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Abstract

The microstructure of most hard steels used in tribological applications is
inhomogeneous at a micro-scale. This results in local variations in chemical
composition and mechanical properties. On a similar scale, tribofilms formed
by ZDDP and other anti-wear additives are commonly observed to exhibit
a patch-like morphology. ZDDP tribofilms formed under controlled contact
conditions on four di↵erent steel grades were carefully studied with a new
AFM technique to analyse the relationship between the steel microstructure
and the tribofilm morphology. Tribofilms were found to be thinner on resid-
ual carbides than on the martensitic matrix in all grades containing residual
carbides. In most cases, the di↵erence in tribofilm thickness is larger than
the carbide protrusion.
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1. Introduction

As a result of high loads, low rotational speeds and low oil viscosities,
many tribological contacts operate in boundary or mixed lubrication regimes.
Such conditions imply that at least part of the load is supported by direct
mechanical interaction between asperities, which may result in surface dam-
age. To prevent early failure due to wear-related surface deterioration in such
contacts, special chemicals forming surface protective layers are blended into
lubricants. The most common of these are anti-wear (AW) additives.
Zinc dialkyl dithiophosphates (ZDDPs) are the most popular representatives
of this group of additives, due to excellent AW performance and a rela-
tively low cost, as well as some additional beneficial properties such as their
extreme-pressure (EP) and anti-oxidant functionalities [1, 2, 3]. As an al-
ternative to ZDDPs, ashless phosphorus-containing AW additives are often
employed in applications where the ZDDP content has to be limited due
to environmental concerns [4, 5]. In tribochemical tests ZDDP is known
to form tribofilms that on the micro-scale exhibit a patch-like morphology
[1, 6, 7, 8]. Tribofilms developed by ashless AW additives in some cases
exhibit resemblance to those formed by ZDDPs and patch-like structures
are also sometimes observed [9, 10, 4]. Such patchiness is generally undesir-
able since it significantly increases surface roughness, especially for initially
smooth surfaces [11, 12, 13, 14, 15, 1, 16, 17, 18, 19] and consequently leads
to higher asperity stresses with the associated risk of surface damage.
AW additives have been observed to cause an increase in coe�cient of fric-
tion in mixed lubrication regime [5, 20, 17, 16]. This was initially thought to
be related to increased surface roughness and tribofilm directionality [5, 17],
although more detailed studies performed by Spikes and Taylor [16, 21] sug-
gest that e↵ects other than surface roughness may also play a role in the
mechanism through which ZDDP increases the coe�cient of friction.
As the formation of AW films is tribologically triggered, some researchers
have attributed the morphology of anti-wear tribofilms to asperities present
initially on tested specimens with preferential tribofilm formation in such
regions resulting from increased local contact pressure [22, 23, 7].
On the other hand, AW additives interact with the steel surface either by
adsorption or chemical reaction to form the tribofilm [24, 25] and therefore
it is feasible that microscopic variations in the substrate material composi-
tion could influence the film growth locally, which would contribute to the
reported uneven coverage of the surface. The microstructure of most hard
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steels used in tribological applications, such as bearing and gear steels, is
highly inhomogeneous and consist not only of a martensitic or bainitic ma-
trix, but also of other phases with distinctive chemical composition, crys-
tallographic structure and mechanical properties, such as residual carbides,
retained austenite and non-metallic inclusions [26, 27, 28, 29]. Two of these
microstructural constituents, namely residual carbides and retained austen-
ite, often exhibit sizes very similar to tribofilm islands. Recent investigations
[30, 12] show that the thickness of the tribofilm and its evolution depends
not only on the tribological conditions, but also on the steel grade that is
used for testing. Therefore, micro-scale variations in chemical composition
may also be expected to a↵ect the tribofilm thickness on a similar scale.
It has been shown that for Al-Si based alloys, which consist of Al- and Si-rich
phases, under certain conditions tribofilm is preferentially formed on harder
Si-rich phases in contrast to softer Al-rich phases [31]. In a study of ZDDP-
derived tribofilm on an Al-Si alloy performed with the use of various chemical
micro-analysis techniques, Nicholls et al. [31] attributed this e↵ect to the in-
creased contact pressure, to which Si-rich precipitates are exposed, as these
were shown to protrude by about 150 nm from the Al-rich matrix. Xia et
al. [32] have noted that when oil containing ZDDP and a low concentra-
tion of molybdenum dialkyldithiocarbamate (MoDTC) is used to lubricate
Al-Si alloy - cast iron tribocouples, it results in more pronounced wear of the
Al-matrix with respect to hard Si-rich phase. The tribofilm is then prefer-
entially formed on protruding Si-rich precipitates, which remain in contact
with the counterface. Other tribological behaviours were observed by Xia et
al. [32] when oils containing only ZDDP or ZDDP and high concentration of
MoDTC were used.
Although the tribofilm formation on Al-Si based alloys has been shown to
be associated with microstructure of the material and it is well known that
the microstructure of typical hard steels used in tribological applications, is
also highly inhomogeneous, investigating and quantifying the microstructure-
tribofilm relationship of such materials has never been tried.
In this paper a detailed analysis of ZDDP tribofilms formed in non-conformal
contacts on various bearing and gear steels under controlled rolling/sliding
conditions is presented. The main focus is on establishing the impact of the
microstructure of the underlying material on the morphology of the film. A
great majority of the data used in this study was acquired with the recently
developed AFM method [33] aimed at establishing correlations between the
material and tribofilm.
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2. Experimental

2.1. Tribochemical testing

2.1.1. Materials
Four steel grades of distinctive chemical composition and microstructure

were selected for testing to represent a wide spectrum of bearing and gear
materials. These were: 100Cr6, 440C, M2 and 16MnCr5 steels. The chem-
ical composition or these grades are listed in Table 1. All materials were
provided by PCS Instruments, the test rig suppliers, as already heat treated,
machined and finished specimens. 100Cr6 is a low alloy through hardened
bearing steel. It is also the most popular bearing material [34]. After heat
treatment typical for bearing applications (austenitisation at approximately
860 �C followed by quenching and tempering at about 160 �C) its microstruc-
ture consists of a tempered martensite matrix, 6-16 vol.% of retained austen-
ite1 [35, 36] and approximately 3-4 vol.% of residual carbides2 [26]. The latter
are normally present as spheroidal cementite (M

3

C, where M stands for Fe or
Cr) particles, about 0.3-1 mm in diameter [26, 27, 37, 38]. According to ther-
modynamic calculations performed by Barrow et al. [27] these contain more
chromium than the surrounding matrix. Residual carbides are also harder
than the tempered martensite matrix (Figure 1). 440C is a through hardened
stainless bearing steel. Due to a high chromium content it develops a layer of
compact passive oxide on the surface, which provides protection against cor-
rosion [39]. The microstructure of fully heat treated 440C steel comprises of
tempered martensite, retained austenite and chromium rich residual carbides
[40, 29]. Although no quantitative data on the volume fraction of residual
carbides was reported by Hetzner et al. [29], a computational image analysis
of the micrograph presented in Figure 4a of [29] yields approximately 15 vol.%
of residual carbides. Two kinds of residual carbides may be distinguished in
440C steel: small (< 3 mm in diameter) spherical M

23

C
6

, and larger (up to few
tens in mm in diameter) carbides of irregular shape, which are usually M

7

C
3

surrounded by M
23

C
6

[29]. Both types of carbides are richer in chromium
[41, 42] and harder than the matrix (Figure 1). M2 is a representative of high
speed steels, although it is sometimes used for bearing applications [43]. In
quenched and tempered condition the microstructure of M2 consists of tem-
pered martensite, retained austenite, and residual carbides. Quenching from

1 Parent austenite which did not transform to martensite during quenching.
2 Carbides which are left undissolved during austenitisation prior to quenching.
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the austenitisation temperature of 1220 �C results in approximately 10 vol.%
of residual carbides [41]. About 90 vol.% of these are M

6

C carbides rich in
heavy elements (molybdenum, tungsten) with the remaining 10 vol.% be-
ing vanadium-rich MC carbides [41]. Such carbides have significantly higher
content of alloying elements than the matrix. Some of these carbides might
be present together in a dual phase M

6

C�MC carbides, formed as a prod-
uct of temperature-induced decomposition of metastable M

2

C carbide, which
precipitate upon solidification [44]. Both types of carbides, especially MC,
exhibit hardness significantly higher to that of the martensite (Figure 1).
16MnCr5 is di↵erent to the above listed materials, as it is a case carburis-
ing steel. As such, it is characterised by a low carbon content and, to achieve
high surface hardness necessary for bearing and gear applications, prior to
quenching and tempering the near-surface region (from ⇠1 mm up to few
mm) is usually di↵usionally enriched in carbon at an elevated temperature
(around 900�C) in a process called carburisation. The carbon enriched re-
gion is often called “case”. As during bearing operation additives contained
in the oil will react exclusively with the surface of the material, the case mi-
crostructure is critical from the viewpoint of tribochemistry, while the core
microstructure remains less important. Limited information on 16MnCr5
steel microstructure is available in the literature, although reports on similar
grades have been published. For 5120 steel 20 vol.% of retained austenite and
no residual carbides have been reported in the case microstructure [45], and
for 4118 steel, both retained austenite and residual carbides were observed in
the case, but no quantitative results of their volume fraction were presented
[46].

2.1.2. Lubricants
The lubricant employed in this study was custom-made with controlled

formulation. A mixture of polyalphaolefin (PAO) with 10 vol.% of ester
added to ensure the solubility of ZDDP was used as a base oil. Commercially
available ZDDP was blended into the base oil to produce a mixture containing
0.08 wt.% P. The viscosity grade (ISO VG) of the base oil was 150 and its
dynamic viscosity at the test temperature (80 �C) was 28.5 mPa·s.

2.1.3. Test rig
PCS mini traction machine (MTM) rig employing a ball-on-disc geometry

(Figure 2) was used to produce tribofilms. The tribometer is connected to
a computer controlling the rolling and sliding speeds (through independent
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control of rotational speed of both samples), load and test temperature. The
diameters of the disc and ball specimens were 46 mm and 19.05 mm respec-
tively. Due to the geometry of sample arrangement, the track diameter on
disc and ball are 42 mm and 17.35 mm respectively.

2.1.4. Test procedure
Prior to tribochemical tests all specimens were cleaned in an ultrasonic

bath with toluene for 10 minutes and with isopropanol for another 10 minutes.
Subsequently, specimens were mounted on the tribometer and an amount of
oil su�cient to just cover the surface of the disc was poured into the test
chamber. Lubricant was then allowed to heat up to the desired temperature
and the test was commenced. The test conditions are specified in Table 2.
The entrainment speed, v

entr

, and slide-roll ratio, SRR, listed in Table 2, are
calculated according to the following equations:

v
entr

=
v
b

+ v
d

2
(1)

SRR = 2
|v

b

� v
d

|
v
b

+ v
d

(2)

where v
b

and v
b

are ball and disc surface velocities, respectively, as indicated
in Figure 2. The contact zone radius, a, and the maximum contact pressure,
p
max

, in Table 2 were calculated according to Hertzian contact theory [52, 53].
At the start of the testing programme a Stribeck curve was obtained at
the specified test load and slide-roll ratio. Subsequently, the test speed of
35 mm/s was chosen because it is low enough to ensure mixed lubrication
conditions (i.e. some metal-to-metal contact) in all tests favouring formation
of ZDDP boundary films, while allowing for relatively fast accumulation of
rubbing distance.

Tribochemical tests were run using the four di↵erent steel grades but
the same lubricant. Fresh samples and fresh oil were used in each run. In
all tests both specimens (ball and disc) were made from the same material.
Table 3 lists hardness, roughness and resultant dimensionless lubricant film
thickness, �, which was calculated from following formula:

� =
h
0q

R2

rms,b

+R2

rms,d

(3)
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where h
0

is the minimum elastohydrodynamic lubricant film thickness and
R

rms,d

and R
rms,b

denote disc and ball specimen root mean square rough-
ness. The minimum elastohydrodynamic lubricant film thickness was cal-
culated according to Hamrock-Dowson equation [54]. In all cases h

0

was
equal to 7.3 nm. This value was obtained by assuming that Young’s moduli
and Poisson’s ratios of all tested steel grades are equal to 210 GPa and 0.3
respectively.

2.2. Tribofilm and microstructure analysis
2.2.1. Sectioning

After completing a tribochemical test and removing the samples from the
rig, the discs were sectioned into specimens of a size allowing analysis with an
optical microscope, stylus profilometer and AFM. Subsequently, specimens
were ultrasonically cleaned in toluene for 10 minutes and in isopropanol for
another 10 minutes to remove any residual oil3. Only disc specimens were
analysed due to lack of curvature of the film-containing surface, facilitating
analysis with the employed techniques. This is in contrast to the standard
technique of measuring ZDDP boundary films, which uses spacer layer imag-
ing method (SLIM), built directly into the MTM, to measure out-of-contact
ZDDP films on the MTM ball specimen [55].

2.2.2. Optical microscopy
Optical microscope was employed to analyse the microstructure of the

investigated steel grades, to confirm the formation of the tribofilm in the
tribochemical tests, to monitor the experimental sequence used in stylus
profilometry and AFM methods and to provide supplementary data for these
techniques. All optical micrographs were taken with a Leica DM 2500M
microscope.

2.2.3. Stylus profilometry
Stylus profilometry was used to measure the average tribofilm thickness

and wear of the substrate material. This was performed by acquiring surface

3 The influence of both solvents on the tribofilm was investigated by ultrasonically
cleaning dummy samples in toluene or in isopropanol for 5 minutes, for an additional 10
minutes (totalling to 15 minutes) and for an additional 30 minutes (totalling to 45 minutes).
Samples were observed under the optical microscope at each step. No di↵erence between
the appearance of the tribofilm or any form tribofilm dissolution was noted. Figure S1
presents optical micrographs taken at each step of this experiment.
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profiles across the racetrack in two conditions (1) before removal of the tri-
bofilm (referred to as “preEDTA” profiles); (2) after removing the tribofilm
with 0.2 mol/litre ethylenediaminetetraacetic acid (EDTA) disodium salt in
distilled water solution as applied by Topolovec-Miklozic et al. [13] (referred
to as “postEDTA” profiles). A pattern of microindents was arranged on the
sample prior to profilometry experiments to ensure that the same lines are
scanned at each step. Profiles were acquired at 5 di↵erent locations (ap-
proximately 10 profiles per location) at each step. Subsequently, software
developed in-house was used to correct the o↵set between profiles (microin-
dents were used as reference points) and calculate the tribofilm thickness
by subtracting postEDTA profiles from preEDTA profiles. Wear volume was
calculated by numerically integrating the postEDTA profiles and multiplying
by the track length. Erratic profiles, e.g. ones with abrupt steps due to pres-
ence of debris on the specimen, were excluded from the analyses. All profiles
were acquired with Veeco Dektak 6M apparatus. A detailed description of
the experimental procedure and data analysis process can be found in [56].

2.2.4. Atomic force microscopy (AFM)
A recently developed AFM method, designed specially for that purpose,

was used to analyse the dependence between morphology of the tribofilm
and the microstructure of the underlying material. A detailed description
of the method can be found elsewhere [33, 56]. A general concept of the
method is similar to the stylus profilometry procedure described above, al-
though employing AFM greatly extends the capabilities of this approach by
providing high resolution three-dimensional data and allowing observation
of the microstructure of the substrate material by performing an additional
scan after removing the tribofilm and etching the specimen to reveal the
microstructure. Three micrographs for each region are obtained. These are:

1. “preEDTA” micrograph acquired after cleaning the sample, but before
removing the tribofilm, showing the morphology of the film

2. “postEDTA” micrograph acquired after removing the tribofilm with
EDTA, showing the topography of the underlying material

3. “as-etched” micrograph acquired after etching the steel with appropri-
ate etchant, showing the microstructure of the steel

Because EDTA treatment allows to entirely remove the ZDDP tribofilm with-
out any e↵ect on the substrate material, it enables generating tribofilm thick-
ness maps by subtracting the postEDTA micrograph from the preEDTA
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micrograph. This may subsequently be compared with as-etched AFM mi-
crograph showing the microstructure of the underlying material to determine
the impact of given microstructural features. The etchants used in this study
(2% nital for 100Cr6, M2 and 16MnCr5 steels and glyceregia for 440C steel)
usually dissolve the tempered martensite matrix while leaving residual car-
bides intact. Due to the character of AFM data (each point has its x, y and
z coordinate), micrographs may be used in a quantitative way for correlating
the local tribofilm thickness with the microstructure of the material.
To achieve an optimal compromise between the investigated surface area, the
lateral resolution and the scan time, the size of AFM micrographs used in this
study was set to 50 mm by 50 mm. Due to necessity of imaging microindents
which act as reference points for the employed AFM method, the usable sur-
face area, not a↵ected by microindents, is even smaller, approximately 30 mm
by 30 mm. Because this is a few times smaller than the width of the rubbing
track on the MTM disc, it may cause a bias resulting from positioning the
area investigated with the AFM with respect to the rubbing track width. In
order to exclude such selectivity, a pattern of microindents extending across
the whole tribofilm width was arranged on the surface, as shown in Figure 3.
Each of the marked squares (these are referred to as “zones”) was investi-
gated and analysed independently with respect to average tribofilm thickness
on the matrix and residual carbides (in a given zone) and other parameters,
allowing plotting these parameters as a function of the distance across the
track to provide a more general insight into the tribofilm-microstructure cor-
relation for each specimen. Subsequently, separate AFM micrographs and
profiles extracted from the AFM data of each steel grade and were inspected
to provide better understanding on the impact of the microstructure on the
tribofilm.
All AFM micrographs were taken with a Bruker Nanoscope Multimode mi-
croscope operating in the intermittent contact mode.

3. Results

PreEDTA and postEDTA optical micrographs of tested MTM discs are
presented in Figure 4. PreEDTA micrographs (upper part of the figure)
clearly show that the tribofilm has developed in all cases. Tribofilm thickness
measured by stylus profilometry is also indicated in the figure, showing that
relatively thick (over 50 nm) tribofilm has formed in each case. For each
sample the central 250 mm of the tribofilm, as exemplified with red bars in
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Figure 4, was used to measure the average tribofilm thickness. Micrographs
taken after tribofilm removal (bottom part of Figure 4) shows that ZDDP
tribofilm can be completely dissolved by EDTA treatment. No statistically
significant wear was measured by stylus profilometry on any of the samples.

In Figure 5 high magnification optical micrographs showing the tribofilm
and microstructure of the underlying material (after tribofilm removal and
etching) are presented. The same region (central 1/3 of the tribofilm) is
shown in both micrographs for a given grade. Some areas, that in the
preEDTA micrographs appear to have lower tribofilm thickness or no tri-
bofilm at all, correspond to microstructural features visible in as-etched mi-
crographs. For clarity, the most apparent areas exhibiting such correspon-
dence are marked with black circles or ellipses, located it the same positions
in both micrographs. In most cases such areas are associated with residual
carbides. This e↵ect is most profound in high alloyed steels (440C and M2)
where large residual carbides are present; and is less marked in 100Cr6 steel,
in which residual carbides are smaller and occupy lower volume fraction. In
16MnCr5 steel one of the tribofilm-free spots seems to be related with a block
of retained austenite lying underneath, although this might be a random oc-
currence.
The tribofilm-microstructure correlation can be readily observed in the pre-
sented optical micrographs, but these do not allow quantifying this relation-
ship and relating it to the topography of the underlying substrate. For that
reason the specimens were studied in detail with the AFM method.

3.1. Atomic force microscopy (AFM)

3.1.1. Tribofilm thickness profiles
Graphs showing the tribofilm thickness on martensitic matrix and resid-

ual carbides across the tribofilm are presented in Figure 6. The distance in
Figure 6 is measured from the outer boundary of the rubbing track towards
the centre of the MTM disc. It is apparent in Figure 6 that tribofilm tends to
be thinner on residual carbides than on the matrix in most of the cases. The
overall tribofilm thickness is not plotted, as in each case this was very close
to that of the martensitic matrix owing to the fact that the matrix occupies
80% or more of the surface area. Due to that, as a result of small errors in
correcting for the relative displacement between the preEDTA, postEDTA
and as-etched AFM micrographs, the average tribofilm thickness on resid-
ual carbides might be overestimated, and in reality the film thickness on
carbides might be even lower than shown in the figure. The film thickness
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profile exhibits similar overall characteristics in all four cases, with the film
thickness increasing gradually for the first ⇠1/3 of the rubbing track width,
then stabilising for another ⇠1/3 of the width and subsequently decreasing.
Film thickness peaks in 440C and 16MnCr5 profiles are thought to be related
to an occurrence of large tribofilm patches in the corresponding zones. The
reason for the local minima of film thickness observed in the middle of the
track, most evident in the case of 100Cr6 and M2 steels are not clear, but
these may be related to film non-uniformity or caused by the slip distribution
within the contact zone and/or an increased level of wear in these regions,
resulting from the higher local contact pressures.

3.1.2. Impact of carbide protrusion
Figure 6 shows that the tribofilm thickness on the martensitic matrix is

usually higher than on residual carbides. It is known that due to their higher
hardness residual carbides tend to protrude from the surface, especially in
tribological conditions involving some wear. Taking the carbide protrusion
into account, there are two boundary cases in which lower tribofilm thickness
on carbides could be achieved:

1. Residual carbides do not protrude from the surface at all, but the tri-
bofilm grows dissimilarly on residual carbides and on the matrix (Fig-
ure 7a).

2. Residual carbides stick out from the surface, but the tribofilm grows
to a similar overall level both on residual carbides and on the matrix.
Hence, the tribofilm fills the valleys between residual carbides (Fig-
ure 7b).

In reality both scenarios may be expected to operate simultaneously. To
quantify the extent of each of these e↵ects as-etched AFM data were used
to calculate the average carbide protrusion in each zone. This was then
compared with the tribofilm thickness on carbides and the matrix, as shown
in Figure 8. Figure 9 explains the way in which the data are plotted.

3.1.3. 100Cr6 steel
For 100Cr6 the influence of carbides on ZDDP film thickness is inconclu-

sive. As shown in Figure 6a, in most zones, particularly those lying in the
middle of the rubbing track, the average film thickness on residual carbides
is lower than on the martensitic matrix. Figures 8 and 10 indicate that the
average film thickness does not correlate with the carbide protrusion.
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On the other hand, although the correspondence between some residual car-
bides and the tribofilm-free areas is observed (as exemplified in Figure 5 and
AFM micrographs and tribofilm thickness map shown in Figure S2) only a
small fraction of residual carbides are associated with “holes” in the film and
many carbides are entirely covered by relatively thick tribofilm, often of the
same thickness as the martensitic matrix.

3.1.4. 440C steel
In the case of 440C steel, in most zones the film thickness on carbides

and matrix is the same (Figure 6b), despite pronounced protrusion of the
carbides (Figure 8b). The exception was the fourth zone, where the film
is significantly thinner on carbides. This is most likely associated with the
presence of a large residual carbide approximately in the middle of that zone.
Figure 11a-d show AFM micrographs and a film thickness map of that re-
gion. The profiles extracted from the AFM data, presented in Figure 11e,
visualise the correspondence between carbides and thinner film. Neverthe-
less, the marked carbide is not left entirely film-free and a thick film covers
the edge of it together with the adjacent matrix. This observation may indi-
cate that the film is mechanically “deposited” against the protruding carbide
during rolling/sliding motion.
An opposite e↵ect was observed in zones lying at the boundaries of the rub-
bing track, where the tribofilm has preferentially formed on large residual
carbides, despite their pronounced protrusion from the matrix. This is ex-
emplified in Figure 12a, which presents profiles extracted from the AFM
micrographs of a single zone located at the edge of the track. AFM micro-
graphs associated with Figure 12a are presented in Figure S3. Black arrows
in Figure 12a indicate positions of residual carbides on which the film has
preferentially formed. In addition, on several dual-phase large residual car-
bides, a preferential tribofilm formation on M

7

C
3

with respect to M
23

C
6

was
observed as exemplified in Figure 13. This might be related to the hardness
di↵erence between these two carbide types (Figure 1) that would most likely
result in more pronounced protrusion of M

7

C
3

, their chemical composition
(M

7

C
3

are richer in Cr than M
23

C
6

), or some other e↵ects.
Except for the zone lying at the edge of the rubbing track (shown in Fig-
ure S3) the large residual carbide was present in only one of the investigated
zones (zone 4 shown in Figure 11). For that reason a further confirmation of
the correspondence between large carbides and film-free areas was required.
As it was already known that large regions without any tribofilm are likely
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to be related to carbides an additional sample was prepared. Instead of ar-
ranging an usual pattern of microindents extending across the whole track,
three square zones were marked at locations that appeared to be related with
residual carbides, as shown in Figure S4. Subsequently, these additional zones
were investigated with the proposed AFM procedure. In all three cases these
have proven to contain a large carbide characterised by thinner tribofilm as
exemplified in Figure 12b. AFM micrographs used to extract data shown
in Figure 12b are presented in Figure S5. As evident from Figure 12, these
carbides protrude from the surface by approximately 70 nm.

3.1.5. M2 steel
The tribofilm formed on M2 steel is thinner on residual carbides than on

the martensitic matrix across the whole rubbing track width. This e↵ect is
not solely caused by carbide stick-out, as Figure 8c shows that the di↵erences
in tribofilm thickness between matrix and carbides are larger than the carbide
protrusion. The relationship between microstructure and the tribofilm is also
clearly visible in the AFM micrographs and film thickness map (Figure 14a-
d), especially for the large carbide cluster shown in the lower left corner of
the micrographs. The SEM micrograph in Figure 14e and associated energy-
dispersive X-ray spectroscopy (EDX) maps in Figure 14f-i show that the great
majority of residual carbides in this zone are W and Mo rich M

6

C, with the
rest being V-rich MC, and that the carbide cluster consists mostly of M

6

C
with some MC. The proportion of M

6

C to MC was very similar also in other
zones used to generate Figure 6c and Figure 8c, and similar clusters were
commonly observed. Profiles generated from the AFM data cutting through
the M

6

C +MC cluster (Figure 14f) reveal that it protrudes from the surface
by ⇠50 nm and is covered by thinner tribofilm than the surrounding matrix.
Similar behaviour was noted for M

6

C carbides and M
6

C +MC clusters in
other zones, as exemplified in the optical micrographs presented in Figure 5.

No large MC carbides were observed in any of the zones initially inves-
tigated with the AFM on the M2 specimen, although such carbides were
observed in the metallographic samples from that steel. For that reason,
similarly to 440C case, an additional specimen aimed at studying the impact
of large primary MC carbides on the tribofilm was prepared. Two zones con-
taining tribofilm-free areas were marked, as shown in Figure S6a. These were
subsequently investigated with the AFM method using the proposed proce-
dure. After removing the tribofilm, both zones proved to be related to a large

13



vanadium-rich MC carbides4 (Figure S6b). Profiles from the AFM data (Fig-
ure 12c) unveil that these carbides are covered by almost no tribofilm. They
protrude from the surface by ⇠100 nm, fact which may be responsible for
the lack of the tribofilm, as these would be much more exposed to wear than
the surrounding matrix, given that the minimum predicted elastohydrody-
namic lubricant film thickness was 7.3 nm and the contact was operating
in the mixed lubrication regime. AFM micrographs and film thickness map
associated with Figure 12c are presented in Figure S8a-d. Pronounced pro-
trusion of MC carbide is well visible in the postEDTA micrograph shown in
Figure S8b enabling easy identification even without any etching and lack of
the tribofilm on the carbide is confirmed by the film thickness map presented
in Figure S8d.

3.1.6. 16MnCr5 steel
Despite the lack of residual carbides in the 16MnCr5 steel, the tribofilm

formed by ZDDP on this grade also has patch-like morphology as shown in
Figure 5. Profiles extracted from the AFM data (Figure 12d) show that the
pattern of film islands is very regular with a consistent spacing between the
pads. Figure S9a-c show the AFM data that were used to generate the profiles
shown in Figure 12d. The regularity of the film patches probably stems from
the absence of residual carbides, however, some larger film-free areas are
also present. The tribofilm morphology and lack of residual carbides in the
16MnCr5 sample is also well visible in the AFM micrographs and associated
tribofilm thickness map presented in Figure S9.

4. Discussion

The results presented here show that the morphology of ZDDP tribofilms
is a↵ected by, amongst other factors, to the microstructure of the underlying
steel, with residual carbides being the main microstructural feature observed
to a↵ect the local tribofilm thickness. The tribofilm on residual carbides is

4 The di↵erentiation between M6C and MC by colour under the optical microscope is
mostly based on the optical microscope and SEM/EDX observation of the same region of
the specimen performed in-house. During such observations it was noted that under the
optical microscope V-rich MC carbides exhibit red/pink colouring, whereas W- and Mo-
rich M6C appear white. Figure S7 presents optical and SEM micrographs and associated
EDX spectra of M6C and MC carbides.
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usually non-existent or significantly thinner with respect to the surrounding
tempered martensite matrix. Even when the carbide protrusion is compen-
sated for, the tribofilm is still observed to be significantly thinner on residual
carbides than on martensitic matrix in most cases. This means that the
film thickness di↵erences between carbides and matrix are not a direct result
of developing a smooth tribofilm on a initially rough substrate containing
surface peaks caused by the presence of residual carbides (as illustrated in
Figure 7b). Although residual carbides were shown to have an important
impact on the morphology of the film, results obtained with 16MnCr5 steel
prove that even when the carbides are absent ZDDP still forms a patch-like
tribofilm.
With the exception of large protruding residual carbides lying at the edge of
the tribofilm formed on 440C steel, the correlation between the location of the
film islands and asperities on the substrate material suggested by [22, 23, 7]
was not observed in any of the investigated samples. Nonetheless, despite the
fact that no statistically significant wear was measured on any of the tested
specimens, it is possible that asperities, initially present on the sample, that
were tribofilm nucleation sites were removed during tribochemical tests due
micro-scale wear or digested by ZDDP as a result of its reactions with the
steel. Moreover, it should be noted that this study was conducted with very
smooth disc specimens (disc Ra<15 nm in all cases), therefore, it is possible
that in the case of higher surface roughness asperities would impact the film
in a more significant way.
The tribofilm develops only on the track, with the film width (as shown in
the Figure 4) corresponding well with the size of the contact zone calculated
using Hertzian contact theory (enlisted in Table 2), suggesting that the me-
chanical interaction between counterparts in the contact zone is necessary
for the tribofilm development under the employed test conditions.
According to Aktary et al.[7] ZDDP film develops via nucleation and growth
mechanism, with asperities or “active sites at the steel surface” being the
nucleation sites. Based on the experimental data summarised above, ex-
tending the concept of Aktary et al. as follows is suggested. Mechanical
contact is necessary to form ZDDP tribofilm. This is manifested both on
macro- (no tribofilm develops outside the track) and micro-scale (tribofilm
forms patches most likely by nucleating on asperities). Among the regions
exposed to mechanical interaction, certain regions in the microstructure of
the substrate material are more e↵ective in developing the tribofilm as a
result of e↵ects of chemical nature, such as di↵erent a�nity of ZDDP to
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given elements or dissimilarities in ZDDP adsorption e�ciency on various
microstructure components. Moreover, the tribofilm wear behaviour of the
microstructural features is most likely also dissimilar, e.g. as a result of film
adhesion variations, what may introduce additional di↵erences in the ob-
served final tribofilm thickness among the microstrucure constituents.
In the light of such hypothesis many of the observed tribofilm-microstructure
interactions may be rationalised. The tribofilm patchiness on 16MnCr5 spec-
imen, which did not contain any residual carbides, presumably result from
the surface roughness that is either to fine to be resolved with employed tech-
nique or was removed by wear or digested due to ZDDP reactions on course of
the tribochmical test. It is also possible that certain microstructural features
that were not considered in this study, such as grain boundaries or other crys-
tallographic defects, are preferred sites for tribofilm nucleation, contributing
to the resultant film roughness. Therefore under the employed testing con-
ditions even the microstructure consisting solely of tempered martensite ma-
trix exhibit some inherent roughness. More complex behaviours are observed
once residual carbides are present in the microstructure. In case of 100Cr6,
440C and M2 steels the martensitic matrix shows similar intrinsic tribofilm
patchiness, but the film is additionally disturbed by the presence of residual
carbides, which in 100Cr6 and M2 steels seem to be unfavourable sites for
tribofilm development regardless of their protrusion from the surface.
The most complex behaviour is observed in the case of 440C, where the
tribofilm is preferentially formed on large protruding carbides, if these are
located in the outer parts of the track, but same type of carbide is often bare
when present in the middle of the track. This can be rationalised by inter-
preting the measured film thickness as a result of a balance between the film
formation by chemical reaction and its removal by wear. According to that,
it can be hypothesised that due to carbide protrusion or due to di↵erences in
chemical composition between matrix and carbides ZDDP reaction kinetics
with the latter is higher, resulting in initially thicker tribofilm. Carbides
with preferentially formed tribofilm act as asperities, and therefore are more
exposed to wear, especially in the middle of the track where lubricant elas-
tohydrodynamic film is thinner and contact pressure is higher. As a result,
the tribofilm is removed from carbides, likely via a decohesion mechanism,
as large areas of carbides are often observed to be bare. Once tribofilm is
removed from the carbide, it can not be rebuilt because the carbide no longer
exhibits localised mechanical contact, as the load is carried by the tribofilm
that has developed on the surrounding martensitic matrix in the meantime
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(although likely with slower kinetics). Such theory would also explain why
in 440C mainly large carbides are observed to correlate with tribofilm-free
areas, while smaller carbides are often fully covered by the tribofilm. In such
a case, it is possible that the tribofilm patch that has developed over the
matrix surrounding smaller carbides and the carbides themselves is able to
provide su�cient adhesion to prevent tribofilm decohesion from the carbide.
Moreover, lateral growth of the tribofilm nucleated on the martensitic ma-
trix, but extending over carbides likely contributes to that e↵ect. Lateral
film growth from the matrix would also explain why many small carbides
(e.g. M

6

C in M2 steel and M
3

C in 100Cr6 steel), despite the fact that these
probably are unfavourable sites for the tribofilm development, are fully cov-
ered by the tribofilm and only a fraction of these small carbides are observed
to correlate with the film-free regions.

5. Summary and conclusions

Tribofilms derived from ZDDP on four di↵erent hard steel grades used
in tribological applications under controlled conditions were investigated by
employing a recently developed AFM technique to establish the correlation
between the microstructure of the substrate material and the morphology of
the film. The results can be summarised as follows:

1. Local ZDDP tribofilm thickness is a↵ected by the microstructure of the
underlying steel.

2. In general the tribofilm was observed to be significantly thinner on
residual carbides than on the martensitic matrix, but there are impor-
tant exceptions to this.

3. ZDDP forms patch-like tribofilm even when residual carbides are ab-
sent.

4. The di↵erences of tribofilm thickness on the matrix and on residual
carbides are usually larger than carbide protrusion.

5. The type and size of carbide was observed to be important in terms of
its impact on ZDDP film. Large carbides, especially MC carbides and
M

6

C +MC clusters in M2 steel and M
7

C
3

+M
23

C
6

dual phase carbides
in 440C steel are more likely to correspond to tribofilm-free areas than
smaller carbides.

6. Large M
7

C
3

+M
23

C
6

residual carbides in 440C steel exhibit preferential
or unfavoured tribofilm build-up with respect to the martensitic matrix
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depending on their location across the rubbing track. Carbides located
approximately in the centre of the tribofilm are often tribofilm-free,
whereas those lying at the boundaries of the tribofilm usually show
preferential tribofilm formation with respect to adjacent matrix.
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Figure 1: Hardness of carbides and matrix in martensitic steels. Annotations on di↵erences
in chemical composition among a single carbide type (or for the martensitic matrix) are
marked where relevant. HSS and CS denote high speed steel and carbon steel respectively.
VC an WC denote vanadium and tungsten carbide respectively.
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Figure 2: Schematic representation of the sample arrangement in the MTM rig (side view).
vb and vd denote disc and ball surface velocities respectively.
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Figure 3: Schematic drawing showing microindent pattern arranged on the specimen prior
to AFM experiments.
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Figure 4: Optical micrographs of the MTM disc rubbing track taken before (upper part
of the figure) and after removal of the tribofilm with EDTA (lower part of the figure).
The orientation of the micrographs is such that the centre of the MTM disc is towards the
lower part of the figure. Tribofilm thickness is indicated in preEDTA micrographs.
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Figure 5: High magnification optical micrographs showing the tribofilm (preEDTA) and
the microstructure of the underlying material (as-etched). Microindents used for relative
alignment of the micrographs are visible.
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Figure 6: Average tribofilm thickness on residual carbides and matrix as a function of
distance across the rubbing track.
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Figure 7: Two boundary cases leading to lower tribofilm thickness on residual carbides
than on martensitic matrix.
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Figure 8: Plots comparing tribofilm thickness on residual carbides and martensitic matrix
with carbide protrusion across the MTM disc rubbing track. Plot for 16MnCr5 is not
shown as there are no residual carbides in this grade. Figure 9 provides a legend to
presented data.
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Figure 9: Schematic drawing explaining the way in which AFM data in Figure 8 is pre-
sented.
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Figure 10: Di↵erence of tribofilm thickness (matrix�carbides) as a function of carbide pro-
trusion for 100Cr6 specimen. Each point represents a single zone. Green line corresponds
to 1:1 ratio.
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Figure 11: PreEDTA (a), postEDTA (b) and as-etched (c) AFM micrographs of zone 4
on 440C specimen. Edges of carbides in as-etched micrographs are highlighted to increase
readability. Tribofilm thickness map generated with the use of the AFM method by
subtracting postEDTA data from preEDTA data is shown in (d). Black arrows in as-
etched micrograph and tribofilm thickness map indicate some tribofilm-free spots related
with residual carbides. Profiles extracted from AFM data at marked locations are shown
in e). Residual carbides related to the tribofilm free spots are marked in e).
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Figure 12: PreEDTA, postEDTA and as-etched profiles extracted from the AFM micro-
graphs of a zone lying at the edge of the track of 440C steel sample (a), an additional zone
3 of the 440C specimen (b), of a large MC carbide in the M2 specimen (c) and of 16MnCr5
specimen (d). The profiles were obtained from the AFM data in the same way as shown
in Figure 11 using the same cut direction. Associated AFM data used to generate profiles
are shown in Figure S3a-c, Figure S5a-c, Figure S8a-c and Figure S9a-c respectively.
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Figure 13: PreEDTA (a) and postEDTA (b) optical micrographs showing a zone laying at
the boundary of the tribofilm. Brightness and contrast were digitally adjusted to highlight
the preferential tribofilm formation on M7C3 carbides (marked with yellow arrows).
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Figure 14: PreEDTA (a) and postEDTA (b) and as-etched (c) AFM micrographs of M2
specimen. Tribofilm thickness map is shown in (d). E) is the secondary electron SEM
micrograph of the same region. F) - i) present the SEM/EDX maps of the same region
as e) (only Fe, Mo, V and W were considered in EDX spectra quantification). Profiles
extracted from AFM data at marked locations are shown in j).
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Table 1: Approximate chemical composition (wt.%) of tested steel grades. Bulk composi-
tion is given for 16MnCr5.

Grade C Mn Si Cr Other

100Cr6 1.05 0.3 0.25 1.5

440C 1.05 1 1 17 Ni0.75, Mo0.75

M2 0.9 0.3 0.3 4 0.3Ni, 5Mo, 2V, 6W

16MnCr5 0.16 1.2 0.3 1
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Table 2: MTM test parameters.

Duration Temperature

Maximum

contact

pressure

Contact

circle

radius

Slide-roll

ratio

Entrainment

Speed

t T p

max

a SRR v

entr

12 h 80

�
C ⇠1 GPa ⇠130 mm 100% 35 mm/s
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Table 3: Hardness and roughness of MTM samples and resultant dimensionless film thick-
ness �.

Grade
Hardness (HV) Rrms roughness

Disc1 Ball2 Disc Ball �

100Cr6 728 ±5 800-940 5 nm 17 nm 0.41

440C 633 ±2 610-700 14 nm 22 nm 0.28

M2 792 ±4 870-1020 8 nm 41 nm 0.18

16MnCr5 763 ±8 750-870 5 nm 51 nm 0.14

1 Based on ten HV30 measurements.
2 As reported by manufacturer.
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