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Abstract

Thin layer activation (TLA) is already routinely utilised for online wear monitoring
of metallic components with the radioisotope concentration (RIC) method for
various tribological applications. However, many components in tribological
systems are made of carbon-based bulk material (e.g. polymers) or have carbon-
based wear resistant coatings (e.g. diamond-like carbon). By utilising the nuclear
reaction ’C(*He,x)’Be, TLA can thus be employed in carbon-containing
components. To evaluate the applicability of this approach for TLA in combination
with the RIC method, three materials EPDM (ethylene propylene diene monomer),
PEEK (polyether ether ketone) and DLC (diamond-like carbon), which are vastly
utilised in tribology, were activated. Subsequently, the modulus of elasticity and
hardness of the activated specimens were measured and evaluated if the material
works for TLA. As EPDM developed cracks after the irradiation process, it is
regarded to be not applicable for TLA and subsequent wear measurements. While
the PEEK material revealed small changes in hardness values compared to non-
irradiated samples, the irradiated DLC coating showed no detectable material
changes. Both irradiated materials have been applied to representative tribological
wear studies, for which the RIC results showed a good correlation with optical
wear measurements.

1. Introduction

materials. An established approach for the wear

Carbon-based materials have become integral
to various mechanical systems in both industrial
and everyday applications due to their
advantageous properties such as low wear, low
friction, low weight and low thermal conductivity
compared to metals or metallic alloys. These
benefits make them a key focus of current
tribological research, aimed at improving
efficiency, durability, reducing energy consumption
and lowering maintenance costs.

Therefore, there is a strong need for efficient
wear measurement with high resolution of these

This work is licensed under a Creative
BY NG Commons Attribution-NonCommercial

4.0 International (CC BY-NC 4.0) license

measurement of metals is the thin layer activation
(TLA) in combination with the radioisotope
concentration (RIC) measurement method, which
allows measuring wear continuously throughout
the test with a resolution in the nanometer range.
This paper investigates the feasibility of using TLA
and RIC for selected carbon-based materials that
are largely utilised for tribological purposes and
cover a wide spectrum in terms of applications and
tribological properties, namely: EPDM (ethylene
propylene diene monomer), PEEK (polyether ether
ketone) and DLC (diamond-like carbon).

This TLA and RIC combination relies on the
detection of worn particles containing radioactive
tracer isotopes and provides insights into time-
dependent wear phenomena like running-in wear
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and steady-state wear rates which for example
allows evaluating different operating conditions
[1]. To be able to detect radioactive particles
radioactive isotopes must be generated in the
components in advance. TLA is capable of
producing radioactive particles in the top layers of
the investigated material with sufficient yield for
RIC wear measurements [2]. In this paper,
"activation" refers to generating isotopes through
irradiation. TLA for RIC measurements is usually
designed so that activated samples do not exceed
exempt radiation levels, known as the free
handling limit (FHL). This restriction is chosen
primarily for reasons of radiation protection and
the associated, more versatile application
possibilities due to fewer legal restrictions.

The RIC method, combined with TLA, is well-
established for investigating wear in metallic
materials, typically involving elements like Fe, Co,
Ni, Ti, Cu and Zn which are excellent targets for
producing proper radioisotopes by charged particle
irradiation [3,4]. However, carbon-based materials
like EPDM, PEEK and DLC usually do not contain
these elements in significant quantities. Instead,
carbon itself serves as the target for TLA, with 'Be
being the preferred tracer isotope due to its
suitable production yield, half-life and gamma
spectrometry characteristics suitable for the RIC
method [5].

TLA implies exposure of the target material to
ionising radiation and consequently energy
deposition into the material. While ionising
radiation can intentionally modify materials for
specific applications [6], the goal in tribological
testing is to maintain the properties of the
irradiated material as close to its original state as
possible. This is particularly challenging with
carbon-based materials, which are generally more
prone to radiation-induced degradation compared
to metals which is, amongst other reasons, due to
their difference in bonding structures and the
corresponding physical properties [7].

Radiation effects on polymers are complex,
often involving both chain scissioning and
crosslinking, whereby one of the two mechanisms
is predominant [8]. However, radiation-induced
changes mainly depend on the chemical structure
of the polymer chain. Aromatic structures in the
backbone make polymers more resistant to
ionising radiation. In contrast, aliphatic polyethers,
aliphatic polysulfones and polymers containing C-
Cl bonds in the macromolecular structure are
highly sensitive to radiation [9,10]. Hence, the

irradiation resistance of carbon-based materials
varies significantly.

For EPDM crosslinking tends to be predominant
in the absence of oxygen [11]. EPDM rubber starts
showing significant changes in material properties
at 5x10° Gy when irradiated with gamma rays
[12]. In PEEK material crosslinking is also the
leading mechanism in an oxygen-free
environment. Additionally, PEEK has aromatic
structures in its backbone leading to a higher
irradiation resistance compared to EPDM, which is
given up to a gamma irradiation dose of 10’ Gy
[13] or at least should keep the majority of its
mechanical properties under  oxygen-free
conditions during irradiation [8]. DLC is generally
very resistant to ionising irradiation. Only at high
irradiation doses of greater than 10" ions per cm?
tetrahedral amorphous carbon shows structural
damages, which manifests in an increased
concentration of sp2 [14]. However, Zellhofer et al.
[15] reported that the DLC layer (used also in this
publication) does not significantly change in
roughness, hardness and modulus of elasticity
after irradiation by the TLA technique.

Predicting the outcome of the activation for a
specific sample depends on multiple factors
beyond just considering the sheer total amount of
induced energy. Dose rates, heat production,
ambient conditions during and after the irradiation
(oxidation and post-irradiation oxidation effects)
and other influencing factors can also affect the
outcome of the activation process [8]. Moreover,
additives (which are often not known in
commercial products) can significantly change the
materials' behaviour under the influence of
ionising  radiation. For instance, aromatic
hydrocarbons act as energy acceptors, also
antioxidants and nanoparticles are routinely added
for the purpose of enhancing the irradiation
resistance of the materials [16].

The application of the investigated carbon-
based materials in industry is broad. Amorphous
carbon coatings like DLC are widely studied in
space tribology, where the harsh, vacuum
environment often lacks liquid lubrication [17-20].
Additionally, extensive research is ongoing into the
use of DLC coatings in liquid-lubricated and non-
lubricated applications, such as bearings,
automotive components and cutting tools [21-25].

Polymers like EPDM and PEEK play a critical role
in a broad spectrum of industries, necessitating
intensive tribological research. Ren et al. [26]
provide a comprehensive review of polymer

97



A. Hofer et al. | Tribology and Materials 3 (2024) 96-107

composite coatings research in tribology. Tahir et al.
[27] reviewed research on carbon-based materials
with a particular emphasis on wear mechanisms and
interfaces. EPDM is widely used in the manufacture
of seals, gaskets and tubing, particularly in the
automotive industry and other sectors. Its
extensive application makes it a significant subject
of current tribological research [28,29]. Similarly,
PEEK is extensively employed in bearings, bushings
and medical implants. Given its critical role in these
components, tribological research is dedicated to
the improvement of this material [30-32].

This paper investigates the feasibility of using
TLA for selected carbon-based materials (EPDM,
PEEK and DLC), assesses their applicability in wear
measurement using the RIC method and explores
the influence of specific (tribological) conditions,
like load and temperature, on their wear
behaviour.

2. Activation

Activation  of components for  wear
measurement is usually realised by three different
"nuclear methods", namely neutron activation,
isotope implantation and thin layer activation
(TLA). Neutron activation in a (nuclear) reactor
results in uniform activation of the whole
component causing high activities and low
sensitivity. In combination with a low cross-section
of neutrons on carbon, neutron activation is
inapplicable for the given task [33-36].

Implantation of ’Be ions in the materials'
surface for subsequent wear measurement was
shown to be feasible for carbon-based and other
materials [35,36]. However, this implantation
technique has several drawbacks compared to the
TLA activation with *He:

e the number of radioactive beam facilities is
fewer and using them is more expensive
than for direct activation;

e the isotopes for implantations (such as 'Be)
must be produced additionally and
sometimes elsewhere;

e the beam intensity for implantation is low
and consequently a sufficient long
implantation time must be considered for a
reasonable activity;

e the implementation depth is usually much
lower and the distribution of the implanted
’Be cannot be regarded to be constant in a
designated surface layer as in the case of the
thin layer activation method.

Nevertheless, the implantation technique may
be applied in such a way, that the energy input is
low enough for very damageable materials and as
such reasonable for specific tasks that cannot be
met by TLA. Due to the described scientific and
economic aspects, this paper focuses on and
investigates the feasibility of TLA with carbon-
based materials EPDM, PEEK and DLC.

2.1 Thin layer activation (TLA) method

The irradiation of the samples was performed at
the MGC-20E cyclotron of the HUN-REN Institute
for Nuclear Research (Debrecen, Hungary). The
irradiation parameters (beam energy, intensity,
duration, beam spot size, possible scanning of the
target surface, etc.) were calculated by the
dedicated software tool developed for the
International Atomic Energy Agency (IAEA) [37].
Carbon in the chemical structure is utilised in the
nuclear reaction "*C(*He,x)’Be, which allows the
production of the proper tracer radioisotope for
wear measurement related to gamma
spectrometry. Depending on the energy of the
incident particles during the activation process, the
probability of the nuclear reaction above varies in
a wide range. This probability is commonly
referred to as cross-section with the unit millibarn
(1 mb = 10% cm?). Figure 1 shows cross-sections,
taken from the IAEA EXFOR [38] and TLA database
[37], which are measured by different research
groups. In the context of this work, the data set
from Ditr6i et al. [5] ™'C has been chosen for the
nuclear reaction ?C(*He,x)’Be, as this data set is
the most recently measured one and is also
implemented in the IAEA TLA tool [37].
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Figure 1. Measured cross-sections of the
12C(3He,x)7Be nuclear reaction taken from the IAEA
EXFOR and TLA database; different colours/labels
show the cross-sections from different sources; the
data from Ditroi 1995 are used in the IAEA TLA tool
which is indicated by the solid line fit
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To spare the expensive *He gas, the *He was
diluted with “He with a ratio of 1:3. So it was
possible to run the ion source effectively, but the
consumption of *He was reduced. Finally, only the
*He particles were extracted into the beam
transport system. This dilution reduced the highest
beam current at the target position to 500 nA,
which we did not intend to exceed because of the
thermal sensitivity of the material to be
investigated. The calculated beam energy was 21.1
MeV considering the required homogeneous
activity at the surface. The homogeneity depth
(specific activity is constant within a given depth of
a depth profile) with 21.1 MeV beam energy was
different for the various target materials EPDM,
DLC and PEEK, due to the different material
densities. To prevent thermal damage on the
irradiated samples and to reduce oxidation effects
on polymers, all samples were cooled with
nitrogen vapour ascending from a liquid nitrogen
container.

With the help of the IAEA TLA tool and based
on the chosen cross-section data set, activity
depth profiles for materials can be calculated,
considering material composition and density,
the incident particle energy and the energy loss
along their path through the material. The
activities given in this publication were all
measured with an HPGe detector immediately
after TLA.

2.2 EPDM activation — Results and discussion

EPDM is a widely used elastomer in industrial
applications, such as gaskets. According to the
analysis found in the literature, EPDM material is
expected to be damageable by the irradiation
process [12]. Therefore, a first test sample (EPDM
gasket) was irradiated on four spots (Fig. 2) with
different beam currents of 400, 200, 100 and 50 nA
for half an hour, which should result in a "Be
activity of approximately 8, 4, 2 and 1 kBq,
respectively.

The beam was targeted perpendicularly to the
surface. An inspection of the four spots showed
severe material damage for the positions
irradiated with 400 and 200 nA. The spots
irradiated with 100 and 50 nA showed only slight
changes on the surface, the latter having the
least damage. Based on these results, a new
gasket sample was irradiated with a 50 nA beam
current for later wear investigation in a sealing
testrig.

Figure 2. Test activations of EPDM gasket with 400,
200, 100 and 50 nA beam current

Different to the first test sample, the new
gasket was rotated during the irradiation process
for two reasons. Firstly, to achieve a
homogeneous activated area on the sealing edge
over the whole circumference of the gasket and
secondly, to avoid high energy density and
material heating in a small spot area. The total ‘Be
activity after activation was approximately 80 kBq
to achieve a high signal-to-noise ratio during the
envisaged wear measurement. Figure 3 shows a
picture of the gasket six days after irradiation in
good condition with no visible damage of the
material.

Figure 3. Gasket activated with 50 nA beam current
and 80 kBq Be activity six days after activation
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However, three weeks after the activation,
when the gasket was prepared for the wear test, it
showed severe material damage in the form of
cracks. The cracks can be observed in the detailed

picture (Fig. 4), which were not observable at the
inspection six days after the TLA irradiation.
. e

Figure 4. Gasket from Figure 3 about three weeks after
activation (detailed picture of cracks in the material)

As the EPDM gasket 6 days after the activation
showed no damages but 3 weeks after the
activation showed several cracks, it can be
assumed that embrittlement occurred in the
elastomer matrix. As mentioned in the
introduction, chain scissioning and crosslinking are
the two most important chemical reactions leading
to changes in the structure and the mechanical and
physical properties [8]. Chain scissioning breaks
chemical bonds along the polymer chain, leading
to the shortening of macromolecular chain length
and molecular weight, while crosslinking creates
internal networks and increases the molecular
weight  [39,40].  Although  crosslinking s
predominant in an oxygen-free environment,
crosslinking does not necessarily occur for oxygen-
containing atmospheres during and after TLA.
Furthermore, such chemical reactions are hard to
predict if ambient conditions, such as the
concentration of specific gas types or gas
temperature, are difficult to control.

However, although the degradation of the
EPDM occurred with a certain time delay, it seems
evident that the aging is triggered through TLA-
induced irradiation. Since irradiation and storage
of the activated sample did not take place in an
oxygen-free environment, the material probably
suffered from oxidation and post-irradiation

oxidation effects. Therefore, based on the
available technical options, it is a complex task to
adapt the entire activation process in such a way
that no material degradation occurs. Therefore,
the TLA technique can hardly be applied to EPDM
and probably similar materials without damaging
the specimen. As the EPDM gasket was damaged,
it was not considered for further tribometer tests.

2.3 DLC activation — Results and discussion

Figure 5 shows the calculated depth profile for
a DLC coating with approximately 2.3 um thickness
and an approximate composition of 90 % C and
10 % H in mass percentage. No other elements are
included in the coating. The illustrated depth
profile is valid for a sample with a 'Be activity of
100 kBq, while for other sample activities, the
values change proportionally. In the white section
on the left side, the red solid line is the depth
profile curve in the DLC coating, which is also
covered by the blue horizontal line representing
the approximation with a constant specific activity.
It can be seen that this approximation is a solid
approach for the DLC coating with such thickness.
In the grey area, the dashed red line refers to a
hypothetical depth profile trend, if the DLC coating
were up to 45 um thick. The depth, until the profile
could be estimated as being constant in such a
case, is indicated by the vertical line. However, in
our case of the 2.3 pm thin coating, the >He
particles, that are penetrating (5 —12 hours at 500
nA and 15° beam angle) deeper than the coating
thickness, do actually result in activating the bulk
material as well. Measurements with an HPGe
detector immediately after activation showed 7.96
kBq of ‘Be, while other isotopes which were
produced originate from the bulk. The depth
profile and activities of the bulk are not discussed
in this work but provide the possibility for
detecting wear of the bulk material as well [15].

Zellhofer et al. [15] investigated the impact of
irradiation with the identical TLA procedure and
the same DLC material and geometry on the
material's key properties. DLC layer was
measured for modulus of elasticity and hardness
by nanoindentation (load: 10 mN; penetration
depth: 120-150 nm). The activated surface
(modulus of elasticity: 175 + 14 GPa, hardness:
20+ 3 GPa) showed no significant changes
compared to the non-activated surface (modulus
of elasticity: 172 + 12 GPa, hardness: 19 + 3 GPa).
A comprehensive surface analysis (for example
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transmission electron microscopy and
nanoindentation) also did not reveal any structural
or material changes caused by the TLA irradiation
[15].
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Figure 5. Theoretical depth profile of 'Be in DLC

coating (red dashed line); blue line in white area

shows the real profile of the 2.3 um thick coating

2.4 PEEK activation — Results and discussion

The journal bearing shell sample is composed
of a PEEK layer on a steel substrate. The PEEK
layer consists mainly of pure PEEK but with the
insertion of other materials namely 10+ 1 wt. %
graphite, 10+ 1 wt. % carbon fibre, 10+ 1 wt. %
zinc sulfide and 10+ 1 wt. % titanium oxide for
mechanical/ tribological purposes. The sample
was irradiated by the *He beam with 460 nA beam
current for approximately 16 hours. The angle
between the beam and the irradiated surface area
was set to 15°. For the overall material
composition of the PEEK layer, the depth profile of
’Be was calculated as shown by the red solid line,
while *V (green line) is a result of the nuclear
reaction between the Ti and *He particles (Fig. 6).
The depth profile is normalised to a sample
activity of 100 kBg. For "Be the blue horizontal line
indicates a constant specific activity value as a
practical approximation of the red curve in a range
until the vertical line. This means that a wear
signal is proportional to this constant specific
activity with good approximation within this
constant depth profile. The activation of the
journal bearing shell resulted in 602 kBq of 'Be
and 20.4 kBq of “®V. Other isotopes which are
produced in the substrate are not discussed
further.

4

—7Be

35 |
—48V

25

Specific activity (kBg/um)

15 |
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0 5 10 15 20 25 30 35 40 45
Depth {microns)
Figure 6. Depth profile for PEEK reinforced with
graphite, carbon fibre, zinc sulphide and titanium oxide

Table 1 shows the measurements of the
modulus of elasticity and the hardness values for
non-activated and activated surface regions of the
PEEK samples, which were obtained by
nanoindentation (load of 1 mN and a penetration
depth of 235-250 nm for the activated surface
and 310-320 nm for the non-activated surface).
Both quantities are higher for the activated zones
indicating changes in the material due to
irradiation. Nevertheless, no geometrical changes,
such as raised and lowered regions, could be
observed on the irradiated surfaces.

Table 1. Modulus of elasticity and hardness of non-
activated and activated PEEK surface regions

Surface MOFJL.”US of Hardness, GPa
elasticity, GPa

Non-activated 8.2+0.8 0.37+0.04

Activated 10.7+1.6 0.43 +£0.07

According to the changes of modulus of
elasticity and hardness for the PEEK sample, an
influence on absolute wear rates for this material
cannot be excluded, but a relative comparison
between the results of, for example, different load
levels is permissible.

3. Tribometry

3.1 Tribological testing with RIC method and
wear measurement with confocal microscopy

For application of the TLA method with "Be tracer
radioisotopes, PEEK and DLC samples were activated
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and tested in specific tribometers connected to a
lubricant circuit with a pump and the RIC [1] wear
measurement device. A schematic of the setup is
illustrated in Figure 7, which shows the activated
area and tribometric application for the DLC plate
samples. For these samples, a UMT TribolLab
(Bruker) tribometer with a linear reciprocating
movement was used. The tests with the PEEK
journal bearing shell sample were performed on a
journal bearing tribometer Sinterlagerprifgerat —
SLPG (SKF; OENORM M 8124:2009). The set-up of
the test equipment, especially the lubricant circuit,
was similar, also refer to [15].

Steel

Cwber Load Sliding

surface glrectlon

Tribometer

Wear
part}cl es

Lubricant
circuit

RIC

Figure 7. RIC measurement circuit with particle flow
from the tribological contact situation to the RIC
detector

The tribometers were adapted with tribological
chambers, where the cooling/lubricating liquid was
used to remove the worn particles from the
contact surface and transport them to the RIC
measuring device detecting the gamma radiation.
The RIC mainly consists of a Nal(Tl) well detector
with lead shielding and a suitable glass vial, which
is connected through a closed lubricant circuit with
the enclosed tribological contact zone. The vial fits
into the well and serves as a measuring volume for
the lubricant carrying the wear particles. The
activity A(t) of the worn particles is measured
continuously in the well detector. From the
planning of the TLA, the activity distribution in
depth of the activated component is known and by
determining an irradiated area, the activity
concentration p in Bg/pum® can be defined for a

specific total activity. It can be assumed that p is a
scalar within a limited depth of the component (see
Figs. 5 and 6). Wear volume is then calculated as

)
)

wy (1)

Wear depth results are then calculated by
dividing wy(t) with the worn area within the
activated area of the component.

With this setup the wear can be measured
continuously, determining running-in wear, steady-
state wear and total wear depth at the end of the
wear process. For the RIC method, possible
deposition of particles in the lubricant circuit, as
well as adhesion of worn material to the
counteracting sample have to be taken into
account for correcting the total wear volume by
post measurements, as described by Lee [12].
Therefore, the counter-body, the sample holder
and the tubes of the lubricant circuit are measured
with respect to a signal from the tracer isotope.

For investigating DLC coatings, the DLC plate
samples were tested against 100Cr6 steel ball
counterparts with 10 mm diameter in a UMT
TriboLab unit. Figure 8 shows the concept of
irradiation of the DLC plate and the tribocontact
between the DLC plate and the ball counter-body
during tribometer testing. On the UMT TribolLab,
the lower sample is moved in a reciprocating
motion with a special sample holder while the
upper body is pressed downwards with the adjusted
normal force. The bulk material is indicated with
grey colour and the DLC coating with black. The red
colour depicts the activated zone, which extends
further than the thickness of the DLC coating into
the bulk. As discussed, the activity depth profile can
be assumed to be constant within the thin coating.
The right part of the figure shows the alignment of
the irradiation beam angle towards the DLC plate.

Symmetry
axis of (@) ®)
sampIP: Normal force
DLC 1
cgaﬁngs
Activated Reciprocating
region movement
on DLC

Figure 8. Test on DLC plate: (a) schematic
representation of the irradiation beam angle and (b)
tribological contact situation with the activation zone
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Tests were conducted with a normal force of 60
N (corresponding to an initial pressure of 1704
MPa) and diesel lubrication at room temperature
(RT) and 80 N (corresponding to an initial pressure
of 1875 MPa) at RT and at 100 °C. The stroke was
set to 4 mm with an oscillating frequency of 25 Hz,
resulting in a sliding distance of about 6120 m for
each measurement.

The investigated PEEK-coated sample had a
journal bearing shell shape, which is usually
subject to a sliding contact caused by rotational
motion. Therefore, an SLPG tribometer with
rotating motion was chosen, with a 10 mm
X90CrMoV18 steel shaft mounted on the axis and
rotating as a counter-body against the fixed PEEK
journal bearing shell (Fig. 9).

Symmetry (a)

axis of  3He-Beam
sample

Normal force (b)

PEEK l Rotational
2, coating ¥
[ y

movement

,""’Activated
region
on PEEK
Figure 9. Tests on PEEK journal bearing shell: (a)
schematic representation of the irradiation beam
angle and (b) tribological contact situation with
activation zone

Tests with a rotating shaft against the journal
bearing shell were carried out at RT at three
different normal loads (20, 30 and 40 N, resulting
in different contact pressures of 26, 33 and 37
MPa, respectively) and therefore different
tribological stress between the wearing parts. The
tribocontact was diesel-lubricated, a ramp
program consisting of repeated velocity ramps
from 0 to 0.08 m/s and back to 0 m/s (with a ramp
duration of one minute per ramp). Each wear
measurement lasted 60 min, resulting in a sliding
distance of about 290 m for each measurement.

Complementary to the RIC, the wear depth was
also determined by an optical chromatic confocal
profiler JR25 (Nanovea), with a lateral resolution of
1.3 um and vertical resolution of 5.7 nm, after the
end of the test run. Profiles were measured across
the wear scar perpendicular to the sliding direction
and the average depth of such a wear scar was
calculated. Grooves and scratches lead to some
uncertainties in evaluating the wear depth. Thus,
there are some methodical differences between
optical and isotope-based wear measurements,
which need to be considered especially in the low
micrometre or even submicrometer regime.

3.2 DLC tribometry — Results and discussion

The results of the RIC wear measurements for
the DLC experiments are illustrated in Figure 10a.
Each data point is obtained by averaging the wear
signal over a period of 30 min. A significant
difference can be seen between experiments at
room temperature compared to the experiment
with samples and lubricant heated to 100 °C. The
wear progress of the test at 100 °C shows an
exponential-like growth at the end of the wear
progress. Exponential (or divergent) wear growth
often indicates unstable or the beginning of severe
wear that can lead to specimen failure. The tests
carried out at room temperature show a constant
wear rate (linear increase), indicating a "mild" wear
compared to the experiment performed at 100 °C.

Q
[ ]

RT, 60 N
e 1.251 RT 80 N
21.00/ s 100°C, 80 N
S
§0.75
e ¢
% 0.50 B2
= L
0.25 e
o2 ; _,‘e_g:T.‘._‘_!__'—-———s——.—---’.-"r"
0.00 L-na==2z2Es3=7F"F ‘ ) .
0 2 4 6 5
Time /h
(b) B RIC wear depth

1.251 m1 Optical wear depth

=
o
o
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w ~J
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| e
=

0.25 ‘ ‘ ‘

0 OO-J_‘

T B0 N, RT

80 N, RT 80 N, 100°C

Figure 10. Results of: (a) continuous DLC wear data of
RIC with variation of temperature and load and (b)
wear depths at the end of measurements measured
by RIC (opaque bars) and optical measurements by
confocal microscopy (translucent bars)

The RIC and optical wear depths are compared
in Figure 10b and show similar trends as a function
of the testing parameters. The RIC wear depths in
this graph are determined from the endpoints of
the fit functions in Figure 10a. For the DLC
experiments, no signals from particle depositions
on the counter-body or in the lubricant circuit
were detected and therefore no corrections to the
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wear depth had to be made. Optically measured
wear depths are shown in Figure 11.

um um pm
1] RT,60 N 1 RT, 80 N ; 100°C, 8O N
(Wl i 0 [T ¥ 0l T,
-1 1 1 ‘
2 ) -2 [
-3 , -3 -3
0 05 10 0.5 10 0.5 1
mm mm mm

Figure 11. Cross-section of the wear tracks from the
optical measurements of the three different tests on
the DLC sample with the marked wear track widths

Considering these fundamental differences
between the two measurement methods, the RIC
and optical wear measurements are in good
accordance. Compared to the optical method, the
RIC method is additionally applicable for
continuous  monitoring and enables the
differentiation of wear behaviour for different
tribological conditions like different load and
temperature, as well as for time-dependent wear
phases such as running-in and steady-state wear.

Although the RIC method utilises the
comparatively high count rate of radioactive decay,
some uncertainties need to be considered. The
continuous wear signal (data points) depends on
several factors such as radioactive statistics and
possible deposition of wear particles in the circuit.
The former is a result of the absolute wear volume,
the activity concentration in the measured material
and the duration over which a single data point is
averaged. However, despite the low activity of a
single sample below the exempt quantities for
radiation given by law, a wear resolution in the
submicrometre range can be achieved.

3.3 PEEK tribometry — Results and discussion

Figure 12 illustrates the results for the PEEK
journal bearing shell. Figure 12a shows the wear
curves (wear depth over time) for the three normal
loads. One data point represents the average value
of 30 s measuring time. The noise/fluctuations of
the wear curve are typical for the statistics of
radioactive decay and can be considered negligible
with respect to the measured wear depths.
Consequently, it can be concluded, that the activity
concentration in the PEEK material near the
surface was suitable for wear measurement with
good quality for the chosen measurement set-up
(for example, lubricant volume, background noise,
etc.). The total wear depth at the end of the test
runs increased with increasing normal load, being
1.1, 1.9 and 2.5 um for 20, 30 and 40 N,
respectively.
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Figure 12. Results of: (a) continuous PEEK wear data
of RIC for 20, 30 and 40 N load and (b) wear depths at
the end of measurements measured by RIC (opaque
bars from the continuous measurement and hatched
bar from complementary counter-body
measurements) and optical measurements by
confocal microscopy (translucent bars)

Figure 12b presents the test results with
different loading conditions measured by RIC and
the confocal microscopy (cross-section of the
different tests, see Fig. 13). For the RIC
measurements the signals deposited on the
counter-body and in the lubricant circuit were
added to the end value of the online
measurement. The RIC and optical wear depths
show good agreement. Small deviations can arise
from the different measuring principles and
uncertainties in the exact determination of the
wear track area.
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Figure 13. Cross-section of the wear tracks from the
optical measurements of the three different tests
performed on the PEEK sample
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However, given the fact that the modulus of
elasticity and hardness were slightly altered on the
activated surface compared to the non-activated
surface, it is advisable to only conduct comparative
tribological testing (e.g. variation of loads) with the
activation parameter chosen for this test. Lowering
the beam current might lead to a better result in
terms of PEEK material alteration.

4. Conclusion

The irradiation and experimental application of
the irradiated samples for wear testing led to the
following conclusions.

The activation of carbon-based materials by
using the reaction "'C(®*He,x)’Be leads to a
sufficient amount/activity of 'Be for the purpose of
wear measurement even for a total activity of the
specimen below the exempt quantities for
radiation given by law.

Certain types of elastomers, such as EPDM, are
significantly affected by TLA, resulting in either
immediate degradation of the material due to a
too-high irradiation beam current or to a mid/long-
term alteration of the material properties, such as
by embrittlement.

On the other hand, PEEK has proved to be
applicable with TLA for wear measurement tasks,
although marginal material changes have been
observable. PEEK can be used for specific wear
measurement tasks (e.g. relative comparison of
wear for different loads) as well. However, to
optimise the activation process for PEEK, we
recommend even lower beam currents than the
applied 460 nA.

TLA enables wear measurement with high
resolution in the range of a few nanometres, also for
carbon-based materials. Due to the good accordance
between optical wear measurement results and
wear measurement using the Be isotopes, it can
be concluded that the used cross-sections for the
reaction *C(*He,x)’Be provided by the TLA tool are
reasonable and reliable for industrial applications as
well as for fundamental research of wear behaviour.
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