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Abstract

steel surface during the tribochemical reaction: Cu®* + 2e" -

The purpose of this paper is to study effectiveness of micellar copper oxide as antiwear additive for lubricating oil. The transfer
phenomenon was studied for (steel-bronze) and (steel-steel) tribopairs with micellar copper oxide additive in transformer oil. The
mechanism of wear reduction by micellar copper oxide is based on the formation of metallic copper durable tribofilm on the rubbing
— Cu®. A tribofilm containing metallic copper is formed on worn steel
surface. The copper tribofilm formation can provide reasonably very low wear and friction coefficient. The micellar additive demon-

strates a significant potential for further application as effective additive in oil formulation.
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Introduction

The formation of the tribofilm of pure copper was treated original-
ly as a formation of a very thin soft film during copper alloy contact
with steel under condition of boundary lubrication and was named
transfer phenomenon [1-3]. The formation of the copper tribofilm
was reported to be followed by a very low friction coefficient < 0.01
and practically zero wear. Copper oil-soluble compounds, such as
copper naphthalene and oleate, are good anti-oxidation additives
[4] and micellar copper oxide can give maximum benefit when used
as multi-functional additives in liquid lubricant, greases, fuels, cut-

ting fluids, and hydraulic fluids [5-7]. A low friction coefficient (f =

0.003 - 0.004) occurs in lubricated sliding surfaces with copper and
copper alloy coating made by electro-pulse spraying and its value is

close to those in viscous media [8].

In recent years, attention has been shifted to the production and
uses of nano-sized powders and liquid of MoS,, WS,, h-BN, and
graphite, substantial reduction in friction and wear have been
reported [9, 11]. However, copper additives should be considered
in the first place because of their low cost, easy maintenance and

effectiveness in lubricants [2, 11].
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The combinations of (steel-bronze) and (steel-steel) tribopairs
were studied in synthetic ester and mixtures with five different an-
ti-wear additives. It was found that in boundary lubricated bronze-
steel contact can give transfer of copper to steel a layer which gives
a lower wear rate a friction coefficient [12]. Some engine oil addi-
tives, dissolved or dispersed in an oil formulation, exist in micellar
forms as hard-core reverse micelles RMs or micelle aggregates [6,
11,13].

The term reverse micelles (RMs) refers to the amorphous cores of
cooper oxide solvated by surfactant molecules [3, 13]. The (Cu_

i) tribofilm formation requires that tribochemical reaction occurs

n and the activated me-

x (oleic acid)

between the reverse micelles (CuO)
tallic surfaces [6, 11, 14].

(Cuo)x(oleic acid)n (RMS) te tribo - (Cu metal]ic) x trlbOfllm (1)

The objective of this work is the evaluation of micellar copper oxide
as antiwear additive for (steel-bronze) tribopair in oil using four-
ball apparatus and friction tester. However, the effects of micellar
copper on friction and wear properties of (steel-bronze) tribopair
have not been fully established. Analyses of used oils for content of
dissolved copper and iron were carried out to discuss triboreduc-

tion reaction 1). Also, other possible process should be considered:
2Fe*” (or Fe®) + 3Cu0 + 2H,0 — Fe,0, + 3Cu® + 4H* (2)

Materials and Methods or Experimental Procedures

Micellar copper oxide paste was prepared under conditions in
which colloidal microparticles were formed according to chemical
reaction (CuSO, + NaOH) in the presence of oleic acid as the surfac-
tant (Cuo)x(o]eic acid)n

The concentration ratio of micellar microparticles to oleic acid and

and subsequently dispersed in hydrocarbon oil.

transformer oil were 2: 2: 1.5 by weight, respectively [9]. A micellar
copper oxide paste was analyzed for content of heavy all metals and
elemental analysis was reported [11]. The copper additive paste
contained [mg/kg]: 108000 mg/kg of copper, 1780 mg/kg of nickel
and about 100 mg/kg of arsenic, lead and iron. Metals concentra-
tion in micellar copper oxide additive and used oil samples were
determined by inductive couple plasma-optical emission spectrom-
eter Perkin-Elmer model 4300 DV. Digestion of samples of copper
additive was carried out using EPA 3050B method [16].

The (CuO)
40 um in diameter were added as additive to transformer oil with

+ (oleic acid)n microparticles with size ranging between 30 to
different concentration (0.5 and 1.5 wt. %) and this oil was used
as the base stock. The physical properties of transformer oil are:
density at 20°C (g/cm?®) 0.870 and kinematic viscosity (mm?/s) at
40°C 11.63 and at 60°C 3.4. The tested materials in this study were
NC6 steel and B101 bronze. NC6 steel is a standard journal was
composed [%]: C 1.3-1.45; Mn 04-07; P and S 0.03; Si 0.15-0.4; Cr
1.3-1.65; Ni 0.35; Mo 0.2; W 0.2; V 0.25; and Cu 0.35 and having its
surface hardness of 62HRC, and the surface roughness up to R =
0.90 um. B101 is a tin bronze (CuSn10P) and is composed [%]: Cu
plus Sn 9-11, P 0.8-1.2.

Wear scar of various diameters were determined in the four-ball
apparatus from Stanhope Seta Ltd (PN-C-04147). The operat-
ing conditions under which wear was measured were applied at
load 32 N and temperature 25°C. The wear test was performed for
transformer base oil and oil with (0.5 and 1.5 wt. %) of additive for
periods of 5, 10, 15, 20 and 30 minutes (see Figure 2).

Friction test was carried out on friction tester apparatus (see Fig-
ure 1) [10]. The system characteristics of sliding bearing were de-
termined with the (steel-bronze) bearing tribopair. All tests were
performed at a sliding velocity 2.5 m/s, (1530 rpm) and duration
of 140 minutes, Figure 3 and the dependence of friction on stress
(load) duration time 200 minute, Figure 4. The dimension of the
bronze bearing was ¢25/¢36 x 20 (mm). Subsequent examination
with NU2-Carl/Zeiss Jena microscope and micrometer showed that

the steel metal and bronze bush surfaces were smooth.
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Figure 1: Schematic view of the friction tester apparatus showing
the locations of its key components: bronze bearing (1), temper-
ature-sensitive resistor (2), steel NC6 journal (3), clamping (4),

rolling bearing (5).
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Results and Discussion

The micellar copper oxide particles are easily dispersible in oils,
fuel, and water forming a stable lubricant [7]. Transfer and ad-
hesion of the micellar particles accelerate surface modification,
self-reducing, and forming of a fine copper tribofilm. It is known
that under boundary friction conditions triboemission can lead to
the release of triboelectrons, charged particles, and photons [14].
Boundary friction and frictional energy induce the formation of a
thin copper tribofilm. Since tribofilm formation takes place during
the friction process, disintegration of the RMs occurs according to

tribochemical reaction (see reaction 1).

Analysis of copper concentration in oil samples during the test in
four-ball wear machine shows copper level has decreased from 216
mg/kg in fresh oil to 133, 85 and 43 mg/kg after run of 10, 30 and

60 min, respectively.

When formation of the copper layer on rubbed steel surface occurs
(see reaction 1), some amount of iron is worn out from the surface
as Fe metal particles or other Fe*? species. This stays in oil formula-
tion. Other processes for copper ion deposition in solution and on
steel surface can be explained by contact substitution of iron ions

by copper:
2 Fe'2 (or Fe®) + CuO + 2H,0 — Fe,0, + 3Cu® + 4H* (2)

If sufficient amount of metallic iron is in contact with the copper
micelles, iron dissolution (friction saturates the surface quicker)
and copper deposition continue. The difference of redox potentials,
AE between the two redox couples is about 0.5 V: Fe®/Fe? +0.80 V,
and for Cu*?/Cu® is 0.3 V (in water scale) [7]. Redox potentials sim-
ply provide a quantitative measure of the case of oxidizing or reduc-

ing a given species in oil formulation.

Anti-wear test conducted in the four ball machine under bound-
ary conditions shown in Figure 2 resulted in WSD (wear scar di-
ameter) values for transformer oil and oil containing 0.5 and 1.5%
wt% CuO additive. It can be seen that the wear loss in WSD values
with oil containing copper oxide additive are much lower than that
of oil, which suggests that CuO additive has reduced wear very ef-

fectively.
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Figure 2: Wear scar diameter (WSD) vs. time for (steel/steel) tri-
bopair in transformer oil and oil with 0.5 and 1.5 wt% CuO additive.
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Figure 3: Friction coefficient (f) vs. increasing duration time for
(steel-bronze) tribopair in transformer oil, and transformer oil with
(0.5 and 1.5) wt% CuO additive.

Figure 3 shows friction coefficient as function of increasing friction
time in transformer oil and oil containing 0.5 and 1.5 wt% CuO ad-
ditives. The main decrease of (f) is observed in the initial sliding
period, the material layer transferred from the bronze to the steel
surface becomes continuous (Figure 3), reaching an optimum fric-
tion coefficient. It can be seen from the figure that the friction coef-

ficientreached a steady state after showing a sharp decrease during
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the initial sliding period. The wear and friction in the experiment
conditions, take place through materials transfer on (steel/bronze)
couple lubricated with transformer oil and after 140 min a yellow-
red colored thin porous layer was identified. It can be seen that the
friction coefficient of the oil contains CuO additive is low and more
stable than that of oil only. In the prolonged duration of friction
tribopair (steel-bronze) in oil without additive, friction decreased
from f=0.15 to 0.06 after 1.2 hr operation and then stabilized.

[lie investigated transfer phenomena on (steel-bronze) couples lu-
bricated with glycerin [2] and demonstrated that the main decrease
of the (f) was done in 5-10 min, the covering surfaces with a porous
red-yellow layer thickly 1-5 pm.
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Figure 4: Friction coefficient (f) vs. increasing normal

load for (steel-bronze) tribopair in transformer oil, and

transformer oil with (0.5 and 1.5) wt% CuO additive for
sliding speed 2.5 m/s during 200 min run.

Figure 4 shows the friction coefficient as function of increasing ap-
plied load for transformer oil and oil containing 0.5 and 1.5 wt%
CuO additive. The friction coefficient of lubricant with CuO additive
is much lower than that with transformer oil only, indicating that
CuO additive has good friction-reduction properties. It can be seen
that the friction coefficient slowly increase with load increase until
600 N, then has a tendency of a sudden increase of (f). Lubricant
with CuO additive at different loads has a tendency of stabilization

of (f) around a low values.

During friction process Cu (II) is very reactive and easy adheres
to steel surface. Literature data indicate that copper tribofilm is
very thin [8] and low concentration of copper is needed to provide
good lubrication. A small amount of soluble copper additive (less
than 2000 ppm) dramatically improved oil quality. Greetham [17]
reported that deposit was reduced from 6% to 0.5% and oil evapo-
ration was reduced from 7% to none when oil with commercial ad-

ditives was compared with oil containing copper additive.
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Figure 5: X-ray photoelectron spectroscopy (XPS) spectra of CuZp:
(curve 5) Background, (curve 4) Lithium grease LT34 under load
50N, (curve 3) CuO additive (grease) under load 5N, (curve 2) CuO
additive (grease) under load 50N, (curve 1) Mineral oil SN650 +1.5
wt% CuO additive (grease) [18].

XPS analysis of the chemical states of some typical elements on the
worn steel surfaces were performed, attempting to further con-
firmed the results of our tests the lubricating mechanism of (CuO
additive grease, curve 2 and curve 3) and (oil + 1.5 wt% CuO, curve
1) additive used as a lubricant. Figure 5 shows XPS spectra of Cu2p:
932.6 eV on worn steel surface lubricated with CuO microparticles.
Can be found that the relative intensity of elements Cu and Cu,0
exist on the boundary film increased about 100% (curves 1, 2, 3)

comparing with background (curve 4 and 5).

Conclusion
The results of wear four-ball (steel-steel) tribopair test showed
that formation of Cu metallic tribofilm on rubbing surfaces reduces

wear significantly. The copper-containing surface coating provides
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continued lubrication for ball bearing with less wear and lower fric-
tion. A tribofilm containing metallic copper was formed on worn
steel surface. The copper tribofilm formation can provide reason-
ably very low wear and friction coefficient. The test data showed
that the copper concentration was changing with running time,
indicating chemical reaction with metal surface exposed through
the wear process for steel-bronze tribopair. The results from this
investigation show that CuO additives give thick tribofilms at both
steel and bronze surfaces. For (bronze-steel) tribopair CuO addi-
tive give much lower wear than the base oil. In many formulations
the copper is more effective than most traditional additives. Worn
surfaces were examined using XPS to determine the friction mech-

anism.
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