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Abstract: In this second part of the paper series, parameter investigations of the tribological system
chain pin/bush contact, carried out on a specifically developed pin on bush plate model test tech-
nique, are presented. Both the pin material and the lubricant varied widely. In case of the pin mate-
rials, a Cr-N monolayer coating and a Cr-N-Fe-based multilayer coating were investigated. As for
the lubricants used, two different performing engine oils from the field were tested as well as fresh
oils, some of which were diluted with a soot surrogate (carbon black) and diesel fuel in different
amounts. The results show, among other things, that friction and wear performance strongly de-
pend on the combination of pin material and lubricant used. In this context, especially the Cr-N-Fe
in combination with the used engine oils showed a high wear resistance and low friction losses
compared to the Cr-N reference. In the case of fresh oils with soot, the friction losses were higher
but comparable between the pin materials, and a slightly better wear performance of the Cr-N was
observed due to an agglomeration effect of the soot surrogate. In general, it was found that espe-
cially soot-free oils show clear wear advantages independent of the pin material used. Thus, soot
clearly has a wear-promoting component. The investigations of this study suggest that a leading
mechanism that is based on a corrosive—abrasive effect in the tested system, but this is more related
to the soot surrogate carbon black than engine soot.

Keywords: bush chain contact; pin/bush friction; wear; CrN/CrNFe coating; soot

1. Introduction

In the first part of this series, Part I [1], a model test method for the tribological contact
with bush chain pin components was presented, which facilitated efficient and controlla-
ble tribological investigations of a simplified simulated single joint contact of drive chains
using original pin components. In this test set up, various tribological parameters such as
the coefficient of friction can be recorded with high resolution during testing and thus
paired with an accompanying wear and surface analysis of the contact surfaces; deep in-
sights into the prevailing tribological processes can be obtained. A comparison with com-
ponents from engine tests verified the transferability of the results from the presented
model setup in Part I.

Generally, chain drives are important machine elements and components with a
wide variety of applications in the drive and conveyor sector subjected to broadly diver-
sified stresses and operating environments as well as associated demands on efficiency
and reliability [2—4]. For this reason, it is necessary to build up in-depth knowledge of the
tribological functionality for these components, which are also subjected to tribological
stress. In the area of timing chains in internal combustion engines, the demands are ex-
tremely increased again [5], driven by the progressive transformation of the internal com-
bustion engine. In this context, wear resistance and low friction losses are particularly
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required under constantly changing operating conditions towards more precarious trends
such as: increased specific load, use of low-viscosity lubricants, long oil change intervals,
formation of soot, oil dilution with fuel, etc. [6]. Here, the critical tribological single joint
contact with the pin is of particular importance, as wear within this contact and the asso-
ciated total chain elongation can lead to serious control damage to the engine [2].

Independent of the constructive measures and changing the operating conditions,
one possibility to intervene here is of course to change or optimize the materials or coat-
ings of the components involved. For bush drive chains some pin material variants were
stated in previous studies such as case hardened steel or inchromized coatings [7]. Friction
reducing effects through optimization of the pin material coating have also been reported
[8]. In this regard, CrN is quite widely used for tribological purposes in automotive appli-
cations [9-11]. It has been assessed with several beneficial tribological properties such as
high wear resistance [12] —for instance, showing a better wear resistance than electrolytic
hard chrome coating [13]and TiN coating [14] —good friction performance [15], and high
corrosion resistance [16-19]. Further improved material and coating solutions regarding
tribological functionality have been linked with multilayer or graded chromium based
coatings [20-22].

As in all tribological engine contacts, the lubricant plays an essential role as a design
element. In general, additives contained in it, especially anti-wear or extreme pressure
additives, interact with the tribological surfaces and form protective boundary layers that
can protect against tribological damage or also reduce friction. Active tribofilm formation
such as those of zinc-dialkyldithiophosphate (ZDDP) components on ferrous surfaces,
also on others such as Si, are widely known and have been investigated comprehensively
[23-30]. In the case of chromium-based coatings, such as CrN, few studies have been
found in the literature, but still-active tribofilm formation was reported containing phos-
phate species [31], sulphide species [32], or both [33,34], depending on the used additive.
For bush chain contacts, a study regarding lubricant-related effects was presented in [35],
reporting increased friction losses for a used oil when comparing it to a fresh reference
variant.

Tribological contacts in the internal combustion engine, such as chain contacts, are
also affected significantly by soot, which is formed by the imperfect combustion of hydro-
carbons. There are several studies on the effect of soot for tribological contacts, generally
attributing a wear promoting effect of soot [36,37]. The reason behind this is attributed to
many different basic mechanisms. Several investigations suggested an abrasive mecha-
nism [38-41], whereby a soot substitute, e.g., carbon black, was often used in the various
investigations. Other studies reported an adsorption-based wear promoting effect of soot
[42,43]. Additionally, more recently, for ZDDP containing lubricants, a corrosive—abrasive
wear effect has also been hypothesized [44,45], based on the ZDDP-induced iron sulphide
formation and removal thereof through soot particles [46]. In the field of bush drive chain
components, only few specific studies can be found investigating the effect of soot. Pau-
lovics et al. [47] used model tests under the given test conditions to show that carbon black
only has a wear-increasing effect above a certain carbon black level of 2 wt%. As for the
friction performance, an increase was reported by Sappok et al. [48] when adding carbon
black to a Poly-alpha-olefin/additive mixture.

As one can see, there are still only a few studies to be found in the literature in the
area of chain pin bush contact, which justifies the need for further investigations. In addi-
tion, there is a need for further tribological studies on the performance and process pro-
cedures of tribological systems with chrome-based coatings, and there is still no consensus
in the area of the effect of carbon black on friction and wear of tribological systems.

This study (Part II) is dedicated to the topic of experimental tribological investiga-
tions of the contact between chain pin and bush at the model level. The following key
research topics are addressed:

e  Comparative friction and wear characterization of two chromium-based bush chain
pin coatings, namely, CrN and a new Cr-based multilayer coating.



Lubricants 2023, 11, 157 3 of 24

. Characterization of lubricant-related effects, such as oil variation and specific influ-
ence of carbon black and fuel dilution, on friction and wear phenomena in a pin/bush-
plate model contact.

2. Experimental Method and Materials
2.1. Test Method and Test Strategy

All experimental tests have been carried out by using the test rig and setup presented
in Part I [1] of this study, namely, a new developed chain pin on bush plate configuration
implemented on a TE77 test rig (for the schematic setup see Figure 1a). In this context, the
same measured variables, such as the coefficient of friction, the contact near temperature
measured within the steel counterpart, the contact potential, and so on, were also recorded
experimentally in this study. Furthermore, the wear evaluation of the pin materials was
also performed in a similar way through optical measurement of the contact zone on the
pin.

A schematic representation of the basic test programme used is shown in Figure 1b.
It can be seen that the normal load and the system temperature were changed during the
course of the programme. A detailed description of the different phases of the programme
can be found in Part I [1]. By varying the input parameters within the basic test pro-
gramme according to Table 1, different test categories with various normal loads and test
durations were created. The loads and test times were based on boundary conditions,
which were inspired by engine test bench conditions.
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Figure 1. Test method details: (a) Schematic of the test set up; (b) Test programme(Adapted from
(1]

Table 1. Variation in test parameters.

Abbreviation Test Load (N) Test Time (h)

Test category I (also Part I) TC1 350 25
Test category II (also Part I) TC2 600 25
Test category III (also Part I) TC3 350 73

Test category IV TC4 350 49

Test category V TC5 600 73
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2.2. Lubricants

In the present study, various lubricants were used to comprehensively investigate
pin wear phenomena as well as lubricant-surface interactions in the bush chain model
contact. An overview of the lubricants used as well as key data and differentiating attrib-
utes as well as abbreviations for the later course of the paper can be found in Table 2.
Primarily, the lubricants used can be differentiated into used oils from engine test runs
and artificially created oils.

Table 2. Lubricant matrix.

Fresh Oil Soot Diesel Fuel

Nomenclature Abbreviation Engine Test Performance (Wi%) (Wi%) (Wi%)
Engine oil type 1 EO1 Acceptable chain elongation - - -
Engine oil type 2 EO2 High/Non-acceptable chain elongation - - -

Artificial oil type 1 AO1 - 100 - -
Artificial oil type 2 AO2 - 97 3 -
Artificial oil type 3 AO3 - 90 - 10
Artificial oil type 4 AO4 - 75.5 4.5 20

In the case of the used engine oils (EO), relative information regarding chain wear
performance was known from engine test runs based on original equipment manufacturer
(OEM) data. Both lubricants were used in similar diesel engines with the similar running
time and load history, resulting in different performance data regarding chain wear elon-
gation. In this respect, EO1 showed moderate performance and higher, but still acceptable,
chain elongation, displaying average performance. In contrast, EO2 showed higher, unac-
ceptable chain elongation and thus poor performance. Both engine oils used typical auto-
motive engine formulation spaces including zinc dialkyldithiophosphate (ZDDP), deter-
gents, dispersants, antioxidants, and viscosity modifiers in different amounts.

For systematic investigations and controllable conditions in comparison to the used
engine oils, artificially recreated oils (AO) were used. In this context, defined concentra-
tions of artificial soot and diesel fuel were added to a fresh oil reference (AO1). The refer-
ence oil was a Fuchs Titan lubricant for diesel engines, consisting of a base oil mixture of
mineral oil and PAOs with a kinematic viscosity of 58 mm?/s at 40 °C. An oil variant with
a small amount of soot of 3 mass percent was produced (AO2), as well as pure-diesel-
diluted oil (AO3) with 10 mass percent of diesel fuel. In addition, a highly contaminated
oil variant was mixed with both increased soot addition of 4.5 mass percent and increased
diesel content of 20 mass percent.

2.3. Pin Materials and Counterparts

Two pin material products with a diameter of 4.4 mm were used for this study. Pin
material product 1 was already used in Part I of the study for method development and
validation. These were steel pins with a Cr-N coating of approximately 2 um (a detailed
element analysis is shown in Part I). Figure 2a shows a scanning electron microscope (SEM)
image of the surface of Cr-N and a corresponding cross-section view. One can see that the
surface was characterized by fine scratches and a few pores. The pores were clearly visible
in the cross-section, some of them were as deep as the coating itself and others were not.
In this context, the Pin material 1 with a steel base material and a 2 um thick Cr-N coating
represented a kind of reference material and will be named Cr-N in the further course of
the paper.

In addition to Cr-N, a second pin material product was investigated. Similar to Cr-N,
the second pin solution was also based on a steel base material with an additional chrome-
based coating. However, the coating differed significantly from Cr-N in some aspects. Fig-
ure 2b shows the surface of the second pin material with the aid of a SEM and a corre-
sponding elemental analysis of the image area. It can be seen that the second pin material,
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in contrast to Cr-N, had a somewhat smoother surface free of layer pores. Energy disper-
sive X-ray spectroscopy (EDX or EDS) revealed that the top coating was a Cr-N-Fe layer.
Further information on the second pin material (in the further course of the paper referred
to as Cr-N-Fe) can be found in the micro-section in Figure 3. The first thing to notice is
that Cr-N-Fe was a multi-layered coating with several layers in contrast to Cr-N. Secondly,
the total layer thickness of the multi-layered coating was 15 pm, which was much thicker
than in the case of Cr-N. A Fe-Cr-C layer (layer 1 or S1) was applied to the inner steel
substrate. In between the top Cr-N-Fe layer (layer 3 or S3), there was a transition area
(layer 2 or S2) with a pronounced stem-like transition structure. Through the multilayer
structure, the Fe content of the substrate decreased continuously but can still be found, to
a significant extent, on the surface.

Surface view Cross
section

\ N -
(a) Scratches and pores (b) Free from
surface defects

Figure 2. Comparison of initial pin condition: (a) Surface and cross-section view of Cr-N; (b) Surface
view of Cr-N-Fe; EDX spectrum measured with 7.5 kV.

Figure 3. Cross-section of Cr-N-Fe (EDX spectra measured with 7.5 kV).

Further in-depth investigations of the coating properties in terms of hardness and
modulus were carried out with the aid of instrumented nanoindentation tests. The results
of the nanoindentations and also schematic coating depictions can be seen in Figure 4 for
Cr-N and Figure 5 for Cr-N-Fe. The two graphs each show the modulus values and hard-
ness values over the measuring position in relation to the surface. The measuring positions
are also shown in Figures 4b and 5b in the schematic diagrams to make it easier to recon-
struct these positions. For Cr-N (Figure 4a), the modulus values of the steel base material
are around 250 GPa and those of the Cr-N coating itself are marginally higher, close to 300
GPa. The hardness values for pin material 1 are about 10 GPa for the substrate and more
than double (~23 GPa) for the Cr-N coating. Regarding the measurements of the Cr-N
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layer, these fit quite well with the values found in the literature for Cr-N coatings, see
[49,50].

The steel material of Cr-N-Fe (Figure 5a—blue markers) had similar values to that of
Cr-N, namely, just under 250 GPa for the modulus and about 11 GPa for the hardness. The
Cr-Fe-C layer had a slightly higher modulus of 300-320 GPa and was 23 GPa hard, thus it
had similar values to the Cr-N coating. The intermediate layer naturally showed a higher
scatter of the measured values, which could be explained by the stem structure. The mod-
ulus values were in the range of the Cr-Fe-C layer with an increase towards the top layer.
The hardness values were somewhat lower in the range between 15 and 20 GPa. The Cr-
N-Fe top layer showed both high hardness values between 25 and 32 GPa and high mod-
ulus values in the range of 600 GPa.
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Figure 4. Cr-N coating analysis: (a) Cross section nanoindentation measurements of surface near
region of Cr-N (Position 7.5 um represents the surface); (b) Schematic coating depiction.
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Figure 5. Cr-N-Fe coating analysis: (a) Cross section nanoindentation measurements of surface near
region of Cr-N-Fe (Position 21 pum represents the surface); (b) Schematic coating depiction.

Rockwell adhesion tests and ramp scratch tests were carried out on the mantle sur-
faces to characterize further coating properties. Test conditions were a spherical diamond
indenter with a radius of 60 um, a constant load time of 60 s, and a maximum load of 10
N. Figure 6 shows the Rockwell indentations of Cr-N (a) and Cr-N-Fe (b). In general, good
adhesion and no layer delamination or a pronounced crack network could be seen for both
coating systems. However, it was evident to the reader that hardly any indentation surface
remained without any cracking in the case of Cr-N-Fe (Figure 6b). In the case of Cr-N
(Figure 6a), however, cracks could be seen along the circumference. The ramp scratch tests
showed no further differentiations between the pin materials Cr-N and Cr-N-Fe, as both
materials performed well without delamination or cracking.
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Figure 6. Comparison of Rockwell adhesion indent marks: (a) Cr-N; (b) Cr-N-Fe.

The steel counter bodies were manufactured in accordance with the application. A
NiCrMo-alloyed steel with a surface hardness of over 700 HV was used. The dimensions
of the steel body were 40 x 20 x 10 (length, width, height) mm. The surface roughness was
specified to a target Ra=0.05 pm, according to measurements of component parts (see Part

L1)).

3. Experimental Results
3.1. Comparison of Pin Material Performance for Used Engine Oil EO1

The tribological performance of the two pin materials with EO1 oil differed signifi-
cantly from each other. In the case of Cr-N, the tribometric measurement data and results
obtained with EO1 oil were comprehensively presented and discussed in Part I of the
study [1]. A hectic friction behaviour with plenty of friction peaks could be observed, as
well as a significant increase in the wear that could be detected in case of load increase.
Similar tests, according to the TC 1-3 test programme, were performed with the Cr-N-Fe
material and EO1 lubricant. The tribometric data are shown in Figure 7a—c. Figure 7a
shows a measurement record of the test programme TC 1, which means a 350 N normal
load and a running time of 25 h. As can be seen in the test plot, there is a pronounced run-
in need at the beginning of the test. When the load is increased to the test load, the coeffi-
cient of friction drops abruptly, and the contact potential also drops to the minimum value.
In the further course, an extended run-in characteristic is shown, which is characterized
by a slow decrease in the coefficient of friction. A similar characteristic was also shown in
tests with Cr-N, which can be read about in Part I. The coefficient of friction of Cr-N-Fe
drops to values between 0.02 and 0.025 in the respective tests within 15 h. During this
process, there is also a slight build-up of the contact potential, whereby the measured val-
ues are to be read as average values over the stroke, and it can thus be deduced that insu-
lating boundary layers build up in several areas of the contact.

Figure 7b, on the other hand, shows a test with increased normal load. Similar to TC
1, the pronounced run-in process during the load increase to the test load can also be seen
here. The friction peak value of approximately 0.07 was somewhat higher than in the tests
with the standard load level. The extended run-in process was quicker and was completed
at approximately 10 h. After this phase, the friction value stabilized at just under 0.04. In
contrast to tests with low loads, no contact potential built up in these tests. This indicated
poorer tribological conditions and rather metallic, wear-related contact processes. For
longer tests at a standard load level (Figure 7c), similar characteristics to TC 1 were meas-
ured at the beginning. Through the longer test duration, it could be seen that the system
continued to optimize itself energetically, and lower friction values up to p~0.011 devel-
oped, accompanied by the continuous stabilization of the contact potential.
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Figure 7. Test plots of EO1/Cr-N-Fe test combination: (a) TC 1; (b) TC 2; (c) TC 3.

Surface images of this test series are shown in Figure 8. Figure 8a shows a pin surface
from a test with standard load level, viz. TC 1. It shows a levelled and smoothed contact
surface with a defined contact width. In the topography mode of the SEM, the difference
between the surface structure outside the contact area can be seen very clearly. The initial
structure is significantly rougher than the extremely smooth surface inside the contact
track. It is also easy to see that the top layer is still fully present on the contact surface, as
there are no contrast differences that would arise if elements with different atomic weights
from various layers were present. This is also confirmed by elemental measurements, as
presented in Figure 8a. Occasional scratches can be seen at the edge of the contact area,
but these are not very pronounced and rather rare.

Essentially, the contact cap had a different width depending on the test duration and
operating load, which referred to a different wear progression. In this regard, also under
high load, the running track stayed smooth without noticeable coating chipping, delami-
nation, material transfer, or abrasive marks. The phenomena described above can be seen
in Figure 8b, which shows a pin surface from a test run with increased load. In comparison
with the running surface from Figure 8a, no pronounced changes can be seen even in op-
eration with increased load. The contact surface is still equally levelled and smoothed. As
can be seen from the direct comparison, only the contact width has increased considerably,
which proves an increased wear rate. Furthermore, there are slightly more scratches
around the contact surface (red arrows in Figure 8b), but no further damage phenomena.
In the case of tests with longer running time but standard load level, no further changes
to the surface condition, shown in Figure 8a, can be seen, except for the slightly higher
contact width.

These conditions were very different from the surface characteristics of Cr-N after
testing, which were found under the same test conditions (see Part I). For Cr-N, some
severe wear damage was observed on the pin surface after the tests. In this context, tests
with increased load or long running time were particularly subjected to pronounced wear.
Under these conditions, the coating of Cr-N in the contact area was already worn away
and the Fe substrate is exposed. In addition, considerable signs of abrasion and/or defor-
mation were observed for Cr-N. For the tests with EO1 and Cr-N-Fe, only minor tribolog-
ically induced changes in the surface texture could be seen on the steel counterparts com-
pared to the initial condition. Essentially, the surface roughness was smoothed somewhat,
which resulted from the changes in the surface grooves from the initial preferred grinding
direction to the directional alignment of only very slight running grooves in the stroke
direction. Locally (rather in the area of the reversal points), a few areas with lubricant
additive layer formations were also visible. The layer formation was less pronounced at a
test load of 350 N. In contrast, increased layer formation on the steel plate could be seen
with increasing test load. The phenomena mentioned above were exemplified by the sur-
face in Figure 8c, which showed a light microscopy (LIMI) image of a steel counter-surface
from a test with Cr-N-Fe and EO2 and increased test load. The smooth steel surface
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discussed above could be seen, which was locally covered with light brownish and bluish
tribopads. These layers were based on phosphate compounds with Zn and Ca elements
(blue areas) and also sulphur and oxide compounds (brown areas).
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WD= 85mm
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Figure 8. Surface analysis of selected test parts with EO1/Cr-N-Fe test combination: (a) Pin surface
from test with TC 1 test programme (measured with 7.5 kV and values given in at.%); (b) Pin surface
from test with TC 2 test programme; (c) Steel counterpart surface from test with TC 2 test pro-
gramme. In the illustrations, the arrows and the red circles mark abrasive grooves (a,b) as well as
regions of tribofilm formation for (c). The b label shows the wear cap.

Figure 9 shows a direct quantitative comparison between the pin variants Cr-N and
Cr-N-Fe in combination with the lubricant EO1 based on the time-based wear develop-
ment over the wear cap b (defined as the width of the wear track on the pin, see Figure 8a;
further definition can be found in the paper of Part I). The diagram shows what is already
evident in the comparison of the qualitative damage analyses of the pin surfaces, namely,
the higher wear resistance (lower values of the wear width b) of Cr-N-Fe for all test pro-
grammes used for tests with EO1. For all tests, the wear width of Cr-N-Fe is lower than
that of Cr-N. The same applies to the dissipated friction energy over the entire test times,
which can already be read from the qualitative course of the friction coefficient from the
tests with Cr-N and Cr-N-Fe.

TC2

e (high load) Tes
300
250
200
=]
5. 150
o mCr-N
100 mCr-N-Fe
50
0
25 25 73
t (h)

Figure 9. Wear results from tests with EO1 lubricant; wear cap plotted over test time.

3.2. Comparison of Pin Material Performance for Used Engine Oil EO2

Tests with EO2 lubricant were carried out using test strategy TC 4, which is essen-
tially characterised by a medium test time at moderate load. Representative test graphs
for both Cr-N and Cr-N-Fe are shown in Figure 10. In the case of Cr-N (Figure 10a), two
characteristics immediately stand out in the test plot. Firstly, the contact potential drops
to the minimum value immediately after the load increase from the run-in load to the test
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load and remains there throughout the rest of the test. Secondly, there are significantly
higher friction losses. During the run-in stage, the friction values are at a similar level to
tests with EO1, namely in the range of 0.06. There is then a decrease in the friction value
in the course of the load increase towards the test load, but this is followed by a new in-
crease in the friction value to almost 0.07. The friction value amplitude is also very wide
for these tests, which underlines the hectic nature of the system and suggests local damage
from the friction value curve. After this maximum, a downstream drop in the coefficient
of friction to just above 0.04 can be observed.

In contrast to Cr-N, tests with the Cr-N-Fe pin material, again, show very low friction
values over the course of the test time. Figure 10b shows such a representative test run
with Cr-N-Fe. At the beginning, a running-in process can also be seen here with an in-
crease in load from the running-in load to the test load. This can be seen with the drop in
the coefficient of friction from approximately 0.06 to values below 0.03. Here, too, a sim-
ultaneous collapse of the contact potential can be seen. Afterwards, similar to tests with
EOL1 lubricant, there is a further slow decrease in the COF until approximately 25 h test
time and an accompanying slight build-up of the contact potential curve to values of just
under 20 mV. This stable state is maintained for this system until the end of the test.

The quantitative comparison of friction and wear (for wear width definition please
see Figure 8a) measurement data in Figure 11 reflects the measurement curves from the
test graphs in Figure 10. While Cr-N-Fe shows a low wear cap/width (b) of approximately
183 um on average, as well as a dissipated friction energy E, see Equation (1), in which F:
represents the friction force and s stands for the total sliding distance of less than 10 kJ
joules, Cr-N, in contrast, shows increased dissipated friction energies of over 200 k], which
is more than double the dissipated energy from tests with Cr-N-Fe, as well as increased
wear values of 348 um. Converted to the calculated size of the wear height, the layer thick-
ness in the contact has passed through significantly.

E=F*s (1)
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Figure 10. Test results obtained with TC 4 test programme and EO2 lubricant: (a) Cr-N; (b) Cr-N-Fe.
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Figure 11. Quantitative results regarding friction energy (Et) and wear (wear width b) from tests
with EO2 lubricant.

Figure 12 shows surface analyses of pin surfaces Cr-N and Cr-N-Fe from tests with
EO2, with Figure 12a,b showing those of Cr-N and Figure 12c,d showing those of Cr-N-
Fe. In the light microscopic overview images, one can clearly see the different contact
width, which was previously compared quantitatively. In addition, it is clearly recognisa-
ble for Cr-N that the coating was clearly rubbed off and the steel substrate was exposed
over a large area in the entire area of the contact surface. This can be confirmed based on
the element measurements carried out in Table 3—Spectrum 3 and 4. The measurement
positions are marked in the scanning electron microscope image in Figure 12b. It can be
clearly seen that the measuring positions, which are located within the lighter contact area,
are elementally composed of components of the steel substrate. At the edge of the contact
area, the high-contrast images from the light microscope and scanning electron micro-
scope show a small edge strip, which can be assigned to the CrN coating by element meas-
urements (Table 3—Spectrum 2). In these areas, chipping and deformation damage can
also be seen repeatedly. Within the exposed steel substrate, smoothed surfaces can be seen
for the most part, which also appear rather bright. Only locally a few tribofilms of layer-
forming additive components from the lubricant are visible, see Figure 12a. For Cr-N-Fe,
Figure 12c shows the little damaged running surface with a small contact width and no
significant damage, but only a nicely smoothed contact surface. This is also shown by the
element measurements using the energy-dispersive X-ray spectroscopy (EDS or EDX)
technique. In this context, it can also be clearly shown that no tribological boundary layers
or additive layers of the lubricant form on the pin-running surface of Cr-N-Fe in this test
series; they form only on the bare-coating surfaces (Table 3—Spectrum 6-7).

Table 3. EDX point analysis of regions marked in Figure 12b,d (measured with 7.5 kV and values
given in at.%).

Spectrum C N 0) Cr Fe
1 - 45.0 6.4 48.5 -
2 - 48.3 2.7 49.0 -
3 5.1 - - 4.5 90.3
4 52 - - 5.4 89.5
5 - 44.0 3.8 47.0 5.1
6 - 44.3 2.2 46.3 7.3
7 - 43.6 2.8 46.6 7.0
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Figure 12. Pin surfaces from tests with EO2 lubricant obtained with TC 4 test programme: (a) LIMI
picture of Cr-N; (b) SEM picture of Cr-N; (c) LIMI picture of Cr-N-Fe; (d) SEM picture of Cr-N-Fe.

Figure 13 shows the corresponding steel mating surfaces to the pin surfaces of Figure
12. Figure 13a shows light microscopic overview and detail images of tests with Cr-N. It
can be seen quite clearly in the overview image that a large part of the running surface is
covered with boundary layers. This coverage was not seen in the tests with EO1 discussed
so far, where these were, rather, the local phenomena (see Part I). A closer look at these
layers revealed that they tend to build-up in the form of larger pad areas in lines transverse
to the direction of stroke. In detail, a brown base layer as well as a blue layer on top can
be seen (see Figure 13b), which repeatedly contains small holes where no tribolayer is
formed on steel. This can be clearly seen from the colour contrast based light microscope
image, but also from the elemental analysis. The element measurements in Figure 13c and
Table 4 show that the brown layers are oxide products (e.g., Table 4 Spectrum 4) and that
the elements P and partially S were measured, in addition, at blue layer areas (the element
concentration suggests a higher penetration depth of the measurement than the layer
thicknesses). Such antiwear layer formation on steel surfaces is well known in literature
[23,51,52]. Figure 13d—f shows the corresponding surfaces from tests with Cr-N-Fe pin
material. In the overview picture, it can be seen that the running surface is rather blank
over a large area, and only in the reversal points is a larger layer covering visible. The
external structure of these layers is similar to that of Cr-N (see Figure 13b,e), but differ-
ences can be seen in the element measurements. For Cr-N, mainly oxide fractions were
measured with rather less concentrations of P and other lubricant elements. For Cr-N-Fe,
under the same measuring conditions using EDX technology, slightly increased fractions
of P and S can be detected (Figure 13f, Table 5). In addition, Ca is found in the element
spectra of the layers (Figure 13f, Table 5, Spektrum 1, 4, 5).



Lubricants 2023, 11, 157

13 of 24

Figure 13. Steel counterpart surfaces from tests with EO2 lubricant obtained with TC 4 test pro-
gramme: (a) Cr-N counterpart— LIMI overview pictures of surface condition and tribofilm coverage;
(b) Cr-N counterpart—LIMI detailed picture of tribofilms; (c) Cr-N counterpart—SEM depiction of
formed tribofilms; (d) Cr-N-Fe counterpart—LIMI overview pictures of surface condition and tri-
bofilm coverage; (e) Cr-N-Fe counterpart—LIMI detailed picture of tribofilms; (f) Cr-N-Fe counter-
part—SEM depiction of formed tribofilms.

Table 4. EDX point analysis of regions marked in Figure 13c (measured with 7.5 kV and values given

in at.%).
Spectrum C (0) P S Ca Fe Zn
1 6.5 455 0.8 - - 47.3 -
2 9.9 39.3 0.7 - - 50.2 -
3 7.4 449 0.8 0.6 - 46.3 -
4 8.6 24.8 - - - 66.6 -
5 10.4 3.4 - - - 86.3 -

Table 5. EDX point analysis of regions marked Figure 13f (measured with 7.5 kV and values given

in at.%).
Spectrum C (0] P S Ca Fe Zn
1 7.6 38.5 2.2 1.0 2.7 48.0 -
2 7.2 37.2 1.1 - - 54.5 -
3 7.2 - - - - 92.8 -
4 25.0 27.8 1.4 1.0 2.0 42.9 -
5 7.4 35.9 2.2 1.5 2.5 50.5 -

3.3. Performance Assessment for Artificial Lubricants without Soot (AO1 and AO3)

In the following section, the tribometric results of the artificial oils without soot,
namely, fresh engine oil and diesel-diluted oil, are presented. The reader can see signifi-
cant differences for both pin materials compared to the used oils from the engine test runs,
see Figure 14. First, one can highlight the stable friction coefficient characteristic for the
artificial oils with and without diesel dilution. After a short running-in process at the
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beginning of the tests (Figure 14a—d), the friction value stabilises and remains almost con-
stant. In the course of the tests, there is a marginal increase in the coefficient of friction for
all variants of this test series. In the case of Cr-N-Fe (Figure 14b,d), slightly lower friction
coefficient curves can be seen, which are slightly below 0.05, and they steer towards this
value towards the end of the tests. The friction coefficient characteristics of Cr-N (Figure
14a,c) are in the range of 0.05 or slightly above. Due to the similar friction coefficient curves,
the temperature curves are also the same between the tests. The stable friction value pro-
cesses can also be seen in the contact potential curves of all tests in this test series. For all
tests, the contact potential rises to quite a high value and remains at this level for the rest
of the test duration. Even for the TC 5 test condition (see Figure 14e,f—high load, long test
duration), similar phenomena can be observed, although the measured friction and con-
tact potential curve are more hectic.
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Figure 14. Tests with artificial lubricants without soot: (a) Cr-N material and AO1 for TC 4 pro-
gramme; (b) Cr-N-Fe material and AO1 for TC 4 programme; (c) Cr-N material and AO3 for TC 4
programme; (d) Cr-N-Fe material and AO3 for TC 4 programme; (e) Cr-N material and AO3 for TC
5 programme; (f) Cr-N-Fe material and AO3 for TC 5 programme.

As for the surface conditions after the end of the test, these reflect the measured, sta-
ble tribological parameters during the tests. Multiple representative images from selected
combinations of material, lubricant, and test programme of both surfaces of pin and steel
counterpart are shown in Figure 15. Figure 15a—c shows light microscope images of the
wear caps from tests with AO1 and AO3 and with both the Cr-N and Cr-N-Fe pin materi-
als. It can be clearly seen that the wear caps are not very thick and are covered with brown
and blue layers, depending on the combination. In this context, for the Cr-N-Fe material,
the centre of the contact area seems to be covered more by brown tribofilms and are at the
edge by blue pads (Figure 15b,c), whereas, for Cr-N, the brown layers seem to create a
kind of base layer in the whole contact area, with blue pads forming on top of it (Figure
15a). Extensive tribological damage such as chipping, scoring, deformation, etc., is not
visible.

Figure 15d,e shows more detailed analyses of the layers formed on both Cr-N and
Cr-N-Fe using the scanning electron microscope and elemental analysis. The images show
the local pad-shaped expression of the formed structures for both brown layer areas and
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blue ones. The elemental analyses show that the brown layers in the middle of the contact
consist mainly of sulphur compounds. Calcium can also be detected there in a significant
amount. The other elements such as Cr, N, and Fe originate from the pin coating (Figure
15d). For the blue pads on the Cr-N-Fe surface, an increased proportion of Ca can be de-
tected. In addition to sulphur, phosphorus is increasingly measurable, which also indi-
cates the formation of phosphate structures. The proportion of elements from the base
material (Cr-N-Fe) is lower, with Fe and N no longer measurable at these points. The lay-
ers in the case of Cr-N (Figure 15e), which appear the same in the entire contact area, have
the same elemental components as the blue layers on Cr-N-Fe, which were discussed just
before, namely, primarily P, S, and Ca, in addition to O, C, and Cr, which originate from
the coating. For testing at higher loads and longer duration, the proportions of P and S are
increased, which can be attributed to the increased need for wear-protective components.
Furthermore, a change in the formed tribological layers due to the diesel dilution could
not be observed.

The steel counter bodies are free of significant surface changes in this test series, see
Figure 15f. The running surface shows a slight smoothing as well as a structural alignment
in the sliding direction, but this was more as a running-in process towards energetically
favourable alignment for the tribological stress of the surface. Tribological protective lay-
ers or lubricant additive layers on the pin surfaces do not form over a large area.

Figure 15. Post-test surface condition of parts tested with artificial lubricants without soot: (a) Cr-N
pin surface tested with AO1 and TC 4 programme; (b) Cr-N-Fe pin surface tested with AO1 and TC
4 programme; (c) Cr-N-Fe pin surface tested with AO3 and TC 5 programme; (d) SEM/EDX analysis
of Cr-N-Fe pin surface tested with AO3 and TC 5 programme; (e) SEM/EDX analysis of Cr-N pin
surface tested with AO1 and TC 4 programme; (f) steel counterpart overview for Cr-N-Fe/AO1/TC
4 test condition; EDX spectra measured with 7.5 kV.

Figure 16 shows the measured wear caps of the tests with artificial oils without soot.
It can be seen that the contact width that forms is significantly smaller than in the tests
with used oil. In this context, the tests with fresh oil and fresh oil with diesel dilution show
a wear width of just around 45 um for moderate load and average test duration, and about
60-65 um for long test durations and increased test load. The tests with the aged engine
oils range between 150 and 350 um, depending on the test scenario and the pin material
used. It is also interesting to note that there are almost no differences between the pin
materials in terms of contact width in this series of tests. As can be seen, the wear data for
TC 4 are almost the same (red dotted line), and for TC 5 they are only marginally next to
each other. It can also be clearly seen that the diesel dilution has no influence on the meas-
urement results in terms of wear performance (the wear points for TC 4 also lie on top of
each other for AO1 and AO3).
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Figure 16. Wear results from tests with artificial lubricants without soot; wear cap plotted over test
duration for different test strategies and oils.

3.4. Performance Assessment for Artificial Lubricants with Soot (AO2 and AO4)

In this section, the experimental results with carbon black blended lubricants are pre-
sented. Figures 17 and 18 show the measurement records of the experiments with the oils
AO2 and AO4: Figure 18a shows the combination Cr-N/AQO2, Figure 18b shows the com-
bination Cr-N/AO4, Figure 18c shows the combination Cr-N-Fe/AO2, and Figure 18d
shows the combination Cr-N-Fe/AO4. When looking at the data, it is noticeable that the
contact potential collapses immediately after the start and remains at the lower limit level
for the entire test duration for all tests. This indicates a limited formation of insulating
boundary layers in the tribological contact for all tribosystems. By systematically compar-
ing the same tribological systems with non-soot-blended oils, where high contact potential
values were measured throughout, and the surface analyses were able to show stable lub-
ricant boundary layers, this phenomenon can be attributed to the effect of carbon black.
For the Cr-N material, in particular, a marked running-in process could be determined at
the beginning in combination with AO2 (Figure 18a). In the course of this, the coefficient
of friction drops somewhat and stabilizes. The absolute value of the coefficient of friction
in this phase is about 0.06. In the further course, the coefficient of friction remains at this
level, but the character changes to a very hectic course. Peaks in the coefficient of friction
occur again and again. The high frequency of the peaks and the low overshoot values, as
well as the rapid decay of these friction value peaks to the stable friction value base level,
indicate locally occurring, but not further expanding, wear phenomena. This state does
not change until the end of the test. In the case of the tests with Cr-N and both soot- and
diesel-added lubricant (AO4), similar characteristics are shown as before (Figure 18b).
There, too, there is a pronounced run-in of the friction value and then it is also slightly
above 0.06 during the stable friction value level, the previously discussed friction value
peaks. In contrast to AO2, however, the tests show a sustained increase in the friction co-
efficient level from the test duration of approximately 25 h, whereby this increase stops
towards the end of the test and the friction coefficient hectic significantly increases. This
increase in the friction coefficient level could be an indication of more intensive damage
processes in the tribological contact. This hypothesis is confirmed by the comparison of
the wear caps between the tests with AO2 and AO4 with the same material Cr-N, as an
increased wear rate for the system with soot- and diesel-blended lubricant AO4 can be
read there. For Cr-N-Fe, the tribometric performance with AO2 and AO4 is approximately
the same (Figure 18c,d). The test curves show the same characteristics and can, therefore,
be discussed in a uniform manner. Similar to Cr-N, Cr-N-Fe also shows a run-in with the
soot-blended lubricants at the beginning of the tests. This is followed by stabilisation at a
basic friction value level for this pin material as well. This level is approximately 0.05-
0.055, i.e., somewhat below the level of Cr-N. These test runs also show pronounced fric-
tion value peaks, which are quickly reduced but also quickly end in new peaks. For the
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tests with Cr-N-Fe, an increase in the friction values could be observed after approxi-
mately 25 h of testing for all soot-blended lubricants. This development is accompanied
by increased wear values for the Cr-N-Fe material (see Figure 17). In detail, for both lub-
ricants with artificial soot AO2 and AO4, the wear cap of Cr-N-Fe is higher than that of
Cr-N. These results are interesting because the material Cr-N-Fe performed significantly
better than Cr-N in terms of wear performance in the previous test combinations.

b (um)

Cr-N - Cr-N-Fe Cr-N - Cr-N-Fe
AO2 —AO2 AO4 —AO4

Figure 17. Comparison of the measured wear width from tests with AO2 and AO4 lubricants.
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Figure 18. Tests with artificial lubricants with carbon black using TC 4 test programme: (a) Cr-N
material and AO2; (b) Cr-N material and AO4; (c) Cr-N-Fe material and AO2; (d) Cr-N-Fe material
and AO4.

Further insights into the prevailing tribological processes are provided by the surface
analyses carried out. Figure 19a,b shows light microscope and SEM images with the pin
material Cr-N and the lubricants AO2 and AO4. In addition, elemental measurements
marked in Figure 19a are given (Table 6, Spectrum 1-5). The surfaces shown can be con-
sidered representative of the entire contact surfaces at the pin.
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For Figure 19a, showing the surface from the tests with AO2, on the one hand, the
colour contrast of the LIMI image shows the contact area; on the other hand, it can be seen
that there is no run through of the coating here, which can be deduced from the absence
of any further colour difference within the running surface. This is also seen in the SEM
picture and confirmed via elemental measurement of the contact area, which only re-
sponds with Cr and N elements (Table 6, Spectrum 4). In addition, in the contact area,
dark agglomerations and outgrowths can be seen again and again. On closer inspection,
there are also local break-outs. These areas are accompanied by local bluish and brownish
discolourations on the surrounding plateau areas of the coating. The rest of the contact
area is consistently polished. Scanning electron microscope images and EDX analyses
show that the dark agglomeration areas are mainly caused by coating breakouts and sub-
sequent filling of the holes with deposits and overgrowth of the latter. The grown dark
areas appear to be incorporated into the pin material and are deformed. An element meas-
urement assigns the deposits to components of the lubricant additive chemistry. In this
context, it is particularly P and Ca that are measurable here and characterise the additive
layer characteristics in the form of potential Ca-containing phosphate glasses (Table 6,
Spectrum 1, 5). Areas with high carbon contents (carbon black deposits) can also be found
again and again (Table 6, Spectrum 3). These deposits often are measured along with
higher amounts of S, whereby, in contrast, S is not present significantly for other tribofilm
deposits. As for tests with the AO4 lubricant (Figure 19b), the processes discussed above
are relatively more pronounced. The colour contrast image in the LIMI and the greyscale
contrast image in the SEM show that the CrN has rubbed through, and the coating is only
present at the edge of the contact area. The phenomena mentioned, such as agglomera-
tions and chipping, are much more pronounced in these tests, as it can be seen. The mating
body surfaces (Figure 19d,e) are rather bright and free of layer formations. Only in the
reversal points can one find the local boundary layers, which, however, can mostly be
attributed to oxide products. The topography of the surface appears for AO2 in a wavy
basic order, which then shows rather smooth surfaces in the superimposed detail. For
AQO2, more areas with slight grooves are evident.

The surface phenomena found are in good agreement with the experimental meas-
ured values and, based on this, make it possible to hypothesise a tribological process se-
quence that can be explained well. It is shown that the contact is intensively stressed in
mixed and boundary friction and, due to the system conditions, hardly manages to reach
a stable, largely low-wear state, as in the case of the artificial oils without carbon black. In
this context, the added carbon black actively prevents the formation of protective bound-
ary layers and thus promotes wear. In the mode of action, it is not so much the possible
abrasive component of the carbon black that is decisive as the tribo-chemical component,
which is defined by the absence of boundary layers and grooves. In the further course,
areas break out of the material Cr-N. This phenomenon has also been observed with the
other lubricants and is a prominent characteristic of Cr-N. Within the contact deposits do
these grow up in these areas of hollow, which lead to friction peaks in contact with the
steel countersurface. Due to the harsher conditions in the tests with AO4 lubricant, the
gradually exposed substrate material then results in the sustained increase in coefficient
of friction in the case of AO4.

For Cr-N-Fe, break-out phenomena as in the previously presented tests are not ob-
served. Consequently, the phenomenon of deposit build-up should also not occur. In con-
trast to Cr-N, for Cr-N-Fe in combination with the oils AO2 and AO4 (see Figure 19c), one
sees a thoroughly smooth polished surface, with the coating being intact (see EDX meas-
urement Table 6, Spectrum 7) and with only local grooves and local tribofilm layers (Table
6, Spectrum 8) or smaller carbon deposits (Table 6, Spectrum 8). Similar to Cr-N, tribofilms
at the steel counterpart surface are missing (Figure 19f). The friction value peaks found in
the measurement records, which have slightly different characteristics to Cr-N, are, there-
fore, more likely to originate from the adhesive interaction of the unprotected friction
partners. The increased contact areas caused by this wear could, on the one hand, bring
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deeper layer areas of the heterogeneous layer Cr-N-Fe into contact and, on the other hand,
sustainably increase the true contact area and thus explain the sustained increase in the
friction value level.

Figure 19. Post-test surface condition of parts tested with artificial lubricants with carbon black: (a)
Cr-N pin surfaces tested with AO2 and TC 4 programme in LIMI and SEM depiction; (b) Cr-N pin
surface tested with AO4 and TC 4 programme in LIMI and SEM depiction; (c) Cr-N-Fe pin surface
tested with AO4 and TC 4 programme in LIMI and SEM depiction; (d) steel counterpart picture—
Cr-N/AO2/TC 4 test condition; (e) steel counterpart pictures—Cr-N/AO4/TC 4 test condition; (f)
steel counterpart pictures—Cr-N-Fe/AO4/TC 4 test condition.

Table 6. EDX point analysis of regions marked in Figure 19a,c (measured with 7.5 kV and values
given in at.%).

Spectrum C N O P S Ca Cr Fe Zn
1 7.6 - 58.8 11.6 08 11.0 - 10.2 -
2 8.1 9.7 - - - - 175  64.7 -
3 67.1 - 18.0 2.4 5.3 2.1 - 47 0.3
4 - 47.6 - - - - 52.4 - -
5 11.8 - 59.8 6.9 1.0 152 - 5.2 -
6 74.2 - 6.0 - 0.3 - 155 4.0 -
7 - 448 - - - - 457 9.5 -
8 2.9 27.7 20.2 1.7 - 48 338 89 -

4. Discussion

The results of these investigations can be discussed on the basis of the measured fric-
tion, the values for the pin wear, and the documented surface phenomena. Figure 20
shows an overall comparison of the tested systems in terms of friction, expressed as fric-
tion energy per test hour, and pin wear, expressed as wear width per sliding hour. Cr-N
results are marked with blue points, whereas Cr-N-Fe results are marked with orange
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points. Results obtained with different lubricants are grouped with coloured ellipses. In
addition, further notes on the test strategy are given in the diagram. A test duration of 25
h is described as a short run, a test duration of 73 h is described as a long run, a test dura-
tion of 49 h is not explicitly noted, and tests with 600 N are entitled with high load. For a
better reading, friction and wear are ranked in different categories, viz. Friction from (A)
to (C) and wear from (1) to (5), both from low to high.

9 high load/long run ‘ long run ] ‘ short run ‘ ‘ high load/short run ‘

2 AO1/3

EOI1

s
4 \ ) e Cr-N
b o Cr-N-Fe

Friction energy per sliding hour (kJ/h)

0 2 4 6 8 10 12

Wear cap per sliding hour (um/h)
Figure 20. Friction/wear map of the different systems tested.

4.1. Oils without Engine Soot or Carbon Black

Tests with fresh oil or solely-fuel-diluted oils up to 10 wt% showed very low wear
rates - see group (1) in Figure 20. Independent of the pin material used, the wear remains
at a run-in level in the range of less than 1 um/h. Even in the case of tests with higher loads,
no increase in the relative wear rate could be observed compared to the reference level.
The low wear values certainly also result from the fact that P-, S-, and Ca-based anti-wear
additive layers form in the interface, in particular, on the Cr-based pin surfaces. In this
context, it is particularly interesting that these layers are observed especially on the Cr-
based surfaces and not on the pure steel counterparts. In terms of dissipated friction, the
tests with fresh or purely fuel-diluted oil tended to be at higher values (categories B to A).
This observation can be backed up by other studies, as these anti-wear layers often have
the effect of increasing the coefficient of friction [53-55]. Furthermore, when comparing
fresh oil and pure diesel-diluted oil, no negative effects on friction and wear due to fuel
dilution can be observed for these tests under mixed and boundary friction test regimes.
Similar experimental observations, but with lower fuel contaminations and for vane pump
tribosystems, were made by [42]. These findings were supported by the results from [56],
which stated that diesel dilution affected viscosity rather than additive performance.

4.2. Oils from Engine Test Run

The oils used from the engine test benches (EO1/Eo02) showed significantly higher
wear rates, in categories (2)—(4), than the fresh oil or solely-fuel-diluted oil for both pin
materials tested. In the case of EO1 and the high load test condition, the wear rates even
increased to the advanced category (5). For EO1, it was also possible to show the develop-
ment over the test duration (comparison of short and long run), whereby, as expected, the
wear rate was higher for shorter test runs and the associated higher real pressures. A com-
parison of the engine oils EO1 and EO2, in terms of wear performance, showed that the
test rig did a good job of reproducing chain elongation ranking of the engine run, namely,
the systems with EO1 performed better. For the engine oils, the friction losses were rather
low, namely, in the lower end of category (B) or category (A) for a wide range of tests with
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both pin materials. In this regard, Cr-N-Fe, in combination with oils from engine test runs,
showed lowest friction dissipation by far, viz. lower end of category (A). The advantages
in friction losses compared to the fresh oil and fuel diluted oil can be attributed to two
effects. First, under operation with both EO1 and EO2, the soot and combustion products
seemed to tribo-chemically prevent the formation of antiwear additive layers on the Cr-
based surfaces and the associated high friction. Secondly, soot as carbonaceous material
could also provide friction reducing effects, as shown in [57-59].

4.3. Oils with Carbon Black Added

The addition of carbon black also significantly increased the wear rate to category (3)
when comparing it to the fresh oil reference, both for Cr-N and Cr-N-Fe. For both pin
materials, a higher carbon black content results in a higher increase in the wear rate. If we
look at the friction for these tests, unlike the engine oils, no significant reduction in the
friction energy could be observed here compared to the fresh reference oil, although the
wear protection layers on the pin and also on the mating surfaces were not found here
either. Therefore, this could mean that the used carbon black of this study does not have
the same solid lubricating effects as the produced engine soot. If one looks at the surfaces
for tests with added carbon black, where carbon containing agglomerations can be found
in the interface, this hypothesis could be sustained. These solid agglomerations seem to
be more strongly fixed in the interface and could be the cause of the friction peaks found
in the corresponding measurement diagrams.

4.4. Pin Material Variation

The difference between the pin materials Cr-N and Cr-N-Fe is particularly pro-
nounced. In the case of oils without soot or carbon black, there is hardly any measurable
difference for the wear performance, but Cr-N-Fe provided slight advantages in terms of
friction dissipation. As for oils from engine test runs, Cr-N-Fe showed both a higher wear-
resistance and a lower friction dissipation compared to Cr-N. The difference is particularly
large in the case of a poorly performing oil (EO2). The higher wear resistance of Cr-N-Fe
can, potentially, be traced back to the higher hardness and modulus of its top compared
to Cr-N, as the basic tribological mechanisms and surface structures were the same in the
previously mentioned test series. Interestingly, in contrast, Cr-N showed slightly lower
wear rates than Cr-N-Fe with carbon-black-added oils. This could be due to the formation
of deposits, in case of Cr-N tests with carbon-black-added oils (see Figure 19a). This ag-
glomeration may support bearing tribological loading and, therefore, could have a some-
what wear-reducing effect. On the other hand, as mentioned before, friction peaks and
sliding instabilities could emerge due to this formation.

5. Conclusions

This paper covers the experimental investigations of tribological systems in the field
of timing chain drives using the model testing method presented in Part I. In detail, two
pin materials and several lubricant variants were tested and examined within the scope of
the investigations presented. The following main findings can be noted:

e Theused test methodology was well suited to investigate and rank the different tribo-
logical systems (pin materials, lubricant, etc.). In this regard, the same oil perfor-
mance ranking was achieved compared to an engine test run in terms of wear assess-
ment when comparing two oils EO1 (acceptable chain elongation) and EO2
(high/non-acceptable chain elongation).

e The results show that engine soot and carbon black both have a wear-promoting ef-
fect for all tested tribological systems in this study. With an increased amount of the
soot surrogate carbon black from 2 wt% to 4.5 wt%, the wear increases accordingly.
For oils from an engine test run, a friction reducing effect could be observed, but not
for oils with added carbon black.



Lubricants 2023, 11, 157 22 of 24

e  The addition of diesel fuel alone to the fresh oil with 10 wt.% did not change the
friction and wear effects of either of the various tribological systems tested.

e  In the case of using fresh oils, an additive layer formation with phosphorous struc-
tures and sulphur structures on the chrome-based pin surfaces formed. Under the
presence of engine soot or carbon black, these layers did not form on the Cr-based
coatings, which was likely to be the reason of the wear increase. In addition, the sur-
faces were finely polished. This leads to the assumption of a corrosive—abrasive
mechanism. In contrast to tests with engine oils, artificial oils with carbon black
showed signs of carbon-based agglomerations on the pin materials, and, in particular,
these were pronounced for the CrN coating, which created higher friction. These dif-
ferences between oils from engine test runs and carbon-black-added oils were at-
tributed to the different structures and surface chemistry between engine soot and
carbon black, which was reported in [60].

e Inregard to the pin materials investigated, the alternative multilayer solution with a
Cr-N-Fe top layer showed mostly significantly lower, but never worse, friction losses
than the Cr-N reference coating under all test conditions and lubricant variants.

e Inregard to wear of the different pin materials, no significant differences were ob-
served in the absence of soot or carbon black in the lubricant. For the oils from engine
test runs, the Cr-N-Fe coating showed higher wear resistance under all test conditions
compared to Cr-N, which is most likely due to the higher hardness and modulus of
the Cr-N-Fe coating. In the case of the artificial oils with carbon black, the trend was
the opposite in regard to the wear of the pin materials. This is hypnotized due to an
accumulation and growth effect in the area of breakouts of the Cr-N layer of tribofilm
and carbon deposits, which could have a wear-reducing effect.
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