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ABSTRACT

This paper presents the wear performance of amorphous hydrogenated carbon (a-C:H) deposited on
helical gears through wear debris analysis. Helical gears are tested on a power recirculating test rig
with constant loads of 100 Nm and speed of 1,000 rpm. The tests are conducted for 9 million cycles or
an initial pitting of 25% covering the surface of the teeth. Samplings are obtained for approximately
60 ml of the lubricant for every 3.6x10° cycles, which are then analysed through oil analysis that
includes wear debris analysis as well as particle counting. The results reveal that the a-C:H coated
gear reduces the particle generation by a factor of 3.11 as compared to the baseline testing. However,
a-C:H does not affect the condition of the lubricant. It is found that the a-C:H gear had reduction in
micro-pitting formation as compared to the uncoated gear. This study demonstrates an extension of
the life of gears through the application of a-C:H coating.

Keyword: Diamond-like carbon; helical gear; condition monitoring; fatigue life; power recirculating
gear test rig.

1. INTRODUCTION

Gears are one of the main mechanisms for power transmissions in almost all machines. The primary
purpose of gear systems is to implement motion transmission, as well as to increase or to decrease the
speed of shafts carrying rollers or loads. Recent developments on design and manufacturing of
gearboxes strive for a more compact design that yields a larger capacity of power transmission. Due to
the nature of the power transmission that involves variable speed of rotary mechanism and heavy
loads, gears tend to experience failures at various cycle of the machine operation. The common failure
modes of gear typically include bending fatigue, contact fatigue, scuffing, wear, cracking, fracture and
plastic deformation (AGMA, 2014). However, countless analyses have identified that the factors in
most occurring failure modes are tooth-bending fatigue, contact fatigue, scuffing and abrasive tooth
wear (Edwards, 2004).

Surface technology is a feasible solution towards improving the service life of gears and is now
extensively developed, which includes various methods such as surface hardening, shot penning and
nitriding. Surface coating is a promising method to improve surface performance. The current
generation of popular hard coatings is the “diamond like carbon” (DLC), where it has been proven to
have profound tribological advantages in sliding-rolling contact components. Manier et al. (2010)
found that the amorphous hydrogenated carbon (a-C:H) and the tetrahedral amorphous carbon (ta-C)
coating surpasses the ceramic coating performance under slip rolling condition at a high Hertzian
contact stress of 3.5 GPa. Various studies have also been conducted on the influence of DLC coatings
towards the improvement of the common failure mode resistance, such as contact fatigue and scuffing
resistance. Krantz et al. (2004) demonstrated an extension of life of tungsten DLC (a-C:H:W) coated
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gears by a factor of six through accelerated fatigue testing. However, it is discovered that the
performance of DLC coated gears changed with the load condition applied. Under low load
conditions, the gears exhibited longer fatigue life, while in high load conditions, the fatigue life is
comparatively shorter or equal to the non-coated gear (Fujii et al., 2010). Although DLC coating
provides an advantage on maximising resistance towards gear failures, the complex interactions for
various parameters, such as the elastohydrodynamic lubrication (EHL), temperature and contact
pressures yields various results of enhancements as well as deterioration.

The utilisation of a-C:H coating on the influence of gears is rarely discussed as most of the existing
studies are conducted using a-C:H:W coating (Joachim et al., 2002; Kalin & Vizintin, 2005; KrZan et
al., 2006; Michalczewski et al., 2013a; Tuszynski et al., 2015; Velmurugan & Vijayakumar, 2017).
An experimental testing of a-C coating on cylindrical gears applied with a high contact stress was
presented by Xiao et al. (2014), which suggested that the prolongation of the gear life is achievable by
a factor of three. The study on a-C:H coating on spur gears lubricated under ecological oil is
demonstrated by Michalczewski et al.(2013b), where the coated gears had an increased scuffing load
capacity. Another a-C:H coating study was published by Fujii et al., (2011), where fatigue testing is
conducted on gears under vacuum condition. The study also suggested improved scuffing load
capacity in comparison with the uncoated gear.

This paper focuses on the wear behaviour of a-C:H coated helical gear in terms of the wear debris
generation as well as the surface fatigue formation. Its effect on the lubricant condition is also
discussed.

2. METHODOLOGY

2.1 a-C:H Specification and Gear Specification

Prior to experimental investigation, the DLC coatings are selected based on the optimum condition for
helical gear testing using pareto optimal analysis and weighted decision matrix. Tables 1 and 2 show

the selected DLC coating and gear specification used in the experiment.

Table 1: a-C:H specification.

Microhardness

. _ Thickness  HV 005/  Coefficient , Scrvice  Deposition
Coating Material . temperature temperature
range um Hardness of friction °C) °C)
(GPa)
fribobond oo s P00V 300 160-200

The gears are made from low carbon steel (AISI 1020), which after hobbing are carburised at
temperatures higher than 900 °C with an as-ground surface for the physical vapour deposition (PVD)
deposition of the a-C:H coating. The standard specification of the AISI 1020 steel gives a hardness
value of 130 HV, but through testing using a Shimadzu HMV-G Micro Vickers Hardness Tester, it
was recorded that the core hardness was at 261 HV. Due to the low-cost consideration of gear
fabrication, pack carburisation is utilised where the case depth proved to be difficult to control.
Nevertheless, the range was approximately 1.2 to 1.5 mm. The carburised gear has a case hardness of
546 HV, whereby the a-C:H deposition has a case hardness of 769 HV. The adhesion layer of
chromium (Cr) is deposited as an interlayer through the PVD process, which is followed by the
deposition of a-C:H coating via plasma assisted chemical vapour deposition (PACVD) process. Table
1 and 2 shows the a-C:H specification as well as the test gear parameters respectively.
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Table 2: Gear specifications.

Specifications

Type of Gear Helical
Helix angle 17.75
Pressure angle 20
Centre to centre
distance 113 mm
Module of gear 3
Number of teeth 36
Face width 15 mm (preliminary) / 7 mm (pitting) / 3 mm (pitting)
Tip diameter 116.25 mm
Pitch diameter 110.25 mm
ApEIcl):((jji'lr;anentlal 1818 Nm
Lubricant DEXRON III Pennzoil
Gear Material AISI 1020, Casehardened

2.2  Selection of Machine and Experimental Setup

Figures 1 and 2 shows the setup and schematic diagram of the power recirculating test rig. The test rig
for the wear analysis in the experiment utilised the power recirculating gear system consisting of four
helical gears. The shafts have four stubs of 250 mm of length and 25 mm in diameter. As the gears
were installed, the shafts were locked in a close loop mesh, which allowed torsional loading to be
applied. A special coupling to apply torsion by twisting the stub on the driven shaft was introduced.
The coupling consisted of two concentric flanges, in which one side of the coupling possessed a
triangular platform where set screws forced the stubs to be twisted. This causes angular misalignment
or commonly known as torsion, which in turn causes the gear to be loaded with tangential force.
Accelerated wear is the aim for the construction of this type of test rig. The main shaft was fitted with
a torque transducer via rigid couplings connected to the stubs, which measured the applied torsion for
a precise loading. A 10 HP DC motor drove the main shaft with a variable speed of up to 2,900 rpm.

Figure 1: Power recirculating test rig.
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Preliminary testing was conducted for a Hertzian contact stress of 551 and 957 MPa to identify the
capacity of the test rig. The actual experiments were conducted under a loading of 1,231 MPa for 9
million cycles for both AISI 1018 carburised gear and a-C:H coated gear at a constant speed of 1,000
rpm and a lubricant starting temperature is at room temperature. Samples were taken for every
3.6x10° cycles at approximately 60 ml per sample through the sampling port of the rig.
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Figure 2: Schematic diagram of the gear test rig with lubricant path. The elements are: [a] AC motor, [b]
tooth belt, [c] slave gear oil sump, [d] slave gear, [e] torque transducer, [f] flexible coupling, [g] drive
shaft, [h] test gear, [i] test gear oil sump, [j] needle bearing casing, [k] 10 um oil filter, [I] magnetic pump,
[m] lubricant path, [n] torsional coupling, [0] driven shaft.

2.3 Wear Debris Analysis, Optical Imaging Analysis and Oil Analysis

The collected samples were analysed using a CSI Spectro 5200 trivector analyser for wear debris analysis
and Q1000 Fluidscan for oil analysis using IR spectroscopy. Both equipment adhere to ASTM D7416 and
ASTM D7889 respectively. A Dino-Lite AM4515 digital microscope was used to capture the surface
conditions of both the uncoated and coated gears for the natural progression of pitting under accelerated
loading conditions at the same interval as lubricant sampling. The results were then compared for both the
uncoated and coated gears with progression of up to 9 million test cycles. At the end of the test cycles, as
Axioskop 2 optical image analyser was utilised to capture the surface of isolated tooth at a 5x to 100x
magnification for both gear surface conditions. The determination of the cumulative wear rate is given by:

Wear rate = ald (D
te—te—1

where Q is the number of cumulative particles counted, M is the cumulative mass of the particles and
t; - ti.; is the cycle of gear revolution for each test. The cumulative wear is used to determine the wear
stages of both gear surface conditions through the quantitative analysis of particle counting.

3. RESULTS AND DISCUSSION

The overall wear performance in each test is assessed from the progression of micro-pitting damage,
particle generation and lubricant condition. The results are limited to the formation of micro-pitting on
the surface of the gear for both the uncoated and coated gear due to the test rig having a limitation of a
low load output.
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3.1 Particle Generation of Micro-Pitting Damage

The most significant factor in the particle generation is the ferrous index, which determines the
ferrous composition of the particles dispersed in the lubricant. It is noted that the progressive nature of
the micro-pitting on gear surfaces is a crucial feature for determining the wear performance of a gear
under contact fatigue damage, thus provides useful information for predictive maintenance (Moorthy
& Shaw, 2012).

Figures 3 to 5 present the particle generation for both the uncoated and coated gear. The particles are
divided into three size categories, namely small diameter (SD), medium diameter (MD) and large
diameter (LD). The details are listed in Table 3. The SD particles are associated but are not limited to
various wear mechanisms comprising of rubbing wear, cutting wear, combined rolling and sliding
wear as well as rolling fatigue, which involve pitting and spherical particles. However, SD particles
are more prominent in the generation of spherical particles, which is generated through rolling fatigue
wear and rubbing wear. These wear modes generally produce particles with sizes of 3 to 10 um and 5
to 15 um respectively.

Table 3: Particle size categories.

Particle Diameter Size

Small Diameter (SD) <10 pm

Medium Diameter (MD) | <28 pm

Large Diameter (LD) >32 um

The MD particle generation categorised by its sizes are the result of various wear mechanisms faced
by the gear during its operational life. The wear mechanism includes cutting wear, rolling fatigue
generating spall and laminar particles, as well as combined rolling and sliding wear. However, MD
particles is determined to be generated prominently via rolling fatigue generating laminar particles,
and combined rolling and sliding wear, where both mechanisms produce particles of sizes 20 to 50
um and 2 to 20 um respectively. The combined rolling and sliding wear generate a complex fusion of
particle morphology and thus, it is difficult to be categorised by size only. It is also worthy to note that
severe sliding wear occurs only in MD particle sizes onwards. The wear modes resulting in the
generation of the LD particles are determined to be of rubbing wear, cutting wear, rolling fatigue
producing spall and laminar particles, and severe sliding wear (Anderson et al., 1991).

Ferrous index is sensitive to conductive, ferromagnetic particles that increase linearly with both
particle size and concentration. The index measures recent, severe wear of oil-wetted steel and iron
parts due to the surfaces of such particles that are likely to be conductive. Figure 3 shows the SD
particle distribution. For the uncoated gear, the ferrous index was observed to increase significantly at
the start of the test reaching a maximum ferrous index value and then decreased rapidly until the test
reached 5.34 million test cycles. A small value of ferrous index is then observed at 6.54 million test
cycles and between 7.26 and 7.62 million test cycles. The ferrous index measurements suggest that
the particles generated at this specific point in the gear life cycle are of ferrous composition. As for
the coated gear, the ferrous index remains at lower values observed throughout the gear cycles, which
indicates that very little concentration of ferrous particles was removed from the coated gear gradually
over the test cycle. Most of the particles are of non-ferrous composition.

The results in Figure 3 determines that the uncoated gear experienced wear mechanisms that are
assumed to be rolling fatigue wear and rubbing wear. Uncoated gears produced larger particle sizes of
6 and 10 pm in the SD particle distribution as compared to those from the coated gear. Possible
particle morphologies generated for these particle sizes include spherical particles and platelets
(Anderson et al., 1991). Similar trends can also be observed for the case of MD and LD particles in
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Figures 4 and 5 respectively. For the MD particles, the possible particle morphologies would be of
laminar particles, striated particles, and a complex fusion of wear debris due to combined rolling and
sliding wear. For the LD particles, the possible particle morphologies experienced are spherical,
ribbons, chunks, platelets and striated particles, as shown in Figure 6.
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Figure 3: Small diameter (SD) particle generation progression: (a) AISI 1020 carburised and (b) a-C:H
coated AISI 1020 carburised.
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Figure 4: Medium diameter (MD) particle generation progression: (a) AISI 1020 carburised and (b) a-
C:H coated AISI 1020 carburised.
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Figure 5: Large diameter (LD) particle generation progression: (a) AISI 1020 carburised and (b) a-C:H
coated AISI 1020 carburised.
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A cumulative wear rate of all the particle sizes are compared for the coated and uncoated gears as
shown in Figure 7. From the trend, it can be clearly observed that the uncoated gear had three wear
stages, which are run-in wear, steady-state wear and the initial failure zone, while the coated gear has
an extended run-in wear that leads to a steady state wear. The run-in zone for the uncoated gear was
determined to last for 1.62x10° gear revolutions, which then entered a steady state wear that lasted for
5.04x10° revolutions and subsequently entered an initial failure at 6.54x10° of gear revolution.

The coated gear showed an absolute divergence of wear debris generation behaviour as the run-in
zone extended for 6.66x10° revolutions and then entered the steady state wear. This behaviour is
consistent with the gear surface damage shown in Figures 9 and 10, which is discussed in more detail
in Section 3.3. This finding determines the prolongation of the helical gear life by a factor of 3.11
through running-in quantification comparison.

50 pm

(©)
Figure 6: Wear debris particles: (a) Platelets (annotation indicates platelets with striation marks)
(b) Chunks (c) Spherical.
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Figure 7: Cumulative wear rate of a-C:H coated gear vs uncoated gear.

3.2 Oil Analysis

The a-C:H coating has an insignificant impact on the condition of the lubricant, where the oxidation
and viscosity has miniscule enhancement as compared to the uncoated gear lubricant through the
progression of the test cycles, which can be observed in Figure 8. The uncoated gear has oxidation
level ranges from 19.2 to 20.1 abs/0.1 m, while for the coated gear, it ranges from 19.3 to 19.9 abs/0.1
m. The degradation of oil due to oxidation or ageing is mainly caused by high temperatures of the
lubricant, thus the behaviour shown in these experiments suggests that a high temperature during the
experimentation did not occur.
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Figure 8: QOil analysis of a-C:H coated gear vs uncoated gear: (a) Oxidation (b) Viscosity.
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However, the viscosity of the lubricant differs from the influence of oxidation, where the uncoated
gear debilitates over the course of the test cycle, while the viscosity of the coated gear remains
constant towards the end of the experiment. As high temperature did not occur during the experiment,
this result suggests that the uncoated gear lubricant may contain contamination.

3.3  Gear Tooth Image Analysis

Figures 9 and 10 present the gear surface image captured for the N™ test cycle. From the images, the
wear mode can be identified with the formation of micro-pitting.

Ny=5.16%10° Ny=6x10° Ni=7.62x10° N;=9x10°

Figure 9: AISI 1020 carburised uncoated gear surface image (the arrows annotate the formation of
micropitting).

N;=5.16x10° N;=6x10° N,=7.62x10° N;=9x10°

Figure 10: a-C:H coated AISI 1018 carburised gear surface image (the arrows annotate formation of
micropitting).
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A significant difference can be observed as the formation of micro-pitting occurred at an earlier cycle
for the uncoated gear in Figure 9, while in Figure 10 the coated gear is shown to have experienced
peeling at the earlier cycle and micro-pitting occurred only at 6x10° cycles onwards.

Through this observation, it is revealed that the a-C:H coating improves the scuffing and pitting
resistance of the coated gear substantially in comparison with the uncoated gear where for the latter,
prominent formation of micropits and scuff marks are scattered throughout the gear teeth. For the
peak contact stress of 1,231 MPa in the experiment, it is found that for the uncoated gear, the
generation of surface damage occurred frequently on the dedendum, indicating that the most severe
mesh sliding condition prevail similar to the study demonstrated by Fernandes & McDuling (1997).

The uncoated gear showed progressive micropitting observed at the dedendum of the gear, which
includes the gear tooth root and contact pitch line, as shown from optical imaging of the gear surface
in Figures 11 (b) and (c). It can also be observed that scuffing mark occurrence is more prominent in
the contact pitch line, lessens at the tooth root and is non-existent at the tooth tip. Microcracks are also
observed solely at the tooth tip, which is also a sign of the initiation of micropits, as shown in Figure
11 (a).

Figure 11: Optical stereo images of uncoated gear surface at the end of the test with peak contact stress of
1,231 MPa: (a) Tooth tip (b) Tooth root (c) Contact pitch line.
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The a-C:H coated gear exhibited completely different damage on its surface, where micropitting and
scuffings are observed solely on the gear tooth tip, as shown in Figure 12 (a) albeit at a smaller scale
and the coating partially remained intact. The tooth root suffered from large scale microcracks at the
end of the test with partial peeling of the coating observed, as shown in Figure 12 (b). At the contact
pitch line of the gear, no microcracks are observed.

Figure 12: Optical stereo images of coated gear surface at the end of the test with peak contact stress of
1,231 MPa: (a) Tooth tip (b) Tooth root (c) Contact pitch line.

The surface of the gear became smoother as a result of the interaction of the coating and gear surface
after extended sliding and rolling mechanisms (Moorthy & Shaw, 2013). The surface coating is found
to be completely removed as shown in Figure 12 (c). However, a polished surface would promote a
decrease in material removal of the surface gear as no asperities or valleys are involved during the
sliding and rolling mechanism of the gear.

4. CONCLUSION

The wear behaviour of a-C:H coated AISI 1018 carburised gear at peak Hertzian contact stress levels
of 1,231 MPa in Pennzoil oil using power recirculating gear test rig was discussed in this manuscript.
The results strongly suggest a significant improvement towards wear resistance of the carburised AISI
1018 gear. Through the particle generation analysis, it was concluded that the a-C:H coating
influences the wear stages of the gear, where it was found that the running-in wear was experienced at
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a relatively low wear rate with an extended cycle in comparison with the baseline testing. It was
revealed that the a-C:H coating improved the life of the gear by a factor of 3.11 as compared to the
uncoated gear. The a-C:H coating was observed to have no influence on the degradation of the gear
lubricant. Peeling also occurred due to low adhesion between the deposited a-C:H and gear surface.
The reduction of micro-pitting was significant for the a-C:H coated gear, which in our study occurred
at 6x10° cycles. Thus, it can be concluded that a-C:H coating improved the material removal rate of
the gear leading to a low wear debris generation due to its properties of high hardness and low
coefficient of friction.
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