




 

 

 



























 

 
Subsecretaría de Educación Superior 

Dirección General de Educación Superior Universitaria 
Dirección de Superación Académica 

Programa para el Desarrollo Profesional Docente, para el Tipo Superior 
 
 
 
 

“Año del Centenario de la Promulgación de la Constitución Política de los Estados Unidos Mexicanos” 

Calle Vicente García Torres # 235, Col. El Rosedal, Coyoacán, CP. 04330, Ciudad De México, 

Tel. (55) 3601-1000 Extensión: 65934 http://www.dgesu.ses.gob.mx/PRODEP.htm 
 

 

 
                             Ciudad de México, 19 de Julio de 2017 

Oficio No. 511-6/17-9597 

 

 

Solis Romero José 
Instituto Tecnológico de Tlalnepantla 
Presente 
 
 
Me complace informarle que el Comité Evaluador externo al PRODEP, de 
acuerdo con las Convocatorias 2017, resolvió positivamente su solicitud de 
Reconocimiento a Perfi l  Deseable. 
  
En consecuencia, la SES acredita que usted tiene el perfi l  deseable para 
profesores de tiempo completo. 
 
La acreditación tiene validez por 3 años a partir de esta fecha y servirá para 
los f ines establecidos en la propia convocatoria, en el entendido de que 
dejar de laborar en esta institución conl leva la cancelación del 
reconocimiento. 
 
Sin otro particular, aprovecho la oportunidad para enviarle un saludo. 
 
 

Atentamente 

 

 
M. en C. María de Jesús Guillermina Urbano Vidales 

Directora 

 

 
 
 

"Este programa es público ajeno a cualquier partido político. Queda prohibido el uso para fines distintos a los establecidos en el programa”. 
 
 

F-PROMEP-32/Rev-08 































Original article

Tribological properties of aluminium-clay composites for brake disc

rotor applications

A.A. Agbeleye a,b,⇑, D.E. Esezobor a, S.A. Balogun a, J.O. Agunsoye a, J. Solis b, A. Neville b

aMetallurgical and Materials Engineering Department, University of Lagos, Lagos, Nigeria
b Institute of Functional Surfaces, School of Mechanical Engineering, University of Leeds, Leeds, UK

a r t i c l e i n f o

Article history:

Received 14 August 2017

Accepted 7 September 2017

Available online xxxx

Keywords:

Sliding wear

Surface analysis

Sliding friction

Hardness

Three-body abrasion

a b s t r a c t

In this paper, the mechanical and tribological behaviours of various compositions of aluminium 6063

alloy – clay (Al-clay) composites for brake pad applications were studied. The Al-clay composites with

5–30 wt% of clay particles of grain size of 60 BSS (250 microns) were developed through stir casting route.

The wear characteristics of Al-clay in dry sliding conditions were subjected to a series of Denison T62 HS

pin-on-disc wear tests. The action of two different loads (4 and 10 N), three sliding speeds of 200, 500 and

1000 rpm were investigated. The results of the mechanical and wear tests as well as the metallographic

investigation of optical, scanning electron microscopy and energy dispersive X-ray microscopy revealed

an improvement in the tensile strength, hardness and wear resistance in the composites with 10–25 wt%

clays. The best values were obtained at 15 wt%. Wear rate was highly influenced by applied load and slid-

ing speed. The developed composites with 15–25 wt% clay addition were similar to conventional semi

metallic brake pad in terms of wear and friction properties.

� 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aluminium based composites are gaining increased applica-

tions in the transport, aerospace, marine, oil and gas, automobile

and mineral processing industries, due to their excellent strength,

stiffness and wear resistance properties. However, their wide-

spread adoption for engineering applications has been hindered

by the high cost of producing components (Burkinshaw et al.,

2012). Hence much effort has been geared toward the develop-

ment of composites with reinforcements that are relatively cheap

and can compete favourably in terms of strength and wear charac-

teristics with composites reinforced with silicon carbide (SiC), alu-

minium oxide (Al2O3) and graphite. Clay could be a potential

reinforcing component due to its availability and its major con-

stituents such as alumina (Al2O3), silica (SiO2), oxides of iron

(Fe2O3), titanium (TiO2), and sodium (Na2O).

Recently, great interest has been in the automobile and aviation

industries and many other industries to reduce strength-to-weight

ratio of components, improve the wear resistance of components,

and or enhance fuel efficiency as evidenced by extensive research

into aluminium-based composites (Rao et al., 2009; Rawal, 2001;

Das, 2004). One of such area being considered for potential weight

reduction is the brake system. Most cars today are built with disc

brake which consists of the caliper and a ventilated rotor. The cali-

per and rotor are typically made from ductile cast iron and grey

cast iron respectively. Cast aluminium and aluminium based metal

matrix composites (MMC) brake rotors give as much as 45–61%

weight reduction in the braking system (Sarip and Day, 2015;

Huang and Paxton, 1998; Macke and Rohatgi, 2012; Miracle and

Donaldson, 2001; Maleque et al., 2010). However, the major limi-

tation of the use of aluminium alloys is its soft nature, hence the

need for its reinforcement with high strength-stiffness materials

such as SiC, TiC, TiB2, B4C, Al2O3, and Si3N4 (Jimoh et al., 2012). Clay

contains reinforcing materials such as Al2O3, SiO2 and Fe2O3 with

trace presence of other materials (Esezobor et al., 2014) making

it a potential candidate as a reinforcing agent for the production

of metal matrix composite for wear applications. Wear is one of

the most commonly encountered industrial problems that leads

to the replacement of components and assemblies in engineering.

When two solid surfaces are placed in solid-state contact, it is

not easy to envision the absence of some wear even in the most
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efficiently lubricated systems because of asperity contact

(Narayanasamy and Selvakumar, 2016).

During the sliding action, the hard ceramic particles detached

from the composite surface constitute a resisting barrier in reduc-

ing the wear rate of the composite material. The sliding wear

resistance of the composites with respect to that of alloy varies

with the process parameters (Al-Qutub, 2009; Alpas and Zhang,

1993; Balakumar, 2013). The three distinct regions of wear

reported by Alpas and Zhang, 1993 are dependent of load, which

include oxidative wear in which the oxide aluminium surface

layer is removed during sliding process. Other regions include

the mild wear in which the loss of material is dictated by

asperity-to-asperity contact and the wear that is controlled essen-

tially by subsurface deformation and fracturing of the surface (Suh

and Saka, 1980). These regions occur at low, medium and high

load regimes.

The braking system of a vehicle is usually subjected to a com-

plex state of stress which includes mechanical and thermal stres-

ses (Choudhury et al., 2014). The material used in brake rotors

should, therefore be able to bear thermal fatigue and should absorb

and quickly dissipate heat generated during braking (Esposito and

Thrower, 1999). In a typical braking process, the hydraulic pressure

could be in the range of 2 to 4 MPa. The rotors could reach at a very

small duration, temperatures as high as 800 �C due to friction,

which could result to a thermal gradient up to 500 �C between

the surface and the core of the rotors (Macnaughta, 1998).

Friction materials for brake systems comprise metallic compo-

nents to improve their wear resistance, thermal stability and

strength. Metals such as copper, steel, iron, brass, bronze, and alu-

minium have been used in the form of fibres or particles in the fric-

tion materials. The friction and wear of these materials depend

mainly on the type, morphology, and hardness of the metallic

ingredients (Jang et al., 2004). A commercial brake lining usually

contains more than 10 different constituents categorized into four

classes of ingredients: binders, fillers, friction modifiers and rein-

forcements. The choice of the constituents is often based on indi-

vidual experience or a trial and error method to make a new

formulation (Hee and Filip, 2005).

The incorporation of clay particles in aluminium alloy will har-

ness the potential of its constituents (mainly Al2O3+SiO2) forming

multi-reinforcements composite with the prospect of it a suitable

substitute in wear resistant applications, in place of the monolithic

reinforcements such as SiC, Al2O3, etc. currently in use.

Therefore, this paper will investigates the influence of various

weight fractions of aluminosilicate clay on the mechanical, friction

and wear properties of Al-clay composites for brake disc rotor

applications. The results will be compared with the results

obtained with a semimetallic brake pad (SMBP).

Table 1

Optical Emission Spectrometric analysis of AA6063.

Element Si Mg Fe Cu Mn Zn Cr Ti Al

% composition 0.429 0.425 0.225 0.004 0.026 0.002 0.006 0.033 98.850

Table 2

Atomic Absorption Spectroscopy (AAS) analysis of clay sample.

Parameters SiO2 Al2O3 Fe2O3 MnO MgO Na2O CaO K2O BaO SO3 LOI

Level detected (%) 45.62 33.74 0.43 0.01 0.06 0.05 0.04 0.63 0.01 0.03 4.545

Fig. 1. SEM micrographs of: (a) As - cast AA6063 and (b) Clay particles.

Fig. 2. EDX analysis of (a) As - cast AA6063 and (b) Clay particles.
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2. Experimental

The Al-clay composites which consist of aluminium alloy

(AA6063) and 5–30 wt% of clay particles of grain size of 60 BSS

(250 microns) were developed through liquid metallurgy stir cast-

ing route. The AA6063 was supplied by Nigerian Aluminum Extru-

sion Company (NIGALEX), Oshodi, Lagos, and the clay was obtained

from Ikorodu town in Lagos State, Nigeria.

The tensile and Vickers hardness tests of samples were con-

ducted using respectively 50 kN Instron 3369L3477 machine and

Mitutoyo micro–hardness tester HM-122 in accordance with the

ASTM E8/E8M-13 standards. The Metallographic examination

was carried out using Zeiss EVO MA-15 Scanning Electron Micro-

scope (SEM)/Energy Dispersive Xray (EDX). The sample surfaces

were ground, polished using alumina suspension, and etched in

Weck’s reagent for 20 s as well as dried in still air. The microstruc-

Fig. 4. Tensile strength against strain.

Fig. 5. Mechanical properties of test samples: UTS, (a) Vickers hardness, (b) and Percent elongation, (c).
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Fig. 3. Particle size distribution of clay sample (Narayanasamy and Selvakumar,

2017).
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ture of each samples were also examined with a digital Leica

CTR6000 metallurgical microscope at 50 mm magnification.

The wear characteristics of Al-clay and SMBP in dry sliding con-

ditions were subjected to a series of Denison T62 HS pin-on-disc

wear tests. Cylindrical pins of 5 mm diameter were made from

the Al-Clay composite and SMPD. The action of two different loads

(4 and 10 N), on AISI stainless steel disc at three sliding speeds of

1.05, 2.62 and 5.24 m/s were investigated as per ASTM: G99-05

standard. The wear was measured by weighing the pins before

and after the test.

The volumetric wear rate was estimated by measuring the mass

loss,Dm in the sample after each test. The volumetric wear rateWr,

which relates to the mass loss to the composite density, q and the

sliding time, t was evaluated using the expression in Eq. (1):

W r ¼
Dm

qt
ð1Þ

However, it is more appropriate to express the wear results in

terms of wear constant K as extracted from Archard’s law. For

known values of wear volume V, Vickers hardness H of the softer

component, sliding distance S, and normal load L, the wear coeffi-

cient is given in Eq. (2):

K ¼
VH

LS
ð2Þ

3. Results

3.1. Mechanical properties

The results of the analysis of the aluminium alloy and the clay

are presented in Tables 1 and 2 respectively. Figs. 1 and 2 show

the SEM images and the EDX analysis of the AA6063 and clay sam-

ples used in this study respectively.

The results of the SEM/EDX (Figs. 1 and 2) revealed the as cast

sample contains proportion of Al, Si and Mg in the range expected

in AA6063, while clay sample contains the right proportion of Si,

Al, Fe, O, Mg, Na, Ca and K that placed it in the range of aluminosil-

icate clay group as classified by Chesti, 1986. The size distribution

of the clay particles is shown in Fig. 3.

The UTS of the composite samples increases as the addition of

clay increases to a peak value of 133.98MPa at 15 wt% clay particle

addition over the conventional AA6063 of 104 MPa. Further

increase in clay particle addition to 30 wt% clay resulted in a

decline in the UTS to 122.29 MPa (Fig. 4).

The Vickers hardness values of the Al-clay composite are pre-

sented in Fig. 5. The increase in the percentage of clay particle

addition was accompanied with corresponding increase in the

hardness values and it reached a maximum value of 76.7 HV at

15 wt% after which the hardness value declined to 67.3 at 30 wt

%. The percent elongation (ductility) values of the Al-Clay compos-

Fig. 6. Optical microstructure of the samples (a) As cast AA6063, (b) 5% clay, (c) 10% clay, (d) 15% clay, (e) 20% clay, (f) 25% clay, (g) 30% clay, (h) SMPB.
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ites as presented in Fig. 5(c) show appreciable response to increase

in clay particle addition. Strain values generally decrease with

increase in clay particle addition with the minimum value of

5.7% attained at 20 wt.%.

3.2. Microstructure

The results of the metallographic examination of all the samples

are displayed in Fig. 6. The clay particles are fairly distributed along

the grain boundaries of the AA6063matrix. The addition of the clay

particles is observed to have enhanced the formation of finer grains

(Fig. 6(b-h)) as compared to the as-cast AA6063 (control sample)

(Fig. 6a).

3.3. Wear characteristics

The result of the wear test of the composites with various

weight fractions of clay particles is displayed in Fig. 7.

The wear rate decreases with increase in the weight fraction of

the reinforcing agent (clay) as compared to conventional AA6063.

The lower wear rate observed at optimum condition between

15–20 wt% clay is due to enhanced hardness by the dispersion of

the hard intermetallics over the AA6063 matrix, which acted as

load supporting elements (Essam et al., 2010; Devaraju et al.,

2013a,b; Kumar and Balasubramanian, 2008).

The wear behaviour of the developed composites is similar to

the SMBP at lower sliding speed of 200 rpm for all samples. In

some cases, the composites have enhanced wear properties. This

behaviour can be attributed to the release of the clay particles on

the surface during wear process, which to an extent may prevent

metal to metal contact and also serve as solid lubricants (Tjong

et al., 1999). On the other hand, the wear rate increases with

Fig. 7. Dimensional wear coefficient of test samples at varied loads and sliding

speeds.

Fig. 8. Coefficient of friction (a) 4 N at 200 rpm, (b) 10 N at 200 rpm, (c) 4 N at 500 rpm, (d) 10 N at 500 rpm, (e) 4 N at 1000 rpm, (f) 10 N at 1000 rpm under ambient and dry

conditions.
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Fig. 9. EDS layered image of wear track.

Fig. 10. Optical microstructure of worn surfaces of samples (a) As cast AA6063, (b) 5% clay, (c) 10% clay, (d) 15% clay, (e) 20% clay, (f) 25% clay, (g) 30% clay, (h) SMPB.
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increase in the normal load and sliding speed. This trend was also

observed in the work of Devaraju et al., 2013b. However 10–25%

weight fraction at 10 N and 500 rpm show increase in the wear

rate of the composite. This shows the dependence of load and

the weight fraction of clay particle on the wear behaviour of the

composite over conventional AA6063.

3.4. Friction characteristics

The variation of coefficient of friction (CoF) of the test samples

with the sliding time with respect to the various sliding load and

the rotating speeds in dry conditions is presented in Fig. 8. It was

observed that the CoF increased sharply in the first few seconds

and then attained a nearly steady value with the sliding time.

The initial high value of the CoF can be attributed to the roughness

at the surface of the specimen (Sharma et al., 2012). However, the

CoF value increases with increase in load at low rotating speed.

However, at higher speed the average CoF is found to be inde-

pendent of load during the first few seconds of the experiment.

After a while, the amplitude of CoF increases at high load, produc-

ing fluctuating values of CoF. This could be due to the presence of

higher volume of wear debris trapped at the contact zone creating

a third body effect within the contact surface, resulting in decrease

in metal removal during the wear test (Devaraju et al., 2013b).

3.5. Worn surface morphology

The morphology of the worn test samples showed in Fig. 10

indicate that there exist three microstructurally distinct areas with

the wear tracks. These areas include: bright coloured area with

scratches (part of the based metal), light grey areas, and dark grey

areas.

The bright coloured area on the micrographs is the uncovered

metal surface. This appears smooth, indicative of mild oxidational

type of wear with no or minimal cracks. The grey area on the other

hand, appear to be consisting of smaller compacted particles and

with considerable cracks appearing on the surface. The oxidation

of ruptured particle during sliding is called fragmented oxide par-

ticle. When this small particles were oxidized and emitted during

sliding, they reduced the sliding contact surfaces. The fragmented

oxide particle acts as a lubricating agent, and it may reduce wear.

Consequently, no plastic deformation will occur on the worn sur-

face of the Al-Clay composite (Narayanasamy and Selvakumar,

2017).

4. Discussion

The improvement of the UTS and microhardness with the incre-

ment in the weight fraction of clay particles may be due to the

presence and pinning effect of the clay particles (Khraisat and

Abu Jadayil, 2010; Essam et al., 2010; Devaraju et al., 2013a,b),

which serve as impingement for the movement of dislocations

and as a result restrict the sliding of the grain boundaries. The

results of the mechanical property tests also indicate that ductility

of the AA6063 was influenced by the amount of clay particles addi-

tion. This is evident with a decrease in percent elongation, which

dropped to its minimum at 20 wt% clay particle addition.

The improved mechanical properties of the composite (Fig. 5)

can be attributed to the combined effect of grain refinement pro-

pelled by increase in clay content and the formation, precipitation,

and distribution of hard intermetallic compounds (Khraisat and

Abu Jadayil, 2010). Previous studies (Marioara et al., 2003;

Kuijpers et al., 2003; Miao and Laughlin, 1999) have shown that

the mechanical properties are highly influenced by the precipitates

of hardening b(Mg2Si) phase. The strength is also influenced by the

intermetallic phases formed during solidification of the alloys.

The Compositional variations of wear track as presented in

Fig. 9 shows higher oxygen content of tribo-layer. This might be

due to presence of oxides of elements (such as Al, Si, Cu, Sn, and

Fe) present in the test materials.

Wear debris is attributed to delamination and fatigue wear of

tribo-layers. Other sources of debris formation were identified as

pin material fractured particles mostly at edges, and formation of

third body abrasive particles during the test by tribo-oxidation

and mechanical mixing of test products.

5. Conclusions

It can be concluded that:

(i). The addition of clay particles generally improved the

mechanical properties, wear resistance and CoF of the

AA6063.

(ii). The wear behaviour of the developed composite is depen-

dent on the applied load, sliding speed and the weight frac-

tion of clay particle additive.

(iii). The wear and friction properties of the developed composite

with 15–30 wt% clay particles addition are similar to that of

SMBP and therefore can be substituted.

(iv). The low wear rate exhibited at the surface of the developed

composite occurred as a result of the presence of fractured

particles between the composite pin and steel disc surfaces.

The particles served as load bearing elements as well as solid

lubricant.
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A B S T R A C T

Several components in the oil and gas industry are subjected to wear and corrosion. This work evaluated the

feasibility of using Diamond-Like Carbon (DLC) coatings in Subsea Safety Control Valves (SSCV), piston and

pumps. These are made from API X65 carbon steel and are subjected to wear and corrosive/saline environments.

Coatings were deposited using Plasma Enhanced Chemical Vapour Deposition (PECVD). The electrochemical

behaviour of Silicon-doped and Hydrogenated DLC films was evaluated before and after wear tests. Film

characterisation included nano-indentation, surface roughness, micro-abrasion testing, Raman spectroscopy,

atomic force microscopy and scanning electron microscopy. Electrochemical tests and electrochemical im-

pedance was also measured. Sliding wear tests against silicon nitride were conducted with a maximum initial

Hertz stress of 150 and 400 MPa under dry and wet conditions. The H-DLC had better wear performance than Si-

DLC. The advantages of H-DLC were related to higher hardness increasing the wear resistance; small galvanic

coupling between DLC and steel, inhibiting the localised corrosion into the DLC defects; lowest anodic current,

suggesting high resistivity to use as a corrosion barrier for steel and the corrosion process on the substrate that

did not affect DLC properties (adhesion and wear/ corrosion resistance).

1. Introduction

The recent interest and great challenges for oil and gas companies

are to improve the efficiency and viability of crude oil recovery.

However, there are some barriers related to the viability for commercial

extraction, such as the water/ oil that contains high salinity and sand

particles. Therefore, DLC films can be a good candidate for protection of

carbon steel used in critical equipment of oil transportation that need to

preserve its structural integrity. For example, Subsea Safety Control

Valves (SSCV), pistons and pumps. DLC coatings could improve the oil

carriage by reducing friction, wear and corrosion inside the pipelines

and their components.

Currently, the main methods used to avoid internal scale corrosion

are inhibitors due to the fact that they promote adsorption of films on

the surface, and as a result, enhance the corrosion resistance by forming

a compact protective layer [1–3]. However, there are a number of

conditions that can affect the efficiency of these inhibitors, such as fluid

(composition, temperature, flow velocities, pressure of CO2 gas, wett-

ability of the fluid, fluid density and types of crude oil), solid particles

(sand contents, size, attack angle of the particles, density and velocity)

and steel (hardness, microstructure, strength, ductility and toughness)

[1,2]. Seamless steels coated with resin are used to improve the wear

and corrosion resistance in pipelines and drills [4]. However, polymeric

coatings lack hardness and can be degraded. Because of this, DLC

coatings could be applied on internal parts of pipelines providing good

corrosion resistance for oil and gas applications [5,6].

DLC coatings are designed to have a combined resistance to wear

and corrosion in automotive and biomedical areas [7–13]. However,

DLC has not been widely studied and used in some parts of the crude oil

exploration, such as SSCV, pistons and pumps. For the above reason, the

study to evaluate the feasibility of using this coating for surface mod-

ification of carbon steel is very interesting for the oil and gas cor-

porations.

The properties of DLC could improve the efficiency for the transport

of oil by reducing the friction, wear and corrosion inside the equipment

[3], such as: amorphous and inertness structure, hydrophobic, low

coefficient of friction (CoF), high corrosion resistance, high hardness,

high Young's modulus and good wear/abrasion resistance

http://dx.doi.org/10.1016/j.wear.2017.09.026

Received 21 June 2017; Received in revised form 28 September 2017; Accepted 30 September 2017

⁎ Correspondence to: Head of Mechanical Engineering Department - DEMEC, MCL – Materials and Corrosion Laboratory, Federal University of São João del-Rei – UFSJ, Praça Frei

Orlando, 170 – Centro, 36.307–060 São João del-Rei, MG, Brazil.

E-mail address: alyssonbueno@ufsj.edu.br (A.H.S. Bueno).

Wear 394–395 (2018) 60–70

Available online 03 October 20170043-1648/ Crown Copyright © 2017 Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00431648
https://www.elsevier.com/locate/wear
http://dx.doi.org/10.1016/j.wear.2017.09.026
http://dx.doi.org/10.1016/j.wear.2017.09.026
mailto:alyssonbueno@ufsj.edu.br
https://doi.org/10.1016/j.wear.2017.09.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wear.2017.09.026&domain=pdf


[7–10,14–16]. Then, PECVD could be a good option to create an in-

ternal scale corrosion barrier for a carbon steel to avoiding the pre-

cipitation of salt scales. However, the main results in the literature are

associated with defects and microstructure. Only few papers have been

postulated to corrosion resistance for DLC coatings [1,2,5,14,17].

Manhabosco et al. [10] reports that the main problem for DLC

coatings is associated with failure and delamination of the film. Defects

are related to poor adhesion of the film, plastic deformation of the bulk

material and cracking on the surface coating, which could be linked to

chemical and mechanical properties between the film and substrate

[18]. Therefore, adhesion layers and surface treatments are being stu-

died to improve the mechanical properties, like load bearing capacity,

hardness and tension distribution between the film and bulk material.

According to Hadinata et al. [17], there is an extremely high mechan-

ical resistance in DLC coatings mainly associated with wear/corrosion

resistance, despite some electrochemical parameters involved in the

process were not completely explained.

There are several studies related to tribocorrosion of stainless steel

coated with a-C:H films. However, literature reporting the combined

effect of the tribological conditions in a corrosive medium for a-C:H and

a-C:H:Si using carbon steel as a substrate is scarce [1,2,5,7–9,14,17].

The behaviour of these materials subjected to tribocorrosion can be

very complex owing to many parameters involved in the process, but

sliding testing simultaneously with the use of electrochemical techni-

ques could contribute to better understand the deterioration effect that

takes place.

In this work, the tribological and electrochemical performance of

two different functional layers on carbon steel was studied, namely

amorphous hydrogenated DLC and silicon doped DLC.

2. Experimental details

2.1. Materials

The H-DLC and Si-DLC coatings were deposited on API ×65 carbon

steel discs of dimensions 25 mm in diameter and 6 mm in thickness. The

substrates were mechanically polished using 1 µm diamond paste with

a maximum roughness of Ra = 0.08 µm. After polishing, the specimens

were ultrasonically cleaned in acetone (10 min) followed by rinsing in

deionised water and dried in air jet. The substrates were first cleaned

inside the chamber with sputter-etch in argon prior to any deposition.

The coatings were produced using the PECVD technology, and the C2H2

gas was selected for the reaction gases at a pressure of 0.3 Pa. The

substrate was maintained at the temperature of less than 200 °C, the

pulsed bias was a voltage of 780 V with a frequency of 40 kHz for the

plasma. The deposition rate was about 0.8 µm min−1 for hydrogenated

DLC and 0.6 µm min−1 for Si-DLC. The deposition time is about

126 min for the interlayer and 138 min for the DLC films. The deposi-

tion procedure included an adherent Cr interlayer (by DC magnetron

sputtering) followed by the DLC coating, namely, Cr/WC/a-C: H, with

20–40 at% of H content and Si-DLC.

2.2. Characterisation of the DLC coatings

The roughness of surfaces was evaluated using two-dimensional

contacting profilometry (Talysurf5, Taylor-Hobson, UK). Surface

roughness data of 8 mm trace was analysed to the least square line, with

Gaussian filter, 0.25 mm upper cut-off and bandwidth 100±1.

The hardness and elastic modulus values were measured by depth-

sensing Nano indentation (MicroMaterials, Wrexham UK). The diamond

indenter was a Berkovich tip. The load was incremental with depth

from 1 to 100 mN and a matrix of 50 indents was used. The maximum

penetration was of 10% of the film thickness to avoid the influence of

substrate.

Atomic Force Microscopy (AFM, Bruker, ICON dimension with scan

assist) was used to analyse the surface topography before and after

tribology tests (outside and inside the wear scar). The surfaces were

cleaned with acetone before analyses. The scan images were obtained

using a silicon tip (cantilever stiffness ~0.4 N/m and tip radius of

~10 nm) in contact mode and a scan area of 10 µm × 10 µm.

A Renishaw Raman spectrometer was used to characterise the

bonding structure of the DLC films. The extended 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 wear tests. All measurements were carried

out in air at room temperature (20±2 °C), 35–50% RH, with a wa-

velength of 488 nm and 2 mW power. Data was fitted with a Gaussian

Line shape to show the G and D peaks positions and the ratio of peak

intensities. The ID/IG ratio was considered as an indicator of the carbon

sp2/sp3 structure. Curve fitting was done considering full-width at half-

maximum (FWMH) as constraint.

Scanning Electron Microscopy (Zeiss EVO MA15 Variable Pressure

and field emission SEM) was used to evaluate the surface morphology

and cross section microstructure to examine the multilayers (adhesion

and DLC layers), before and after wear tests. Assessment of the surface

chemical composition and cross section of the coating was carried out

with the energy dispersive spectroscopy (EDS). Hydrogen element (Z =

1) do not have characteristic X-rays and therefore it is not shown both

in the corresponding EDX analysis and the composition profiles.

White light interferometry (NPFLEX Bruker) was employed after

tribology test to determine the volume and area of the worn track.

Optical microscopy (LEICA DM 6000 M) was utilised to analyse the

diameter of wear scars on the balls after tribology tests.

2.3. Mechanical tests

The scratch test is an effective method to obtain critical load and to

identify the beginning of failure along the film. The tests were carried

out using progressive loads from 0.1 to 80 N with a load rate of 100 N/

min and for a transverse scratch length of 8 mm in dry condition. The

scratch tester was equipped with an acoustic emission monitoring

sensor.

The tribological tests of H-DLC and Si-DLC were carried out with a

ball-on-plate tribometer. The horizontal frictional force is measured by

the load cell which is a piezo-electric transducer that converts the

analogue signal into a digital one to be then processed by Labview

software. Steel balls are often used as a counter body to study only

tribology aspects [19]. However, tribocorrosion is the aim of this study,

which uses more complex parameters to analyse. In this study, we si-

mulate extreme wear conditions by using Si3N4 balls as high hardness

counter body. These also own to have a good chemical stability and

avoid galvanic coupling between both surfaces during tribocorrosion

experiments. Ceramic balls used were composed by Si (62.0 wt%) and

N (37.5 wt%) with a 12 mm diameter, 0.02 µm surface roughness and

hardness of HV50 g 1600. These were used in a reciprocating movement

against stationary DLC coated steel. The maximum Hertzian contact

pressures (Pmax) were of 150 MPa and 400 MPa for 6 h, at a frequency

of 1 Hz, sliding velocity of 0.02 ms−1 and 10 mm sliding stroke. These

contact pressures were defined to simulate real conditions where

equipment for oil and gas can be subjected. The tests were carried out at

room temperature of 18–23 °C in dry condition with relative humidity

approximately of 25% RH and in wet condition with a solution of 3.5%

NaCl at pH 6.5.

2.4. Electrochemical tests

A computer-controlled potentiostat (Solartron potentiostat/galva-

nostat) was used for the electrochemical tests. In this study two

methods were used: Potentiodynamic and EIS. Potentiodynamic po-

larization curves. Anodic polarization curves, naturally aerated with

scan rate of 30 mV/min and in a range from −1.8 V up to + 0,5 V,

performed separately. Electrochemical impedance spectroscopy (EIS):
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Amplitude of 5 mV (Ag/AgCl/KCl) with the frequency of

30 kHz–10 MHz. For the polarization and impedance tests were carried

out before and after the tribology tests with the solution of 3.5% NaCl,

pH: 6.5 and at room temperature of 18–23 °C. Prior the tests, the

samples were immersed in the solution for 30 min to stabilize the open

circuit potential (OCP). The conventional three electrodes cell was used

with an Ag/AgCl/KCl (Thermo Scientific) as reference and counter

electrode, and DLC films as a working electrode.

3. Results and discussion

3.1. Characterisation of DLC films

Fig. 1 shows SEM backscattering images of adhesion layers of Cr/

WC for H-DLC and Cr/WSi for Si-DLC; and EDS line scan spectra of cross

sections. H-DLC (Fig. 1a) exhibited a surface layers composed of iron

(carbon steel), adhesion layers of Cr (1.7 µm), W (1 µm) and a final

layer of H-DLC (2.7 µm). Si-DLC (Fig. 1b) presented adhesion layers of

Cr (1 µm), W (1 µm) and a final layer of Si-DLC (3 µm) The interface

between both films and bulk material showed to be homogeneous all

over the surface analysed and without the presence of defects. An in-

terlayer of W was detected in both subtract. Literature [20,21] shows

that the interlayer WC and H forms a non-stoichiometric hydrogenated

tungsten carbide WC: H, also known as W-C:H or as W-DLC.

Literature [5,8,14,17,22] shows that the Raman spectrum of the

coating has two types of C-C bonding structure, where diamond-like

(sp3 – D band) is found between 1200 and 1450 cm−1 and graphite-like

structure (sp2 – G band) between 1500 and 1700 cm−1. Raman spec-

trum of DLC films before and after wear tests are presented in Fig. 2,

exhibiting D (Diamond-like) and G (Graphite-like) bands. Both DLC

coatings showed peak of G higher than D, indicating graphite-like

structure as predominant in both films. The spectrum of H-DLC (Fig. 2a)

shows D and G bands with peaks (Raman shifts) of 1365 cm−1 and

1549 cm−1, respectively. Hence, the ratio of D and G peaks (ID/IG) was

0.42. Si-DLC (Fig. 2c) spectra shows D and G bands with peaks of

1321 cm−1 and 1501 cm−1, respectively and with ratio of D and G

peaks as ID/IG = 0.24.

AFM images of surface topography, before wear tests, are presented

in Fig. 3a–b. H-DLC film (Fig. 3a) shows a roughness surface containing

large and small grains, compact and homogeneous. A maximum

roughness (Ry) of 3.10 µm was obtained calculated from an area of

10×10 µm. The maximum roughness of H-DLC was 0.13 µm slightly

smoother surface than Si-DLC (Fig. 3a), with Ry = 0.27 µm, which also

held large and small grains with compact and homogeneous char-

acteristics.

After wearing of the H-DLC surfaces, an increase of roughness was

generally observed. This indicates that when the contact pressure in-

creased, the plastic deformation of the surface asperities also increased.

The samples under dry environment at 400 MPa (Fig. 3e) were the

worst condition due to film delamination. Therefore, bits of H-DLC

coating were emerged off the surface of API ×65 carbon steel, as SEM

images shows (see Fig. 4c). The best lubricated conditions were shown

to H-DLC coating under wet condition submitted to 150 MPa contact

pressure. The results presented the lowest roughness change and sur-

face degradation, as SEM EDS linescan detected very low variation of

carbon across the wear track (see Fig. 4b).

The Si-DLC (Fig. 4e) had the largest wear track and wear rate when

compared to H-DLC which presented total delamination. It probably

occurred because Si-DLC presented lower hardness than H-DLC, pro-

moting less resistance to wear. Nano indentation results demonstrated

hardness values of 20.4 and 14.1 GPa for H-DLC and Si-DLC, respec-

tively. In addition, according to Jellesen et al. [23], the amount of sp3

bonding and hydrogen are important to improve the hardness and wear

properties. Thus, H-DLC presented more hardness and more wear re-

sistance than Si-DLC.

The DLC film presents a meta-stable structure that is formed by an

amorphous carbon with some crystalline phases and fractions of sp3 and

sp2 bonds. The characteristics of the sp3 bonds are associated with

mechanical (hardness, rigidity, fracture toughness, wear and friction),

chemical and electrochemical properties (corrosion resistance). In ad-

dition, the sp2 controls the electronic properties [15].

Liu and Kwek [14] have shown that the formation of sp3 bonds

occurs when the bulk surface received the carbon ions in higher kinetic

energy, which can be produced by increasing the pulse bias during the

deposition process of the DLC film. Therefore, the kinetic energy of the

carbon ion tends to increase when there is a high voltage applied on

DLC film deposition process, causing the formation of diamond-like (sp3

– D band) by the bombardment of carbon ions on the bulk surface.

However, when there is a high value of bulk bias, a high energy of

carbon ions, applied by a pulse bias above 500 V, promotes the gra-

phitization by the formation of a DLC film with graphitic clusters

spread, causing a roughness on the surface of the DLC coating. This

explains the results obtained in this work, i.e. since the DLC films were

deposited at 780 V, it presented high concentration of graphite-like

structures (sp2 – G band, Fig. 2a and c) and high roughness (observa-

tions through AFM, Fig. 3a and b).

Fig. 1. Backscattering SEM images of cross section and linear EDS

scan of: (a) H-DLC and (b) Si-DLC films.
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3.2. Mechanical properties

H-DLC presented Young's modulus, hardness and roughness of

181.2± 7 GPa, 20.4±3 GPa and 0.02± 0.005 µm. Si-DLC had

132.6± 9 GPa, 14.1± 4 GPa and 0.002± 0.0005 µm, respectively.

The scratch tests on Si-DLC (Fig. 5b) revealed good adhesion to carbon

steel substrate with a critical load of 23 N of the incremental load

(2.3 mm depth) with no signal of cracking. Point A (Fig. 5b) indicates

the onset of angular cracks at the edge of the groove caused by a higher

load of almost 40 N at the rear of the contact end but with no evidence

of adhesive failure. The high amplitude of acoustic emission (AE) peaks

at point B, namely, penetration depth of 4.8 mm and a load of 50, 31 N,

are evidence of material activity and with the aid of the images, the

presence of transverse semi-circular cracks in the bulk material can be

observed. This situation is sustained until the test was completed. From

all the above, it can be considered critical load> 23 N for the present

coating without any interfacial fracture or adhesive failure. Unlike Si-

DLC, the H-DLC coating revealed weaker coating resistance since the

beginning of the test as shown in Fig. 5a. From the evident small peaks,

there is a possible premature failure which could be due to microscopic

interfacial fractures with a critical load of 5.3 N. This behaviour could

also be indicative of insufficient adhesion. However, as the indenter

advances forward and penetration depth gradually increases with the

scratch load and there is no evidence of flaking and/or delamination

into the groove or by the edges of it. Therefore, it clearly establishes

that H-DLC coating is less ductile than the Si-DLC. Thus, H-DLC pre-

sented better mechanical resistance, probably due to higher hardness.

There was no evidence of adhesive failure.

Fig. 6 shows the variation of coefficient of friction (CoF) with

contact pressures of 150 e 400 MPa and in dry and wet conditions. A

summary of CoF values at the end of sliding test are given in Table 1. H-

DLC exhibited lower levels of CoF than Si-DLC for all test conditions.

The highest CoF of Si-DLC occurred in dry conditions. Unlike the Si-

DLC, a better adhesive strength was observed on the H-DLC, i.e. its

surface did not undergo adhesive failure after the wear test under wet

conditions at the lower contact pressures. This results are confirmed by

SEM EDS linescan (Fig. 4), in which carbon and silicon are the trace

element that confirm the presence of H-DLC and Si-DLC coatings, re-

spectively.

The borderline difference of CoF between Si-DLC results is asso-

ciated with the solution, while for H-DLC the contact pressure played

more important role. As shown in Fig. 6 and Table 1, the H-DLC and Si-

DLC coatings undergo a reduction in friction under wet conditions. The

literature [24,25] describes that DLC films do not undergo elastic and

plastic deformation under the metal substrate submitted to high loads.

Therefore, lubricants are used to reduce the wear and friction on DLC

films, such as ionic liquids that reduce the friction and increase the load

carrying capacity. Based on this researches, it is evident that NaCl so-

lution can also reduce the friction. However, this solution is rather

aggressive and capable of attacking the metal substrate at the localised

defects in the coating.

H-DLC tested with a contact pressure of 400 MPa in dry conditions

presented a decrease of CoF during test. According to Manhabosco et al.

[10], such reduction is linked to the roughness and hardness of the H-

DLC coating. The contact pressure is mostly concentrated at the top of

the material crests when the sliding starts, and this small contact area

induces higher shear stress.

The variation of CoF with sliding distance with respect to loading in

H-DLC tested under both conditions, clearly shows a decrease in the

steady state values of CoF when the contact pressure is augmented. In

general, this reduction occurs when the contact pressure of some carbon

layers of the H-DLC film are transferred to the ball creating a lubricious

graphite-like or amorphised transfer layer at the interface of coating

and counterpart. This is graphitization process that develops on the H-

DLC surface. These results are also in agreement with [10,26] where the

CoF of the H-DLC is attributed to the high coating hardness. It was also

demonstrated by Costa et al. [4] that the CoF of the DLC in 3% NaCl

after 1000 cycles reached 0.11.

The graphitization of the wear track was confirmed by Raman

spectroscopy (Fig. 2b). Raman spectroscopic measurements were per-

formed at several locations of the wear track at the end of the sliding

test of the H-DLC coating. The spectra have D and G peaks of

1362 cm−1 and 1573 cm−1, respectively. The ratio of D and G peaks

(ID/IG) is 0.82. Therefore, comparing the Raman spectroscopies (Fig. 2a

and b), the ratio of D and G peaks ID/IG increased from 0.42 for the

virgin coating to 0.82 after the wear test. According to Costa et al. [4],

the increase of ID/IG ratio indicates the formation of a graphite layer

over H-DLC surface during the tests. The phase of diamond-like (sp3 – D

band) transformed in graphite-like structures (sp2 – G band) because of

the stress-strain state imposed by the sliding friction of the tribo pair.

It should be noted that the above analyses were done only for H-DLC

coating because Si-DLC coating exhibited significant spalling and de-

lamination in all test conditions. Therefore, the coefficient of friction

values with contact pressure of 150 and 400 MPa (see Table 1) are al-

most the same to Si-DLC coating. It probably occurred because with

Fig. 2. Raman spectra (a) H-DLC before wear test, (b) H-DLC after wear test and (c) Si-

DLC before wear test.
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contact pressure of 150 MPa was already sufficient to cause damage on

the coating surface.

The measurements of wear scars diameter on the silicon nitride balls

and the wear rate are shown in Table 2. The largest diameter of wear

scars, for each coating, correspond to the highest load under dry con-

ditions. The wear scar diameters and wear rate for Si-DLC were con-

sistently higher than H-DLC; this seems linked to the Si-DLC having a

higher CoF compared to H-DLC under all conditions (Table 1). The mass

loss of DLC surfaces occurred in all tested conditions, being less for the

contact pressures of 150 MPa and wet conditions.

A comparison between the wear rates of the coatings tested at dif-

ferent conditions and contact pressures is also shown in Table 2. Dry

conditions (high friction) with higher contact pressures as expected was

the most severe test. Si-DLC showed the widest wear tracks and highest

wear rates due to an adhesive failure. This result could be likely at-

tributed to the resistance to wear in terms of the hardness, ductility and

stiffness of the coatings. As previously determined, the hardness and

elastic modulus of Si-DLC coating were 30% and 26% respectively;

noticeably inferior to H-DLC coating.

Table 2 shows that H-DLC presented consistently lower wear than

Si-DLC. Results are proved by SEM micrographs and EDS (Fig. 4). A

better adhesive strength was observed on H-DLC, i.e. its surface did not

undergo adhesive failure after wear test under dry and wet conditions

at lower contact pressures (Fig. 4a and b). However, when increased the

contact pressure occurred detachment of the coating (Fig. 4c and d). Si-

DLC did not exhibited sufficient adhesion under both dry and wet

conditions at lower contact pressure (150 MPa) (Fig. 4e). The detach-

ment occurred along the wear track after sliding.

Despite knowing that higher stresses in the contact promoted gra-

phitisation of the H-DLC, particularly under dry conditions, it should be

noted that the carbon transfer weakens the coating structure and above

some critical point when coating cannot withstand higher loads and

failures arose from the detachment of the coating by interfacial frac-

tures with the consequent increase of wear (Fig. 4c). Conversely, the H-

DLC under wet conditions appears to be that graphitisation promoted

by the impinged stresses in the contact is not completely suppressed

since the carbon contents remain as graphically shown in Fig. 4b and d.

Analogously, it is also in agreement with behaviour of the CoF, where

the variations of the CoF are scarce (Fig. 6). For Si-DLC coating, the

lacking of adherence of the coating was observed in all test conditions.

Analyses by EDS linescan shows enough evidence of the delamination

failures, as can be seen in Fig. 4e.

Fig. 3c-f shows AFM analysis of H-DLC worn coatings under dry and

wet conditions at contact pressures of 150 and 400 MPa. In both con-

ditions, an increase in the surface roughness was identified, although,

as expected to a lesser extent for the lowest loads. Again, no measurable

features are given for Si-DLC coating because of the delamination

failures throughout the tests.

3.3. Electrochemical properties

Fig. 7 shows anodic polarization curves obtained in naturally aer-

ated 3.5% NaCl solution and Table 3 shows the polarization curves

data. Tests were carried out on H-DLC and Si-DLC coatings before wear

test and H-DLC film after wear test with 150 MPa of contact pressure

and wet condition. This latter condition was selected because it was the

only condition found without any substantial adhesive failure on the

coating surface, as demonstrated by SEM/EDS examinations (see

Fig. 4b).

H-DLC film (before wear test) had an initial OCP of −0.543 mV and

after wear test of −0.496 mV, indicating that after wear test approxi-

mated to the OCP of carbon steel (−0.477 mV). It probably happened

because of the presence of Nano-defects on the H-DLC surface provoked

by wear test. Plus, the galvanic couple formed between the H-DLC

coating and the surface of carbon steel is very low because of the

narrow difference between these OCP values. These results are in

agreement with the literature [1,5]. Wang et al. [5], claim that if there

is a failure on the surface of the DLC film exposing the metal surface,

the localised corrosion could be easily inhibited by virtue of the DLC

film and carbon steel have almost the same OCP. Consequently, the H-

DLC provide a good improvement on the integrity against internal

corrosion in carbon steel, given the protective barrier of the film and by

Fig. 3. AFM images: (a) H-DLC before wear tests, (b) Si-DLC be-

fore wear tests, (c) H-DLC - Dry condition at contact pressures of

150 MPa, (d) H-DLC - Wet condition at contact pressures of

150 MPa, (e) H-DLC - Dry condition at contact pressures of

400 MPa and (f) H-DLC - Wet condition at contact pressures of

400 MPa.
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obstructing the pitting corrosion process on the bulk carbon steel. These

results are in accordance with Hadinata et al. [17], where the coated

samples without defects and with defects had similar OCPs in relation

to the OCP of the carbon steel. The Si-DLC revealed a more negative

OCP (−0.676 mV) than the H-DLC. Thus, the galvanic couple between

this Si-DLC film and carbon steel is larger.

The H-DLC and Si-DLC coatings prior the wear assessment, revealed

an increased corrosion resistance compared to the carbon steel as

expected. The carbon steel, in turn, exhibited active dissolution in the

solution (Fig. 7). The corrosion current density measured at 200 mV

above OCP (Table 3 and Fig. 7) was 2 orders of magnitude higher on

carbon steel than DLC coating. Before wear tests, H-DLC was around

10−9 A cm−2 and after wear tests were around 10−7 A cm−2. For Si-

DLC, corrosion current density was 10−5 Acm−2. Comparing these

values with the corrosion current density of carbon steel (10−2

A cm−2), even with defects DLC films presented less anodic current

Fig. 4. SEM secondary electron images and EDS linescan com-

position profiles of cross worn track for (a) H-DLC - Dry condition

at contact pressure of 150 MPa, (b) H-DLC - Wet condition at

contact pressure of 150 MPa, (c) H-DLC - Dry condition at contact

pressure of 400 MPa, (d) H-DLC - Wet condition at contact pres-

sure of 400 MPa and (e) Si-DLC - Dry condition at contact pressure

of 150 MPa.
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density than carbon steel. This occurs probably because the exposed

area of carbon steel due to nano defects of DLC after wear tests were

much smaller than the area of carbon steel specimen. Therefore, these

values are important to compare results of each condition, showing that

Fig. 5. Scratch induced acoustic emission of the (a) H-DLC and (b) Si-DLC coatings.

Fig. 6. CoF curves under dry and wet conditions for (a) H-DLC and (b) Si-DLC.

Table 1

Comparison of CoF at the end of rubbing test for H-DLC and Si-DLC.

Coating Contact pressure (Mpa)

150 400

Dry Wet Dry Wet

H-DLC 0.16 0.15 0.10 0.09

Si-DLC 0.43 0.24 0.48 0.31

Table 2

Diameter of wear scars on the counterparts (Si3N4) and wear rate for different environ-

ments and contact pressures.

Contact Pressure (MPa) Condition Diameter (mm) Wear Rate (mm3/N.m)

Si-DLC H-DLC Si-DLC H-DLC

150 Dry 0.987 0.429 1.30E−07 5.57E−09

Wet 0.790 0.328 1.72E−07 4.60E−10

400 Dry 1.302 0.770 1.03E−06 5.83E−09

Wet 1.197 0.665 3.29E−06 5.54E−09

Fig. 7. Anodic polarization curves of H-DLC and Si-DLC coatings and bare steel in 3,5%

NaCl, naturally aerated, pH 7.
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anodic current density increased on DLC coatings with defects. How-

ever, to measurement the corrosion rate underneath the porous regions

of the DLC film is difficult due to the need of measure the exposed area

of the bulk into the DLC defects.

Galvanic couple formed between DLC films and carbon steel surface

can be influenced by two factors: OCP and conductivity [1,5,27]. H-

DLC film before wear test had an initial OCP of −0.543 mV and after

wear test of −0.496 mV, which was close to the OCP of carbon steel

(−0.477 mV). This behaviour could be a secondary effect related to

nano-defects imposed on H-DLC by the wear test. Plus, galvanic couple

formed is very low due to the slight difference between OCP values.

Si-DLC OCP was more negative than the H-DLC. Thus, galvanic

couple between Si-DLC film and carbon steel is higher. These results are

in agreement with the literature [1,5]. Wang et al. [5] claim that if there

is a failure on the surface of the DLC film exposing the metal surface,

the localised corrosion could be easily inhibited due to DLC film and

carbon steel to have similar OCP. Hadinata et al. [17] reported that the

coated samples with and without defects presented similar OCP to

carbon steel. However, conductivity could decrease corrosion resistance

of the DLC film and affect negatively galvanic couple DLC/Fe. Ac-

cording Miyagawa et al. [27], DLC coatings present high electrical re-

sistivity, around 102 to 106 Ω cm. The wide range of values are asso-

ciated with the deposition technique and conditions.

It has been reported [7–10,14–17] that the DLC has a lower anodic

density current than the carbon steel, around nA/cm2, but they do not

correlate this DLC density current with dissolution processes of the DLC

coating or bulk material. In fact, two factors need to analysed in this

context. The first one is that this small current density could be asso-

ciated to pores in the DLC film. Plus, according to Reisel et al. [8] the

DLC is inert, amorphous and does not corrode, so this anodic current is

not associated to the passivation process; and the amorphous structure

of the DLC coating reduces or halts the electron transport over the DLC

surface. Therefore, this low anodic density current is probably asso-

ciated to two facts, being nano-pores on the DLC films and the ion flow.

Films with nano-pore defects can easily be penetrate by the solution.

By this mechanism, the solution could reach the carbon steel surface

(inner layer) and trigger the corrosion process on the bulk material.

However, films free of nano defects effectively protect the carbon steel

inner layer from fluid ingress. The ionic transportation process on the

substrate (under DLC surface) is related to water dissolution as the

following reaction:

2H2O → O2 + 4H+ + 4e-

The Si-DLC begun with a low anodic current but it increased after

applying some anodic potential (Fig. 7). This is likely to be because

some defects and the anodic polarization on the surface. The process of

film deposition could create some nano scale defects and then, during

the anodic polarization, high imposed anodic potentials could promote

the diffusion of ions inside these defects, commencing the corrosion

process on the metal surface [5]. From the mentioned, it is need to

study if nano defects on the film could resist to ionic diffusion forces

during long periods of exposition to a corrosive environment.

The lowest anodic current of the H-DLC coating (before wear

testing) suggests that this film has excellent resistivity to be used as a

corrosion barrier in oil and gas equipment made of carbon steel, which

is a good property against corrosion process in saline solution (see

Table 3). In addition, it proves that the film was deposited without a

significant defect on the carbon steel, as indicated in Fig. 2, where it is

clear the excellent adhesion of the coating to the substrate and ex-

hibiting a structure without adhesive failures, i.e. with an interface of

high quality with respect to the carbon steel.

The only wear test that did not show evidence of coating damage

was that of 150 MPa contact pressure and in wet conditions. However,

the anodic current of the H-DLC (post wear test) increased in relation to

the H-DLC (before wear test), indicating that the wear test produced

some nano defects on the H-DLC film surface. Nonetheless, these Nano

defects were not observed by SEM/EDS (Fig. 1). Therefore, this ramp up

on the anodic density current could be associated with the process of

substrate anodic dissolution. It means that 150 MPa was sufficient

contact load to produce nano defects on the H-DLC surface and to ex-

pose the substrate to the corrosive solution.

Fig. 8 shows the H-DLC film surface after the wear test in wet

condition and with contact pressure of 400 MPa. From the SEM sec-

ondary electron image, it was noticed a hole of around 200 µm, in the

multi-layered H-DLC film. The hole exposed the carbon metal causing

the corrosion process. It may be inferred that this delamination of the

H-DLC film occurred during the wear test. However, the good in-

formation is that the corrosion process occurred only at the location

where wear test promoted the defects and it did not propagate between

the interface of H-DLC film and substrate. Even with some defects, the

H-DLC is a good option to reduce the corrosion rate of the carbon steel

to prolong the service life of the equipment utilised in oil industry.

According to Sharma, Barhai and Kumari [15], the DLC coatings are

chemically inert, at room temperature, for almost all acid, alkalis and

organic solutions and solvents. Because of its good corrosion resistance

and excellent adherence to the carbon steel substrate, the H-DLC has a

strong potential to be used for important parts and equipment of the oil

and gas industries for instance, the SSCV, pistons and pumps, associated

to pipelines.

In medical applications like ankles, wear-corrosion solicitations

caused failure on the DLC film [3], demonstrating that the DLC film did

not have good results with regard to wear and corrosion processes

acting together for this environment. Conversely, the results in this

work elucidated that the resistance of the H-DLC film, applied over

carbon steel, had better performance than Si-DLC in situations where

the equipment are subject to conditions of wear and corrosion acting

together in saline environments.

DLC films have poor adhesion on carbon steel that contributes to the

spontaneous debonding effects. A variety of metallic and intermetallic

interlayers (Al, Cr, W, Ti, Si) are used to improve the adhesion

Table 3

Open circuit potential (OCP), current density values measured at 200 mV above the OCP.

Sample OCP (V) (Ag/

AgCl/KCl)

Pot. (V) 200 mV

above OCP

Log i (A/cm2) 200 mV

above OCP

Steel −0.477 −0.247 2.21E−02

H-DLC –Before

wear test

−0.543 −0.343 1.60E−09

H-DLC –After wear

test

−0.496 −0.296 3.44E−05

Si-DLC –Before

wear test

−0.676 −0.476 7.67E−07

Fig. 8. H-DLC – SEM secondary image and EDS mapping of the defect caused by wear test

(400 MPa and wet condition).
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properties, corrosion resistance and reduce the number of critical film

defects of DLC on carbon steel. This prevents premature delamination

under both higher loads and contact pressure during tribocorrosion

conditions [28–30]. Reisel et al. [8] showed that the electron transport

through the diamond-like carbon coating is reduced or even stopped by

the amorphous structure of the layer. The fraction of metallic layers

could lead to increase electron conductivity. Multi layers and single

layers coatings presented different behaviour in relation to electro-

chemical behaviour, being better for multi layers coatings than single

layers. In the present work, the interlayer of Cr/W could improve the

electrical conductivity on the defects. However, further investigation is

need, once it was not possible to evaluate the influence of Cr/W in-

terlayer in wear and electrochemical tests for both films had the same

interlayer.

Fig. 9 shows the EIS curves obtained at the open circuit potentials of

the steel, H-DLC and Si-DLC coatings before wear test and H-DLC film

after wear tests with 150 MPa of contact pressure and wet condition.

The Nyquist plot (Fig. 9a) shows different behaviours of carbon

steel, H-DLC and Si-DLC coatings at locations of high frequencies, with

values of imaginary and real components of MΩcm2 for both DLC

coatings and KΩm2 for the carbon steel. The same performance is ob-

served in intermediary and small frequencies, where both DLC coatings

presented higher values of Zreal and Zimag. These results suggest that

both DLC films have a higher capacitance than carbon steel. It occurred

due to the carbon steel had activated dissolution without presenting

any passivation process, as showed in the polarization curves (Fig. 7).

Therefore, the capacitive arc of both DLC coatings is so much higher

that the carbon steel, showing the good polarization resistance and high

resistivity of the coatings. The Si-DLC presented a capacitive arc smaller

than H-DLC. These results agree with the polarization curves (Fig. 7)

where the Si-DLC had more anodic density current than the H-DLC

coating.

Impedance module Bode plots shows at high frequencies (1 kHz

until 100 kHz) that the Z module is almost constant and phase angle ϕ

are near to zero for the carbon steel. This characteristic represents the

resistive behaviour of the solution. However, the phase angle of both

DLC films is higher, where the resistive behaviour of the solution is

associated with the inert conditions of both DLC films.

It should be noted for low frequencies that both DLC films had

higher Z module than the carbon steel (Fig. 9c), showing the excellent

corrosion resistance of the DLC films. Therefore, the electrochemical

corrosion reactions followed between the interface of DLC films and

metal substrate as it had a very small contact time. Thus, the ions

transport related to the corrosion process at the metal substrate could

hardly be avoid because of the layer of DLC film [5]. The reduction of Z

module of the H-DLC before wearing test to H-DLC after wearing test

and Si-DLC coating can be associated to Nano defects on the films

surfaces.

Bode plots (Fig. 9b) shows that the impedance process moves from

Ohmic to capacitance dominance. The phase shift moves from 0 to

−68° to carbon steel, 0 to − 38° to the H-DLC film before wearing test,

0 to −42° to the H-DLC after wearing test and 0 to −45° to the Si-DLC

coating. Plus, it also shows that there is one constant time or maximum

angle for the carbon steel, while there are two constant times or two

maximum angles for both DLC coatings. This angle at high frequencies

could be associated to the inert property of the DLC films, acting as a

barrier to the process of charge transfers (electrochemical reactions) at

the interface of DLC films and electrolyte. The angle in intermediary

Fig. 9. EIS behaviours for carbon steel, HDLC and Si-DLC films. (a) Nyquist plots, (b)

Bode plots and (c) Phase plots.

Fig. 10. Equivalent circuit of (a) carbon steel and (b) DLC films

coatings.
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frequencies could be associated to the capacitance of the DLC films

(CPE1).

The equivalent circuits (Fig. 10) of the EIS were used to assess the

mechanisms of corrosion process that ensued at the interface of elec-

trolyte/carbon steel and electrolyte/DLC coating systems. The equiva-

lent circuit of both DLC coating has been used [5,7,14] to explain the

AC response of the DLC coating on a metallic bulk material. Thus, the

DLC equivalent circuit is composed by: Tested electrolyte resistance

(Re); capacitance of the DLC coating, being a constant phase element

(CPE1); resistance to charges transference at the interface of DLC film

and electrolyte, external layer of the DLC film associated to some areas

of the surface film that has ionic conduction, named porous resistance

(R1); the elements R2 and CPE2 represent the polarization resistance of

charge transfer and capacitance of interface of the DLC film and metal

substrate, which means that is the internal layer of the DLC film. The

carbon steel equivalent circuit is composed by: Tested electrolyte re-

sistance (Re); capacitance of the carbon steel, being a constant phase

element (CPE1) and resistance to charges transference between the

carbon steel and solution (R1).

In high frequencies, the impedance of the DLC films has a dom-

inating Ohmic behaviour, being controlled by Ohmic of the electrolyte

resistance (Re). In intermediary frequencies, the system is controlled by

the capacitance of the DLC coatings (CPE1) and the resistance to

charges transference at the interface of DLC films and electrolyte (R1).

Moreover, in low frequencies (10−3 to 10−1 Hz), the impedance is

managed mainly by the polarization resistance of charges transfer be-

tween the interface of the DLC films and metal substrate (R2) and by

capacitance of interface of the DLC films and metal substrate (CPE2).

This results are in accordance with Liu and Kwek [14].

4. Conclusion

The purpose of this research was to evaluate tribocorrosion beha-

viour of hydrogenated and silicon DLC coatings on carbon steel. The

approach used to investigate the problem was sliding wear test on pin

on plate machine, plus electrochemical and electrochemical impedance

experiments. As a result of this work, the following main findings

concerning the nature of wear were:

1) Tribology tests showed poor performance of Si-DLC coating, which

presented total delamination in all contact pressure applied. H-DLC

exhibited high incidence of coating damage under the conditions

tested, except when applied a contact pressure of 150 MPA in wet

condition. Although there is an absence of visible defects on H-DLC

coatings under these conditions, electrochemical tests showed an

increase of corrosion. It means that 150 MPa was enough pressure to

produce nano defects on the H-DLC surface, exposing carbon steel

substrate to the corrosive solution.

2) The lowest anodic current of the H-DLC coating suggests that this

film has excellent resistivity to use as a corrosion barrier in oil and

gas equipment made of carbon steel. It was proved to have an ex-

cellent adhesion of the coating to the substrate and to be effective

against the corrosion process in saline solution.
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The influence of nitriding time and applied load in the friction-wear behaviour of an H13 steel has been studied. Weakly 

ionised plasma unit and a postdischarge plasma reactor were used for nitriding the H13 die steel with variations of 

nitriding time from 5h to 9h (at 500 ºC). Optical microscopy and microhardness deep profiles of the nitrided layer were 

obtained for each nitriding time. Standard pin-on-disc wear test were conducted at ambient temperature (18-23 ºC) and 

dry sliding. It was observed that the higher the nitriding time, the lower the friction coefficient variations and wear rate 

varied as a function of the applied load. Plastic deformation and abrasion wear resulted to be the main wear mechanism 

for short sliding distances, while for long sliding distances plastic deformation dominated the wear mechanism and to 

some extent oxidative wear. The compound layer (white layer) was central for wear and load capacity. 

 

Keywords: Plasma nitriding; H13 steel; Wear; Pin-on-disc; Tribology 

 

1. Introduction 

 

The aim of achieving materials with better lifetime has 

given impetus to the emergence of new technologies and 

consequently to developments in the understanding of, 

among others, tribological properties. These challenges 

have attracted a considerable number of scientists and 

engineers. Plasma nitriding has been a successfully surface 

hardening process employed to enhance the fatigue 

strength, wear and corrosion resistance of bulk materials 

[1]. This thermochemical treatment involves diffusional 

addition of nitrogen into the surface of metallic materials. 

Two different structures are formed from surface to core, 

namely, a compound layer (white layer) and a diffusion 

layer. In the former layer generates as epsilon phase (ε-
Fe2N, ε-Fe3N), gamma phase (γ’-Fe4N), or mixed phase (ε+ 

γ’) whereas in the diffusion zone, N atoms are dissolved 

interstitially in excess in the ferrite lattice to give rise to 

formation of nitride precipitates (CrN) [2, 3]. These 

compound layers are, generally, hard and brittle but the 

thin monophase γ’ produced by plasma nitriding is 

extremely ductile and wear resistant according to the ε 
phase. Thus, wear characteristics of the compound layer 

depend on several factors, namely, compound layer 

composition (ε/ γ’), its thickness, loading type, etc. [4, 5]. 

From the different nitriding techniques available such as 

liquid nitriding, gas nitriding and plasma-assisted nitriding; 

nitriding in the post-discharge flow of microwave 

generated plasma has proven to reach higher values of 

nitrogen potential than those achieved in other plasma 

nitriding treatment [6]. Accordingly, the nitrogen surface 

concentration can quickly reach the value corresponding to 

the equilibrium between the atmosphere and the γ’ or ε 
nitride phases. The process has been successfully applied 

on H13 steel to improve surface mechanical properties [3]. 

In particular, although higher hardness levels in shorter 

nitriding times were obtained respect to other plasma 

methods, tribological properties were not assessed. It 

entails the characterisation of tribological properties in 

terms of friction and wear behaviour. 

Wear of extrusion dies has an important technological 

and economic significance due to cost in order to prevent 

die failure from thermal cracking, erosive wear, soldering 

and corrosion or a combination of these processes. H13 die 

steel is characterised by its high hardenability and 

toughness, but a relatively low wear resistance. The 

savings that result from increasing the lifetime of the dies 

by the enhancements of its tribological properties have 

motivated researchers to optimise surface treatments 

suitable to these materials. Therefore, the purpose of the 

present work is to investigate the influence of a plasma 

nitriding time on the friction and wear behaviour of H13 

steel. To accomplish this undertaken, evaluation of dry 

friction and wear mechanism at ambient temperature as a 

function of nitriding time and sliding distance during pin-

on-disc wear tests was carried out. 

 

2. Materials and Experimental Methods 

 

Nitriding of an H13 die steel was performed in a dual 

plasma reactor which incorporates a weakly ionised plasma 

unit that provides continuous cleaning of the sample by 

sputtering plus heating by ion bombarding and a post-

discharge plasma reactor that supplies a highly reactive 

atmosphere. The apparatus used for the nitriding treatment 

is shown in Fig.1. 

The substrate of the samples in this study was H13 die 

steel with the following nominal chemical composition (wt. 

%):0.32-0.45% C,  0.20-0.50% Mn, 0.80-1.20% Si, 4.75-

5.50% Cr, 1.10-1.75% Mo, and 0.8-1.20% V. The samples  
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Figure 1. Schematic of the dual plasma reactor showing its main parts. 

The sample is placed inside the chamber 

 

 

 
 

Figure 2. Schematic representation of the pin-on-disc test rig. 

 

 

 
 

Figure 3. Microhardness profiles as a function of depth for samples 

nitrided for 5, 8, 9, and 10 h at 500 ºC. 

 

 

 

 

 

with size of 3cm long, 2cm wide, and 2.5 cm thick were 

first quenched (austenizing at 1020 ºC for 2 h, cooling in 

forced air to room temperature) and two tempering 

treatments (at 540 ºC for 2 h each, followed by forced 

convection cooling). The hardness of the resulting 

microstructure was 560 HV0.1. The decarburized layer that 

formed at the surface during heat treatment was removed 

by grinding. The surface of the sample exposed to the 

nitriding atmosphere was polished with silicon carbide 

emery papers and diamond paste to mirror finish (Ra = 

0.1±0.02 µm). Nitriding temperature was 500 ºC and the 

nitriding times were 5 h and 9 h, all selected by virtue of 

minimum and maximum hardness response, respectively as 

well as the large variation of these as a function of time, as 

put forward in previous work [3]. Specimens were obtained 

for cross-sectional analysis by optical microscope. The 

samples surface was examined by means of X-ray 

diffraction (XRD), both with and without the surface 

compound layer (white layer). The compound layer was 

carefully removed by controlled polishing with 6 µm 

diamond paste. For microscopic observation, the 

microstructures of the case depth and substrates were 

revealed on polished and etched cross sections in a 2% 

nital solution. 

The pin-slid-on-disc (see Fig.2) wear experiments against 

AISI 52100 (100Cr6) steel ball with 6mm in diameter, 

800±40 HV0.1 hardness and Ra of 0.013 µm were 

performed in ambient environment with temperature 20-25 

ºC, humidity 44±5% and no lubricant.  Friction force is 

determined by direct measurement (with a piezoelectric 

element) of the tangential force applied on the flexible arm. 

The friction coefficient is given by the ratio between the 

friction force and the normal force (applied load). The 

vertically applied loads at the top of the specimens were 

selected to 2, 5, 7 and 10N; the sliding speed maintained 

0.02m s-1, and the diameter of the wear track circle slightly 

varied from 12 to 14mm. The experimental procedure was 

undertaken according to ASTM G99-95a [7]. Wear losses 

were determined by wear track measurements and by 

weight-loss method. Volume loss from flat disc was 

worked out, assuming no significant pin wear, by means of  

[7]: 

 

( )
1

2 1 2 2 2V 2 4
2 4

−⎛ ⎞⎛ ⎞= π − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

d d
R r sin r d

r
  (1) 

 

where R denotes the wear track radius; r represents pin 

sphere radius (3mm); d the track width. 

 

Analogously, volume loss from a spherical ended pin was 

determined by: 

 
2

23
V

6 4

⎛ ⎞π
= +⎜ ⎟

⎝ ⎠

h d
h     (2) 
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Figure 4. (a) Cross sectional microstructure without white layer after 9 

h nitriding. XRD diffraction pattern of H13 steel nitrided at 500 ºC for 

9 h: (b) from the original surface and (c) after the compound layer was 

removed. 

where 

1
2 2

2

4

⎡ ⎤
= − −⎢ ⎥

⎣ ⎦

d
h r r , r represents pin end radius (3mm) 

and d is the wear scar diameter. 

Disc wear tracks and pin wear scars were measured by 

image analysis with an Olimpus metallographic light 

microscope connected to an Image-Pro image analyser. 

Track widths are the mean values after 12 measurements 

performed along the pin trails. Mass loss was measured 

using an electronic balance with precision of 0.1 mg.  

For determining the wear rate, typically denoted by K, the 

Holm/Archard’s relationship was used [8]: 

 

VΔ
=

⋅
K

w s
     (3) 

where V (mm3) is the worn volume, w (N) is the normal 

force applied and s (m) is the total sliding distance. For this 

research, however, the wear volume divided with the 

sliding distance was defined as the wear rate because the 

normal force applied was the variable parameter. To 

identify the wear mechanisms, worn surfaces were 

observed through the scanning electron microscopy plus 

energy dispersive X-ray spectroscopy (SEM + EDS) both 

on top surfaces and also on polished and etched cross 

sections. The HV0.05 microhardness profiles of the nitrided 

layers were obtained in the cross section by means of a 

Shimadzu MMV-2 instrument. 

 

3. Results and Discussions 
 

3.1. Surface hardness and microstructure 

 

The hardness evolution for a choice of nitriding times at 

500 ºC is depicted in Fig.3. There can be seen a significant 

increase in both a compound layer and a diffusion zone 

over the matrix hardness. Maximum hardness of the 

compound layer reached values on the order of 1100 HV0.1. 

It is also observed that the maximum hardness of the 

nitrided layer (1350 HV0.1) was located near to 20 µm 

below the surface. After these subsurface peaks, hardness 

exhibited a monotonic decrease in depth, although hardness 

for 9 h nitriding showed a flatter profile from which the 

hardness values were as high as 1200 HV0.1 at 180 µm 

depth. Castro et al. [9] achieved hardness values on the 

order of 1100 HV0.05 for H13 nitrided in a salt bath 

activated with sulphur (sursulf nitriding) after 9 h treatment 

and with a diffusion layer of 110-140 µm depth. For longer 

nitriding times the surface hardness converged into 1100 

HV0.05. There was only a case for the 15 h (190-240 µm) in 

which a hardness of 1150 HV0.05 was reached. It is 

interesting to note that whereas for the Castro et al. 

research no compound layer grew before a nitriding time of 

7 h at 580 ºC, in this work,  such layer growth was 

observed from nitriding times of 5 h upwards and at 500ºC. 

Their previous heat treatment condition to the nitriding 

treatment was quite similar to heat treatment condition 

carried out in the present study, which demonstrates that 

the present method offers some improvement over other 

nitriding methods, especially in the attainment of flatter 

hardness profiles which do not favour the development of 

residual stresses in the hardened layer.  

The microstructure for the 9 h nitriding, shown in Fig.4a 

consists of an internal nucleus of tempered martensite and a 

nitrided layer in the external surface. The nitrided layer 

consists of a nitrogen diffusion region with fine elongated 

nitride plates precipitated and a shallow compound layer on 

the outside part. In the X-Ray diffraction pattern of Fig. 4b 

it is indicated that the compound layer consisted mainly of 

ε-nitride together with rich γ’-nitride and a mixed phase 

(ε+γ’) on the diffusion zone of the nitrided surface. Below 

the compound layer, the presence of CrN with a small 

amount of ferrite appears in the diffractogram of Fig. 4c. 

Generally speaking, at short nitriding times (5 h), there is 

not enough of the CrN phase to result in a high value of  
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Figure 5. Friction coefficient variations of nitrided and non-nitrided 

H13 steel as a function of sliding distance/cycle for: (a) 2 N sliding 

load and 12 mm diameter of the wear track circle; (b) 5 N sliding load 

and 12mm diameter of the wear track circle; (c) 7 N sliding load and 

14 mm diameter of the wear track circle. 

 

 

 

 

hardness, however, at intermediate times (8-9 h); there is 

an optimum amount, size, and distribution of CrN, which 

after longer times (> 10 h), it coarsens and as a result, a 

drop of hardness occurs (see Fig. 3). 

 

3.2. Tribological properties 

 

The measurements of the coefficient of friction for 

plasma nitrided and non-nitrided H13 steel samples as a 

function of sliding distance/cycles at 2N and 5N sliding 

loads and 12 mm diameter of the wear track circle are 

shown in Fig. 5a-b. The friction coefficient variations for a 

load of 7N and 14 mm diameter of the wear track circle are 

given in Fig. 5c. The coefficient of friction for the non-

nitrided H13 steel for all different loads changed as a 

function of the distance slid, particularly in the early stages 

of sliding. It usually exhibited a low initial value (in the 

range of 0.1-0.2) but rapidly increases until reaching a 

steady state value. The substantial augment of the frictional 

force is in turn, a result of the rapid increase in the number 

of wear fragments entrapped between the sliding surfaces, 

where some of them, mainly from the disc material, plough 

such surfaces as can be seen in Fig. 6a. Worn surface 

consist of ploughed grooves and plastically deformed 

regions in the sliding direction. These fragments are 

generated by subsurface deformation, crack nucleation and 

crack propagation [10]. This can be confirmed by taking a 

closer look as shown in Fig. 6b. The frictional force is also 

affected by the escalation in adhesion due to the increase in 

clean interfacial area as observed by the large variations in 

the friction coefficient from 0.2 to 0.8 all along the steady 

state. After a maximum value was reached, the friction 

coefficient slightly drops to an average value of 0.6 (see 

Fig. 5). The drop in the friction coefficient is associated 

with mutual polishing of the mating surfaces and such 

behaviour results principally when the hardness of the pin 

is greater than that of the moving disc [10]. Comparable 

friction coefficient values, and in general, analogous 

tribological behaviour from pin-on-disc tests with a steel 

ball dry sliding on a steel disc has been previously reported 

by H. Czichos et al.[11]. 

In the case of longer sliding distance, the friction 

coefficient does not exhibit any substantial change, i.e. an 

average value of 0.6 is sustained as well as high friction 

coefficient variations. Nevertheless, while part of the 

removed material remains in the contact between pin and 

disc generating the thin abrasion grooves as observed in 

Fig. 6, some transfer of material from steel counterbody to 

H13 steel non-nitrided was exhibited in the form of located 

heaps on the wear track of the H13 steel. Wear rate of steel 

counterbody for sliding distance of 30 m was 3.69 (mm3 N-

1 m-1 x 10-5), whereas for sliding distance of 100 m was 

8.26 (mm3 N-1 m-1 x 10-5). This substantial ball wear 

increase suggest that large debris particles might have 

formed causing thick wear tracks with the evident surface 

penetration. Majority of the removed particles accumulated 

were pushed through the worn surface of the wear track 

and during testing deposited on the side of the wear track in 

the sliding direction. Therefore, large friction coefficient 
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variations are attributed to hard particles ploughing the 

sliding pair and to some extent the adhesion between 

smashed substances coming from the pin. 

The nitrided steel, in turn, exhibited a similar friction 

coefficient pattern for all loads and nitriding times, 

characterised by the initial running-in period followed by a 

gradual increase until reaching a gradual steady state. A 

low initial value of 0.1 was recorded but in this case, there 

was a gradual ramp up until reaching a steady state value 

whose range oscillated from 0.4 - 0.5. The initial running-

in corresponds to the contact of the disc highest asperities 

and the ball surface. The gradual increase of the friction 

coefficient shown in Fig. 5(a-c) can be associated to the 

real contact between the thin compound layer and the steel 

ball surface as this leads to an increase of the applied stress 

on the wear surface and, thus, to the plastic deformation of 

material. This friction coefficient behaviour also suggests 

some similitude in hardness both the pin and the disc. On 

the other hand, for 30 m sliding distances, the compound 

layer begins to wear out, as seen in Fig. 7. From this figure, 

the compound layer is being both plastically deformed and 

partly removed from the wear track. Furthermore, it is 

observed some degree of compound layer detachment, 

which can be attributed either the higher contact pressure 

than the pressure capacity of such layer or the inherent 

brittleness of such compound layer. In this respect, it is 

well known the fact that a mixed phase (γ’ + ε), typically 

observed in gas nitriding, can be prone to spalling since it 

is brittle and breaks down during the early stage of wear 

tests [12-13]. In addition, the brittleness of the compound 

layer is influenced by the ε/ γ’ phase ratio [5]. 

A detailed examination of the mildly worn surface of 

H13 steel nitrided for 9 h is shown in Fig. 8. The higher 

magnification in Fig. 8 depicts the plastically deformed 

layer and also it can be seen part of the compound layer 

underneath this smashed layer. This degraded surface 

consists of shallow ploughed formations, where a new 

compacted surface in the valleys can be distinguished as a 

result of the plastically deformed material and the 

agglomerated wear debris. The wear rate of steel 

counterbody at this stage was 1.223 (mm3 N-1 m-1 x 10-5). It 

thus appears that small debris particles were formed with 

faint surface penetration. These observations are consistent 

with friction coefficient variations of H13 steel nitrided, 

and in particular for 9 h nitriding and sliding distance of 30 

m, since it exhibited the smallest variations as seen in Fig. 

5 (a-c). In general, it is observed that plasma nitriding and 

specifically the compound layer has effect on the friction 

coefficient variations: the higher the nitriding time, the 

lower the friction coefficient variations. As expected, dry 

sliding resulted in larger friction coefficient variations for 

the non-nitrided H13 steels. 

The aforementioned observations are also consistent with 

the wear behaviour of tested steels, as graphically 

presented in Fig. 9. From this figure, independently of the 

non-nitrided alloy results, two major observations are 

underlined and hence, to be analysed. The first one is 

associated with the applied load, i.e., it is observed that for 

a given nitrided time, the wear rate increases as a function  

 
 

 
 

Figure 6. Non-nitrided H13 steel tested during a sliding distance of 100 

m and 2 N normal load. (a) Worn surface showing the abrasion grooves. 

(b) A detailed examination of worn surface showing surface fatigue 

wear and plastic deformation. 

 

 
 

Figure 7. Partly worn compound layer of the H13 steel nitrided for 9 h 

tested during a sliding distance of 30 m and 2N normal load. 

 

 
 

Figure 8. The mildly degraded surface of the H13 nitrided steel for 9 

h. In the picture of  the right up corner, an amplification of a ploughed 

zone is shown. 
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Figure 9. Wear rate behaviour vs. applied load of H13 steel nitrided 

during selected times compared to that non-nitrided for a sliding 

distance of 30 m. 

 

 
 

Figure 10. Friction coefficient variations versus the sliding distance 

of: (a) H13 steel nitrided during 9 h and 2 N applied load and (b) H13 

steel non-nitrided with the same applied load. The arrow indicates the 

beginning of large frictions coefficient variations for the nitrided and 

non-nitrided steel. 

 

 
 

Figure 11. Transferred pin material on the worn surface for a sliding 

distance of 95 m and 7N applied load. 

 

 
 

Figure 12. A comparison of the friction coefficient behaviour of: (a) 

H13 steel nitrided during 9 h and 2 N applied load; (b) H13 steel 

nitrided during 9 h and 7 N applied load. For this latter load, seizure 

was observed at 95 m. 

 

of the applied load. This can be ascribed to the mildly 

removal of the compound layer with the progression of the 

test. The increment of the normal applied load leads to a  

rise of the applied shear stress on the wear compound layer  

resulting in the eventual removal of metal slivers. The 

second one is related to the nitriding time, i.e., a correlation 

between surface hardness-appearance-thickness and wear 

resistance of the compound layer. The H13 steel nitrided 

during 9 h exhibited the lowest wear rate values clearly 

manifested at all tested loads, whereas for the H13 steel 

nitrided during 5 h, higher worn volumes were observed. 

The local pressures at the points of asperity contacts forge 

metallic junctions between surfaces. At a given load, 

friction coefficient (µ) strongly depends on the real contact 

area which it can be associated with its appearance and 

surface hardness corresponding to the deformation 

resistance of the contact area, according to the well known 

relationship F F
H

A A

μ
τ = ⇒ = , where A would be the real contact 

area, τ the shear strength of the junction, F the applied 

normal load and H the mean pressure on an asperity or 

simply the local hardness of the material. The hardness of 

the compound layer for 9h and 5 h nitrided steels was 

recorded to be 1100 ±100 HV0.1 and 850 ±100 HV0.1 

respectively. Shallow wear tracks as well as relatively large 

wear scars on the steel counterbody (800±40 HV0.1) were 

also observed. Therefore, it is clear that the harder surface 

often corresponds to the higher deformation resistance to 

prevent the particles, adhered to the softer surface, from 

pressing into it and protect it from being worn out. 

Thickness of the compound layer, in turn, influences the 

wear rate behaviour, i.e. thicker compound layer and 

nitride layer may provide higher load capacity and 

deformation resistance, which again, prevents the 

compound layer from being worn out. Wear rate 

discrepancies in Fig. 9 may also be attributed to shuffling 
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off the compound layer by the trackside. As the test 

progresses the ball scar grows up due to the large-scale 

wear and consequently it cuts off the trackside, widening 

the disc wear track. 

In order to reach a clearer insight into the behaviour of 

friction coefficient for nitrided H13 steel alloys sliding 

against steel, friction variations of H13 nitrided during 9 h 

and H13 non-nitrided, tested at 2 N applied load for longer 

sliding distances were attained as shown in Fig. 10. It was 

observed that in H13 steel nitrided, large friction 

coefficient variations took place up to sliding distances 

above 700 m whereas for the non-nitrided steel, 

comparable variations were observed at sliding distances of 

25 m onwards. These findings reveal that the growth of a 

compound layer (white layer) on top of nitrided layer 

(nitrogen diffusion zone), for the actual nitriding process, 

hinders the generation of hard particles or fragments due to 

the sliding and therefore, slows down ploughing on the 

sliding disc. This particular behaviour may be interpreted 

in terms of the ε/ γ’ phase ratio, i.e. the presence of 

copiously γ’-nitride (Fig. 3b) in the compound layer 

increases ductility and wear resistant according to ε phase 

[14]. 

For longer sliding distance and larger applied load, the 

friction behaviour exhibited the expected features of large 

plastic deformation followed by a substantial material 

transfer. Material transfer was mainly observed from the 

counter-body deposited in the form of patches and to some 

extent of heaps on the compound layer surface. Those 

patches and heaps appear as add-on substances both for 2 

N and 7 N applied load as shown in Fig. 11. Energy 

dispersive X-ray analysis (EDS) of the adds-on substances 

obtained in the worn surface of H13 nitrided for 9h and at 

2N described a low percentage of chromium and high 

percentage of carbon and iron, in addition to silicon and 

oxygen but no nitrogen. It indicated that the transferred 

material corresponded to the pin. 

On the other hand, the friction behaviour for such longer 

distances can be appreciated in Fig. 12. A comparison 

between 2N load and 7N clearly shows the shear and 

transfer effects. Accordingly, highest friction variations are 

observed above 700m for 9h steel nitrided subjected to 2N 

applied load. In the case of the 9h steel nitrided with a 7N 

applied load, massive friction variations come out early 

around 70m, however, interestingly in this later case, the 

tribometer suddenly stopped itself by 95 m sliding distance. 

Evidently, the machine did not manage to carry on due to 

the frictional forces arisen as a consequence of the larger 

load. In this respect, under large enough loads the local 

pressures at the asperity contacts junctions are sheared and 

therefore, both the real contact area and the nominal area 

grow because of plastic indentation, mass flow and metallic 

transfer. These latter effects have been identified as the 

basis of catastrophic junction growth mainly caused by 

shear. Following that large-scale mass flow and metallic 

transfer, the real contact area is. 

This condition was identified and modelled as the wear 

mechanism of seizure [15]. Thus, the 9h steel nitrided 

seized at about 95 m under 7N applied load. 

4. Conclusions 
 

In the present work, the AISI H13 hot work steel was ion 

nitrided with a dual plasma reactor and surface analysed to 

measure the frictional and wear characteristics. Pin-on-disc 

wear tests have been conducted at ambient temperature and 

dry sliding in both short and long sliding distances. The 

following conclusions can be derived from the results.  

Nitriding of H13 die steel by using a dual plasma reactor 

offers a substantial advantage over conventional gas 

nitriding as it provides higher hardness levels in shorter 

nitriding times. 

At short nitriding times (5 h), there is not enough of the 

CrN phase to result in a high value of hardness. At 

intermediate times (8-9 h) there is an optimum amount, 

size, and distribution of CrN which provides the highest 

hardness values as well as the best hardness profiles. For 

longer times (> 10 h), CrN coarsens and a  reduction of 

hardness occurs. 

The friction coefficient of the nitrided steel under this 

plasma method increase in the early stage of the wear tests 

up to a steady state value of 0.4-0.5, regardless the applied 

load. A steady state friction coefficient of 0.6 for the non-

nitrided steel was obtained, also regardless the applied 

load. At early stages, asperity deformation was identified 

as the friction-generating mechanism for nitrided steel. For 

the subsequent stages ploughing showed to be the friction 

mechanism. Adhesion was significantly increased for long 

distances, particularly due to the material transfer. 

The compound layer has effect on the friction coefficient 

variations: the higher the nitriding time, the lower the 

friction coefficient variations. 

Wear behaviour on the short sliding distance test was 

characterised by the influence of two wear mechanisms: 

plastic deformation and abrasive wear. For long sliding 

distances the wear mechanism controlling the wear rate 

was the plastic deformation and to some extent, the 

oxidative wear. Wear rates of 9h nitrided steel were lowest 

for all applied loads. 

For long sliding distances and large applied loads, the 

contact area of the counter-body eventually equals the 

worn surface area and, as a result, the condition of seizure 

ensues. Due to the latter, the frictional force becomes so 

high that the test is stopped since the device has not got the 

power to keep the specimen in rotation.The compound 

layer enriched with gamma nitride and epsilon nitride 

generated by the nitriding of H13 die steel in a dual plasma 

reactor hinders the generation of hard particles or 

fragments due to the sliding and therefore, slows down 

ploughing on the sliding disc. Therefore, this layer resulted 

to be beneficial in terms of wear and load capacity.  
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