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Figure 2.9. (a) Cross-sectional TEM image showing the microstructure of
subsurface of Cl under the worn surfaces with pockets of ORL when tested against
NH-DLC for 1x10* cycles in diluted oil; (b) Higher magnification image of the
region indicated by a dotted rectangle shown in (a). Dark strips represent Fe;C
(cementite) phase (~54 nm wide) between the lighter and thicker (~200 nm) bands
of a (Ferrite) phase. The pearlite (cementite and ferrite) colonies, with two distinct
orientations one nearly parallel to the sliding direction and the other nearly
perpendicular, were allocated at each side of a prior y (austenite) grain boundary;
(c) schematic representation of the subsurface deformation features.

The different components of the ORL, responsible for maintaining low steady state wear,

has been investigated in details using TEM/SAED analyses. Figure 2.10a shows a cross-sectional
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TEM image of the ORL formed on Cl after sliding for 1x10* cycles. A HR-TEM image (Figure
2.10b) of the ORL formed on the CI pin revealed crystalline regions with a planar d-spacing of
0.31 nm corresponding to ZnS crystals. Electron diffraction patterns (Figure 2.10c) obtained
from the ORL showed in addition to crystallographic planes with d-spacings of 0.31 nm those
with 0.19 nm and 0.16 nm corresponding to {111}, {220} and {311} planes confirming the
presence of cubic ZnS (sphalerite) [58,59] with space group F43m. It is conceivable that the
ZDDP molecules in the oil dissociated during sliding to form these ZnS crystals. Cubic ZnS
(sphalerite) structure was found in the ORL formed for CI tested in unmixed oil as well. TEM
analyses of the Cl worn surface tested against NH-DLC in diluted oil blend for 2x10° cycles
revealed that the discontinuous morphology of ORL persisted during the high cycle tests, as
shown in Figure 2.11a. Some portions of the ORL had thickness reaching 80050 nm (Figure
2.11b) and thus would keep the two surfaces from becoming in direct contact preventing the
progression of wear. The ORL pockets had different chemical composition of the antiwear
components (Figure 2.11a)—ORL made of zinc sulphide and ORL made of zinc pyrophosphate.
The HR-TEM image (Figure 2.11c) of the ORL made of zinc pyrophosphate revealed randomly
distributed nano-crystals in an amorphous carbon matrix [11]. A FFT-derived diffraction pattern
of the HR-TEM image in Figure 11c, shows ring formations (Figure 2.11d) that correspond to d-
spacing values of 0.30 nm, 0.25 nm and 0.20 nm belonging to zinc pyrophosphate nanocrystals
[60]. Chains of zinc pyrophosphate in the ORL act as antiwear components and maintain steady

state wear by undergoing pressure induced cross-linking [61].
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Figure 2.10. (a) Cross-sectional TEM image showing ORL on CI surface tested
against NH-DLC for 1x10* cycles in diluted oil; (b) High resolution TEM image of
the crystalline ZnS region from the ORL with interplanar spacing measured as 0.31
nm; (c) selected Area diffraction pattern of the HR-TEM area shown in (b).

The slight increase in wear loss of CI/CI lubricated systems (Figure 2.5b) at higher cycles
maybe attributed to the discontinuous nature of the ORL. On the other hand, the CI/NH-DLC
system does not show signs of enhanced localized wear as the amorphous carbon coating
prevented metallic contact and inflicted minimal damage to the CI surface. This is evident in

Figure 2.5b that shows a near zero wear loss for tests conducted on Cl against NH-DLC. Ethanol

additions to oil led to significant decrease in the COF of both CI/NH-DLC and CI/CI compared
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to tests in unmixed oil (Figure 2.4). It is conceivable that compatibility of the coating chemistry

with the lubricant composition plays a prominent role. This will be considered in Section 4.2.
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Figure 2.11. (a) Cross-sectional FIB/SEM image showing different antiwear
components of the ORL two regions of ORL formed on CI surface tested against
NH-DLC for 2x10° cycles in diluted oil; (b) brightfield TEM, (c) HR-TEM image
and (d) FFT-derived diffraction pattern of the of the region marked as zinc
pyrophosphate in (a) showing nano-crystalline structure with interplanar spacing
0.30 nm.
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2.4.2 Micromechanisms of Friction

Figure 2.4 shows that addition of ethanol reduced the COF of CI running against NH-DLC
which could be attributed to the passivation of the surface carbon atoms. Passivation of
amorphous [24-27,62] and crystalline carbon materials [63,64] by OH and H groups [27, 28] has
been previously suggested. Carbon atoms on both DLC and graphite flakes could be subjected to
passivation and hence the effect of ethanol is to reduce the COF of CI running against both NH-
DLC and against itself while the effect is more pronounced in the former tribo system, Figure
2.4. The interactions between carbon atoms and OH molecules were studied using molecular
dynamics simulations [27,65]. A methanol molecule sandwiched between two H-DLC surfaces
was shown [65] to dissociate and produce OH molecules that terminate the C atoms under the
sliding conditions. In this work we provide experimental evidence for the OH passivation of
carbon surfaces. Electron energy loss spectroscopy (EELS) conducted on the NH-DLC surfaces
sliding in diluted oil provided evidence for this effect (Figure 2.12) where the distinct peak
detected at 528 eV is the fingerprint of the OH group [66]. The O-K 1s core loss peak is a typical
broad peak appearing in the range 534-538 eV—the presence of H 1s electron (in O-H) is
responsible for the additional peak at 528 eV [66,67]. This peak did not appear at depths greater
than 20 nm from the surface implying that OH passivation on NH-DLC coating is restricted to
surface C atoms. Also, the OH peak (at 528 eV) had a random distribution on the surface and
was not as a continuous passivated layer. Accordingly the TEM/EELS analyses provide evidence
for the OH passivation mechanism and confirm that only surface carbon atoms of the NH-DLC
coating are passivated.

In summary, during boundary lubricated tests carried on CI sliding against NH-DLC the

COF was reduced as a result of tribochemical interactions between the NH-DLC coating and the
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—OH groups from ethanol mixed with the engine oil. Passivation of the carbon bonds at the
surface of NH-DLC coating in contact with CI assisted in reducing the friction. An equally
important tribochemical reaction occurred between engine oil containing ZDDP and the CI
surface. The formation of an ORL, comprising of an amorphous carbon matrix mixed with the
ZDDP decomposition products of zinc sulphides and iron phosphate that act as anti-wear

components, was responsible for maintaining low wear of CI surface.
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Figure 2.12. EELS O-K edge spectra obtained from the top surface of the NH-
DLC coating after testing against CI for 2x10° cycles in diluted oil showing peaks
at 528 eV, attributed to OH adsorption on NH-DLC, and in the oxygen K edge peaks
in the range 534-538 eV.
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Summary and Conclusions

The main results from the study of type A cast iron (ClI) tested against a non-hydrogenated
DLC (NH-DLC) coatings are summarized below:

1. Unlubricated tests of Cl against NH-DLC and CI counterface showed lower COF in air
with 34% RH compared to tests in nitrogen atmosphere with 0.2% RH indicating passivating
effect of moisture on carbon containing sliding components. Results of unlubricated sliding tests
performed on CI in constant RH summarized in the form of a COF vs. volumetric wear loss
diagram showed that use of NH-DLC counterface resulted in lowest volumetric wear loss and a
low COF of 0.28.

2. Boundary lubricated sliding of CI in engine oil tested against NH-DLC showed a lower
COF (0.10) and volumetric wear loss (0.5x10™* mm?®) compared to tests against Cl counterfaces.
The use of oil diluted with ethanol further reduced the COF to 0.08 for ClI tested against NH-
DLC accompanied by lowest wear loss of at 0.2x10™* mm?.

3. The wear reduction mechanism consisted of the formation an oil residue layer (ORL)
which is a protective tribolayer comprised of anti-wear components including zinc sulphide and
zinc pyrophosphate formed by degradation of ZDDP additive in the oil. A further reduction in
wear was observed when the oil was diluted using ethanol as the latter facilitated ZDDP
degradation. The friction reduction mechanism was identified as OH passivation of the NH-DLC
coatings’ dangling carbon bonds both in air and in oil diluted with ethanol. Thus, NH-DLC can
be used to achieve low friction and wear against CI run in oil mixed with ethanol-based
additives.

In conclusion, this manuscript shows that the use of NH DLC counterface against Cl system

was beneficial to reduce friction and wear. Ethanol dilution of engine oil facilitated ORL
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formation and promoted decomposition of anti-wear components. As the COF of Cl was the
lowest when OH passivation of NH-DLC coating occurred it can be recommended that piston
rings coated with NH-DLC run against cast iron liners would be advantageous. Another
important implication of this work is that delineating the micromechanisms that are responsible
for reduction in friction and wear, is critical for development of appropriate materials and

coatings for powertrain components.
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CHAPTER 3
Effect of Biofuel (E85) Addition on Lubricated Sliding Wear Mechanisms
of a Eutectic Al-Si Alloy

3.1. Introduction

Reduction of vehicle mass by increasing the use of lightweight Al-Si alloys in engine
components has been a key area of focus for the automotive industry over the past decade [1,2].
This has stimulated research on tribological behaviour of cylinder bores made of Al-Si alloys
during piston ring contact. The wear resistance provided by Al-Si alloys arise from the specific
surface preparation techniques and near-surface microstructural evolution during sliding contact
[3-11]. Slattery et al. [3, 4] investigated the micro-mechanisms of wear in linerless engine block
made of a near eutectic Al-Si alloy (with Ni and Cu as alloying elements) subjected to
dynamometer testing. After nearly 300 hours of testing, the engine showed negligible wear,
which was attributed to the combined effects of Si particle exposure (by honing [4]), formation
of oil deposits on the contact surface during sliding and generation of a near-surface zone with
ultra-fine aluminium grains [3-5, 11]. The very low wear rates (few nanometers of material
removal per hour) corresponded to a wear regime described as ultra-mild wear (UMW) [5-7].
The mechanisms responsible for very low wear rates that occur under UMW conditions have
been simulated under the laboratory testing conditions for both hypereutectic alloys [8, 9] and
near-eutectic Al-Si alloys [10, 11].
3.1.1. Micromechanisms of UMW in Al-Si Alloys

In an engine grade hypereutectic Al-18.5% Si alloy [8], UMW damage was found to be
restricted to the top surfaces of large Si particles that acted as load bearing ‘asperities’ on which a

contact pressures as large as 1080 MPa were applied (at 2.0 N) [9]. For alloys with smaller Si
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particles like a spray deposited Al-25% Si alloy [5], the Si particles experienced higher contact
pressure of 1680 MPa resulting in sinking-in of particles into the Al matrix. An Al-11% Si alloy
[5, 10] with a similarly low aspect ratio (~1.5) but lower particle volume fraction experienced
60% higher contact pressure [5]. Consequently an earlier transition occurred, from the first stage
of UMW where the protruded particles mitigated the matrix wear, to the UMW |1 stage where
the Si particles were sunken in the matrix and hence UMW Il stage defined a running-in period
where high volumetric wear occurred. For high sliding cycles a reduction in wear rate was
observed (UMW II11 stage). This was attributed to the formation of a tribolayer called as an oil
residue layer (ORL) that covered wear tracks [5, 11]. Underneath the ORL evidence was found
for localized severe plastic deformation [12] that manifested itself by the formation of a
nanocrystalline Al grain structure [5, 11] which was harder than the initial surface and thought to
support the ORL. Thus, once the ORL was established, it acted as an antiwear layer allowing the
near-eutectic Al-Si alloys to operate at near zero wear rates similar to the hypereutectic grades.
Details of chemical composition of the ORL formed under boundary lubricating conditions
when using synthetic engine oil (containing zinc dialkyldithiophospahte, ZDDP, additives) are
not yet to be clarified. The ORL on Al-Si alloys tested at 25 °C consisted of amorphous carbon
(detected using EELS) as well as Zn, S, P and Ca [5, 11] compounds which was consistent with
tribolayer composition detected on a hypereutectic Al-Si alloy sliding against 34CrNiMo6 steel
lubricated by ZDDP (1.5 wt%) in base oil [13]. For the ferrous alloys (AISI 52100 grade), Fujita
and Spikes [14] provided evidence that the tribolayers having antiwear properties could form as a
result of ZDDP degradation during sliding contact at room temperature. Tribolayers formed on
A2 grade steel [15] during sliding at 100 °C were shown to consist of polyphosphate chains with

shorter length compared to the antiwear films formed thermally at 200 °C and had lower sulphur
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content. Pereira et al. [16] found that the antiwear layer formed on Al-25% Si alloy tested with
ZDDRP (in base oil) heated at 100 °C had similar chemical composition and Young’s modulus to
those formed on steel surfaces tested at similar temperature. In ORL formed on tops of Si
particles in an Al-12.6% Si alloy tested at 100 °C, using fully formulated synthetic oil
(containing ZDDP), nano-crystals of zinc sulphide [17] and zinc polyphosphates with short chain
lengths were identified [18]. It was also noted that the tribolayers may act as an energy-absorbing
entity and possibly delay Si fracture [19]. The ZDDP degradation mechanism is complex and
involves several steps [20,21]. Willermet et al. [20] proposed that ZDDP degradation would start
with a ZDDP adsorption process and a reaction with the metal substrate that would lead to the
formation of Zn terminated phosphate compounds. Nicholls et al. [21] suggested that antiwear
layers produced on Al 319 (Al-7% Si) alloys placed in sliding contact with steel at 60 °C
involved formation of a linkage isomer that was absorbed on the metal surface leading to the
formation of zinc polyphosphates as well as sulphur species in their reduced form (sulphides).
3.1.2. Effect of E85 Mixed Fuel on Wear

The motivation for using ethanol based bio-fuels in modern powertrains is to provide a clean
energy source with reduced carbon and sulphur content and consequently decreasing
atmospheric emissions [22]. A common ethanol-gasoline blend that consists of 85% ethanol and
15% gasoline, E85, is known to improve fuel quality by increasing its octane value [23].
Combustion properties of ethanol-gasoline blends have been studied [23-25]. As ethanol has a
high latent heat of vaporization and moderately high boiling point (78 °C) it can easily reach the
cylinder walls (as well as the crankcase lubrication reservoir) [25]. Ethanol is corrosive to Al due
to the presence of azeotropic water. Thus, freshly formulated ethanol fuel blends should contain

neutral dry-ethanol having little corrosive effect on Al. A stagnant ethanol-fuel blend would
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absorb moisture from the atmosphere posing corrosion related problems that may contribute to
surface degradation [22]. There are only few studies in the literature detailing the effect of
ethanol on the friction and wear in a piston-cylinder (cast iron) assembly. De Silva et al. [25]
reported around 20% reduction in friction of grey cast iron cylinder liner tested against
chromium coated piston rings lubricated by a mixture of engine oil and ethanol (5wt%)-water
(8 wt%) blend. The authors observed scuffing under under starved lubrication condition when
the fuel (ethanol-water mixture)-oil blend was used for grey cast iron top compression ring
sliding against chrome coated stainless steel rings [25]. Tung and Gao [26] studied boundary
lubricated wear of cast iron cylinder liners using a mixture 2% engine oil and 98% E85 fuel and
found that the fuel with higher acidity (pH=4) inflicted more severe wear to the piston rings as
well as the liners. Hu et al. [27] explored the effects of alcohol on the ZDDP additives and
reported that incorporation of 2-ethylhexanol in the engine oil increased its load-carrying
capacity. The authors explained the improved antiwear behaviour of 2-ethylhexanol (upto 8wt%)
and ZDDP (in base oil) mix by attributing to the adhesion of polar hydroxyl groups to the metal
surface and formation a protective film although no evidence was provided for the same. This
warrants for further study into the possible antiwear mechanisms when alcohol is blended with
oil containing ZDDP.

The possible expansion of the use of ethanol based fuels in near future prompts the need for
a systematic study of the role of ethanol/ gasoline blends (with engine oil) on wear of the Al-Si
alloys intended for powertrain applications. Accordingly, this study examines the effect of
E85fuel-oil blends on the wear behaviour of an Al-12.6% Si alloy, with a particular focus on the
evolution of microstructural and morphological features of the contact surface during sliding. As

the UMW regime is of the greatest interest for durability requirements of near eutectic Al-Si
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