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Abstract
Diamond-like carbon (DLC) coatings protect engine parts from wear and provide low-friction. Unfortunately, the nature of 
DLC coatings does not allow progressing wear measurement using conventional methods. Therefore, we applied a radioac-
tive isotope-based wear measurement method (RIC method). A tribometer with oscillating contact and one with sliding 
contact were used to provide different loading conditions. The RIC method was evaluated for DLC coatings, and the DLC 
wear was investigated regarding the presence of abrasive particles. The results indicate that an increase in abrasive particle 
concentration leads to an increase of DLC wear rate and a decrease in usage-time until wear-off.

Keywords Diamond-like carbon (DLC) · Radio-isotope concentration (RIC) method · Wear progression monitoring · 
Irradiation influence · Abrasive particles impact

1 Introduction

Diamond-like carbon (DLC) coatings are applied to engi-
neering components to minimize surface wear and provide 
low-friction [1, 2]. In the valve train of automotive applica-
tions and at tribometer level, a friction reduction of 20% 
to 90% can be observed compared to wear-resistant coat-
ings, such as TiN [3–6]. Thanks to the friction properties 
of DLC, the efficiency of the tribo-systems can further be 
improved, thus saving energy (which is essential not just 
for combustion engines but also the evolving E-mobility) 
[7]. For such applications, the thickness of DLC coatings 
is typically in the range of 1 to 4 µm [8]. Regardless of the 
superb properties, unintended failure of DLC coatings can 
be observed. Thus, a further optimization of the DLC coat-
ings and the knowledge about critical loading conditions is 
the challenge for automotive [5], medical [9], and aerospace 
[10] applications.

From the properties of DLC mentioned so far, DLC has 
an important role in tribology. To clarify the effects on DLC, 
further friction and wear experiments were carried out in 
the field of automotive components [8, 11–13]. Especially 
in the automotive industry, failure due to delamination is 
an undesirable phenomenon, and especially abrasive wear 
particles lead to delamination processes [14]. Nevertheless, 
it is not clear yet, if the presence of abrasive particles causes 
a spontaneous coating delamination or if the DLC coating 
continuously wears-off.

A continuous measurement method for wear monitor-
ing is required for this investigation. Radioactive isotopes 
proved to be efficient tracers that allow for high-sensitive 
wear measurement [15], but also continuous monitoring of 
wear progress, e.g., applied on metallic engine components 
[16, 17]. For using such a method, one or both interacting 
bodies need to be irradiated by, e.g., thin layer activation 
(TLA) [15, 17–19]. The irradiation resulted in an activated 
state, in which the near-surface zone, and thus the generated 
wear particles, contain radioactive isotopes.

The wear of different materials can be measured parallel 
and continuously by using different isotopes [15]. Previous 
studies have shown that such a tracer method is suitable for 
wear studies on different materials or under various loading 
conditions [16, 20, 21]. Berlet et al. [22] and Faller et al. [23] 
used radio nuclide tracers for DLC wear studies and found 
loading condition dependent wear rates.
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However, any kind of irradiation is energy input that can 
have side effects on the material, e.g. induced temperature 
and structural changes can influence the tribological per-
formance. Tani et al. [24] reported a lower coefficient of 
friction (COF) due to laser irradiation (heating). Fan et al. 
[10] investigated the influence of space irradiation (atomic 
oxygen, ultraviolet, protons, and electrons). A change in 
COF and wear behavior was observed with an irradiation 
from 2.5 ×  1014 to 6.5 ×  1015  cm−2  s−1. Fan et al. [25] showed 
that Helium (He) ion irradiation leads to an increase in nano-
hardness and a decrease in surface roughness. Using Raman 
spectroscopy, they observed a microstructural evolution to a 
structure containing a large fraction of sp2-hybridized struc-
ture clusters. The irradiation in these experiments was  1015 
to  1017  cm−2. Vankar et al. [26] listed He irradiation  (1012 to 
 1016  cm−2) influence on DLC. Wu et al. [27] and Zhang et al. 
[28] found tribological improvements after irradiation with 
 He+  (1015 to  1017  cm−2), atomic oxygen or ultraviolet radia-
tion. In the Literature different units of irradiation param-
eters were reported and can be divided in fluence (particle 
per area) or power (particle per area and time).

These irradiations are in a comparable range to those 
required for the activation of DLC. However, the mentioned 
references showed that less particles per area or per unit time 
is more favorable in terms of less influence on the DLC. 
Therefore, low activations are preferable and thus are used 
in this study to investigate DLC wear processes.

The aim of this study is:

• To investigate the influence of the irradiation method on 
the structure by for example sp2 (graphite) and sp3 (dia-
mond) hybridization content [29] and on the tribological 
behaviour of the DLC,

• To evaluate the radioactive tracer methods applied on 
DLC, and

• To investigate the wear progress or even wear rates under 
presence of abrasive particles.

Two tribological systems were selected for this purpose. 
Firstly, a ball against plate experiment with oscillating 
motion was set up to investigate the influence of the irradia-
tion on the tribological performance at critical loading con-
ditions. Secondly, a cylinder against plate experiments with 
unidirectional sliding conditions was chosen to study the 
wear progress due to the impact of added abrasive particles 
at subcritical loading conditions.

2  Methods

2.1  Test Setup for Wear Measurement

The wear measurement is based on the radioactive iso-
tope concentration (RIC) method [15–18]. Within this 
study, a 1 µm mash-size filter was placed in the gamma ray 
detector within the lubricant circuit for gathering most of 
the wear particles in the detector measurement zone, see 
Fig. 1b. Fresh diesel was used in each experiment, circu-
lated with a tube squeeze pump at about ~ 30 ml/min. All 
experiments were carried out with diesel (GDK 570) at room 
temperature.

2.2  Preparation/Irradiation of Samples

The DLC coated samples (plates and liners) were provided 
by Robert Bosch GmbH and had the same DLC coating 
with roughly 2.3 µm thickness, 170 GPa Young’s modu-
lus, and 20 GPa Hardness, as obtained from our measure-
ments, Table 2. The substrate was steel, and a chromium 
layer acted as an intermediate layer between the DLC and 

Fig. 1  Schematic illustration 
of the RIC-tribometer-circuit 
and DLC samples sliding and 
loaded against a ball during the 
UMT test (a) and against a shaft 
during the SLPG test (b). The 
pump transports the lubricant 
including the isotopes within 
the wear particles through the 
circuit to the detector. A 1 µm 
filter was placed in the detector
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the steel substrate. DLC activation is achieved by irradiation 
of carbon with helium (3He) at 2.8 ×  1015 3He/cm2s. During 
this irradiation, a nuclear reaction forms 7Be from the stable 
carbon 12C (natC(3He,2α)7Be) [30]. Mentioning briefly, that 
un-doped DLC was used within this study and consequently 
no other isotopes can be produced from doping elements, 
e.g., Ti or W.

7Be has a gamma energy line of 478 keV and a half-life 
of 53 days. Because irradiation depth was ~ 10 µm, the sub-
strate steel was co-activated during the irradiation process 
by generating Co57 isotopes [17]. This allows to determine 
the point, at which the DLC coating is rubbed/worn through 
when Co57 is detected during the tribological experiment.

The irradiation of the samples was carried out with low 
beam parameters to achieve hardly any material changes 
in the irradiated area. Thereby we achieved that the irradi-
ated samples provided a good sensitivity regarding the wear 
measurement, whereby the sample contain a total activation 
below the free handling limit [31].

The counter acting bodies have not been irradiated and 
thus were not accessible for tracer wear measurement. Nev-
ertheless, material transfer from the sample onto the counter 
acting bodies is detectable after the experiment.

2.3  Selection of Tribological Model Systems

To evaluate the effect of irradiation, tribometer experiments 
were carried out with DLC coated plates with and without 
irradiation using a standard tribometer (Universal Mechani-
cal Tester—UMT, Bruker) with oscillating movement. In the 
following, these tests are labelled “UMT”.

Three tests were performed on irradiated DLC plates and 
three tests on original (without irradiation) DLC plates. In 
these experiments, the tribological behaviour without failure 
or severe damage of the DLC coating was of interest. These 
loading parameters were evaluated previously to obtain sta-
ble and non-failure conditions.

A 100Cr6 ball with 10 mm in diameter was used as the 
counter acting body, Fig. 1a. The load was chosen to provide 
an initial Hertzian contact pressure of 2,750 MPa. The oscil-
lating frequency was set to 25 Hz with a stroke of 4 mm and 
the test duration to 30 min, respectively.

The COF of these experiments was evaluated from the 
peak values (top 10% of the data) over the stroke.

To study the wear progress due to presence of abra-
sive particles, a steel shaft was unidirectional slid against 
a DLC-coated cylindrical liner using a journal bear-
ing tribometer (Sinterlagerprüfgerät—SLPG, SKF—
OENORM M 8124:2009-03-01), Fig. 1b. These tests were 
labelled in the following “SLPG”. The DLC coated cylindri-
cal liner had a diameter of 12 mm and a length of 20 mm. 
The shaft counter-body was made of X90CrMoV18 with a 
diameter of 8 mm. For these experiments a Hertzian initial 

contact pressure of 275 MPa was selected, that is signif-
icantly below pressures for which failure of DLC can be 
expected.

Velocity ramps from 0 to 0.2 m/s and back to 0 m/s (one 
ramp 10 s long) were used to simulate start-up movements 
that lead to a change from boundary to mixed lubrication 
conditions. Additionally, constant velocity tests at 0.2 m/s 
were applied, Table 1. These conditions are deducted from 
the related engine application and hardly any wear of the 
DLC coating is expected for such conditions.

However, the DLC coatings in the application sometimes 
wear-off and delaminate under similar loading conditions. 
For investigating possible reasons of critical loading con-
ditions, the SLPG tribometer experiments were enhanced 
by abrasive particles. These abrasives were collected from 
previous experiments on engine test benches and tribometers 
with the related tribo-system, where failure of the DLC was 
observed.

These abrasives were filtered by 1 µm mesh size before 
adding to the experiments and a filter of 1 µm mesh size is 
applied in the lubricant circuit as well. Thus, the size of the 
abrasive particles is below 1 µm. The experiments are varied 
by different concentrations of these abrasive particles.

Concerning the uncertainties of sub-micrometer particle 
measurement in lubricants (regarding sample taking, dilu-
tion, particle size distribution, etc.) a statistical approach has 
to be chosen to evaluate the particle concentration for each 
experimental setup and loading condition. Therefore, three 
lubricant samples (each ~ 0.5 ml) were taken at different time 
steps of the experiment to evaluate the average particle con-
centration. As the particle concentration may vary over time 
due to wear, filter efficiency, and particle deposition in the 
circuit, the experiments are described by the average particle 
concentration for each loading condition.

In total four experiments with abrasive particles were car-
ried out, Table 1. High, medium, and low particle concentra-
tions in the range of  106 particles per milliliter were selected 
for tests SLPG-A, B, and C, respectively. For experiment 

Table 1  SLPG-DLC liner experiments with different abrasive particle 
concentrations

The particle concentration of experiments A to C were unaltered, 
where else for experiment D abrasive particles were added twice dur-
ing the experiment

Experiment Relative velocity Abrasive parti-
cle concentra-
tion < 1 µm,
106 particles/ml

SLPG-A Ramps High
SLPG-B Ramps Medium
SLPG-C Constant Low
SLPG-D Constant Variation
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SLPG-D the particle concentration was varied by adding 
abrasive particles into the circuit during the experiment.

The measured particle concentration is consequently the 
sum of the initial abrasive particles and the generated DLC 
wear particles and is named abrasive particle concentration 
in the following. The abrasive particle concentration was 
evaluated with the particle measurement device (particle 
measurement, AC2T) [32].

2.4  Analysis of DLC Coating

Topographical measurements of the irradiated surface and 
the original surface were compared based on the roughness 
and the worn volume. These measurements were carried out 
by a chromatic confocal profiler (Jr25, Nanovea), which pro-
vides a lateral resolution of 1.3 µm and vertical resolution of 
5.7 nm. In the post evaluation (Leica Map, Leica Microsys-
tems) of the measured topography, the geometrical shape 
of the sample was removed to evaluate the wear volume of 
the wear track.

Nanoindentation was performed with a load of 10 mN, 
resulting in penetration depths of 120 to 150 nm, as reported 
by Zhang et al. for similar analyses [33]. Tischler et al. 
showed that the substrate does not have an influence at 
this load compared to higher loads [34]. For statistics, we 
selected three independent positions for nanoindentations in 
the irradiated and in the original surface, respectively.

To investigate the DLC morphology (and sp2-content) 
after the tribological tests, three lamellae were prepared 
for transmission electron microscopy (TEM, FEI TECNAI 
F20) analysis using focused ion beam (FIB). One lamella 
sample was taken from the irradiated-unworn area, one in 
the original-unworn area, and one in irradiated-worn area. 
An electron energy loss spectroscopy (EELS) was carried 
out via line scans with a step size of 2 nm, starting at the 
interlayer and ending at the DLC coating surface. The sp2 
and sp3-peaks were considered to evaluate the sp2-content 
using formula from Chu et al. [35] and a graphite reference 
spectrum from an EELS database [36]. A DLC reference 
spectrum from that database was used to validate our cal-
culation process.

3  Results

3.1  Comparison of Irradiated and Original DLC Plate 
Samples in Reciprocating Tests (UMT)

The light microscope image shows no significant change in 
color at the transfer zone between the 2 mm wide irradiated 
surface and original surface, Fig. 2a. High-definition topo-
graphical images of the irradiated surface Fig. 2b and of the 

original surface Fig. 2c indicate a similar and comparable 
visual appearance. Both microscopy images show scratches 
and pores irregularly distributed over the entire surface. For 
these regions—irradiated and original—a roughness value 
Ra of 0.18 ± 0.02 µm was evaluated by these topography 
measurements, indicating that the irradiation does not (sig-
nificantly) affect the DLC surface appearance.

The topographical measurements show no noticeable 
difference when comparing the UMT-DLC wear tracks 
on the irradiated sample, Fig. 3a, and on the original 
sample, Fig. 3b. Groves can be seen in both wear tracks 
along the sliding direction. Furthermore, the evaluations 
show comparable cross-sections and wear track depths 
of ~ 0.5  µm in the middle of the wear tracks, Fig.  3c 
and d. This is affirmed by the averaged wear volume of 
4.4 ×  105 ± 2.4 ×  105 µm3 of the three tracks of the irra-
diated DLC compared to the averaged wear volume of 
4.5 ×  105 ± 2.1 ×  105 µm3 of the three tracks of the origi-
nal DLC.

The averaged COF of the experiments with the irradiated 
and in the original samples show similar trends over time, 
Fig. 4. Both COF curves start with a running-in behavior up 
to ~ 2.5 min (3750 cycles). Afterwards, the COF curves reach 
a steady-state behavior of 0.247 ± 0.011 for the irradiated 
samples and 0.245 ± 0.010 for the original samples, showing 
no significant difference.

The TEM analyses (including energy dispersive X-ray 
spectroscopy—EDX) show a ~ 2300 nm thick DLC coat-
ing on a steel substrate, Fig. 5. A ~ 375 nm chromium and 
a ~ 150 nm chromium carbide layer act as intermediate 
layers. Comparable sp2-content was evaluated from the 
irradiated-unworn (55 ± 3%) and original-unworn samples 
(55 ± 2%).

Fig. 2  Light microscopy and topographical images of the irradiated 
UMT-DLC plate sample: overview of sample surface (a), detail of 
irradiated surface (b), and detail of original surface (c)
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In comparison, a higher proportion of 58 ± 2% was found 
in the irradiated-worn sample near the surface. This may 
indicate an influence of the wearing process, observable as 
a shift of the sp3 percentage to sp2 percentage. The sp2 
content was investigated as a preliminary study to identify if 
there is a difference between original, irradiated, and irradi-
ated-worn DLC. Unfortunately, the original-worn area was 
not investigated. All three analyzed TEM samples—irradi-
ated-unworn, original-unworn and irradiated-worn—showed 
an amorphous structure of the DLC.

In summary, no significant difference was found com-
paring irradiated and original samples, as shown by the 
collected data, including hardness and Young’s modu-
lus from nanoindentation studies, Table 2 Feh Ungültiger 
Eigenverweis auf Textmarke.. Regarding the counter acting 
bodies (100Cr6 balls), the wear volumes for tests against 
irradiated and original samples are also similar within their 

uncertainties, being in average 8.8 ± 2.6 ×  105 µm3 for the 
balls against the irradiated DLC and 7.0 ± 1.1 ×  105 µm3 for 
the balls against original DLC.

At this stage, we do not know the crucial limit of irradia-
tion that influences the wear behaviour of DLC. However, 
we can say that the irradiation performed has no relevant 
influence.

3.2  Wear of DLC with Abrasive Particles

In Fig. 6 the SLPG-results for the tests SLPG-A to C are 
displayed, which had no addition of abrasive particles to the 
initial concentration (unaltered). The wear of the DLC coat-
ing is displayed in Fig. 6a and the wear of the co-activated 
steel-substrate in Fig. 6b.

Fig. 3  Wear tracks from an 
irradiated (a) and original (b) 
UMT-DLC plate sample and 
their corresponding cross sec-
tions (c) and (d)

(a) (b)

0

4

-

-

mm

0

4
-

-

mm

(c) (d)

Fig. 4  Averaged COF over three independent experiments (solid line) 
and their standard deviation (shaded areas) over time from the experi-
ments on the irradiated and on the original UMT-DLC plate samples

Fig. 5  TEM pictures and EDX analysis of the FIB Lamella from an 
original UMT-DLC plate sample
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The results show that DLC wear starts immediately, 
whereas steel-substrate wear is recognisable with a time 
delay of ~ 2.5 h. The trend of the DLC wear due to presence 
of these abrasive particles can be described to be slightly 
progressive, which leads to wear-off the DLC coating after 
some time. The behavior may be due to continuous dam-
age of the DLC coating or due to the increase of abrasives 
with progressing wear. Interestingly, no running-in effect is 
observed the wear data, as normally is occurring for metal-
lic surfaces [16]. The wear mechanism of the DLC coating 
is—under these loading conditions—consequently different 
to those wear mechanisms of (elastic) metals.

The continuous wear data of experiment SLPG-D shows 
DLC wear over time at different abrasive particle con-
centrations, Fig. 7. No DLC wear increase is observed at 
a concentration of < 1 ×  105 particles per milliliter. By 
increasing the concentration of abrasive particles to 1 ×  106 
and to 2 ×  106 particles per milliliter, the wear increases 
significantly.

A time-delayed wear from the steel-substrate is evident 
in experiment SLPG-D, as also experienced in experiments 
SLPG-A to C. Since the co-activated steel substrate was 
measured in all SLPG-DLC experiments, this is a clear indi-
cation that the DLC coating is rubbed off at certain points 
of the contact area. The steel wear volume found in experi-
ment SLPG-A to D is in the range of 5 ± 3% in relation to 
the DLC wear volume. For tests A and D also a material 
transfer from the steel substrate to the counter acting body 
was measurable, which behaves like the total wear volume 
of test A to D.

The RIC method provides information about the wear vol-
ume over time. For a wear area of ~ 9  mm2, detectable after 
the test, the average wear depth for tests SLPG-A to D is in 
the range between 200 and 800 nm. Since there are scratches 
in the wear track and the wear area cannot be measured dur-
ing the experiment, the indication of the wear volume is 
more applicable and plausible for online monitoring.

4  Discussion

4.1  Impact of Irradiation on Tribological Behavior 
of DLC Coatings

Comparing the optically measured wear volume of the irra-
diated and the original UMT-DLC plate samples, the aver-
aged wear volumes are the same within their uncertainties. 
Unfortunately, the standard deviations of three different wear 
tracks are rather high, in the range of ~ 50% of the value 
of the wear volume, Table 2. These uncertainties contain 
the influences of the optical measurement method but also 
the statistical variations of surface features, such as pores 
and scratches in the tribological contact zone [6]. Similar 

Table 2  Summed and averaged results of the analyzed UMT-DLC plates comparing irradiated and original samples

Sample/condition Irradiated
unworn

Original
unworn

Roughness Ra, µm 0.18 ± 0.02 0.18 ± 0.02
sp2-content, % 55 ± 2 55 ± 3
Hardness, GPa 20 ± 3 19 ± 3
Young’s modulus, GPa 175 ± 14 172 ± 12

Sample/condition Irradiated
and worn

Original
and worn

DLC wear,  105 µm3 4.4 ± 2.4 4.5 ± 2.1
sp2-content, % 58 ± 2 –
COF 0.247 ± 0.011 0.245 ± 0.010

Steel-substrate

DLC

(a)

(b)

SLPG-A
SLPG-B
SLPG-C

SLPG-A
SLPG-B
SLPG-C

Fig. 6  SLPG-DLC liner wear (experiment SLPG-A to C) starts from 
the beginning under abrasive particles (a). Compared to DLC wear, 
steel-substrate wear starts with a time delay (b)
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standard deviations were evaluated for optical post measure-
ments by Li et al. for comparable wear volumes [37]. The 
uncertainties due to systematic errors of optical methods 
[38–41] are not regarded within the uncertainty values.

Supplementary to the wear volume, also the evalu-
ated COFs are the same for the irradiated and the origi-
nal UMT-DLC plates, Fig. 4. Summarising the tribologi-
cal performance but also the analysed material properties 
(e.g. hardness, topography, and morphology, see Table 2), 
the influence of the irradiation on the DLC coating can be 
neglected. This statement has to be seen with respect to 
the chosen irradiation parameters for the presented study, 
which led to activations below the free handling limit of 
each sample.

4.2  Wear Particles

In the following, we differentiate between the abrasive par-
ticles, which are determined with the particle measurement 
method, and the wear particles from the DLC coatings, 
which contain radioactive isotopes and are detected by the 
RIC method.

In the online measurement of the RIC method, the DLC 
particles are detected, which are in the measuring zone of 
the detector. This zone contains the 1 µm filter as well as a 
certain volume of the lubricant. The wear particles, which 
are flowing in the rest of the circuit, or which are deposited 
outside of the detector zone, are not captured during the 
online measurement. The relation of online captured parti-
cles and non-captured particles has to be evaluated by post 
measurements of the circuit components.

For evaluating all possible deposits of wear particle con-
taining radioactive isotopes, the individual components (e.g. 
tubes and the sample holder) of the lubricant circuit were 
examined after each experiment. For this measurement, 
the individual shielding and the specific geometry factor 

for each component was considered in the gamma activity 
analysis.

The measurements of the circuit show that DLC wear 
particle traps may occur in the holder or in the tubes, as 
the DLC particles may get stuck due to the squeezing of 
the pump. Nevertheless, the measurements of the individual 
components show that the main content of the DLC wear 
particles is detected in the filter and lubricant.

Based on the post measurements of the individual compo-
nents, an average DLC wear particle content of 72 ± 9% was 
evaluated for the filter, 15 ± 13% for the lubricant, 8 ± 7% for 
the circuit, and 6 ± 6% for the counter-body, Table 3. The 
percentage is related to the total wear of each experiment, 
respectively, and subsequently averaged for the individual 
experiments.

Through these post measurements, a relation of online 
measurement and total wear volume can be established for 
such measurement set-ups and an uncertainty estimated in 
the range of ± 0.6 ×  106 µm3 for the RIC wear volume. As the 
total wear volume is achieved, it can be compared with the 
optically determinable wear volume.

Independently evaluated wear volumes from three 
topography measurements of each SLPG-DLC sample 
are averaged and a standard deviation derived in the range 
of ± 0.5 ×  106 µm3. The uncertainty of optical post measure-
ments for the SLPG samples is higher than for the UMT 
plates due to the higher total wear volumes of SLPG tests 
compared to UMT tests and due to the shape of the reference 
areas. The cylindrical area around the wear scar is taken as 
the reference area for the SLPG samples in comparison to 
the flat reference areas of the UMT plates.

The wear volumes derived from the RIC continuous wear 
measurement, the RIC post measurements, and optical post 
measurements are listed in Table 3 and show that the differ-
ences due to the individual measurement methods are lower 
than the differences between the experiments with different 
particle impact. Consequently, the influence due to the dif-
ferent particle concentrations is significant.

4.3  Abrasive Particles and DLC Wear

Three lubricant samples were taken at different time steps 
of a loading condition. These lubricant samples include the 
initial particles plus DLC wear particles. The wear particles 
generated in the tribo-contact may have any size, but due 
to the application of the filter only particles smaller < 1 µm 
are assumed to re-enter the tribo-contact. The indication 
“ < 1 µm” is used to highlight this aspect for comparison to 
e.g. different filter sizes or without filter. However, we did 
not recognize a correlation between the test duration and the 
evaluated abrasive particle concentration within each load-
ing condition. Therefore, we averaged the three evaluated 

particles/ml
1 × 106 2 × 106

DLC
Steel

< 1 × 105

Fig. 7  Continuous wear measurement (SLPG-DLC liner, Experi-
ment  SLPG-D) of the DLC coating and steel-substrate at three dif-
ferent particle concentrations: particles < 1 ×  105, 1 ×  106, and 
2 ×  106 particles/ml. Grey-filled areas at start and end sections repre-
sent no load and no tribometer operation
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particle concentrations for each loading condition, which 
are listed in Table 3. Although our particle measurement 
already gives a good insight into the subject, further studies 
are needed for more details.

Tests with ramps and tests with constant velocity from 
SLPG-DLC tests with abrasive particles were carried out. 
Pre-tests with low abrasive particle concentration <  105 par-
ticles per milliliter showed that there is no significant influ-
ence on the wear when comparing exactly these ramp tests 
and exactly these constant velocity tests.

The results show that from experiment SLPG-A to C, 
as the abrasive particle concentration decreases, the wear 
volume also decreases. The largest wear volume was found 
at experiment D, which had the longest duration. The pro-
gression of the wear indicates that the wear observed in this 
study is a continuous or slightly progressing process under 
275 MPa initial pressure, sliding conditions and abrasive 
particles.

Thus, DLC particles are continuously removed over time. 
If large areas broke out at once, it would be apparent to the 
continuous data in the form of a step in the wear curve.

Areas, where the DLC coating is rubbed off and the sub-
strate is visible, are shown in the optical image of the SLPG-
DLC liner sample, as dark blue scratches in sliding direction, 
Fig. 8a. These are as well observable in the Abbott-distri-
bution of the wear depth between -2 and -3 µm, Fig. 8b. 
The Abbott-distribution can be described by two individual 
peaks, which lead to the conclusion, that two different wear 
mechanisms lead to that surface structure. Firstly, mild abra-
sive wear due to abrasives is indicated by the worn areas 
where the DLC coating is still present. In these areas lines 
(scratches on DLC surface) are visible in sliding direction 
due to interaction of the particles and DLC coating.

Secondly, scratches with a wear depth in the range of the 
DLC coating are indicated as wear-off. For these areas a 
combination of abrasive and delamination processes seem to 
be reasonable and need to be investigated in detailed studies.

As most of the RIC signal is measured in the filter and the 
filter has a mesh width of 1 µm, we may conclude that most 
of the DLC wear volume occurs as wear particles > 1 µm. 
Whether these are indicators of delamination or not, is not 
yet clear. Further studies need to be conducted on this aspect.

In literature, a wear coefficient  (mm3/Nm) is often given 
to compare results. The wear coefficient of the UMT oscil-
lating experiments in this study is 5 ×  10–9  mm3/Nm and 
the wear coefficients from SLPG tests are in the range of 3 
to 10 ×  10–9  mm3/Nm, respectively. Michler et al. reported 
higher values for tribotests with rotating balls and cylinders 
while testing with abrasive particles [42]. Khadem et al. [43] 
and Muhyiddin et al. [44] reported that delamination was 

Table 3  SLPG-DLC liner wear values of RIC continuous total wear, RIC post measurements, and optical post measurements

RIC post measurements show the distribution of DLC wear in components after experiment. The main proportion deposited in the filter com-
pared to the lubricant, the circuit, and the counter-body
a The abrasive particle concentration is given in particles/ml (p/ml) ± 50%
b Including substrate wear, uncertainty of DLC wear volume is ± 0.6 ×  106 µm3

c Uncertainty is ± 0.5 ×  106 µm3

Experiment Duration
(h)

Abrasive particle 
concentration
106 (p/ml)a

Wear volume  106 (µm3)

RIC continuous 
total  wearb

Optical post 
 measurementc

RIC wear in component—post  measurementb

Total Filter Lubricant Circuit Material transfer 
to counter-body

SLPG-A 6 7 4.5 4.2 4.4 3.5 0.3 0.5 0.1
SLPG-B 5 4 3.3 3.0 3.9 2.5 1.2 0 0.2
SLPG-C 5 1 2.0 2.1 2.3 1.5 0.4 0.1 0.3
SLPG-D 18 Variation

 < 0.1 to 2
7.0 6.6 7.3 5.9 0.3 1.1 0

Percent-distribution in component of total wear (%) 100 72 ± 9 15 ± 13 8 ± 7 6 ± 6

(b)

(a)

htpedrae
W
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Fig. 8  Wear zone of the SLPG-B experiment: optical image of the 
wear track with vertical sliding direction (a) and the Abbott distribu-
tion within the wear zone (b)
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observed for similar wear rates but without abrasive parti-
cles. This proves that the loading conditions are sufficiently 
selected.

Nevertheless, the DLC wear behavior due to abrasive 
particles can be indicated in this study by the wear rate per 
abrasive particle concentration, Fig. 9.

Furthermore, comparing UMT (high initial pressure, no 
abrasive particles) and SLPG (low initial pressure with abra-
sive particles) experiments: DLC wear-off was not observed 
in the UMT tests, although the pressure was about ten times 
higher than in the SLPG tests. Consequently, abrasive par-
ticles can cause engine component to fail at low pressures 
in real applications.

5  Conclusion

The following main conclusions can be drawn from this 
study:

(1) The RIC irradiation method has no significant influ-
ence on the tribological behaviour of DLC coatings. 
Therefore, DLC can be irradiated for RIC wear studies 
having no measurable effect on the material and tribo-
logical properties of the DLC.

(2) DLC wear was determined, and a continuous wear 
progress was observed at the presence of abrasive par-
ticles. The experimental methods in this study are ben-
eficial for wear investigations under different loading 
conditions and for differentiating DLC, for instance, 
doped-DLC coatings or DLC coatings with different 
sp2/sp3 ratios.

(3) Wear-off from DLC due to abrasive particles and unidi-
rectional sliding was observed to be a continuous pro-
cess, where the DLC wear rate can be correlated with 
the abrasive particle concentration.

Summarizing, DLC performance is outstanding under 
oscillating and unidirectional sliding conditions even at high 
contact pressures. However, at the presence of hard abrasive 
particles (eventually from another tribo-contact) a significant 
increase of the wear rate occurs, which may become a criti-
cal parameter limiting the lifetime in different automotive 
applications.

Appendix

The measured data of each test comparing original and irra-
diated DLC sample.

Sample/condition Irradiated
unworn

Original
unworn

Roughness Ra, µm 0.18 ± 0.02 0.18 ± 0.02
sp2-content, % 55 ± 2 55 ± 3
Hardness, GPa 20 ± 3 19 ± 3
 Test 1 19 ± 3 20 ± 3
 Test 2 18 ± 3 18 ± 2
 Test 3 21 ± 2 19 ± 3

Young’s modulus, GPa 175 ± 14 172 ± 12
 Test 1 166 ± 11 171 ± 7
 Test 2 178 ± 12 168 ± 12
 Test 3 182 ± 13 176 ± 15

Sample/condition Irradiated
and worn

Original
and worn

DLC wear,  105 µm3 4.4 ± 2.4 4.5 ± 2.1
 Test a 2.0 2.6
 Test b 4.2 4.3
 Test c 6.8 6.7

sp2-content, % 58 ± 2 –
COF 0.247 ± 0.011 0.245 ± 0.010
 Test a 0.246 ± 0.006 0.254 ± 0.004
 Test b 0.236 ± 0.004 0.246 ± 0.006
 Test c 0.260 ± 0.004 0.234 ± 0.006
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