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ABSTRACT

The dynamic contact pressures experienced at the ring-liner interface of an engine are difficult to replicate in
laboratory based reciprocating tribometers utilising a sliding Hertzian line contact, not least due to wear of the
mating surfaces. A grade 250 flake graphite cast iron flat plate test geometry was designed to allow dynamic
contact pressures between 8 and 62 MPa experienced in a heavy-duty diesel engine liner to be achieved on a
reciprocating tribometer during the compression and expansion stroke.A constant normal load of 311 N was
applied by sliding at 25 mm stroke length in PAO4 at 15 Hz against a 52100 rectangular contact area (2 x 20
mm). The temperature was slowly increased at 4 °C/min to initiate scuffing between the mating surfaces. Severe
scuffing initiated at 250.8 + 2.6 °C for all specimens. The spatially resolved friction force and non-contact optical
profilometry suggested scuffing did not always initiate in the region of the highest contact pressure, whilst
electron microscopy revealed that subsequent to lubricant failure, a transient low friction iron oxide layer was
formed prior to removal and catastrophic adhesive wear.

1. Introduction

The use of low viscosity lubricants for off-grid heavy duty diesel
engines is an effective approach to improve emissions and fuel efficiency
by reducing friction generated by viscous shear [1,2]. However thinner
lubricating films between reciprocating sliding contacts can increase the
propensity of asperity contact under transient loading conditions that
exceed the normal operating envelope. Frictional heat dissipation under
such circumstances necessarily further thins the lubricant, such that a
cumulative damage process known as scuffing can initiate [3-6].
Scuffing has a number of broad definitions [6-8] across multiple cate-
gories of wear mechanisms indicating its complex and multi-variable
nature which at times can appear stochastic. In extreme conditions,
this leads to catastrophic engine damage and seizure of reciprocating
components. The initiation of scuffing is often subtle whilst progression
to final failure exhibits a rapid rise in the average coefficient of friction
(0.04 s™1) [9,10]. Attempts to identify the complex variables that
contribute to the initiation stage range from acoustic emission [11,12]
and electrostatic [13] detection techniques, in situ optical, interfero-
metric and XRD [14-16], as well as signal processing of friction force
measurements [17-19]. Kamps et al. [17,18] developed a ramped load
scuffing criteria based on deviations of the friction force at the stroke
reversal positions, where scuffing initiation was expected to take place,
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when compared to the root mean squared (rms) friction of the entire
stroke. They were able to interrupt sliding of grade 250 cast iron surfaces
during the mild initiation phase in order to correlate surface cracking at
the pearlitic-graphitic interface, similar to a plastic fatigue mechanism
proposed by Ludema [8], to subsequent adhesive transfer to the counter
surface during the severe scuffing stage. This paper builds on this
approach by deploying the same methodology for scuffing on a variable
geometry dynamic pressure specimen. Walker et al. [20] have recently
shown that the contact pressures experienced by the top compression
ring of a heavy duty diesel engine can be dynamically replicated on a
laboratory scale bench top reciprocating tribometer by matching the
geometry of the test surface to the profile of crank angle resolved force.
The dependence of scuffing on temperature was reinforced, yet forma-
tion of oxide-induced tribo-film formation was influenced by contact
pressure in the boundary condition subsequent to lubricant desorption.
The present paper utilises the rms friction methodology to determine
scuffing initiation of variable geometry dynamic pressure surfaces and
correlate specific surface tribo-film species formation to the onset of
severe scuffing.
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2. Methodology
2.1. Specimen manufacture

A Phoenix Tribology TE77 high frequency reciprocating tribometer
was used to replicate the variable contact pressures experienced by the
top compression ring of a 12.8-L heavy duty diesel engine during
scuffing. Rectangular test coupons of dimensions 58 x 38 x 4 mm were
machined from a grade 250 cast iron billet supplied by West Yorkshire
Steel Ltd (UK). The test surface was ground at 45° to the length
dimension to represent a honed cylinder liner surface. To create a dy-
namic pressure variable geometry specimen, the normal load profile of
the top compression ring from a 12.8 L heavy duty diesel during the
expansion stroke, Fig. 1, was utilised to machine a 1 mm recess in the
test surface such that a symmetrical profile parallel to the sliding di-
rection would facilitate a similar dynamic contact pressure, Fig. 2.

Peak contact pressures of the top compression ring in large diesel
engines have been found to be as high as 70 MPa [21], while mean
pressures during the intake and exhaust strokes are closer to 8 MPa [20].
The distance between the symmetrical profiles perpendicular to the
sliding direction was determined by calculating the nominal contact
pressures for a 20 x 2 mm rectangular contact area that represented the
rectangular faced top compression ring. Changes in the contact pressure
were achieved by varying the contact area along the stroke length. At a
normal contact load of 311 N, dynamic contact pressures over a stroke
length of 25 mm were predicted to range from a peak at 62 MPa at the
narrowest constriction width of 2.23 mm down to 7.8 MPa when the
counter surface was in full contact. The predicted dynamic contact
pressures due to the variable geometry as a function of stroke position
were shown to closely match the ring radial loads during the four-stroke
cycle, Fig. 1. A cylindrical 6 x 20 mm 52100 bearing element (Hy — 755
+ 30) was flat lapped (Kemet 15, 25 pm diamond slurry) on one side to
provide the area contact for the reciprocating counter surface. All test
surfaces were ultrasonically cleaned in 40-60 Petroleum Ether (Sig-
ma-Aldrich) and dried prior to assembly in the TE77.

2.2. Scuffing methodology

An unformulated synthetic 4 cSt polyalfaolefin (Spectrasyn4,
ExxonMobil) was drip fed using a syringe pump at a rate of 0.5 ml/h via
a fine bore needle to the low-pressure end of the reciprocating contact to
replicate the supply distribution in a fired engine [22,23]. The 52100
rectangular area contact was self-aligned to the cast iron coupon by
application of a normal load through a cylindrical pin housed in the
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Fig. 1. Radial load profile as a function of crank angle position on the top
compression ring of a 12.8-L heavy duty diesel across all four strokes [20].

Wear 523 (2023) 204864

@Q‘i

@3

/
/

Fig. 2. Schematic images of a) constant pressure, b) dynamic pressure variable
geometry cast iron test coupons of dimensions 58 x 38 x 4 mm and ¢) 6 mm
diameter 52100 counter surface with 2 x 20 mm rectangular contact (not
to scale).

counter surface reciprocating clamping head and whose axis was
perpendicular to the counter surface. An initial load of 5 N was applied
to the contact prior to commencing sliding at 15 Hz whilst observing the
contact potential signal to ensure the area contact was not edge loaded.
The normal load was then ramped to the test load of 311 N over a period
of 300 s followed by a further running in period of 300 s to condition the
surfaces at room temperature (RT), Table 1. To induce scuffing, an open
loop temperature ramp of 4 °C per minute was initiated by externally
heating the lubricant bath, measured by a k-type thermocouple clamped
on the specimen surface by the sample fastener at the constricted high
pressure end. Two scuffing tests were performed on both a constant flat

Table 1

Summary of reciprocating scuffing test conditions.
Normal load (N) 311
Test frequency (Hz) 15
Stroke length (mm) 25
Lubricant PAO4
Lubricant feed rate (ml/hr) 0.5
RT running-in duration (s) 600
Temperature ramp (°C/min) 4
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(unprofiled) and dynamic pressure variable geometry specimens. The
constant pressure samples experienced a nominal contact pressure of
7.8 MPa along the entire stroke. Tests were terminated whereupon a
rapid increase in the average coefficient of friction indicated severe
scuffing. Each test was conducted again on identical samples to ensure
the repeatability of the methodology. Test conditions are summarised in
Table 1.

2.3. Surface analysis

Upon termination of each test, the surfaces were allowed to cool to
room temperature prior to being ultrasonically cleaned again in 40-60
Petroleum Ether. Surface deformation induced by the scuffing process
was quantified using a Zeiss optical stereo microscope and an Alicona
Infinite Focus focal plane variation microscope (Bruker). Examination of
the surface microstructure was conducted using a Zeiss Auriga 60
focused ion beam scanning electron microscope (FIB-SEM) with an
Oxford Instruments X-Max detector for energy dispersive x-ray analysis
(EDX). Secondary electron images were taken at 5 kV accelerating
voltage using a 30 pm aperture and 5 mm working distance. EDX
analysis was conducted at an accelerating voltage of 10 kV to ensure
appropriate X-ray energy peaks corresponding to the surface composi-
tion could be identified, as well as minimising the interaction volume
(—300 nm), and a 60 pm aperture to increase the signal strength (counts
per second). The morphology of selected subsurface areas was analysed
using gallium FIB, at 30 kV:2 nA, where trenches were milled 30 pm in
width and 5 pm in depth parallel to the sliding direction, and at 9° from
the FIB normal, as it was not possible to physically tilt the specimen to
fully perpendicular in the FIB-SEM chamber due to its size. The milled
cross-section faces were analysed with secondary electron imaging and
EDX.

3. Results
3.1. Coefficient of friction

The recorded signal outputs for the dynamic pressure test 1 are
shown in Fig. 3 and were representative for all the scuffing tests per-
formed. Upon initial sliding, formation of a lubricating film was
observed by a high contact potential signal of 39.5 mV, however upon
commencement of the load ramp to 311 N, the contact potential signal
was observed to drop to a minimum value of 0.5 mV, indicating a
transition to boundary lubrication. Once the test load of 311 N was
achieved, the contact potential signal increased again, indicating re-
covery of the lubricating film during the running-in phase. Heating of
specimen surfaces between 100 and 150 °C again caused a gradual
decrease in the contact potential signal such that the boundary
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Fig. 3. Test conditions from dynamic pressure test 1 as a function of test time.
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lubrication regime was present after 150 °C in all tests.

Changes in the average coefficient of friction for all tests exhibited
poor correlation in terms of absolute individual test time, however, as
shown in Fig. 4, there appeared a strong correlation for all tests with test
temperature. An increase in the coefficient of friction from preliminary
values of around 0.1 was observed for all tests up to approximately
150 °C, concurrent with the transition to boundary lubrication discussed
above. The constant pressure samples exhibited a slightly higher average
coefficient of friction around a test temperature of 150 °C, but overall
the values were very similar for both constant and dynamic pressure
specimens. Immediately prior to the onset of severe scuffing, all speci-
mens exhibited low average friction coefficients in the range
0.027-0.077. The temperature of severe scuffing initiation for each test
was recorded to be almost identical at 250.8 + 2.6 °C, as detailed in
Table 2.

Stroke resolved friction force and contact potential data from 10
strokes was obtained at 15 kHz trigger frequency immediately prior to
initiation (a, c and e) and after scuffing (b, d and f) as shown in Fig. 5.
Characteristic resonance from vibration at stroke reversal positions was
common to all traces prior to scuffing. For the constant pressure tests,
such as those shown in a), there was no observable change in the contact
potential signal for friction prior to scuffing. As shown in Fig. 5 b),
scuffing for the constant pressure surfaces occurred around the mid-
stroke region of the specimen. In contrast, both dynamic pressure tests
exhibited a localised increase in the contact potential prior to scuffing,
Fig. 5 ¢) and e). This was accompanied by a concurrent localised
decrease in the friction force at these regions, however it was interesting
to note that the position of these changes was different for each dynamic
pressure test. For the dynamic pressure test 1, these observations were
made near the high-pressure area of the sample, whilst for test 2, they
were nearer to the mid-stroke position. Upon the transition to scuffing,
Fig. 5 d) and f), it appeared that the high friction initiation site was also
located within the same region which had moments before exhibited the
opposite behaviour.

3.2. Surface analysis

3.2.1. Optical microscopy

Optical macroscope images of all the worn coupon surfaces are
shown in Fig. 6. It was observed that rapid adhesive wear (indicated by
the white band) occurred at the termination of all tests, with the
exception of the constant pressure test 1, Fig. 6 a). It was interesting to
note that the adhesive transfer and wear accumulation for the dynamic
pressure tests was not necessarily associated with the position of highest
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Fig. 4. Average coefficient of friction for scuffing tests plotted again test
temperature.



J.C. Walker et al.

Table 2
Severe scuffing initiation temperatures for constant and dynamic pressure
tests.

Scuffing Temperature (°C)

Constant Pressure Test 1 251
Constant Pressure Test 2 252
Dynamic Pressure Test 1 247
Dynamic Pressure Test 2 253

contact pressure. The influence of contact pressure was observed with
respect to the width of the adhesive wear scar, which was constant for
the constant pressure test (b) but increased in width for both dynamic
pressure tests (c & d) as the contact pressure increased close to the stroke
reversal position.

Optical microscopy of a dynamic pressure variable geometry surface
before and after scuffing was shown in Fig. 7. The influence of the higher
contact pressure at the narrowest position was clearly shown by the
change in surface topography. The original grinding marks present on
the surface had been entirely removed but only at this specific location.
The appearance of surface cracking could be observed across the
constriction minima, but was especially apparent around the periphery
of the coupon edge.

3.2.2. Non-contact optical profilometry

Non-contact optical profilometry with an Alicona Infinite Focus was
conducted on both ground and scuffed surfaces as shown in Figs. 8-10.
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The average surface roughness (R,) of the ground cast iron and counter
surface specimens was measured to be 1.10 & 0.24 pm (Figs. 8) and 0.52
+ 0.03 pm, respectively.

For the dynamic pressure variable geometry specimens, the region of
the highest contact pressure exhibited significantly more wear
compared to the rest of the sliding specimen surface as outline above.
Higher magnification optical and corresponding colour depth map im-
ages, Fig. 9 a) and b), revealed a much smoother surface compared to the
original ground surface, with an average surface roughness R, of 0.37 +
0.02 pm.

Despite the decrease in roughness and change in surface morphology
within the region of highest contact pressure, the average surface
roughness was very similar to that for the low pressure portion of the
sample which exhibited a R, of 0.40 + 0.07 pm. This region of the
sample (away from the adhesive wear scar) was very similar in
appearance to the constant pressure specimens, shown in Fig. 10. Wear
of the peaks of the ground surface and retention of the original valley
resulted in average surface roughness values R, of 0.36 + 0.02 pm for
the constant pressure surfaces.

All counter surfaces exhibited evidence of good conformal contact
with the test coupons with no indication of edge loading. Changes in the
contact area due to abrasive wear were minimal and unlikely to affect
the contact pressure profile.

b) Constant Pressure Test 1 Scuff
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Fig. 5. Stroke resolved friction force and contact potential signals over 10 strokes for constant pressure test 1 (a-b), dynamic pressure test 1 (c-d) and dynamic
pressure test 2 (e—f) indicating the onset of initiation and severe scuffing respectively.
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Fig. 8. a) Optical image and b) Colour depth map of the ground flake graphite cast iron surface prior to sliding. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

3.3. Electron microscopy

A focused ion beam cross section was prepared within the region of
the highest contact pressure on the dynamic pressure test 1, Fig. 11,
away from the severely scuffed adhesive damage and within the smooth
area similar to Fig. 9 a). It was observed that despite the reciprocating
nature of the sliding contact, a distinctive strain direction was observed
in the sub-surface microstructure, with grains deformed towards the

negative stroke position, low pressure direction of the sample. The
normalised EDX traces clearly indicated a that oxide layer was present at
the sliding interface immediately prior to severe scuffing. The layer
appeared to be mostly composed of iron oxide, however it’s fragmented
appearance was interspersed with regions of carbon and iron presenting
variations in signal intensity. The oxide was observed to have filled re-
cesses in the surface suggesting compaction of oxidised wear debris
could be a possible mechanism of formation.
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Fig. 9. Optical image (a) and corresponding colour depth map (b) of scuffed dynamic pressure test 2 surface from the region of highest contact pressure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Optical image (a) and corresponding colour depth map (b) of scuffed constant pressure test 2 surface. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
4. Discussion
4.1. Influence of dynamic contact pressures

As the width of the counter surface did not significantly change over
the course of the experiment, the dynamic contact pressure would have
cycled according to that experienced by the top compression ring of a
heavy-duty diesel engine. This approach, where counter surface wear is
mitigated due to lower contact pressures and a hard material (52100), is
advantageous compared to sliding Hertzian line contacts as rapid
running-in wear and inconsistent changes to the contact area are avoi-
ded, notwithstanding the additional care in alignment required.

The use of a dynamic pressure variable geometry specimen clearly
influenced the wear pattern of the cast iron surface as demonstrated in
Fig. 7. The removal of the ground lay in this region and the appearance
of surface cracks at the narrowest position of the contact, similar to those
observed by Kamps et al. [17,18], was strong evidence that a higher
contact pressure increased the level of wear during the test compared to
the constant pressure specimen. During the latter stages prior to severe
scuffing, oxidational wear was the dominant mechanism and damage
caused by the higher contact pressure was mitigated by compaction of
debris to recesses within the surface. This resulted in similar average
surface roughness values for surface regions that experienced both high
and low contact pressure despite the clear different in texture observed
between Figs. 9 and 10. It was observed in Fig. 6 that once severe
scuffing and adhesive transfer to the counter surface had occurred, the
influence of a higher contact pressure was to increase the severity of
accumulated damage evidenced by the increase in width of the adhesive
scar towards the high pressure reversal position.

4.2. Temperature dependence

Despite these observations that variation in the contact pressure
influenced the wear patterns, there appeared to be little evidence of a

significant influence upon the temperature at which scuffing initiated, as
shown in Fig. 4. There was strong evidence that despite an order of
magnitude change in nominal contact pressure, the temperature of se-
vere scuffing initiation was always within a couple of degrees as all tests
failed at 250.8 + 2.6 °C. This strongly aligned the results with Blok’s
critical temperature scuffing theory [24,25], highlighted that scuffing is
intrinsically thermal in nature and consistent with similar studies
reviewed by Bowman and Stachowiak [6], where desorption initiated
around 150 °C before progression to failure between 240 and 250 °C.
The influence of a dynamic contact pressure may contribute to surface
thermal heating through frictional energy dissipation; however this
contribution may have been masked by the heating rate of 4 °C/min,
where a lower heating rate may help elucidate this influence in future
work. In reality, a heavy-duty diesel engine would not be lubricated by
an unformulated fluid, but would have an additive package present to
offer some protection from scuffing. This would likely increase the
temperature at which initiation occurred, however, given the novelty of
this approach it was important to understand the role of the lubricant
prior to investigating synergistic effects from chemical additives in
future work.

4.3. Oxide formation

Oxidational wear was the dominant wear mechanism prior to severe
scuffing as evidenced by the focused ion beam and energy dispersive X-
ray analysis shown in Fig. 11. As observed in Figs. 3 and 4, there was a
decrease in the average coefficient of friction above approximately
150 °C for all specimens, concurrent with a transition to boundary
lubrication conditions as evidenced by the drop in the contact potential
signal. It is known that polar molecules in synthetic lubricants such as
PAO desorb at around 150 °C [6,26], however such a transition might be
expected to result in a higher coefficient of friction. The steady decrease
observed was attributed to the onset of mild oxidational wear, similar to
that proposed by Stott [27], and caused by elevated flash temperature
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Fig. 11. SEM and EDX images of the FIB cross-section on dynamic pressure test
1: The top image shows a 30 pm wide secondary electron image of both the top
surface and FIB cross-section, with the milled edge across the middle of the
image. Three EDX element maps of iron, oxygen and carbon are of the same
area, where high concentration is shown as white and low concentration
as black.

rises from asperity contact at the high points of the ground surface,
Fig. 10. Bjerk [28] was one of the early researchers to conclude that
surface oxide species could offer protection against scuffing with Quinn
highlighting the generic mechanisms of tribological induced oxide for-
mation on ferrous surfaces being determined by the contact temperature
[29].

Wear 523 (2023) 204864
4.4. Scuffing initiation

Immediately prior to severe scuffing initiation, all specimens
exhibited a brief transition to a very low friction coefficient between
0.027 and 0.077, shown in Figs. 4 and 5, which does not appear
commonly in the literature related to sliding scuffing initiation. For the
dynamic pressure specimens, this was concurrent with a peak in the
contact potential signal a few seconds before scuffing initiated at the
same stroke position, Fig. 5 ¢) and e) but which was absent for the
constant pressure tests. The evidence from the FIB cross-section in
Fig. 11 suggested a low friction oxide phase, perhaps similar to a com-
pacted ‘glaze’ layer [27,30,31] could be responsible for the low average
coefficients of friction observed at this stage of the test. Such layers are
known to offer low interfacial sliding friction but are transitory,
consumptive and not very durable. Whilst Batchelor and Stachowiak
[32] suggested that an oxide film 20 A thick would be sufficient to
reduce scuffing of steel surfaces, Rhee and Ludema [33] pointed out
interfacial shear strengths of 66 MPa could be expected for tribological
induced ferrous oxide films formed on stainless steel. Saeidi et al. [11]
found good evidence of the role that different oxide species play in the
formation of surface tribo-layers during the scuffing process. Elevated
flash temperatures, which have been shown to be as high as 1000 °C
with in situ XRD scuffing experiments [14-16], could be sufficient to
sinter nano-scale oxide debris into a compacted low friction layer,
consistent with the image in Fig. 11 which showed an iron oxide com-
pacted into surface recesses. The fact severe scuffing initiation was not
exclusive to the region of highest contact pressure on the variable ge-
ometry surfaces confirmed that oxide wear debris formation and
removal was likely to be the final condition for scuffing initiation,
although dynamic contact pressures may have influenced the magnitude
of debris generation (Figs. 7 and 9). This was consistent with Ludema
[8], Enthoven and Spikes [34], Matsuzaki et al. [4] and Cutiongco and
Chung [35] who all pointed out the influence of both temperature as
well as transitory wear debris formation and removal on scuffing
initiation.

5. Conclusions

The present work has shown it possible to replicate the dynamic
contact pressures experienced by a heavy-duty diesel engine on a lab-
oratory scale tribometer using rectangular contact with a variable ge-
ometry specimen. Whilst changes in the nominal contact pressure were
observed to cause differential wear, initiation of severe scuffing was not
influenced by the dynamic pressure profile, but instead was dependent
on the surface temperature which was measured to be 250.8 + 2.6 °C for
all tests. Oxidational wear played a significant role in the observed
friction behaviour, with compacted wear debris forming a transitory low
friction oxide ‘glaze’ layer which exhibited average coefficients of fric-
tion as low as 0.02. Removal of this layer facilitated the initiation of
severe scuffing and adhesive wear between surfaces.
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