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ABSTRAT

The present work aims at producing a chromium nitrides layer by plasma nitriding of a hard chromium
electroplated layer in a pure nitrogen atmosphere (duplex surface treatment) and to study the effect of the nitrogen
pressure of plasma nitriding on the structural, morphological, mechanical and tribological properties of the obtained
chromium nitrides layer. Several characterisations and testing techniques were used to achieve the objectives of this
work, including X-ray diffraction, scanning electron microscopy (SEM), optical microscopy (OM), energy dispersive
spectroscopy (EDS), microhardness test, nanoindentation test and ball-on-disk test. The results showed that a CroN
layer was successfully produced by plasma nitriding of a hard chromium electroplated layer in a pure nitrogen
atmosphere. Furthermore, it was found that the nitrogen pressure of plasma nitriding significantly affected the surface
properties of the plasma nitrided hard chromium electroplated layer. Indeed, plasma nitriding of the hard chromium
electroplated layer at low nitrogen pressure did not significantly improve the morphological, mechanical and
tribological properties of the surface of the hard chromium electroplated layer. On the other hand, increasing the
nitrogen pressure led to a noticeable improvement in the mechanical and tribological properties of the hard chromium
electroplated layer surface.

Keywords: Low alloy 35NCD6 steel; Duplex surface treatment; Hard chromium electroplating; Plasma nitriding;
Nitrogen gas pressure; Chromium nitrides; Nanoindentation; Wear resistance; Micro-cracks.
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RESUME

Le présent travail vise & produire une couche de nitrures de chrome par nitruration au plasma d'une couche
électrodéposée de chrome dur dans une atmosphére d'azote pur (traitement de surface duplex) et a étudier I'effet de la
pression d'azote de la nitruration au plasma sur les propriétés structurelles, morphologiques, mécaniques et
tribologiques de la couche de nitrures de chrome obtenue. Plusieurs caractérisations et techniques d'essai ont été
utilisées pour atteindre les objectifs de ce travail, notamment la diffraction des rayons X, la microscopie électronique
a balayage (MEB), la microscopie optique (MO), la spectroscopie a dispersion d'énergie (EDS), le test de microdureté,
le test de nanoindentation et le test de la bille sur disque. Les résultats ont montré qu'une couche de Cr,N a été produite
avec succes par nitruration au plasma d'une couche électrodéposée de chrome dur dans une atmosphére d'azote pur.
De plus, il a été constaté que la pression d'azote de la nitruration au plasma affectait de maniére significative les
propriétés de surface de la couche électrodéposée de chrome dur nitrurée au plasma. En effet, la nitruration au plasma
de la couche électrodéposée de chrome dur a faible pression d'azote n'a pas amélioré de maniére significative les
propriétés morphologiques, mécaniques et tribologiques de la surface de la couche électrodéposée de chrome dur. En
revanche, l'augmentation de la pression d'azote a conduit & une amélioration notable des propriétés mécaniques et
tribologiques de la surface de la couche électrodéposée de chrome dur.

Mots clés : Acier faiblement allié 35NCD6 ; Traitement de surface duplex ; Electrodéposition de chrome dur ;
Nitruration au plasma ; Pression d'azote gazeux ; Nitrures de chrome ; Nanoindentation ; Résistance a 1’usure ;
Microfissures.
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GENERAL INTRODUCTION

Mechanical metal parts are subject to various types of solicitation: tribological, mechanical,
electrochemical,...etc. The objective of researchers has always been to improve the response of
metal parts to these solicitations. The approach used to achieve this objective differs from one
research group to another, with some targeting the material of construction, others the surrounding
environment, others the contact surface between the material and the environment, and others the

whole system.

In systems where the dominant solicitations are of a tribological and mechanical nature,
such as in the interaction of interconnected gears, the appropriate solution is usually to improve the
mechanical and tribological properties of the metal part surface by means of surface treatment,
surface coating or a combination of them. The latter combination is called "duplex surface
engineering”, which can be defined as the application of two surface engineering techniques to
produce a new layer with combined properties or to supplement the drawbacks of one of them by
the other [1]. Successful combinations include the use of thermochemical surface treatment with

the application of a coating.

One of the duplex surface treatments that has attracted attention in recent decades is the
combination of hard chrome electroplating and plasma nitriding. Hard chromium electroplating is
a widely used technique in the industry as it offers many advantages in terms of hardness, wear
resistance and corrosion resistance [2]. However, it has some limiting properties, such as surface
micro-cracks, high internal residual stresses and reduced hardness at high temperatures, which can
affect its performance under severe working conditions. In order to improve its properties and
reduce its drawbacks, the surface of electroplated hard chromium can be modified by surface
treatment techniques such as ion implantation, gas nitriding and plasma nitriding. The resulting
layer usually consists of chromium nitrides with outstanding wear and corrosion resistance

characteristics.

The duplex surface treatment consisting of hard chrome electroplating and plasma nitriding
is advantageous as it represents an economical alternative to other expensive surface engineering

techniques with comparable resulting properties. In addition, it can be easily implemented in the
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industry by adding the complementary technique to the existing chrome electroplating or plasma

nitriding industries.

The objectives of this thesis are to produce a chromium nitrides layer by plasma nitriding
of hard chromium electroplated layer in a pure nitrogen gas atmosphere and to study the effect of
the nitrogen pressure of plasma nitriding on the structural, morphological, mechanical and
tribological properties of the resulting chromium nitrides layer. The results of this thesis can
contribute to filling the gap in the research work on the use of pure nitrogen as a nitriding
atmosphere in plasma nitriding of a hard chromium electroplated layer, as well as the gap in the
research work on the effect of nitrogen pressure of plasma nitriding on the surface properties of the
plasma nitrided hard chromium electroplated layer. Moreover, they can help to determine the
possibility of applying the resulting chromium nitrides layer to metal parts that require good

mechanical and tribological performance.

The thesis consists of three chapters. The first chapter is composed of four main parts: the
first part presents steel types and their microstructural and mechanical properties, the second covers
metal coating processes, the third presents common thermochemical treatments of steels and the

fourth summarises the literature review on nitriding of chromium coatings.

The second chapter is devoted to the presentation of the substrate material and the
description of the different experimental methods used to characterise the properties of the resulting

layer.

The third chapter presents the experimental results concerning the structural,
morphological, mechanical and tribological properties of the resulting layer and a study of the
effect of nitrogen pressure in plasma nitriding on the surface properties. The experimental results

are discussed and compared with some research work in the literature where necessary.

Finally, general conclusions and suggestions for future works are presented in the last part
of the thesis.




BACKGROUND
AND
LITERATURE REVIEW




CHAPTER | BACKGROUND AND LITERATURE REVIEW

. BACKGROUND AND LITERATURE REVIEW

I.1. Introduction

This chapter is divided into four main parts. The first part presents the types of steel and
the characteristics of each type in terms of microstructure and mechanical properties. After that,
the second part explores the techniques used in the deposition of metallic coatings and the general
principle of each technigue. In essence, the electroplating technique principle and properties are
presented in details. The third part presents the main thermochemical surface treatment techniques.
From the thermochemical techniques, nitriding principle and types are detailed with a special focus
on plasma nitriding principle and properties. Finally, the fourth part is a state of the art about the
nitriding of chromium coatings. In this part, we present the Cr-N system and its properties, the
mechanism that governs the formation of chromium nitrides, and the properties of the surface of

the chromium electroplated layer after gas and plasma nitriding as reported in the literature.

1.2. Types of Steel

Steels are ferrous alloys that are composed mainly of iron. Generally, they can be classified
according to the nature and amount of alloying elements into three groups, namely: plain carbon

steels, low-alloy steels, and high alloy steels.

1.2.1. Plain carbon steels

Plain carbon steels are solid solutions of iron and a percentage of carbon with a limited
concentration of residual impurities like manganese [3]. Generally, the microstructure of a plain
carbon steel is formed of ferrite and pearlite phases [4]. The proportion of each phase depends on
the carbon amount. The change in phase proportions affects the properties of plain carbon steels,
which in turn affects the application filed. This kind of steels is used for a broad range of

applications such as in automobile parts, wiring products, sheets and strips [5].

1.2.2. Low-alloy steels

The application domains of steels can be extended by the addition of alloying elements such

as chromium, molybdenum and nickel. when the total amount of added elements is under 10 %,
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the steel is called low-alloy steel [3]. The alloying elements can improve the mechanical properties
of steel in terms of hardness and toughness, especially after heat-treatment, also they can enhance
its resistance to degradation under certain surrounding conditions [6]. In general, a low alloy steel
contains an amount of molybdenum in the range of 0.5 - 1 % in order to improve the creep strength.
In addition, it contains an amount of chromium between 0.5 and 9 % to enhance the resistance
against corrosion, rupture and graphitisation. Moreover, a small amount of carbide-forming
elements such as vanadium, nobium and titanium is added in order to improve the hardness by

precipitation strengthning or for grain refinement [7].

In the heat treatment process of low alloy steels, the austinitising step takes longer time
than in carbon steels because of the low dicossiation rate of alloying elements in the austenite phase
[8]. After austenitising, other steps can take place according to the heat treatment type. Different
heat treatments such as normalising, annealing, quenching and tempering can be performed
considering to the effect of treatment on microstructure and the targeted properties. Heat-treated
low alloy steels can be used in many applications, like in railway wheels and tracks, gears,
crankshafts, and machine parts [3].Generally, low-alloy steels have better mechanical properties

than plain carbon steels [6].

1.2.3. High-alloy steels

A high alloy steel contains a total amount of alloying elements that exceeds 10% [6].
Generally, high alloy steels are classified into three categories, Cobalt and molybdenum secondary
hardening steels, maraging steels and precipitation hardening stainless steels [8]. Each category of
high alloy steels is treated in a way to have the maximum of desirable mechanical properties based
on the properties of elements that it contains. In effect, secondary hardening steels must be
quenched and tempered to benefit from the high amount of carbide-forming elements (Mo, V, Cr
and W) that they contain. The formed and dispersed carbides produce a secondary hardening steel
with high strength and toughness properties that make them suitable for high strength structural
applications [8]. The second category of high alloy steels corresponds to maraging steels. This type
of steel is composed of a very low amount of carbon (maximum of 0.03%), high amount of nickel
(17-19%) in addition to a lower amount of cobalt (8-12%), molybdenum (3-5%), titanium (0.2—
1.8%) and aluminium (0.1-0.15%) [9]. The maraging steel has a martensitic base microstructure

with dispersed precipitates obtained after austinitising, slow rate cooling and aging heat treatment,
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which gives it a unique combination of high tensile strength with high resistance to fracture
toughness [9]. Because of their unique properties, maraging steels are used usually in aircraft
industry. Finally, the third category of high alloy steels consists of stainless steels. They are ferrous
alloys that are characterised by a high amount of chromium (at least 11 wt%), which makes them

highly resistive to corrosion environments [3].

Stainless steels are classified into three types according to the main phase in their
microstructure, namely: ferritic, austenitic and martensitic. The mechanical properties of stainless
steels are enhanced by the addition of other alloying elements such as molybdenum, tungsten and
vanadium [8]. Based on their properties, stainless steels can be used in a variety of industrial

applications, including automotive, aerospace and utensils.

1.3. Metallic Coatings

The surface of a metal is often subjected to different kind of damage that can deteriorate its
properties. This damage can be induced by corrosion and wear due to the interaction between the
metal and its surrounding environment. Therefore, the surface of a metal is generally coated or
treated using surface engineering techniques, which can extend the life cycle of parts made from
that metal. Surface engineering techniques can be classified according to their microstructural or
compositional effect on the metal surface. Figure 1.1 shows a diagram of the classification of
surface engineering techniques. In this section, we focus on the techniques used in making

compositional modification, especially the coatings that are based on metals.

Surface engineering [
i

| Microstructural modification | ‘ Compositional modification
— ) |
Surface transformation Surface melting! Shot peening
Hardening

S
Coating/Deposition

Electrodeposition Conversion coating Thermaliflame spraying
Cr plating Phospating, anodizing, Arc spraying,
Cu plating, etc. ete. Plasma spraying, etc.
h 4
¥ 3

Hot dipping Chemical vapor deposition
Physical vapor deposition

Figure 1.1: General classification of surface engineering techniques used in metallurgical
industries [10]
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1.3.1. Hot dipping

Hot dipping is a technique of metallic coating that consists of immersing the part to be
coated in molten coating metal. The hot dipping process starts by degreasing and fluxing the part
to be coated, and after immersion during a controlled time, the part is removed from the dipping
bath. Within a period of time, the molten coating metal dries and forms a coating layer on the
coated part. The properties of the resulting coating depend on surface preparation, molten coating
metal composition, dipping bath temperature, dipping duration and substrate material [11]. In
practice, the metals that can be deposited by hot dipping are zinc, aluminium, lead and tin [12]. A

schematic illustration of the hot dipping process is presented in Figure 1.2.
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Figure 1.2: Schematic illustration of the hot dipping process [13]

1.3.2. Thermal spraying

The principle of thermal spray coating consists of spraying molten or in plastic state metal,
which can be form of wire, rod or powder, onto the surface to be coated using a stream of
compressed gas. The sprayed metal arrives to the surface in the form of droplets with a high
velocity, hence the metal droplets are flattened. The accumulation of flattened metal droplets
covers the surface and forms the coating. A schematic illustration of the process is presented in
Figure 1.3. In order to obtain a good adherence, the surface of the substrate material must be clean

and rough. Thermal spray coatings are classified according to the method used in melting or
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softening the coating material. Generally, these methods comprise flame, resistance, arc, induction

and plasma [11].

Molten particle spray

/

Spray torch

Flame and
melting wire

Substrate —L

Figure 1.3: Schematic illustration of the thermal spraying process [14]

1.3.3. Conversion coating

Conversion coatings are applied to metals in order to prepare their surface to subsequent

painting or to protect the surface from corrosion. The conversion process starts when a metal part

is immersed in an aqueous solution to induce the oxidation of the surface. In absence of external

voltage, the process is driven by the chemical reactions in the immersing bath, thus it is called a

chemical conversion. Whereas, when the electricity is passed through the immersed metal part that

represents the anode, the process is controlled by the applied external voltage and the chemical

reaction in the anode, and in this case, it is called an electrochemical conversion or anodising.

Figure 1.4 presents a schematic illustration of the anodising process. Because of their wide usage,

phosphating and chromating are well-known in the industry sector.
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Power supply Acid

| Component being
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Cathode (—)4+—»

" Anodize layer

Figure 1.4: Schematic illustration of the anodising process [14]

1.3.4. Chemical vapour deposition

Chemical vapour deposition is a coating technique that was introduced in industry in the
late of the sixties. Its principle consists of producing a coating from the interaction between reactant
gases and heated substrate material in an atmospheric pressure. Though, the resulting coating is
usually formed of carbides, nitrides, borides or oxides. An illustration of the chemical vapour

deposition process is presented in Figure 1.5.

Pressure sensor

?l Heating zone

Exhaust

Film Deposition P

Gas precursor inlet

Figure 1.5: Schematic illustration of the chemical vapour deposition process [15]

1.3.5. Physical vapour deposition

The process of physical vapour deposition basically describes the deposition of metal atoms
or molecules on a substrate material in a vacuum chamber. In cases where nitrogen, methane or
oxygen are introduced in the vacuum chamber, a coating composed of nitrides, carbides or oxides

is formed. The technique used in obtaining the coating metal atoms determines the physical vapour

|9



CHAPTER | BACKGROUND AND LITERATURE REVIEW

deposition type. In effect, when the metal atoms are evaporated from a heated target, the technique
is called evaporation. Whereas, when the metal atoms are obtained from the impact between
accelerated argon ions and the target, the technique is called sputtering. Finally, when the metal
atoms are obtained by evaporation or plasma and they are accelerated toward a biased substrate,
the technique is called ion plating. Metals that can be physically vapour deposited include
aluminium, copper, titanium, gold, platinum, chrome and nickel [14]. Figure 1.6 shows a schematic

illustration of the physical vapour deposition process.

— 1 |
Gas —— | | Substrate | +To vacuum
L 1 pump
..\ 1
Vacuum chamber —] Ar*. -:-‘\l .
Power
Target [ } supply [ L

Figure 1.6: Schematic illustration of physical vapour deposition process [14]

1.3.6. Metal Electroplating

Metal electroplating is a process in which metal cations migrate from an electrolyte to a
target surface, where they are reduced to metal atoms by electrons [16]. The source of the electrons
used in the reduction process determines the type of the metal deposition process. when the
electrons are from an external source, the process is called an electrolytic deposition [17]. Whereas,
in the case of no external source of electrons, the process is called electroless or chemical deposition
[17].

1.3.6.1. Electrolytic plating

The technique of metal deposition from an electrolytic solution is based on electrochemistry
principles. In the absence of an external voltage source, a metal exposed to an electrolyte oxidises.
The general equation that governs the oxidation process is presented in the equation I-1. The
produced metal cations are transported to the electrolyte, and the surface of the metal is negatively

charged. When the equilibrium is attained, the reaction is stopped.

M = M™ +né (I-1)
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When the metal is connected to a source of electrons, it becomes more negatively charged,
and the positively charged ions (cations) of the metal to be deposited are attracted to it. This
phenomenon represents the basis of the metal electroplating process. A schematic illustration of

the process is presented in Figure 1.7.

5 "
V
(A)
NS
Cathode Ancde

O Anions
Cations Q

— Electrolyte

Figure 1.7: Schematic illustration of metal electroplating process [17]

Direct, alternative, and pulsed currents can be used as a source of electrons in the deposition
process. The current type affects the properties of the deposited layer. Deposition of metals from
aqueous solution using direct current represents the conventionally used method. The transport of
cations from the solution to the cathode under the passage of direct current is governed by three
main phenomena, namely: migration, convection, and diffusion [17]. The potential gradient
initiated after circuit closure causes the migration of cations to the cathode and anions to the anode.
The movement of ions (cations and anions) is in the order of micrometres per second [17]. The
slow movement of ions, because of obstacles composed of molecules of other species in the
solution, and viscosity indicate that the contribution of migration in cations transport can be
negligible. Another phenomenon that contributes to cations transport is convection, which can be
defined as the movement of all the aqueous solution under an external force, or by the difference
in density induced by temperature. The movement of ions by convection is negligible near the

electrodes, where another phenomenon called diffusion takes place. The region near to cathode
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surface is called the diffusion or the Nernestian layer [17]. The transport of cations in this layer is
induced by the difference in concentration between the solution and the cathode surface. When
metal cations reach the cathode surface, they are discharged and transformed into a metal layer.

Figure 1.8 shows a schematic illustration of the processes involved during an electrolytic plating.

Concentration
gradient . .
o i @ g ® Diffusion
&ﬁ;@ﬁa@@ c
*i—@;_@i = ‘ei@@ @.@
co 2@ e
Poteritial
gradient
<@ Migration
O— 0>
@_3“{_-@ O
Fiowmotmn
@ ® Convection
°e o o

Figure 1.8: Schematic illustration of the processes involved during electrolytic plating [18]

After a period of time, the ions of the coating metal in the electrolyte are consumed. The
replacement of metal ions in the solution can be done by injecting a metal salt formed by the metal
to be deposited or by using a sacrificial anode made by the metal to be deposited. The metals that

can be electrodeposited from an aqueous solution are shown inside the bold line in Figure 1.9.
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Figure 1.9: Metals that can be electrodeposited from an aqueous solution [17]

1.3.6.1.1. Chromium electroplating

Chromium is characterised by shininess good appearance, high resistance to corrosion, and
resistance to galling [19]. These properties make it suitable for many decorative and engineering
applications. In applications where resistance to wear and corrosion are most needed, the chromium
is deposited in thicker thickness than in decorative purposes, and in this case, it is called "hard
chromium”. The Bath used in the electroplating process of both decorative and hard chromium is
generally composed of chromic and sulphuric acids with concentrations in a typical electrolyte of
250-400 g/l and 2.5-4 gl/l, respectively, and the typical ratio between the two acids must be CrOs:
S04? 100:1[19]. In the electroplating process, the chromium existed in the form of chromic acid
in the electrolyte is transformed into its solid form at the cathode surface [20]. After a period of
time, the concentration of chromium in the bath is reduced, so a replenishment process by the

addition of chromic acid takes place.

There are many parameters that control the electroplating process other than species
concentration, namely: solution acidity, current density, voltage and temperature [20]. The
characteristics of electroplated chromium depend on process parameters. For a fixed value of one
parameter, there is an optimum range of the others. Generally in decorative deposits, chromium is
deposited on an undercoating layer of nickel [20]. The thickness in decorative chromium deposits
is generally between 0.25 and 2 micrometres [19]. However, hard chromium deposits are
electroplated directly on substrate surface with a thickness up to 0.5 mm, depending on the

application [19], [20]. The thickness of chromium affects the stress state in the coated layer. The

|13



CHAPTER | BACKGROUND AND LITERATURE REVIEW

increase in thickness leads to an increase in tensile stress which in turn leads to cracks [19]. The
density of cracks in the chromium layer determines its resistivity to corrosion because the corrosion
is developed generally from the surface cracks. A density range of 30-80 cracks/mm can result an
acceptable corrosion resistance [19]. Thick chromium deposits are generally corrosion and wear
resistive [21]. They can be used in applications such as in crankshafts, pump shafts, plastic moulds,
dies, cams...etc.

1.3.6.2. Electroless plating

The main characteristic of this plating technique is the absence of any external source of
electricity. The process of electroless plating takes place in a bath composed mainly of the salt of
the metal to be deposited and the reducing species. In effect, the bath composition and the catalytic
effect of the substrate surface represent the main factors in the electroless plating process. In the
presence of metal salts, reducing species and a catalytic surface, the thickness of the coating
resulting from this plating process can evolve continuously. Thus, the electroless plating can also

be called autocatalytic plating [22].

1.4. Thermochemical Surface Treatments

Thermochemical surface treatments are the surface engineering techniques that modify the
chemical composition of the surface through the addition of chemical elements such as carbon,
nitrogen and boron, under the effect of temperature. Their main objective is to improve the
hardness, the wear-resistance and the corrosion properties of part surfaces. Thermochemical
surface treatment techniques are determined according to the element added to the surface. The

most important techniques are: carburising, carbonitriding, nitriding and nitrocarburising [23].

1.4.1. Carburising

Carburising is a thermochemical surface treatment technique. Generally, it is used in case
hardening of low carbon steels. The principle of carburising consists of incorporating carbon atoms
in the surface of steels. Based on carbon atoms source, the carburising technique can be divided
into five methods or types, gas carburising, vacuum carburising, plasma (ion) carburising, salt bath
carburising and pack carburising. The process of carburising starts by heating the steel part above

the Az temperature in the carbon steel phase diagram (Figure 1.10) in order to obtain the austenite
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phase in the material. After the carburising process, the parts are quenched and heat-treated to keep
the properties of the hardened case and to restore the properties of the bulk material, respectively.
The carburising technique can produce a case hardened layer with a carbon content between 0.8
and 1 wt% [24].

1800 y 1270
/!
1700 — 7 —{ apon
1600 — Vi 2810
15387 _yag5-C ; "
Salubility of
1500 "““’T’_’! Uqud = — rapnitein 770
(BeFe) V\ | ] bquid iron J
1400 1384 °C = £ 2550
I
AN ) /]
' -
1300 PP
I "'?6%;’ _________.._.[_
] I e T 0 8 P N
u e S L b SR Y A il I g Ty & .
vetn #2015 1148 °C__|4.30%] | 669
oo l/ — 1 i i =t =010
mentle
: 100 Austenila C?Fe_)m —L 1630 :
El 12 - - | i
[CI ] - 1850 2
g N g
5 800 | | Ao 1z #
74 W N N I T A
700 ——077% ’f - 1290
Ay (727 °C) |
600 |- | - T mo
50 1 a0
L— (rFa) |
Farrila
400 [ | T Fesile | 60
.
300 —— ‘em'l" — —{sm0
100 |—— —{z10
] L an
Fe 05 10 15 20 25 a0 35 40 45 50 55 60 65 70
Carban, Wit

Figure 1.10: Iron-carbon phase equilibrium diagram up to 6.67 wt% C [24]
1.4.2. Carbonitriding

Carbonitriding is a thermochemical surface treatment technique that differs from
carburising by the addition of ammonia gas to the carbonitriding atmosphere as a source of nitrogen
atoms. It is applied on steel parts in order to enhance their mechanical and tribological surface
properties by the formation of carbides and nitrides. The process of carbonitriding starts when
nitrogen and carbon atoms diffuse into the steel part surface, in the austenite phase, under the effect
of temperature. In order to obtain a hardened case composed of martensite and nitrides,
carbonitrided parts are subjected to a quenching step after the carbonitriding process. The hardened
case obtained by carbonitriding is not thick in comparison to that obtained by carburising, because
of the difficulty of carbon diffusion caused by the inhibition effect of nitrogen. Therefore, the case

thickness obtained by carbonitriding is usually between 75 and 750 um [24].
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1.4.3. Nitriding
1.4.3.1. Principle of the nitriding process

Nitriding is a thermochemical surface treatment process. It was developed at the beginning
of the 20th century. The process consists of introducing nascent nitrogen into a metal surface from
a nitrogen-rich medium. Depending on medium type, gaseous, liquid, or solid, different nitriding
techniques have been developed. However, in the industry sector, the gas, salt bath and ion
(plasma) nitriding are the widely used techniques because of their adaptability to mass production.
One of the main advantages of nitriding in comparison to the conventional thermochemical surface
treatment "carburising” is its ability to maintain nitrided part dimensions, except for a slight change
caused by nitrogen diffusion in the metal matrix. Nitriding is applied in different industrial
applications such as in the manufacture of aircraft, automotive components, and turbine generation

systems.

1.4.3.2. Techniques of nitriding
1.4.3.2.1. Salt bath nitriding

In salt bath nitriding process, a molten salt based on cyanides and cyanates is used as a
nitriding medium. The typical commercial bath used for salt bath nitriding is generally composed
of sodium and potassium salts, with an operating temperature of about 565°C [24]. The nitriding
process in the bath takes place when cyanides are decomposed to form cyanates. This chemical
process leads to the liberation of nitrogen atoms, which are subsequently diffuse into the steel
surface. This kind of baths can be used in the nitriding of wide range of steels, like tool and low
alloy steels. The case depth obtained in salt bath nitriding is generally low, as a consequence, this

technique is not suitable for applications that require deep cases [24].

1.4.3.2.2. Gas nitriding

The process of gas nitriding consists of subjecting a metal part, usually made of steel, to a
nitrogenous gas at a predefined temperature. Generally, the gas used for this purpose is ammonia,
and the temperature used for all steels is ranging between 495 and 565°C. The nitriding process
occurs when ammonia is dissociated on the steel surface under temperature into nascent nitrogen

and hydrogen (equation 1-2). After that, an amount of nascent nitrogen diffuses into the steel
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surface and another amount reacts with other nitrogen atoms to form nitrogen gas (equation 1-3).
Whereas, the nascent hydrogen is subsequently transformed into hydrogen gas (equation 1-4) [24].

Figure 1.11 shows a schematic illustration of the reactions involved in the gas nitriding process of

steels.
NH; - 3H + N (1-2)
ZN - NZ (|'3)
2H - H, (1-4)
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Figure 1.11: The reactions in surface and subsurface during gas nitriding process [25]

Gas nitriding of steels results in two different phases, a compound or white phase and a
diffusion phase. The compound phase is formed of epsilon (&) and gamma prime (y) phases, while
the diffusion phase is composed of stable nitrides resulting from the interaction between the
diffused nitrogen and nitride-forming elements in the steel like chromium, aluminium,
molybdenum...etc. Gas nitriding technique has a variety of industrial applications because of its

role in improving mechanical, tribological, and corrosion properties of steels.

1.4.3.2.3. Plasma nitriding

Plasma is defined as the fourth state of matter. It is obtained by ionising gas using heat,
radiation, or electrical discharge. It consists of an electron collection, free radicals derived from the
ionised gas, ions of both charges (positive and negative), and photons. The glow discharge

phenomenon represents the basis of plasma nitriding. This phenomenon takes place when gas is
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placed between two electrodes connected to direct current (DC) power supply. In Figure 1.12, the
curve current-voltage presents the characteristics of glow discharge, where the "abnormal glow

discharge” zone is the part used in the plasma nitriding process.
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Figure 1.12: Characteristics of glow discharge in argon [24]

Generally, a gas mixture of nitrogen and hydrogen is used in plasma nitriding of steels. In
a vacuum and under an electric field, nitrogen and hydrogen molecules are cracked into ions to
form the plasma, and the positive nitrogen ions are attracted to the cathode (the workpiece).
Consequently, the accelerated nitrogen ions bombard the workpiece surface under the high voltage
used in plasma nitriding. lon bombardment cleans the surface, heats the workpiece and provides
active nitrogen [24]. Figure 1.13 shows a schematic illustration of the processes that take place
during the ion-surface interaction. Adsorbed nitrogen atoms are then diffused into the metal
surface under the effect of temperature. In addition to temperature, gas composition and pressure,
DC voltage and current, and time are the parameters that control the plasma nitriding process. The

typical range of each plasma nitriding parameter is presented in Table I.1.
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Figure 1.13: Schematic illustration of the ion-surface interaction processes [26]

Although the plasma nitriding technique has many advantages such as pollution reduction,
high diffusion speed and low energy consumption, it has some problems like the difficulty to obtain
reproducible properties of nitrided parts, surface distortions caused by arcing and the overheating
of small parts [26], [27].

Table 1.1: Typical parameter ranges of plasma nitriding technique [28]

Gas Current
Temperature Gas ] ]
) pressure Voltage (V) density Time
(°C) mixture
(Torr) (mA/cm?)
Hydrogen Minutes to more
450-650 + 1-10 400-800 0.5-5
. than 10 hours
Nitrogen

1.5. Nitriding of Chromium Coatings

1.5.1. Chromium-nitrogen system

Chromium is a chemical element that is one of the transition metals. Chromium coatings
are characterised by their resistance to corrosion as well as their good appearance, thus they are
used for decorative purposes in many applications. In addition to above-mentioned properties, thick

chromium coatings are hard and wear-resistant. Insertion of nitrogen atoms in the chromium
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crystalline structure creates chromium nitrides. According to the Cr-N equilibrium phase diagram
presented in Figure 1.14, two chromium nitride phases are created depending on nitrogen content

and temperature, namely: CrN and Cr2N. The equilibrium equations of Cr/CraN and CraN/CrN
systems are as the following [29]:

2Cr (s) + 1/5 N2(g) = CryN(s) (1-5)
CryN(s) + 1/, No(g) = CrN(s) (1-6)
L+N, (1bar) ===
= L+ Cr,N
= : 1740°C
— il
e : (1
£ 1500 1) CnN+N; (1 ban)
= o—Cr LB
= 1 1050 °C
= I, _
1000 "o Cr+ CisN :}CEN CIN+ N, (1 bar)
1
C T
CrN 1 : 2 ‘/CIN
500 1 1 g I >
0 20 40 60
Azote (%o)

Figure 1.14: Phase diagram of Cr-N system in function of nitrogen percentage [30]

CrN has a face-centred cubic structure, and it is formed between 49.5 and 50 at. % of
nitrogen. Whereas, Cr2N has a hexagonal crystalline structure, and it is in turn formed between 30
and 33.3 at. % of nitrogen. This observation indicates that the stability domain of CrN is very
narrow in comparison to Cr2N. Also, it is noted that a biphasic domain formed of CrN and Cr2N is
formed between the stability domains of both nitrides. A number of physical and mechanical
properties of chromium and both chromium nitrides is presented in the Table 1.2.
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Table 1.2: Physical and mechanical properties of chromium nitrides [31], [32]

Property Cr B-Cra2N CrN
Crystal structure bcc Hexagonal fcc
Density (g.cm3) 7.14 6.54 6.18
Linear expansion coefficient 56 941 2.3 (20-800 °C)
(106 °CY) (20-1100 °C) 7.5 (850 — 1040 °C)
Decomposition temperature
1500 — 1650 1083-1500
°C)
Microhardness (HVo.05) 800 - 1000 1600 1100

The comparison of the hardness of chromium with both chromium nitrides indicates that
although Cr is denser, its hardness is the lowest. It is noted also that the highest hardness value
corresponds to Cr2N phase. This high hardness is due to the covalent bonds in hexagonal chromium
nitride (Cr2N) [33]. In addition to the intrinsic property of compounds that form the coating, stress
state and microstructure contribute also to its hardness [34]. The mechanical and tribological
properties of a chromium nitride coating depend on the depositing technique. Researchers have
studied the chromium nitride layer deposited by different surface coating technologies. The
techniques used in the deposition of chromium nitride films are often based on physical vapour
deposition (PVD) and chemical vapour deposition (CVD) technologies. However, PVD based
techniques such as magnetron sputtering [35], [36] and cathodic arc evaporation [37], [38], are
among the most used techniques. These surface engineering techniques can produce chromium
nitride films in a one-step process. Researchers have also investigated the possibility to produce
chromium nitride films in more than one step process using duplex surface engineering technology,

as in the case of the combination of a chromium coating and nitriding.

1.5.2. Mechanisms of chromium nitrides formation

Nitriding is a thermochemical process because it depends mainly on temperature, time, and
gas concentration. The nitriding of chromium and the formation of chromium nitrides are
controlled by thermodynamic conditions. The nitriding of chromium process starts when nascent
nitrogen that comes from the interaction between chromium and nitriding gas at the chromium

surface diffuses through the interstitial vacancies of the chromium lattice. In regions where the
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concentration of nitrogen reaches 30 at. %, Cr2N phase begins to form according to the equation
(I-5). Then, as the nitriding process continues, Cr2N transforms to CrN in regions that contain 50
at% of nitrogen [39]. This sequence of chromium nitride formation has been reported by many
researchers [40]-[43]. The sequence of chromium nitrides formation is related to diffusion
behaviour of nitrogen into chromium metal and its nitrides. The formation of CrN and Cr2N phases
on the chromium surface during nitriding limits the diffusion of nitrogen into the chromium,
resulting in reduced film thickness growth. The effect of chromium nitrides on diffusion kinetics
is due to their higher density compared to chromium [44]. Table 1.3 presents the nitrogen diffusion
constants (Do) and the activation energies (Q) of nitrogen diffusion into chromium and its nitrides
(CrN and Crz2N) reported by a number of researchers in the literature.

Table 1.3: Comparison of diffusion constants and activation energy of nitrogen into chromium

o Activation
Diffusion constant,
Phase Process energy Reference
Do (m?/s)
(kJ/mol-K)
Gas nitriding
7.7 x 10~* 239.6 [43]
(NHs-Ar)
Cr Gas nitriding (N2) 239 x107* 269.1 [40]
Plasma nitriding
0.00041 x 10~* 131.4 [45]
(N2+H2)
CraN  Gas nitriding (N2) 3.51x107* 258.3 [40]
CrN Gas nitriding (N2) 0.018 x 10~* 281.8 [40]

It is noted from Table 1.3 that the activation energy of nitrogen diffusion into chromium
during plasma nitriding is the lowest. This low activation energy is a result of the high kinetic of

the plasma nitriding process as compared to gas nitriding [45].
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The properties of the chromium nitride film depend on the techniques used for chromium
deposition as well as those used for nitriding.

1.5.3. Gas nitriding of chromium coatings

Many researchers have studied the process of gas nitriding of chromium as well as the
chromium nitride film obtained from this process. Taguchi and Kurihara have reported that the
formation of chromium nitrides starts at 600°C [41]. Their finding was based on the mass gain of
chromium powder during gas nitriding in pure nitrogen, which was recorded at different nitriding

temperatures, as shown in Figure 1.15.
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Figure 1.15: Effect of nitriding temperature on gain mass [41]

In the case where NH3 gas is used as a nitriding atmosphere, the cracking temperature of
NHs gas on the chromium surface determines the starting point of the nitriding process. This
temperature is about 700°C, and it depends on the catalytic effect of the nitrided material in addition
to the level of surface finish [46]. Generally, The surface of gas nitrided chromium is rough, and
it has a grey dark colour as reported by many researchers [39], [43]. In addition to these surface
characteristics, the surface contains a number of micro-cracks in the case of gas nitriding of
electroplated chromium [46], [47]. Figure 1.16 shows SEM micrograph of chromium electroplated

steel after gas nitriding at 900°C.
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Figure 1.16: Micrograph of chromium electroplated steel after gas nitriding at 900°C [46]

The cross-section view of samples subjected to chromium coating and gas nitriding shows
a layered microstructure. This microstructure is composed mainly of a mixture of CrN and Cr2N,
Cr2N, and Cr(N) layers from the upper surface to the pure chromium layer, respectively[39], [46].
In the case of chromium electroplated and gas nitrided steel, another layer of chromium carbides
grows from the interface between the steel surface and the chromium coating [43], as shown in
Figure 1.17. The growth of the above-mentioned layers depends basically on nitriding time and
temperature, as the increase in one of them makes the layers more distinguished [39], [46]. Taguchi
and Kurihara have reported that the nitriding of chromium starts at 600°C and until 700°C, the
surface is composed of Cr and CrzN [41]. After that, between 700-1000°C, the surface transformes
into a mixture of CrN and Cr2N. Then, above 1100°C, the CrN decomposes to Cr2N. The thickness
of the nitrided film depends on nitriding temperature and time. for instance, at a nitriding
temperature of 800°C, the thickness goes from 4.5 um after 1 hour of nitriding to 43.1 um after 142
hour [39].

CrN+Cr,N -~

1 1 Un

Subtate

e

Figure 1.17: Cross-section SEM micrograph of chromium electroplated and gas nitrided steel at
850°C for 6h [43]
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The layered microstructure reflects the cross-section hardness profile reported by many
researchers [39], [43], [46]. The peak hardness is often recorded near the surface due to the
existence of chromium nitrides. Then, the hardness decreases gradually to its lowest value at the
annealed chromium layer. However, when the substrate sample is made of steel, the hardness
increases at the interface between steel and chromium coating due to the existence of hard
chromium carbides. The hardness of gas nitrided chromium coating can reach a value of about 19
GPa [43], depending on gas nitriding parameters and the chromium nitrides existed in the nitrided
surface. The hardness of the chromium nitride film can also be affected by the state of stress in the
film. The main sources of stress can be the residual stress that generally accompanies the deposition
of chromium, the compressive stress induced at high nitriding temperatures during the formation
of chromium nitrides due to the large unit cell parameters of chromium nitrides in comparison to
that of chromium metal [39], [48], and the stress caused by the difference in coefficient of thermal
expansion between the chromium coating and steel. The residual stress decreases with the increase
of nitriding time and temperature [48]. Gas nitriding of a chromium coating deteriorates the wear
resistance of the chromium coating, especially at high nitriding temperature [48]. Basu et al. have
reported that the cause of this deterioration is the high surface roughness, in addition to the

brittleness of the film caused by the increase in Cro.N phase amount[48].

1.5.4. Plasma nitriding of chromium coatings

In order to avoid the drawbacks accompanying the gas nitriding of chromium coatings, and
to benefit from the fast kinetics of plasma nitriding, many researchers have used plasma nitriding
to make chromium nitride layer on chromium coatings. In effect, diffusion of nitrogen atoms into
chromium during plasma nitriding is slightly different compared to gas nitriding as proposed by
Dasgupta et al. [49]. In its simplest form, the process of producing nitrogen atoms is the cracking
of N2 gas molecules, and the way of nitrogen atoms to the core of chromium coating is according
to the following steps [49]:

e +N,>N+N+e~ (1-7)
e"+N-> Nt +2e” (1-8)
Energyy+ — Energynear + Energymmpuise (1-9)
Energyimpuise = Cr(sputter) (1-10)

|25



CHAPTER | BACKGROUND AND LITERATURE REVIEW

Cr + N = CrNggsorpeq ; and 2Cr + N = CryNygsorbed (1-11)
CrN + CrN — CryN + N (dif fusing species) (1-12)

Two main methods lead to nitrogen transport from plasma to chromium surface [49]. In the
first method, nitrogen ions are projected directly into the chromium surface under the effect of the
electrostatic field between the cathode and the anode. In this case, the positively charged nitrogen
ions are attracted to the negatively biased sample that represents the cathode. The second method
is by the adsorbed chromium nitrides obtained through the interaction between the sputtered
chromium and neutral nitrogen species in the plasma near the chromium coating surface. Upon
arrival to chromium surface, nitrogen atoms start diffusion under the effect of temperature.
Dasgupta et al. suggest that the diffusion of nitrogen into chromium is indirect [49]. In effect, the
process of nitrogen diffusion starts by the formation of metastable chromium nitrides, which are
subsequently transform to stable CroN and diffusing nitrogen. Moreover, after the formation of a
Cr2N layer, the kinetics of nitrogen diffusion becomes slow, which delays the growth of the nitrides

film.

The products of plasma nitriding of chromium coatings depend on nitriding parameters. In
addition to the untransformed chromium, the products can be one of the chromium nitride types
(CrN and Crz2N) or both of them. Many researchers have investigated the chromium nitride layer
obtained by plasma nitriding of hard electroplated chromium using different combination of
parameters. Table 1.4 presents the range of each parameter used in the plasma nitriding of hard

electroplated chromium as reported in the literature.

Table 1.4: Summary of plasma nitriding parameter ranges from the literature

) Gas Substrate
Temperature Time o
Gas pressure biasing
(°C) (Hours)
(mbar) voltage (V)
- Different N2 to Hz ratios
500 -1000 0.5-90 - NH3 3-6.67 450 - 800

- CHs+ NH3
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Generally, plasma nitriding of hard electroplated chromium results in a compound layer of
Cr2N and CrN with untransformed Cr. However, some researchers have reported that the resulted
layer is composed of CroN and untransformed Cr [45], [49], while, another research reported a
layer composed mainly of CroN with traces of CrN and unreacted chromium [50]. In fact, at a
nitriding temperature of about 600°C, the dominant chromium nitride phase is CroN [44], [45],
[51], and by increasing the nitriding temperature to about 700°C, Cr2N phase transforms to CrN

phase, which becomes the dominant phase after an extended nitriding time [51].

Affected by chromium nitrides formation, the surface morphology of the chromium coating
changes after plasma nitriding. Sarraf et al. have reported that the surface color of the hard
chromium electroplated layer changes to a dark gray, which is characteristic of chromium nitride
phases [52]. They have reported also that chromium nitride particles have an irregular shape, and
they were distributed randomly at the plasma nitrided surface. In addition, the plasma nitrided
chromium surface contained an extensive network of micro-cracks. These micro-cracks disappear
usually at high nitriding temperature and a long nitriding time [51]. The chromium layer surface
after plasma nitriding has a rough morphology , where the roughness increases with nitriding time
[53]. Figure 1.18 shows surface morphology of hard chromium electroplated layer after plasma
nitriding.
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Figure 1.18: Surface morphology of a hard electroplated chromium plasma nitrided at 550°C for
5 hours in a nitriding atmosphere composed of 25% hydrogen and 75% nitrogen [54]
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In order to better understand the properties of plasma nitrided chromium coatings, the cross-
section properties of the duplex treated substrate must be considered. Generally the cross-section
has a layered morphology. Wang et al. have reported that plasma nitriding of chromium
electroplated steel at about 720°C for 20 hours produces three distinct regions, an outer chromium
nitrides, intermediate electroplated chromium, and inner chromium carbides, respectively [55]. The
thickness of the outer chromium nitrides layer depends on nitriding temperature and time. For
instance, Shen et al. have reported that the thickness of the chromium nitrides layer increases from
1.2 ym to 2.3 um after plasma nitriding of electroplated chromium at 700°C for 2h and 4 h,
respectively [50]. Moreover, the cross-section of plasma nitrided chromium electroplated samples
contains micro-cracks with an orientation perpendicular to substrate surface [50]. These micro-
cracks can be closed after plasma nitriding at high temperature for long nitriding time [50], [52],
[55]. The main mechanism responsible of micro-cracks closure is the volume expansion induced
by chromium nitrides [52]. In effect, the volume expansion accompanying the transformation of
Crto Cr2N and CrN are 250% and 148%, respectively [39]. In addition to volume expansion, the
redeposition of matter sputtered from sample and the formation of chromium nitride compounds

in micro-cracks walls contribute to micro-cracks closure [56].

The distinct layers appeared in the cross-sectional view of the plasma nitrided chromium
electroplated layer lead to different hardness properties due to the composition of each layer. The
microhardness is generally high in the chromium nitrides layer, then, it decreases in the
electroplated chromium intermediate layer, after that, it increases in the chromium carbides layer.
For example, Dasgupta et al. have reported that a microhardness of about 900 HV is obtained near
the surface of a chromium electroplated 316 stainless steel after plasma nitriding at 500 °C for 50
hours, under a load of 100g [49]. The hardness then decreases gradually to about 400 HV in the
chromium electroplated layer, after that, it decreases again in the 316 stainless steel to about 200
HV.

The wear and friction resistance of the duplex layer obtained by chromium electroplating
and plasma nitriding is related to its mechanical properties, especially, the hardness and the elastic
modulus. The duplex layer is usually friction-resistant because of the existence of chromium
nitrides in the outer layer [49], [57]. On the other hand, chromium nitrides can have a beneficial or

deleterious effect on wear resistance of the plasma nitrided and chromium electroplated layer.
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Dasgupta et al. have reported that the samples subjected to chromium electroplating and plasma
nitriding at 500°C for 50 hours are resistant to abrasive wear due to the outer CroN layer [49]. In
contrast, Soltanieh et al. have reported that the chromium nitrides layer obtained after hard
chromium electroplating and plasma nitriding either at 500 °C for 5 and 10 hours, or at 550 °C for
5 and 10 hours, is less resistant to wear due to the brittleness and low adhesive properties of the
outer layer formed of chromium and iron nitrides [58].

1.6. Conclusion

In this chapter, we have presented an overview of steel types, metal coating techniques,
thermochemical surface treatment techniques and a state of the art concerning the nitriding of
chromium coatings, in particular the gas and plasma nitriding of electroplated chromium. Based
on the state of the art, we have reported that many researchers have studied the layer obtained by
plasma nitriding of hard electroplated chromium. In their research, they have used N2 and H>
mixture, NHz and NHs+CHjy as nitriding atmospheres for the plasma nitriding process. In addition,
they have studied the surface properties resulting from the combination of chromium electroplating
and plasma nitriding in the mentioned nitriding atmospheres. However, we have noted that the
surface properties of the duplex layer obtained by chromium electroplating and plasma nitriding in
a pure nitrogen atmosphere as well as the effect of the nitriding gas pressure have been less studied.
In the next chapter, we present the experimental procedures used to perform this duplex treatment

as well as the techniques used to characterise the resulting duplex layer.
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1. EXPERIMENTAL TECHNIQUES

I11.1. Introduction

In this chapter, we present the substrate material, the experimental techniques and the
characterisation methods used in our work. Firstly, the chemical composition of the substrate
material is presented as well as its main characteristics. Then, we present the experimental
methodology used in our work by describing each working step and the experimental equipment
used, from sample preparation to plasma nitriding of the chromium electroplated samples. Finally,
we present the characterisation and testing methods used to obtain the properties of the resulting
surface layer.

11.2. Substrate Material

In this work, an industrial steel grade 35NCD6 (AISI 4340 steel) is used as substrate

material. Its chemical composition is given in Table I1.1.

Table I1.1: Chemical composition of the 35NCD6 steel substrate

%C SI Mn P S Cr Mo Ni

0.35 0.4 0.7 0.025 0.04 1.5 0.3 0.3

The 35NCD6 is a low alloy steel that contains a medium concentration of carbon as well as
chromium, nickel, molybdenum, manganese and silicon as alloying elements. It is used in general
construction applications such as in transmission shafts, crankshafts, gears...etc, because of its
fatigue resistance property. In our work, this steel was chosen because of its availability and the
possibility of improving its mechanical and tribological surface properties for applications that

require wear resistance.
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11.3. Experimental Methodology

Figure 11.1 shows the flow chart of the experimental work sequence.

Low alloy 35NCD6 Steel
rod

Cutting

Il

Quenching and
Tempering

{1

Mechanical Grinding
and Polishing
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Hard Chromium Reference Sample

A 4

Electroplating
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Layer Properties
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Figure 11.1:
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Flowchart of the experimental work methodology
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11.4. Preparation of Samples

The samples used in our work were obtained by cutting a 35NCD6 steel rod into disc-
shaped pieces with a diameter of about 10 mm and a thickness of about 7 mm. Then, the 35NCD6
steel samples were quenched and tempered to increase their bulk hardness and to prepare them for
chromium electroplating. The parameters used in the quenching and tempering processes are

shown in Table I1.2.

Table 11.2: Quenching and tempering parameters

Temperature ] ] )
Treatment . Time (min) Medium
(°C)
Austenitising 850 15 Furnace
Quenching / / Qil
Tempering 180 60 Furnace

After quenching and tempering, the samples were mechanically ground up to 1200 grit SiC
paper and then polished with Al,O3 powder.

11.5. Hard Chromium Electroplating

The quenched and tempered 35NCD6 steel samples were subjected to hard chromium
electroplating in an industrial electroplating bath, which represents the first step of duplex surface
treatment. The characteristics of the electroplating bath and the operating parameters are

summarised in Table 11.3.

Table 11.3: Characteristics and operating parameters of the industrial electroplating bath

Cros 1.5-1.8 g/l

H2S04 1.2-1.8 g/l

Bath Temperature 57+2°C

Current Density 40-50 A/dm?
Electroplating rate 0.01mm /10-15min
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The thickness of the hard chromium electroplated layer was between 25 and 50 pm.

Although the hard chromium electroplated layer has many advantages in terms of hardness,
wear resistance and corrosion resistance, it has many disadvantages such as surface micro-cracks
and high internal residual stresses, which can deteriorate its good properties, especially at high
loads and temperatures. Thus, the hard chromium electroplated layer can be post-treated to improve

its surface properties.

11.6. Plasma Nitriding

The second step of the duplex surface treatment consists of plasma nitriding of the hard
chromium electroplated layer. The plasma nitriding was performed in a laboratory-made DC
plasma nitriding furnace during my internship at the Centre for Development of Advanced
Technologies (CDTA) in Algiers, Algeria.

The plasma nitriding furnace consists of a cylindrical vacuum chamber, pumping system,
heating system, DC suppliers, pressure and temperature controllers and a sample holder. Figure
I1.2 shows the laboratory-made DC plasma nitriding furnace used in our experimental work. A

description of each part of the furnace is presented in the following paragraphs.

= = — — =
Vacuum Temperature reading a Temperature
chamber ] | 3 T v . Control
e — - B

Specimen

. Current and tension Cathode 1 Anode
| reading

Vacuum
Pump

gl Primary pump —»¥
L
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|

DC Power Supply

Figure 11.2: The laboratory-made DC plasma nitriding furnace at the Centre for development of
advanced technologies (CDTA), Algiers, Algeria

11.6.1. The plasma nitriding chamber

The plasma nitriding chamber consists of a cylindrical refractory tube and a quartz tube

mounted in a coaxial configuration to maintain anode and cathode positions. The refractory tube is
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inserted into a cylindrical stainless steel cover to facilitate the installation of the other furnace

components.

11.6.2. Vacuum production

Generally, plasma nitriding is performed under a relatively high gas pressure compared to
other PVD techniques. However, the plasma nitriding chamber must have an acceptable vacuum
to reduce the amount of oxygen during the process. In order to produce the vacuum required for
plasma nitriding, a primary vacuum pump (Alcatel) with a capacity of 120 m3/h was connected to
the plasma nitriding chamber by a sealed piping system. For pressure reading, a primary manometer
was installed and connected to a pressure reading box.

11.6.3. DC power suppliers

We used two DC suppliers for plasma and heat generation. Each DC supplier was equipped
with a variator to control the power output and a transformer to change the AC current to DC

current.

11.6.4. Heating system

Plasma nitriding requires an external heat source in addition to the heat induced by ion
bombardment. In our experimental work, the heat was generated by connecting a resistance wire
surrounding the plasma nitriding chamber with a DC power supplier. The plasma nitriding
temperature was controlled by using the variator to provide the appropriate voltage to the resistance

wire and a K-type thermocouple introduced into the plasma nitriding chamber.

11.6.5. Plasma generation

Plasma was produced by connecting the sample holder (cathode) and a stainless steel
cylinder (anode) to a DC supplier in the presence of nitriding gas. The bias voltage supplied to the
cathode was controlled by a variator, and the reading of the plasma nitriding voltage and current

was performed by a panel connected to the transformer.
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11.6.6. Pressure control

To control the pressure in the plasma nitriding chamber, a gas flow valve was connected to
the nitrogen gas cylinder on one side and to the plasma nitriding chamber on the other side to adjust

the injected gas during the nitriding process.

11.7. Plasma Nitriding Procedure of the Hard Chromium Electroplated Layer

At the beginning, the hard chromium electroplated samples were cleaned up using ethanol,
then they were placed in the sample holder, which is considered as a cathode at the same time.
After that, the chamber was evacuated until a primary vacuum was obtained, and it was heated up
to about 600°C using an electrical heating system. Once the working temperature was reached,
nitrogen gas was injected in the chamber and the pressure in the plasma nitriding chamber was set
to the working gas pressure. The plasma nitriding process was started when the cathode was
negatively biased at 600 V. After 90 min, the nitriding process was completed and the samples
were cooled to ambient temperature in the vacuum chamber. Figure 11.3 shows the plasma

luminescence during the plasma nitriding process.

Figure 11.3: Plasma luminescence during plasma nitriding
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11.8. Characterisation Techniques

11.8.1. Structure and morphology characterisation techniques
11.8.1.1. X-ray diffraction

The X-ray diffraction technique is one of the basic techniques for the characterisation of
coating surfaces. It is mainly used to determine the crystalline phases present in the coating layer.
The working principle of the X-ray diffraction technique is based on the interference phenomenon
that occurs when a polycrystalline material is subjected to a monochromatic X-ray beam. The
interaction between the incident X-ray beam and the crystalline planes of the material can result in
a constructive or destructive reflection. To obtain a constructive reflection, essential for the

characterisation of phases, Bragg's law must be respected:

nil = Zdhkl sin @ (”'1)

Where n is the diffraction order, A is the wavelength of the incident X-ray beam source, d
is the diffraction interplanar distance and 6 is the diffraction angle. A schematic illustration of

Bragg’s condition is presented in Figure 11.4.

Figure 11.4: Schematic illustration of Bragg’s condition [59], [60]

In our experimental work, the X-ray diffraction analysis was performed by a PANalytical
X'Pert PRO diffractometer (Figure 11.5) using monochromatic CuKea radiation (1 = 1.54056 A)

with an accelerating voltage of 45 kV and a current of 40 mA in Bragg-Brentano mode (@ - 20).
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Figure 11.5: PANalytical X'Pert PRO diffractometer ("Laboratoire des Sciences et de Génie des
Matériaux", University Of Science And Technology Houari Boumediene, Algiers, Algeria)

11.8.1.1.1. Estimation of the average crystallite size

A lot of crystallographic information can be derived from the X-ray diffraction pattern of a
coating layer, such as lattice parameters, phase composition, crystallographic orientations, average
crystallite size....etc. One of the important characteristics of a coating layer is the average crystallite

size of its constituent phases which can be estimated based on Scherrer equation as follows:

KA

b= PcosO (11-2)

Where:

e D isthe average crystallite size;

e K is a constant that depends on the shape of the crystallites, but it has a typical value of
about 0.9;

e ) is the X-ray wavelength in nm;

e [ is the line broadening at half maximum intensity (FWHM), without the instrument-
induced line broadening, in radians. A schematic illustration of the FWHM is shown in
Figure 11.6;

e O isthe Bragg angle in radians.

|38



CHAPTER II EXPERIMENTAL TECHNIQUES
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Figure 11.6: Definition of the full width at half maximum [61]

11.8.1.2. Optical Microscope (OM) observation

An optical microscope (Type: Optika) equipped with an Optika 4083.11 LT camera (Figure
11.6) was used for cross-sectional examination of the samples and examination of the wear tracks
after the ball-on-disk test. Prior to the cross-sectional examination, the samples were mechanically
ground up to 2000 grit SiC paper and then polished with Al.Oz powder. After that, the samples
were etched with Nital (HNO3z + C2HeO) or Aqua regia (HNO3z+HCI) diluted with ethanol (C2HsO)

solutions.

Figure 11.7: Optical microscope ("Laboratoire de Genie énergetique et matériaux (LGEM)",
University of Mohamed Khider, Biskra, Algeria)
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11.8.1.3. Scanning Electron Microscope (SEM) observation

The scanning electron microscope is a predominant technique in the characterisation of
coating surfaces. It is based on the phenomenon of electron-material interaction. Indeed, the
response of a material subjected to an electron beam can take different forms depending on the
volume depth, as shown in Figure 11.8. In the present study, we are interested in the response
recorded by secondary electrons as it reveals the morphology of the surface layer and in the

response recorded by X-ray photons that indicates the chemical composition of the surface layer.
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Figure 11.8: a) Material response from the electrons — material interaction b) Electrons — material
interaction zones [62], [63]

The scanning electron microscope consists mainly of an electron beam generating column
and an analysis chamber. First, an electron beam is generated by an electron source. Then the beam
is condensed by a series of electromagnetic lenses. Then, it is directed towards the surface of the
target sample by means of lenses and scanning coils. As mentioned above, the interaction between
the electron beam and the sample surface gives rise to different reflection patterns, each with a
special detector depending on its nature. For example, secondary electrons are obtained after the
ionisation of atoms near the outer surface and, due to their low energy, they only give information
about the surface morphology. SEMs can have a magnification of between 10 and 100 000 [64]. A

schematic illustration of the SEM operating principle is shown in Figure 11.9.
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Figure 11.9: Schematic illustration of SEM operating principle [65]

In the current work, two SEMs were used:

e JEOL JSM- 6360LV at the Centre for Development of Advanced Technologies
(CDTA), Algiers, Algeria.

e ZEISS equipped with an Energy Dispersive Spectroscopy (EDS) section at the Research
Centre in Industrial Technologies (CRTI), Algiers, Algeria.

11.8.1.3.1. Crack density measurements

The density of micro-cracks on the surface of the hard chromium electroplated layer before
and after plasma nitriding was determined by analysis of representative optical and SEM images
using a technique developed by Nascimento and VVoorwald [66]. In this technique, horizontal lines
were superimposed on the images, and the points of intersection between the micro-cracks and the
horizontal lines were counted using ImageJ software. The density of the micro-cracks was then

calculated as follows [66]:

N
Micro — cracks density = L_l (11-3)
t
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Where:

e N;jis the total number of line intersections with the micro-crack network;

e Ltis the total length of the horizontal lines.

The same procedure was followed with all samples maintaining a constant magnification.
Figure 11.10 shows an optical micrograph of the surface of the hard chromium electroplated

layer with the horizontal lines and intersection points.

Figure 11.10: Optical micrograph showing the intersection points between the micro-cracks and
the horizontal lines at the surface of the hard chromium electroplated layer

11.8.1.4. Energy Dispersive Spectroscopy (EDS)

The X-ray photons emitted as a result of the interaction between an electron beam and a
material can provide information about the chemical composition of the surface layer. The
information recorded can be qualitative by indicating the elements present at the surface, or

quantitative by giving the percentage of each element.

11.8.2. Characterisation techniques of mechanical properties
11.8.2.1. Vickers microhardness

The hardness of a material is defined as its resistance to penetration or deformation. One of
the tests commonly used to measure hardness is the Vickers microhardness test. In this test, a

pyramid-shaped indenter with a square base (an angle of approximately 136° between the opposing
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sides) is inserted into the surface of the material under a normal load. The size of the resulting
indent is then measured using an integrated optical microscope, and the hardness is calculated using

the following equation:

F
Hv = 0.189 X — (11-4)
Where, F is the applied force or load, and d (d = %) is the mean of the resulting indent

diagonals as shown in Figure 11.11.

J

T~

Sample

d2

dl

Figure 11.11: Principle of the Vickers microhardness test

In the current study, the cross-sectional microhardness of samples was tested using a

hardness apparatus (Figure 11.12).
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Figure 11.12: Vickers microhardness testing apparatus ("Laboratoire de Génie énergétique et
matériaux (LGEM)", University of Mohamed Khider, Biskra, Algeria)

11.8.2.2. Nanoindentation test

Nanoindentation is a technique used to characterise the mechanical properties of coatings,
such as hardness and elastic modulus. In this technique, the length scale of the penetration is in
the nanometre range (10-°m). The principle of the nanoindentation technique is the in-situ recording
of the applied load with the penetration depth to form a characteristic load-displacement curve. The
information derived from this curve are used to determine the mechanical properties of the material

under test based on the Olivier - Pharr model [67].

The Olivier - Pharr method was originally developed to determine the hardness and elastic
modulus of a material based on the load-displacement curve of one loading-unloading cycle using
a Berkovich indenter with a triangular pyramid. Typical load-displacement curve obtained with a
Berkovich indenter is shown in Figure I11.13. (a). The Olivier - Pharr model is based on the analysis
of the unloading curve, as it results only from the elastic response of the material under test, instead
of the loading curve, which results from both elastic and plastic responses. Schematic illustration

of the unloading process is presented in Figure 11.13. (b).
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Figure 11.13: Schematic illustration of: a) Load — Displacement curve with important parameters
and b) Unloading process showing parameters characterising the contact geometry [67]

11.8.2.2.1. Hardness (H)

The hardness in the Olivier — Pharr model is calculated using the following equation [67]:

A (11-5)

Where, P max is the maximum applied load and Ac is the contact area. Ac is defined as the
area of the residual indentation (projected area), it can also be defined as the indenter area. The

contact area is expressed as a function of the contact depth (h¢), and in the case of an ideal
Berkovich indenter, it can be expressed as follows [67]:

A, = 245X k2 (11-6)

The contact depth (hc) is expressed as a function of the maximum depth as follows [67]:
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P
he = Rmax — € TY;G.X (11-7)

Where, hmax is the maximum depth under maximum load, € is a parameter depending on the
geometry of the indenter (0.75 for the Berkovich indenter), Pmax is the maximum applied load and
S is the unloading elastic stiffness, which can be defined as the slope of the upper part of the
unloading curve [67].

11.8.2.2.2. Elastic modulus (E)

The elastic modulus in the Olivier - Pharr model is derived from the following equation [67]:

2
1 _ 1- Vsample + 1- 1/izndenter (||-8)
Eeff Esample Eindenter

Where, v is the Poisson's ratio, and Eefs IS the effective elastic modulus, which can be
derived from the equation relating it to the contact area and contact stiffness. This equation is

expressed as follows [67]:

2
S=ﬁﬁEeff\/A_c (11.9)

Where, B is a constant that depends on the geometry of the indenter, and it is equal to 1.034

for triangular-based indenters.

11.8.2.2.3. Test parameters

In the present study, the nanoindentation tests were performed by CSM instruments

Nanoindenter (Figure 11.14) equipped with a Berkovich type tip under a maximum load of 60 mN.
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Figure 11.14: CSM instruments indenter (Centre for Development of Advanced Technologies
(CDTA), Algiers, Algeria)

11.8.3. Characterisation techniques of tribological properties

Tribology is the science that studies friction between two relatively moving parts and
lubrication. The study of the tribological behaviour of materials in laboratory is generally carried
out using a tribometer. Its operating principle consists of moving a ball (or a pin) on the material
under test in a rotating or alternating manner. Figure 11.15 shows the principle of a tribological test.
The ball (or pin) is usually made of a harder material than the material under test, such as 100Cr6,
Al>03 and WC. The tribometer is equipped with a system to record the evolution of the friction
coefficient and the friction force as a function of the friction distance (friction time, friction cycles).
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Figure 11.15: Principle of the tribological test

Based on the ball-on-disk test, it is possible to estimate the wear resistance of the material
under test by calculating the specific wear rate using the Archard equation as follows [68]:

\%
F, x|

(11-10)

Where K (mm?® /N.m) is the specific wear rate, V (mm?®) is the wear volume loss, Fn (N) is
the normal load and | (m) is the sliding distance. The volume loss is calculated using the conversion

equation from mass loss to volume loss as follows [69]:

lume loss(mm?)=—2331055@) ;004 11-11
volume 10Ss{mm density( g/cm3) ( )

Mass loss is obtained by measuring the difference between the weight of the sample before
and after the test.

In the present study, the ball-on-disk test was performed with a CSM instruments tribometer
(Figure 11.16) using a 6 mm WC ball under a 10 N load. The sliding speed and distance were 5
cm/s and 100 m, respectively. The wear tracks were then analysed by optical and scanning electron

microscopes.
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Figure 11.16: CSM instruments tribometer ("Laboratoire d’analyse de surface" at the "Ecole
Nationale Supérieure des Mines et de la Métallurgie", Annaba, Algeria)
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1. RESULTS AND DISCUSSION

I11.1. Introduction

This chapter comprises the experimental results concerning the structural, morphological,
mechanical and tribological properties of a duplex layer deposited on a low alloy 35NCD6 steel
using a duplex surface treatment composed of chromium electroplating and plasma nitriding. The
experimental results are examined and interpreted based on published scientific papers, then some
correlations between the working parameters and the obtained properties are deduced. Where

possible, our experimental results are compared to that existed in relevant scientific papers.

Chapter three starts by presenting the structural and mechanical properties of the substrate
material (quenched and tempered 35NCDG6 steel). After that, the results of surface characterisation
in terms of structure, morphology, mechanical and tribological properties after chromium
electroplating and then after plasma nitriding are examined and discussed in sections three and
four, respectively. Finally, in section five, the effects of nitrogen pressure used in the plasma

nitriding process on surface properties are discussed.

I11.2. Characterisation of the Substrate

As mentioned in chapter two, the substrate is made of low alloy 35NCD6 steel (The
chemical composition was presented in section 11.2). The X-ray diffraction pattern of the as-

received 35NCD6 steel is presented in Figure I11.1.
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Figure 111.1: X-ray diffraction pattern of the 35NCDG6 steel substrate sample

As shown in Figure I11.1, the X-ray diffraction pattern is composed of three peaks at 20
equals to 45.05°, 65.20° and 82.37°. The recorded peaks correspond to centred cubic iron (a-Fe).
Figure 111.2 presents the micrograph of the as-received 35NCDG6 steel etched with Nital solution.

Figure 111.2: Optical micrograph of the as-received 35NCDG6 steel (Magnification: X1000)
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The 35NCD6 steel is hypoeutectic, thus its microstructure is composed of proeutectoid
ferrite and pearlite. In the microstructure of Figure 111.2, the pearlite is in dark grey colour, while

the ferrite is in white colour.

Before they were subjected to duplex treatment, the 35NCD6 steel samples were quenched
and tempered. Figure 111.3 shows the microstructure of the quenched and tempered 35NCDG6 steel.

Figure 111.3: Microstructure of the quenched and tempered 35NCD6 steel (Magnification
X1000)

The microstructure consists of different types of carbides with various sizes and shapes
dispersed in a martensite matrix [70]. The martensite matrix and carbides increase the hardness of
the substrate, thus, it increases from between 14 and 18 HRC (200-230 HV) in the as-received state
to between 56 and 60 HRC (600-700 HV) after quenching and tempering.

I11.3. Structural, Morphological, Mechanical and Tribological Properties of
the Hard Chromium Electroplated Layer

After quenching and tempering, the 35NCD6 steel samples were chromium electroplated
in an electroplating bath composed mainly of trioxide chromium (CrOs) and sulphuric acid
(H2SOg4). The deposition of chromium on a quenched and tempered steel is recommended because
of the combination properties obtained at the interface [71]. In this section, we discuss the
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structural, morphological, mechanical and tribological properties of the hard chromium
electroplated layer deposited on 35NCD6 steel substrate.

111.3.1. Structural and morphological properties
111.3.1.1. Structural properties

Figure 111.4 presents the X-ray diffraction pattern of the hard chromium electroplated layer.

Cr,0,4
I i I i I i I i I TV I i “I
30 40 50 60 70 80 90
20(degree)

Figure 111.4: X-ray diffraction pattern of the hard chromium electroplated layer

The diffraction pattern shows a small peak at 20 equals to 65.19°. The shown peak
corresponds to di-chromium oxide (Cr.0z), which can be resulted from surface oxidation. In
addition, it is noted the absence of crystalline chromium peaks, which indicates that the hard
chromium electroplated layer is amorphous. This result can be attributed to the properties of the
industrial electroplating bath used in our experiment.

111.3.1.2. Morphological properties
111.3.1.2.1. Plan-view analysis

Figure I111.5 shows optical and SEM micrographs of the surface of the hard chromium
electroplated layer.
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Figure 111.5: a) Optical (Magnification X 100), b) and ¢) SEM Micrographs of the surface of the
hard chromium electroplated layer

Figure 111.5 shows that the surface of the hard chromium electroplated layer is uniform and
smooth with presence of micro-cracks. The micro-cracks in the electroplated chromium can be
originated from the shrinkage accompanying the decomposition of unstable chromium hydrides
(B-Cr, with hexagonal face centred crystal structure) into stable chromium (Cr-a, with body centred
crystal structure) during the electroplating process [72], [73]. Also, it can be originated from the
opposing properties of low elasticity of chromium and the high residual stress induced during the
electroplating process [71]. Because the X-ray diffraction pattern of the hard chromium
electroplated layer indicates that the layer is amorphous, the second origin of micro-cracks in the
chromium electroplated layer seems to be the adequate cause regarding our experimental
conditions.

111.3.1.2.2. Cross-sectional analysis

Figure 111.6 shows a cross-sectional micrograph of the hard chromium electroplated layer
deposited on 35NCD6 steel sample obtained by an optical microscope.
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Figure 111.6: Cross-sectional micrograph of the hard chromium electroplated layer
(Etched with Nital solution, Magnification: X 1000)

The cross-sectional micrograph of the hard chromium electroplated layer etched with Nital
solution reveals a smooth and compact chromium layer with some micro-cracks perpendicular to
the surface. The perpendicular micro-cracks that traverse the hard chromium electroplated layer
were also reported by Sarraf et al. [52] .It is also noted that the microstructure of the substrate
(35NCD6 steel) remains martensitic because of the low temperature of the electroplating bath
(57£2 °C), which do not affect the microstructure of the quenched and tempered 35NCDG6 steel.
Additionally, the cross-sectional micrograph of the hard chromium electroplated layer shows the
absence of a transition layer at the interface between the chromium layer and the 35NCDG6 steel
sample. In fact, the formation of a transition layer can take place by diffusion, which is not possible

under the low heat generated in the electroplating bath.

111.3.1.3. Mechanical properties
111.3.1.3.1. Hardness and elastic modulus

The hard chromium electroplated layer was tested by a Nano-indenter equipped with a tip
of Berkovich type under a maximum load of 60 mN. The experimental load-displacement curve is
presented in Figure 111.7.
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Figure 111.7: Load-displacement curve of the hard chromium electroplated layer

The hardness and elastic modulus of the hard chromium electroplated layer are 14.26 GPa
¢1320 HV) and 199.81 GPa, respectively. Nearly similar hardness ¢13 GPa) has been reported by
Vernhes et al. [74]. The high hardness of the hard chromium electroplated layer can be attributed
to three factors: small grain size, internal stress and oxide inclusions [75]. However, due to the
amorphous nature of the hard chromium electroplated layer in our experimental conditions, only

the two latter factors can explain its high hardness.

111.3.1.3.2. Cross-sectional microhardness

The cross-sectional microhardness of the hard chromium electroplated layer was tested
under an applied load of 10 gf. The microhardness of the hard chromium electroplated layer and
the 35NCD6 steel substrate are 1036.6 HV and 663.74 HV, respectively. Figure 111.8 shows the

indentation imprints of the microhardness test.
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Electroplated Cr
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Figure 111.8: Indentation imprints of the microhardness test performed on the hard chromium
electroplated layer and on the 35NCD6 steel substrate (Magnification: X 500)

As shown in Figure 111.8, the size of the indentation imprints in the hard chromium
electroplated layer is smaller than that in the 35NCDG6 steel substrate, which is in agreement with

the microhardness results.

The difference in plan and cross-sectional hardness values of the hard chromium
electroplated layer can be attributed to the oxide inclusions at the surface as well as to the difference

in testing techniques.

111.3.1.4. Tribological properties
111.3.1.4.1. Frictional behaviour

Figure 111.9 presents the evolution of friction coefficient of the hard chromium electroplated
layer as a function of sliding distance. The hard chromium electroplated layer was tested using a
WC ball under a normal load of 10 N and a sliding speed of 5 cm/s in dry condition at room

temperature.
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Figure 111.9: Frictional behaviour of the hard chromium electroplated layer

Figure 111.9 shows that the friction coefficient of the hard chromium electroplated layer
increases rapidly at the beginning of the test, after that, it fluctuates around 0.73 for the majority of
testing time, then it decreases to about 0.6 for the rest of the experiment. Noll has reported an
average friction coefficient of 0.65 for an alumina ball against hard chromium electroplated disk
[76]. The coefficient of friction is directly related to friction force. At the beginning, the first
contact between the two sliding parts induces an increase in the coefficient of friction, and after
about 3 m of sliding a second increase is observed, which can be attributed to the increase in friction
force caused by the labouring of the hard chromium electroplated layer by the WC ball. After about
5 m, the coefficient of friction fluctuates around 0.73 until about 80 m of sliding distance. The
cause of the relatively stable coefficient of friction in this stage can be the formation of an
intermediate layer from the debris of the hard chromium electroplated layer between the WC ball
and the tested sample. After that, the observed drop in the coefficient of friction after 80 m of
sliding distance can be explained by the formation of a chromium oxide layer, which is generally
harder than electroplated chromium, under the effect of the heat generated during the sliding

process. The relatively high coefficient of friction recorded in this WC/hard chromium
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electroplated layer pair have been also reported in other research papers for Al>Os/ Hard chromium
electroplated layer and SizNas/hard chromium electroplated layer pairs [2], [77].

111.3.1.4.2. Wear behaviour

Table I11.1 presents the main tribological properties of the hard chromium electroplated
layer. As noted in the table, the hard chromium electroplated layer has a relatively high wear rate,

which is in good agreement with the high coefficient of friction recorded in the sliding test.

Table I11.1: Summary of the main tribological properties of the hard chromium electroplated

layer
] ) Wear
Weight Density Wear rate
volume
loss (g) (g/cm?) (mm3/m.N)
(mmd)

Hard chromium
0.0018 7.11 0.253165 0.000253
electroplated layer

Moreover, the high wear rate explains the wide wear track shown in the SEM images of the hard
chromium electroplated layer surface in Figure 111.10. The cause of the relatively high wear rate in
the electroplated chromium can be the brittleness of the hard chromium electroplated layer because
of its high hardness. The wear track at the surface of the hard chromium electroplated layer contains
microgrooves, wear debris, delaminated surfaces and some micro-cracks (Figure 111.10). The
microgrooves and wear debris indicate that the surface was plastically deformed. On the other
hand, the delaminated surface indicates that the surface was subjected to tearing. Based on these
observations, it is suggested that the abrasive and adhesive wear mechanisms are present, but the
predominant wear mechanism is abrasion. Vernhes et al. have reported that in the case of hard
counterparts like WC and alumina, the high wear rate is observed because of the brittle cracking
of the hard chromium electroplated layer [74]. The wear mechanism depends on many factors, such
as the components of the tribosystem, the environment, and the surface properties. For instance,
Bolelli et al. [77] have reported that the wear mechanism that governed the sliding of an Al>Oz ball
on electroplated chromium is abrasion, while, Zeng et al. [2] have reported that it is delamination

in the case of a SisN4 ball sliding on electroplated chromium.
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Figure 111.10: SEM images of the wear track at the surface of the hard chromium electroplated
layer [78]

I11.4. Structural, Morphological, Mechanical and Tribological Properties of the

Plasma Nitrided Hard Chromium Electroplated Layer

In this section, we present and discuss the morphological, structural, mechanical and
tribological properties of the hard chromium electroplated layer surface after plasma nitriding at

600°C for 90 min in a pure nitrogen atmosphere, using a nitrogen pressure of 3 Torr.
111.4.1. Structural and morphological properties
111.4.1.1. Structural properties

Figure 111.11 presents the X-ray diffraction pattern of the hard chromium electroplated layer

after plasma nitriding at 3 Torr.
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Figure 111.11: X-ray diffraction pattern of the hard chromium electroplated layer after plasma
nitriding at 3 Torr

Figure 111.11 shows that the diffraction pattern is composed mainly of hexagonal
chromium nitride (Crz2N) and centred cubic Cr peaks, in addition to one chromium oxide (Cr20z3)
peak at 66°. Similar observation have been reported by many researchers after gas nitriding [41],
[47] and after plasma nitriding [45], [49], [50] of a chromium layer. The presence of Cr peaks after
plasma nitriding (20: 44.2°, 64.0°, 82.3°) is attributed to the crystallisation of chromium atoms in
bcc crystal structure during the preheating and nitriding processes. The crystallisation of chromium
takes place between 300°C and 500°C as reported by Snavely et al. [79]. The diffraction peaks of
Cr2N at 38.40°, 40.99°, 56.68°, 68.05°and 75.44° confirm the nitridation of the surface of the hard
chromium electroplated layer, as the nitridation of chromium starts generally at about 600°C, where
its products until 700°C are crystallised chromium and Cr2N [41].

Formation of chromium nitrides during plasma nitriding of chromium can take place by the
contribution of two mechanisms: the first is the re-deposition of chromium nitrides issued from the
interaction between sputtered chromium atoms and neutral nitrogen species in the plasma, and the

second is the diffusion of nitrogen atoms into the crystalline lattice of chromium [49].
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The high intensity of the Cr.N peak at 68.05° indicates that the Cr.N crystals have a
preferred growth orientation parallel to the (300) plane. The same texturing observation was noted
in the research work of other authors after plasma nitriding [55], [80] and after gas nitriding [46]
of electroplated chromium.

111.4.1.2. Morphological properties
111.4.1.2.1. Plan-view analysis

SEM micrographs of the surface of the hard chromium electroplated layer after plasma

nitriding at 3 Torr are shown in Figure 111.12.

&

Micro-cr

Figure 111.12: Surface morphology after plasma nitriding of hard chromium electroplated layer
at3 Torr
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Figure 111.12 shows that the surface morphology is significantly different from that before
plasma nitriding (Figure 111.5). The surface of the plasma nitrided hard chromium electroplated
layer contains a network of micro-cracks with covered and uncovered areas, and it is noted that the
uncovered areas are localised especially along micro-cracks. The uncovered area looks smooth
with low roughness in comparison to the covered area that looks rough and porous. The
morphology of the surface in the covered areas can be attributed to the formation of Cr2N
compounds as a result of the diffusion of attracted nitrogen ions into the crystalline lattice of the
hard electroplated chromium. Based on the SEM micrographs and the X-ray diffraction pattern of
the surface after plasma nitriding at 3 Torr, we suggest that the covered areas correspond to a
diffusion layer rich with CroN compounds, while the uncovered areas correspond to the hard
chromium electroplated layer. The uncovered areas can be resulted from the detachment of the
hard CroN-rich regions due to ionic bombardment and surface tensile stress. In other words, the
high kinetic energy of nitrogen ions, at this relatively low nitrogen pressure, increases the ionic
bombardment of the surface, which results in the detachment of some parts of the diffusion layer
in the Cr2N-rich regions due to its low thickness. Takahashi et al. have reported that the sputtering
effect of ions becomes significant at nitriding pressure less than 3 Torr and a total voltage higher
than 600 V [81]. The nitriding conditions reported by Takahashi et al. are similar to that used in
the present experiment, which can enhance our suggestion about the detachment of the CroN-rich

diffusion layer.

111.4.1.2.2. Cross-sectional analysis

Figure 111.13 presents a cross-sectional micrograph of the hard chromium electroplated

layer after plasma nitriding at 3 Torr.
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Figure 111.13: Cross-sectional micrograph of the hard chromium electroplated layer after plasma
nitriding at 3 Torr (Etching solution: Aqua regia, Magnification: X 1000)

The cross-sectional micrograph in Figure 111.13 shows that the hard chromium electroplated
layer is transformed to three layers: upper diffusion layer, intermediate unchanged chromium
electroplated layer and inner chromium carbides layer. This cross-sectional morphology is
commonly observed when a chromium layer deposited on steel substrate is subjected to a post-
nitriding at high temperature [82]. The diffusion layer in the cross-sectional micrograph confirms
the plan-view observation (Figure 111.12).The formation of the diffusion layer takes place when the
attracted nitrogen ions are diffused into the surface of the hard chromium electroplated layer. On
the other hand, the chromium carbides layer is formed as a result of the diffusion of carbon atoms
from the steel substrate towards the hard chromium electroplated layer under the effect of the heat
generated in the pre-heating step and during the plasma nitriding process.

111.4.2. Mechanical properties
111.4.2.1. Hardness and Elastic modulus

The surface of the plasma nitrided hard chromium electroplated layer was tested using a
Nano-indenter equipped with a Berkovich type tip under a maximum applied load of 60 mN. The

experimental load — displacement curve is presented in Figure 111.14.
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Figure 111.14: Load-displacement curve of the hard chromium electroplated layer after plasma
nitriding at 3 Torr

Figure 111.14 shows that the load - displacement curve is smooth (without discontinuities),
which indicates that no significant cracking took place during the test. The hardness and the elastic
modulus recorded in this test are about 10.64 GPa and 247.84 GPa, respectively, with a maximum
displacement depth (hmax) of about 731.59 nm. It is noted that the hardness after plasma nitriding
at 3 Torr, is lower than that at the surface of the hard chromium electroplated layer, and the
maximum displacement is about 73 % of the diffusion layer thickness (~ 1um). It is known that
the substrate contribution to hardness is included in the recorded values when the maximum
displacement of the indenter exceeds 10 % of the coating thickness [83]. As a consequence, the
recorded hardness and elastic modulus after plasma nitriding at 3 Torr do not correspond to the
diffusion layer only, instead they correspond to the diffusion layer with contribution from the hard
chromium electroplated layer. The decrease of surface hardness after plasma nitriding at 3 Torr can
be attributed to the degradation of the mechanical properties of the hard chromium electroplated
layer under the effect of heat generated before and during plasma nitriding. The degradation of
mechanical properties of electroplated chromium after annealing and after plasma nitriding has

been reported by many researchers [54], [84], [85].
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111.4.2.2. Cross-sectional microhardness

The cross-sectional microhardness of the hard chromium electroplated layer after plasma
nitriding at 3Torr was tested using a microhardness apparatus under a load of 10 gf. As mentioned
earlier, the cross-sectional micrograph of the sample nitriding at 3Torr (Figure 111.13) showed the
formation of two new layers: nitrogen diffusion layer and chromium carbides layer. While the
microhardness of the diffusion layer was difficult to measure because of its small thickness
compared to the size of the Vickers indenter, the microhardness of the unchanged chromium
electroplated layer and the chromium carbides layer as well as the microhardness of the substrate
were easily tested. The recorded microhardness values for the unchanged chromium electroplated
layer, the chromium carbides layer and the 35NCD6 steel substrate are 495.18 HV, 603.13 HV and
291.3 HV, respectively. It should be noted that the microhardness of the hard chromium
electroplated layer decreased after plasma nitriding at 3 Torr, which confirms the earlier
explanation about the decrease of surface hardness after plasma nitriding at 3 Torr (Section
111.4.2.1). Moreover, the microhardness of the 35NCD6 steel substrate decreased from about 664
HV to about 291 HV because of the heat generated before and during plasma nitriding. Lee and Su
have reported that the hardness and strength of the AISI 4340 steel (AFNOR designation: 35NCD6
steel) decrease with increasing tempering temperature [70]. Figure 111.15 shows the difference in
indent size between the unchanged chromium electroplated layer, the chromium carbide layer and
the 35NCDG6 steel substrate.

Electroplated Cr
Carbides layer

~—le— Substrate

Figure 111.15: Indentation imprints of the microhardness test performed on the hard chromium
electroplated layer after plasma nitriding at 3 Torr (Magnification: X 500)
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111.4.3. Tribological properties
111.4.3.1. Frictional behaviour

The plasma nitrided hard chromium electroplated layer was tested under the same
conditions as those used for testing the hard chromium electroplated layer. The evolution of the

friction coefficient as a function of sliding distance is presented in Figure 111.16.
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Figure 111.16: Evolution of friction coefficient as a function of sliding distance of the hard
chromium electroplated layer after plasma nitriding at 3 Torr

Figure 111.16 shows that, the coefficient of friction increases rapidly at the beginning of the
test because of the high frictional force accompanying the first contact between the two sliding
parts. After that, it evolves in an unstable manner until the end of the test. The unstable evolution
of the friction coefficient can be attributed to the inhomogeneous surface morphology after plasma
nitriding at 3 Torr (see Section 111.4.1.2). The inhomogeneous surface morphology formed of hard
Cr2N-rich covered areas and ductile electroplated Cr-rich uncovered areas can induce different
friction forces in the sliding track during the test, which can explain the unstable behaviour of the
friction coefficient evolution. The average friction coefficient of the hard chromium electroplated
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layer after plasma nitriding at 3 Torr is about 0.61. It should be noted that the friction coefficient
of the plasma nitrided hard chromium electroplated layer is lower than the friction coefficient of
the hard chromium electroplated layer before plasma nitriding (0.73), which can be due to the
presence of the hard CroN compounds in addition to the ductile electroplated chromium. The
ductile chromium exhibits high resistance to plastic deformation, and the CroN compounds can
withstand load because of their high hardness, thus the presence of both ductile chromium and

Cr2N can enhance the tribological properties of the layer[86].

111.4.3.2. Wear behaviour

The residual wear track obtained on the plasma nitrided hard chromium electroplated layer
was analysed using an optical microscope, and the obtained micrographs are presented in Figure
11.17.

851.98 um

Figure 111.17: Optical micrographs of wear track at the surface of the hard chromium
electroplated layer after plasma nitriding at 3 Torr: a) X 50 and b) X 100 magnification

The wear track in the plasma nitrided hard chromium electroplated layer shows a number
of microgrooves as well as some surface detachments, especially in the centre area, which indicates
that the surface of the plasma nitrided hard chromium electroplated layer was subjected to abrasive
and adhesive wears. However, the amount of the detached surface indicates that the adhesive wear
mechanism is dominant. The morphology of the wear track surface can be resulted from the
difference in the mechanical properties of surface components that is composed of hard Cr2N and
ductile electroplated chromium. This difference in the mechanical properties of surface

components induces different responses towards the sliding WC ball.
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The wear track width in the plasma nitrided hard chromium electroplated layer is slightly smaller
than that in the hard chromium electroplated layer (~ 879.93 um), while the weight loss is almost
similar in both samples. The weight loss in the plasma nitrided hard chromium electroplated layer
was about 0.002 g, and it was about 0.0018 g for the hard chromium electroplated layer. As a
consequence, the wear properties of the surface of the hard chromium electroplated layer have not
changed significantly after plasma nitriding at 3 Torr.

I11.5. Effect of Nitrogen Pressure on the Structural, Morphological, Mechanical
and Tribological Properties of the Plasma Nitrided Hard Chromium

Electroplated Layer

To explore the effect of nitrogen pressure, the hard chromium electroplated layer was
plasma nitrided at 600°C for 90 min at different nitrogen pressures: 3, 3.5, 4, 4.5 and 5 Torr. The
effect of nitrogen pressure on the structural, morphological, mechanical and tribological properties

of the obtained layer is presented in this section.

111.5.1. Effect of nitrogen pressure on structural properties

Figure 111.18 presents the X-ray diffraction patterns of the hard chromium electroplated
layer after plasma nitriding at 3, 3.5, 4, 4.5 and 5 Torr.
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Figure 111.18: X-ray difraction patterns of the hard chromium electroplated layer after plasma

nitriding at: a) 3, b) 3,5, ¢) 4,d) 4.5and e) 5 Torr
The X-ray diffraction patterns show that the surface of the hard chromium electroplated

layer after plasma nitriding at the five nitrogen pressures is composed of CroN (PDF-2 database
card N°: 00 — 001 — 1232) , crystalline Cr (PDF-2 database card N°: 00 — 001 — 1251) and Cr203
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(PDF-2 database card N°: 01 — 084 — 0313) peaks. However, the diffraction peaks of the CroN
phase are dominant in all diffraction patterns. Moreover, the five X-ray diffraction patterns show
that the Cr2N has a preferred growth orientation parallel to the (300) plane. By comparing the five
diffraction patterns, we note the absence of the (200) plane peak in the diffraction pattern of the
sample nitrided at 3 Torr. The absence of the (200) plane peak can be attributed to the absence of
Cr2N crystals growing parallel to the (200) plane because of the lack of sufficient nitrogen atoms.
On the other hand, we note the presence of a new CrzN diffraction peak at about 87.96 °
corresponding to the (004) plane after plasma nitriding at 4.5 and 5 Torr. The emergence of a new
Cr2N peak can be attributed to the formation of new Cr2N crystals because of the high amount of
nitrogen atoms. The diffraction pattern of the sample nitrided at 5 Torr shows also a noticeable
increase in the CroN peak intensity of the (200) plane compared to the other CroN peaks. The
increase of the peak intensity of the (200) plane can be attributed to an increase in the Cr2N crystals

that grow parallel to the (200) plane.

Three intense peaks in the diffraction pattern of the CroN phase corresponding to the (300),
(112) and (113) planes were chosen to follow the evolution of their intensities with the change of
nitrogen pressure. The evolution of the intensities of the chosen peaks as a function of nitrogen

pressure is presented in Figure 111.19.
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Figure 111.19: Evolution of the intensities of CroN main peaks as a function of nitriding nitrogen
pressure
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Figure 111.19 shows that the Cr2N peak corresponding to the (300) plane is the most intense
followed by that corresponding to the (113) plane, and finally the peak corresponding to the (112)
plane for all nitriding pressures. Also, it should be noted that for each diffraction plane, the
intensities of the chosen Cra2N peaks increase with increasing nitrogen pressure up to 4 Torr, then
they decrease after plasma nitriding at 4.5 and 5 Torr. This evolution trend of the intensities of
nitride peaks has also been reported by Borgioli et al. after plasma nitriding of AISI 316L austenitic
stainless steel at about 430 °C for 5 h at a working pressure ranging between 1.13 and 15 Torr (1.5
— 20 hPa) [87]. The increase in Cr2N peak intensities with increasing nitrogen pressure up to 4 Torr
can be attributed to the increase in the amount of crystallised CroN compounds. In effect, increasing
nitrogen pressure up to 4 Torr in the plasma nitriding chamber results in an increase in the amount
of nitrogen atoms that reach the surface of the hard chromium electroplated layer, which promotes
the formation of CraN compounds under the thermodynamic conditions carried out in the chamber.
On the other hand, the decrease in the intensities of the Cr.N peaks after plasma nitriding at 4.5
Torr can be attributed to grains rotation. Stinville et al. have reported that during the formation of
the nitride layer, the grains on the surface tend to rotate [88]. The effect of nitrogen pressure of

plasma nitriding on surface texture will be more developed in future works.

The chemical composition of a representative spot on the surface of the hard chromium

electroplated layer after plasma nitriding at 4 Torr was measured by EDS, and the results are shown

in Figure 111.20.
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Figure 111.20: EDS results of the hard chromium electroplated layer after plasma nitriding at 4
Torr
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The EDS results indicate that the surface layer contains chromium and nitrogen elements
with an oxygen atomic percentage of less than 5%, which indicates that the layer is not highly
contaminated. The EDS spectrum reveals a nitrogen ray at about 0.333 keV and chromium L, K,
and Kgp rays at about 0.5 keV, 5.476 keV and 6 keV, respectively. The ratio of chromium to nitrogen
is close to CrN rather than Cr.N. However, the X-ray diffraction pattern of the hard chromium
electroplated layer after plasma nitriding at 4 Torr did not show any CrN peaks. This difference
indicates that the amount of CrN compounds was small, thus they were not detected by the X-ray
Diffractometer. The difference between the X-ray diffraction pattern and the EDS results of a
plasma nitrided hard chromium electroplated layer has also been reported by Shen et al.[50].
However, they attributed this difference to a very thin CrN layer at the surface, as they noted two

very weak peaks of CrN in the X-ray diffraction pattern of the characterised sample.

The average crystallite size of the CroN compounds was estimated using the most intense
peak, corresponding to the (300) plane, based on Scherrer's equation. The obtained value was in
the order of nanometres in all nitriding pressure conditions, and it ranged between about 16 and 29
nm. The recorded average crystallite size is acceptable with regard to our plasma nitriding
conditions (temperature of 600 °C and time of 90 min), and compared to Kocabas et al. who have
reported an average crystallite size of about 50 nm in a chromium nitrides layer obtained by hard

chromium electroplating and plasma nitriding at 700 °C for a relatively long nitriding time [53].

111.5.2. Effect of nitrogen pressure on surface morphological properties
111.5.2.1. Plan-view analysis

Figure 111.21 presents SEM micrographs of the surface of the hard chromium electroplated

layer after plasma nitriding at 3, 3.5, 4, 4.5 and 5 Torr.
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Surface detachment

Figure 111.21: SEM micrographs showing the surface morphology of the hard chromium
electroplated layer after plasma nitriding at a) 3 Torr, b) 3.5 Torr, ¢) 4 Torr, d) 4.5 Torrand e) 5
Torr

Figure 111.21 shows that the surface of the hard chromium electroplated layer after plasma
nitriding at 3 and 3.5 Torr contains detached areas. However, the detached areas in the sample
nitrided at 3.5 Torr exist only along some micro-cracks. On the other hand, the surface of the hard
chromium electroplated layer after plasma nitriding at 4, 4.5 and 5 Torr does not contain detached

areas, and it is covered homogeneously. The decrease in the number of the detached areas after
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plasma nitriding at 3.5 Torr and their absence after plasma nitriding at 4, 4.5 and 5 Torr can be due
to the increase in the amount of crystallised CroN compounds in the diffusion layer at the surface
of the hard chromium electroplated layer with increasing nitrogen pressure. The high amount of
crystallised CroN compounds increases the compactness of the diffusion layer because of the
compressive stresses induced by volume expansion. Buijnsters et al. have reported that the volume
expansion that accompanies the transformation of chromium to Cr2N is about 250 % [39]. Figure
I11.21 also shows the presence of micro-cracks after plasma nitriding at the five nitrogen pressure

conditions. The morphology and the density of micro-cracks will be discussed in the next section.

Figure 111.22 shows that the surface between micro-cracks after plasma nitriding at the five
nitrogen pressure conditions is rough and porous. The surface porosity and roughness after
nitridation of chromium have also been reported in the literature [39], [89]. The shown surface
morphology can be attributed to the formation and growth mechanisms of the Cr.N compounds at
the surface of the hard chromium electroplated layer as well as to the ionic bombardment during

the plasma nitriding process.
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Figure 111.22: SEM micrographs showing the morphology of surface between micro-cracks after
plasma nitriding of the hard chromium electroplated layer at a) 3 Torr, b) 3.5 Torr, ¢) 4 Torr, d)
45 Torrand e) 5 Torr

111.5.2.2. Analysis of micro-cracks

111.5.2.2.1. Micro-cracks density

Figure 111.23 presents some representative SEM micrographs of the micro-cracks
distribution at the surface of the hard chromium electroplated layer after plasma nitriding at 3, 3.5,

4,45 and5 Torr.
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Figure 111.23: SEM micrographs of the distribution of micro-cracks after plasma nitriding at:
a) 3 Torr, b) 3.5 Torr, ¢) 4 Torr, d) 4.5 Torr, e) 5 Torr

The SEM micrographs in Figure 111.23 show that the density of micro-cracks change with
the change of nitriding nitrogen pressure. By using a technique developed by Nascimento and
Voorwald (see Section 11.8.1.3.1), the density of micro-cracks as a function of the nitriding nitrogen

pressure is presented in Figure 111.24.
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Figure 111.24: Micro-cracks density as a function of nitriding nitrogen pressure

Figure 111.24 shows that in general, the micro-cracks density increases with increasing
nitriding nitrogen pressure up to 4.5 Torr, then it decreases after plasma nitriding at 5 Torr. The
increase in micro-cracks density with increasing nitrogen pressure up to 4.5 Torr can be attributed
to tensile stresses induced by the release of internal stresses from the hard chromium electroplated
layer due to the heat generated on the sample surface by ion bombardment during plasma nitriding.
Sarraf et al. have reported that at high-temperature conditions in conventional plasma nitriding, the
internal stresses in the hard chromium electroplated layer are relieved due to the formation of
intermediate unstable chromium hydrides, and then the decomposition of the hydrides results in a
volume shrinkage of 18% [52]. This volume shrinkage causes the tensile stresses that induce
cracking [52]. In contrast, the decrease in the density of micro-cracks after plasma nitriding at 5
Torr can be attributed to the decrease in the heat generated by ionic bombardment due to the
decrease in the nitrogen ions attracted to the surface of the electroplated chromium. The decrease
of the density of nitrogen ions and charged particles at high nitriding pressure have been reported
in the literature [81]. It should be noted that the micro-cracks density after plasma nitriding at the
five nitriding nitrogen pressure is higher than that after hard chromium electroplating (~ 49
cracks/cm).
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111.5.2.2.2. Micro-cracks morphology

Figure 111.25 presents SEM micrographs showing the morphology of the micro-cracks after
plasma nitriding of hard chromium electroplated layer at 3.5, 4, 4.5 and 5 Torr. The morphology
of micro-cracks in the sample nitrided at 3 Torr will not be discussed because of the high amount

of detached areas.

Figure 111.25: SEM micrographs showing the micro-cracks morphology at the surface of the
hard chromium electroplated layer after plasma nitriding at: a) 3.5 Torr, b) 4 Torr, ¢) and d) 4.5
Torrand e) 5 Torr
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By examining Figure 111.25, it is noted that the micro-crack in the sample nitrided at 3.5
Torr is unfilled and that it has a white zone along its edges. The white zone can be attributed to the
high amount of nitrogen atoms attracted to the edges of the micro-crack because of the change in
the morphology of the surface near the micro-crack. In contrast, the micro-crack in the sample
nitrided at 4 Torr is partially filled. The area within the micro-crack was characterised by EDS, and

the results are shown in Figure 111.26.
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Figure 111.26: EDS results of the area inside the micro-crack observed in the surface after plasma
nitriding at 4 Torr

The EDS results indicate that the micro-crack is filled with chromium nitrides because it
has the same elemental composition and relatively the same atomic ratio of chromium to nitrogen
as that recorded on the surface of the hard chromium electroplated layer after plasma nitriding at 4
Torr (see Section 111.5.1). After plasma nitriding at 4.5 and 5 Torr, the micro-crack is almost filled
with chromium nitrides. The filling of the micro-cracks is attributed to the volume expansion

induced by the formation of chromium nitrides [52].
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111.5.3. Effect of nitrogen pressure on cross-sectional morphology

Figure 111.27 presents the cross-sectional micrographs of the hard chromium electroplated
layer after plasma nitriding at 3, 3.5, 4, 4.5 and 5 Torr.

Electropated Cr

lectropated Cr % : AT

Chromium carbides layer

Chromium carbides layer

Figure 111.27: Cross-sectional micrographs of the samples after plasma nitriding at: a) 3 Torr, b)
3.5Torr, c) 4 Torr, d) 4.5 Torr and e) 5 Torr (Etching: Aqua regia solution, Magnification
X1000)

The cross-sectional micrographs shown in Figure 111.27 show that new layers are formed
within the hard chromium electroplated layer after plasma nitriding at the five nitriding nitrogen
pressures. According to several research articles in the literature [48], [55], [82], the newly formed

layers are the chromium carbides layer, the diffusion layer and the Cr2N layer.

The chromium carbides layer is formed at the interface between the hard chromium
electroplated layer and the 35NCD6 steel substrate by the diffusion of carbon atoms from the
substrate to the chromium electroplated layer. In effect, the diffusion of carbon atoms takes place
due to the high affinity of carbon to chromium compared to its affinity to iron [55].
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Figure 111.28 presents the evolution of the thickness of the chromium carbides layer as a
function of nitriding nitrogen pressure. However, the thickness of the chromium carbides layer in

the sample nitrided at 3 Torr is not presented as it cannot be clearly defined.
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Figure 111.28: Evolution of the thickness of the chromium carbides layer as a function of
nitrogen pressure

The thickness of the chromium carbides layer increases from about 2.03 um after plasma
nitriding at 3.5 Torr to about 3.54 um after plasma nitriding at 4.5 Torr, and then decreases to about
1.84 um after plasma nitriding at 5 Torr. The change in thickness of the chromium carbides layer
can be attributed to the change in the temperature of samples during the plasma nitriding process

due to ionic bombardment.

By examining the cross-sectional micrographs shown in Figure 111.28, it is noted that the
diffusion layer is observed only in the samples plasma nitrided at 3, 3.5 and 4 Torr. The thickness
of the diffusion layer is about 1um in the sample nitrided at 3 Torr, 11.26 pm in the sample nitrided
at 3.5 Torr and 7.87 um in the sample nitrided at 4 Torr. The increase in the thickness of the
diffusion layer after increasing the nitrogen pressure from 3 to 3.5 Torr is due to the increase in the

amount of nitrogen ions attracted to the surface of the hard chromium electroplated layer and the
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heat generated by ionic bombardment. Then, the decrease in the thickness of the diffusion layer in
the sample nitrided at 4 Torr is attributed to the formation of a CraN layer from the diffusion layer.
The formed Cr2N layer acts as a diffusion barrier that limits the diffusion of nitrogen atoms into
the surface of the hard chromium electroplated layer. Dasgupta et al. have reported that the
diffusion kinetics may become slow as a result of the retard in the diffusion of nitrogen atoms into
the stable Cr2N layer that forms at the beginning of the nitriding process at relatively high nitriding
pressure [49]. In contrast, the absence of the diffusion layer in the samples nitrided at 4.5 and 5
Torr can be attributed to the rapid conversion of the diffusion layer into a CrzN layer due to the

increased amount of nitrogen.

The Cr2N layers observed in the samples nitrided at 4, 4.5 and 5 Torr have thicknesses of
about 1.44 pm, 1.96 um and 1.03 um, respectively. The slight increase in the thickness of the Cr2N
layer after increasing nitrogen pressure from 4 to 4.5 Torr can be attributed to the increase of
temperature at the surface of the sample due to ionic bombardment in addition to the increase of
the amount of nitrogen atoms at the surface of the hard chromium electroplated layer because of
the increased amount of attracted nitrogen ionic species. After that, the decrease of the Cr2N layer
thickness in the sample plasma nitrided at 5 Torr can be caused by the decrease in sample’s
temperature owing to the decrease in ionic bombardment as well as the decrease of attracted
nitrogen ionic species that reach the surface of the hard chromium electroplated layer at high

nitriding pressures.

111.5.4. Effect of nitrogen pressure on mechanical properties
111.5.4.1. Cross-sectional microhardness

The microhardness of the chromium carbides layer, the unchanged chromium electroplated
layer, and the substrate in the samples nitrided under the five nitrogen pressure conditions was
tested using an indenter equipped with Vickers tip under a load of 10 gf. However, the chromium
nitrides layer was not tested because it was difficult to perform the test near the edge of the sample
(edge effect). Figure 111.29 shows the evolution of microhardness of the chromium carbides layer,
the unchanged chromium electroplated layer, and the substrate as a function of nitriding nitrogen

pressure.
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Figure 111.29: Evolution of microhardness of the chromium carbides layer, unchanged chromium
electroplated layer and substrate as a function of nitrogen pressure

Figure 111.29 shows that the chromium carbides layer is harder than the unchanged
chromium electroplated layer and the substrate material after plasma nitriding at the five nitrogen
pressure conditions. Moreover, the unchanged chromium electroplated layer is harder than the
35NCDG6 steel substrate.

The microhardness of the 35NCD6 steel substrate after plasma nitriding under all pressure
conditions is similar, and it is lower than that before plasma nitriding (see Section I11.2). This
decrease in substrate microhardness is due to the change in microstructure of the 35NCD6 steel
caused by the nitriding temperature and holding time. A similar decrease in hardness has been
reported by Lee and Su who have noted a decrease in hardness of quenched AISI 4340 steel from
about 660 HV to about 356 HV after tempering at 650 °C for 2 hours, with a change in

microstructure from martensitic to ferritic [70].

The microhardness of the chromium carbides layer increases from about 603 HV after
plasma nitriding at 3 Torr to about 858 HV after plasma nitriding at 4.5 Torr, then, it slightly

decreases to about 853 HV after plasma nitriding at 5 Torr. The microhardness of the chromium
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carbides layer is directly related to its thickness. As reported earlier, the thickness of the chromium
carbides layer increases with increasing nitrogen pressure up to 4.5 Torr, then it decreases after
plasma nitriding at 5 Torr, which is in good agreement with the evolution of microhardness of the

chromium carbides layer.

For the unchanged chromium electroplated layer, the microhardness decreases with
increasing nitriding nitrogen pressure up to 4.5 Torr, then it increases slightly when the nitrogen
pressure increases up to 5 Torr. The hardness of the unchanged chromium electroplated layer is
affected by the heat generated during the preparation step prior to plasma nitriding and that
generated during plasma nitriding. Many published scientific papers have reported that the heat
generated during gas and plasma nitriding induces a decrease in the hardness of the electroplated
chromium [43], [46], [54]. The generated heat releases the residual stress and the entrapped

hydrogen that are responsible for the hardness of the electroplated chromium [43].

111.5.4.2. Surface mechanical properties

In order to study the mechanical properties of the surface after plasma nitriding at 3, 3.5, 4,
4.5 and 5 Torr, the samples were tested using a Nano-indenter equipped with a Berkovich type tip,
under a maximum load of 60 mN. The experimental load-displacement curves of the tested samples

are presented in Figure 111.30 and the obtained mechanical properties are summarised in Table I11.3.
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Figure 111.30: Load-displacement curves of the hard chromium electroplated layer after plasma
nitriding at 3, 3.5, 4, 4.5and 5 Torr

Table 111.2: Mechanical properties of the surface of the hard chromium electroplated layer after
plasma nitriding at 3, 3.5, 4, 4.5 and 5 Torr

Maximum
H3/E?
Sample H (Gpa) E (Gpa) H/E depth,
(GPa)
Rmax (NmM)
Plasma nitrided at
10.65 247.84 0.043 0.020 731.59
3Torr
Plasma nitrided at
15.19 302.84 0.050 0.038 557.62
3.5Torr
Plasma nitrided at
12.45 206.24 0.060 0.045 661.51
4Torr
Plasma nitrided at
13.08 264.62 0.049 0.032 623.09
45 Torr
Plasma nitrided at
12.38 233.47 0.053 0.035 657.2

5Torr
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By examining Figure 111.30, It is noted that the load-displacement curves of the samples
plasma nitrided at 3.5, 4, 4.5, and 5 Torr superimpose for the first 50 nm of the penetration depth,
indicating that elastic deformation is dominant at this stage [90] due to the shallow outer surface
modified by ion bombardment. Furthermore, the shape of the load-displacement curves indicates

that all samples have an elasto-plastic response [91].

111.5.4.2.1. Effect of nitrogen pressure on hardness and elastic modulus

Figure 111.31 presents the evolution of hardness and elastic modulus as a function of

nitriding nitrogen pressure.
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Figure 111.31: Evolution of hardness and elastic modulus as a function of nitriding nitrogen
pressure

Figure 111.31 shows that the hardness increases from about 10.65 GPa for the sample
nitrided at 3 Torr to about 15.19 GPa after plasma nitriding at 3.5 Torr, and it shows relatively
comparable hardness values for the samples nitrided at 4, 4.5, and 5 Torr. In fact, the slightly higher
hardness values of the samples nitrided at 4 and 4.5 Torr compared to the sample nitrided at 5 Torr
are attributed to the slightly thick CroN layer on their surfaces. Guan et al. have reported that
increasing the thickness of the CroN monolayer in a CroN/Cr multilayer results in an increase in
hardness [86]. In contrast, the high hardness in the sample nitrided at 3.5 Torr is attributed to the
high thickness of the diffusion layer. Knowing that the thickness of the diffusion layer is about
11pm and the maximum penetration depth recorded in the sample nitrided at 3.5 Torr is about 558
nm, it can be concluded that the recorded hardness corresponds to the diffusion layer only because

the maximum penetration depth is less than the 10™ of the diffusion layer thickness. The decrease
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in hardness of the nitrided samples at 4, 4.5, and 5 Torr, although they all have a well-defined CroN
layer on their surfaces, can be attributed to the contribution of the soft chromium electroplated
layer in the recorded hardness because the maximum penetration depth in all the three samples (see
Table 111.3) exceeds the 10™ of the thickness of the CroN layer (see Section 5.4). The surface
hardness of the CroN/ Cr-electroplated layer for all nitrided samples is higher than that obtained by
Tabrizi et al. who have reported a surface hardness of about 1109 HVo .25 (~ 10.88 GPa) for a sample

chromium electroplated and plasma nitrided at 600°C for 8 hours [92].

The elastic modulus values of the nitrided samples at 3, 4, 4.5, and 5 Torr are almost similar
(see Table 111.3) due to the explicit contribution of the chromium electroplated layer in the elastic

response during the Nanoindentation test, which is not the case for the sample nitrided at 3.5 Torr.

111.5.4.2.2. Effect of nitrogen pressure on the elasto-plastic behaviour

The elasto-plastic behaviour of the nitrided hard chromium electroplated layer can be
discussed based on the (H/E) and (H3/E?) ratios [93]. The values of these ratios for all nitriding
pressure conditions are summarised in Table 111.3. As mentioned earlier, the (H/E) ratio represents
the elastic deformation to failure, and the (H*/E?) ratio represents the plastic deformation to failure.
The highest values of these ratios ((H/E) = 0.06 and (H%/E?) = 0.045 GPa) were reported for the
sample nitrided at 4 Torr. This result is attributed to the low elastic modulus recorded in the sample
nitrided at 4 Torr compared to that recorded in the samples nitrided at the other nitrogen pressure
conditions. Moreover, the high value of the (H3/E?) ratio indicates that the sample nitrided at 4 Torr
has the best resistance to plastic deformation because it has the best combination of hardness and
ductility. The good elasto-plastic behaviour of the sample nitrided at 4 Torr can be attributed to the
synergistic effect of the mechanical properties of the hard CroN layer, the diffusion layer, the
ductile unchanged chromium electroplated layer and the chromium carbides layer. On the other
hand, the samples nitrided under the other nitrogen pressure conditions have comparable elasto-

plastic behaviour, except for the sample nitrided at 3 Torr.

111.5.5. Effect of nitrogen pressure on tribological properties

To study the tribological behaviour of the hard chromium electroplated layer after plasma

nitriding at 3, 3.5, 4, 4.5, and 5 Torr, the samples were tested using the ball-on-disk experiment.
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The test was performed in dry conditions using a WC ball under a normal load of 10 N and a sliding

speed of 5 cm/s to pass a distance of 100 meters.

111.5.5.1. Effect of nitrogen pressure on frictional behaviour

Figure 111.32 presents the evolution of friction coefficient of the hard chromium

electroplated layer after plasma nitriding at 3, 3.5, 4, 4.5 and 5 Torr.
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Figure 111.32: Evolution of friction coefficient as a function of sliding time during ball-on-disk
test on samples plasma nitrided at 3, 3.5, 4, 4.5and 5 Torr

Figure 111.32 shows that the friction coefficient increases rapidly at the beginning of the test
for all samples (short phase of rapid growth) due to the first contact between the sliding ball and
the surface. Furthermore, it is noted that the friction behaviour is comparable in the samples
nitrided at 3 and 3.5 Torr as well as in the samples nitrided at 4, 4.5 and 5 Torr. The evolution of
the friction coefficient in the samples nitrided at 3 and 3.5 Torr is unstable because the surface of
both samples is not homogeneous. In fact, the surface is composed of hard Cr2N particles from the
diffusion layer and of ductile electroplated chromium. The inhomogeneity of the surface leads to
varying frictional forces and different reactions towards the sliding WC ball. On the other hand,

the surface of the samples nitrided at 4, 4.5 and 5 Torr is composed of a Cr2N layer, as shown in
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the cross-sectional micrographs, so its response to the sliding WC ball is homogeneous with a
stable evolution of the friction coefficient.

Figure 111.33 shows the evolution of mean friction coefficient as a function nitrogen

pressure.
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Figure 111.33: Evolution of friction coefficient as a function of nitrogen pressure

The coefficient of friction decreases from about 0.61 for the sample nitrided at 3 Torr to
0.26 for the sample nitrided at 4 Torr, then, it increases to about 0.40 for the sample nitrided at 4.5
Torr and finally, it decreases again to about 0.30 for the sample nitrided at 5 Torr. It can be seen
that the coefficients of friction of the samples nitrided at 4, 4.5 and 5 Torr are explicitly lower than
those of the samples nitrided at 3 and 3.5 Torr. This difference in friction coefficient can be
attributed to the frictional properties of the hard Cr2N layer. Numerous published scientific articles
have reported that the two types of chromium nitride (CrN and Cr2N) have a low friction coefficient
[86], [94], [95]. The sample nitrided at 4.5 Torr shows an increase in the friction coefficient
compared to the samples nitrided at 4 and 5 Torr. This increase can be attributed to its high surface
roughness caused by the energetic ion bombardment by nitrogen ionic species. It is known that

surface roughness affects significantly the wear properties [96].
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111.5.5.2. Effect of nitrogen pressure on wear behaviour
111.5.5.2.1. Weight loss analysis

The weight loss during the ball-to-disk test was measured by weighing each sample before
and after the test using a balance with an accuracy of 0.0001g, and the results are shown in Figure
111.34.
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Figure 111.34: Weight loss as a function of nitriding nitrogen pressure

Figure 111.34 shows that the weight loss decreases slightly with increasing nitrogen pressure
from 3 to 3.5 Torr, then, it decreases significantly when the nitrogen pressure is increased to 4 Torr.
And after increasing the nitrogen pressure to 4.5 and 5 Torr, the weight loss increases slightly. The
slight decrease in weight loss in the sample nitrided at 3.5 Torr is attributed to the increased amount
of CraN compounds formed from its thick diffusion layer. Increasing the amount of CroN improves
the mechanical properties of the surface as indicated by the H/E and H3/E? ratios, which increased
from 0.043 and 0.020 for the sample nitrided at 3 Torr to 0.050 and 0.038 for the sample nitrided
at 3.5 Torr, respectively. On the other hand, the considerable decrease in weight loss (about 70%)

in the samples nitrided at 4, 4.5 and 5 Torr can be attributed to the hard Cr2N layer at the surface
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layer. Wei et al. have reported that Cr2N is the most effective wear resistance coating compared to
Cr and CrN coatings [94].

111.5.5.2.2. Wear track analysis

Figure 111.35 shows optical micrographs of the wear tracks in the samples nitrided at 3, 3.5,
4,45and5 Torr.

Cro-groov

Figure 111.35: optical micrographs of the wear tracks obtained after a ball-on-disk test on
samples plasma nitrided at: a) 3 Torr, b) 3.5 Torr, ¢) 4 Torr, d) 4.5 Torrand e) 5 Torr
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By examining the micrographs in Figure 111.35, it can be noted that the width of the wear
track changes with the change in nitrogen pressure. Figure 111.36 presents the evolution of wear

track width as a function of nitrogen pressure.
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Figure 111.36: Wear track width as a function of nitrogen pressure

Figure 111.35 shows that the samples nitrided at 3 and 3.5 Torr have different wear track
morphology than those nitrided at 4, 4.5, and 5 Torr, which may explain the significant change in
the width of the wear track after plasma nitriding at 4 Torr, as shown in Figure 111.36. This
observation is in good agreement with the results of weight loss and coefficient of friction. The
morphology of the wear track in the sample nitrided at 3 Torr is comparable to that of the sample
nitrided at 3.5 Torr. Indeed, the wear track in both samples has a highly deformed area in the centre
and a relatively less deformed area at the periphery. This difference can be attributed to the small
area of contact between the sliding WC ball and the sample surface. The wear tracks in the samples
nitrided at 3 and 3.5 Torr show several detached surfaces and microgrooves. These observations
suggest that both adhesive and abrasive wear mechanisms are present. However, the adhesive wear
is more dominant owing to the high amount of detached surfaces.
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On the other hand, the wear track in the samples nitrided at 4, 4.5, and 5 Torr is smooth,
and it shows several microgrooves and accumulation of wear debris at its periphery, suggesting
that the wear mechanism is dominantly abrasive. It is important to note that the wear tracks of all
three samples are crossed by the already existing micro-cracks. However, these micro-cracks did
not affect the wear track area due to the presence of the Cr2N particles that supported the surface
against fracture. Guan et al. have reported that the hard Cr2N phase in a Cr/CroN nano-multilayer
coatings can withstand the high applied load owing to its high hardness and adhesion strength [86].

The wear track properties and weight loss can be correlated to the mechanical properties of
the surface based on the plastic deformation to failure ratio (H*/E?). The sample nitrided at 4 Torr
has the highest H3/E? ratio, which correlates well with its wear properties, as it has the lowest
coefficient of friction, weight loss, and wear track width compared to the samples nitrided at the
other nitrogen pressure conditions. This correlation is also maintained for the samples nitrided at
3,4.5and 5 Torr. However, it is not maintained for the sample nitrided at 3.5 Torr.
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GENERAL CONCLUSION AND FUTURE WORKS

The objectives of this thesis were to produce a chromium nitrides layer by plasma nitriding
of hard chromium electroplated layer in a pure nitrogen gas atmosphere, and to study the effect of
nitrogen pressure of plasma nitriding on the structural, morphological, mechanical and tribological
properties of the resulting chromium nitrides layer. The hard chromium electroplated layer was
deposited on a low alloy 35NCD6 steel substrate in an industrial electroplating facility. After that,
the hard chromium electroplated layer was plasma nitrided in a laboratory-made DC plasma
nitriding furnace at the Centre for Development of Advanced Technologies (CDTA). The main

results and conclusions that can be drawn from this research work are as the following:

e The hard chromium electroplated layer was successfully deposited on the low alloy
35NCD6 steel substrate.

The obtained hard chromium electroplated layer has the following characteristics:

e Amorphous structure and smooth surface with some micro-cracks;
e High surface hardness and a relatively low elastic modulus;

e High coefficient of friction and wear loss under a relatively severe conditions.

Thus, the characteristics of the obtained hard chromium electroplated layer indicate that it cannot

be used as a protective coating against wear under severe working conditions.

The hard chromium electroplated layer was plasma nitrided in a pure nitrogen atmosphere at
about 600 °C for 90 min, at a pressure of 3 Torr. The main results can be summarised in the

following points:

e The main components of the surface layer were CroN and chromium.

e The surface layer was characterised by detachments and micro-cracks.

e The hard chromium electroplated layer was transformed into three layers: nitrogen
diffusion layer, unchanged chromium electroplated layer and chromium carbides layer.

e The hardness of the hard chromium electroplated layer decreased from about 1036 HV.01
to about 495 HVo.01.
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e The hardness of the diffusion layer with the contribution of the hardness of the unchanged
chromium electroplated layer was about 10.65 GPa.
e The surface of the diffusion layer showed unstable frictional behaviour and low wear

resistance.

Based on the above-mentioned results, we can conclude that plasma nitriding of hard
chromium electroplated layer at a relatively low pressure of 3 Torr slightly increases the

mechanical and tribological properties of the hard electroplated chromium surface layer.

To investigate the effect of nitrogen pressure on the structural, morphological, mechanical
and tribological properties, the hard chromium electroplated layer was also plasma nitrided at 3.5,

4,4.5and 5 Torr. The main results can be summarised in the following points:

e The main surface components after plasma nitriding of the hard chromium electroplated
layer under the five nitrogen pressure conditions were Cr2N and Cr.

e The Cr2N crystals had a preferred growth orientation parallel to the (300) plane.

e The increase of nitrogen pressure resulted in an increase in the amount of Cr2N crystals.

e The average crystallite size of the formed Cr2N crystals was in the order of nanometres.

e Surface detachments decreased after plasma nitriding at 3.5 Torr, and disappeared after
plasma nitriding at 4, 4.5 and 5 Torr.

e After plasma nitriding of the hard chromium electroplated layer at 4, 4.5 and 5 Torr, a well-
defined Cr2N layer was formed on the surface.

e The surface layer after plasma nitriding was rough and porous.

e The micro-cracks were partially filled with chromium nitrides after plasma nitriding at 4
Torr, and almost filled after plasma nitriding at 4.5 and 5 Torr.

e The hard chromium electroplated layer was transformed into a diffusion layer, an
unchanged chromium electroplated layer and a chromium carbides layer after plasma
nitriding at 3, 3.5 Torr.

e The hard chromium electroplated layer was transformed into Cr2N layer, diffusion layer,
unchanged chromium electroplated layer and chromium carbides layer after plasma

nitriding at 4 Torr.
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e The hard chromium electroplated layer was transformed into CroN layer, unchanged
chromium electroplated layer and chromium carbides layer after plasma nitriding at 4.5 and
S Torr.

e The maximum thickness of the CroN layer was about 2pum, recorded for the sample plasma
nitrided at 4.5 Torr.

e The soft chromium electroplated layer beneath the Cr.N layer influenced the surface
hardness results for the samples plasma nitrided at 4, 4.5 and 5 Torr.

e The maximum hardness of the (Cr.N/electroplated-Cr) layer was about 13 GPa, recorded
for the sample that was plasma nitrided at 4.5 Torr.

e The best tribological properties were obtained for the samples plasma nitrided at 4, 4.5 and
5 Torr.

These results indicate that the nitrogen pressure used for plasma nitriding significantly
influences the morphological, mechanical and tribological properties of the hard chromium
electroplated layer. Therefore, it is important to choose the nitriding pressure of plasma nitriding
appropriately. In the case where the nitriding gas is pure nitrogen, we suggest a nitriding pressure

between 4 and 4.5 Torr.

199



GENERAL CONCLUSION AND FUTURE WORKS

Future Works

e The present research work represents a starting point in the study of layers obtained with
duplex surface treatment techniques. In the future, we aim to :

e Improve the mechanical and tribological properties of the plasma nitrided hard chromium
electroplated layer in pure nitrogen atmosphere by optimising other nitriding parameters,
such as temperature and time.

e Study in detail the phenomenon of micro-cracks and the possible ways to control it.

e Study in detail the effect of nitrogen pressure on the surface texture of the hard chromium
electroplated layer after plasma nitriding.

e Study the effect of corrosion on the plasma nitrided hard chromium electroplated layer.
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