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SUMMARY

It is well known that the presence of soot in engine oils can lead to an increase in wear
of engine parts. This is a growing problem as soot levels in diesel engine oils are
rising due to a combination of extended drain intervals and the various methods
employed to reduce NOx formation such as retarded ignition and exhaust gas
recirculation.

Several different mechanisms have been proposed by which soot might lead to an
increase in wear in mixed lubrication conditions, of which the most widely favoured
is abrasion by soot, either of the rubbing metallic parts in engines or of the antiwear
additive films formed on rubbing metal surfaces.

In this study it is shown that the combination of mixed alkyl ZDDP and carbon black
(used as soot surrogate) is strongly antagonistic in terms of wear. In a lubricant
containing carbon black, the presence of ZDDP leads to considerably more wear than
if ZDDP is left out. A similar, though less severe antagonism is also seen with
primary ZDDP and other antiwear and EP additives. By varying the lubricant film
thickness it is shown that the effect of carbon black in ZDDP-containing oils is to
promote wear up to quite thick hydrodynamic film conditions, approaching the
secondary carbon black particle size.

It is proposed that the antagonistic wear effect results from a corrosion-abrasive
mechanism in which the reaction film formed by antiwear additive and rubbing metal
surface is very rapidly and continually abraded by carbon black. At most carbon
black concentrations, wear rate then becomes controlled by the rate of initial antiwear
additive film formation, which for secondary ZDDP is very rapid, rather than by the
kinetics of the abrasive process.

From this understanding, strategies for reducing the impact of engine soot on wear
can be deduced.
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1. INTRODUCTION

Strategies to reduce engine NOx emissions, in particular retarded ignition timing and
exhaust gas recirculation, are resulting in the formation of increasing amounts of soot
in modern diesel engines. While the soot entering the exhaust is largely removed by
filtration, soot that reaches the engine oil accumulates there in the form of engine soot.
This rapid soot production, coupled with extended drain intervals in modern engines,
can lead to very high levels of soot, in some cases more than 8% wt., building up in
diesel engine oil during use.

Such high levels of engine soot can lead to excessive levels of wear in rubbing engine
parts, including cams, chains and piston liners, and engine lubricants must be
formulated to mitigate this harmful effect as far as possible. To help formulate soot-
wear resistant lubricants, it is important to understand the mechanisms by which soot
in engine oils promotes wear.

Over the years a number of different such mechanisms have been suggested, as
indicated in Table 1, modified from [1].

Table 1. Some suggested mechanisms by which soot promotes engine wear

1 Soot adsorbs active anti-wear components from the oil phase [2]-[4]

2 Soot promotes oil degradation that in turn promotes wear [5].

4 Soot competes with antiwear additives for adsorption at metal surfaces [6]
S Soot induces a transition of the metal surfaces from anti-wear Fe3Oy to pro-

wear FeO [7]

6 Corrosive wear is caused by increased SOy re-circulated by EGR, and there
is a correlation between soot level and SOy [8]

Soot accumulates in the contact inlet and restricts oil supply [9]-[11]

8 Soot abrades rubbing metal/metal oxide surfaces [12]-[14]

Soot abrades antiwear films [1][15]-[17]

The first proposed mechanism for the detrimental effect of soot on wear was by
Rounds, who suggested that soot particles adsorb ZDDP or its active intermediates,
thereby preventing these forming an effective antiwear film [2]-[4]. However in the
Discussion to [2] it was noted that removal of most of the soot from an oil restored the
wear properties back to those of the fresh oil, which would not be expected if ZDDP
were removed by the soot. Subsequently Hosonuma showed that soot preferentially
adsorbs the zinc-containing anti-wear intermediates rather than the phosphorus-
containing species generally believed to form antiwear films [18]. Kawamura [19],
Berbezier [6] and Gautam [20] also found no noticeable adsorption of phosphorus
compounds on soot particles. Recently, however, NMR has been employed to detect
phosphates and thiophosphates from ZDDP on soot particles [21].



Another early suggestion by Hirose et al. [5] was that soot enhances oil degradation,
thus promoting engine component wear. However later work by the same author and
others failed to observe significant degradation of sooty oils compared to non-sooted
ones [22][23].

Berbezier [6] examined the role of soot on mild lubricated wear and suggested that
increased wear could be a result of the reduction of surface coverage by ZDDP due to
soot adsorption on rubbing surfaces. Corso and Adamo [7] studied the effect of diesel
soot on the reactivity of oil additives. They found that the presence of soot induced a
transition from anti-wear Fe3O,4 to prowear FeO. They suggested that limited oxygen
reaches the surface at high soot concentrations and high temperatures, so that the
metal surface is unable to form Fe;O,4 and instead forms the oxide, FeO.

Akiyama [8] found that under EGR operation, cylinders and top rings showed
abnormal wear as the cooling water temperature was decreased. He proposed that this
increased wear was due to SOy, formed during combustion and re-circulated by EGR,
reacting with water present at low temperature to form sulphuric acid and give
corrosive wear. Thus the observed correlation between high wear and soot occurred
simply because the same factor, EGR, promoted both.

The final three mechanisms in Table 1, starvation and abrasive wear of the metal and
removal of the antiwear film have the common character that all might be expected to
depend on the relationship between soot particle size and lubricant film thickness.
Needelman [24] observed such a relationship, with wear occurring when oil
contaminant particle size was similar to or greater than the film thickness. Narita [25]
carried out engine tests to study effects of particle size and film thickness on wear.
Soot having a majority of the particles of the same or greater size than the EHL oil
film thickness showed the highest wear compared to dispersions with smaller CB
particle dispersions. The particles sizes measured by Narita suggest that the wearing
agents in his work were the secondary soot particles

Cusano [9] used a glass disc on steel ball contact to observe particle entrainment and
noted that a starvation mechanism could explain the increase in friction and wear
observed in soot. Colacicco and Mazuyer [10] also ascribed the pro-wear behaviour of
soot to the accumulation of particles at the inlet of the contact, leading to starvation
and thus to the adhesive transfer of material between the contacting surfaces. Their
experimental work showed that soot aggregates formed and were large enough (6 pm)
not to penetrate in the contact.

One quite widely proposed mechanism of wear by soot is that soot abrades the steel
surfaces [12]-[14]. A major issue with respect to this is whether soot particles are
able to abrade hard steel surfaces. Ryason [12] compared the hardness of silica,
alumina and carbon black to distinguish their abrasive nature in lubricants. He
suggested that soot could act as an abrasive by creating polishing wear. Mainwaring
[16] concluded that the primary particle size was the most fundamental in determining



wear and that this was because the primary particles were entrained into the contact
(provided they were dimensionally smaller than the film thickness). However Bardasz
et al. concluded that soot aggregates were responsible for abrasion [13]. Jao [26]
showed that soot particles were sufficiently hard to abrade metal diesel engine parts.
The wear scars caused by soot particles were found to contain grooves equivalent to
the carbon primary particle size. Jao thus concluded that abrasion was a mechanism
by which soot induced wear.

The most widely supported mechanism of wear by soot, especially in recent years, is
that soot abrades the antiwear films formed by ZDDP [1][15]-[17], [23]. These films,
which are now recognised to be primarily amorphous zinc or calcium phosphate, are
softer than steel and thus should be much more susceptible to abrasion by soot. It has
been shown that these antiwear films are rapidly removed by soot, exposing the bare
substrate [27]. There have been two different suggestions as to how removal of the
ZDDP film might lead to wear. One is simply that ZDDP film removal cancels the
protective contribution of the film, resulting in adhesive wear, as would occur in the
absence of effective boundary lubrication [15]. A second suggestion, which will be
supported by the current work, is that the rapid and continuous removal by abrasion of
the reaction product between ZDDP and steel (or iron oxide) leads to fast corrosive-
abrasive wear [17][28].

In the current study, experimental tests are carried out to explore the way that soot
promotes wear. Carbon black is used as a surrogate for soot and a rolling-sliding
contact is used, in order to control the sliding speed and entrainment speed
independently. Of particular interest is the influence of the antiwear additive ZDDP
on sooted wear.

2. EXPERIMENTAL METHODS
2.1 EHD Film Thickness Measurement

Elastohydrodynamic (EHD) film thickness measurements were made using an
ultrathin film interferometric rig (PCS Instruments Ltd., London, UK). In this, a
contact is formed between a spacer-layer-coated glass disc and a 19 mm diameter
steel ball [29]. In this study the ball was free to rotate and was driven by the disc in
nominally pure rolling. The test conditions were; load = 20 N (corresponding to a
mean Hertz pressure of 0.54 GPa), temperature = 100°C, entrainment speed range, U
=0.001 to 2 m/s.

2.2 MTM Wear Tests

A minitraction machine (MTM) was used to assess the wear performance of
lubricants. In all tests a 19 mm diameter, steel ball was loaded and rubbed against the
flat surface of a steel disc. The balls and disc were both AISI 52100 steel. The balls
had hardness 795 VPN and root mean square surface roughness, Ry = 10 nm while



discs had hardness 875 VPN and Rq = 11 nm. A new ball and disc were used for each
test and these were cleaned in toluene followed by Analar acetone in an ultrasonic
bath immediately before use. All wear tests were carried out at a load of 31 N,
corresponding to an initial, theoretical Hertz pressure of 0.95 GPa and at a controlled
temperature of 100°C + 0.5°C.

Two different methods were employed, one with unidirectional sliding/rolling and the
other with reciprocating sliding/rolling.

@ Unidirectional sliding/rolling tests

These were carried out in order to investigate the influence of entrainment speed and
thus EHL film thickness on wear. In the MTM, the ball and disc are driven by
separate motors so that the sliding speed, |us — up|, can be controlled and varied
independently of the entrainment or mean rolling speed, U = (ug + up)/2, where ug
and up are the surface speeds of the ball and disc respectively.

A series of 4 hour tests were carried out at a constant sliding speed of 0.1 m/s and
different entrainment speeds, ranging from 0.01 m/s to 4 m/s. At the end of each test
the disc was ultrasonically cleaned in toluene followed by acetone and wear measured
using a Handy surf E-35A stylus profilometer. With this, several profiles were taken
across the wear track at different circumferential positions on the MTM disc and the
area of the wear scar was calculated for each, as indicated in Fig. 1. The average
value of the readings was taken to be the wear scar area. Repeat tests indicated a
repeatability of +15%

(b) Reciprocating sliding/rolling tests

One disadvantage of unidirectional tests is that the wear is distributed over a
circumferential wear track round both the ball and the disc. This means that there is a
relatively small wear depth at any location and this is difficult to measure accurately
for mild wear conditions. Additional tests were therefore carried out in which the ball
was rotated at a constant speed of 0.2 m/s but the disc was reciprocated
circumferentially at 10 Hz with 4 mm stroke length. This produced a 4 mm long,
crescent-shaped wear track on the disc. Tests lasted 4 hours and at the end of a test the
disc was cleaned and wear measured as described above. Since wear was expected to
vary along the wear scar, wear was measured by averaging three profiles taken within
0.2 mm of the central part of the contact track. Repeat tests indicated a repeatability
of + 25%.

23  MTM-SLIM Tests

The MTM was used in conjunction with spacer layer imaging (SLIM) to explore the
impact of dispersed particulates on ZDDP films. In these tests, a two hour
sliding/rolling MTM test was carried out using ZDDP solution at a fixed entrainment
speed of 0.1 m/s and sliding speed of 0.05 m/s (corresponding to a slide-roll ratio of



50%). The applied load was 31 N and the temperature was 100°C. Under these
conditions, film thickness measurements indicate an EHL film thickness (based on
optical interferometric tests) of 11-12 nm, i.e. mixed lubrication conditions.

In these mixed lubrication conditions, a ZDDP film formed rapidly on the ball and
disc rubbing track and the formation of this film on the ball was monitored using
SLIM. For this, sliding-rolling was halted periodically and the ball was reverse-
loaded against a small spacer layer-coated glass disc to obtain an optical interference
image from the ball wear track. From this image, a map of the ZDDP film thickness
on the track could be calculated [30].

After 2 hours of rubbing in ZDDP solution, motion was halted and the ZDDP solution
drained and replaced by a fresh ZDDP solution containing dispersed carbon black or
other nanoparticles. After the test temperature of 100°C was reached, sliding/rolling
was resumed and the thickness of the film of the ball track monitored over time. This
enabled the impact of the nanoparticles on ZDDP tribofilms to be assessed.

3. TEST MATERIALS

In all tests a single, group Il mineral oil was used as the base oil. This had a
kinematic viscosity and density of 19.5 mm?%s and 0.821 g/cm® at 40°C and 4.2 mm?/s
and 0.785 g/cm® at 100°C.

Carbon black (CB) was used as a soot surrogate. This was Vulcan XC72R (Cabot UK
Ltd). Based on TEM measurements it has a primary particle diameter of 30-40 nm
and secondary particle size of 100-250 nm. Two other nanoparticle types were also
studied, silica with a mean particle diameter of 10-20 nm and alumina with a mean
particle diameter of 30-70 nm.

The additives employed are listed in Table 2. Most work was carried out using a
mixed primary/secondary ZDDP and a conventional succinimide dispersant.
However some other antiwear and extreme pressure additives were also used to
compare their behaviour with that of the ZDDP.

Table 2. Additives studied

Additive abbrev. Additive details Source

dispersant Polyisobutylsuccinimide polyamine | commercial additive

ZDDP Mixed primary/secondary zinc commercial additive
dialkyldithiophosphate

primary ZDDP Primary zinc dialkyldithiophosphate | commercial additive

phosphate Bis (2-ethylhexyl hydrogen SigmaAldrich
phosphate

phosphite Bis (2-ethylhexyl) phosphite SigmaAldrich

P-S Ashless dithiophosphate commercial additive




DBDS Dibenzyl disulphide SigmaAldrich

polysulphide Alkyl polysulphide commercial additive

sulphonic acid Alkyl benzene sulphonic acid commercial additive
feedstock

4. RESULTS
4.1 EHL Film Thickness

Elastohydrodynamic lubrication (EHL) film thickness measurements were made to
enable likely EHL film thicknesses in unidirectional MTM tests to be estimated.
Figure 2 shows measurements made using three fluids, the base oil, the base oil with
1% wt. dispersant and the base oil with 5% wt. dispersant.

It can be seen that all fluids obey standard EHL behaviour at speeds above 0.1 m/s,
giving a linear plot on log(film thickness) versus log(speed) axes. The gradient for
base oil is 0.61 while that for 5% wt. dispersant is 0.54. Above an entrainment speed
of 0.1 m/s, 1% wt. dispersant solution gives the same film thickness within 2% as the
base oil, while the 5% wt. solution forms a film about 10% thicker than the other two
fluids.

At low speeds the two dispersant solutions form a film approximately 1 nm thicker
than the base oil, indicating some boundary film formation. In all subsequent work a
1% wit. dispersant solution is employed.

4.2.  Impact of ZDDP and Carbon Black on Wear

As described in section 2.2(a) above, a series of unidirectional wear tests were carried
out at a fixed sliding speed of 0.1 m/s but differing entrainment speeds. The latter
were in the range 0.05 to 4 m/s, corresponding to a theoretical film thickness range of
7 nm to 110 nm, based on the measurements in Figure 2.

The term “theoretical film thickness” is used for two reasons. Firstly the film
measurements were made in pure rolling while the MTM tests were in mixed sliding-
rolling conditions. Previous work has shown that EHL film thickness does not vary
significantly at slide-roll ratios (ratio of sliding speed to entrainment speed) of less
than 100% and that it falls to about 60% of the pure rolling value between 100 and
190% slide-roll ratio [31]. On that basis, film thickness estimates made in the MTM
at entrainment speed of 0.1 m/s or above should be fully valid while the remainder
should be overestimates. A second limitation of the film thickness estimate is that it
takes no account of the possible impact of CB particles on EHL film thickness. It is
possible that these may partially block the inlet and reduce film thickness below the
measured values.




Figures 3(a) and (b) show how measured cross sectional area of wear on the MTM
disc varied with both entrainment speed and theoretical film thickness. Figure 3(a) is
for CB-free fluids while figure 3(b) is for fluids with added CB. It should be noted
that the two figures have different scales of the y-axis.

From figure 3(a) it can be seen that the base oil alone gives very high wear at low
entrainment speeds and that this drops to zero wear when the entrainment speed is
raised to 0.12 m/s (corresponding to a theoretical film thickness of 12 nm). The
solutions of 1% wt. dispersant, 1% wt. ZDDP and 1% wt. of both additives show
negligible wear down to the slowest entrainment speed reached: the 1% dispersant
and 1% ZDDP points are not visible since they lie directly beneath the 1% dispersant
+ 1% ZDDP ones). This suggests that both ZDDP and dispersant have some
boundary lubricating properties.

With CB it was not possible to study reliably blends without dispersant because of
problems in keeping the particles fully suspended. With dispersant and carbon black
alone, the pattern of behaviour was quite similar to that seen with the base oil alone in
that there was significant wear at low entrainment speeds but this ceased when the
entrainment speed exceeded a critical value. Below this critical speed, which varied
between 0.1 and 0.2 m/s from test to test, wear was much lower than with the base oil
alone but higher than for the CB-free dispersant solution. This suggests (i) that the
CB disrupts to some extent the boundary film formed by the dispersant solution and
(ii) even so, the dispersant (or the CB) provides some protection for the surfaces,
presumably preventing the adhesive wear produced when the contact is lubricated by
group 111 base oil alone.

When CB is present in a blend containing ZDDP, the behaviour is quite different. In
low speed, thin film conditions, wear is slightly lower than for the ZDDP-free
combination, although greater than when no CB is present. However wear continues
to take place up to very high entrainment speed, only falling to a negligible value at
4.5 m/s, when the theoretical film thickness exceeds 100 nm.

This suggests two things. Since the primary particle size is typically 30 nm diameter,
it implies that this wear results from secondary wear particles, or at least clusters of
primary particles. Secondly it shows that, in these entrainment speed conditions,
ZDDRP actually promotes wear by CB. The possible origin of this antagonism will be
discussed later in this paper.

4.3  Removal of ZDDP Film by Carbon Black

Based on the above, MTM SLIM test were carried out to visualise the impact of CB
on ZDDP antiwear films. The MTM was run in low entrainment speed, sliding
rolling conditions at 100°C for two hours with a solution of ZDDP and dispersant in
base oil as described in section 2.3 above. Periodically, SLIM images were captured
from the steel ball and these showed the progressive formation of a tribofilm. Motion
was then halted and the solution drained and replaced by a ZDDP/dispersant blend to



which 5% wt. CB was added. The temperature was raised once more to 100°C,
sliding-rolling resumed and the fate of the ZDDP film observed using SLIM.

Figure 4 shows interference maps of the contact after different rubbing times in
ZDDP/dispersant solution without carbon black. The entrainment speed was 0.1 m/s
and the sliding speed 0.05 m/s. Images from two separate tests are shown. The initial,
pale colour indicates that there is no reaction film on the ball at the start of the test.
The film forms rapidly with rubbing, as indicated by the darkening of the interference
images, and reaches a limiting value of ca 120 nm mean thickness after about 30
minutes rubbing. This behaviour is very similar to that seen previously with ZDDP
solutions [1][27]. This film-forming behaviour was quite repeatable although the
final film thickness formed varied slightly from between 100 and 120 nm from test to
test. In the images taken after 5, 15 and 30 minutes for one of the tests in Figure 4,
the left-most region remains a pale colour. This region lies outside the rubbing track
and shows that negligible ZDDP tribofilm forms under these test conditions in the
absence of rubbing.

Figure 5 shows how the film changes when the lubricant is replaced by one containing
5% CB in addition to ZDDP and dispersant and rubbing is then resumed. The results
of two tests are shown, one is which rubbing was resumed at an entrainment speed of
0.1 m/s and one in which the entrainment speed was 1.0 m/s. (It should be noted that
in both of these tests and all subsequent reported ones, the initial film-forming phase
using CB-free lubricant was carried out at an entrainment speed of 0.1 m/s and a
sliding speed of 0.05 m/s to ensure similar initial tribofilms). It can be seen from
Figure 5 that when CB is added, the ZDDP film is essentially fully removed, (i.e. to
within the measurement limit of ca 5 nm), within 5 minutes of rubbing. This removal
occurs at entrainment speeds of both 0.1 m/s and 1 m/s. From the film thickness
measurements, these two entrainment speeds correspond to theoretical film
thicknesses of 12 and 44 nm respectively. The latter is above the CB primary particle
size, and is in accord with the observation in Figure 3, that the blend of ZDDP and CB
results in wear up to high theoretical EHL film thickness.

In the above tests, film removal was so rapid that it occurred almost entirely before
the first interference image was taken. To explore this behaviour further, tests were
carried out at the similar entrainment speeds but much lower sliding speeds during the
film removal stage. Results are shown in Figure 6. The sliding speed was 2.5 mm/s,
i.e. one twentieth the value used in the tests shown in Figure 5. If film removal
depends on sliding distance this should result in a much slower film removal. From
Figure 6 it can be seen that film removal is still very rapid at the lower entrainment
speed. However at an entrainment speed of 1.0 m/s the pre-formed ZDDP tribofilm
partially survives for one hour of rubbing. This corresponds to the same sliding
distance as would occur in 3 minutes at a sliding speed on 0.05 m/s. It indicates that
the rate of film removal reduces as the entrainment speed and thus EHL film thickness
increases but is still very considerable at U = 1.0 m/s.

4.4 Influence of Other Nanoparticles on ZDDP Films



Similar tests to the above were carried out using silica and alumina nanoparticles in
place of carbon black. Figure 7 shows interference images of the tribofilm after
substitution of ZDDP/dispersant solution by one containing the nanoparticles. It
should be noted that the concentration of particles was 1% wt., rather than the 5% wt.
used in the results reported above. Like carbon black, the silica particles rapidly
remove the pre-formed ZDDP tribofilm but this appears to partially reform after
further rubbing. With alumina the tribofilm is removed but there is also very severe
damage to the ball surface, suggesting large-scale abrasion of the steel by the
nanoparticles.

4.5 Study of Other Antiwear and EP Additives

Based on the ZDDP results described above it appears that the combination of CB and
ZDDP gives considerably higher wear at most conditions than either ZDDP or CB
alone. The only exception is at very low entrainment speed conditions where the CB
without ZDDP gives marginally higher wear than when ZDDP is also present.

This antagonism suggests that removal of the ZDDP film by CB may itself cause wear
and thus favours a corrosion-abrasion mechanism. To explore this possibility further,
wear tests were carried out on a series of other antiwear and extreme pressure
additives that might be considered likely to react with ferrous surfaces to form
abradable films.

These tests were carried out using the reciprocating MTM as described in section
2.2(b) above. In all cases a four hour test was carried out on both the CB-free
additive/dispersant blend and on the same blend with 5% CB. The results are
summarised in Figure 8. For all P-based additives, there was negligible wear with the
CB-free blend. This means that the wear on the disc was immeasurable. However
when CB was added, significant wear occurred, and in all cases more than occurred
with 5% CB in dispersant without any P-based additive. With the three S-based
additives a similar pattern of behaviour was seen but in these cases the CB-free
additive/dispersant blend itself gave considerable wear, especially in the case of the
alkyl benzene sulphonic acid.

It is noteworthy in figure 5 that the mixed ZDDP gave much higher wear with CB
than all the other additives tested, including the primary ZDDP.

5. DISCUSSION

These results confirm the negative impact of CB on wear reported by many previous
authors. However it also identifies a specific antagonism between CB and the

additive ZDDP in some rubbing conditions, where the combination of CB and ZDDP
gives much more wear than either CB or ZDDP used separately.
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The results also indicate that when CB and ZDDP are both present, wear continues to
occur up to entrainment speed conditions where a quite thick EHL film, of ca. 50 nm.
might be expected to be present. This suggests that aggregates of primary CB
particles rather than individual primary particles are responsible for this wear.

Tests on pre-formed ZDDP tribofilms show that the addition of CB results in very
rapid film removal. There are two possible interpretations of this. Either the CB
causes direct film removal (e.g. by mechanical action) or the CB inhibits the
continued formation of the tribofilm (e.g. by adsorbing active film-forming species)
and this disrupts a pre-existing equilibrium between film formation and removal. The
latter scenario is unlikely since it has previously been shown that rubbing in base oil
does not remove a pre-formed ZDDP film, while rubbing in a ZDDP-free dispersant
solution does result in film removal but at a much slower rate than seen in this study
with CB [32].

This work thus suggests that the CB promotes direct removal of the ZDDP film. In
principle, two broad mechanisms of such removal can be envisaged, mechanical or
chemical. The CB might mechanically abrade the ZDDP tribofilm either directly, i.e.
third body abrasion or, conceivably, by starving the contact to result in more severe
contact conditions and thus two body abrasion. Alternatively CB particles may
damage the ZDDP film chemically in some fashion that results in its removal.

It is important to note that CB does not appear to directly abrade the steel ball surfaces,
at least on the scale seen clearly with alumina. Generally the wear scars for the
CB/ZDDP combination appeared smoother than the original surface and in most cases
the interference images obtained during film removal remained circular with smooth
edges, indicative of even removal of material rather than scratching or grooving. One
exception was for the U = 0.1 m/s case in Figure 5, where some distortion of the
circular interference image occurred during rubbing, indicating uneven removal of
material from the ball wear track.

Based on these results the authors consider that the most likely wear mechanism and
also the origin of the ZDDP/CB antagonism is mechanical abrasion of the ZDDP
tribofilm by CB. This results in the removal of pre-formed film, as seen in Figures 5
and 6. However, much more importantly, if no pre-formed film is present it results in
ZDDRP tribofilm being removed as quickly as it forms. The rate of wear thus becomes
directly dependent on the rate of film formation since the latter is the rate determining
step. This synergy between corrosive and abrasive processes is well-documented in
the literature and can lead to very high rates of wear [33]

Such a mechanism is unsurprising since ZDDP film material is likely to be
considerably less hard than the bearing steel used in this study. ZDDP is generally
considered to form a film consisting primarily of iron sulphide, iron phosphate and
zinc phosphate and polyphosphate. ZDDP films have been reported to have a
hardness of 4 GPa [34] while mineral iron (Il) sulphide has hardness of 4 Mohs,
roughly equivalent to 4 GPa. By contract the hardness of the steels used were ca 8
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GPa. The precise hardness of carbon black and soot is difficult to establish and is
probably very variable. Carragher has suggested that carbon black is very soft, with
hardness of ca 1 on the Mohs scale [35]. However Jao et al. [26] and Yamamoto and
co-workers [36] suggest much higher hardness values for soot of between 8 and 10
GPa using quite different measurement methods. Based on this Jao proposed that soot
promotes wear by abrading steel surfaces. However it is difficult to see how ZDDP
would promote the direct wear of steel surfaces by carbon black as found in the
current study.

This proposed mechanism is effectively a chemical polishing one, not dissimilar to
chemical mechanical polishing (CMP), and several researchers studying wear by soot
have reported that the surfaces, although heavily worn, appear highly polished
[20][37]. It is quite likely that bore-polishing which also produces a heavily worn but
highly polished surface has its origins in a similar mechanism.

Some of the existing literature has already noted an apparent antagonism between
ZDDP and soot. Beshouri refers to soot “completely disabling” ZDDP [38].
Recently Booth et al. have also suggested a similar corrosion-abrasion mechanism to
that outlined above and identified iron sulphide as the species most likely to be
controlling this process [28]. However other work has found that ZDDP plays a
strong role in reducing wear of sooted oils and that secondary ZDDP is more effective
at this than primary ZDDP. The discrepancy may depend on the differing rubbing
conditions, with ZDDP being beneficial in sooted oils under extreme conditions,
where it acts as an EP additive to limit metal-metal adhesion and thus adhesive wear,
but being harmful, as found in the current study, under more mild, mixed lubrication
conditions. Thus Yoshihara found with formulated oils that soot decreased wear in
cam lobes but increased it in rocker arm contacts [38]. It should be noted that, in this
study, the wear produced by base oil alone, with no additives or CB, was far higher
than the ZDDP/CB combination, indicating the need for some form of boundary film
protection against adhesion.

From Figure 8 it is evident that the antagonism between CB and antiwear and EP
additives is a universal one. In all cases the combination of EP/antiwear additive and
CB gave more wear than EP/antiwear additive without CB or CB without EP/antiwear
additive. This helps support the proposed corrosion/abrasion mechanism, as opposed
to there being some specific chemical interaction between CB and the ZDDP tribofilm.
Figure 8 also shows that the deleterious effect of carbon black is much greater with
the mixed ZDDP than the other additives, including the primary ZDDP. This may be
because mixed primary/secondary ZDDP reacts much more rapidly with the rubbing
surfaces under the test conditions used than the other EP/antiwear additives. It is well
known that a key characteristic of ZDDPs is their ability to react and form films very
rapidly, even under quite low temperature rubbing conditions, and also that secondary
ZDDPs form films much more rapidly that primary ones [32][39].

Finally it should be noted that the essential observation of this study, that the
combination of CB and antiwear additives gives much more wear than CB in the
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absence of antiwear additive, would not be expected and cannot be explained in terms
of any of the other previously-proposed mechanisms for the pro-wear behaviour of
soot, i.e. #1 to #8 in Table 1. This confirms removal of the antiwear film by soot as
the most likely mechanism by which the presence of soot in engine oil promotes wear.

6. CONCLUSIONS

The main finding of this study is that, in some rubbing conditions, the two lubricant
components, mixed primary/secondary ZDDP and carbon black, are specifically
antagonistic in terms of wear; i.e. blends containing both ZDDP and carbon black
gives much higher wear than ones containing ZDDP without carbon black or carbon
black oil without ZDDP. This antagonism is seen in intermediate entrainment speed
conditions where the predicted film thickness is between 12 and 100 nm, i.e.
comparable to or greater than the primary CB particle size.

A similar antagonism is seen with a number of other phosphorus and sulphur based
antiwear and EP additives and thus appears to be a universal phenomenon. However
much higher wear rates are seen with CB and the mixed ZDDP than with other
additives, including the primary ZDDP tested.

The authors believe that the most likely mechanism of this effect is corrosive-abrasive
wear in which small clusters of CB primary particles abrade the antiwear/EP film as
quickly as it forms. Wear is thus particularly fast with a mixed ZDDP because its
secondary ZDDP component reacts very rapidly with ferrous surfaces and this
reaction rate becomes, effectively, the rate-determining step in the wearing process.
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Figure 1. Measurement of wear scar cross sectional area on disc
(height and length dimensions are microns)
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Figure 2. Influence of dispersant additive on EHL film thickness
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Figure 3. Comparison of the wear properties of CB-free and CB-containing
blends
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Figure 4. ZDDP tribofilm formation by 1% ZDDP + 1% dispersant solution



Film removal stage, ZDDP + dispersant + 5% CB
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Figure 5. ZDDP tribofilm removal by carbon black at a sliding
speed of 0.05 m/s and two entrainment speeds



Film removal stage, ZDDP + dispersant + 5% CB, low sliding speed
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Figure 6. ZDDP tribofilm removal by carbon black at a sliding
speed of 0.0025 m/s and two entrainment speeds
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Figure 7. ZDDP tribofilm removal by three types of nanoparticle at a
sliding speed of 0.05 m/s and an entrainment speed of 0.1 m/s.
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Figure 8. Influence of CB on wear for a range of P-based and S-based
antiwear/EP additives
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	Soot competes with antiwear additives for adsorption at metal surfaces [6]
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	Soot induces a transition of the metal surfaces from anti-wear Fe3O4 to pro-wear FeO [7]
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