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A B S T R A C T

Wear volumes were correlated with the lubricant properties of 11 used, heavy duty engine oil samples. The most
important oil property in predicting wear volume is Total Acid Number, TAN. Here, the TAN value may be
indicating ZDDP in its oxidised form and unable to participate in corrosive-abrasive wear. Low wear also cor-
relates with mean soot particle size/circularity, which further suggests the abrasive aspect of this mechanism.
Finally, low wear correlates with high calcium concentration in the fresh oil. This suggests a new wear reduction
mechanism in which calcium from the detergent replenishes the iron within the ZDDP antiwear film.

1. Introduction

The importance of reducing polluting emissions has driven vehicle
manufacturers to improve engine designs. Recent legislation means that
emissions must be reduced [1], where one commonly used method is to
optimise the combustion CO2-NOx trade-off. Reducing emissions is an
especially important approach for heavy-duty vehicles as the energy
limitations of current battery technologies mean that internal combus-
tion engines will continue to be used for many years. However, this can
lead to increased concentrations of soot in the oil – particularly with
longer drain intervals - which in turn cause component durability
problems due to high soot-mediated wear [2]. It is therefore important
to understand, and thereby predict and reduce, the causes of wear in
contacts lubricated by soot-containing oils. Many different soot-induced
wear mechanisms have been suggested in the literature as summarised
by Kirkby et al. [3]. These mechanisms can be categorised as being either
physical, chemical or a combination of both.

Abrasive wear is a common physical mechanism associated with soot
containing oils [2,4–12] whereby hard particles displace material from
surfaces through erosion. However, the worn steel surfaces of compo-
nents are often harder than the soot particles, which has led to the idea
that it is the softer (and usually beneficial) zinc dialkyldithiophosphate
(ZDDP) antiwear films that are abraded [13,14] (albeit supported

mostly by studies testing carbon black rather than actual soot-containing
oils – see combined mechanism discussed below). Lubricant starvation
[6,7,15–18] is another commonly discussed mechanism for
soot-containing oils, whereby particles accumulate at the contact inlet
resulting in reduced fluid entrainment and increased metal-to-metal
contact. This leads to other wear mechanisms such as: adhesive wear
[11,14,17,19,20] where asperities touch and the resulting weld is
sheared under a sliding motion, and fatigue wear [11,20–22] in which
cracks form in the surface leading to material displacement. Soot par-
ticles may also be adsorbed on to the metal surface and prevent other
antiwear additives from forming a protective film [17,23–25].

Chemical wear mechanisms associated with soot-containing oils can
also occur, which include soot-additive interactions [8,26–30] and
corrosive wear [2,20,31,32]. The latter usually involves the formation of
weakly adhered oxides on the metal which can then be easily removed
by rubbing. Soot particles can also function as nuclei for sulphuric acid
to precipitate from the combustion process [33]. Exhaust gas recircu-
lation (EGR) can increase the total acid number (TAN) by an increase of
SOx concentration [32]. Also, there may be high levels of surface dis-
order on soot particles due to unpaired electrons resulting in more
chemical reactions and thus more wear [25]. Oil oxidises and degrades
during its use in engines. Therefore, soot-accelerated oil degradation has
been suggested and supported by studies in which engine oils were aged
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in the presence of carbon black [30].
The combined chemical-physical wear mechanism of corrosive-

abrasion is also likely to occur [3,9,14,34–36]. This involves the for-
mation of a ZDDP tribofilm, which is soft (compared to the metal sub-
strate) and intermixed with the metal substrate, and its removal via by
particle abrasion. This process happens continuously, with new ZDDP
tribofilm being formed and subsequently abraded resulting in more and
more wear. A recent study involving a single used, soot-containing,
heavy-duty engine oil revealed the occurrence of this
corrosive-abrasive wear mechanism [3]. However, a wider sample set
must be used before concluding which mechanisms are most prevalent
in practice, which is why this study correlates soot wear with the
lubricant properties of multiple used, engine oils samples.

Despite progress in uncovering possible soot-induced wear mecha-
nisms, it is still unclear which ones are most prevalent in real engines.
Furthermore, most published research to date has studied carbon black-
containing model lubricants rather than real, soot-containing engine
oils. This raises the currently unanswered question of the suitability of
carbon black as a soot surrogate. These shortcomings limit the design of
lubricants that could reduce soot wear and are an obstacle to effective
condition monitoring of oils since it is unknown which measurable
lubricant properties best predict wear in practice.

In the context of internal combustion engines, soot specifically refers
to carbonaceous particles that result from the incomplete combustion of
fuel hydrocarbons [37]. Soot particulates are composed of nearly
spherical small units known as "primary particles". These primary par-
ticles typically stick to one another forming branched aggregates. Most
of the particulate matter leaves the cylinder with the exhaust gas, but a
small proportion transfers into the engine oil via blow-by and thermo-
phoretic mechanisms [38]. Transmission electron microscopy (TEM) is
commonly used for soot characterisation [39–41]. Uy employed TEM to
examine soot particulates from diesel and gasoline engines and found
primary particles ranging from 8 to 43 nm in diameter [39]. Similarly,
La Rocca et al. reported a mean diameter of 20 nm for particles extracted
from diesel engine oil [40]. Slightly larger soot particulates in the range
30–100 nm were found by others [12,41]. Primary particles often collide
to form soot aggregates with either branched or cluster-like morphology.
These are typically between 50 and 500 nm depending on the formation
conditions [41–43]. Due to the impact on oil performance and engine
components, soot morphology is of interest in research [44–46]. For
instance, aggregate area and particle size can significantly increase
lubricant viscosity, resulting in oil control loss and pumpability concerns
[44,45]. Similarly, larger wear volumes have been observed for larger
primary particle sizes [46].

The situation is further complicated by the role of lubricant degra-
dation in promoting wear, since this effect can be concurrent (and
probably interconnected) with soot-induced wear. Therefore, being able
to distinguish/disentangle oil degradation and soot effects would be
beneficial in both increasing scientific understanding and enabling
vehicle and lubricant manufacturers to target their research more
effectively.

Engine dynamometer testing and field trials are costly and time
consuming, therefore industries also use bench tests to rapidly assess the
performance of oil formulations. One commonly used bench test is the
high frequency reciprocating rig (HFRR) which simulates machine
contacts that operate in the boundary regime. The harsh tribological
conditions in this test generate an appreciable wear scar which can be
analysed. The current study uses the HFRR to assess real engine oils with
the aim of understanding the different mechanisms occurring and gain
insights on how to test and develop better wear reducing lubricants. This
is achieved by testing eleven used, soot-containing engine oil samples
and then applying regression analysis to correlate the measured wear
volumes with oil sample properties. Further surface analyses are then
performed to test the hypotheses that arise from the regression findings.

2. Methods and materials

2.1. Obtaining regression data

2.1.1. Test lubricants
A set of 11 used oils: four from engine dynamometer testing and

seven from field trial testing (labelled A to K), were selected covering a
broad wear performance range. Three high frequency reciprocating rig
test repeats were run for each oil. 55 different lubricant properties were
measured, summarised in Table 1. This unprecedented amount of
tribological and lubricant chemical data is given in the results section
and appendices of this paper. As is expected with a large data set from
real commercial samples, some data (13 % as shown in the Supple-
mentary data) is unavailable as it was not measured during the indus-
trial testing. Therefore, these oils were omitted from the regression
analysis procedure when predicting functions that depended on missing
variables and thus do not affect the resulting correlations. The full table
of normalised values can be found in the Supplementary data.

2.1.2. Wear testing apparatus
The High Frequency Reciprocating Rig (HFRR; PCS Instruments Ltd.)

was used to determine the coefficient of friction, boundary film coverage
(measured via electrical contact resistance, ECR), and wear volume
(Fig. 1). This rig is commonly used to screen lubricants as it rapidly and
repeatably produces a rubbing contact operating in boundary lubrica-
tion simulating conditions found between engine components. A Mini-
Traction Machine (MTM; PCS Instruments Ltd.) was also used to
generate thicker tribofilms in a contact between a 19.05 mm diameter
steel ball and 46 mm diameter steel disc which could be more easily
analysed using scanning electron microscopy – energy dispersive x-ray
(SEM-EDX). Standard HFRR and MTM specimens (properties shown in
Table 2) were chosen in this study, since they are widely researched and
produce well defined, repeatable wear scars that facilitated surface an-
alyses. In practice, engine surfaces may have a greater roughness than

Table 1
Oil property standard test methods, where * indicates there was no standard
method used, instead the machine is listed with a reference to the section de-
tailing the procedure.

Property Standard / Test Machine Reference

HFRR wear volume (dependant
variable)

HFRR* Section
2.1.3

Coefficient of friction HFRR* Section
2.1.2

HFRR film coverage HFRR* Section
2.1.2

ICP elemental composition ASTM D5185 [47]
Total acid number (TAN) ASTM D664 [48]
Total base number (TBN) ASTM D2896 and ASTM

D4739
[49,50]

Soot Thermogravimetric analysis
(TGA)

ASTM D5967 [51]

Soot Infrared (IR) ASTM E2412 [52]
Oxidation DIN51453 and ASTM

E2412
[52,53]

Nitration DIN51453 and ASTM
E2412

[52,53]

KV40 and KV100 ASTM D445 [54]
Low temperature cranking viscosity

(CCS)
ASTM D5293 [55]

High temperature high shear viscosity
(HTHS)

ASTM D4683 [56]

Soot surface area TEM* Section
2.1.4

Soot circularity TEM* Section
2.1.4

Soot primary particle diameter TEM* Section
2.1.4

Soot tortuosity TEM* Section
2.1.4

T. Kirkby et al.
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this, which could affect both particle and ZDDP wear behaviour. It is also
the case that 52100 steel of HFRR specimens differs from actual engine
rocker-arm steel. However, an exploration of these roughness and metal
composition effects is beyond the scope of this already large study and is
subject of future research. It should also be noted that Pagkalis et al. [57]
suggest that ZDDP antiwear film formation is not significantly influ-
enced by steel composition or specimen surface roughness. The test
specimen properties can be found in Table 2 and test conditions in
Table 3.

The slide-roll ratio (SRR) is given by the equation:

SRR =
2(ub − ud)
(ub + ud)

(1)

where ub and ud are the speeds of the ball and disc, respectively.

2.1.3. Wear measurement
After each wear test, oil present on the surface was removed by

lightly rinsing with heptane. Then, wear scars were imaged and analysed
using a Bruker Contour GT-K White Light Interferometer. Fig. 2 shows
the method of wear scar volume determination; image → depth map →
profile from which the wear scar volume is calculated.

2.1.4. Soot analysis
A solvent extraction procedure was used to separate soot from the

engine oils. The dilution was conducted with an appropriate amount of
heptane depending on the soot content in the sample. Small volumes of
soot suspended in heptane were transferred onto carbon-coated trans-
mission electron microscopy (TEM) grids. After deposition, the heptane
evaporated, leaving soot aggregates and particles of various sizes. The
grids were then cleaned with diethyl ether to remove any remaining oil

contamination. The solvent was then vaporised by exposing the sample
to near-vacuum conditions prior to the TEM session. Sonication and
centrifugation steps were not used since they alter the size distribution
of nanoparticles in the oil [40]. High-resolution images of soot on a
copper mesh grid, composed of a holey amorphous carbon layer and a
graphene oxide support film, were acquired using TEM. The imaging
was conducted using a JEOL 2100 F TEM microscope equipped with a
Gatan Orius CCD camera, located at the University of Nottingham’s
Nanoscale and Microscale Research Centre (nmRC). An incident elec-
tron beam voltage of 200 kV was used with various magnifications.

ImageJ software was used to study soot morphology. Multiple pic-
tures for each sample were analysed to ensure a proper representation of
the sample and to adjust for local variations. Samples were examined at
various magnifications to investigate general soot morphology, aggre-
gates, and primary particles. The evaluation of morphological data in-
cludes projected area, aggregate Feret diameter, primary particle size
and tortuosity. Tortuosity is defined as the ratio of the length of the
curve to the distance between its ends. A minimum of 100 primary
particles per sample were collected and their diameters were assessed.
Primary particle identification from TEM images was performed by a
manual detection method. The morphological features of aggregates
were assessed using a semi-automatic image processing approach
developed in-house and coded in ImageJ. Before completing the binar-
ization procedure, the aggregates were identified by manually selecting
the soot particles and automatically adjusting the threshold.

2.2. Regression method

Regression analysis is an applicable technique for finding correla-
tions in experimental data between a single dependent and multiple
possible independent variables. For instance, other studies have used
regression analysis to compare between soot particle properties [59],
however, these results have not then been compared to tribological re-
sults. Regression has also been used to correlate lubricant properties
with engine efficiency [60–63] and engine parameters with soot emis-
sions [64]. In the current study, how well the regression model fits the
data suggests the significance of the property in predicting the wear scar
volume. This is commonly referred to as the regression coefficient (R2)
ranging from 0 (no correlation between the properties) up to 1 (a perfect
correlation). Multiple dependant variable regression analysis was also
studied. This was done by identifying all the potential combinations and
ranking the resultant correlations. An example equation, taken from
[63], shows a two-variable regression:

ARKL EOTT = 76.0+(3110 ×MTM)+ (0.0616 × VI); R2 = 0.82
(2)

where the dependant variable ARKL EOTT is the end-of-test temperature
for the axial groove ball bearing tribometer test (achsialrillenkugellager,
ARKL – known to predict gearbox efficiency in real vehicle engines),
MTM is the friction measured using the Mini-Traction Machine, and VI is
the viscosity index of the lubricant.

In this study, MATLAB was used to perform the regression analysis.
Here, the oil properties were normalised between 0 and 1 using the min-

Fig. 1. (a) Picture of HFRR [58] and (b) schematic diagram of HFRR contact.

Table 2
HFRR and MTM test specimen properties.

HFRR Ball HFRR Disc MTM Ball MTM Disc

Material AISI 52100
steel

AISI 52100
steel

AISI 52100
steel

AISI 52100
steel

Hardness / HV 690 – 890 190 – 210 800 – 920 720 – 780
Roughness,Ra /

µm
< 0.05 < 0.02 < 0.05 < 0.02

Table 3
HFRR and MTM test conditions.

HFRR MTM

Ball-on-disc rubbing step Stribeck curve step

Frequency /
Hz

50 Slide roll ratio
(SRR) / %

50 Slide roll ratio
(SRR) / %

50

Ball load / N 3.92 Ball load / N 31 Ball load / N 31
Temperature /

◦C
100 Temperature /

◦C
100 Temperature / ◦C 100

Stroke length /
mm

1 Entrainment
speed / mm s-1

50 Entrainment
speeds / mm s-1

3000
to 10

Test duration /
h

1 Duration of step
/ min

15

Fig. 2. HFRR wear scar volume determination from optical interferometry.

T. Kirkby et al.
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max normalisation equation:

xʹ =
x − min(x)

max(x) − min(x)
(3)

where x is the original value and xʹ is the normalised value. These
normalised values were correlated with the normalised HFRR wear scar
volume. Normalisation enables comparison between the magnitudes of
the coefficients to suggest the relative contribution from each variable.

2.3. Surface characterisation methods

To probe the chemical composition of the wear scar surface, scan-
ning electron microscopy – energy dispersive x-ray (SEM-EDX) data
were recorded using a Zeiss SEM Auriga-45–24. High magnification SEM
images of the surface were recorded using the secondary electron de-
tector and elemental composition within the wear scar was recorded
using the Oxford Instruments Z-Max 20 mm2 EDX attachment at 5 keV.

A Helios 5 DualBeam FIB-SEM was used to prepare cross section
samples of the wear scars for Scanning Transmission Electron Micro-
scopy (STEM). The FIB-SEM deposits a platinum coating using a gallium
ion source at 30 kV and 0.79 nA beam current, to a depth of 0.5 µm.
Trenching (52 degrees) and undercutting (7 degrees) were performed
using gallium ions at 30 keV and 21 nA current (Fig. 3b). Liftout per-
formed using a Pt deposition and EasyLift micromanipulator (Fig. 3c).
Deposition of lamella on TEM grid using Pt deposition (Fig. 3d). Thin-
ning of TEM lamella by over-tilting (54 degrees) and under-tilting (50
degrees) and using a cleaning cross section to thin the lamella using
30 keV and decreasing current (2.5 nA, 0.79 nA, 0.43 nA, 0.23 nA) to a
final thickness of 50–100 nm with polished sides (Fig. 3e).

The high resolution JEOL JEM 2100 F TEM was used to probe the
structural characteristics of the film. The microscope was operated at
200 kV. Chemical characterisation was carried out using an EDS Oxford
Instruments X-ray System INCA and spectra were collected between
0 and 10 kV.

3. Results

Wear scar volumes measured after the high frequency reciprocating
rig (HFRR) testing of the eleven oils samples are presented in Fig. 4 (for
each of the three repeat tests) and in Table 4 (averaged over the three
repeats). Table 4 also presents four of the most influential oil properties,
which have been selected due to their close correlations with wear scar
volumes as reported below. A full set of these measured properties has
been omitted from this results section for conciseness but can be found in
the Supplementary data section.

3.1. Regression analysis

To check whether the “independent” variables were indeed inde-
pendent of each other, correlations between all properties (not just with
HFRR wear scar volume) were determined, (see results and discussion in
the Supplementary data section). None of the correlations that arose in
this general analysis were between variables that were highly correlated
with wear scar volume. This suggests the relationships presented below
can be taken at face value.

Fig. 3. STEM-EDX lamella preparation using the FIB-SEM where (a) is the full wear scar showing a small rectangle used for analysis, (b) trenching and undercutting,
(c) liftout of the lamella, (d) deposition of the lamella on the TEM grid, and (e) thinning of the TEM lamella.

Fig. 4. HFRR wear scar volumes for all lubricants.

T. Kirkby et al.
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Regression analysis was then performed to determine the direct
correlation between each single oil property and the normalised HFRR
wear volume (HFRR wear volumé ). This results in the equation in the
form:

HFRR wear volumé = a0 + a1x1
ʹ (4)

where a0 and a1 are the fit coefficients and x1
ʹ is the normalised inde-

pendent variable. The top ten best single variable predictors are of wear
scar volume are shown in Table 5, where total acid number (TAN) and
soot properties are in first and second place respectively. A negative sign
in the a1 column denotes a negative correlation with wear (i.e., high
TAN is associated with low wear), and vice versa.

Fig. 5a shows the normalised best correlated property, TAN, plotted
against the normalised HFRR wear scar volume. The equation of the line
is:

HFRR wear volumé = 0.9126 + (− 0.8302 × TAN(EOT)́ ) (5)

where TAN(EOT)́ is the normalised end-of-test TAN measurement.
Other key parameters in the wear mechanism related to soot appear
repeatedly at the top of the correlation list. For instance, the soot pri-
mary particle size or circularity (as analysed by TEM) showed a negative
correlation with wear scar volume, which were only marginally less
statistically significant than that of total acid number (TAN). This im-
plies that as soot particles increase in size and circularity, the wear
volume decreases.

The ability to predict the wear scar volume before the oil is used in a
vehicle would also be beneficial (especially for lubricant design). This
can be assessed by finding the most influential property of fresh oil
resulting from its formulation (rather than a used oil property which
would be affected by the engine conditions that it is subjected to).
Therefore, all the end-of-test (EOT) parameters were removed from the

data set and the regression correlations were reranked. This shows that
the concentration of magnesium and calcium together (which are
grouped since these elements are both used in detergents) is the most
influential property of fresh oil on wear scar volume (Fig. 5b). However,
as expected, the R2 value was much lower, 0.4327, compared to 0.7266
when the end-of-test parameters are included.

To check the reliability of the above results, Table 5 also shows the p-
values from the regression calculation. p-values (from Pearson’s corre-
lation) help to determine whether a relationship is observed in a larger
population by testing a null hypothesis that the coefficient is equal to
zero. Consequently, a smaller p-value is better as the null hypothesis can
be rejected and the value is likely to be a meaningful addition to the
model. All the best correlated properties have a p-value less than 0.05
and can be kept in the model. Furthermore, the values of the coefficient
of determination (R2) have been given to show how well each regression
fits the experimental data. However, the data could still be nonlinear
despite an acceptable R2 [65]. Therefore, the residuals of the regression
analysis were also studied and plotted against the fitted values, shown in
Fig. 6. These residuals were calculated by subtracting each predicted
value from each measured value and then plotted against the measured
value. There is no correlation between the residuals which suggests
linear regression is a suitable method of analysis for this data.

Regression analysis was then conducted using two independent
variables. This enables an understanding of how multiple properties
predict wear volume. The two variable correlations require combining
independent variables to determine the HFRR wear volume, using the
equation:

HFRR wear volumé = a0 + a1x1
ʹ+ a2x2

ʹ (6)

where a0, a1 and a2 are the fit coefficients and x1
ʹ and x2

ʹ are the nor-
malised independent variables. The MATLAB code studied each of the
4032 possible combinations of independent variables and ranked them
in terms according to the R2 value. The ten best correlations are shown
in Table 6.

The best correlation was again found to be the total acid number
(TAN) in combination with the mean soot circularity, forming the
equation:

HFRR wear volumé = 1.0123+( − 0.6636

× TAN(EOT)́ ) + ( − 0.3985 × SootCircularitý )
(7)

where TAN(EOT)́ is the normalised end-of-test TAN measurement, and
SootCircularitý is the normalised mean soot circularity. To visualise this
correlation, the combined independent variables are plotted against
normalised HFRR wear scar volume using Eq. 7 (Fig. 7a). There is an
increase in the R2 value to 0.8996 compared with the best single variable
equation (R2 = 0.7266) and no correlation is seen in the residuals
(Fig. 7b).

Table 4
Normalised average HFRR wear volumes and selected other lubricant property measurements, where SOT and EOT are the start- and end-of-test values, respectively
(where the test referred to here is the engine or field test used to age the oil). All data is normalised between 0 and 1 within each property.

Test
Fluid

Normalised average HFRR wear
scar volume

Normalised total acid number
(TAN) (EOT)

Normalised mean soot
circularity

Normalised calcium
concentration (SOT)

Normalised mean soot primary
particle diameter

A 1.00 0.22 0.00 0.00 0.37
B 0.88 0.00 0.32 0.22 0.69
C 0.38 1.00 0.04 0.08 0.73
D 0.12 0.79 0.78 1.00 0.95
E 0.10 0.81 0.76 1.00 0.92
F 0.00 0.87 0.87 0.94 1.00
G 0.56 0.32 1.00 0.68 0.78
H 0.42 0.83 0.52 0.68 0.82
I 0.37 0.64 0.78 0.68 0.85
J 0.91 0.28 0.16 0.68 0.07
K 0.97 0.17 0.01 0.61 0.00

Table 5
Results from single-variable regression analysis correlation with HFRR wear
volume, where SOT and EOT are the start- and end-of-test values, respectively
(where the test referred to here is the engine or field test used to age the oil).

x1ʹ a0 a1 p-value R2

Total acid number (TAN) (EOT) 0.9126 − 0.8302 3.07 × 10-10 0.7266
Mean soot primary particle

diameter
0.9939 − 0.8117 1.38 × 10-9 0.6992

Sulphur (EOT) 0.0721 0.7828 1.56 × 10-6 0.6573
Difference in Magnesium
+ Calcium (EOT-SOT)

0.0633 0.6922 3.24 × 10-6 0.6341

Magnesium (EOT) 0.0140 0.7233 6.72 × 10-6 0.6097
Boron (EOT) − 0.1244 0.7513 7.73 × 10-5 0.5159
Mean soot circularity 0.7636 − 0.6282 3.88 × 10-6 0.5026
Average HFRR film coverage 0.7671 − 0.5211 5.86 × 10-6 0.4896
Magnesium + Calcium (SOT) 0.7846 − 0.7251 3.19 × 10-5 0.4327
Difference in total acid number

(TAN) (EOT-SOT)
0.7672 − 0.6236 2.97 × 10-4 0.4136

T. Kirkby et al.
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Three variable regression analysis was also conducted with the
normalised HFRR wear volume forming the equation:

HFRR wear volumé = a0 + a1x1
ʹ+ a2x2

ʹ+ a3x3
ʹ (8)

where a0, a1, a2 and a3 are the fit coefficients and x1
ʹ, x2

ʹ and x3
ʹ are the

normalised independent variables. Table 7 shows the top ten highest
correlating results from this analysis.

The best correlation with normalised HFRR wear volume again in-
volves TAN in addition to the mean soot primary particle diameter and
the calcium start-of-test concentration. This is represented by the
equation:

HFRR wear volumé = 1.1424+( − 0.4461 × TAN(EOT)́ ) + ( − 0.4120

× SootPPʹ)+ ( − 0.2825 × Calcium(SOT)́ )
(9)

where TAN(EOT)́ is the normalised end-of-test TAN measurement,
SootPPʹ is the normalised mean soot primary particle diameter, and
Calcium(SOT)́ is the normalised calcium concentration measured at the
start of the test. This resulted in an R2 of 0.9291 which is a further
improvement from the two-variable analysis (R2 = 0.8996). Fig. 8 plots
the combined independent variables against the normalised HFRR wear
scar volume (Eq. 9), with no correlation of residuals.

3.2. Surface analysis

To study the unexpected prominence of calcium in the regression

analysis results, ball-on-disc MTM wear tests were conducted on a fresh
unused oil and an oil which had been aged in an engine test. The wear
test conducted on a fresh unused oil resulted in an antiwear film (Fig. 9a)
which contained calcium from the detergent (as detected by SEM-EDX in
Fig. 9c) (as well as zinc which is expected from the ZDDP). However, the
wear test on the same oil formulation after it has been aged in an engine,
resulted in no antiwear film (see SEM image in Fig. 9b) and no calcium
was present on the surface (as shown by EDX in Fig. 9d), despite the
presence of calcium in the bulk of the oil (as confirmed by ICP data).
Similarly, magnesium (an alternative to calcium in detergents, which
showed up in the two and three variable models), is present in the fresh
antiwear film (Fig. 9c), but not on the used worn surface (Fig. 9d).

Additional HFRR wear tests were conducted on a fresh fully formu-
lated oil (FF) and a fresh fully formulated oil without detergent (FF
without detergent) to remove any calcium or magnesium from the

Fig. 5. (a) Wear scar volume vs. the best correlating variable, end-of-test total acid number (TAN (EOT)) (including the end-of-test values) and (b) with the
combination of the magnesium and calcium start-of-test concentrations (Mg + Ca (SOT)) (excluding the end-of-test values).

Fig. 6. Residuals from one variable regression analysis correlating normalised
HFRR wear volume and TAN (EOT).

Table 6
Results from two-variable regression analysis correlation with HFRR wear vol-
ume, where SOT and EOT are the start- and end-of-test values, respectively, PP is
primary particle, HTHS is the high temperature high shear viscosity, and CCS is
the low temperature cranking viscosity.

x1ʹ x2ʹ a0 a1 a2 R2

Total acid
number
(TAN) (EOT)

Mean soot
circularity

1.0123 − 0.6636 − 0.3985 0.8996

Total acid
number
(TAN) (EOT)

Mean soot PP
diameter

1.0502 − 0.5180 − 0.4694 0.8577

Total acid
number
(TAN) (EOT)

Magnesium
+ Calcium (SOT)

1.0153 − 0.6828 − 0.4128 0.8439

Total acid
number
(TAN) (EOT)

Calcium (SOT) 1.0425 − 0.6991 − 0.3366 0.8308

Total acid
number
(TAN) (EOT)

Average HFRR
film coverage

0.9710 − 0.6523 − 0.2659 0.8207

Mean soot PP
diameter

Calcium (SOT) 1.1193 − 0.6802 − 0.3543 0.8163

Total acid
number
(TAN) (EOT)

Iron (EOT) 0.8055 − 0.8273 0.3106 0.8153

Total acid
number
(TAN) (EOT)

HTHS (SOT) 0.9250 − 0.7499 − 0.3040 0.7834

Total acid
number
(TAN) (EOT)

Copper (EOT) 0.9782 − 0.8212 − 0.2660 0.7803

Total acid
number
(TAN) (EOT)

CCS (SOT) 0.9949 − 0.8128 − 0.3158 0.7803
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system. Then, STEM-EDX was used to determine the elemental con-
centration on the surface. As shown in Fig. 10, there is a difference be-
tween the two films. The specimen surface from the fresh, fully
formulated oil test has, as expected, more calcium and magnesium
present than that from the oil without detergent. The film contains
complementary locations of calcium, magnesium, phosphorus, and ox-
ygen with the inverse locations of zinc and sulphur in the film. These
film containing elements are all directly inverse to the iron, chromium,
and manganese maps for both samples.

The iron and calcium concentrations were studied further to un-
derstand the influence of calcium in the film. To enable a good com-
parison between the tests, the STEM-EDX data was divided by the total
number of counts and then normalised between 0 and 1. The area was
calculated under the calcium Kα peak (around 3.69 keV) and iron Kα

peak (around 6.40 keV). Fig. 11 shows these normalised elemental
concentration changes across the depth of the film and the metal. The
fresh oil without detergent showed an approximately constant iron in-
tensity between the specimen surface and the film, while the fully
formulated (FF) oil showed a large immediate decrease in iron intensity
and an increase in calcium intensity moving from the specimen into the
film.

4. Discussion

The most prominent property in the regression analysis correlations
is the total acid number (TAN) at the end of the test is, followed by the
soot properties, as summarised in Table 8. As all the regression co-
efficients have been normalised, their magnitude and sign can be

Fig. 7. (a) Wear scar volume vs. the two best correlating variables of total acid number (TAN) and mean soot circularity and (b) Residuals from regression analysis
vs. the fitted values.

Table 7
Results from three-variable regression analysis correlation with HFRR wear volume, where SOT and EOT are start- and end-of-test values, respectively, TAN is the total
acid number, TBN is the total base number, PP is primary particle, and CCS is the low temperature cranking viscosity.

x1ʹ x2ʹ x3ʹ a0 a1 a2 a3 R2

TAN (EOT) Mean soot PP diameter Calcium (SOT) 1.1424 − 0.4461 − 0.4120 − 0.2825 0.9291
TAN (EOT) Mean soot circularity Copper (EOT) 0.9876 − 0.5892 − 0.6010 0.3056 0.9258
TAN (EOT) Mean soot circularity Magnesium + Calcium (SOT) 1.0394 − 0.6297 − 0.3126 − 0.1953 0.9178
TAN (EOT) Mean soot circularity Magnesium (SOT) 1.0573 − 0.6433 − 0.4089 − 0.1166 0.9169
TAN (EOT) Mean soot circularity Soot TGA 1.1231 − 0.6752 − 0.5072 − 0.1463 0.9131
TAN (EOT) Mean soot PP diameter Magnesium + Calcium (SOT) 1.0930 − 0.4830 − 0.3609 − 0.3000 0.9126
TAN (EOT) Mean soot circularity TBN (SOT) 0.9829 − 0.6645 − 0.4484 0.0958 0.9094
TAN (EOT) Mean soot circularity Sulphur (SOT) 1.0954 − 0.7010 − 0.4412 − 0.1335 0.9093
TAN (EOT) Mean soot circularity CCS (SOT) 1.0379 − 0.6700 − 0.3660 − 0.1291 0.9074
TAN (EOT) Mean soot circularity Mean soot PP diameter 1.0362 − 0.5969 − 0.3144 − 0.1532 0.9058

Fig. 8. (a) Wear scar volume vs. the three best correlating variables of the TAN end-of-test value, mean soot primary particle (PP) diameter and the calcium (Ca)
start-of-test concentration and (b) plot of the residuals from the regression analysis.
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compared with each other to determine the proportion of their contri-
bution. For the two-variable analysis, there is a larger contribution from
the total acid number (TAN) than the soot circularity. For the three-
variable analysis involving the total acid number (TAN) and the soot
primary particle diameter, there is an almost even contribution, while
there is less of a contribution from calcium.

A negative correlation is observed between the total acid number
(TAN) and the HFRR wear scar volume which suggests that a decrease in
TAN results in an increase in the wear volume. Aldajah et al. observed
the same trend when looking at the wear from engine test samples [2].
When either the soot circularity or the soot primary particle diameter
decreases, the wear volume increases. This suggests that the smaller, or
flatter particles are more capable of wearing down the surfaces, which is
likely due to the increased abrasive ability of smaller soot particles to
wear the surfaces. Alternatively, larger, or more circular particles may
indicate the beneficial presence of dispersant around the soot. Soot TGA
concentration only appears once in the correlations which suggests that
the soot concentration may not be directly related to the wear volume.
Previous authors have stated that total acid number and soot particles
may be closely related to each other as Kagaya suggested that the
removal of soot resulted in a decrease in TAN [66]. Also, Sato et al.
concluded that TAN increased due to carbon black absorbing acidic
products but correlated TAN with wear volume [67]. However, TAN did
not correlate with soot concentration (seen in the general correlations in
the Supplementary data). Instead, TAN is more closely related to ZDDP
film formation as discussed below.

In high TAN environments, ZDDP may be performing more of an
antioxidant role rather than antiwear role [68,69]. ZDDP can prevent
the oil from oxidising through its ability to inhibit peroxides and scav-
enge radicals and, in doing so, degrades into dithiophosphate, mono-
and di-sulphides, and ZnSO4 or ZnO [68]. Interestingly, in these
degraded forms, ZDDP is less able to form an antiwear film [68,70].
These two previous findings are relevant since the corrosive-abrasive
wear mechanism, suggested previously [3] for soot-containing oils, in-
volves the formation of a relatively soft ZDDP tribofilm which is then
abraded away by soot particles, thus removing the intermixed iron
surface. Therefore, in our study, high TAN may be indicating that ZDDP
has performed more of an antioxidant role which depletes its effec-
tiveness as an antiwear additive and so it forms surface films less rapidly.
This instance of high TAN being associated with low wear may be

counterintuitive considering its usual association with high levels of
base oil oxidation and likely degradation of other oil components. There
are several possible reasons for this apparent discrepancy. For instance,
the corrosive-abrasive wear mechanism favoured by the soot-containing
oils obtained under the test conditions used in this study may be exac-
erbated by higher antiwear ZDDP concentration (i.e., low TAN). How-
ever, other oils that are heavily oxidised without high concentrations of
soot may favour other mechanisms such as pure abrasive wear that are
likely to be associated with low antiwear additive concentration (i.e.,
high TAN).

The test lubricants were harvested at a single point within each en-
gine’s operation. However, clearly the engine oil properties, and hence
wear performance, evolve between drain intervals depending on the
instantaneous time history of the oil. At the start, the fresh oil will have
zero soot and virtually zero TAN. As the oil ages, soot will accumulate,
and the TAN will increase. Then, at the end of the oil drain interval,
highest levels of soot content may be expected along with highest TAN
values. Together this suggests that the highest wear will likely occur
somewhere in the first half of the oil drain interval when moderate levels
of both soot and ZDDP are present (the latter indicated by high TAN).

Calcium was the most important variable after TAN and soot prop-
erties, correlating highly in the three-variable regression (Table 8 and
Fig. 8a) and the single start-of-test regression (in combination with
magnesium, Table 8 and Fig. 5b). In each case, there is a negative cor-
relation which suggests that an increase in calcium results in a decrease
in the wear volume. This is likely due to the detergent cations from the
engine oil (there are no other sources of calcium in the oils tested) which
are known to become integrated into any ZDDP antiwear tribofilm that
is formed [71,72]. This was shown in Fig. 9 where calcium was found in
the film formed from a fresh unused oil, but not in the film of a used oil.
Furthermore, the STEM-EDX measurements (Fig. 11) after rubbing in
fresh, fully formulated oil (FF) showed a large immediate decrease in
iron intensity and an increase in calcium intensity in the direction from
the disc metal into the film. In contrast, the fresh fully formulated oil
without detergent showed only a very small decrease in iron intensity
between the metal and the film probably due to the formation of iron
sulphide retaining iron in the film [35]. This shows that there is more
calcium and less iron in the film from the fully formulated oil. This all
supports the theory that the detergent is required for enhanced wear
protection. There are two possible mechanisms for this:

Fig. 9. SEM images of the MTM wear scar of (a) the fresh, unused, fully formulated oil and (b) the used soot-containing oil, and normalised SEM-EDX spectra of the
MTM wear scars of (c) the fresh, unused, fully formulated oil and (d) the used soot-containing oil.
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Fig. 10. STEM-EDX maps of the surface of the HFRR wear scar after testing (EDX elemental maps shown above, TEM image of location shown below) using a fresh
fully formulated oil (FF, left) and a fresh fully formulated oil without detergent (FF without detergent, right).
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i) Calcium may be hardening the tribofilm making it more difficult to
be abraded, resulting in less wear. However, this theory is challenged
by the observation that rubbing tests in used oil produced surfaces
without any tribofilm elements on them so there is no anti-wear film
for the calcium to harden (Fig. 8). As tribofilm elements are present
in the oil, a film should form. This theory suggests that as calcium
hardens this film to prevent wear, the film should be visible at the
end of the test as it is not worn away. This is not observed; hence
another theory is required, as discussed below.

ii) Calcium ions (from the detergent) compete with the iron ions (from
the steel specimen) to balance the negatively charged species during
antiwear film formation [73,74] (illustrated in Fig. 12). Therefore,
subsequent abrasion of the film carries away less iron from the steel
component surface (and more calcium originating from within the
oil). This is beneficial since the resulting depletion of calcium is less

problematic and more cheaply/easily remediable (e.g., by increasing
detergent concentration) compared costly component wear. This
newly proposed mechanism is supported by observations that: (a)
when components are rubbed together in fresh, soot-free oil, calcium
is incorporated into the antifilm at the expense of iron from the
surface (Fig. 10, and [71,72]), and (b) when components are rubbed
together in used soot-containing oil, wear decreases with increasing
calcium despite no calcium being detected on the worn surface
(Fig. 9).

5. Conclusion

Soot-mediated wear in heavy-duty diesel engines cause component
durability problems, which can be mitigated by reducing soot concen-
trations in oil. However, this places limits on combustion parameters
which could otherwise be optimised to reduce CO2 emission from ve-
hicles that are too large to be powered by current battery technology.
Other solutions may be implemented if the underlying soot wear
mechanisms (of which many have been proposed but from studies of
model oils containing artificial soot) are better understood.

The results of this study, which correlated lubricant properties with
wear volume from a sliding contacts lubricated by real soot-containing
heavy-duty engine oils, are all congruent with the hypothesis that a
corrosive-abrasive wear mechanism is occurring under our test condi-
tions. Whereby the antiwear additive ZDDP forms a surface film, which
incorporates iron from the metal below, and is repeatedly worn away by
the abrasive action of soot [3].

The single most important oil property in predicting HFRR wear
volume is the Total Acid Number, TAN (i.e., the amount of base needed
to neutralise a quantity of sample). Specifically, a decrease in TAN re-
sults in an increase in wear volume, with an R2 = 0.7266. Here, high
TAN may be indicating that ZDDP has performed more of an antioxidant
role [68,69] which depletes its effectiveness as an antiwear additive and
so its relatively soft, abradable tribofilm forms less rapidly and thus
slows the prevailing corrosive-abrasive mechanism. Also, when either
the soot circularity or the soot primary particle diameter decreases, the

Fig. 11. Normalised iron and calcium concentrations across the depth of the
HFRR wear scar for (a) the fresh, fully formulated oil (FF) and (b) the fresh,
fully formulated oil without detergent.

Table 8
Summary of the best correlated regression results, where TAN is the total acid number and PP is primary particle.

x1ʹ x2ʹ x3ʹ a0 a1 a2 a3 R2

TAN (EOT) 0.9126 − 0.8302 0.7266
TAN (EOT) Mean soot circularity 1.0123 − 0.6636 − 0.3985 0.8996
TAN (EOT) Mean soot PP diameter Calcium (SOT) 1.1424 − 0.4461 − 0.4120 − 0.2825 0.9291

Fig. 12. Cartoon adapted from [68] to show role of calcium in mitigating corrosive-abrasive wear: (a) no calcium is present in the oil so that only iron is intermixed
into the tribofilm, (b) subsequent soot abrasion of the film carries away metal from the steel component, (c) calcium from the detergent is present in the oil and
becomes integrated into the tribofilm at the expense of iron from the steel surface, (d) subsequent soot abrasion of the film carries away less metal from the
steel component.
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wear volume increases. This may be due to the increased abrasive ability
of smaller soot particles to wear the surfaces.

Calcium concentration is the start-of-test variable (i.e., one that can
be measured before use) which most influences wear volume. There is a
negative correlation suggesting that an increase in calcium results in a
decrease in wear. This suggests a new wear reduction mechanism in
which calcium within the lubricant replenishes the iron within the ZDDP
antiwear film and thus reduces the amount of metal removed from the
component’s surface. This is supported by the following observations: (i)
detergent cations from the engine oil are known to become integrated
into any ZDDP antiwear tribofilm that is formed [71,72], since calcium
ions compete with the iron ions during tribofilm formation to balance
the negatively charged species [73,74], (ii) surface analysis EDX mea-
surements showed that there was no tribofilm present. This suggests that
increasing calcium concentration may be an effective way to reduce
corrosive-abrasive wear and help ZDDP function more effectively. This
important since ZDDP is a vital additive in any engine oil formulation
without which seizure would rapidly occur.

These findings aid the design of lubricants (by showing what addi-
tives best limit wear) and the development of condition monitoring
systems (by highlighting which oil properties are predict high wear).
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