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A B S T R A C T

The present study focuses on investigating the dominant friction and wear mechanisms in case of dry sliding of
carbon nanoparticle reinforced nickel matrix composites under elastic and elasto-plastic contact conditions. For
this purpose, multi-wall carbon nanotubes (CNT), onion-like carbon (OLC) and nanodiamonds (nD) were chosen
to represent a large variety of carbon nanoparticles as they can be systematically distinguished regarding their
carbon hybridization state (sp 2 vs. sp3) as well as their morphology and size (“0D” vs. “1D”). Contact simula-
tions based on the Greenwood-Williamson model are conducted in order to calculate the required contact loads.
Friction and wear analysis is supported by complementary characterization techniques, including scanning
electron microscopy, transmission electron microscopy, energy dispersive spectroscopy, Raman spectroscopy,
light microscopy as well as laser scanning microscopy. It is found, that only CNT provide efficient lubrication as
reinforcement phase in composites, presenting different lubrication mechanisms for the tested contact condi-
tions. The high aspect ratio of CNT is found to be essential for the lubrication mechanisms, allowing the particles
to be dragged into the direct tribological contact. The lubrication effect increases with increasing volume content
of CNT, reaching a maximum steady state frictional reduction of 50% compared to the unreinforced nickel
reference.

1. Introduction

Nowadays, the increasing demand for lower energy consumption in
nearly every technical application sets the need for the tribological
optimization of various technical components, like for example auto-
motive parts such as cylinder liners, piston rings or bearings in pas-
senger cars [1]. One way of approaching these problems is to reduce
friction and wear by lubricating these systems, in most cases with a
suitable liquid lubricant. However, due to their potential impact on the
environment and low evaporation point, there is a trend to replace li-
quid with solid lubricants in certain mechanical systems [2,3]. Also,
problems often arise when a constant oil supply cannot be achieved, a
low oil pressure appears or oil leakage occurs which can lead to cata-
strophic failure of the lubricated system. Thus, new approaches to
create self-lubricating materials, which are insensitive about their at-
mospheric surrounding and external influences, have to be developed in
order to fit the elevated requirements.

The possibility to tailor the physical and tribological properties of
composite materials by variation of simple process parameters, the
matrix or the reinforcement phase was extensively studied over the last

decades. Beside of other reinforcement materials such as ceramics,
MoS2 or graphite, carbon nanomaterials are very promising reinforce-
ment candidates in composites to increase strength [4–6], hardness
[7–9], electrical and thermal conductivity [8,10,11] thermomechanical
stability [12] and reduce friction and wear [13–17]. This is mainly due
to their outstanding properties and low density compared to other re-
inforcement materials [18–20]. For our work, we focus on three types
of carbon nanoparticles (CNPs), namely multi-wall carbon nanotubes
(CNT) [21] nanodiamonds (ND) [20] and onion-like carbons (OLC)
[22]. CNTs consist of helical hollow cylinders of graphitic carbon (sp 2-
hybridized) having multiple shells and a high aspect ratio (“one-di-
mensional”) [21]. The spherical diamond nanoparticles, named NDs,
show a lattice spacing of 0.21 nm and feature a primary particle dia-
meter of around 5 nm (“zero dimensional”) [20]. NDs can be trans-
formed to OLC by thermal annealing in inert atmosphere or vacuum.
OLCs, which are also known as carbon onions, are multi-shell, gra-
phitic, fullerene nanoparticles (“zero dimensional”) with a typical
spacing of 0.34–0.36 nm between the outer shells [22,23]. We chose
these three particular CNPs as they show either a different carbon hy-
bridization state or a different particle geometry/size, therefore
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representing a variety of carbon nanoparticles and allowing for a sys-
tematic investigation of the effect of those differences on the tribolo-
gical properties of the composite material.

In case of CNTs, several works confirm the reduction in friction and/
or wear when used as reinforcement phase in a metal matrix composite
[16,24–27]. However, the tribo-mechanisms of the CNTs within these
composites are still not fully understood. The effects might result from
the influence of the CNTs on the microstructure of the composite. The
particles could hinder the dislocation movement and therefore reduce
plastic deformation of the surfaces. A higher strength, induced by a
grain refinement effect (pinning effect) is also found to be a reason for a
reduction in friction and wear. Typically, these effects are more pro-
nounced for nanosized materials like for example CNT [28]. Further-
more, CNTs provide the ability to efficiently separate the sliding sur-
faces, slide or possibly act as roller bearings [29]. In this context,
Dickrell et al. showed a frictional anisotropy effect of CNT coatings.
Other studies have shown that the CNTs form a carbonaceous layer on
the surface, which shows tribomechanisms similar to those of graphite
[30,31]. Simulations at higher temperatures have shown, that there
might be a pressure induced transformation of CNTs towards graphite
when a pressure of about 1,5 – 2,5 GPa is applied [32]. However re-
search works regarding this topic were conducted under different
conditions and using different matrix materials, such as Cu, Al, Ni or the
CNTs were applied as coating, for example on a SiO2 substrate
[5,24,27,33]. Thus, these findings leave it rather unclear how the lu-
brication mechanism in a composite type material reinforced with CNTs
is working.

When it comes to NDs used as reinforcement phase in metal matrix
composites, most of the research refers to a wear reducing effect instead
of a frictional reduction [13,34–36]. A wear reduction can be traced
back to an increased hardness of the composite by grain refinement.
Furthermore, hindering of dislocation movement and also the hard
particles themselves may contribute in a wear reduction of the com-
posites [13,35]. However, NDs can also increase wear. An increased
wear was ascribed to the breaking out of NDs from the matrix and
consequently acting as abrasive third body within the tribological
contact. On the other hand, NDs that are embedded in the matrix ma-
terial could act as spacer between the two sliding surfaces and therefore
prevent direct contact of the asperities [36]. The potential to act as
roller bearing on top of a surface and thus to reduce friction is con-
troversially discussed in literature [13,34].

Considering OLCs, there is yet no available literature, which in-
vestigates their effect as reinforcement phase in a metallic composite
material on the tribological properties. However, there is research
claiming for very beneficial tribological properties of OLCs. Because of
their polyhedral form and also their high mechanical strength, it is
reasonable to assume that they might act as a roller bearings in a tri-
bological contact [18]. Furthermore, as the curvature of OLCs is smaller
compared to CNTs, it is supposed that they show less intermolecular
interactions to other materials and thus being able to freely move on
top of a surface [37,38]. Research in this field has been conducted by
Hirata et al. [39], showing that on a silicon wafer, a very low friction
coefficient lower than 0.05 can be achieved and also wear can be sig-
nificantly reduced by 3–6 orders of magnitude compared to using
graphite as lubricant. Also, in contrast to a lubrication using graphite,
the lubrication effect by OLCs is not affected using vacuum conditions.
However, there is a change in the effect as a function of the surface
roughness, as the particles can be trapped within the asperities and
therefore no longer provide a lubricating effect as they are not in direct
contact in between the surfaces anymore [39]. Furthermore, simula-
tions show a dependence of the lubrication effect of the OLCs from the
applied contact pressure. If the pressure exceeds a value of 5 GPa (in
case of two contacting DLC coated surfaces, that are lubricated by OLC),
the lubrication effect significantly decreases [40].

To sum up, the variation in testing parameters, materials and con-
ditions in literature make it rather difficult to correlate the measured

effects to the underlying friction and/or wear mechanism of carbon
nanoparticles. In the present study, a tribological comparison between
the described three different CNPs as reinforcement phase in a nickel
matrix composite is provided for elastic and elasto-plastic contact
conditions under low (4%) and medium (45%) relative humidity. This
is to learn about the acting lubrication mechanisms of the individual
particles in a composite material, which can only be achieved in case of
investigating systematically distinguishable CNPs as reinforcement
phase in the same matrix material and under the same conditions. To
the best of our knowledge, this is the first systematic comparison of the
tribological properties of CNTs, OLCs, or NDs in a metal matrix.

A dispersion analysis of these particular CNPs in the composite as
well as a model to control and predict the final microstructure after
sintering was published by our work group before [41,42]. Based on
these works, it is possible to produce composite materials reinforced by
these CNPs, which feature the same final microstructure and hardness.
Thus, the influence of the microstructure and hardness on the tribolo-
gical properties could be neglected. Nickel appears to be a suitable
candidate as matrix material for a comparative study, since it only
forms metastable carbides under very specific conditions, as shown in a
previous study reported by Suarez et al. [43].

In order to test the composites under varying mechanical contact
situations (fully elastic or elasto-plastic), contact mechanics simulations
need to be performed to calculate the corresponding necessary normal
loads. One of the earliest models of elastic asperity contact is that of
Greenwood and Williamson (G-W) [44]. This model uses the solution of
the contact of an elastic hemisphere and a rigid flat plane, otherwise
known as the Hertz contact solution, to stochastically model an entire
contacting surface of asperities with a postulated Gaussian height dis-
tribution. The G-W model also assumes that the asperities do not in-
terfere with adjacent asperities and that the bulk material below the
asperities does not deform. Supplementing the G-W model, many
elasto-plastic asperity models have been devised [45–48]. The G-W
model is a statistical method, and hinges upon obtaining statistical
parameters like the radius of curvature (R), the areal asperity density
(η) and the standard deviation of the surface heights (σ). A way of
finding these parameters is given by McCool, using the spectral mo-
ments in order to calculate the aforementioned parameters [49]. In case
of fully elastic contact conditions, the G-W model provides sufficiently
accurate results for most of the engineering tasks and has gained wide
acceptance. However, considering elasto-plastic contact conditions, the
G-W model is not sufficient and it has to be extended. The contact
conditions can be assessed by calculating the plasticity index ψ [44,48].
For cases where the plasticity index indicates elasto-plastic contact
conditions, some early contact models have extended the venerable
Greenwood-Williamson (G-W) model; these include, for example, the
Kogut-Etsion (K-E) model [45], the Chang-Etsion-Bogy (CEB) model
[46], or the Zhao-Maietta-Chang (ZMC) model [47]. A more recent
model (that does not depend on limiting assumptions, e.g., material
hardness) is developed by Jackson and Green (J-G model), producing
predictions for contact area, contact force and surface separation
[48,50]. Thus, in the present work, the J-G model is used in order to
simulate the contact conditions in the given tribological system. The
experimental work is done based on these simulations and various
characterization methods are used with respect to the simulated contact
regime.

In this regard, laser-scanning microscopy is used to generate the
surface data on which the contact simulation is based upon.
Furthermore, as a function of the given contact situation, the structural
integrity of the particles is analyzed by Raman spectroscopy.
Additionally, the obtained microstructure, and the resulting mechanical
reinforcement effect are analyzed by scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD). Finally, the gener-
ated wear tracks are analyzed by SEM and energy dispersive X-ray
spectroscopy (EDS) in order to discuss the wear mechanisms as a
function of the contact situation.
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2. Materials and methods

2.1. Materials and manufacturing

Nickel matrix composites reinforced with CNT (Baytubes C150P
from Bayer, purity> 95%, individual particle diameter of 5–20 nm,
length of 2–10 µm), ND (NaBond Technologies Co., purity> 98%, in-
dividual particle diameter 4–8 nm), and nanodiamond-derived OLCs
were produced by hot uniaxial pressing. To synthesize the OLCs, ND
powder was annealed in graphite crucibles (30mm in diameter and
20mm in height) in a vacuum furnace with tungsten heaters (model:
1100–3580-W1, Thermal Technology Inc.) using a heating and cooling
rate of 15 °C/min. The transformation temperature was 1750 °C with a
holding time of 3 h. The chamber pressure was between 10 mPa and
100 mPa.

The particles were blended with the nickel powder (Alfa Aesar, 325
mesh) using a colloidal mixing method, using ethylene glycol as solvent
[41,43]. For the particle dispersion, a shear mixer (Ultra-Turrax T-25 by
IKA) and subsequently an ultrasonic bath (Sonorex Super RK 514 BH by
Bandelin, 860W, 35 kHz) were used for 5 and 20min, respectively.
Afterwards, Ni is added and blended with the dispersed particles
(particle fraction: 5, 10 and 20 vol.-% for each type) in the shear mixer
for another 5min.

As shown in reference [42], the CNP concentration strongly affects
the composites’ microstructure if near-full densification (> 98%) is
achieved. With the aim of obtaining a simplified system, the sintering
parameters were chosen so as to avoid differences in the microstructure
of the matrix, irrespective of the type and amount of CNP [42].
Nonetheless, the parameters are sufficient to achieve a good densifi-
cation of the composite (at least 92%). Hence, the influence of the
microstructure could be neglected when tribologically comparing the
different composites.

The blends were pre-compacted in steel dies (diameter: 8 mm) with
a pressure of 990MPa. Then, the pellets are densified in a hot uniaxial
press (with Al2O3 pistons) with an applied pressure of 264MPa, tem-
perature of 700 °C, a heating and cooling rate of 20 °C/min and a
holding time of 2.5 h.

After densification, all samples were ground under water rinsing
with successive sandpaper grit sizes of 320, 600, 1000, 2500 grit and
then polished in a three-stage process using diamond polishing sus-
pensions in the steps 6 µm, 3 µm and finally 1 µm.

2.2. Numerical modeling

Before tribological testing of the samples commences, it is desirable
to estimate the contact conditions occurring under static loading. It is
important to know whether the contact is fully elastic or elasto-plastic
as it might influence the lubrication mechanism of the CNP. Therefore,
it is important to determine which normal forces are needed for the
given tribological system in order to provide reasonable contact situa-
tions. In order to find the statistical parameters for the simulation, real
surface data had been obtained by laser scanning microscopy (LEXT
OLS4100 by Olympus) with a lateral resolution of 120 nm and a height
resolution of 10 nm using a 50× objective. For the simulation, the
surface data of the unreinforced composite and the counterpart, con-
sisting of an Al2O3 ball with a diameter of 6mm, are used. To find the
corresponding statistical surface parameters, the spectral moments can
be employed:
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where N is the total number of data points on a surface and z is the
distance from the mean height of the surface to the asperity peak. The
derivatives are calculated by a central finite difference scheme. In this
work, both surfaces exhibit non-isotropic roughness and thus they are
meshed into 2-D individual rows and columns. Along each of these
directions, moments are averaged arithmetically (m0) and harmonically
(m2 & m4) in principal directions defined by where m2 is maximum and
minimum. The following procedure is then used:

1. Find one set of two orthogonal directions which give m2(min) and
m2(max). Ignore all other values and directions. Calculate m2 by
harmonic mean from m2(min) and m2(max).

2. In that specific directions set above, calculate m4(1) and m4(2) (re-
gardless of whether they are maximum or minimum). Calculate m4

by harmonic mean from m4(1) and m4(2).
3. In that specific directions set above, calculate m0(1) and m0(2) (re-

gardless of whether they are maximum or minimum). Calculate m0

by arithmetic mean from m0(1) and m0(2).

The radius of curvature, R, the areal asperity density, η, and the root
mean square, σ, are then calculated according to the work by McCool
[49] using spectral moments obtained from the above procedure:
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In addition, the standard deviation of the summit heights, σs, and
the separation between the mean of the surface and summit surfaces, ys,
and the bandwidth parameter, α, are also calculated based upon:
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The model used is shown in Fig. 1. The model depicts an Al2O3

hemisphere that is brought into contact with a composite (CNT re-
inforced nickel) substrate. The surfaces, which have non-isotropic
roughness, are set in a non-conformal contact. The contact is assumed
to deform elasto-plastically, where bulk deformation is included.

The procedure for obtaining the clearance, h0 (see Fig. 1b), and the
final bulk deformation is outlined below:

I. Get the bulk deformation δ caused by the load, P, according to:
(a) Obtain the critical load Pc that causes the onset of plasticity

based on Green [51] (see Eq. 12 there);
(b) If P < Pc use the Hertzian contact solution for the bulk de-

formation in a “pure” elastic state [52];
(c) If P > Pc use the solution for the bulk deformation from [53]

(see Fig. 5 there), and obtain the contact area from [56];
(d) superimpose the bulk deformation to the geometry of the

sphere (see step IV below).
II. Get the nominal pressure (p) and the real contact area (Ar) as a

function of separation (h), as if the surfaces are both flat (con-
formal).

III. Make p and Ar functions of that separation, h.
IV. Assume (or “guess”) a clearance h0 and form a function h = h(r)
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that includes the bulk deformation.
V. Integrate (i.e., sum) p and Ar over “rings” at r with a differential

width Δr to obtain the load P as a function of clearance h0, and plot
those results.

VI. Find that clearance h0 that corresponds to the applied experimental
load P (.1 or 8 N).

VII. For that clearance, calculate the real area of contact (post proces-
sing).

2.3. Characterization methods

2.3.1. Tribological characterization
The tribological experiments are performed with two ball-on-disc

tribometers (a nano and a microtribometer from CSM instruments).
This allows to measure under significantly different loads and en-
vironmental conditions. In both cases the static counterpart consisted of
an Al2O3 ball with a diameter of 6mm (roughness Ra = 22 ± 7 nm).
The test parameters for both tribometers are summarized in Table 1.

The choice of two different tribometers (working under different
normal loads) is made according to the calculated contact conditions,
which should be elastic and elasto-plastic (see Section 3.1). Further-
more, the nanotribometer allows the systematic investigation of the
lubrication activity at very low room humidity. Specifically, in the case
of a full degradation of the CNPs towards graphite, it is expected that
the lubricity will be severely hindered as a consequence of the shortage
of water molecules that enhance the lubrication mechanism in graphite
[54–56]. Thus, the reason for choosing two different relative humidities
is to evaluate the lubrication behavior actively avoiding or allowing for
a graphitic lubrication. All individual measurements have been re-
peated three times for statistical back-up. Consequently, the mean value
including standard deviation is plotted for every investigated case.
Al2O3 was selected as counterpart material because of its chemical in-
ertness, low adhesion to the metallic matrix (compared to a metallic
counterpart) and a much higher hardness compared to the composites.
Due to these facts, wear of the alumina ball can be neglected and the
focus can be put on the wear analysis of the composites.

2.3.2. Nanoparticle characterization
The structural state of the particles is surveyed by Raman spectro-

scopy. The data is acquired using an inVia Raman microscope
(Renishaw) with an excitation wavelength of 532 nm (2.33 eV), a
grating with 2400 lines per mm, a 50× -objective (numerical aperture:

0.9), a spectral resolution of 1.2 1/cm, and a laser power of 0.2 mW.
Visible excitation wavelengths in Raman spectroscopy are more sensi-
tive (50–230 times for graphite and amorphous carbon, respectively) to
coupled modes induced by sp2-carbon atoms than for sp3 [57,58]. Thus,
NDs (sp3-hybridization) Raman signal is weaker and might not be de-
tected for the initial state. However, if a transformation of ND towards
graphitic structures occurs, this could be easily observed as a con-
sequence of the appearance of the sp2 characteristic D and G bands. All
Raman spectra were recorded three times with an acquisition time of
10 s to eliminate cosmic rays and to improve the signal-to-noise ratio.
Additionally, a linear baseline subtraction and intensity normalization
were performed for all spectra. To identify peak positions of the data,
fitting with Lorentz functions was performed for all data [59]. The
distribution of the particles in the matrix was analyzed using a light
microscope (BX 60, Olympus).

2.3.3. Microstructural characterization
The mean grain size of the matrix after sintering determined by

EBSD with an EDAX TSL detector incorporated in the dual beam mi-
croscope. The scanned area is of 250× 250 µm2 applying an accel-
erating voltage of 20 kV, a current of 22 nA, and a step size of 0.3 µm.
For the analysis, a grain is defined as at least two adjacent points with a
maximum misorientation of 5°, beyond which a grain boundary is de-
termined. The acquired raw data was post-processed using confidence
index (CI) standardization, followed by the removal of points with CI
below 0.1. The grains intersecting the scan window were excluded from
the analysis.

2.3.4. Wear track and surface roughness analysis
Before the tribological measurements, the surface roughness is de-

termined for each sample using the laser scanning microscope. After the
experiments, the wear tracks are analyzed using a dual beam focused
ion beam/field emission scanning electron microscopy (FIB/FE-SEM)
workstation (FEI Helios NanoLab 600) with a voltage of 5 kV and 1.4 nA
of current. Finally, also energy dispersive X-ray spectroscopy (EDS) is
performed for the wear tracks using a voltage of 5 kV and a current of
22 nA. The analysis of the sub-surface is performed on a transmission
electron microscope (TEM) JEOL JEM 2010 working at 200 kV.

Fig. 1. (a) Schematic of contact between a rough hemisphere against a rough composite surface. (b) Contact model between an equivalent nominally flat rough
surface against a smooth hemispherical-shaped counterpart.

Table 1
Test parameters of the tribological experiments.

Test load [N] Maximum speed [mm/s] Stroke length [mm] Temperature [°C] Humidity [%] Sliding distance [m] Mode

Nanotribometer 0.1 1 0.6 25 4 0.72 Linear reciprocating
Microtribometer 8 10 4 25 45 2.4
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Fig. 2. Roughness line profiles in the maximum and minimum directions of (a) the composite, (b) the counterpart. All dimensions are in µm. The width shown
corresponds in all cases to 120 µm.
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3. Results and discussion

3.1. Contact mechanics modeling results

The roughness of the composite surface varies greatly in various
radial directions, requiring the three-step special procedure to calculate
the effective moments as detailed in Section 2.2. The surfaces roughness
is digitized by a resolution of 0.125 µm. Fig. 2a shows the roughness of
the composite while Fig. 2b shows the roughness of the ball in the
corresponding m2(min) and m2(max) directions.

By the procedure outlined above and using Eqs. (1–9), the de-
scriptive values of the surfaces are obtained. Following the definition
given by Greenwood and Williamson [44] the plasticity index is:

= ⎛
⎝

′⎞
⎠

∙ =ψ E
H

σ
R

8.8
(10)

That value indicates that surface asperities would clearly undergo
plastic deformation. The next step is to determine whether the bulk
remains elastic (see step I above). Using Hertzian theory as outlined by
Johnson [60], the bulk deformation is shown in Fig. 3. The solution is
obtained piecewise with the vertical line marking the radial position
where to the left of it there is complete contact between the surfaces,
while to the right the ball and the composite are separated. [Note that
rough surfaces contact still takes place throughout, i.e., in both re-
gions].

The maximum deformation under the action of the load of 0.1 N is
at the origin giving δ=46 nm, whereas the critical value at the onset of
plasticity is 152 nm [60]. Likewise, the critical value of the load that
would cause plasticity in the bulk is 0.6 N (using [51]). Evidently, for
that load the bulk deforms entirely elastically, whereas the asperities
will deform in the elasto-plastic regime (because the plasticity index is
8.8). This fulfills step I above. Now the Jackson-Green (J-G) model
[50,61] is employed for the elasto-plastic asperity contact. The results
are shown in Fig. 4 a & b (the Greenwood-Williamson (G-W) and the
corrected Kogut-Etsion (K-E) models are shown for reference only). This

is in accordance with steps II and III above.
Steps IV and V above are subsequently performed. For brevity de-

tails are omitted but the outcome is shown in Fig. 5. Then, in step VI,
the particular clearance h0 that corresponds to the applied experimental
load is found. Hence, entering Fig. 5 with a load of 0.1 N, the clearance
is found to be h0 = 41 nm. Superimposing the asperities deformation
along with the bulk deformation (attributing the entire latter de-
formation to the ball) gives the final flattened shape of the ball shown
in Fig. 6a, while the pressure distribution at the contact is shown in
Fig. 6b. It is evident that also the pressure distribution is flattened
(compared to the Hertzian parabolic shape), where it is nearly constant
in the full contact region, but it drops outside of that region.

The real area of contact is now finally evaluated in the two regions
using the J-G model (with the information given in Fig. 3). In the region
where the ball bulk is in contact with the composite (that is in the range
0 < r < a0 = 11.74 µm, where a0 is identified by the vertical lines in
Figs. 3 and 6) the real contact area is 3.67× 10–11 m2, and the aspe-
rities contact outside that region (where r > a0 = 11.74 nm) result in a
contact area of 5.57×10–11 m2. The total real contact area is the sum of
these, giving 9.25×10–11 m2.

For the case when the load is 8 N, it is apparent from Fig. 5 that a
negative value would be anticipated for h0. That indicates that the
contact is heavily loaded making rough surfaces analysis moot. In this
case, it can be assumed that all asperities have been heavily and se-
verely (plastically) deformed and the entire contact degenerates into a
single elastoplastic spherical contact. The J-G model [50,61] is readily
used to estimate the contact parameters. First the normalized load is
calculated P*= P/Pc, where Pc had already been obtained previously
(Pc = 0.6 N). Using the load of 8 N, gives P* =8/0.6=13.3. Reverse-
solving for the normalized interference (from J-G [50,61]), gives a non-
dimensional interference ω *= 6. It is now straightforward to calculate
the real area of contact from the said reference, where first the non-
dimensional value is calculated, A*= A/Ac =7.15. Then, the critical
area of contact is calculated, Ac =1.43×10−9 m2, to finally obtain the

Fig. 3. Substrate deformation under a load of 0.1 N. The vertical line separates
complete contact (left) and non-contact (right).

Fig. 4. (a) effective pressure p divided by reduced modulus E′ vs. the clearance, and (b) Contact area ratio vs. the clearance.

Fig. 5. Contact load as a function of the clearance h0 between the contact pair.
The arrows indicate both experimental loads investigated in this report.
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real area of contact A=1.02×10−8 m2. This value is two orders of
magnitude larger than for that of the previous case (when the load is
0.1 N).

Based on these modeling results, the elastic and elasto-plastic con-
tact regime is covered by choosing normal forces of 0.1 and 8 N. The
lower load resides below the calculated critical elastic-plastic transition
load, whereas the higher resides clearly well above it.

3.2. Initial state characterization

After surface preparation, the distribution of the reinforcement
phases was analyzed by light microscopy. In Fig. 7, the distribution of
the CNT agglomerates (dark regions) is shown as a function of the
volume fraction in the composite. Earlier studies have shown, that the
dark regions can directly be assigned to CNT agglomerates [42]. As
expected, the amount of agglomerates is gradually increasing with
higher volume concentration. However, the distribution of the particles
seems to be unaffected by the amount of reinforcement phase, thus a
homogeneous distribution of smaller and larger agglomerates within a
constant size range is achieved in all cases. This is also the case for the
composites reinforced with OLC and nD (the depicted micrographs are
representative for all composites).

The surfaces were also evaluated with regards to their initial surface
roughness after preparation by white light interferometry. In Table 2,
the mean values and standard deviation of the surface roughness Ra for
all composites is presented.

The surface roughness of the composites is gradually increasing
with the amount of reinforcement phase even though the surface pre-
paration was the same. In addition, the surface roughness of nD and
OLC reinforced composites is significantly higher for 10 and 20 vol.-%
compared to the CNT reinforced composites. For one part, this is a
consequence of the different adhesion to a nickel matrix of both carbon
hybridizations studied, where the adhesion of sp2 carbon is higher than

in case of sp3 hybridized carbons [62]. Thus, the nD particles are re-
moved easily from cavities of the surface during the sanding and pol-
ishing process. Naturally, higher particle concentrations result in a
larger amount of cavities exposed to the surface, hence deriving in a
higher resulting surface porosity and accordingly, a higher roughness. A
higher porosity of the samples before surface preparation can be ex-
cluded as the relative densities of all composites are determined and
reach a value of around 92%. Furthermore, CNT composites show lower
surface roughness, as they are more likely to form mechanically inter-
locked agglomerates within the cavities due to their high aspect ratio.
Thus, it is more difficult to remove them during the surface preparation
process, as opposed to both, OLC or nD.

The reference and the composites were further analyzed by EBSD in
order to evaluate the resulting microstructure after densification. No
change in the mean grain size or texture was observed as a function of
the different particle volume contents or type. The observed behavior
can be explained with the chosen sintering parameters, not allowing the

Fig. 6. (a) Deformation profile of the surface (blue) and the original surface profile (orange). (b) Contact pressure distribution throughout the counterpart radius.

Fig. 7. CNT agglomerates (dark regions) distribution in the nickel matrix composites for a) 5 vol.-%, b) 10 vol.-% and c) 20 vol.-%. The distributions are also
representative of the composites reinforced with OLC or nD.

Table 2
Mean values and standard deviation of the surface roughness from the as-pre-
pared surfaces of the composites with 5, 10 and 20 vol.-% concentrations of
CNT, OLC or nD as reinforcement particles.

Sample Ra (nm)

Unreinforced Ni 2.4 ± 0.1
CNT 5 vol.-% 13.6 ± 2.6

10 vol.-% 19.1 ± 5.5
20 vol.-% 38.6 ± 7.4

OLC 5 vol.-% 14.2 ± 6.0
10 vol.-% 57.6 ± 3.7
20 vol.-% 122.0 ± 39.5

nD 5 vol.-% 9.0 ± 5.5
10 vol.-% 73.1 ± 16.2
20 vol.-% 141.7 ± 19.5
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grains to efficiently grow. Thus, the boundary pinning generated by the
particles is marginally developed. This becomes clear when comparing
the mean grain size of the unreinforced nickel of 7 ± 2 µm with the
mean grain size of all the composites of 3 ± 1 µm. Compared to a
previous report, this reduction in mean grain size is not distinctive [42].

3.3. Frictional behavior

In Fig. 8 the measured evolution of the friction coefficients (COF)
for 5, 10 and 20 vol.-% of nD, OLC and CNT are shown for 0.1 N of load
and a relative humidity of 4%. The COF of the reference measurement
increases during the first 100 cycles from 0.4 to 0.47 (plotted in Fig. 8 a,
b and c for better clarity). From there on, the COF drops down to 0.39
during the next 500 sliding cycles, finally reaching steady state. This
behavior is well-known for this contact situation and has been ex-
tensively discussed by Blau et al. [63]. The increasing COF for the first
100 cycles is explained with an increasing real contact area due to the
wearing off of intrinsic asperities and an increment of the indentation
depth of the ball into the substrate. Subsequently, the contact starts to
reach a higher surface conformity and smoothening occurs, leading to a
frictional reduction. The obtained steady-state reference COF of 0.39 is
in agreement with the value reported in the literature [16,64]. Looking
at the frictional behavior of the nD (Fig. 8a) or OLC (Fig. 8b) reinforced
samples, a similar evolution of the COF to that of the reference can be
observed. Considering the given curve dispersion, a change in volume
fraction of both particle types leads to no significant change in the COF.
This supports the assumption that the frictional behavior of these
samples is dominated either by the direct contact of the counterpart
with the nickel matrix or a tribologically generated oxide layer. This
could be traced back to the fact that large quantities of the particles
have been removed from the cavities of the surface during the surface

finishing process. However, the mean COF value of the CNT reinforced
samples (Fig. 8c) clearly decreases as a function of their volume frac-
tion. This is also related to the different surface roughness and to the
different particle size and morphology. As the roughness of nD and OLC
containing samples highly exceeds the mean particle size of the sphe-
rical particles (4–10 nm), it is highly likely that the particles cannot
separate the two contacting surfaces any longer, thus avoiding an ef-
ficient lubrication activity [39]. It is also likely that the formation of
wear particles larger than the carbon nanoparticles or the formation of
an oxide layer would explain the observed behavior.

In contrast to that, CNT provide a large aspect ratio (diameter of
5–20 nm with a length of 2–10 µm), which enables them to be dragged
inside of the direct tribological contact zone thus lubricating the contact
[30,65]. In previous studies, it was observed, that the tribological be-
havior of the composites is dominated by the presence or absence of
CNT [16]. Thus, it is reasonable, that the COF is decreasing with in-
creasing volume content of CNT. Furthermore, the COF for 20 vol.-% of
CNT is increasing from 0.1 to 0.2 during running in. This could be
explained with the formation of wear particles or oxide layers during
the experiment, hindering CNT in their ability to slide or roll. Fur-
thermore, although the contact pressure is chosen in order to avoid a
structural delamination of the CNT towards graphite, it cannot be ex-
cluded. This is because higher contact pressures could be reached be-
tween individual asperities of the contacting surfaces. In this case, CNT
would change its lubrication mechanism from a sliding or rolling
movement at the beginning (COF = 0.1) to a more graphite like lu-
brication in the steady state regime (COF = 0.2). However, as the re-
lative humidity of the experiment is only 4%, a straight graphitic lu-
brication can be excluded. Considering, that pristine CNT are included
in the matrix material, it appears reasonable, that a mixture of pristine
CNT and delaminated CNT dominates the frictional behavior under

Fig. 8. Evolution of the COF for unreinforced nickel (Ref) and 5, 10 and 20 vol.-% of a) nD, b) OLC and c) CNT in a nickel matrix. The experiments were conducted
using 0.1 N of normal load, a relative humidity of 4% and a temperature of 25 °C.
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steady state conditions. Additionally, a low relative humidity could
slow down the running-in process due to a retarded formation of an
oxide layer, which would explain a lower COF of CNT at the beginning
of the measurement. However, this can be excluded as this effect should
also be observed for all the other sample types, which is not the case.
Therefore, a possible retarded surfaces oxidation could only be asso-
ciated with the CNT particles or tribofilm and not the relative humidity.
Raman spectroscopy, SEM and EDS analysis of the according wear
tracks will investigate these assumptions further.

The investigation of the influence of the particle concentration on
the friction coefficient has shown, that an enhanced lubrication can be
reached with higher volume concentrations (for CNT). Thus, for the
experiments with 8 N of normal load only the samples with 20 vol.-% of
reinforcement phase were measured. In Fig. 9, the evolution of the COF
for the reference and the three particle types is plotted.

For this contact situation, a similar behavior compared to the 0.1 N
load is noticed. In case of the reference, The COF drops from 0.5 to 0.35
during the first 40 sliding cycles. After this, it stabilizes to a value of
0.35 and thus reaches steady-state condition. This type of COF

evolution is also already well-known and typical for high contact
pressures on metallic surfaces as reported by Blau et al. [63].

Although showing a slightly different run-in process, the OLC or nD
reinforced samples stabilize towards the same COF value as the re-
ference under steady state condition. The slight differences during the
run-in process might arise from the initially high roughness of the
composites, also resulting in a higher standard deviation. The standard
deviation becomes smaller as soon as the system undergoes the tran-
sition towards steady-state condition, which could be explained with
the removal of the initially present large surface asperities and thus the
reach of surface conformity. No lubrication is observed for both types of
particles. In contrast to the 0.1 N measurements, this cannot be ex-
plained with the absence of particles anymore. In case of higher contact
pressures and a plastic deformation of the material, much higher wear
is expected also revealing particle agglomerates that are encapsulated
in the nickel matrix below the surface. Considering the behavior of the
CNT reinforced samples, a constant lubrication effect is noticeable.
However, the COF is not reaching values below 0.2 as it was observed
for the 0.1 N load measurements. This might be because of a faster
degradation process of the CNT due to a much higher contact pressure
and a quicker running in process due to surface oxidation (which is
promoted by the higher relative humidity) in combination with the
much higher contact pressure. The formation of a lubricating absorbed
water film can be excluded, since no lubrication is observed for nD or
OLC reinforced composites. In contrast, lubrication does not vanish for
CNT reinforced composites and is also present under steady state con-
ditions.

3.4. Wear behavior at low load (0.1 N)

In order to achieve a better understanding of the acting tribo-me-
chanisms, the wear-tracks have to be analyzed in more detail. Fig. 10
depicts SEM micrographs of the wear tracks of the reference and of the
samples reinforced with 20 vol.-% of CNP for the 0.1 N load measure-
ments.

The reference clearly shows signs of abrasive wear with plowing
being the dominant wear mechanism (Fig. 10a). A similar behavior is
observed for the nD and OLC reinforced composites (Fig. 10 d and e).
However, in case of the CNT reinforced samples, the wear mechanisms

Fig. 9. Evolution of the COF for unreinforced nickel (Ref) and 20 vol.-% of OLC,
nD and CNT in a nickel matrix. The experiments were conducted using 8 N of
normal load, a relative humidity of 45% and a temperature of 25 °C.

Fig. 10. Wear tracks for 0.1 N of normal load under 4% of relative humidity in case of a) the unreinforced reference and composites reinforced with 20 vol.-% of b)
CNT, d) nD and e) OLC. A surface cavity of the CNT reinforced sample is depicted in c).
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seem to differ (Fig. 10 b). Although a direct contact between the two
surfaces is not fully prohibited by the CNT, only mild wear is occurring.
As already described in the discussion of the friction coefficient, this is
explained with the large aspect ratio of CNT, which enables them to be
dragged inside of the direct tribological contact zone thus reducing the
direct contact of the alumina ball with the nickel matrix. In contrast to
the nD and OLC reinforced samples, CNT agglomerates (dark regions)
can still be observed within the wear track, demonstrating, that less
plastic deformation or oxidation of the surrounding nickel matrix has
occurred. Furthermore, in Fig. 10 c, CNT are found inside the surface
cavities within the direct contact area. In this case, the formed tribo-
layer might consist out of nanocrystalline graphite layers, which were
formed by delamination of CNT as they lubricate the contact. The
oxidation behavior was further analyzed by EDS-mapping of oxygen in
Fig. 11.

The wear track of the unreinforced reference (Fig. 11a) shows large
areas with high oxygen content, which are randomly distributed within
the wear track. This could be explained with the ongoing plowing
mechanism, which stochastically reorders oxides and bare metal. With
the wear mechanism of nD and OLC reinforced samples being similar to
those of the reference, the depicted EDS-map is representative also for
those samples. However, in case of CNT reinforced samples (Fig. 11b),
the EDS-map clearly shows, that the wear track is less oxidized. These
observation correlates well with the wear mechanism, as a stronger
formation of an oxide layer and the development of oxidic wear par-
ticles during the experiment would result in a more pronounced abra-
sive component. Considering the evolution of the COF, the formation of
a more pronounced oxide layer or oxidic wear particles that are em-
bedded in the surface cavities in case of the reference, nD and OLC
reinforced samples leads to the stabilization of the COF, finally reaching
similar values in the steady state regime. With the CNT-reinforced
samples showing less oxidation and a lower COF, it appears reasonable
that the COF can still be dominated by the CNT instead of oxidic wear
particles.

3.5. Wear behavior at high load (8 N)

Regarding the experiments with higher contact pressure (8 N), a
different wear behavior is found, as can be seen in Fig. 12. As for the
measurements with 0.1 N load, plowing can be identified as dominant
wear mechanism for the reference. A slightly darker color of the wear
track leads to the assumption that an oxide layer has formed during the
experiment, which will be further evaluated by EDS mapping and
Raman spectroscopy in the following sections (Fig. 12a).

The wear track of the CNT reinforced sample in Fig. 12b) is re-
presentative for nD and OLC reinforced samples as well. Beside the
occurrence of abrasive wear, a distinctive formation of cracks all over
the wear track is obvious. When looking at these cracks in more detail
in Fig. 12c), it is found, that the cracks occur within a formed surface
layer, resulting in the formation of independent surface sheets. The
sheets are only loosely attached to the surface as large gaps between the
surface and the sheets are present. Due to the high contact pressures,
the surface layer might form by densification of wear particles, Ni and
CNP. This is reasonable, as for the provided high contact pressure and
the resulting wear of the surface, the CNP situated below the initial
surface are brought into the tribological contact region. Finally, they
are mixed with oxidic wear particles and Ni in a stochastic manner, all
being compacted to form the observed surface layer. It can thus be
concluded that, although the frictional behavior of the composites is
obviously differing (see Fig. 9), the wear behavior under high contact
pressure and medium relative humidity can be quite similar. The ex-
planation on the formation of the observed surface sheets will be fur-
ther verified using EDS mappings and TEM analysis in the following
sections. In Fig. 13, the wear tracks are characterized by EDS-mapping
in order to analyze the oxygen and carbon distribution.

The oxidation behavior of the reference wear track (Fig. 13a) has
not significantly changed compared to the 0.1 N measurements. Still,
the plowing mechanism reorders oxides and bare metal in a stochastic
manner. In contrast to that, the formed layer, or individual sheets of the
composite wear tracks show a homogeneous distribution of oxygen all
over the wear track (Fig. 13b). This verifies that the formed sheets in
fact consist of compacted oxidic wear particles. However, also carbon is
homogeneously integrated into the surface sheets. Although the two
originally contacting surfaces obviously cannot be separated anymore
by CNP for high contact pressures (due to the formation of the surface
layer), the lubrication effect is still active for CNT reinforced compo-
sites. Considering the gap between the sheets and the substrate in
Fig. 12c, the cracking of the layer would allow the sheets to freely move
during the tribological contact. Thus, it is reasonable, that the sheets
could be separated from each other and from the substrate by the
homogenously distributed CNP. In fact, a frictional reduction in case of
CNT reinforced composites is observed in Fig. 9, which could be ex-
plained with the larger size and morphology of CNT, compared to nD or
OLC [65]. Due to the large aspect ratio, CNT could be dragged into the
direct tribological contact, providing a sliding and/or rolling movement
or delaminate and form graphitic structures thus lubricating the system
[30].

A material transfer from the composite surface to the alumina ball

Fig. 11. EDS maps of oxygen (marked in the color green),
superimposed with SEM images of the wear tracks for
0.1 N of normal load under 4% of relative humidity in case
of a) the unreinforced reference and b) the composite re-
inforced with 20 vol.-% of CNT. (For interpretation of the
references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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has also been noticed for the high contact pressure experiments,
vouching for a low adhesion of the surface sheets to the substrate. Thus,
to extend the understanding of the composition of these sheets, a mi-
crostructural analysis with higher resolution is needed. Fig. 14 shows a
TEM foil obtained from one of the sheets. It is observed that the sheet is
of nanocrystalline nature and is composed of an intermixing of three
different phases. It is predominantly composed of NiO, but traces of Ni
and C are detected, verifying the explanations from above. As already
mentioned, it can be interpreted that the ploughing mechanism acts as
driving force for the formation of these multiphase plates. Furthermore,
the high contact pressure applied would severely deform the micro-
structure of the sheet, inducing dynamic recrystallization and strongly
reducing the grain size.

Regarding the carbon signal observed in Fig. 14b, it is not possible
to precisely determine which morphology it would have. However, it
can be unequivocally be related to carbon domains with a graphitic
structure. A hypothesis for the formation of these sheets in case of the

composite samples is the presence of carbon, which could act as a
binder for the formed oxidic wear particles, allowing the formation of
densified, but cracked sheets. However, an efficient lubrication is only
given for CNT. The conclusion is therefore again fortified, that because
of their larger size and high aspect ratio, CNT are able to separate the
formed sheets and enable them to slide on each other and on the sub-
strate. As nanocrystalline graphite is present in the sheets of all the CNP
reinforced composites, it seems not to affect the COF significantly or the
formed graphite flakes are too small to efficiently slide upon each other.
Hence, lubrication is most likely based on sliding and/or rolling of CNT
between the individual sheets.

3.6. Solid lubricant structural integrity assessment

The Raman spectra of the initial state CNP are shown in Fig. 15 and
will be used as reference state in the analysis of the structural integrity
of the solid lubricant.

Fig. 12. Wear tracks for 8 N of normal load under 45% of relative humidity in case of a) the pure Ni reference and b) a composite reinforced with 20 vol.-% of CNT.
The formation of loosely connected sheets on the surface of the wear track is depicted in a higher magnification in c).

Fig. 13. EDS maps of oxygen (marked in the color green), superimposed with SEM images of the wear tracks for 8 N of normal load under 45% of relative humidity in
case of a) the unreinforced reference and b) the composite reinforced with 20 vol.-% of CNT. In c), an EDS map of the carbon distribution (marked in the color red) of
the wear track of the composite reinforced with 20 vol.-% of CNT is depicted. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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It is observed that all type of particles show a seemingly high
structural quality in their initial state. It is worth noting that the
homogeneity in the features is remarkable, as interpreted from the
small standard deviation bars in the plots of the CNT and OLC particles.
In the nD case, the signal-to-noise ratio is significant, as a result from
the measurement of these particles with visible light excitation. Fig. 16
presents the Raman spectra acquired from the wear tracks for each
sample type at different test loads and their corresponding relative
humidity.

The reference sample shows the characteristic bands of NiO in both
tested loads (Fig. 16a). Furthermore, the signal corresponding to Al2O3

is a consequence of material transfer from the counterpart during the
experiment. As opposed to the reference case, all particle types show no
detectable oxide peaks in the Raman characterization, likely as a con-
sequence of the strong presence of carbon in the wear track, reducing to
some extent the detection of oxides. However, as shown in the Section
3.4, oxide is indeed present in all cases. In the case of the CNT sample,
there are no pronounced differences for both loads (Fig. 16b). When
compared to the initial state of the CNTs (shown in Fig. 15a), the de-
gradation is evident from the analysis of the intensity ratios and peak
position, which is in agreement with the observations presented in
Scharf et al. [30]. Specifically, the initial state CNTs have an ID/IG ratio
of 0.68 and a G peak position of 1585.3 cm−1, which correspond to
CNTs with high degree of crystallinity. On the other hand, the post-test
CNTs present an ID/IG ratio of 0.96 and 1.19 and a G peak position of
1603 and 1595 cm−1, for 100 mN and 8 N respectively. The increment
of the intensity ratio and the upshifting of the G band position vouch for
a degradation of the CNTs [66] during the tribological contact, forming
a lubricating nanocrystalline graphitic tribolayer, as already reported
[30]. Regarding the OLC sample, the changes in the structural integrity
of the particles is not as marked as in the CNT case (Fig. 16c), probably
due to their inability to be effectively brought into contact during the
test. This is supported by the values of the ID/IG ratio, which shows a
change from 1.05 in the initial state (as observed from Fig. 15b) to 0.88

and 0.85 in the 100 mN and 8 N tests, respectively. Interestingly, the nD
sample show strong resonance of the sp2 carbon bands (Fig. 16d),
which are theoretically present in very low volume fractions in the
predominantly sp3 nanodiamond (as a result of the synthesis by deto-
nation) [23,67]. The observation of these bands is explained by the
difference in the behavior of both hybridization states to the excitation
with visible light. It has been reported that the sp2 domains are up to
230 times more sensitive to visible light excitation than those with sp3

hybridization, thus vanishing them in the background noise [57,58]. In
any case, when compared to the initial state of the nD (Fig. 15c), the
improvement in the sp2 carbon crystallization becomes evident. It is
still unclear and would be the subject of a report by itself, to which
extent this sp2 crystallization would influence the lubricity of this type
of particles. However, as can be seen in Figs. 8 and 9, the COF is not
affected by this fact.

Summarizing, the activity of the CNTs during lubrication is no-
ticeable and more marked than the other nanoparticles studied. As al-
ready mentioned, this is a result of the different lubrication mechanisms
shown by the particles, where only the CNTs could be straightforwardly
dragged into the direct tribological contact during relative motion, as
opposed to the case of the low aspect ratio particles (OLC and nD).

4. Conclusions

The present study investigates the dominant friction and wear me-
chanisms in case of dry sliding of carbon nanoparticle (CNT, OLC and
nD) reinforced nickel matrix composites under elastic and elasto-plastic
contact conditions. For the given materials and geometries and based
on calculations using an extended Greenwood-Williamson model
(Jackson-Green model), a critical normal load of 0.6 N is found below
or above which the contact is either elastic or elasto-plastic.
Measurements under elastic conditions were performed under 4% of
relative humidity, thus excluding a graphite-based lubrication effect. It
is shown that only CNT provide an efficient lubrication as

Fig. 14. (a) Transmission electron micrograph of a foil
obtained from the sheet observed in the Ni/CNT 20 vol%
samples tested with 8 N. The blue circle denotes the region
where selected area electron diffraction was performed.
(b) SAED pattern of the sample, where three different
phases are identified (NiO, Ni and C). (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 15. Raman spectra of the initial state of (a) CNT, (b) OLC and (c) nD. The two main bands (G and D) of sp2 carbon are identified in the figure.
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reinforcement phase in composites with the lubrication mechanism
being based on sliding and/or rolling of the tube-like particles. No lu-
brication is observed for “0D” particles, irrespective of their hy-
bridization, thus the lubrication effect is further traced back to the large
aspect ratio of CNT, allowing them to be dragged out of the surface
cavities into the local direct tribological contact. For elasto-plastic
contact conditions, the formation of dense, cracked, oxide-containing
sheets is observed, which do not hinder CNT from efficiently lubricating
the system. It is believed, that CNT are able to separate the sheets from
each other and from the surface, hence allowing them to slide. The
lubrication effect increases with increasing volume content of CNT,
reaching a maximum steady state frictional reduction of 50% compared
to the unreinforced nickel reference for elastic and elasto-plastic con-
tact conditions for low and medium relative humidities. The present
study highlights the potential of CNT as solid lubricant for self-lu-
bricating metal matrix composites.
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