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Abstract

Lubrication function of multialkylated cyclopentanes (MACs) greases for the contact TC4/Steel was investigated in detail
under the sliding and fretting conditions, and the worn tracks were measured by surface/interface analysis techniques to
explore the friction mechanisms. The results demonstrate that these lubricating greases have good friction-reducing function
under fretting and sliding conditions, and their friction reduction is superior to wear resistance, especially calcium sulfonate
complex grease. Good lubrication function of MACs greases under sliding friction mainly depends on synergies of grease-
film and friction-induced chemical reaction film. Fretting behaviors depend on not only grease-film and chemical reaction
film, but also fretting wear mechanisms including abrasion, oxidation, and delamination.

Keywords Fretting - Sliding - Lubricating grease - Boundary lubrication

1 Introduction

Titanium alloys with high strength-to-weight ratio, good
mechanical property, excellent corrosion resistance, good
bio-compatibility, have been applied broadly to aerospace,
biomedical, energy and various industries, and so forth
[1-5]. Unfortunately, their poor friction-reducing and anti-
wear properties have hindered the wide application in slid-
ing and fretting conditions due to their low anti-shearing
intensity, severe adhesive wear, low thermal conductivity,
high chemical activity, low hardness, and elastic modulus.
Intensive efforts have been made to enhance the tribologi-
cal performance and to realize the long-term mechanical
stability [6]. To reduce or eliminate the severe adhesive wear
of titanium alloys, surface techniques have been applied to
enhance the mechanical characteristics [7]. Li et al. prepared
the modified layer consisted of TiO,, Ti,O5, and TiO on the
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titanium alloys via by plasma based ion implantation [8], Nie
et al. prepared the layered hydroxyapatite/TiO, coatings on
the titanium alloys by using a combination of micro-arc oxi-
dation and electrophoresis [9], their goals are to overcome
the drawback of poor wear resistance. Deposition techniques
(physical vapor deposition and chemical vapor deposition)
have been introduced to enhance the load-carrying capacity
and improve the tribological properties [10—12]. Sharma and
Sehgal achieved the considerable reduction in friction and
wear of titanium alloy (Ti6Al4V) by using lubricative media
under sliding condition, and the analysis of wear mechanism
indicated the co-existence of cutting, fatigue, and sliding
wear [13]. Wang et al. investigated the tribological behaviors
of micro-arc oxidation coatings under unlubricated condi-
tions and the lubrication of oil, indicating that the coatings
with oil lubrication for the contact of Ti6Al4V/Steel can
reduce the shear stress and adhesive wear at the fretting con-
ditions [14]. Considering the costs of surface modification
techniques and the limitation of liquid lubricants, the use of
lubricating grease may be a relatively simple approach to
improve the wear resistance and broaden the application of
titanium alloys.

Grease is a two-component colloid disperse system
consisting of base oil (mineral, vegetable or synthetic
oil) and thickener (metal soap, polyurea, polytetrafluoro-
ethylene, and so on) [15, 16]. Greases have been widely
applied for lubrication and sealing protection of mechanical
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components around the world, dependence on their corro-
sion resistance, semi-permanent lubrication, adhesion and
seal, good friction-reducing and anti-wear abilities [17, 18],
thereby enhancing the long-term safety and dependability of
mechanical components. Synthetic oils are a better choice in
some respects than mineral base oils, in case where mineral
oils have difficulty in meeting service requirements under the
coupling conditions of operating modes and environmental
factors. Given that colloid structure, lubrication function,
physicochemical properties of grease are mainly determined
by base oil and thickener, multiply-alkylated cyclopentanes
(MACs) as a class of novel lubricant are expected as an
alternative to traditional base oils due to its ultra-low vaper
pressure, viscosity—temperature characteristics, good dura-
bility, load-carrying capacity chemical and thermal stability,
and so forth [19-22]. In our previous study, the lubrication
function of MACs and its greases for Steel/Steel and Coat-
ings/Steel contact have been studied, and found that MACs
greases with different colloid structure showed significant
differences in friction reduction and wear resistance [23, 24].
But the research efforts in lubrication function of MACs
greases for the contact of Ti-6Al-4V/Steel have not been
made public, so it is of great importance to evaluate the tri-
bologial behaviors of Ti—-6Al-4V under lubrication of MACs
greases for achieving the high-performance requirements
of modern/future machines and widening the engineering
applications of titanium alloys and MACs greases.

Here, four MACs greases were prepared using lithium
complex soap, polyurea, calcium sulfonate complex soap,
and polytetrafluoroethylene (PTFE). Their lubrication func-
tion for Ti—-6Al-4V/Steel contact were systematically inves-
tigated under sliding and fretting conditions, and the friction
mechanism was also explored by scanning electron micro-
scope (SEM), X-ray photoelectron spectroscopy (XPS), and
electron-prohe microanalyzer (EPMA).

2 Experimental Procedure
2.1 Materials

Commercial titanium alloys (Ti6Al4V, TC4) disks with
hardness of HRC35 and surface roughness of 30 nm were
used as substrate for the contact of TC4/Steel. AISI 52,100
steel balls as upper specimen with 10 mm diameter, hard-
ness of 710 HV and surface roughness of 30 nm run against
the substrates. Four MACs greases were prepared according
to our previous report [23], and all the MACs greases are
composed of 75 wt% MACs base oil and 25 wt% thickener.
Four MACs greases are named according to the thickener,
including lithium complex grease (LCG), polyurea grease
(PUG), calcium sulfonate complex grease (CSCG), and
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polytetrafluoroethylene (PTFE) grease (PFG). Their physi-
cal properties are listed in Table 1.

2.2 Tribological Behaviors of MACs Greases
2.2.1 Fretting Wear Experiment

Fretting wear tests of TC4 under four MACs greases lubri-
cation were conducted on self-made reciprocation fretting
wear tester with ball-on-block contact configuration. The
tangential fretting friction experiment was performed at
10 N (contact pressure of 0.784 GPa) and 20 N (contact
pressure of 0.987 GPa), at a frequency of 2 Hz with constant
amplitude displacement of 50 um for 60 min at room tem-
perature (25 °C). After friction tests, the friction pairs were
ultrasonically cleaned using petroleum ether and ethanol for
surface analysis. To promise the repeatability and accuracy
of friction test, it was repeated three times under the same
conditions.

2.2.2 Sliding Friction Experiment

Sliding friction tests of TC4 under greases lubrication were
investigated on an UMT-3MT ball-on-disk reciprocation
friction tester at 5, 10, and 20 N at 25 °C, respectively. All
friction tests were operated at an amplitude of 4 mm and the
frequency of 2 Hz for an hour. To ensure the repeatability
and accuracy of friction tests, it was repeated three times
under the same condition.

2.3 Characterization and Analysis of Worn Surface

Three-dimensional (3D) morphology of wear tracks was
observed by a Bruker Contour GT white-light interferom-
eter, and the wear volume of lower specimen was calculated.
The morphology of worn surfaces with energy dispersive
X-ray spectroscopy (EDS) was investigated by JSSM-6610LV
scanning electron microscope (SEM, JEOL, Japan). The
elements’ chemical valence states on the wear tracks were
obtained by Thermo Scientific ESCALAB 250Xi X-ray pho-
toelectron spectroscopy (XPS, America). The binding ener-
gies of the target elements were calibrated by referencing the
C Is peak at 284.8 eV with a resolution of about+0.3 eV,
using a pass energy of 20 eV. In addition, the worn surface

Table 1 Physical properties of four MACs greases

MACs grease LCG PUG CSCG PFG
Dropping point (°C) 260 274 290 253
Penetration (1/4 mm) 92.4 85.5 80.4 72.2
Colloid stability (w/w%) 1.7 0.8 1.8 1.1
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of TC4 substrates was also analyzed by electron-probe
microanalyzer (EPMA, JXA-8230, Japan).

3 Results and Discussion
3.1 Fretting Wear Properties

3.1.1 F~D Curves

The friction force versus displacement loops (F—D) gives
the most important signal for analyzing the fretting behav-
ior and deformation behavior, which mainly depends on the
contact condition, normal force and displacement amplitude
[25, 26]. Generally, the fretting wear (FW) regime can be
divided into the partial slip regime (PSR), mixed fretting
regime (MFR) and the slip regime (SR) according to three
kinds of F—D curves including linear, elliptical, and paral-
lelogram shapes, respectively [27].

Figure la shows the F\—D curve with an approximate
parallelogram shape, the horizontal line segments AA; and
BB, are assigned to the sliding mode of the TC4/Steel con-
tact, and the slanting segments AB and A B, correspond
to the static friction force. All F—D curves (as shown in
Fig. 1) exhibit the shape of parallelograms-like shape dur-
ing the entire fretting process at 10 N. The fretting running

modes at the contact interface were gross slip and ran in
the SR. Besides, for the maximum kinetic friction force
under fretting conditions, in the early stage it was often
greater than that in the later stage. Compared with unlubri-
cated TC4/Steel, TC4/Steel under MACs greases lubrica-
tion (Fig. la—e), the CSCG allows the friction pairs to keep
the more stable and smaller friction force value (Fig. 1d).
Observing the Fig. 1f, the maximum kinetic friction force
emerges at about 178 cycles, and the tendency of friction
force with the increase in cycles is to first increase, then
decrease, and finally remain steady at a constant value.
When the applied load was increased to 20 N, however,
the Fi—D curves of unlubricated TC4/Steel (Fig. 2a) and
PUG-lubricated TC4/Steel (Fig. 2c) markedly differ from
the other three greases, showing a parallelogram-like shape
at the first several cycles and then similar quasi-elliptical
shape after about 400 cycles (as shown in Fig. 2f). This
indicates that the fretting running states of TC4/Steel and
under PUG lubrication were unstable and shifted between
PSR and SR, and were defined as MFR according to fret-
ting map theory [25]. These results demonstrate that the
introduction of MACs greases for TC4/Steel contact could
change the fretting running states and the tribological behav-
iors via the effect of grease-film. Figure 2f illustrates that
the first maximum kinetic friction force emerged at about
70 cycles, whose F—D curve was parallelogram-like shape
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Fig.1 F—D curves as a function of the number of cycles for TC4/
Steel contact at applied load of 10 N with different MACs greases
lubrication: a lubricant—free one, b LCG lubrication, ¢ PUG lubrica-

tion, d CSCG lubrication, e PFG lubrication and f the relationship
between friction coefficient and F\—D curves in SR
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Fig.2 F~D curves as a function of the number of cycles for TC4/Steel contact under different MACs greases lubrication at 20 N: a unlubricated
one, b LCG, ¢ PUG, d CSCG, e PFG and f the relationship between friction coefficient and F—D curves in MFR

and the F—D curve was changed to quasi-elliptical shape at
the second maximum kinetic friction force about 400 cycles.

3.1.2 COF and Wear Volume

To investigate the lubrication function of MACs greases for
TC4/Steel contact, Fig. 3 shows the real-time friction curves
under MAC:s greases lubrication (Fig. 3a) at the applied load
of 10 N, their average coefficient values (Fig. 3b) and the
wear volume of the TC4 substrates (Fig. 3c) as well as cross-
section profiles of the wear tracks at 20 N (Fig. 3d). Fig-
ure 3a shows the unstable friction curves for TC4/Steel con-
tact under LCG and PUG lubrication at the low applied load
of 10 N. Friction coefficient values of unlubricated TC4/
Steel are greater than that under lubrication with four MACs
greases at 10 N and at 20 N, especially CSCG, which reduces
friction coefficient to about 0.07, indicating that CSCG has
played an important role for lubrication and realizing the
lowest friction. CSCG with stable and low friction could
greatly reduce the wear (as shown in Fig. 3c), whereas the
friction curves of LCG and PUG (Fig. 3a) show high fluc-
tuation, which causes the increase in wear loss even higher
than that of unlubricated TC4/Steel (as shown in Fig. 3c).
Figure 3d exhibits the profile micrographs of the wear scars
on TC4 substrates. Along with the running direction, the
maximum wear depth occurred at the center of contact zone,
and LCG gave the maximum depth and width of wear scar.
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Surprisingly, the minimum wear scar originated from lubri-
cant-free TC4/Steel, it might be because the adhesive layer
and the wear debris made up the fretting wear. Generally,
the efficient lubrication of grease is due to a grease-film on
the mating surfaces. Compared with lubrication function of
four MACs greases under fretting modes, the results indicate
that MACs greases with different thickeners affect the fric-
tion reduction and wear resistance at different level because
of the difference in the physicochemical characteristics of
four greases, the structure and tribo-chemical reaction of
four thickeners.

3.1.3 Wear Surface Analysis

Figure 4 shows SEM images with EDS of the wear tracks
on the TC4 substrates at 20 N. CSCG plays an efficient role
in lubrication function, which provides the smallest worn
area than others and unlubricated one. Some typical ele-
ments [oxygen, iron, calcium originating from thickener of
CSCG (point h), fluorine from PTFE (point i and j)] were
measured on the worn surface, indicating that some com-
plex oxygen species and tribo-chemical products could be
formed on the worn surfaces. Observing LCG and PFG, it
represents some grooves on the relatively dark area paral-
leled to fretting direction. Through corresponding EDS point
scanning analysis (point ¢ and i), it was speculated that these
area might form a transfer layer or reaction layer, and wear
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Fig.3 The friction curves as a function of number of cycles (a), the average coefficient with the friction-cycles curves (b),wear volume (c¢) of
TC4/Steel and four MACs greases at room temperature (25 °C) and cross-section profiles of the wear tracks with the applied load of 20 N (d)

is mainly attributed to adhesion and plastic deformation, in
addition, it was also found that the wear debris and some
fragments have adhered to the wear scars.

Figure 5 exhibits the distribution of typical elements’
content on the worn surfaces including chromium, iron,
titanium, and calcium by EPMA. For unlubricated TC4/
Steel, a greater number of iron and chromium elements
were adhered to the whole worn surface of TC4, illustrat-
ing that the worn debris of steel balls can be stuck between
the contact interfaces and formed a transfer layer [28]. The
iron and typical elements of thickeners were detected on the
wear tracks by lubrication, illustrating that tribo-chemical
reaction products and transfer layer have been formed on the
friction interfaces. The difference is that these typical signals
were detected on the edges of worn tracks and little iron on
the center of worn surfaces lubricated by LCG, PUG, and
PFG, implying that the wear debris composed of thickener
and tribo-reaction products were squeezed out of the contact
interfaces and could lead to poor lubrication. CSCG shows
the excellent friction reduction and wear resistance for the
TC4/Steel contact possibly because it has good physico-
chemical and mechanical performance characteristics, and
lubricating films made up of MACs-film and tribo-chemical

reaction film play a role in lubrication function as well [23].
Transfering film of TC4/Steel could be easily broken with
the increase in applied load, thereby leading to the high fric-
tion coefficient [29, 30].

To further confirm the possible tribo-chemical products
and explore the fretting wear mechanism, the XPS spec-
tra of typical elements on the worn surfaces were obtained.
Figure 6 depicts the spectra of C 1s, O 1s, Ti 2p, Fe 2p, Ca
2p, N 1s, S 2p, and F 1s on the wear tracks lubricated by
MAC:s greases and unlubricated TC4 alloy at 20 N. The C 1s
spectra give the relatively weak peaks at 286.7 and 288.6 eV,
illustrating the generation of carbon oxide including C-O
and C=0 bonds [31]. The C 1s peaks around at 291.6 and
293.1 eV can be identified as C—C bond, carbon—oxygen
and carbon—fluoride compounds, respectively, which could
arise from the breakdown products of thickener and tribo-
chemical products. The O 1s peaks at 531.9 and 530.2 eV
are assigned to the appearance of complex oxide products,
and another peak at 536.0 eV belongs to hydroxide or oxide
products. The Ti 2p peaks at 458.9 and 464.9 eV are attrib-
uted to titanium oxidation (Ti—O bond) because titanium
with high chemical activity can easily react with oxygen
to form an oxidation layer [32, 33]. XPS spectrum of Fe
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Fig.4 SEM micrographs with
low and high magnification
and corresponding EDS point
scanning analysis of the wear
surfaces on TC4 substrates
with dry friction and grease
lubrication (LCG, PUG, CSCG
and PFG) at the applied load
of 20N
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Fig.5 The EPMA analysis

of TC4/Steel and four MACs
greases on the worn TC4 alloy
surface at the applied of 20 N

PUG
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Fig.6 X-ray photoelectron
spectra of the typical elements
(C 1s, O 1s, Ti 2p, Fe 2p, Ca
2p, N 1s, S 2p, and F 1s) on the
worn surfaces under TC4/Steel
and lubrication by four MACs
greases at applied load of 20 N
under room temperature

element at around 718.6 and 722.4 eV corresponds to Fe
2ps), and could be assigned to the iron compounds [34]. Two
distinct Ca 2p peaks at 347.7 and 351.4 eV were observed
under CSCG lubrication, which was assigned to the calcium
oxide and calcium carbonate [35], respectively. The N 1s
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peak located at 399.8 eV could be assigned to the nitro-
gen oxide and/or carbonitride from the polyurea [36]. The
S 2p spectrum was not clearly detected on the worn surface
of CSCG, whereas by certain signs in S 2p peak it can be
speculated the formation of the sulfide and sulfate, probably
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because the production was removed by ultrasonic cleaning.
The strong F 1s peak at 689.9 eV is due to C-F bond from
the PTFE thickener of PFG [37].

These analysis results of worn surfaces including SEM
with EDS, EPMA, and XPS illustrate that the physical-
absorbing film, transfer film and oxygen species (includ-
ing carbon, titanium, iron, calcium, nitrogen compounds)
were generated on the worn surfaces at the fretting condi-
tions. What’s more, the tribo-chemical reaction film on the
fretting interfaces also plays an important role in friction
reduction and wear resistance under grease lubrication,
which was formed via the interaction with active elements
of thickener and metal elements of friction pairs under high
applied load or other harsh conditions. For the contact of
TC4/Steel under LCG, PUG, and PFG lubrication, these
films as the third body can reduce the friction, but acceler-
ate the wear due to the behavior of squeezing wear debris
out of the contact interface. For CSCQG, its tribo-chemical
reaction film composed of calcium oxide and calcium car-
bonate and absorbing grease-film have better load capacity

so that CSCG has excellent friction-reducing and anti-wear
abilities with the increase of applied loads. Furthermore, the
wear mechanisms of TC4/Steel were dominated by abrasion
and oxidation. Under LCG, PUG, CSCG, and PFG, the wear
mechanisms were mainly abrasion, oxidation, delamination,
and plastic deformation.

3.2 Sliding Wear Properties
3.2.1 Tribological Properties

The tribological properties of TC4/Steel contact with lubri-
cation by four MACs greases under sliding conditions were
evaluated at 5 N, 10 N, and 20 N, respectively, with unlu-
bricated one as a comparison. Figure 7 shows the real-time
friction curves of TC4/Steel contact under greases lubrica-
tion and wear volume of the TC4 substrates. The friction
curves of unlubricated TC4/Steel are unstable and appear to
fluctuate throughout the sliding process, as shown in Fig. 7a,
and the friction coefficient values are the highest (~0.5),
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Fig.7 The friction curves as function of time (a, b, ¢) and wear volume (d) of TC4/Steel and four MACs greases with the applied loads of 5 N,

10 Nand 20 N
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which differs from the tribological behaviors under greases
condition (friction curves with relatively steady stage) and
CSCQG can give the lowest friction coefficient about 0.12 at
the normal loads during steady stage. For CSCG and PFG,
their friction curves with relatively high fluctuation appear
in the starting-up stage and relatively lower friction coef-
ficient at steady stage. The results illustrate that friction of
TC4/Steel under greases lubrication was divided into initial
stage, descending stage and steady stage, and greases have
an effective effect on friction reduction, especially CSCG

showing the most stable and smallest friction coefficient at
the steady stage. Figure 7d gives the wear volume of TC4
substrates under LCG, PUG, CSCG, and PFG lubrication at
normal load of 5 N, 10 N, and 20 N. CSCG has the smallest
wear volume than others, and exhibits the excellent anti-
wear property. Figure 8 gives the morphology, the cross-
section profiles and 3D topography of tracks on the TC4
alloy with non-lubrication and MACs greases lubrication
at 10 N. As is shown in Fig. 8, the worn surface without
lubrication presents relatively wide and deep tracks with
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Fig.8 The SEM micrographs, cross-section profiles, and 3D topography of the worn surfaces under non-lubrication and four MACs greases

lubrication at the applied load of 10 N
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numerous grooves and some large-area wear scars along the
sliding direction, it also shows server adhesion and delami-
nation. The large worn surface of TC4 substrate under LCG
lubrication exhibits the deepest wear tracks mainly due to
fatigue wear and plastic deformation. As being lubricated by
PUG and PFQG, it can be seen that the relatively deep wear
tracks on the contact surfaces. The small worn surface of the
substrate with CSCG lubrication presents the shallow wear
tracks with a little grooves parallel to the sliding direction.

3.2.2 Analysis of Friction Mechanism

Figure 9 displays the XPS spectra of the typical elements on
the wear tracks under sliding conditions at 10 N. The C 1s
peak appears at 288.6 eV, ensuring the formation of some
carbon oxide on the worn surfaces of TC4 alloy. Two O 1s
peaks at 531.8 and 530.2 eV correspond to the complicated
oxide. The peaks at binding energy of 458.5 and 464.2 eV
are assigned to Ti 2p;,, and Ti 2p,,, components, which is
titanium oxidation. Fe 2p peaks locate at ~711.2 eV, which
is assigned to iron compounds. The Ca 2p spectrum could
be fitted into two peaks at 347.5 and 351.0 eV, which origi-
nates from calcium oxide and calcium carbonate, respec-
tively. The N 1s peak at 400.4 eV is due to the nitrogen
oxide and/or carbonitride originating from PUG. Similarly,
the obvious S 2p spectrum was not detected on the worn
surface of CSCG. F 1s spectra give the lower binding energy
at 684.6 eV because of fluoride,and the binding energy at
689.2 eV due to C-F bond [38]. Hence, the XPS spectra
confirm the generation of friction-reduced reaction film on
the sliding surfaces, which can reduce friction and wear of
the sliding pairs. CSCG exhibits the best friction reduction
and wear resistance dependence on the synergistic effect of
the outstanding characteristics of CSCG and the chemical
reaction film comprised of ferric fluoride, calcium carbon-
ate, and oxide species.

In view of the continuous-increasing performance
requirements of mechanical components with long-term
reliability and accuracy, it is of great significance for the
design of lubrication technologies and choice of lubricants.
The operation of mechanical equipment often gets into
trouble with friction and wear under sliding and fretting
conditions, especially soft titanium alloys, so the research
on tribological properties of soft alloy under lubrication is
very important. The lubrication function of greases under
sliding and fretting conditions will play a vital role in fric-
tion reduction and wear resistance. Hence, the as-prepared
four MACs greases were introduced into the contact inter-
faces of TC4/Steel, and their tribological behaviors were
evaluated in detail. The friction reduction of four greases is

superior to their wear resistance under sliding and fretting
conditions, such lubrication function for TC4/Steel contact
is mainly attributed to synergies of grease-film and tribo-
chemical reaction film formed by reaction of active elements
in thickener and metal elements. Under fretting conditions,
lubrication can induce the transformation of fretting run-
ning regime via reducing friction and enhancing mechani-
cal properties of the mating surfaces, thereby showing the
difference in friction behaviors from sliding conditions.
This work offers a significant step for achieving the high-
performance requirements of modern/future machines using
titanium alloys under greases lubrication and widening their
engineering applications.

4 Conclusion

The tribological behaviors of TC4/Steel contact with four
MAC:s greases lubrication under the fretting and sliding con-
ditions were investigated in detail, and friction mechanisms
were also explored systematically. The conclusions can be
summarized as follows:

(a) High-performance MACs greases improve the tribo-
logical properties under fretting condition, which is
attributed to the lubrication-induced change of fretting
running regime via synergy of grease-film and tribo-
film.

(b) MAC:s greases show relatively poor anti-wear ability
under fretting conditions due to the squeezing wear
debris out of the contact interface, except CSCG with
excellent physicochemical and tribological properties.
The wear of unlubricated TC4/Steel was dominated
by abrasion and oxidation under fretting conditions,
whereas the wear with greases lubrication was mainly
ascribed to the abrasion, oxidation, delamination, and
plastic deformation.

(c) MAGC:s greases provide the excellent friction-reducing
abilities under the sliding conditions, mainly depend-
ing on the tribo-chemical reaction film such as com-
plex oxides, fluoride and iron compound, whereas their
poor anti-wear properties are due to the replacement of
easily-broken film.

(d) CSCG as a novel multipurpose grease with excellent
physicochemical and tribological properties can greatly
reduce friction and wear, relying on the synergistic
effect of the physical-absorbing film and tribo-chemical
reaction film.
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Fig.9 X-ray photoelectron
spectra of the elements (C s,
O 1s, Ti 2p, Fe 2p, N 1s, Ca
2p, S 2p, and F 1s) on the worn
surfaces under lubrication by
four MACs greases at applied
load of 10N
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