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Abstract

Carbon-based coatings are of wide interest due to their application in machieatslsubjected to
continuous contact where fluid lubricant films are not permitted. This paper descritdsalogical
performance under dry conditions of duplex layered H-DLC coating sequentially deposited by
microwave excited plasma enhanced chemical vapour deposition on AlSI 52100 steelhiibetane
of the coating comprised Cr, WC, and DLC (a-Cwtbh a total thickness of 2.8 um and compressive
residual stress very close to 1 GPa. Surface hardness was approximately 22 @&Padnced elastic
modulus around 180 GPa. Scratch tests indicated a well adhered coating achievicey boadtof 80

N. The effect of normal load on the friction and wear behaviours were investigatedesitpiss

sliding against the actual coating under dry conditions at room temperature (20 2 °C)-a5@)35
RH. The results show that coefficient of friction of the coating decreased from 0.21 to 0.13witiue
the increase in the applied loads (10 - 50 N). Specific wear rates of the sudticg also decrease
with the increase in the same range of applied loads. Maximum and minimues vadre 14 x 19

and 5.5 x 1§ mm3 /N m, respectively. Through Raman spectroscopy and electron microscopy it was
confirmed the carbon-carbon contact, due to the tribolayer formation on the wear scareafitige ¢
and pin. In order to further corroborate the experimental observations regarding the graphitisation
behaviour, the existing mathematical relationships to determine the grapiitisstiperature of the

coating/steel contact as well as the flash temperature were used.

Keywords: Hydrogenated Diamond-like carbon; friction; wear; AlSI 52100 steellidirygs



1. Introduction.

The quality and functional characteristics of many engineering applicagidetermined by
superimposed mechanical loads and particular requirements on their surface, sluatrasistace or
low levels of coefficient of friction (CoF)'he use of thin films as the non-stoichiometric hydrogenated
amorphous carbon (a-C:H), also named hydrogenated diamond-like carbon (H-DLC), has becom
widespread for the improvement of performance/life of steel compos [1, 2], in whaditspe
properties at particular locations are needed without compromising the bulk hsitengths.
Furthermore, these coatings are also being used as solid lubricants in the irféaidtt@improve
tribological behaviours of machine components under very clean atmospheres or wheubritadtis
are not permitted. The progressive acceptance of these coatings for the above pupesesthe
mechanical, chemical, electrical and optical properties they ei.[Bhe deposition of DLCs is
commonly obtained by plasma decomposition of a hydrocarbon-rich atmosphere at low substrate
temperatures and high deposition rates. [@tter is a major advantage for most steels because the
annealing temperature is not reached (<200 °C), therefore substrate hardness is rht affecte

In spite of the outstanding properties of DLC coatings, the CoF and wear mechanisms depend
significantly on the deposition method/parame [1, 5], variation in environment,ieitlaEuum or
room atmospherﬂG], relative humid@ [7], the substrate and counterbody matkealarious

coating architectures such as multiple or gradient layers, and very importaatlyearing conditions,
i.e. under dry, water, oil or a combination of thﬁﬂs, 9]. In the case of unlubricated condhgons, t
influence of loading and sliding velocity on the CoF and wear rates becomes essemtiz., $hal.

put forward variations in the CoF and wear for different loads on the Steel/DLC pair, unde
ambient and dry conditions,.. The CoF decrease with the increase of normal load for short sliding
distances, and for long sliding distances, the CoF decrease with the decrease dbadrragion the
steady state there seems to be a convergence in the CoF values ranging fror.2.08¢anwhile,

wear rates increased with the increase of load. Similar trends were alsoadantgimilar, previous

research [11-13]. In contrast, @14] reported very little influence of the normal loae @oF of a

WC/C coating tested under reciprocating sliding against pure titanium. The DeB f@nd were
0.13 upon the steady state. Therefore, the correlations between tribological performanoadiodlar
DLC and operational conditions have a considerable importance for any possible apgdhcatertain
machine components. Nevertheless, research has mainly focused on the modifichéqhygsical
properties of the new DLC coatin and their evaluations from the tribological and
environmental points of vie?]. On the whole, the studies on friction and wear of WOZHs

different applied contact pressures and under dry conditions are scarce.
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From the number of techniques to deposit hard DLC films, plasma enhanced chepuoocal va
deposition process (PECVD) is extensively utilised due to the nature ofdfeagbon gas usexbthe
coatings incorporate more?sand H bonds which make the films softer than the majority of tetrahedral
ta-C counterpartsﬂ[ﬂﬁ]. Furthermore, reactive magnetron sputtering is a relativagchealogy

that combines magnetron sputtering and PECVD to increase hardness and provide better wear
resistance and low friction values in the coated 39, 20].

In order to elude the detrimental environment effect of the mating surfaces amy twffcde heat
generated through friction, lubrication procesisave been successfully used and are designed to
influence the friction and wear behaviour of surfaces in contact. However, it is well known that
hydrogenated DLC coatings do not react with various lubricants, mainly oil dritvesl because of

their low surface energy and the lack of attracting polar groups from such oils and aives [21]. In
this regard, much research has focused on the synergistic action between carbon-bagsdnoda

new environment-friendly lubricants (lower S and P contents), in the boundary lubrication regime, but
it is apparent that the tribological behaviours of DLCs under lubricated conditiost#llarelistinct
]. Therefore, since the reactivity of the oil varies with friction surface pthbination of a
tribo-coating operating under a lubricated condition is @tilaspect under investigation. Thus, while

the coefficient of friction has been found higli@rthe combination of steel/steel compared to the a-
C:H/steel combination, there are some cases where the former combinatioer ihwthe Iatt4].

It is clear that with the introduction of DLC coatings in existing engineering sgsteésmain

objective for their effective application is to ensure a consistent performance undadadbil-

lubricated conditions. In this context, some of the important studies have been carrieth ouiteit
controversial outcomes and/or are not practical for industrial applications becausetiba ef

normal loads and sliding velocities are away from real engineering conditionsntyideme of these
discrepancies may result from different and varying DLCs under investigation. loflitie
aforementioned, in this study, a hydrogenated DLC coating has been investigatlforfirming,
friction and wear performance in dry sliding under different normal loads. As far as the authors know
there is no study on tribological characteristics of an H-DLC coating with the same dgonpafs

layers that resembles the present H-DLC coating architecture. Understandingibbtbgital

behaviour of this particular coating with the appropriate working conditions will enable expamsion i

mechanical components coated with functional coatings.



2. Materialsand experimental procedures

2.1 Materials and deposition

A WC/a-c:H coating was deposited on AISI 52100 steel ptftdimensions 7 x 7 x 3 mhusing an
industrial scale Microwave excited Plasma Enhanced Chemical Vapour DepddMbiRECVD)
Flexicoat 850 system (Hauzer Techno Coating, the Netherlands) in the Advanced<IDasiigm
Laboratoryat the School of Mechanical Engineering of the University of Leeds. The continuous
deposition procedure includes deposition of an adhéreinterlayer (by DC magnetron sputtering)
followed by an intermediate hard tungsten carbide (WC) layer (by DC magnetron sputtering and
gradual introduction of acetylene gas to chamber). The surface topography of H-DLC aoéiog) is
shown in Fig. 1. This industrial scale PVD/CVD system incorporates two 1000 W micrplasvea
sources (2.45 GHz). The negative bias voltage used was 420 V. The substrate wasechaihkass
than 200 °C. During deposition, control of the substrates temperature is very importaatfor h
sensitive metallic materials such as the steel used in this studgub$teates were cleaned by Ar+
plasma using pulsed DC bias prior to deposition of the adhesion layer. The thickness of igerasati
determined by means of the abrasion ball cratering technique utiliagi@ster apparatus
(tribotechnic, France). The total thickness of the a-C:H layer was 2.8dn0.Phe compressive
residual stress of 0.9 + 0.05 GPa was determined through substrate deflection before arDlafter H
film deposition on a pure Si wafer. Similar values for this type of coatings were putdd].
The stresses were calculated by using the Stoney eq on [27] :

4 E.t
o=—| =—5>>—|(h-h) (GPa) (1)
3| TL (1—u)

Where E is the substrate Elastic Modulus =169 [28] the Poisson s ratio (0.28), ts is
substrate thickneg9.4 mm), T is the DLC total coating thickness, ho-dre the maximum deflections

of the substrate, before and after the film deposition (a value @hX6as measured using white light
interferometry), and L is the length (16.7 mm). The thickness ratis &%6.
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Figure 1. AFM image of the bare H-DLC coating.

2.2 Coating characterisation

A surface roughness of 18 = 5 nm for this film was evaluated using two-dimensional contacting
profilometry (Talysurf5, Taylor-Hobson, UK). Surface roughness data of 8mm trace was émalyse

the least square line, with Gaussian filter, 0.25 mm upper cut-off and bandwidth 100 + 1. The hardness
and the reduced elastic modulus were evaluated by depth-sensing Nanoimuestaga Nano Test
(MicroMaterials, Ltd. Wrexham, U.K.), an enclosed box platform with regulated tetoperaoftware

suite and micro capture camera. The diamond indenter was a Berkovich tip. The loadevasritad

with depth from 1 to 50 mN and a matrix of 50 indents was used. The adhesive strength of the coating
was tested using a commercial apparatus (millennium 200, TRIBOtechinque, Fraedeayith a

Rockwell spherical diamond indenter (tip radius of 500 um). Scratch-tests were perfonnged usi
progressive loads from 0.1 to 80 N with a load rate of 100 N/min and for a transverse scrdtabf lengt

8 mmin dry condition. The scratch tester is equipped with an acoustic emission monitorimg $aes

local chemical bonding structure present at the coated surface, as weleweat tracks, was

determined using Raman spectroscopy (Renisaw Invia Raman microscope,systeanwave length

of the incident laser beam bf 488 nm. All measurements were carried out in air at room temperature
(20 £2 °C) and 3%0% RH.

2.3 Tribological tests

Sliding friction and wear tests of the H-DLC under dry and lubricated conditions were catr@taou
pin-on-plate tribometer (Cameron Plint TE77 reciprocating friction rig) in lineardaitional motion

(Fig. 2). This isabespoke platform for tribological studies under diverse load and heating conditions.

The horizontal friction force is measured by the load cell which is a piezoiekeatrsducer that
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converts the analogue signal into a digital one which is then processed by abftigare A
stainless steel bath ie&ed by four electrical resistance elements connectedtlimck positioned
below this bath, the heating is then controlled by a thermo-couple that regéatesperature
according to a user defined magnitude. The tribological experiments were carriechguat lasided

pin and reciprocated against a stationary H-DLC coated steel in air at atebiperature.

Electrical
resistance
element

Figure 2. Overview of the reciprocating pin-on-plate set up.

Prior to experimental set up, all holders (both for the sampléoanide pin) were sonically cleaned in
acetone for 20 min. This procedure was also utilized for the cleaning of samples and pinsrd&ins w
AISI 52100 steel of 20 mm in length, diameter of 6 mm with semi spherical ends of 110-120 mm in
radius. The stroke length was set up to 5mm. Material properties are detailed in TFaickoh. force
data was collected every 5 min (1000 data points) for 6 h. To evaluate friction, testspeatecs

least three times for a particular load.



Table 1. Material properties of the tribopair.

Parameter Steel (plate and pin) Coating/Interlayers
Specification AISI 52100 H-DLC
Hardness ~ 11 GPa 201“3 GPa
Reduced Elastic modulus ~ 180 GPa 180 + 10 GPa
Plate roughness (Ra) 18 £5nm 18 £ 5nm
Pin roughness (Ra) 282 nm
Composition (% wt)/coating C 0.98-1.10, Cr 1.301.60, Mn ~0.7 Cr
thickness im) 0.25-0.45, Si 0.150.30, S 0.025, ~0.7 WC

and P 0.025. 1.4-1.6 H-DLC
Atomic % of hydrogen ~20

To predict tribological behaviours of H-DLC coatings that will be applied to madamponents, the
correlations between tribological characteristics of particular H-DLCs ceadimg) working conditions
are of paramount importance. Accordingly, the pin-on-plate configuration, pin semi apbads, and
the range of normal loads usedmintended to emulate the sliding conditions of a piston ring contact
of internal combustion engi9]. The initial Hertzian contact pressure uses study and the

experimental running conditions are shown in Table 2.

Table 2. Experiment conditions.
Experimental conditions Magnitude
Load (N) 10, 20, 30, 40 and 50
Maximum Hertzian pressure (MPa) 110, 140, 160, 170 and 19(
Frequency (Hz) 10
Average velocity (m$) 0.1
Temperature (°C) 20 = 2 (dry condition)
Relative Humidity (%) 35-50
Duration (h) 6




2.4 Surface analysis

2.4.1 Wear measurement

At the start of each test, the plate and pin were sonically cleaned using acetegeeise and remove
any impurities from the surface. Then, they were weighed using a MettéetoTAT21 micro-balance
with an accuracy of ug. Both samples and pins were again weighed to determine the volume loss. The
specific wear rates for the worn parts of the tribocouple were calculated using thedAetatonship:
VL=KSW (2)
where Kis the ‘Archard coefficient’ which is used as an index of wear severity (mm3N1m™), Wis the
normal load (N), S the sliding distance (mj,tke loss volume (A).

Post wear analysis was also carried out using white light interferometry on a Bruk&EXP
instrument. Measurements were taken on vertical scanning interferometry mode, schof 9pand

2.5X magnification.

2.4.2 Optical microscope, Scanning Electron Microscope (SEM), Atomic Force Mipeo§sBM)
and Raman spectroscopy

A Leica optical microscope DM6000 was employed in this study to analyse the gmnmsréor both

tribo systems, i.e. Steel/Steel and H-DLC/Steel. The microstructure, morplaoldgliickness of the

films as well as the worn surfaces were studied using a Zeiss EVO MA15 Va&trakkure and field
emission SEM in direct mode. An integrated Oxford Instruments Energy Dispersase(EDX)

analysis system was used to qualitdyivend quantitatiiy evaluate the presence of C and Cr/W
outside/inside the wear scar and also to determine the occurrence of matesfiet.tta depth

chemical profiles were obtained by glow discharge optical emission spectros@p¥&3. It should

be noted that the quantitative EDS and GDOES analysis had the limitation eidigients (Z < 1)1

and could not be routinely analysed. Thus, hydrogen (Z = 1) did not have characterigscaXda

therefore it is not shown both in the corresponding EDX analysis and the composition profiles. Surface
topography, in turn, was observed with AFM (Bruker, ICON dimension with scan asyst) for the H

DLC and steel surfaces outside and inside the wear scar. AFM scan images weeel oistag a

silicon tip (cantilever stiffness ~0.4 N/m and tip radius of ~10 nm) in contact mode andaegaf 5

um x 5 um. The carbon coating structure with respect tésgpratio was studied by Raman

Spectroscopy. A 488nm excitation wave length laser source with 2mW power was usedeiitiece

and static modes were used to detect chemical compound formation and the carbon peaks (disorder D

and amorphous graphitic G peaks) both for the coating structure before and after sliding. The scan
8



range from 800 to 1800 chwas applied to identify the carbon peakatddvas fitted with a Gaussian
line shape in order to show the G and D peaks positions and the ratio of peak intensitieg Tk rat
was considered as an indicator of the carbdfsgpstructure and also transfer layer structures. €urv

fitting was done considering Full-Width aBi-Maximum (FWHM) as constraint.

3. Resultsand discussion

3.1 Coating characterisation

The chemical composition in depth showing complete information of the relativieyets as well as
their thickness is shown in Fig. 3. The cross section of the sample (Fig. 3a) showgléxdayer
compound. The surface layer is composed by carbon and hydtbgéattér not shown) because of
the hydrocarbon precursor acetylene, used to deposit the a-c:H. In Fig. 3b, there is sa in¢thea
intensity on the interlayer region (1.3%2 um) with Cr and WC signals. This interlayer WC and H
forms a non-stoichiometric hydrogenated tungsten carbide WC:H and as a resultethasyst
represented as WC/H- a-C:H or WC/H-DLC.

subsrate  [NNCENN WC  NECHII

All Elements

" Cl K series
" Ag Lseries
- W M series
" Cr K series

Fe K series
" CKseries
Ar K series

N
I r'oil ] "l‘ld\/‘.. A o
3 s g TP 4 ) - OV ST R Mol
D%WIWM e e e e LR L T %hﬁf!ﬁi‘,‘h".‘:ﬁh:‘ﬁn‘:ﬁr.‘nfﬁ:'?I'-.T.Ll%f?l:,ﬁ,.‘ml'-.-.-vr,-,-.t.l';r.vp.-.1-1.-:.
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pm

Figure 3. (a) SEM micrograph in cross section and (b) the composition profile of the DLC coating
deposited on AISI 53100 steel. The elements Cl and Ag are contaminants due to the nangdulati
the sample for the analysis.



In orderfor a coating to be used in one or a number of industrial applications, its adhesivia $¢rang
paramount requirement. Thus, the adhesion of the coating to the substrate is widetgdn®ameans
of the scratch test, which provides information regarding the level of adherence in terms of the
occurrence of interfacial fractures. Scratch tests indicated that theOH:Ddting was well adhered to
the AISI 52100 steel substrate with very little cracking and no evidence of adfalsike and

therefore, no critical failure as shown in Fig. 4. The arrow A points out an early onset of pesodic |
amplitude acoustic emission (AE) peaks indicating no partial adhesive failuralipuicroscopic
angular cracks at the edge of the groove (64 N). The high amplitude AE peaks pointed out by arrow B
corresponds to the total penetration depth (8 mm). There is evidence of transverseca@aneracks
caused by the higher load (75 N) at the rear of the contact end. It can then be considered@actitical
> 80 N for the present coating, whicheimore than acceptable value for industrial applicat [30] .
Despite of the coatinsg high hardness, it is clear that there is a plastic deformation along the groove
and because there is no evidence of any spallation event or adhesiveitaiamdye suggested that the
chromium deposited as the adhesion layer between the DLC layer and the sulistrate far the
relaxation, taacertain extent, of the compressive residual stresses while the duetrigsist the

interfacial fracture improves.
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Figure 4. Scratch induced acoustic emission test on the H-DLC deposited by MW-PECVD.
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The measured hardness and the reduced elastic modulus from the Nano indentation EdSEon H-
coated samples are shown in Fig. 5. Each curve are the averaged result of fifty indehesegard t

bars were determined from the standard deviation of those fifty indents.
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Figure 5. Nanohardness and reduced elastic modulus of the carbon film measured as a fuhetion of t

indentation depth.

The maximum nanohardness of treated samples increases by 200% than that of the bargsedbstrate
table 1), i.e. a nanohardness of ~ 23 GPa is reached at ~180 nm depth, which is corisigtent wi
general observance of sustaining depth < 10% of the coating thickness (2.8 um) isersobstrate
effects. The behaviour of the indentation depth less than 180 nm could be attribbheeduddce
imperfections such as roughness. However, as the depth ingredafés of the coating thickness), the
nanohardness reduces, indicating that the substrate is strongly influencing the hardm’msr
namely, nanohardness of the coating was dependent on the indentation depth. On the contrary, the
reduced elastic modulus has little difference between bare substrate apdttéeb dteel, namely, the
reduced elastic modulus is approximately independent of the indentation depths. ¢teisbietirom

Fig. 5 that variations in the surface topography led to the scatter in measured valu2@0fnom

inwards. Clearly, the influence of the softer steel substrate becomes more ptauhier indentation
depth overflows that 1% of the coating thickness. The hardness and elastic modulus of the H-DLC

coating isZOfO3 GPa and 180 + 10 GPa, respectively.
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Although hardness is a material property usually considered as crucial to definesigtance, the

elastic modulus also protrudes on wear behaviour, specifically, the elasti¢stealare, which,

according to Leyland and Mathe32], is related to the ratio of hardness (H) andhatalstios (E.

Thus, the H/E ratio is hypothesised to be an indication of the wear rate of the film, dkasrthe
deformation relative to yielding/alues of H and E¥* — E*=E /(1 - v?) allow simple calculation of the
ratio H/E*2, which gives information on the resistance to plastic deformation. The higher this,ratio
the higher the resistance of the coating to plastic deformation. Therefore, takiag B8Pa and E=208
GPa(determined from Baucedorc = 179 GPay prc = 0.3, Bndenter= 1140,V indenter=0.07) gives FE*?

=0.1. Similar values for W-DLC coatings have been reported in other ses [20]. Wear index for Si
DLC and DLC coatings have been reported as 0.15 and 0.12 respectively.

Raman spectroscopy is the selective technique to acquire information regarding the houneting s

of hydrogenated carbon films. Fig. 6 shows the Raman spectra performed in air at 40% RH of the H-
DLC coating as deposited on steel plate. The spectra was deconvoluted using Gaddsiaardzian
functions, where first, a linear background was subtracted. In the plot, two distribution bands in the
900-1800 crit range are shown. These two bands are well defined, as the disorder (D) and graphite (G)
ones that initiate from $pites, due to the fact that the 488 nm excitation resonates with 1w — 1*

transitions at spsites, and in this case the band D dominates over the contributicfmdibs]. The

G band (graphitic) is centred at 15&%™ for visible excitation. The D band (shouldered) at 1363 cm

is attributed to bond angle disorder in the graphite-like micro domains affected yrsp Indeed,

this band represents the breathing modesgfoitoms in aromatic clusters in hydrogenated carbon

films . The broadening of the lines confirms the amorphous hydrocarbon molecules of thig coat
in particular, due to the fact that there are no bands and peaks at wave numbers below 0@ cm
integrated intensity ratio of the Gaussian line shape analysis for the above speadrbficw 0.49

and the FWHM (crm) for D and G peaks were 347 and 168 respectively.

12
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Figure 6. Raman spectra of the H-DLC before the friction test.
3.2 Tribological behaviour

The variation of the coefficient of friction (u) as a function of sliding distance in dry conditions and

under several applied normal loads is displayed in Fig. 7. At the beginning o$tthedey condition,

the CoFor 10 and 20 N loaslincreased progressively with the increasing of the sliding distance until
it reacledan average upper value of 0.22-0.23, respectively, and then, a slightly decreasimng tre
visible until it levelled off with average values of 0.20-0.21. This initial rigdénCoF is attributed to

the initial high roughness (Fig. 8a) and reduced contact area between the interdiadessliding, the
rough surface features smoothen as a result of the elastic and plastic effectsabioihal forces

acting on the coating, which in turn increase the contact area that is stresugiated to the CoF,

specifically its appearance and surface hardness corresponding to the deformatioceeasishe

contact area (recalling the well-known relationshi:p% = H :XF , Wwhere A would be the real

contact area, T the shear strength of the junction, F the applied hormal load, and H the mean pressure on
an asperity or simply the local hardness of the material). As the sliding continuggtitig

decreasing trend of the CoF is linked, on one hand, to the low magnitude of the applied normal load,
which produces certain amount of friction-induced localized heating and melting of the contact
asperities, whictnayslowly but progressively generate an amorphized transfer layer capable of
contributing in the reduction of the C35]. The surface roughness of selected specimendabthe e

13



the sliding is shown in Fig. 8n the other hand, the elimination of free -bonds on sliding surfaces
also determines the levels of reduction in friction. Here, atomic and/or molecular hydnbige the
coating (interstitially accommodated within the H-DLC structure), continuouslgnmebesand
terminates the-bonds that were inherently exposed by the dynamic coct [36]. In contrast, the
corresponding frictional features for higher loads, namely, 30-50 N loads exhibited a decreading t
of the CoRrom the running-in stage. In this regard, the contact pressure is higher and temperature
between the pin and the coating goes up because of the higher pushing forces, and thus, roughness
asperities plastically deform with bending and drawing movements; and ast athese appears to be

a rapid development of a graphite-like lubricious tribolayer. In addition, when hagds are applied
on the coating surface, it has been reported that self-alignment of graphitized/andomibotayer

and effective passivation of dangling bonds by scattered hydrogen atoms and/or moleulasni
atmosphere contribute in the lessening the 56, 37]. In Fig. 8c, the worn surfacndtdh

the sliding is shown. Regardless of the initial tribological discrepancissyety distinguishable in

Fig. 7 that steady-state levels of friction commence in the range of 1740-1800 m of rubbihg for al
loads.

14
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Figure 7. Evolution of the frictional behaviour of the reciprocating pin-atepf H-DLC coated steel
subjected to different loads and at 0.1 Ehe inset graph shows the average CoF values for both the
initial and the steady-stages versus applied loads.

The maximum average value of the steady-state coefficient of friction was 0.21, wmaderahload of

10 N and a minimum average value of 0.13 was obtained for a normal load of 50 N. These levels of
CoF resemble to those put forwar[38], under similar preparation and test conditions. In
comparison, other studie@nder similar condition@@g] showed steady-state values that ranged
from 0.25 to 0.6, which are higher than those in the actual study. Furtherm,ein-[-DLC coating

with an adhesion layer of Cr was deposited on a particular rubber via unbalanced magnetron reactive
sputtering from a WC target in aldy/Ar plasma, and tested under dry sliding condition against an

AISI 52100 ball. Its tribological performance in terms of CoF spanned between 0.2 - 0.25, which is
comparable to the values of CoF for the lower loads in this work. On the whole, the coatings could
withstand film failure or delamination and the coefficient of friction displayed a dependence on the

applied force for the steady stage as can be noticed in the inset graph of the Fig. 7.
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Figure 8. AFM images of the H-DCL coatings and their averaged surface roughness for (a) as
deposited, (b) selected worn area of 5um x 5um under a 20 N applied load, and (c) selected worn area

after sliding with a 50 N applied load.

The wear scars of the contacts H-DLC/steel inscribed in dry condition arcsigthy shallow for

each of the applied normal loads, as confirmgthb surface profile scanning of the wear scars which
can be seen in the representative scars depicted in Fig. 9. On this coatmdxtmum levels of wear
depth along the transverse section of the sliding direction of wear scars, i.e. tfées pr Fig. 9 (c

and f), did not exceed 1}5m. This latter observation shows that the penetration depth is lower than the
coating thickness. It is also noticeable from the three dimensional pictures oftéhecplis shown in

Figs. 9 (a and d), that despite of the apparent removal of material as a resulanfiémeial forces

acting directly on the surface of the coating, there is no sign of sharp interfacialdsattk generation.
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It can be established that the coating deforms plastically and bends into thg-t&ragins and also
transfers to the counterbody as will be shown later in this seGtase finding agree with the scratch
results, i.e. there is plastic deformation obsertgtie formed groove by the continuous increase of the
load up to a critical load greater than 80 N without brittle crack or interfaciddtspa. It seems to be
apparent, that ductility of the duplex-layered coating allofeedn effective relaxation of the residual
stresses (< 1 GPa as mentioned in section 2.1) provoked by the chromium layer, which indeed

minimized the crack induced surface and interfacial fracture.

Y profile cross to

the slidina
(b) :
0
2
-4
.
3
-5
8
10
-12
-13
Sliding
( ) X Profile: AX=6.8218 mm; AZ=-1.4151 pm Y Profile: AX=4.4581 mm; A7=1.2860 pm
M M
R R
T 1.5
[1;- 05 : — I .
g st £ 05 Deptlr —
A5 15 e
5 L 3
25 ! I I 25
0 2 4 6 8 ] 0.0 10 20 3.0 40 50 56

(f) X Profile: AX=69430 mm; AZ=0.4990 pm

Dz

15 : - 1 1

;o 7 —
30 Y 05 | Ao A
45 08 WHV‘J S

25

T T T T T T T
1] 2 4 6 8 0.0 05 10 15 20 25 3.0 34
mm mm

Figure 9. Representative wear scars on the WC/H-DLC coated plates after 2160 nustdmze,
showing the wear depths both parallel and transverse to the sliding direction for (a-c) 10 N) &d (d-
N.
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In Fig. 10, the specific wear rates of the H-DLC coatings are depicted. Undemthslgling velocity
condition (0.1 m/s), with the increase in normal load, the average spedificates decrease. The
maximum and minimum specific wear rates are 14 %dfd 5.5 x 16 mm? /N m, respectively. The
former under a normal load of 10 N and the latter under a normal load of 50 N for 6 h or 2160 m dry
sliding. The reduction in specific wear rate seems to be abetted by the formation of a tagasfar |
the counter-layer, because of structural transformations triggered by the nodregbpbi@ad during the
sliding. Among these structural effects, the re-crystallisation procesesies very active at the contact
interface in such a way that, due to the reciprocating sliding, a re-orientation ottiystedlised

layers brings the basal planes parallel to the top surface of the coatingenattnisequent reduction in
the wearing rat@l]. Specifically, the sliding-induced localised amgeatithe contact asperities,
likely causes a gradual destabilization of the carbon-hydrogen bond ir? tie¢rabedral structure and
as a result, a transformation of this spructure into a graphite-like sgptructure takes abe.

These changes in the chemical behaviour of the near-surface structure of the wogs ecae
characterized by Raman spectroscopy and are shown in Fig. 11. The spectrum taken fiean the w
tracks of the high frequency peaks (G) have shifted to a higher frequency nearing the graphite
frequency. Particularly, if it is considered that hydrogenated DLC Raman spectra arerdpm
composed of the high and low frequency peaks oscillating at 154@crthe graphite-like Sgbonded
carbon and 1360 ciifor the sp-bonded phasEFQ]. There is also an increase in the intensity of the low
frequency peak due to D band graphite contributions, since/thedtio is also proportional to $pp®
ratio. Therefore, the wear track H-DLC surface undergoes certain amount of clmatigeeshemical
behaviour due to the strain-stress state of the sliding surfaces and the chewiicaligavith ambien

atmospheric contamination, leading to graphitization/amorphization to some extent
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Figure 10. Dimensional wear coefficients of the WC/H-DLC assessed at seaeisalError bars are

the standard deviation from the average values of three weight measurements.

In addition, because of atmospheric contamination, it is well-known that effgetssivation takes

place, i.e. the internal hydrogen atoms in the coating strongly interact witkiénead micro

molecules of water present in the humid environment, provoking a strong adhesion mainly gaused b
the capillary force induced union. This should resud lmgh wear rate due to the elevated adhesion,
but as observed in Fig. 10, there is a clear reduction in the wear rate as the Iqast figesit

occurred for the CoF (Fig. 7). As expected, under dry conditions, the aforementioned dilehjfe-
structure contributed to the transfer of C from H-DLC to the steel pinavatimsequent reduction in

the adhesion and friction due to the fact that the contact was carbon-on-caneothat carbon-on-

steel. This was verified, firstly, by measuring the wear depth of the H-DLC catihg end of the

sliding tests. The coating presented DLC after the rubbing and also there wassferted material

from the steel pirto the coated plate as can be observed in Fig. 12. The top of the a-C:H was partially
worn holding approximately 0.6 pm thickness with carbon and tungsten to a lesser exté€nt. The
interlayer remained intact for all applied loads. And secondly, Raman analysesawezé out on the
wear surfaces of the plates (Fig. 11), these appeared to have a tendency to a drapiter cwhich
clearly indicates the carbon nature of the tribolayer formation at the contact.

19



50 N —— Spectra

lioy/1,= 0-99
©' @) 1381 Zi

40N

1557

IKD)IIAGF 0.96
1382

30N

1548
1.,/1=0.83

o e
1360

20N 1549

Intensity (arb. unit)

I f1=0.76 1359

©'e) "

— T 7 T T T T
800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure 11. Raman spectroscopy taken from wear track zones of the coated plateingeatestor
different applied loads.

cps

Figure 12. Representative chemical composition profile taken on a worn region of the H-DbG@ coa
after the sliding test for a 40 N applied load.

Secondly, by analysing the transfer layer on the wear scars on the AISI 52100 steel pams. Ram
spectroscopy was utilised to identify the tribolayer formations asettmunterparts. The spectra were
measured on the several zones of the wear scars and a representative spectrum of tvrdodidfsise

shown in Fig. 13. Evidently the signals are dissimilar to those taken on the weapfrideksoated

plates (Fig. 11 This is because the quantities of transferred carbon to the steel pin are much lower than

those present in the deposited bulk carbon film on the steel plate, and therefore, theslwtkne
20



transferred material appears to be non-homogeneous as can be seen in the inset pictuean$the w

on the steel pin in Fig. 13. In the same inset image, it is observed that dark-griey tegess are

present on the wear scar and along the sliding direction in the shape of long stripesah Akso ¢
corroborated from the signals depicted in the same Fig. 13, as the intensitiesrywenaclelower

than those for the plate worn tracks, which suggests that the amount of graphite formed was rathe
limited. In addition, the Raman spectra of the transferred layer exthtbid broad and strong peaks

with wave numbers oscillatingf 1589-1609 cimt and 1328-1358 cth These peaks are close to the G

and D band peaks of the natural graphite and their shapes resembles that of highly disordeted graphi
. Therefore, the surface of the coating wear track and the tribolayer formations on the pin wear

scars appeared to have a graphitic character, confirming the carbon-carbon contact.
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Figure 13. Selected Raman spectra of the steel pins wear scars after slidirtg-afdi@scoating.
Tribotest conditions were: 2300 m sliding distance in humid air (45 £ 5 % RH) and sliding vefocity

0.1 m &. The inset image shows the wear scar on the steel pin for a 40 N applied load.

3.3 Phase transition analysis

There is a strong indication of DLC coating graphitisation from prior observations aessvirdm the
correlations between friction and wear behaviours. Under dry sliding conditions, temperndthigha
contact stresses appear to be central in the breakdown of the hydrogenated DL@aﬂm@

rationale comes out of the pressure induced temperature at the sliding ¢bethgtirogen atoms are
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unbound from the diamond-like matrix and as a result, feebly hydrogen-depleted sites tuhisout. T
weak surface is then deformed by the high contact stresses turniagyiaghitic structure (from Sp
bonded carbon to $jponded carbdrwhich favours a reduction of fricti2]. The carbon transition
temperature for hydrogen desorption mostly depends on the initial hydrogen content aidahthe sl
contact pressure. As a qualitative account on the transition observed in this st@gptheon law

can be used for the present discussion. It states that, the increase of Hertaetrpoessure leads
to a decrease in the graphitisation temperature as long as the specific volumegéhgtid coatings

is higher than the dehydrogenated coatings, which can be mathelpatxgabssed by the following

relationship:
ae__ L 3)
dT  T(vs-v))

Note that v> vt because if the density of a hydrogenated film decreases when the hydrogen content
increases, then dP/dT < O.

Where L is the transition phase energy of diam@drid6 x 18 J/kg) ], vis the hydrogenated film
specific volume (from \= 0.294 x 1& to 0.416 x 18 m®kg, depending on the amount of hydrogen
incorporated in the film),nis the dehydrogenated film specific volume=\0.284 x 16 m*/kg)

and T is the transition temperature of coating in vacuum (around 4@°C [45]). The solution of the

differential equation (3) is given by the following equation:

Vi —M .
T =Teexp ——AP | with AP = Rrax— P2 (4)

1

Where Raxis the Hertzian contact pressure givenRy, = — =2

1( 6FE?
T

3
j and R is the atmospheric

pressure (0.1 MPa). F is the applied load, R is the radius of the pin (R =110 mm) and

-1

2 2

E-= (1_EV1 +—1_EV2] . B1 = Elastic moduli of the steel pin (~160 GPayElastic moduli of the H-
1 2

DLC (180GPa), v1 = Poisson ratio of the steel pin (0a3y v. = Poisson ratio of the coating (0.28).

When all the above parameters for the present study are used(#), Eqcan be shown that the phase
transition temperature of the H-DLC coating decreases with an increase ot stres but also
decreases abruptly with an increase of hydrogenated coating specific volunustrasad in Fig. 14.

Specifically, if it is taken into account that the mass density of H-DLClatss|from 1.9-3.0 g/cin
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, it can then be considered a density of 2.5 §{@ x 10° m3kg) for the actual coating. In the
process, the transition temperature can be decreased to 300 - 325 °C, for contact stregg&smangin
0.1 -0.2 GPa, i.e., when the applied normal loads vary between 10 and 50 N.
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Figure 14. Graphitisation temperature of the H-DLC coating as a function of specific volume of

hydrogenated coating and contact pressure. Plots are obtained fr¢f). EQ.

In order to determine if the surface temperature of the two sliding bodies in costaticienty high
as to reach the graphitisation temperature, the following flash tempeﬁslm'renship] can be used

to estimate an approximate of the induced temperature rise due to the frictiatzthe contact area.
1
) P \2
AT = uPv/i4J3(K + Ky)a with a=| — (5)

7H

where [ is the coefficient of friction, P is the applied load, v is the slidingityel&g and ke, are the
thermal conductivities of the coating and the steel pin, J is the Joulefantdds= 1), a is the contact
radius of the real contact area, and H is the measured hardness of the H-DLC coingqUS)

and the actual experimental data, the calculated surface temperatwieisthe applied load varies
are enumerated in Table 3.
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Table 3. Estimated flash temperature.

Constants P(N) a(um) p° AT

aj

Ki(WImK) 12 19 11.8 021 221

Steel

aj

reWms 20 166 021 3156

H(GPa) 23 30 204 019 3497

v(mis) 01 40 235 017 3613
50 263 015  356.4

aRef. [47],°u ~ initial at 240 m sliding distance.

The calculated flash temperatures eased the graphitisation process forigwlapgs of 30 - 50 N,
due to the fact that exceeded the phase transition temperatures (~325 °C). Trappesus to agree
with the frictional behaviour shown in Fig. 7, since for such loads the very initisds/af CoF
exhibiteda slowly decrease to almost constant value during the following sliding distanch,cshid
be an indication of an early graphitisation degree of the H-DLC surface layer.dasthef the loads
10 and 20 N, the calculated temperature rise at contact asperities was |lovike tbalculated
graphitisation temperature. These results also sd&magree with the frictional tendencies for such
loads, since the CoF slowly increase to a maximum and eventually deicrersest constant value
(Fig. 7). The estimated flash temperature is high enough to change the diateaftact interfases in
the way of desorbed hydrogen. Therefore, the edge sites multiply themselves and thereréase in
the adhesion of the tribopair. This may explaet thcreasing values of CoF. As the sliding continue
and since there is hydrogen on the friction track, hydrogen desorption from the surface is also
progressive generating inactive sites and in consequence CoF reduces. Theyeutrstalale carbon
atoms from the active sites may attempt to form more stable structures, lhugebefcthe contact
stress, the active surface can be dislocated facilitating the transformatiorspf streicture on the
surface of the coating. In addition, it has been analysed in previous rerch [48] phesehee of
wear debris in the tribopair’s interface can promote the graphitisation of amorphous hydrocarbon
molecules, by virtue of a rise in the Hertzian contact pressure at surface aspehiid brings down

the transition temperature.

4. Conclusions
A hydrogenated Diamond-like Carbon has been characterised both prior to, and folidvalogical
testing. Friction and wear behaviour under dry unlubricated conditions of a [WC/at€dHlontact
has been assessed for different normal loads in ambient atmosphere. The attbagitecs the

24



coating was found to be more than acceptable for industrial applications with a s@steimece above
80 N. At the levelled off stage, coefficients of friction decrease with the se@eahe applied normal
load. This is because, depending on this increase in the normal load, theatlkemjmosition of the
coating can be seen to alter in the form of a graphitized wear surface and a deqredasflayer
formation also takes place, as revealed by the Raman analyses. The maximumranchralues of
average coefficient of friction after 2160 m rubbing were, 0.21 under 100 MPa maximum contact
pressuret 0.1 m/s, and 0.13 under 190 MPa maximum contact pressure at the same velocity. Specific
wear rate of the H-DLC/steel tribocouple behaves as the degree of graphitisa8pwhkich, in turn,

is governed by the severity of the applied load. So, in this study, the specific wekecrased with
the increase in normal load. The formation of a protective transferred layer on the countedtpart
carbon-carbon contact conditions wéleonsequent reduction in wear of both mating surfaces. The
maximum wear rate value for the H-DLC coatings was 14%mv3 /N m under a normal load of 10
N and 5.5 x 16 mm /N m under a normal load of 50 N, following 2160 m of dry sliding. According
to the outcomes from the present research, the H-DLC coating could be useful for wide range of

industrial applications suclsautomotive, aircraft and machine components.
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FIGURE CAPTIONS
Figure 1. AFM image of the bare H-DLC coating.
Figure 2. Overview of the reciprocating pin-on-plate set up.

Figure 3. (a) SEM micrograph in cross section and (b) the composition profile of the DLC coating
deposited on AISI 53100 steel. The elements Cl and Ag are contaminants due to the namgfulati
the sample for the analysis.

Figure 4. Scratch induced acoustic emission test on the H-DLC deposited by MW-PECVD.

Figure 5. Nanohardness and reduced elastic modulus of the carbon film measured as a function of the
indentation depth.
Figure 6. Raman spectra of the H-DLC before the friction test.

Figure 7. Evolution of the frictional behaviour of the reciprocating pin-atef H-DLC coated steel
subjected to different loads and at 0.1t Ehe inset graph shows the average CoF values for both the
initial and the steady-stages versus applied loads.

Figure 8. AFM images of the H-DCL coatings and their averaged surface roughness for (a) as
deposited, (b) selected worn area of 5um x 5um under a 20 N applied load, and (c) selected worn area
after sliding with a 50 N applied load.

Figure 9. Representative wear scars on the WC/H-DLC coated plates after 2160 m shidmzpdi
showing the wear depths both parallel and transverse to the sliding direction for (a-c) 10 N) &d (d-
N.

Figure 10. Dimensional wear coefficients of the WC/H-DLC assessed at severaElwadbars are
the standard deviation from the average values of three weight measurements.

Figure 11. Raman spectroscopy taken from wear track zones of the coated plate after testing, and for
different applied loads.

Figure 12. Representative chemical composition profile taken on a worn region of the H-DIbG coat
after the sliding test for a 40 N applied load.

Figure 13. Selected Raman spectra of the steel pins wear scars after sliding-agdigstoating.
Tribotest conditions were: 2300 m sliding distance in humid air (45 + 5 % RH) and sliding vefocity
0.1 m & The inset image shows the wear scar on the steel pin for a 40 N applied load.

Figure 14. Graphitisation temperature of the H-DLC coating as a function of specific volume of
hydrogenated coating and contact pressure. Plots are obtained from Eq. (4).
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