lower friction coefficients when compared to the “N” coatings. This trend is
also observed for the wear depth of the specimen. The “R” coatings also showed lower
wear depth, with R3-5 showing significantly lower wear depth compared to all its other
counterparts, indicating superior wear resistance. Although the uncoated material’s wear
depth is higher as expected, the wear depth of the N10-coated specimen was an entire unit
higher than that for the uncoated. Although the TiN coated materials had a similar COF,
its wear depth is almost three times that of the R3-5-coated items.
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Figure 16. Wear depth and friction coefficient based on period [19].
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As R3-5 coatings have shown to have excellent anti-wear properties, they were coated
directly on the drill bits for observation on direct applications. Uncoated and TiN coated
drills were added for comparison and the results are displayed in Figure 17. As expected,
all the drills, whether coated or uncoated, experienced higher wear at higher number of
holes drilled. The highest corner wear of the drills occurred on the uncoated drill, followed
by the TiN coated one having the second highest wear. The R3-5 nanolayer coatings
performed the best out of the five, with R4 performing slight better than its other two
counterparts. However, the differences are small, and the three coatings can be considered
to have almost equal efficacy on preventing wear. The morphologies of the hole made by
drills after drilling 20,000 holes are a comparison between the R4-coated drill bit, and the
TiN-coated drill bit. The hole created by the R4-coated drill showed a smoother boundary
than compared to that made by the TiN-coated drill. When compared to the drill hole of
the uncoated (not shown), both the TiN and the R4 showed better results.
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Figure 17. Wear of nanolayer-coated drills based on number of holes drilled (Adapted from [19]).

Although these nanolayer coatings were tested on micro-drills, the results indicate that
these coatings can be applied in practical settings with actual machineries. As the period
decreases, the wear resistance increases; thus, the coatings with the lowest period, R3, R4,
and R5 showed the best results. The wear depths as well as the friction coefficients were
lowest for the R3-5 coatings. Once these three coatings were applied to drill bits for actual
application, the results were consistent with test data. The coatings showed favorable
corner wear and the morphology of the drilled holes also showed that the R4-coated drill
bit having maintained its shape better as seen by the smoother drill boundary. Having the
coatings on a larger drill for industrial applications is achievable and can improve wear
resistance greatly.

5.6. Additional Literature

In addition to the aforementioned tests, a multitude of other applications, whether
for research or direct implications, can be made through the usage of an SRV tribosystem.
Application-oriented testing, as the name suggests, focuses on tests for the purpose of
obtaining results that have a more direct and immediate impact. Research-oriented testing,
on the other hand, focuses more on the discovery and learning process. The following
sections will contain both research-based and application-based literature, and one section
will comprise of tests performed with the SRV tribometer, while the other will be of new of
general applications or discoveries made in the field.
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5.6.1. More SRV Applications/Tests

The tests that are oriented toward practical applications need to mimic actual condi-
tions. Therefore, to ensure the applicability of the results, the parts used must be as close
to the actual counterparts as possible [20]. In a paper published by Dr. Mathias Woydt
and Dr. Ameneh Schneider [20], several examples of practical applications are given. One
such example is the testing of chassis joints. The friction and wear of the greased joints
need to be recorded to ensure the proper function of the plastic suspension joints and
grease. The next topic is on the evaluation of test methods of synchronizers, where manual
transmission fluids (MTF) and other materials are investigated. Furthermore, SINOPEC
has created a method to both assist and make the MTF development process more efficient.
Thirdly, a vane pump is a common part of hydraulic systems and it is not exempt from
tribological observations. The hydraulic oils are analyzed for their pressure, friction, and
wear properties using known, existing methods. Further tests that extended the tribological
properties of the oil allowed the expansion on the formulation of the hydraulic oils.

Pistons and their related parts are an important part of an engine. In addition, however,
the pistons also make up approximately 50% of all internal engine wears; the cost of
a full engine test has been increasing due to the ever-complicating test matrices and
technological advances, along with the increasing number of materials required for a
proper operation [20]. Tests done on the load carrying capacity (LCC), showed that the
LCC is highest when the temperatures are low and the oil supply rate is higher, and the
opposite is true when the temperatures are high and the oil supply is low, as can be seen
in Figure 18 [20,21]. When the load is increased on top of increasing temperature and
decreasing oil supply, the COF goes from stable to unstable [21]. Further data have been
achieved on the frictional wear of the piston rings/cylinders by using SRV tests on the
pistons and the pistons with coatings/lubricants as an experimental model tool [22].
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Figure 18. Load carrying capacity (LCC) value at different temperatures with respect to oil supply
rate [21].

Thin films have proven to be useful in helping to improve the properties of the
substrate, such as sustaining high loads and providing resistance to wear [23]. The most
common way to test the adhesion of the thin films is according to ASTM or DIN standards,
which is where a diamond stylus is used over the target at linearly increasing loads until
the critical load is reached [20]. However, a new method has been recently implemented
through the usage of reciprocating tribometers such as the SRV, and the conditions of
delamination were studied [20,24]. The increase in friction during testing is attributed
to two main factors: the delamination of the coating, or the accumulation of debris from
the breakdown of the film. Furthermore, recent studies have attempted to incorporate
nanocrystalline diamonds (NCD) in advanced automotive tribosystems [20,25] due to
the known enhancement properties of the NCDs such as low surface roughness and low
compressive stress [25].
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In a recent study [3] on temperature effects on friction and wear properties of steel
against steel dry contact, AISI 52100 bearing steel balls were tested with AISH H13 steel
discs due to their wide application in different engineering fields. The frequency, load, and
stroke of the tribometer was set to 8 Hz, 15 N, and 2.5 mm, respectively. The time frame of
the tests was at 0.5, 4, 8, or 15 h, and the temperature ranged from room temperature (RT)
to 500 °C. Two friction regimes were present at temperatures above 300 °C and test times
at 4 h or above. The first friction regime relates to the wear of the ball and disc, while the
second regime, a reduction in wear and friction was observed. Moreover, as displayed in
Figure 19, at temperatures above 300 °C, the 521000 ball experienced mass loss while the
H13 disc witnessed mass gain.
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Figure 19. Mass loss of ball and disc with respect to temperature [3].

To ensure the longevity of mechanical parts that are subjected to high temperatures
and wear, a coating that can withstand high temperatures and extended wear must be
applied [26]. One such coating is the Co 4 Cr,O3 coating, which has superior friction
protection at high temperatures. The wear at low temperatures of the coating is low due to
the cobalt matrix. As the temperature increases up to 100 °C, the wear also increases. As
the temperature reaches 200 °C, however, a glaze layer starts to form, reducing the wear
on the surfaces. At 300 °C, the glaze layer is completely formed, preventing any adhesive
wear from occurring. When increased above 300 °C, the wear rate constantly remains low
up until the tested 700 °C.

Fretting wear is often considered as a plague in fields such as aeronautics and nuclear
engineering [27]. Multiple studies have investigated the frictional and wear impact of
high temperatures on various types of steels at fretting conditions, and they have deter-
mined that once a certain temperature has been reached, there is a sharp decline in the
wear rate [27-31]. Another study [32] did a triple heat treatment (THT) on Inconel X-750
before subjecting it to the same wear test conditions as its untreated counterpart at three
temperatures: 25 °C, 315 °C, and 650 °C. The untreated materials displayed severe wear
and transfer of materials between the pin and the disc, while the specimen that underwent
THT showed a much more stable wear representation.

Up until recently, the Fafnir fretting wear test has been in use for fretting wear mea-
surements [33]. However, that test has recently been determined to produce extremely
large differences from test to test, anywhere from a relative standard deviation of 27% to
84%. The disparity between batches of bearings is certainly one, but not the only, attribute
that is causing the variation. Currently, experts from multiple companies are compiling the
data necessary in order to reduce the variations in the test.

5.6.2. Tribological Advancements/Discoveries

The strive for better lubrication for wear and friction protection has been happening
for a long time. However, this strive for improvement has not stopped and research on
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elevated efficiency and efficacy on wear resistance is ever increasing to meet the new
demands of the more complex tribosystems that exist today. To this extent, liquid and
solid lubricants in the form of thin films, soft metals, and nanotextured coatings have been
innovated [34]. In addition, improvements in laser texturing have also improved the wear
properties of various surfaces.

Solid lubricants are the most prominent in part due to them being one of the longest
used in the industry. Some common examples of solid lubricants are molybdenum disulfide,
graphite, soft metals, specific types of polymers, and even forms of oxides [34,35]. From
these lubricants, some are able to be directly used on the surfaces through processes
including ion-beam-assisted deposition and ion plating [34,36,37], while the others are
constructed by using methods such as molecular grafting, vapor phase deposition, and sol
gel [34,38,39]. One example of a lubricant directly applied on surfaces is soft metallic films.
These films have the ability to lower the COFs significantly when dry sliding occurs [34].
When subjected to high temperature sliding tests and in the presence of lubricating oils,
the friction coefficient can be reduced even further [34,40,41].

Lamellar solid lubricants, such as the boric acid thin film, are another type of coating
that have proven themselves to have very beneficial applications. As can be seen in
Figure 20, the B4C treated by boric acid had a significantly lower friction coefficient when
compared to the control B4C [34]. As a result of its wear and friction resistant properties, it
is an amazing choice for applications in machineries with sliding wear. The reason why
boric acid has such an excellent anti-wear and anti-friction property is due to the fact that
it has a lamellar crystalline structure [34,42].
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Figure 20. Coefficients of friction (COFs) for pure B4C and boric acid coated B4C with respect to wear
time [34].

Carbon films are well-known and provide impressive friction and wear protection.
The diamond-like carbon (DLC) coating, specifically, can provide a COF lower than 0.01 and
a wear rate less than 1071 mm3 /N m in inert-gas or vacuum environments [34,43]. Further
testing has also revealed that when the DLC films are used in lubricant sliding conditions as
well, the results may also be very remarkable [34,44,45]. The latest results have also shown
that in addition to its superior wear properties, the coating can be enhanced even further
when the synergy between the DLC and the lubricating oils is maximized [34,46]. Figure 21
shows the efficacy of the coatings, which display friction coefficients being magnitudes
lower than their uncoated counterparts.
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Figure 21. COFs of uncoated steel disc vs. coated steel disc with respect to time [34].

Due in part to the advancements in nanotechnology, the development of nanostruc-
tured coatings has also increased drastically. These structures are quite varied in that while
some contain metallic and ceramic phases, others are comprised of nano-multilayers or su-
perlattices [34,37,47,48]. Nanostructures usually have unique properties, and the coatings
that are formulated from them are no exception. Their applications are very diverse and
specific coatings can be used for specific scenarios. For example, these types of coatings can
provide added electrical conductivity on top of wear reduction and increased hardness [34].

The next topic is not a coating or lubricant, but rather a method for preventing friction
and wear that is directly applied onto the material surfaces, which is achieved through the
usage of lasers. This method has been used on machine parts, such as mechanical seals and
bearings, to improve their properties for wear resistance [34]. Pits and dimples have been
created using laser texturing, which results in enhanced hydrodynamic of the surfaces,
resulting in an augmented lubrication performance. Moreover, laser texturing can be used
in conjunction with other methods, such as the aforementioned DLC coating [34,49,50].
As a result, the already excellent DLC coating can be further improved to protect the
tribological system from further wear.

Hot stamping allows high strength steels, such as 22MnB5 tool steel, to be morphed
into complex shapes. This process was evaluated for its tribological properties and the
test process was simulated to be as close to actual hot stamping conditions as possible by
using tool steel for the stamp [8]. The test parameters are shown in Table 1. The results
of the sliding velocity test indicated that the sliding velocity does not greatly affect the
friction coefficients but does negatively impact adhesive wear at lower speeds. As the
contact pressure increases, the COF increases as well, and the wear process changes from
ploughing wear to plastic deformation wear. The lubricant tests utilized MoS, as the
lubricant and the sample with MoS; has a lower COF than the one without, due to the
lubricant adjusting itself to be parallel with the wear direction, thereby decreasing the
friction [8,51].

Table 1. Testing parameters for measuring COF [8].

Test Parameters Temperature Sliding Velocity Contact Lubrication
O (mm/s) Pressure (Mpa) Condition
Temperature 650, 750, 850 50 8 Dry
tests
Sliding velocity 750 25,50, 75 8 Dry
test
Contact pressure 750 50 48 Dry
test

Lubrication test 750 50 8 Dry, lubricated
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The main purpose of a hot strip mill is to heat up the unfinished steels to their rolling
temperature, before rolling them thinner and longer to the desired dimensions. During
this process, an oxide-on-oxide interaction occurs between the steel and the work rolls and
the frictional damage of this interaction needs to be understood to regulate the damage
that might be caused [52]. However, it is impossible to completely eliminate the friction
resulting from the oxide—oxide interaction, as friction is what drives the process in a hot
strip mill [53]. The entire test consists of four stages, and the process can be seen in Figure 22.
The first stage is the oxidation of the pin surface used in the tribometer, which saw an
increase in COF. The second stage is the start of the third body by the addition of oxides to
the testing disc, resulting in a slight friction coefficient decrease. The third stage is when
the process is left to run, and the COF is on the rise again. The fourth stage is after more
than an hour of testing, where the wear has stabilized and there is not much change in
the friction coefficient. The increase in friction is due to the wear slowly becoming iron
oxide-on-iron oxide, and when both pieces are finally coated with iron oxide, the wear
becomes constant.
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Figure 22. COF throughout the test, separated into four stages, with respect to sliding distance [52].

6. Conclusions

Monitoring the invaluable tribological quantities of friction and wear throughout the
use of a tribosystem can reveal important information regarding how the system may
gradually change, particularly for high temperature tribology applications.

High temperature tribometers were shown to be excellent analytical tools when
investigating tribolayers that are formed due to oxidation and wear at high temperatures
and how these layers may vary at different temperatures. These tribolayers essentially
evolve as the wear process occurs and multiple layers are formed as a result. Unlike at
room temperature, many types of layers are formed at high temperatures with zones 3
and 1, the glaze layer, of the disc consisting of a similar composition as the materials of
the pin. The result of these tribolayers is that the properties not only minimize wear but
also enable a self-healing capability through the integration of wear debris whenever a
gap appears during wear [2]. Furthermore, the applicability of these tribometers with
regards to high-temperature lubricious coatings was shown to be effective in determining
friction and wear behavior. Passive and active fillers were used to improve the properties
of the coatings and the two types showed differing results. The active filler ZrSi; allows
the coating to handle higher loads and increases lubricity. On the other hand, the passive
filler Ag offers a greater lubrication property than ZrSiy; however, as the temperature
increases beyond 300 °C, excessive softening occurs and greatly decreases that property [5].
These tribometers have been applied to many functional parts of a vehicle including brake
pads, where these tribometers have been used to determine how the friction and wear
properties may change in braking systems as a function of temperature. At constant load
and oscillation frequency, the specific wear rates increase as functions of temperature, but
the friction coefficients experienced an initial increase followed by a decrease for the later
parts of the test. For the tests done at 100 °C and 250 °C, the oscillation frequency remained
constant while the loads increased. While a downward trend was observed for the friction
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coefficients at both 100 °C and 250 °C, the specific wear rates experienced an opposite
trend, relative to each other, as the loads increased [17].
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