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Investigation of the Influence of Triboactive CrAlMoN Coating on the Joint Wear 
of Grease-Lubricated Roller Chains

Martin Ranka , Manuel Oehlera , Oliver Kocha , Kirsten Bobzinb , Christian Kalscheuerb , and  
Max P. M€obiusb 

aMachine Elements, Gears and Tribology (MEGT), RPTU Kaiserslautern, Kaiserslautern, Germany; bSurface Engineering Institute (IOT), RWTH 
Aachen University, Aachen, Germany 

ABSTRACT 
Physical vapor deposition (PVD) coatings are vital for enhancing wear resistance. However this tech-
nology faces challenges when coating inaccessible surfaces due to its line-of-sight characteristic. A 
potential remedy is utilizing triboactive CrAlMoN coatings. These form a tribofilm in the contact 
zone when applied to one contact partner along with a suitable lubricant. This tribofilm can subse-
quently safeguard inaccessible yet tribologically stressed surfaces. One of the main applications for 
this method is roller chain drives, whose longevity depends on the joint wear and the resulting 
chain elongation. Large-scale pin coatings have proven effective in curbing wear and prolonging 
chain life. However, the inaccessibility of bushes complicates standard PVD coating procedures. 
Triboactive coatings offer the possibility of forming transfer layers on the bushes, thereby enhancing 
friction reduction and wear protection. Experimental material studies for chain drives can be cost- 
intensive due to complexity and numerous components. This article demonstrates that CrAlN and 
CrAlMoN coatings in combination with greases with the additives phosphorus and sulfur can reduce 
friction and wear in chain joints. Furthermore, it is shown that a reasonable selection of tribometer 
testing can significantly reduce costs. Comparing the results of tests on a pin-on-disk tribometer 
and component tests show that model tests cannot completely replace component tests. But the 
combination offers an efficient way to optimize test matrices. Triboactive coatings like CrAlMoN 
hold promise for addressing the challenge of inaccessible surfaces. Reasonable tribometer test selec-
tion can help mitigate the costs of experimental studies, making these coatings a more practical 
solution.
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Introduction

With greater social and legal requirements for sustainable 
products, the optimization of efficient systems is becoming 
increasingly important. Tribological contacts have a signifi-
cant influence on global CO2 emissions, comprising about 
23% of the world’s energy demand. About 20% of this 
energy is converted into friction, and 3% is used to replace 
worn components (1).

This particularly affects systems such as chain drives. The 
service life of these systems is determined by wear. 
Consequently, an increase in wear resistance leads to a lon-
ger service life and thus also to more sustainable use. Roller 
chains are used as timing chains in internal combustion 
engines (2), as drive chains in industrial applications (3), in 
conveyor drives, as well as in agriculture (4). Thus, they are 
used in most production processes as well as in a wide range 
of transportation applications (5). Due to their extensive 
industrial applications, friction and wear reduction in roller 
chains play an essential role in reducing CO2 emissions.

Roller chains consist of outer links in which pins are 
pressed with outer plates and inner links in which bushes 
are pressed with inner plates. The rollers are mounted on 
the bushes and can rotate freely on the bush, as well as roll 
on the sprockets when the chain moves (Fig. 1).

Wear in roller chains occurs mainly through abrasion in the 
joints, where a sliding relative movement takes place between 
the pin and bush, especially when running over sprockets, but 
also through dynamic processes in the runs (6). The wear is 
formed locally in the area of the contact zone of pin and bush 
and is determined by the pitch angle s of the sprockets (Fig. 2).

Because the chain is almost load free in the return strand, 
wear is induced mainly in the load strand. The sliding dis-
tance s of the joint per chain revolution is thus determined 
by the sum of the pitch angles of the wheels and the pin 
radius rP (Eq. [1]).

s ¼ rP � ðs1 þ s2Þ: (1) 

The elongation due to wear causes an increase in the 
pitch P and consequently an increase in the pitch diameter. 
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This results in transmission errors and impulses on the 
sprocket teeth and rollers when the chain runs on. The per-
missible chain extension depends on the application and 
type of drive. In the case of timing chains of internal com-
bustion engines, the elongation must not exceed 0:8%, 
because the transmission error will interfere with the oper-
ation of the engine (7). For drive chains, elongation up to 
3% is tolerated according DIN ISO 10823 (8). If this is 
exceeded, the chain may skip and fail abruptly (9).
Various ways of influencing the tribological properties of 
the system to improve system wear have already been 

investigated. In addition to the choice of material for the 
individual components, the manufacturing process in par-
ticular has a significant influence on the properties and tol-
erances of the components. Furthermore, the wear resistance 
of the components can be improved by heat treatment (10). 
Microstructuring of surfaces also makes it possible to 
improve friction behavior. It was shown that laser structur-
ing caused a significant reduction in the coefficient of fric-
tion (CoF) compared to polished components. However, the 
level of the CoF was not significantly lower than that of 
the series components. Also no influence on the wear of the 
components was detected (11). The use of cold spray depos-
ition technology to structure a surface with TiO2 particles 
also showed reduced friction in initial tribometer tests. The 
application of TiO2 particles resulted in a stable excavation 
of the CoF at a significantly lower level than in the unmodi-
fied reference samples. Again, no influence on the wear 
behavior was observed (12). However, improved wear resist-
ance can be achieved by nitriding or chrome nitride coating. 
Physical vapor deposition (PVD) or chemical vapor depos-
ition processes are mostly used for coating deposition. Figure 1. Schematic structure of roller chains.

Nomenclature 

fs Sampling rate (Hz) 
F Force (N) 
H Hardness (HRC) 
M Torque (Nm) 
n Rotational speed (1/min) 
p Pitch (mm) 
pmax Maximum contact pressure (N=mm2) 
PL Laser power (mW) 
rB Bush inner radius (mm) 
rP Pin radius (mm) 
s Sliding distance (m) 
Sk Core height (mm) 
Ssk Skewness 
t Time (s) 
tc Cleaning time (s) 
tE Exposure time (s) 

T Temperature (�C) 
WV Wear volume (lm3) 
z Number of teeth 
dh Wear height (mm) 
Dl Joint elongation (lm) 
Dlmax Joint elongation limit (lm) 
DP Pitch elongation (mm) 
k Wavelength (nm) 
l Coefficient of friction 
� Kinematic viscosity (mm2=s) 
s Pitch angle (rad) 

Subscripts 
1, 2 Driving, driven  

Figure 2. Dependence of sliding distance s in the chain joint of a chain with pitch P on the pitch angle s and the pin radius rP:
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However, for production reasons, mainly pins are 
coated (13).

In addition to the contact partners, the tribological sys-
tem is influenced by the lubricant. In the case of chains, oils 
or greases are generally used as lubricants (14). Because the 
optimization of combustion engines has been a major 
motivation for the optimization of timing chains in recent 
years, research has focused on oil-lubricated systems (15). 
One research emphasis is the examination of additives and 
the optimization of oils (16). For example, initial results 
indicated that triboactive CrAlMoN and CrAlMoCuN coat-
ings can be used to produce transfer layers on chain bush-
ings under oil lubrication, which has a positive effect on 
friction and wear behavior (17). Simple comparative tribom-
eter tests are often used for parameter investigations on 
chains. But these model tests represent a strong abstraction 
of the chain link. For realistic investigations, on the other 
hand, tests on entire chain drives are usually used. 
Parameter studies on chain drives are often cost-intensive 
due to the large number of components. Conventional sys-
tem test rigs are consequently only suitable to a limited 
extent, especially for investigations of material influences 
using prototypes. A chain joint tribometer (CJT) was there-
fore developed at the chair for machine elements, gears, and 
tribology to investigate individual chain joints (18). This 
allows the test setup to be reduced to a single joint, thus 
minimizing costs for prototypes and model lubricants. At 
the same time, load spectra can be mapped that correspond 
to the real loads on a joint in the chain drive (19). The CJT 
thus occupies a position between highly simplified tribome-
ters and the real system. Test matrices can be planned sens-
ibly by the systematic use of different test rigs. A 
preselection of coating systems can be made by a pin-on- 
disk (PoD) tribometer, which can be further analyzed in 
more complex CJT with a reduced sample size and under 
realistic operating conditions.

The focus of the investigations carried out was on the 
chain pins. Mechanical processing or coating of the bushings 
by means of the PVD process is technically difficult and not 
economical viable. To improve the tribological properties of 
the joints, pins with triboactive coatings are used. With a suit-
able lubricant, these create transfer layers on the bushing (20). 
PoD tribometer tests showed that the use of Mo:S embedded 
in a CrAlN matrix in tribological systems has a positive 

influence on the friction and wear behavior (21). 
Tribological transfer coatings can also be detected in lubri-
cated systems through the interaction of CrAlMoN coatings 
and sulfur-containing lubricants (22). A positive influence of 
a CrAlMoN coating of chain pins and the use of a lubricat-
ing grease with sulfur additives on the friction in the chain 
link has been proven (23). PoD experiments showed a high 
comparability with the friction measured with the CJT. The 
lowest CoF was measured for the CrAlMoNþS systems in 
the PoD (Fig. 3) (23). Despite its unstable course, the 
CrAlNþS system showed a lower CoF compared to the 
uncoated reference, which is in accordance with the CJT 
results.

In the PoD, the CrAlMoNþS system achieved improved 
wear resistance compared to systems with uncoated and 
CrAlN-coated samples. Although the use of a phosphorus 
additive grease did not improve friction, it led to reduced 
wear of the coated flat specimen (Fig. 4). Furthermore, indi-
cations for the formation of a transferred tribolayer were 
found (23).

It was assumed that the PoD would be a viable tribom-
eter to preselect promising coatings and lubricants for sub-
sequent tests in the chain joint tribometer (23). However, 
wear analysis was not performed on a statistically viable 
level in previous investigations. Therefore, this article inves-
tigates whether the findings obtained on the PoD can also 
be confirmed in experiments with the CJT. For this purpose, 
the wear behavior of the various chain joints is investigated 
in individual joint tests. In addition, whether the grease with 
phosphorus additive also has a beneficial effect on the fric-
tion in contrast to PoD tests will be investigated.

Experimental methods

All tests were performed on roller chain joints of size 10B-1 
with a pitch P ¼ 15:875 mm (5=800Þ according to DIN ISO 606 
(24). The joints had a pin radius of rP ¼ 2:5160:005 mm and 
a bush inner radius rB ¼ 2:5460:01 mm: Two nitrided pin 
coatings, a CrAlN reference coating and an extended CrAlMoN 
coating with a composition according to Table 1, were used.

Both coatings were synthesized using an industrial coat-
ing unit for PVD. This unit works with magnetron sputter-
ing and has four direct current magnetron sputtering 
cathodes and two high-power pulse magnetron sputtering 

Figure 3. Friction analysis in the PoD (23).
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cathodes. More detailed information of the coating process 
and coating properties can be found in our previous 
study (23).

Tests were also carried out with the original chain joint 
without modified pins. The serial pins were made of 
58CrV4, quenched and tempered to a hardness of H ¼
ð5061:5Þ HRC: The bushings used were made of wound 
C15 steel and in case-hardened condition.

Two different variants of the same model grease were 
used for the test. The model grease consists of an ultra- 
high-viscosity mineral base oil of �40 ¼ 13, 600 mm2=s and 
�100 ¼ 406 mm2=s as well an inorganic thickener and with 
antioxidants (AO) added. One variant contained a sulfur 
additive (S) and the second contained a phosphorus additive 
(P; Table 2). Due to the high amount of sulfur, NLGI classes 
(25) differed slightly. Both wear and friction tests were per-
formed on three specimens for each combination of coating 
and grease. To ensure comparability, the coatings and lubri-
cants were identical to those used in previous studies.

Chain joint tribometer

The CJT is a single joint test rig that can be used to perform 
friction and wear tests on individual chain joints of bush 
and roller chains. The test specimens are thus serial compo-
nents, whereby individual contacts such as the pin–bush 
contact or the bush–roller contact can be examined in detail. 
In addition, various lubricants, such as oils or greases, can 
be used. Temperatures of the test specimens can also be 
adjusted. The CJT represents a bridge from model tests like 

PoD to conventional system test rigs, on which entire drives 
are investigated. By examining individual joints, new possi-
bilities are offered in the analysis of contacts.

Conventional wear measurements are performed on 
entire chains. A standardized test load is applied to the 
chain and the chain length is determined (24). This is 
related to the initial length of the chain when new, and the 
relative chain elongation is determined. For a measurement, 
chains are usually disassembled and conditioned to a defined 
test temperature. Therefore, wear measurements are usually 
very complex (6). By looking at a single and stationary joint, 
the CJT offers the possibility to measure wear in real time 
(Fig. 5). This means that test cycles do not have to be inter-
rupted for a measurement and measurement errors due to 
assembly processes can be avoided. In addition, a detailed 
temporal resolution of the joint elongation is possible, 
whereas only discrete points during the test cycle can usually 
be recorded when measuring complete chains. There is also 
a very high level of agreement between the two measure-
ment methods (26).

Another advantage of the CJT is that the accessibility of a 
locally stationary joint allows direct friction measurement, 
which is difficult with a revolving chain joint and can usu-
ally only be determined using secondary metrics such as sys-
tem efficiencies. With the CJT, any load spectra can be set. 
Thus, the kinematics of the chain drive can be resolved and 
idealized collectives can be investigated in addition to the 
systemically conditioned load collectives. This allows friction 
measurements to be compared and is therefore ideal for the 
direct comparison of different test parameters (27).

Friction tests on the 10B-1 joints were carried out with 
the three coating systems and two different greases. Three 
specimens were tested for each joint variant. The joints were 
loaded with constant normal loads between F ¼ 200 and 
1, 000 N and at three different constant contact speeds of 
vrel ¼ 0:27, 0.55, and 0.83 mm/s. The friction was measured 
over 30 angular cycles with a total of 150,000 measuring 
points at a sampling rate of fs ¼ 4 kHz per individual test. 
For comparison with the PoD test, the testing temperature 
for the CJT friction test was also set to T ¼ 70�C: Tests 
were performed on the specimen in both as-new state and 
after running in under identical conditions (27). Thus, 90 (30 

Table 1. Chemical metallic composition of the pin coatings and top layer 
thickness.

Coating Cr (at%Þ Al (at%Þ Mo (at%Þ Coating thickness (lmÞ

CrAlN 59 41 − 1:9260:1
CrAlMoN 17 13 70 1:7960:04

Table 2. Properties of the two greases.

Configuration NLGI class (25) Additives Viscosity (cSt)

Model greaseþS 0 AO þ 6600 ppm S <1000
Model greaseþP 1 AO þ 350 ppm P <1000

Figure 4. Wear analysis after PoD tests.
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per speed) individual tests were carried out for each joint 
variant, for a total of 540 (180) individual tests. Wear analyses 
were carried out on the basis of a real-life load spectrum that 
was simulated using multi-body simulation (28) of a drive 
with a number of teeth of z1 ¼ 17 and z2 ¼ 45, operated at a 
constant driving speed of n1 ¼ 1, 000 min1 and a constant 
braking torque of M2 ¼ 125 Nm: The collective was thus at 
the upper end of the permissible load of the chain according 
to DIN ISO 10823 (8). The sliding distance in the joint corre-
sponded to a pitch angle ssum ¼ 29:2 � of the chain and a 
pin radius rP ¼ 2:51 mm: The sliding distance was therefore 
s ¼ 1:27 mm per joint revolution, with one revolution requir-
ing approximately t ¼ 0:42 s: The resulting joint pressures 
were calculated with the procedure described by Simo Kamga 
et al. (29) and are presented in Table 3. In addition, three 
joints per variant were examined in the wear tests. Thus, a 
total of 18 individual tests were carried out.

Analysis

To analyze the wear volumes on the disks and pins after PoD 
tests, a confocal laser scanning microscope was used. The spe-
cific method for wear volume measurement was described in 
detail in Bobzin et al. (23) For analysis of the joint 
components after the wear tests, shape measurements were 
performed on the contact partners in addition to the in-line 
measurement of the CJT. This allowed the individual wear 
components of the pins and bushings to be assessed (30). 

An industrial roundness tester was used for this purpose. 
Determining component wear allows conclusions to be 
drawn about the extent to which the coatings on the pins 
have been worn and the influence of the coatings and lubri-
cant on the wear behavior of the bushings. Furthermore, 
these tests were used to validate the CJT measurements.

In addition, the topology of the surfaces and their 
changes due to wear were studied in more detail. For this 
purpose, optical analyses were carried out with a confocal 
microscope, and an evaluation of the surface parameters was 
performed using a commercial software (31).

Tribochemical analysis was performed by Raman spec-
troscopy after tribological tests with the PoD and CJT 
respectively. These analyses were performed to investigate 
the influence of different coatings and grease lubricants on 
the formation of a wear- and friction-reducing tribofilm and 
transfer film. All investigations were performed with an 
industrial Raman spectroscope with a laser wavelength of 
k ¼ 532 nm, an 1, 800 l/mm grating, and a laser power 
of PL ¼ 2:6 mW: For Raman mappings, an exposure time 
of tE ¼ 3 s was used. A representative spectrum was selected 
for visualization. Prior to Raman analysis, all samples were 
cleaned in cyclohexane for approximately tc ¼ 30 s:

Results and discussion

In a previous work, in PoD tests of the CrAlMoN coating 
with the sulfur-added grease, Bobzin et al. showed that a 
reduction in friction of up to 50% was achieved compared 
to an uncoated system (23). Rank et al. confirmed the trans-
fer of this result to the CJT (27). Furthermore, PoD tests 
showed an improvement in wear resistance using a 
CrAlMoN coating in combination with greases with sulfur 
and phosphorus additives. The findings obtained were com-
pared with studies on the chain joint and are analyzed in 
more detail in the following.

Friction tests

The use of the grease with phosphorus as an additive has a 
strong influence on the friction behavior of all coating 

Table 3. Load parameters for different tests and resulting joint contact pres-
sures in as-new and run-in state calculated with the procedure described by 
Simo Kamga et al. (29).

Maximum tensile  
force (N)

Maximum contact  
pressure (as-new)  

(N/mm2)

Maximum contact  
pressure (run-in)  

(N/mm2)
Configuration Fmax pmax, new pmax, run� in

Friction1 200 21.0 11.0
Friction2 400 42.0 22.0
Friction3 600 62.5 33.5
Friction4 800 85.0 41.0
Friction5 1,000 115.0 50.5
Wear 1,100 135.3 60.7

Figure 5. Schematic of CJT in configuration for analysis of (a) wear and (b) friction of chain components.
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variants of the chain joint (Fig. 6). In the series of tests with 
greaseþS (model grease with Sulfur additive), the system 
with the CrAlMoN pin coating had significantly lower fric-
tion values. The system with the greaseþP (model grease 
with Phosphorus additive) had an identical magnitude of 
CoF as the uncoated system. However, the CrAlN system 
showed a very low CoF and reached a comparable level as 
the CrAlMoNþS system. Additionally, the observation that 
higher normal forces within the experimental limits lead to 

a reduction in friction in the chain joint was confirmed. 
One explanation for this phenomenon could be the higher 
contact ratio due to deformations of the asperities (32). 
However, the CoFs of the three systems were of a similar 
order of magnitude. This may be an indication of tribo-
chemical reactions between the CrAlMoN coating and sul-
fur, whereas phosphorus had no influence on the friction. 
This finding agrees with previous research (23).

An increase in contact speed led to a slight decrease in 
friction. This effect was independent of the coating and the 
tensile force (Fig. 7). A comparable observation was made 
for the grease with sulfur as an additive (27).

The investigations also showed that the systems reacted 
strongly to the running-in process. Wear tests, which are 
considered in more detail below, showed complete running- 
in after 20 h at the described load. The samples for friction 
tests were therefore conditioned over 24 h with the same 
load collective as the wear tests. Whereas the uncoated sys-
tems showed only a relatively small increase in friction, the 
coated systems showed a significant increase in friction, 
which reached a factor of up to 3 with greaseþP compared 
to the initial condition (Fig. 8).

The strong increase in friction between the as-new state 
and after running in din not correspond to the compara-
tively constant friction values from the PoD tests (23). One 

Figure 7. CJT investigation of the CoF of 10B-1 joints with different pin coatings with varied normal forces and grease with phosphorus additive in as-new state at 
a sliding velocities of (a) v ¼ 0:27 mm=s, (b) v ¼ 0:55 mm=s, and (c) v ¼ 0:83 mm=s:

Figure 8. Comparison of CJT-measured CoF of run-in and as-new specimens versus tensile force; grease lubricated with sulfur and phosphorus additives for the 
systems with (a) an uncoated pin, (b) a pin with CrAlN coating, and (c) a pin with CrAlMoN coating at a sliding velocity v of 0:83 mm=s:
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possible cause would be the entrapment of wear particles in 
the chain joint. The component contact at the PoD was 
open. This allowed particles to be conveyed out of the sys-
tem. In the chain joint, on the other hand, the tribological 
system was closed off by the bushings and the link plates of 
the outer links. There was therefore minimal material 
exchange with the environment, and wear particles were not 
conveyed out of the contact. The coated pins also had a sig-
nificantly higher hardness than the uncoated ones (23). 
Accordingly, the wear particles removed from the pins 
should also have had a greater hardness and thus have a 
greater influence on the system. Further experiments must 
be conducted for a deeper understanding.

Wear tests

Despite the massive change in friction after running in of 
the joints, some systems showed significantly improved wear 
resistance. In particular, the CrAlNþP and CrAlMoNþS 
systems showed barely any wear at the start of loading and 
thus no discernible running-in wear (Fig. 9). Only after a 
sliding distance of s ¼ 450 m was there an increase in the 
wear gradient. The CrAlMoNþP system also exhibited a 
small joint elongation, although a clear running-in was 

observed in the first 250 m: After that, the elongation was 
almost constant and only increased slightly after a total of 
600 m: The uncoated systems and the CrAlNþS samples 
also showed running-in within the first 250 m: After that, 
linear wear with a significantly higher gradient occurred.

These observations were also confirmed by the shape 
measurement of the pins and bushings. The lowest wear was 
recorded for the CrAlNþP and CrAlMoNþS systems 
(Fig. 10). In addition, it was clear that the joint elongation 
was significantly influenced by the pin wear. Only in the 
two systems mentioned above was a symmetrical distribu-
tion of wear between the pin and bushing discernible. It was 
also evident that the wear protection of the tribological sys-
tem depended on the combination of grease and coating. 
The low level of dressing in the CrAlMoNþS system was 
indicative of a reaction between Mo and S, resulting in wear 
protection and a friction reduction.

The greatest wear was observed in the uncoated 
systemþP, were, a total wear height of up to 200 lm was 
achieved. Assuming that a maximum permissible joint 
elongation of 3%, which is defined in DIN ISO 10823 as 
the parameter determining the lifetime of chain joints, is 
distributed symmetrical over both pins of a link, the wear 
limit for a joint is 238 lm according to Eq. [2].

Figure 9. Joint elongation Dl over sliding distance s for different exemplary specimens.

Figure 10. Average wear height dh of the pin, bush, and joint (sum) for the different tribosystems determined by tactile shape measurement.
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Dlmax ¼
DP
2
¼

3 % � 15:875 mm
2

¼ 0:238 mm: (2) 

Consequently, the joint with the highest wear already just 
reached the wear limit. However, all systems showed a wear 
height of the pins of more than 2 lm: This is an indication 
of at least local penetration of the coating and could be an 
explanation for the increase in wear of the (Cr,Al)NþP and 
CrAlMoNþS systems after 450 m sliding distance. Also, the 
gradient of joint wear appeared to converge for all tests after 
a sliding distance of 650 m: This behavior also indicates 
incipient failure of the pin coatings.

The surface topography of the worn specimens also indi-
cated that the wear limit was reached in all test runs. Both 
the new pins and even the bushings had very even and 
homogeneous surfaces (Fig. 11).

All pins except the uncoatedþP and CrAlMoNþS show 
spalling throughout the contact zone (Fig. 12). Severe sur-
face changes were also observed on the bushings. No scoring 
occurred in the circumferential direction, the direction of 
the sliding movement. It can be deduced that microplough-
ing did not occur in the contact.

The blanks of the coated specimens were identical to the 
uncoated specimen. Due to the coatings, the core heights Sk 
and skewness Ssk decreased slightly. However, all surfaces 
were roughened by wear. Sk of both the pins and the bushes 
increased sharply (Table 4). The uncoated pinþS was again 
an exception. Although the corresponding joints showed a 

large elongation, the pins had a similar core height as 
the as-new specimens. The bushes behaved differently. The 
smallest increase in core height was observed in both the 
uncoated configurations and CrAlMoNþS. The uncoated 
pins had a less hard surface. Thus, a low wear of the 
bushes is plausible. The slight change in the CrAlMoNþS 
bush was remarkable. Whereas the other coatings provoked 
severe bushing wear, in this variant tribochemical reactions 
could lead to a transfer layer and thus protection of the 
bushing.

The skewness Ssk of the pin surface, which was still 
clearly negative in the new state, became neutral for all 
samples. The bushings initially exhibited a strong positive 
skewness. A decrease toward zero was be observed. 

Figure 11. Exemplary surface structure of the new specimen.

Figure 12. Exemplary surface structure of the worn specimen.

Table 4. Core height Sk and skewness Ssk of the new and worn chain compo-
nents in the different configurations.

Sk ðlm) Ssk

Configuration Pin Bush Pin Bush

Uncoated new 1:16160:149 1:26060:120 −1:64460:4972 4:08161:181
CrAlN new 0:54460:105 – −2:54660:9121 –
CrAlMoN new 0:58460:128 – −1:82961:7672 –
UncoatedþS 3:08761:068 2:39560:733 0:07660:573 1:09560:251
UncoatedþP 1:15460:336 2:65361:461 −0:34560:911 −0:17360:266
CrAlNþS 3:59860:425 6:13064:398 −0:30060:443 0:59360:754
CrAlNþP 4:06061:228 3:42561:781 −0:18560:516 0:65960:665
CrAlMoNþS 3:44760:763 2:28060:498 −0:31460:359 0:55860:563
CrAlMoNþP 5:08860:591 3:48960:393 −0:17660:283 1:43861:433
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The tribological conditions in the initial state were very 
favorable. The asperity heights were small and a high real 
contact area was assumed. In addition, the bushings had 
valleys, which provided lubricant reservoirs. Wear resulted 
in symmetrically distributed peaks and valleys at greater 
core height. The real contact area consequently decreased. 
However, the wear was so great that no correlation of the 
surface parameters with the joint elongation was observed.

However, the wear behavior observed in the PoD could 
not be clearly confirmed. The wear of the flat specimen 
tended to show good agreement with the wear of the pins in 
the chain joint (Fig. 4). In both cases, the greatest compo-
nent wear occurred with the uncoated specimenþP, whereas 
the CrAlNþP and CrAlMoNþS systems in particular 
exhibited significantly lower wear. However, the total wear 
of both tests differed. The lowest wear was observed for the 
system of the uncoated pinþS, whereas the highest was 
observed for the CrAlN systems. This suggests a greatly 
increased wear of the counterparts in the PoD compared to 
the chain bushes. In contrast to the PoD, the wear in the 
chain joint was largely determined by the wear of the pins 
in the tests under consideration. Only the CrAlNþP system 
exhibited significantly increased bushing wear. The chain 
joint was a closed system. In addition, the kinematic condi-
tions were different from those of the PoD. On the PoD, a 
plane contact was loaded with high initial Hertzian pressures 
of pH ¼ 1, 420 MPa (23). In the chain joint, on the other 
hand, there was a conformal line contact in which the pres-
sures were less than pmax ¼ 150 MPa: The lower pressures 

had a positive effect on wear of the bushes and resulted in 
lower total wear.

Tribofilm analysis

After the wear tests in the CJT, tribofilm analyses were per-
formed on chain pins and bushings using Raman spectros-
copy. The results for all samples of the greaseþS-lubricated 
systems are displayed in Fig. 13. All Raman spectra showed 
the same tribofilm composition of iron oxides, indicating 
that all coatings failed due to wear. These findings agree 
with the previous results regarding wear analysis in the 
chain joint. Even the CrAlMoN system under greaseþS 
lubrication showed clear signs of failure.

Next to CrAlMoN with greaseþS, the CrAlN system 
with greaseþP showed promising results in previous wear 
analysis. In Fig. 14, the tribofilm analysis via Raman spec-
troscopy for all systems with greaseþP lubrication is pre-
sented. Peaks of iron oxide were found on the bushes of the 
CrAlN system. However, these were much less significant 
than in the other samples. On the chain pin in CrAlN þP 
system, there are no signs of iron oxides. This indicates that 
this system did not fail until the end of the wear test. 
However, there were also no traces of other tribofilm com-
ponents like FeS2, ZnO, or a-C that were found in previous 
studies. These findings support the results from previous 
wear analysis; that is, that the CrAlN coating in combination 
with the greaseþP showed the best wear behavior in the 
chain joint. The uncoated system and the CrAlMoN system 

Figure 13. Raman spectroscopy analysis of the tribofilm of the worn chain specimen with greaseþS lubrication.
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both showed signs of failure due to the high amount of iron 
oxides found in the tribofilm, which is in line with our pre-
vious results.

Though the wear behavior of the two tribometer setups 
was comparable, an increasing friction after running in was 
observed in the chain joint, which was not detected in the 
PoD. In the PoD, the disk and pin were in open contact. An 
exchange of grease from the environment and thus also a 
removal of contaminants was thus possible. In the chain 
joint, the contact was closed by the outer plates, which 
inhibited the exchange of lubricant. In addition, the contact 
pressures in the PoD were significantly higher than those in 
the chain joint. With the PoD, this is set once via the con-
tact pressure of the pin and decreases due to increasing 
wear. In the CJT, on the other hand, the chain tensile forces 
are controlled continuously. The kinematics of the two tests 
are also differed. In the PoD, a continuous sliding move-
ment was performed around a fixed axis. In the chain joint, 
an alternating pivoting motion with short friction paths 
occurred. Thus, the contact was loaded locally.

Conclusions

In this work, friction and wear in the chain joint or on sim-
ple test specimens were measured on two different test 
benches. It was shown that model tests on the PoD can be 
used for preselection of coating systems for chain compo-
nents, whereby the effort compared to component tests can 
be significantly reduced. The same trends in friction and 
wear can be seen on both test benches. However, not all 

properties of the real system can be reproduced with the 
PoD. The friction in the run-in chain joint behaves differ-
ently than that in the PoD. The findings illustrate that a full 
substitution of the component test with real components by 
the PoD is not possible. Further investigation is needed to 
gain a deeper understanding of the contact in the chain 
joint. To understand the changes in friction in the run-in 
joint and to identify influences due to particles or changes 
in the lubricant, tests could be performed with relubricated 
systems. To achieve greater agreement between the tests on 
the chain joint and model tribometer, a different test setup, 
in which more comparable contact pressures can be set, 
could be investigated. Despite the slightly different results 
between PoD and CJT, the best wear and friction properties 
were observed for the chain joints with CrAlMoN coating 
system and grease with added sulfur and for the CrAlN sys-
tem and grease with added phosphorus. Compared with the 
uncoated systems, a friction reduction of up to approxi-
mately 30% was achieved. Wear-related joint elongation was 
also reduced by up to 50%: It is remarkable that with these 
two systems, almost no elongation occurs up to a sliding 
distance of 450 m, whereas other systems already reach the 
wear limit.

The presence of zinc(-oxide) in the tribofilm was not 
found on the chain joint components after wear tests with 
Raman spectroscopy. However, this Raman analysis sup-
ported the fact that the CrAlN coating in combination with 
the greaseþP showed the best wear behavior because no 
iron oxides were found.

The wear tests showed very large wear of all chain joints, 
although the load spectrum was selected in accordance with 

Figure 14. Raman spectroscopy analysis of the tribofilm analysis of the worn chain specimen with greaseþP lubrication.

1114 M. RANK ET AL.



the real applications. In addition, circumstantial evidence of 
pin coating failure was found, which precludes detection of 
transfer coatings. One possible cause for the high wear could 
be the use of low additive model greases. Tests with reduced 
load and a shorter testing time could therefore be useful to 
investigate the transfer layer formation in more detail. 
Considering an entire chain drive would be appropriate to 
achieve a transfer between the CJT and the real system. 
Chains with the CrAlMoN coating system and the sulfur- 
added grease could be constructed, with tests performed in 
terms of the efficiency of the drive and the wear behavior of 
the chain.
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