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The tribological behavior of polished and lapped 56NiMoCrV7 and Ck45 disks with lubrication
was studied to link the impact of initial near-surface microstructure to the running-in behavior of
the systems. The tests were performed using a pin-on-disk tribometer with radionuclide technique
to resolve ultra-low wear rates. For the running-in different stressing regimes were applied. Whereas
the lapped disks developed low friction and wear as response to a high-power running-in, the polished
disks had to be stressed by a step-wise increase in load to achieve a similar result. In addition, the
duration of some load steps and the sliding velocity had to be adjusted in order to obtain a proper
running-in. With the help of focused ion beam and transmission electron microscopy the response of
the microstructure to the stressing conditions was investigated. It turned out that the quality of the
running-in crucially depends on a subtle equilibrium between material strengthening and softening.
Strengthening by finishing and running-in was a prerequisite for the formation of the third body,
whereas softening resulted in scuffing. When it was possible to charge the near-surface material
in relation to its strengthening capabilities, low wear rates in the nanometer per hour regime were
obtained.

I. INTRODUCTION

Besides the action of oil and additives, the way a tribo-
logical system performs crucially depends on the type of
surface finish [1] and the first minutes of operation, that
means the running-in [2]. During the running-in, first the
topographies adjust (topographical running-in), then the
deposited energy results in heat, plastic deformation and
intermixing as well as material deposition. The involved
friction bodies respond by changes in topography (dis-
sipative structures [3], material transfer or film forma-
tion), changed near-surface microstructure and modified
chemical composition. Godet called this the third body
formation [4]. The introduction of heat was discussed by
Kuhlmann-Wilsdorf and others [5, 6]. Targeting the ma-
terials response, Rigney et al. investigated the involved
mechanism leading to changes in near-surface structure
and to the introduction of foreign elements as result of
intermixing processes [3, 7–9]. Martin et al. elucidated
on film formation effects due to tribo-chemical reactions
with oils containing ZDDP [10]. The general consensus
is that friction and wear are significantly influenced by
interfacial processes as well as mechanical and chemical
properties of the near-surface material. Plastic deforma-
tion, flow of asperities and micro-crackings are the most
prominent mechanisms [4]. Despite all research, the tri-
bological impact of the evolving third body on low fric-
tion coefficients and small wear rates is still a matter
of discussion. Moreover, it is not clear why only under
specific conditions the system can develop low friction co-
efficient and small wear rate and what the predominant
influencing parameters are.
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In the past, influencing parameters like the total dissi-
pated power during running-in or the sequence of opera-
tion points (contact pressures and sliding velocities) were
discussed. Systems that were subjected to a high-power
running-in developed significantly lower friction than sys-
tems operated under low initial loadings [11]. In addition
to lower friction, the high-power running-in yielded lower
wear rates after a shorter running-in time. The results
suggest that the initial power of friction µFnv influences
the long-term behavior of the entire system as described
in [12]. Volz discovered that differently designed running-
in routines, with a certain sequence of pressures and ve-
locities, result in different friction and wear patterns [13].
His findings were based on engine bench tests using high-
resolution and continuous wear measurements with ra-
dionuclide technique (RNT) [14]. At this time the first
attempts were undertaken to design running-in routines.
The success, however, was limited since the formation
of the third body was not considered. Meanwhile, this
issue was pursued over the last 15 years and a tremen-
dous progress can be witnessed in research on tribological
systems showing ultra-low wear rates.

The aim of this study is to show how initial condi-
tions set by the microstructure and the way how contact
pressure and sliding velocity are controlled lead to the
development of lowest coefficients of friction and ultra-
low wear rates as desired for lubricated tribological con-
tacts. The role of surface finishing – polishing and lap-
ping – was evaluated with focus on initial microstructural
properties. To reduce complexity, radionuclide-assisted
pin-on-disk tribometry was carried out. Since steel is
widely used in mechanical engineering, lubricated steel-
steel contacts were evaluated. Whereas the pin material
was kept constant, the material of the disks differed in
hardness. By means of focused ion beam analysis (FIB)
and transmission electron microscopy (TEM) the near-
surface volume was characterized prior and after the tri-
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bological tests to monitor the evolution of the microstruc-
ture. Photoelectron spectroscopy (XPS) was applied to
follow the chemical changes due to shear. Nanoindenta-
tion was used to characterize the mechanical properties
of the near-surface material. As a first order approxima-
tion, nanoindentation hardness was considered a measure
of conditioning, since by changing grain-size and disloca-
tion density, the micro-hardness is affected.

II. EXPERIMENTS

Pin-on-disk tribometer tests were performed on steel
disks made of 56NiCrMoV7 (disk D1) and Ck45 (disk
D2), using a pin made of C86 carbon steel. 56NiCr-
MoV7 is an alloyed steel with following chemical con-
stituents (at%): C: 0.5-0.6; Si: 0.1-0.4; Mn: 0.65-0.95;
P: <0.03, S: <0.03; Cr: 0.1-1.2; Ni: 1.5-1.8; Mo: 0.45-
0.55; V: 0.07-0.12. Ck45 (= AISI/SAE 1045) is a plain
carbon steel with following chemical constituents (at%):
C: 0.43-0.5; Si: <0.4; Mn: <0.5; S: <0.035; Cr+Ni+Mo:
<0.65. 56NiCrMoV7 exhibits a homogeneous microstruc-
ture with less than 2% of residual austenite and minor
carbidic precipitates at the grain boundaries. 56NiCr-
MoV7 has a martensitic microstructure, whereas Ck45
and C86 have a ferritic/perlitic microstructure. The pin
C86 (= AIS/SAE 1086) contains the following chemical
constituents (at%): C: 0.35-1; Si: 0.1-0.3; Mn: 0.5-1.2;
P: <0.035; S: <0.035; Cu: <0.2. The steel disks were
cut, ground and annealed. After annealing, half of the
disks was lapped with a 9 µm suspension at a working
pressure of some MPa. The other half was handpolished
with cloth and suspension (grain size ≈ 1 µm) at a work-
ing pressure of less than 1 MPa. The polishing procedure
was applied to the pins as well, see Tab. I. The materials
selection was a compromise between simplicity, applica-
bility in mechanical engineering and further use of the
results to feed atomistic simulations (to be published).

TABLE I. Samples, compositions, Vickers hardness, heat
treatment temperature and roughness.

D1 D2 pin

material 56NiCrMoV7 Ck45 C86

HV01 lapped and polished1 400±20 270±20 450±20

austenitizing temperature 850◦C 880◦C N/A

annealing temperature 630◦C 530◦C N/A

Ra
2 polished 12 nm 10 nm 10 nm

Ra
2 lapped 150 nm 200 nm N/A

1 Microhardness Vickerstest with Wolpert VDT 12 us-
ing DIN EN ISO 6507 - 1:2006, test method HV, load
duration 10 s
2 Sensofar-Tech S.L.

Cross sectional secondary electron microscopy (SEM)

imaging of the new samples was carried out and is pre-
sented for D1 after polishing and lapping, see Fig. 1. The
polishing procedure did not have a significant influence
on the near-surface structure, while lapping introduced
clear changes in the near-surface microstructure up to
a depth of 2.5 µm. Chemical analysis by XPS revealed
that there is no distinct difference between the polish-
ing and lapping process, see Fig. 2. The penetration
depths of O and C/CHx for both procedures ranged be-
tween 10 nm and 20 nm. The shift to larger penetration
depths after lapping can be related to increased rough-
ness. The depth profiles for D2 and pin were similar, not
shown here. In contrast, topography and macroscopic
hardness of the polished and lapped disks showed dis-
tinct differences, see Tab. I. The relation between disk
and pin hardness was about 1 for D1 and about 0.5 for
D2. Microscale hardness measured by nanoindentation
showed higher values for the lapped modification of D1
as well as for D2 due to a grain refined near-surface layer,
see Fig. 3. The difference in hardness between polishing
and lapping was more pronounced for steel D1. In addi-
tion, the lapped surface showed an increase in roughness.
This leads to differences in real contact area between the
different disks and the pin.

(a)Initial microstructure polished.

(b)Initial microstructure lapped.

FIG. 1. SEM characterization of FIB cross sections of the
initial state of D1 in polished and lapped condition.

The tests with a commercially available pin-on-disk tri-
bometer (BASALT SSD from TETRA GmbH) were car-
ried out with a polyalphaolefine base oil with a dynamic
viscosity of 25.7 mPas at a temperature of 50◦C. The oil
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FIG. 2. Chemical depth profile (XPS) of initial the near-
surface layer due to lapping and polishing of D1.

FIG. 3. Microscale hardness depth profile of initial near-
surface layer of lapped and polished condition of D1 and D2.
50 indents were placed in depth controlled mode. A value was
taken every 0.2 s.

was free of additives, thus, tribochemical reactions other
than with carbon and hydrogen can be excluded. The
oil circuit was filled with 2.5 liters. Using a central noz-
zle, oil was directly supplied to the disk and spread due
to rotation. From the oil sump underneath the disk, a
pump sucks the oil into the RNT sensor assembly and
brings it back to the disk via the nozzle. The disks have
a diameter of 75 mm and faced a flat C86 pin. The pins
have a diameter of 5 mm with a slightly tapered edge
to prevent undesired cutting into the disk. To achieve a
flat contact between pin and disk, the pin holder allowed
a self-regulating adjustment. The tribometer covers a
wide range of normal forces between 10 N and 1,000 N
and sliding velocities between 0.1 m/s and 10 m/s.

To achieve a sufficiently good running-in, the tests were

carried out at a constant normal force of 400 N, which
corresponds to a Hertzian pressure of 20 MPa, at 0.1 m/s
sliding velocity. This parameter set was chosen because
pre-tests with a lapped steel disk using continuous fric-
tion and wear recordings indicated a stable running-in
behavior for these conditions. This kind of running-in
is called a high-power running-in since even a small fur-
ther increase in loading resulted in a failure of the system.
Friction and wear of the pin were monitored continuously
by radionuclide technique (RNT). In the entire pin area
facing the disk nuclidic wear markers were generated.
Across the pin the simultaneous contact of many asper-
ities contributes to wear. Thus, the amount of wear is
an average of all microscopic wear events. Although only
the pin was irradiated for the RNT, conclusions about
the wear behavior of the entire system can be drawn.
In addition, the disk wear tracks were quantified after
the test by white light interferometry, giving a wear area
in µm2. With the radionuclide technique micrograms of
wear can be detected in the oil circuit which corresponds
to a wear rate of a few nanometers per hour. Details of
the method were described by Scherge et al. [14]. To
obtain wear tracers, pins were subjected to low-energy
neutron radiation. Cr-51 was used as nuclide. The oil
circuit of the tribometer was connected to a gamma de-
tector (Zyklotron AG) allowing continuous monitoring of
wear in the oil. To account for decay effects, a reference
measuring device was included in the oil circulation.

III. RESULTS

A. Friction and Wear behavior

In order to qualify a tribological system with respect
to its running-in behavior, a definition becomes neces-
sary: A proper running-in is achieved when the tribolog-
ical systems quickly develops low friction and small wear
rate at high system stability and low sensitivity. Stabil-
ity refers to the effect that the system quickly passes the
running-in and adopts a constant wear rate. Tribolog-
ical systems can have several stable states. Sensitivity
reflects the property of the system that friction and wear
show negligible response to changes of the boundary con-
ditions such as oil temperature, load or speed changes.
The polished and the lapped disks exhibited a distinc-
tively different running-in behavior. While the polished
disks of both steels seized already during the initiation of
the experiment, i.e., during the load increase up to 400 N,
the lapped samples could be charged directly with 400 N
without failure. The polished disks failed by scuffing fol-
lowing the definition of Fenske et al. [15]. This definition
is equal to the ASTM standard definition for scuffing. All
measurements presented in the following sections were re-
peated 3 times.
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1. Running-in performance of D1

When disk D1 lapped was subjected to the high-power
running-in, friction showed a very short topographical
running-in followed by a few fluctuations but quickly de-
veloped stable and low coefficients, see Fig. 4.

FIG. 4. Running-in at 400 N and 0.1 m/s of D1 lapped.
120,000 revolutions correspond to a sliding distance of 18 km.

To obtain a similar result for D1 polished, the high-
power running-in had to be replaced by step-wise increase
in normal force from 25 N to 400 N, see Fig. 5. This kind
of running-in program was composed empirically. As of
today no straight forward procedure for the generation
of a successful running-in procedure exists. The first 4
steps in load caused sudden jumps of the coefficient of
friction to higher values followed by a decrease to the
initial friction level. Beginning with the fifths increase in
load (250 N) the running-in became stable and showed a
strong resemblance to the behavior of D1 lapped. At the
end of the experiments the coefficients of friction of D1
polished and D1 lapped were almost equal. In terms of
pin wear, system D1 polished showed wear rates on the
order of 3 nm/h, whereas D1 lapped showed negligible
wear. The wear loss of both disks was comparably low
and ranged between 150 µm2 and 200 µm2.

2. Running-in performance of D2

The lapped modification of D2 revealed no difference
in the running-in behavior compared with the lapped
modification of D1. As for D1 lapped, D2 lapped was
able to tolerate the initial fast increase in loading. The
wear rate of the pin was less than 2 nm/h. The wear
loss of the disk was approximately 500 µm2, i.e. higher
than for D1 lapped. The load steps used for D1 polished
were applied to D2 polished as well. After a consider-
able number of failed experiments, i.e., instant scuffings,
a successful running-in was found for a sequence of loads

FIG. 5. Running-in at 0.1 m/s and a step-wise increase in load
of D1 polished. 120,000 revolutions correspond to a sliding
distance of 18 km.

as shown in Fig. 6. The velocity had to be increased to
v = 0.2 m/s and the load step of 150 N had to be ex-
tended. After passing all further load steps, friction be-
came as low as for D1 polished. However, the running-in
showed increased sensitivity to load steps compared with
D1 polished and the repeatability of the experiments be-
came poorer. In addition, the pin showed a wear rate of
1,300 nm/h already for the second load step of 50 N. The
wear loss of the disk (4,000 µm2) was considerably higher
than the wear loss of D1 polished.

FIG. 6. Running-in with v =0.2 m/s for D2 polished. 70,000
revolutions correspond to a sliding distance of 10.5 km.

B. Microstructural Analysis

In order to observe changes in microstructure caused
by the different running-in procedures, cross sections
with focused ion beam were prepared. The SEM im-
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ages of the D1 cross sections are shown in Fig. 7. The
cross sections were placed in sliding direction. The differ-
ences in near-surface microstructure of D1 polished and
D1 lapped compared with the state of the bulk are obvi-
ous. Both conditions, lapped and polished, developed a
similar nanocrystalline layer, indicated by arrows in Figs.
7a) and b). Both D1 polished and D1 lapped showed a
grain refined structure compared to the initial state, see
Fig. 1a). The grains are deformed in sliding direction
and have a longitudinal grain shape. The curve-fit in
the image indicates the displacement with respect to a
perpendicular to the surface and specifies the depth of
deformation. In Fig. 7c) a TEM image and associated
diffraction pattern of the encircled area are shown, reveal-
ing grain sizes in the range of 10 nm. The microstructure
of D2 lapped was very similar to that of D1 lapped. In
contrast, due to high wear, D2 polished showed no signs
of grain size reduction.

For D1 polished additional cross sections were taken
during the load step running-in after 25 N and 150 N
to characterize the progress in microstructural evolution,
see Fig. 8. Already after the very first load step of 25 N,
a distinctive grain-refinement was obtained. For further
load steps the depth of deformation did not change sig-
nificantly. After the load step of 150 N the grains in
the first 200 nm became orientated parallel to the sur-
face, indicated by the upper dashed line. In addition, a
small nanocrystalline layer, marked with arrows in Fig.
8c), was formed. This layer was in the range of 20 nm
and not evenly distributed, whereas for 400 N the layer
was up to 200 nm thick. We assume that due to the
same appearance, compared with the layer after 400 N,
that this layer consists of nanocrystalline grains. It be-
came obvious that a normal load increase did not ex-
tend the deformation zone into the material, but influ-
enced the near-surface layer with respect to its nanocrys-
talline structure. A differentiation between the strength-
ened and nanocrystalline area has to be made here. The
strengthened area indeed does not increase with increas-
ing load, the nanocrystalline layer does. In addition,
the friction power density decreases by a factor of 10
during the running-in. Deformation mainly acts on the
nanocrystalline layer.

C. Chemical Analysis

Chemical depth profiles to quantify shear-induced me-
chanical intermixing were recorded for oxygen, bonded as
Fe2O3 and for carbon bonded in carbon-hydrogen chains.
Other elements revealed no modification due to tribologi-
cal interaction or the finishing process. The oxygen depth
distribution after running-in showed distinct differences
between the lapped and the polished initial condition,
whereas there is no difference between different materi-
als. The total depth of the oxygen intake was similar
for all experiments. The lapped samples of D1 and D2
revealed a smaller oxygen peak than the polished sam-

(a)Cross section of D1 lapped after the high-power
running-in at 400 N.

(b)Cross section of D1 polished after passing the load
steps up to 400 N.

(c)Nanocrystalline layer of D1 polished after passing
the load steps up to 400 N.

FIG. 7. a) and b) SEM images of FIB cross sections for D1
polished and D1 lapped for v =0.1 m/s. Sliding direction is
from right to left. c) TEM image and diffraction pattern of
nanocrystalline layer (red circle).

ples, see Fig. 9. The differences in the carbon content
represented as C/CHx were not significant.

IV. DISCUSSION

During running-in a significant fraction of the power of
friction is transformed into heat. Another fraction gen-
erates wear and a third fraction changes the material by
plastic flow and intermixing with respect to topography,
chemical composition and microstructure. This is the
third body formation. For materials with comparable
hardness the third body is symmetric. When the hard-
ness of first and second body deviates, the third body
can be asymmetric. With respect to the inner structure
of the third body the chemical depth profiles reflect the
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(a)Cross section of D1 polished after passing the load
step of 25 N.

(b)Cross section of D1 polished after passing the load
step of 150 N.

(c)TEM image of D1 polished after passing the load
step of 150 N.

FIG. 8. a) and b) SEM images of FIB cross sections for D1
polished after the load step of 25 N and 150 N for v = 0.1 m/s.
c) TEM image of D1 polished with a running-in stopped after
150 N.

impact of shear, whereas microstructural analysis char-
acterizes the effect of contact pressure and cyclic creep
[16]. The third body is the prerequisite for ultra-low wear
rates and small coefficients of friction.

In [12] we elucidated on the mechanisms that support
a tribological system to develop the third body. The bot-
tom line was that the amount of friction power density at
the beginning of the running-in is of crucial importance
to the achievement of the superb tribological properties
mentioned above. Initial overstressing as well as under-

FIG. 9. XPS analysis after running-in for D1 and D2 pol-
ished and lapped.

stressing are detrimental, since too much power density
leads to a wear rate that prevents the third body from
growing. Understressing, on the other hand, results in
a situation that does not provide enough power to ig-
nite the necessary mechano-chemical reactions to form
the third body. Only an appropriate amount of power
can bring the system into the desired running-in corridor
by inducing the right degree of plastic flow, mechanical
intermixing and mechano-chemical reactions. For some
material systems the running-in corridor is wide, this
means a large variety of initial stressing conditions in-
duce a proper running-in. For other systems the corridor
can be narrow, thus subtle changes in initial conditions
decide about success or failure.

At the beginning of third body formation the metal
has to be locally charged above its yield strength to de-
form the material lateraly homogeneous as reported by
Rogers [17]. Czichos described localized stress enhance-
ments as important for the initiation of plastic flow and
rendered the rising temperature in the contact area as
crucial for the performance of a tribological system [18].
When the material received a pre-strenghtening due to
finishing, temperature can increase further. This tem-
perature increase, also known as flash temperature, pro-
motes the third body formation and decreases friction
and wear as well as adhesion [19]. However, when the
initial stressing is too intense, softening due to elevated
flash temperatures can exceed strengthening. Then the
plastic deformation process becomes instable and the ho-
mogeneity of plastic deformation suddenly changes to lo-
calized severe deformation. This kind of instability as-
sociated with severe plastic work and further intensified
heat generation elapses in a very short time. The process
can be considered adiabatic [17]. Fenske et al. observed
softening of steel and the formation of retained austen-
ite right before the scuffing failure and considered the
scuffing-mechanism an adiabatic shear plastic instability
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[15].
Since scuffing involves rearrangements of deeper re-

gions, the mechanical stability of the bulk plays a sig-
nificant role. Therefore, the analysis of wear mechanisms
at the transition from ultra-low wear to severe wear – this
means at the left and right edge of the runnig-in corridor
– must consider microscopic near-surface properties as
well as macroscale effects like hardness of both materials.
In addition, mechanical conditioning of the tribological
system – here polishing and lapping – plays an impor-
tant role. Whereas the conditioning due to polishing was
nearly negligeable, lapping imposed a significant influ-
ence. Based on these model perceptions the discussion
focuses on the following questions:

� Why was it possible to perform a high-power run-
ning for D1 and D2 lapped?

� What caused scuffing of D1 and D2 polished?

� What happened during the load step running-in of
D1 and D2 polished?

A. Why was it possible to perform a high-power
running for D1 and D2 lapped?

Before proceeding with a detailed discussion it has to
be pointed out that identifying the appropriate stress-
ing conditions making up the high-power running-in for
D1 and D2 lapped was not a straightforward process fol-
lowing an existing recipe. On the contrary, running-in
conditions had to be identified iteratively. First Stribeck
curves with numerous operation points were run and fric-
tion and wear were recorded continously. The response
of the system, e.g. significant changes in friction and
wear rate after certain stressing steps, pointed at key
running-in loads and velocities. The appropriate load-
ing conditions comprised a single, but high normal force
of 400 N and a constant sliding velocity of 0.1 m/s. As
a result, both systems where brought into the running-
in corridor and developed the third body. In addition
to the energetic control of the running-in, the capability
of the system to perform a running-in was increased by
sample finishing. Due to lapping the initial grain sizes
of D1 and D2 were significantly reduced. According to
the Hall-Petch relation a decreased grain size results in
increased strengthening, since the increased number of
grain boundaries as well as the piled up dislocations hin-
der the flow of material due to shear stress. The XPS
depth profiles, showing element concentrations originat-
ing from plastic flow and intermixing, indicated that
shear was located close to the surface, see Fig. 9. Addi-
tionally, lapping generated a wave-like roughness of the
disk surfaces, see Fig. 1. Roughness is a measure of
the real contact area and controls the friction power den-
sity, since shear is mainly localized at the summits of the
asperities. Both, the strengthening effect due to homoge-
neous plastic deformation and the localization of friction

power density support the formation of the third body
as described above.

B. What caused scuffing of D1 and D2 polished?

Due to low roughness the tribological response of the
systems became erratic and was either completely hy-
drodynamic with lowest coefficients of friction or within
boundary lubrication. Therefore, the system failure in-
volved the sudden breakdown of the lubricating film and
the near-surface oxide [20]. Both solid surfaces instantly
contacted and scuffed. Dyson et al. [21] described the
mechanism of scuffing-failure in an engineering way as
”gross damage characterized by the formation of local
welds between the sliding surfaces”, not to be mixed up
with seizure, where the system stops running. There are
several descriptions for this failure mechanism in litera-
ture and the phenomenology is described in quite differ-
ent ways. Ludema [22] reported on roughening of sur-
faces due to transfer of material in both directions with
and without material loss. Fenske et al. [15] extended
this model and gave a more generalized overview on the
scuffing-mechanism. The total system damage was con-
sidered a sudden increase of the coefficient of friction,
contact temperature and vibration. As a result, the sur-
face roughness increases due to a significant increase in
plastic flow.

The observations for D1 and D2 polished underlined
that charging the systems with a normal force higher
than 40 N caused the same failure mechanism as de-
scribed by Ludema [22] and Dyson [21], see Fig. 4. Since
the polished samples have a lower microhardness – 25%
for D1 and 15% for D2 – and insufficient strengthening,
compared to the lapped ones, see Fig. 3, we assume that
shear can not be transformed into homogeneous, that
means lateraly evenly distributed, plastic deformation.
The small deviations in roughness connected to a slightly
different initial contact situation might contribute to this
behavior. However, all figures showing coefficients of fric-
tion as function of time underline that topographical ad-
justments were just a matter of a few revolutions. As a
consequence, the instability described above occurs and
the system fails. Systems D1 and D2 have a very nar-
row running-in corridor. The chosen initial conditions
caused overstressing, meaning that the system was oper-
ated right of the running-in corridor.

C. What happened during the load step running-in
of D1 and D2 polished?

Since the initial mechanical properties of the systems
did not allow a high-power running-in, load steps were
necessary to pre-strengthen the near-surface material for
a further increase in normal force, without inducing in-
homogeneous deformation. This can be seen in Fig. 8a).
The FIB cross section after the initial load-step of 25 N
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showed a grain refined near-surface. Shear force has to
be always in a balance with the mechanical properties of
the materials, so that homogeneous plastic deformation
and intermixing can occur to form the third body in a
step-wise manner. As mentioned by Rigney, overcoming
of adhesion is an important factor for the evolving of a
nanocrystalline layer [8]. Nanocrystalline zones were ob-
served already after the load step of 150 N and revealed
an increase in size for increasing normal forces, see Fig.
8b). System D2 apparently was operated at the frontier
between ultra-low wear and severe wear, this means at
the right edge of the running-in corridor. In this partic-
ular range third body formation ceases and mechanisms
known as abrasion [23] or tribo-oxidation [24, 25] start
to dominate. The system grows instable, shows increased
scatter of the coefficient of friction and fails due to exces-
sively high wear. The process of grain structure evolution
is affected by the relation between pin and disk hardness.
Whereas disk D1 showed comparable hardness, disk D2
was significantly softer. As a result, disk D2 had to be
operated at higher sliding velocity to increase the lubri-
cant film thickness, thereby decreasing the friction power
density. In addition, the load step of 150 N was extended
to give the system time to adjust to the loading level. De-
spite all adjustments and the low coefficient of friction at
the end of the experiment, disk D2 polished failed due to
high wear, since the material fatigued.

V. SUMMARY AND CONCLUSIONS

In this work the significant influence of the initial near-
surface structure on the running-in behavior was pointed
out. In the process of tribological stressing a subtle equi-
librium between softening and strengthening is impor-
tant for the quality of the running-in. The initial near-
surface structure can be controlled over a wide range by
metal working, especially by finishing [1]. In this work
the influence of lubricant additives was not considered.
Thus, tribo-chemical reactions did not contribute to the

running-in. When the lubricant is additivated, these re-
actions have to be analyzed as well.

The following conclusions can be drawn:
1. When by conditioning the near-surface material

was furnished with the adequate microhardness, a high-
power running-in was able to quickly induce low friction
and wear. To characterize the mechanical properties of
the near-surface material, nanoindentation can be used.
When the system has not experienced a sufficient condi-
tioning before tribological stressing, load has to be ap-
plied step-wise in order to resume the conditioning during
operation.

2. The macrohardness ratio comes into play when plas-
tic deformation processes possess subordinate influence.
By adjusting the stressing sequence of the running-in,
the tribological systems can be tuned towards low coef-
ficients of friction and low wear rates rendering test field
design a powerful lever of tribological optimization. For
the material couple with the same macrohardness of pin
and disk, it was possible to condition the near-surface by
a step-wise increase in load. This procedure was not suc-
cessful for the system having a large difference between
disk and pin hardness.

3. To perform a high-power running-in, the system
has to be monitored by continuous and high resolution
friction and wear measurement to prevent overstressing.

4. The findings can be applied to ductile materials
with the ability of strengthening. However, other
mechanisms have to be taken in account for materials
with high precipitation density.
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