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Figure 7.10

Impact craters of duplex Cr-N coatings after 10, 10* and 5x10?
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ABSTRACT

It has already been reported that duplex coatings, consisting of plasma nitriding of steel
substrates and subsequent deposition of hard coatings by PAPVD (plasma-assisted
physical vapour deposition), can improve both wear and contact fatigue resistance and
also the load support capability of steel substrates. However, the adhesion at
coating/substrate interface can be strongly affected by the presence of a compound

layer, which can be produced during the plasma nitriding step. This compound layer can

destabilise during coating deposition; its destabilisation would lead duplex coatings to

exhibit poor adhesion. The aim of this thesis was to produce well adherent PAPVD
duplex coatings on AISI H13 steel substrates for tribological applications at elevated
temperatures. In the first stage of the project, duplex TiN céétings have been used to
investigate the problem of compound layer destabilisation. An intermediate treatment
consisting of cooling down the samples in vacuum and carrying out an Ar plasma-
etching step has been developed. This treatment allows the production of duplex
coatings with good adhesion strength by successfully avoiding compound layer
destabilisation. It also elucidates a systematic approach to produce duplex coatings
which are compound-layer-free, by removing this iron nitride layer through an Ar
sputter mechanism. The same adhesion strength was measured for duplex TiN coatings
with nitrided cases consisting of mono-phase &€ compound layer + diffusion zone and for
duplex TiN coatings with nitrided cases consisting of a diffusion zone only.
Furthermore, a duplex TiN coating with a mono-phase € compound layer + diffusion
zone outperformed duplex TiN coatings with diffusion zones in impact tests, suggesting
that hard, dense mono-phase compound layers are able to act as a proper interface
between harder, more brittle PVD coatings and relatively softer, more ductile diffusion
layers of plasma nitrided substrates. In the second stage, single-layered and duplex
(Ti,AN, Cr-N coatings were prepared and characterised by XRD, GDOES, LOM,
SEM, Knoop microhardness measurements and scratch testing. Their wear resistance
(and also of single-layered and duplex TiN coatings) was evaluated by micro-abrasive
wear tests. Impact tests were also carried out to investigate their resistance to dynamic
loading. Results pointed out that the duplex treatment improved the performance of

single-layered PAPVD coatings with respect to micro-abrasive wear and impact
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impact resistance. This was mainly achieved by increasing the load support for the thin,
hard PAPVD coatings and also preventing substrate elastic and plastic “deformation:
Therefore, duplex coatings are expected to be successfully used on  tribological
applications that require both wear and dynamic impact resistances. Duplex (Ti,Al)N
coatings had the highest wear resistance to micro-abrasion, followed by single-layered
(Ti,Al)N coatings whereas duplex (Ti,A)N and duplex Cr-N coatings had the best
performances in the impact tests. This work reveals that both duplex (T1,Al)N and Cr-N
coatings are promising duplex coatings for tribological applications at elevated
temperatures. In particular, these coatings have a great potentiality to improve the
lifetime of AISI H13 shear knives, which are used to cut steel ingots during a
continuous ingot cast process. Nevertheless, further optimisations are still required in
order to introduce these coatings on industrial field tests. For instance, film thickness
needs to be optimised for the duplex Cr-N coatings in order to yield a satisfactory

resistance to abrasive wear.
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CHAPTER 1: INTRODUCTION

In today’s industry, plasma surface engineering technologies, owing to a number of
advantages over conventional surface engineering processes, are:increasingly. being
used to improve the tribological surface quality of various steels.-Plasma surface
engineering processes can be divided into two main groups: i) plasma-activated
treatment of the surface and ii) plasma-assisted deposition of hard coatings. Plasma
immersion ion implantation, plasma nitriding and carburizing are typical processes
which belong to the first group whereas Plasma-Assisted Physical Vapour Deposition
(PAPVD), Plasma-Assisted Chemical Vapour Deposition (PACVD) and plasma

spraying are technologies traditionally used for coating deposition.

The duplex surface engineering, also referred to as the second generation surface
engineering, emerged in the late 1980’s. It comprises the sequential application of two
or more established surface technologies to produce a surface composite with combined
properties which are unobtainable through any individual surface technology. Since the
possible combinations of plasma surface technologies are virtually unlimited, many
duplex treatments have been developed so far. One of these duplex treatments involves

plasma nitriding followed by PAPVD deposition of hard coatings.

PAPVD thin hard coatings can provide a surface with dramatically improved properties
in terms of low friction and high resistance to wear and corrosion, but catastrophical
premature failure will occur if the substrate plastically deforms under a high applied
load. On the other hand, a nitrided subsurface exhibits a high load bearing capacity and
high fatigue strength, which in turn helps in preventing elastic and plastic deformation

of the substrate.

It seems that a combined treatment of plasma nitriding and PAPVD coating was
invented by Berghaus in the early 1930’s". Since then many duplex coatings have
been produced by means of a two-stage process: substrates are first plasma nitrided in a
nitriding plant (conventional diode plasma nitriding) and subsequently coated in a

PAPVD equipment. In the early 1980’s, Korhonen and Sirvio™ showed for the first
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time that it was possible to achieve a plasma-assisted nitriding treatment in a standard
low pressure PAPVD equipment. In 1983, the first duplex coating consisting of plasma

nitriding and ion-plated TiN coating was continuously produced in a PAPVD plant® 4

Many attempts have been made in order to produce duplex coatings by means of a
continuous process in PAPVD systems(“g). This approach has many advantages that
compensate for the disadvantage of using an expensive PVD coater for a nitriding
treatment, such as®??: i) better control of adhesion because of an optimum transition
between thermochemical treatment and coating; ii) improved kinetics of the low
pressure triode process; iii) carbon-free € compound layers that exhibit better corrosion

resistance; iv) simpler logistics and better delivery time for the customer and v) lower

gas flow rates.

Obtaining satisfactory adhesion strength between PAPVD hard coatings and nitrided
layers is a key issue in duplex coating processing. The difficulties arise from
compatibility problems between plasma nitriding and coating deposition. Incorrect
process control will lead to the formation of a soft “black layer” below the coating by
thermochemical decomposition of the compound layer (iron nitride layer), which
deteriorates the load bearing capacity of the composite and, consequently, the adhesion
between the hard coating and the nitrided subsurface. Therefore, good coating-
subsurface adhesion can only be achieved if these two processes are properly combined

and carefully controlled.

With exception of Anjing et al*” who considered the presence of a y’-compound layer
as a favourable factor for the adhesion of their duplex coatings, several authors reported
poor adhesion if an iron nitride layer was formed during plasma nitriding!®'!->232)
The lack of consistency in several results is probably related to the varying nitriding and
coating procedures applied on different surfaces. The transition from plasma nitriding to

coating deposition seems to be particularly important.

The problem of the formation of a “black layer” has been addressed by avoiding

compound layer formation during plasma nitriding (bright nitriding) or performing a
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mechanical grinding of this layer before coating. The first procedure can be easily
performed by adjusting process parameters (total gas pressure, partial gas pressures,
temperature, bias voltage, etc). The latter, however, is not practical if plasma nitriding

and coating deposition are carried out in a continuous process.

Glow discharges often used in plasma surface engineering processes can exhibit
different characteristics/properties depending on how the discharge is generated. Up to
now, a universal model for plasma nitriding has not been proposed yet. Typical plasma
nitriding is usually carried out at high gas pressures (~0.1-1.0kPa) in a diode
configuration whilst most of plasma based coatings are produced at comparatively
lower pressures (0.1-1.0Pa) in a triode layout. Results indicate that the energy
distribution of species in a d.c. diode discharge is quite different from that in a d.c.
triode conﬁguration(6’28'3°). Hence, it is expected that the mechanisms and process
parameters leading to compound layer formation in a triode system will be distinct from

the ones in a diode layout.

There are several reports concerning major improvements in the lifetime of cutting tools
by applying hard thin coatings®". It has been claimed to be more difficult to achieve
lifetime improvements for tools operating at hot working conditions®®'?). Coating
failure is often initiated by cracking which immediately leads to micro-pickup of work

material along the cracks and formation of large strongly adherent welded regions.

In many industrial applications, tools are subjected to repeated mechanical and thermal
loading which often lead to dimensional changes in the workpiece. Finally, damage to
the stressed tool surface occurs. The damage appears as wear, plastic deformation,
thermal or mechanical fatigue and wear in the form of adhesion or friction welding. At
elevated temperatures, chemical stability as well as oxidation/corrosion resistance
become important factors in preventing coating failure. Thus, in such harsh
environments, the coating material should provide good abrasive wear resistance, low
adhesion to the workpiece material but high adhesion to the tool material, high chemical
stability, toughness and oxidation/corrosion resistance. Hence, duplex coatings have a

great potentiality to be applied on tools which operate under such conditions. The
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nitrided case will increase the fatigue resistance of the composite system; good wear

and oxidation resistance can be achieved by selecting thin hard coatings to fulfil such

requirements.

In the present thesis, tribological duplex coatings intended for high temperature
applications were evaluated with respect to their fundamental mechanical and
tribological properties. Special attention was given to a better understanding of duplex
coating processing, especially to the development of an intermediate treatment that
allows to produce duplex coatings with good adhesion even if a compound layer is
formed during plasma nitriding. This intermediate treatment also provides a way to

produce duplex coatings which are compound-layer-free.
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CHAPTER 2: OBJECTIVES

This work aimed at producing PAPVD duplex coatings for tribological applications at
elevated temperatures. Plasma nitriding and coating deposition were carried out in a
PAPVD equipment by means of a continuous process. Three hard PVD coatings were
used for producing duplex coatings on plasma nitrided AISI H13 steel substrates: TiN,
(Ti,ADN and Cr-N. Single-layered TiN, (Ti,A)N and Cr-N coatings on AISI H13
substrates (i.e., without plasma nitriding) were also produced for comparison. The
choice of such coatings was based on their promising application onto AISI H13 shear

knives that are used to cut steel ingots during a continuous ingot casting process at
Gerdau S.A.

An intermediate treatment was performed in order to investigate the compound layer
destabilisation during coating deposition. In this first stage, duplex TiN coatings were
employed. After ensuring that well-adherent coatings would be obtained, duplex and
single-layered (Ti,A)N and Cr-N coatings were produced. These coatings were
characterised by microhardness and surface roughness measurements, XRD, SEM,
GDOES and scratch tests. Tribological tests were also carried out to evaluate their

micro-abrasive wear and impact resistance.



Chapter 3: Duplex Coatings

CHAPTER 3: DUPLEX COATINGS
3.1. Background

In this chapter, a brief summary of plasma nitriding and ion plating techniques is
presented and the most important issues concerning duplex coating development are
discussed. The possibilities of carrying out a duplex treatment in a PAPVD ion plating
equipment is highlighted and the first results from a duplex treatment consisting of

plasma nitriding + TiN coating are presented.
3.1.1. One possible industrial application for duplex coatings

During continuous ingot casting at Gerdau S.A. (figures 3.1 and 3.2), two shear knives
are used to cut hot steel ingots. The shear knives are hardened and tempered AISI H13
steel (SSHRC). A load equal to 200 tons is applied to the superior shear knife during
cutting operation. The temperature of the ingots, when cutting is performed, is around
973-1063K. This superior shear knife is subjected to cyclical loading and its
temperature varies from 653-693K (during cutting operation) to 503K. Such harsh
oxidant environment leads to a severe damage in these tools. The damage appears as
wear, probably initiated by cracks in the tool surface. Fatigue is also likely to occur due
to cyclical loading and temperature cycles. The lifetime of such shear knife is estimated
to be 6000-10000 cutting operations. By the end of its lifetime, some extent of plastic
deformation can be seen at the cross-sectional surface of the ingots. The frequent stops
to replace the shear knives have a detrimental effect on the productivity of the

continuous ingot cast process.
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Figure 3.1 — Continuous ingot cast process at Gerdau S.A.

Shear knife

Steel ingo

Figure 3.2 — Superior shear knife which is used to cut the steel ingots.
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3.1.2. Plasma nitriding

Plasma nitriding (or ion nitriding) is a method of surface hardening using glow
discharge technology to introduce nitrogen to the surface of a metal part for subsequent
diffusion into its bulk. In a vacuum, high-voltage electrical energy is used to form a
plasma, through which nitrogen ions are accelerated to impinge on the workpiece. The
jon bombardment heats the workpiece, cleans the surface and provides active nitrogen.
Plasma nitriding provides better control of case chemistry and uniformity and has other
advantages, such as lower part distortion than conventional (gas) nitriding. The major
difference between plasma and gas nitriding is the mechanism used to generate active

nitrogen at the surface of the workpiece.

The plasma nitriding process has reached a high level of maturity and perfection,
holding an important position in industry today. In the literature there are several reports

about improving wear, corrosion and fatigue resistance through plasma nitriding®**".

The glow discharge used as a processing plasma for surface modification can be
established and sustained in various ways: d.c. diode discharges, r.f. discharges,
microwave discharges, electron emission configurations and magnetically enhanced
discharges. In plasma nitriding the d.c. diode discharge is most widely used. Under
these discharge conditions, pressures in the range of 133.3 to 1333.3Pa (1 to 10 Torr)

and voltages of 500 to 1000V are normally employed.

Glow discharges are non-equilibrium plasmas which are characterised by a relatively
low gas density. Because of their low gas density, the number of collisions between
electrons and atoms/molecules is reduced when compared to equilibrium plasmas.
Therefore, the temperature of the electrons is much higher than the temperature of the
ions and neutrals. Electrons usually have temperatures of several tens of thousands of
degrees Kelvin whilst the ions and neutrals have temperatures of a few hundred degrees
Kelvin only““‘”. Hence, electrons can promote excitation and ionisation of neutrals,
resulting in more active chemical reactions. The degree of ionisation in glow discharges

is rather low, typically 10, and the gas consists mostly of neutrals‘**%.,
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Several types of glow discharges exist, depending on the relationship between voltage
and current, as shown in figure 3.3 for an argon discharge. Nearly all plasma
thermochemical processes are performed in the abnormal glow in which the current
increases with the voltage. In this region the glow covers the specimen (the cathode of
the discharge) uniformly and therefore, uniform treatments can be expected”****>. The
possibility that the abnormal, unstable glow discharge may turn into the stable arc
discharge was a serious obstacle to large-scale application of plasma nitriding in
industry many years ago. With the advancement of modern electronics, new plasma
power generators have been developed to prevent the formation of arcs, so that the glow

discharge can be safely maintained at high current densities in the abnormal glow.
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Figure 3.3 — Voltage — current characteristics of different types of discharges in

argon™.

During plasma nitriding, nitrogen is adsorbed on the surface of the steel, diffuses inward
at temperatures around 773K and hardening is accomplished by precipitation of very
fine nitride particles in the diffusion zone. Depending on nitrogen concentration, iron
nitride layers (also known as compound layers) of face-centred cubic y’ FesN or close-
packed hexagonal € Fe,.sN may form. The structure of the nitrided case (compound

layer + diffusion zone) can be carefully controlled by adjusting treatment parameters
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such as temperature, gas composition, gas pressure, time and current density.. The gas
composition has a strong influence on the metallurgical structures of the nitrided case,

as illustrated in figure 3.4.

60-70% nitrogen
1-5% nitrogen 15-30% nitrogen 1-3% methane

Balance carrier gas Balance carrier gas Balance carrier gas

Diffusion layer v’ layer + diffusion

€ layer + diffusion
layer

layer

Figure 3.4 — Typical gas composition and the resulting metallurgical configuration of

the nitrided case®?,

It is well recognised that for each fixed process condition there exists a critical nitrogen
potential, called threshold nitriding potential, below which an iron nitride layer
(compound layer) does not form on the surface during nitriding. Nitriding without
compound layer formation is usually called bright nitriding. The time dependence of the
threshold nitriding potential is in agreement with the fact that there exists an incubation
time for the formation of the iron nitride layer. During nitriding, the nitrogen
concentration on the surface is built up gradually with time and the incubation time for
the formation of the iron nitride layer is the time necessary for the build up of the
critical nitrogen concentration on the surface. The threshold nitriding potential is also
temperature dependent(23 ). When the nitriding potential (i.e. the nitrogen/balance carrier
gas) is above the threshold value, a compound layer consisting of v’ FesN and/or € Fe,.
;N will form on the surface of a steel component. A mono-phase y* FesN compound
layer is often produced on the surface when the nitriding temperature is very high or the
nitriding potential is sufficiently low. With decreasing nitriding temperature and time or
increasing nitriding potential the mono-phase € Fe;.3N compound layer is usually

formed. Plasma nitriding provides much more dense compound layers than
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conventional (gas) nitriding. Iron nitride layers produced by the latter process have a
high level of porosity in the outer region of the layer. Dual-phase layers consisting of y’
Fe,N and € Fe;.3N are susceptible to fracture because of two factors: weak bonding at

the interface between phases and different thermal expansion coefficients in the two

(33,46)

phases . The homogeneity of the compound layer structure and its thickness

influence ductility, wear and resistance to 1olling friction of nitrided steel substrates.
Better mechanical properties have been zchieved by producing mono-phase compound

layers consisting of either € or y’ nitrides“®.

Since plasma nitriding is a diffusion-related process, increases in treatment temperature
lead to increased compound layer thickness and increased case depths for a given
treatment time, but an overall decrease in peak hardness values is achieved. As with
age-hardening steels, where a maximum in hardness is achieved at a particular aging
temperature and time, the maximum hardness achieved by plasma nitriding is based on
optimum precipitate density and size; these can be lost at higher temperatures and

longer times due to precipitate growth and further tempering of the matrix®”.

Presently there is no universal model which explains the plasma nitriding process.
Nevertheless numerous mechanisms have been suggested to explain this concept. The
model which was proposed by Kolbel®*33? ig by far the most used to describe the
mechanisms that are supposed to take place during plasma nitriding of steel. This model
is based on sputtering of Fe atoms from the workpiece and subsequent condensation of
FeN on surface (see figure 3.5). The major mechanisms are:

1. production of ionised and neutral nitrogen atoms by energetic electrons;

2. sputtering of Fe and contaminants from the work surface by these ionised atoms;

3. formation of FeN iron nitrides by sputtered iron atoms and neutral nitrogen atoms;

4. condensation of the FeN nitride on uncooled cathodic workpiece surfaces;

5. decomposition of FeN into the lower nitrides Fe,N, Fe;N and FesN; the nitrogen

which is liberated in this process will diffuse into the workpiece and, in part, back to

the plasma.



Chapter 3: Duplex Coatings 12

|
|
I
I Cathode fall
I
|

m
gi Workpiece, cathode (O
\\\W
N ' 2]
« M|
g \ O b8
3 N - g'.
o) "
e
.
Furnace wall anoda@

Adsorption \
N

N
N ] € phase §
N

N
v’ phase \
N N

a pha

phase §

Figure 3.5 — Surface reactions during plasma nifriding .ac'cording to Kolbel’s model™?.

In 1973 Hudis"® conducted a study of ion nitriding in N,-H,, Ar-N; and Ar-N,-H, gas
mixtures. The aim of his work was to identify the active plasma ingredients which cause
nitriding. Two possible mechanisms could explain plasma nitriding: gas absorption and
ionic bombardment. The nitrogen partial pressure was kept constant in all gas mixtures
and a mass-energy analyser was used. It was concluded that plasma nitriding does not
take place by gas absorption, since an electrically floating 773K sample immersed in an
r.f. plasma would not nitride. Plasma nitriding apparently required current and was
caused by ionic bombardment of the cathode. The majority of ionic species in Ar-N;
plasmas were N* and N,"; when hydrogen was added, H" and NH;" became the
dominant species and a large reduction of N" and N," was observed. When argon was
completely replaced by hydrogen (N;-Hy), the reduction of the ionic species N* and N,"

was even more dramatic. In such discharges, nitrogen was carried to the cathode by the
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Formation of these nitrides at the very early stages of plasma nitriding suggested that
these nitrides were produced by sputtering of iron atoms from the-cathode surface,
forming nitrides in the cathode sheath and condensing at the cathode surface -as
previously pointed out by Kolbel. In contrast to Na-H, discharges, a N; discharge did
not exhibit & phase formation. This was attributed either to the lower activation energy
required to form this phase with the active ingredients of a N,-H; discharge or to the
reduced stability of the Fe,N under pure nitrogen discharge that led to an immediate
decomposition. The growth of the iron nitride layers was not parabolic with time at the
initial stages of plasma nitriding as opposed to observations in gas nitriding. It seemed
that the rate-limiting step is the nitrogen diffusion in the iron nitride layer which
controls the total flux of nitrogen to diffuse into the bulk. The ion bombardment effect
at the surface could produce faster diffusion in the iron nitride layer, therefore

increasing the kinetics of nitriding in iron.

In 1982 Korhonen and Sirvio™ demonstrated, for the first time, that it was possible to
achieve plasma nitriding of steel substrates in low pressure plasmas, using an ion
plating equipment in triode configuration. Since then, several reports about achieving
plasma nitriding in low pressure triode layouts have been produc:e:d(5 LIS T major
differences between d.c. glow discharges in diode and triode configurations will be
briefly discussed in section 3.1.4 and their impact on plasma nitriding will be

highlighted.
3.1.3. The ion plating process

PVD (Physical vapour deposition) is a generic terminology used to designate deposition
technologies which involve the atomisation or vaporisation of material from a solid
source and its deposition on the substrate to form a coating. Evaporation, sputtering and

ion plating are examples of PVD technologies®"**+*7,

Although the most basic PVD process (the non-reactive evaporation technique) had
been reported by Faraday in 1857, plasma-assisted PVD processes became available

only in the 1930’s*?. Thus the term “Plasma-assisted physical vapour deposition”
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(PAPVD) refers to PVD processes which utilise a glow discharge to enhance the

properties of the coating produced.

Ton plating is a generic term applied to atomistic coating deposition processes. in which
the substrate and/or the depositing coating is subjected to a flux of high energy particles
sufficient to cause changes in the interfacial region or coating properties compared to
the non-bombarded deposition. Such changes may be in the coating adhesion, coating
morphology, coating density and coating stress. In 1964, the ion plating technique was

first reported in the literature by Mattox o]

Bombardment of the substrate surface by energetic particles prior to the deposition of
the coating material allows in.situ cleaning of the surface. This bombardment for
cleaning purposes is usually carried out in an inert gas discharge. The energetic species
used to bombard the growing film can be either ions or neutrals, although charged ions
are the majority species. The use of a partial pressure of reactive gas (i.e. nitrogen,
oxygen, acetylene, hydrocarbon) allows the deposition of compounds in reactive ion

plating.

Continuous ion bombardment during coating deposition will cause sputtering of the

substrate surface. Therefore, for a coating to form, it is necessary for the deposition rate

to exceed the sputtering rate. From the standpoint of adhesion, the major benefits

obtained from the ion plating process are its ability to*:

e modify the substrate surface in a manner conducive to good adhesion and maintain
this condition until the coating begins to form;

o provide a high energy flux to the substrate, giving a high surface temperature, thus
enhancing diffusion and chemical reactions without necessitating bulk heating;

e alter the surface and interfacial structure by introducing high defect concentrations,

physically mixing the coating and substrate material, and influencing the nucleation

and growth of the depositing coating.

Energetic bombardment prior to and during the initial stages of coating formation can

enhance adhesion by(‘m‘5 7,
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e removing contaminant layers;

e changing the surface chemistry;

e generating a microscopically rough surface;

e increasing the nucleation density by forming nucleation sites such as_defects,
implanted species and recoil implanted species;

e increasing the surface mobility of adatoms;

e decreasing the formation of interfacial voids;

e introducing thermal energy and defects directly into the near-surface region, thereby

promoting reaction and diffusion.

Another advantage of the ion plating technique is its ability to promote a uniform
coverage of surfaces when compared to vacuum evaporation processes. This ability
results from gas scattering, entrainment and redeposition from the sputtered coating
surface. This allows coatings to be formed in recesses and areas remote from the source-

substrate line of sight, thus giving more complete surface coverage.

gnergetic bombardment during coating growth can modify a number of coating
properties, including density, bulk morphology, surface morphology, grain size,
porosity, cristallographic orientation and electrical resistivity. lon-plated coatings
usually have relatively high compressive residual stresses due to energetic particle

bombardment.

In ion plating processing, the discharge can be formed using a number of
configurations. A d.c. diode configuration with an electrically conductive substrate
serving as the cathode is often used. D.c. triode configurations have become quite
popular over the years. This configuration is achieved by using a third positive electrode
or a thermionic emitter (i.e. a biased tungsten filament) to enhance the degree of
lonisation in the plasma(55 859 Hence, much lower pressures are required to sustain the
discharge. R.f. and microwave discharges are also commonly employed in ion plating

processes.



Chapter 3: Duplex Coatings 17

It is important that bombardment of the substrate during surface preparation stage be
continued into the deposition stage, where adatoms (atoms adsorbed on a surface so
they will migrate over the surface) are continually being added to the surface. This
prevents the surface from being re-contaminated. Bombardment also.enhances the
formation of a diffusion or compound-type interface on the “clean” -surface if the
materials are mutually soluble, or it enhances the formation of a pseudodiffusion-type of
interface, due to energetic bombardment, if the materials are insoluble®”. Forward
sputtering, sputtering and re-deposition, increased nucleation density and increased
surface mobilities of adatoms on the surface under bombardment conditions can be
important in disrupting the columnar structure of the coatings and thereby increasing
coating density. The bombardment, which also improves surface coverage, reduces the
pinhole porosity in a deposited coating. Better surface coverage and increased density
are reflected in coatings properties such as:

e Dbetter corrosion resistance;

e lower chemical etch rate;

e higher hardness;

o lowered electrical resistivity of metal coatings;

e lowered gaseous and water vapour permeation through the coating;

e increased index of refraction of dielectric coatings.

However, a high level of gas incorporation, defect concentration, residual stress and
formation of voids in ion-plated coatings have been observed if the bombarding species
is too energetic and the substrate temperature is very low. At low temperatures
(particularly advantageous when the substrate is thermally sensitive) the bombarding
energy should be kept low (less than 300eV) in order to minimise gas incorporation

effects® 0

3.1.4. Generation of d.c. glow discharges: diode x triode layouts

Although the use of plasma diagnostic techniques have increased throughout the
years((’o'm), especially as a tool for controlling coating deposition and plasma nitriding,

there are still little data available on the energy distribution of ions and neutrals reaching
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the cathode. Undoubtedly higher ionisation rates can be achieved under triode
conditions, whereby a third positive electrode or a thermionic electron source (i.c. a
biased tungsten filament) will increase ionisation in the plasma®>***?): Because of that,
much lower pressures are required to sustain such discharges than in a diode layout.
D.c. diode glow discharges are usually run at pressures of 100-1000Pa whilst d.c. triode
glow discharges are operated at 0.1-1.0Pa. Besides, the cathode voltage is kept at 500-
1000V in the former, oppositely to 100-500V of typical d.c. triode discharges. At lower
pressures, fewer collisions are expected to occur within the cathode sheath and,
therefore, most of the ions reaching the cathode are expected to have energies
corresponding to the cathode fall voltage. Contrarily, under diode conditions, collisions
are expected to occur within the sheath and the ions reaching the cathode will have
much lower energies than the cathode fall voltage. Clearly the energy distribution of
ions and neutrals reaching the cathode will greatly differ in diode and triode conditions,

thus leading to differences in coating morphology and plasma nitriding performance.

Although plasma diagnostics is a topic outside the scope of this work, some results of
the literature will be discussed in order to show how feasible plasma nitriding can be at
low pressure triode layouts and, hence, possible to be performed in an ion plating

equipment.

The factors which govern the distribution of energies for ions and neutrals arriving at
the cathode are the mean free path for charge exchange collision (4) and the cathode
sheath thickness [ (also known as the cathode fall length or the dark space
distance)m’m. The ratio //A critically influences the distribution. Reducing I/ A
produces an energy spectrum in which a larger proportion of the ions have energies
nearer the maximum. Therefore, if there is a need for more ions to exceed some critical

minimum energy, this can be achieved by decreasing /4.

Another relevant parameter is the degree of ionisation (ionisation efficiency, ),

defined as?®
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where N; is the number of ions arriving at the sample per square centimetre per second

and N, is the total number of bombardments per square centimetre per second.

The degree of ionisation considers the effects of both pressure and current density. The
cathode current density gives an indication of ions arriving at the cathode, but this on its
own does not take account of the total number of bombarding particles, most of which
are non-ionised in such discharge conditions. Although a proportion of these particles
will be high energy neutrals (ions that have undergone charge exchange) the majority
are thermal neutrals and their population tend to increase with pressure. Therefore, two
discharge systems may have similar energy spectra and current density values, but if
one requires a higher pressure than the other to obtain these characteristics, it may in
practice be inferior, as the greater number of thermal neutrals will tend to dilute any

beneficial effects from the more energetic species.

In argon d.c. diode discharges, the ratio //A is typically 10-15 whereas the d.c. triode
discharge exhibit //4 values less than unity(zg). So, under triode conditions, a virtually
collisionless cathode sheath regime will operate. An advantage of triode discharge
systems is that the substrate current density (and thus discharge power) can be
controlled via an electron emission source whilst total gas pressure and cathode voltage
are independently adjusted. Therefore, lower pressures and voltages than those normally
required can be employed, offering reductions in /A when compared to diode layouts.
The ionisation efficiency (L) is around 4% in triode discharges and only 0.01% in diode
systems(m. Thus, in triode layouts, greater proportion of the total energy is supplied to
the substrate by ionic species rather than by high energy neutrals. Thermionic support

yields lower //4 and higher I, values than a positively biased third electrode®®.

Under d.c. diode conditions, the majority of the ions incident at the substrate will be N",
although the primary ionic species in the cathode sheath are N,". In such systems, there

. . 5 + . + . . ..
is a large amount of dissociation of Nz™ into N" via dissociative charge exchange
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collisions in the sheath®>?. The same trend is not observed in triode discharges, where

most of the ionic species reaching the cathode are N, 2330

There is evidence to suggest that there exists a threshold energy above which nitriding
is effective. This threshold energy seems to be 100-150eV®?. Under d.c  diode
conditions, plasma nitriding starts to become effective when the cathode voltage is
higher than 500V; at about 500V, only 10% of the incident species have sufficient
energy to exceed the threshold. At cathode voltages as low as 200V, 0.001% of the
incident species will exceed 150eV and nitriding becomes ineffective®. In triode
layouts, plasma nitriding is feasible at voltages as low as 200V®?, oppositely to diode
layouts. At such voltages, a large amount of the incident species will have sufficient
energy to exceed the threshold. An improvement of case hardness was observed with
increasing voltages up to 500V in triods systems. However, the total case depth
remained constant at around 60-70um with a given power density?. Nitriding at very
low cathode voltages (< 200V) is possible under triode conditions and seems to be

advantageous for the treatment of complex shaped components, where a thin sheath is

desirable for optimum hole and recess penetration .

3.1.5. Duplex coatings

In 1983, Korhonen and Sirvio” showed for the first time that a plasma-assisted
nitriding treatment was feasible in a standard low pressure ion plating equipment.

Several “duplex coatings” consisting of plasma nitriding and subsequent PVD hard
coatings have been produced since then'®2%*%9,

Duplex coatings have been proven to increase the load support capacity of

7,14,23,27.9
substrates' 3)

Improvements on Wear(7,9,11,16-18.23.92,93) (16,19,21,82,89)

, Corrosion and

; : 7,16,90,9
fatigue resistance!”'*%2) of steel substraies have also been reported. However, there

are little data available on their performarce at elevated temperatures'®. Some duplex
coatings have been successfully used in industrial applications'' 22 ) including tools

for hot working((m.
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Several “duplex coatings” consisting of plasma nitriding and subsequent PVD hard

: 6-27,73-99
coatings have been produced since then’ )

Duplex coatings have been proven to increase the load support capacity of
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are little data available on their performance at elevated temperatures''®. Some duplex

s 1 ; = : 11,22,95,98
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. (94
for hot working' )
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A critical issue in duplex coatings processing is the adhesion of the hard PVD coating to
the nitrided case of steel. Bad adhesion has been observed in many duplex-treated
systems. Sun and Bell®** showed that the lack of adhesion was due to a soft “black
layer” between the hard coating and the compound layer. This layer was named “black
layer” due to its etching behaviour in Nital. If the compound layer-was removed by
grinding or the specimen was bright nitrided prior to coating, no black layer could be
observed in the composite. X-ray diffraction results indicated that the soft layer was
mainly a-Fe, suggesting that the black layer was the product of the decomposition of
the outer part of the compound layer during the ion plating process. Obviously this soft
layer below the coating deteriorates the load-bearing capability of the composite
through reduced bonding strength between the nitrided surface and the outermost hard
coating. Since the iron nitrides e-Fe, 3N and y’-FesN are unstable at temperatures around
773K, compound layer destabilisation (i.e., formation of the black layer) is greatly
dependent on PVD process temperature. As a matter of fact, when the temperature had
been held below 723K in a H, plasma, decomposition of the compound layer did not

24
OCCUI'(B’ ).

In a companion study, Dingremont et al " showed that not only the PVD process
temperature could promote black layer formation, but also the ion bombardment during
the etching step of the coating process would lead to compound layer destabilisation,
Compound layer destabilisation occurred in a pure argon plasma when the temperature
exceeded 623K. They attributed this destabilisation to a breakthrough of a thin oxide
layer by the ion etch process. It was assumed that a thin oxide layer had probably been
formed on the surface of the substrate during the nitriding treatment or in the coating
phase during the final degassing of the reactors wall during heating. This film is
supposed to act as a diffusion barrier between the compound layer and the plasma; if
this diffusion barrier is destroyed, superficial destabilisation of the nitrided layer will be
induced by nitrogen retrodiffusion from the solid phase to the plasma because of the
chemical gap which characterises this interface. The presence of titanium ions in the ion

etching process can also promote the decomposition of compound layers 2826850,
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Because of this apparent incompatibility between the two treatments (plasma nitriding
and PVD coating), the problem of the formation of undesirable black layer has been
addressed by either carrying out a bright nitriding (avoiding formation of compound
layers) or grinding off the compound layer prior to coating. The latter proposition is
quite feasible when plasma nitriding and PVD coating are performed.in a two-way
process, that is, nitriding is carried out in a nitriding plant and then the nitrided sample
is coated in a PVD equipment. However, if a continuous processing is desired, this
approach is not practical. A continuous processing is cost effective, since very low gas
flow rates are usually employed and shorter cycles times are required due to the higher

kinetics offered by a triode layout(zo’sg).

It seems to be possible to improve the adhesion of duplex coatings by carrying out
intermediate treatments between plasma nitriding and coating deposition" "', If these
two processes are properly combined and carefully controlled, in a way to avoid
compound layer destabilisation, good adhesion strength can be achieved, since the hard
compound layer + diffusion zone will improve the load support capability of the
substrates. A duplex coating with a dense compound layer would be particularly useful
in corrosive environments, since the iron nitride layer could block the localised attack

which takes place throughout the PVD hard coating"' %%,

3.1.6. The BAI 640R equipment

The BAI 640R is a triode ion plating system commercially manufactured by BALZERS.
It is a 0.640m" stainless vacuum vessel equipped with a high vacuum pumping system.
A rotary vane vacuum pump and a roots pump are connected to the chamber to create a
pre-vacuum of 10" mbar. An oil diffusion pump is used to obtain the working pressure.
A constant voltage power supply (TCR) can be connected to a rotating table to bias the
substrates (diameter of 0.6m, rotation period of 10s). A constant current low voltage
thermionic electron source (GL73) with a tungsten filament 1s used for enhancing the
ionisation of the plasma (ionisation chamber). The metal is evaporated by means of a
high voltage thermionic e-gun (EHV) that has a maximum power of 11KW. The

electrons are emitted by a tungsten filament and are bent over 270° to the copper
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crucible. The copper crucible has a diameter of 0.070m and rotation period of 40s. The
chamber pressure is measured by a capacitance gauge, the Baratron of MKS
Instruments. Gases are admitted into the chamber by mass flow-controllers from MKS
Instruments. The temperature is measured with a K-type thermocouple attached to-the
sample/substrate holder surfaces. There are two cooling systems: the first-operates with
cold water (< 285K) to cool down the diffusion pump and the second operates with
warm water (318-323K) which circulates into the cooper crucible, auxiliary anode,
ionisation chamber and chamber door. The BAI 640R operates at different
configurations during coating production: heating mode, etching mode and coating

mode.

Heating Mode

In the heating mode (see figure 3.6), the substrate holder or rotating table (anode) is
connected to the positive terminal of the LV electron source (GL73) to attract the
electrons. The substrates can be heated up to 773K. Normally, the argon pressure is
2.5%10 mbar (0.25Pa) and the heating time is around 15 minutes. The samples are also

degassed during this mode.

Substrate holder

Ar TCR

l lonisation

VIrc LV electron
Auxiliary source

anode

r Crucible
| L

Figure 3.6 — Schematic drawing of the BAT 640R equipment in the heating mode. The

dashed line represents the path of the electron beam.
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Etching Mode

The substrate holder is connected to the negative terminal of the TCR power supply to
attract the ions, while the electrons are attracted to an auxiliary anode that-is connected
to the positive terminal of the LV electrons source (GL73), see figure 3.7./In this mode,

possible contamination on the substrates is sputtered by an argon plasma.

e
Substrate holder [Subs‘ =
i — % T
— {| — A v TCR
BIAS
+
Ionisation chamber

[ e ey

—_
- 7 s Arcy
N s Vv s LV electron
Auxiliary / source

anode ,/ Filament

Crucible

[eem] L

o EHV | —

-
Figure 3.7 - Schematic drawing of the BAI 640R equipment in the etching mode. The

dashed line represents the path of the electron beam.

Coating Mode

In the coating mode the substrate holder is connected to the negative terminal of the
TCR power supply (see figure 3.8) to attract the ions, while the electrons are attracted to
the evaporation crucible which is connected to the positive terminal of the LV electron
source (GL73). At the evaporation crucible, the metal is melted by means of the HV
electron gun (EHV). In this configuration, the so-called ion plating mode, ion

bombardment of the substrate is continued, whilst coating material is simultaneously

deposited.
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Figure 3.8 — Schematic drawing of the BAI 640R equipment in the coating mode. The

dashed lines represent the path of the electron beams.

3.2. Experimental Procedure

3.2.1. Materials

An AISI H13 tool steel was chosen to be the substrate of this work. This choice was
based on a promising application of duplex coatings onto AISI H13 shear knives which
are used to cut steel ingots during a continuous ingot casting process. At this first stage,
32 5mm x 6.0mm discs were machined to be plasma nitrided and subsequently coated
with TiN in the BAI 640R equipment. No heat treatment was carried out in the discs,
that is, the steel was used in an annealed (spheroidised) condition. At this first stage, the
aim was to successfully perform plasma nitriding and duplex treatments in the ion
plating equipment. In the procedures described in the next chapters, however, the

substrates will be hardened and tempered AISI H13 steel.
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The nominal chemical composition of the AISI HI13 tool steel is shown in
table 111791,

Table IIL1 — Nominal chemical composition of AISI H13 tool steels!** %

Element %
{ 0.35
Cr 5.00
\Y% 1.00
Mo 1.50
Fe 92.15

3.2.2. Surface preparation

Disc specimens were ground by 100, 240, 320 and 400 mesh SiC papers before plasma
nitriding and TiN coating. The surface roughness (R, value) was assessed using a
Taylor-Hobson SURTRONIC 3+ portable roughness analyser. Six measurements were
taken parallel to the grinding direction and six measurements were taken perpendicular

to it.
3.2.3. Plasma Nitriding

In order to optimise the hardness and thickness of the nitrided layer before producing a
duplex TiN coating, two steel discs were plasma nitrided in the BAI 640R equipment,
using a triode configuration. The specimens named “disc 1” and “disc 2” were plasma
nitrided for 2 and 3 hours, respectively. Plasma nitriding was performed in the etching
mode, using a 60%Ar — 40% N, plasma. The process parameters were kept constant in
both runs, except that the treatment time was increased from 2 to 3 hours. Nitriding
treatment was carried out in sequential steps: 1. pumping down the chamber until an
ultimate pressure of 2x 10 mbar (2><10'3Pa) was reached; 2. heating the samples in an

argon plasma; 3. sputter cleaning in an argon plasma; 4. plasma nitriding in an argon-
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nitrogen plasma; 5. cooling (nitrogen gas). The process parameters related to these steps

are given in table IIL.2.

Table II1.2 — Plasma nitriding parameters of AISI H13 substrates

1. Pumping 2. Heating 3. Sputter cleaning 4. Plasma nitriding 5. Cooling
(heating mode) (etching mode) (etching mode)
Py=2x10°Pa  Prom =Pa,=2.5x10"Pa  Proa =Pa =2.4x 10'Pa  Pryy =4.0x107'Pa Py, = 1.0x10'Pa
(2x10°mbar)  (2.5x10”mbar) (2.4x10mbar) (4.0x10"mbar) (1.0x10’mbar)
Iftamen: = 200A Lttamen: = 200A Py, =2.4x10"'Pa Time = 10 minutes
L. = 180A Iae = 150A (2.4x10 mbar)
Vare = 43V K
Ve = 41V P, = 1.6x10"'Pa

Ar flow = 105sccm
VBIAS = -200V

Ar flow = 120sccm (1.6x10mbar)

Time = 15 minutes

ISubstrdte =-2. 1A Iﬁlamcm =200A
T = 683K (410°C) Time = 5 minutes Tare = 150A
T=661K (388°C) V=45V

Ar flow = 105sccm
N, flow= 70sccm
Viias = -250V
Isubstrare = -2.0A

Time = 120 /180 minutes
T=683-693K (410-420°C)

Note: The gas flow reading is in standard (0°C and 1 atm) cubic centimetres per minute (sccm). The SI unit is in

pam’s" The conversion to the SI unit (Pa m’ 5"} is done by Iscem=1atm cm’ min'= 1/600Pam’s'=1/79Torr | 5.

3.2.4. Characterisation of plasma nitrided samples

X-ray diffraction (XRD) was performed using a Philips PW1710 diffractometer to
identify the phases which had been formed during the plasma nitriding treatment. This
technique is particularly useful in determining whether or not a compound layer was
formed on the nitrided steel surface. The radiation used was Cu-K, (A=0.154056nm)
and the diffractograms were recorded by scanning the samples at a 20 step of 0.02° per

second from 0 to 100°.
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SEM (Scanning Electron microscopy) investigations and EDS (Energy Dispersive
Spectroscopy) analyses were carried out on polished cross-sections of plasma nitrided
samples, using a JEOL JSM-35C scanning electron microscope and a VOYAGER 3050
scanning electron microprobe. Polished cross-sections were prepared according to
metallographic procedures described in the literature"®”. Specimens were cut with SiC
abrasive discs, mounted in an acrylic resin (Epofix from STRUERS) and thin steel
plates were used for edge retention. Grinding was accomplished by using 240, 400, 600
and 1000 mesh SiC papers and polishing was performed with 9, 3 and 1um diamond
pastes. Polished samples were chemically etched with Nital (4%) before SEM
observation. A FUTURE TECH FM-1 microhardness tester was used to evaluate the
Knoop hardness of the nitrided surfaces. A load equal to 9.81x10”N (10gf) was
employed. Knoop hardness measurements as a function of the depth from the surface
were also performed under a load of 9.81x10™N (10gf). Therefore, the hardness profile
of the nitrided layer as well as its thickness could be determined for the different

treatment times (2 and 3 hours).
3.2.5. Duplex treatment

AISI H13 discs were nitrided for 2 hours in a 60%Ar — 40% N, plasma and coated with
a TiN coating in the Balzers industrial-size triode ion plating equipment. As previously
carried out for nitriding, the chamber was pumped down to 2x10”Pa (2x10°mbar) and
the samples were heated in an Ar plasma, followed by a sputter cleaning step, plasma
nitriding, coating deposition and cooling. The process parameters of the duplex
treatment are given in table IIL.3. A Ti interlayer was deposited for 1 minute, just before
starting TiN deposition. Coating deposition was initiated immediately after plasma
nitriding, that is, no cooling in vacuum or plasma etching was performed between

plasma nitriding and coating.
3.2.6. Characterisation of the duplex TiN coating

Duplex-coated samples were characterised by XRD, SEM, EDS and Knoop

microhardness measurements, as previously described for the nitrided samples. XRD
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measurements were performed with a Cu-K, radiation (A=0.154056nm). The samples

were scanned stepwise (20) at intervals of 0.02° per second from 0 to 100°.

Table II1.3 — Deposition parameters of the duplex TiN coating

Heating

(heating mode)

Sputter cleaning

(etching mode)

Plasma nitriding

(etching mode)

Coating Deposition 5. Cooling

(coating mode)

pTotal i PAr =2.5% lO'lPa

(2.5%10” mbar)
Ifitament = 200A

[are = 180A

Vare =41V

Ar flow= 120sccm
Time = 15 minutes

T = 685K (412°C)

Prow = Par = 2.4x107'Pa

(2.4x10 mbar)
Igiament = 200A

Iare = 150A

Vare = 43V

Ar flow = 105sccm
Vaias = -200V
Tgubstrate = -2- 1A
Time = 5 minutes

T = 665K (392°C)

Prow = 4.0x10"'Pa
(4.0x10~ mbar)
P, =2.4x10"Pa
(2.4x10" mbar)
Py, = 1.6x10"'Pa
(1.6x10”mbar)
Iiament = 200A

Tare = 150A

Vi = 4TV

Ar flow = 105sccm
N, flow = 70 sccm
Vpias = -250V
Isubstrate = -2.0A

Time = 120 minutes

T = 683-693K
(410-420°C)

Ti interlayer*
Pa = 1.2x10"'Pa
(1.2x10” mbar)
Ifiiament = 200A

[are = 100A

Vare =48V

Vgias = -110V
Isubstrate = -2.0A
Lemission = 0.40A
Time = | minute
TiN coating
Prraar= 1. 7% 10" P
(1.7x10mbar)

Ar flow = 48 sccm
N, flow = 140 sccm
Iiiament = 200A

[are = 100A

Upre =47V

Viias = -110V
Isubstrare = -2.0A
Lemission = 0.40A
Time = 60 minutes
T=669-683K
(396-410°C)

Py, = 1.0x10%Pa

(1.0x10*mbar)

Time = 10 minutes

Knoop microhar

order to determine the thickness of the nitri

* Usually a 0.1-0.2pm thick Ti interlayer is produced under these conditions.

dness measurements were taken under a load of 9.81x10”N (10gf) in

ded layer. A load of 4.90x10™'N (50gf) was
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employed to characterise the surface hardness. Polished cross-sections were observed in
the SEM. Duplex-coated samples were cut with a diamond disc and mounted in an
acrylic resin (Epofix from STRUERS). The mounted sample was cut again with a
diamond disc to remove the resin from the cross-sectional surface, which-gave-a
sufficiently smooth finishing. Previous metallographic preparations had. failed, since
nearly all the coating had been removed from the steel surface. It is strongly
recommended to avoid large grit sizes when preparing thin, hard PVD coatings"' .
Therefore, grinding was carried out by using 600 and 1000 mesh SiC papers only.
Specimens were polished with 9, 3 and 1pm diamond pastes and then chemically etched

with Nital (4%).

A CSEM Revetest scratch tester was used to evaluate coating adhesion. The scratch test
has been extensively used for adhesion assessment®"'%""Y In this test, a diamond
(Rockwell C) stylus traverses the coated surface. The applied normal force is increased
continuously or stepwise until the coating is detached. The normal force at which
coating failure occurs is known as the critical load, L.. Two critical loads are usually
recorded: the first one, Lci corresponding to cohesive failure (i.e., failure within the
coating) and the second, Lca, corresponding to coating detachment (adhesive failure).
Coating failure can be detected by a sudden increase in acoustic emission (AE) or
tangential friction force (F,) readings, or by a post-test examination using SEM or light

optical microscopy (LOM).

Scratch testing was performed using a 200pm Rockwell C stylus, a continuously
increasing normal load (load rate, 100N/min) and a scratching speed of 10mm/min.
Acoustic emission (AE) and tangential friction force (F,) were recorded versus the
normal load. All results are the average values of three measurements and the samples
were observed, after each scratch, by scanning electron microscopy in order to
determine the critical loads Lci and Lea. The critical load L¢; was taken as the load at

which first exposure of the substrate occurred.
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coating failure occurs is known as the critical load, L.. Two critical loads are usually
recorded: the first one, Lci corresponding to cohesive failure (i.e., failure within the
coating) and the second, Lca, corresponding to coating detachment (adhesive failure).
Coating failure can be detected by a sudden increase in acoustic emission (AE) or
tangential friction force (F,) readings, or by a post-test examination using SEM or light

optical microscopy (LOM).

Scratch testing was performed using a 200pm Rockwell C stylus, a continuously
increasing normal load (load rate, 100N/min) and a scratching speed of 10mm/min.
Acoustic emission (AE) and tangential friction force (F;) were recorded versus the
normal load. All results are the average values of three measurements and the samples
were observed, after each scratch, by scanning electron microscopy in order to
determine the critical loads L1 and Lea. The critical load L¢; was taken as the load at

which first exposure of the substrate occurred.
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3.3. Results and Discussion

3.3.1. Characterisation of the substrate

The surface roughness (R, value) of AISI H13 disc substrates is shown in table II.4.
The surface preparation (grinding) was quite uniform in all samples, since their R,
values are statistically similar. The substrate hardness (see table IIL.5) is particularly

low, as expected for an annealed tool steel.

The microstructure of the steel substrate, which is shown in figure 3.9, consists of
uniformly dispersed spheroidised carbides in a matrix of Widmanstatten’s ferrite. This
microstructure surely comes from an annealing treatment. XRD analysis (see figure
3.10) indicated the presence of a-Fe and Cr;C; phases. Therefore, the carbides which
can be seen in figure 3.9 are likely to be Cr;C; carbides. If there are carbides of different
alloying elements, their concentration is below the minimum that can be detected by the
XRD analysis. This finding agrees with results from vertical sections of Fe-Cr-C alloys
containing 5% chromium (ie. AISI HI3 steels)™™. The equilibrium structure at
ambient temperature is expected to be M;Cs carbides in a matrix of ferrite, where M
designates a transition metal. The M-,C; carbides are likely to occur with transition
metals such as chromium and manganese(loo). Since the AISI H13 steel does not contain

Mn, it is quite reasonable to assume that the only carbides present in the steel are Cr;Cs.

Table 1114 — Surface roughness of AISI H13 discs

Specimen R, (um) C.L (95%)

Disc 1 0.078 [0.067, 0.089]
Disc 2 0.075 [0.065, 0.085]
Disc 3 0.075 [0.063, 0.087]
Disc 4 0.076 [0.065, 0.087]

e -
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Table IIL.5 — Vickers microhardness of the annealed AISI H13 substrate

HVo.1 C.1(95%)

288 [278, 298]

Figure 3.9 — Microstructure of the AISI H13 steel substrate.
Nital etchant (4%). SEM.

EDS analyses, which were carried out at 3 different areas of the AISI H13 steel, are
shown in table IIL.6. Results indicate the presence of Cr, V, Mo and Fe at compositions
expected for the AISI H13 tool steel (see table IIL.1). The EDS analyses also detected

Si. According to the nominal chemical composition given by the UNS, this element can

0
be present at percentages from 0.80 to 1.20%"V.
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Table IIL.6 — EDS analyses at 3 different areas of the AISI H13 steel substrate.
Area 1 Area 2 Area3
Element % Element % Element %
Cr 5.69 Cr .00 Cr 6:09
\Y% 1.07 \Y 0.86 \Y% 0.95
Mo 1.13 Mo Gl Mo 1.18
Fe 91.23 Fe 91.06 Fe 91.08
Si 0.88 Si 0.82 Si 0.70
Note: C could not be detected by the EDS analyses.
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Figure 3.10 — X-ray diffractogram of the AISI H13 steel substrate.
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3.3.2. Characterisation of plasma nitrided samples

X-ray diffractograms of plasma nitrided steels for 2 and 3 hours are shown in figure
3.11. The diffractogram of the 2h plasma nitrided sample is very similar. to.the
diffractogram of the untreated AISI H13 steel (figure 3.11), apart from some few peaks
corresponding to the e-Fex.3N and CrN phases. There is an extensive line broadening of
major ferritic peaks (designated as a-Fe) and Cr carbides seem to be converted to
chromium nitrides. It was not possible to detect the y’ iron nitride, FesN, by XRD. This
result indicates that a plasma nitriding treatment for 2 hours yielded a thin mono-phase ¢
compound layer. The presence of g-Fe; 3N and CrN can also be observed in the
diffractogram of the 3h plasma nitrided sample. However, there are more ¢-Fe, ;N and
CrN peaks in this diffractogram and some peaks correspondihg to a-Fe are not present
anymore, indicating that the mono-phase g-Fey.3N compound layer is probably thicker
in this sample than the one which was formed for a treatment time of 2 hours. The 3h
plasma nitrided sample shows the presence of an iron oxide, Fe,O3 (maghemite-Q). The
XRD analyses indicate that it is feasible to carry out a plasma nitriding treatment in the
Balzers triode ion plating equipment. The plasma nitriding parameters that had been set
led to the formation of a mono-phase €- Fe,.3N compound layer. This compound layer

could be identified on both 2h and 3h plasma nitrided samples.

SEM photomicrographs on metallographic cross-sections are shown in figures 3.12 and
3.13. For a 2h-treatment time, the thin € compound layer is clearly seen (figure 3.12). Its
thickness is around 1.0-1.2pm. Unfortunately the € compound layer cannot be identified

in figure 3.13, due to edge effects. However, XRD results indicated its presence for a

3h-treatment time.
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Figure 3.12 — Polished cross-section of a 2h plasma nitrided sample.

Nital etchant (4%). SEM.

Figure 3.13 — Polished cross-section of a 3h plasma nitrided sample.

Nital etchant (4%). SEM.
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Figure 3.14 shows the dependence of hardness on the treatment time. The maximum

hardness values are obtained for a 2h-treatment time. After a 3h-treatment time there is

a considerable decrease in the hardnes

s of the diffusion zone, which is probably due to

coarser precipitates being produced for longer treatment times. Both treatment’ times

yielded similar surface hardness values, which can probably be attributed to the €

compound layers that were formed on

yielded 35-40pum thick nitrided cases.

both nitrided steel surfaces. Both treatment times

For cutting and forming tool steels, the nitrided

depth should not exceed 50pm in order to minimise embrittlement of the outer case

resulting from nitriding, especially at sharp edges

(16,18)

nitrided AISI H13 steels.

EDS analyses were
specimens. These analyses, which we

are shown iIn ta
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Figure 3.14 — Influence of the treatment time on the Knoop hardness profile of plasma

performed on metallographic cross-sections of plasma nitrided

re carried out at 10 and 40 pm from the surface,

ble 1I1.7. Two spots Were analysed per each microprobe position.
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Specimens nitrided for 2 and 3 hours show a slight increase in chromium concentration
at 10um from the surface; such increase may be related to the formation of CrN
precipitates in the diffusion zone. The difference in chromium content, recorded for
both probe positions, is rather small (around 1%). EDS accuracy is thought to be

0.5-1.0%. Hence, the recorded increase in chromium concentration might not be

significant.

Table IT1.7 — Spot EDS analyses at 10 and 40pm from the surface. The numbers 1 and 2

indicate two different analyses that were performed at a fixed probe position.

Plasma nitrided for 2 hours Plasma nitrided for 3 hours
10 um from the 40 pm from the 10 pm from the 40 pm from the
surface surface surface surface
1 1 1 1
Element % Element % Element % Element %
Si 1.15 Si 1.03 Si 1.16 Si 1.10
\' 111 \Y% 1.12 Vv 1.05 \Y% 1.07
Cr 6.06 Cr 5.28 L 6.13 Cr 5.03
Fe 90.06 Fe 90.90 Fe 89.82 Fe 91.89
Mo 1.35 Mo 1.18 Mo 1.39 Mo 0.91
S 0.26 S 0.49 S 0.45 S 0.00
2 2 E 2
Element % Element % Element % Element %
Si 1.10 Si 1.19 Si 1.04 Si 107
\Y% 1.16 \% 1.24 \ 1.15 V 0.90
Cr 6.30 Cr 498 Cr 6.41 Cr 533
Fe 89.86 Fe 90.39 Fe 89.87 Fe 90.83
Mo 1.28 Mo 1.40 Mo 1.53 Mo 1.10
S 0.30 S 0.80 S 0.00 S 0.77
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In duplex coating processing, the main task of the nitride case is to increase the load
bearing capacity of steel substrates. Since a 2h nitriding treatment yielded a harder
nitrided layer and the same case thickness that was obtained for a 3h treatment time, it
was decided to plasma nitride AISI H13 substrates for 2 hours before depositing a TiN

coating.

3.3.3. Characterisation of the duplex TiN coating

Figure 3.15 shows the X-ray diffractogram of the duplex TiN coating. Diffraction peaks
belonging to TiN, Ti, Fe, Cr,C; and FeysN (g) are present. Again, plasma nitriding
yielded a mono-phase € compound layer. This compound layer 1s probably thin, since
small peaks corresponding to the ferritic substrate and carbides are observed. In addition
to the dominant peaks corresponding to stoichiometric TiN, some small Ti peaks are
present. The latter peaks probably correspond to the 0.1-0.2um titanium interlayer that
was deposited. The TiN coating has a (1 1 1) preferred growth orientation, although
(200),(220),(311),(222) and (4 0 0) TiN diffraction peaks can also be observed.

Polished cross-sections of the duplex TiN coating are shown in figures 3.16 and 3.17. In
both micrographs, a 1pm thick compound layer can be seen beneath the 3 pm thick TiN
coating. No black layer is observed at the TiN/nitrided layer interface, which means that
the € compound layer was not destabilised during the duplex treatment. Since the TiN
deposition temperature was held below 723K (see table III.3) and no plasma etching
was performed between plasma nitriding and coating deposition, compound layer

destabilisation would be very unlikely to occur under such conditions.
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Figure 3.15 — X-ray diffractogram of the duplex TiN coating.
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Figure 3.16 — SEM micrograph of the duplex TiN coating.
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Figure 3.17— SEM micrograph of the duplex TiN coating at a higher magnification.

Note that a lum thick, dense € compound layer was formed during the duplex

treatment.

Figure 3.18 shows the Knoop hardness profile that was obtained for the duplex TiN
coating. This profile is quite similar to that of the 2h plasma nitrided substrate (see
figure 3.14). The duplex treated AISI H13 also exhibits a 35-40pm nitrided layer
consisting of diffusion zone and mono-phase € compound layer. This indicates a good
reproducibility of the BAI 640R triode ion plating equipment. The surface hardness is
around 2500HK whilst a 900HK value is recorded for 10um below the surface.

Knoop hardness measurements under a load of 4.90x10"'N (50gf) are shown in table
[11.8 for the duplex TiN coating, 2h plasma nitrided and untreated (annealed) AISI H13

steel. Under such load, the TiN coating hardness can be measured without a large

contribution of the substrate.

Results show that the duplex treatment promoted a 6-fold increase in surface hardness
of an annealed AISI H13 substrate. By carrying out plasma nitriding, the substrate
hardness of an annealed AISTHI3 steel was increased by a factor 3. Such improvement

in hardness can be very interesting from a tribological point of view.
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Figure 3.18 — Knoop hardness profile. Duplex TiN coating.

Table I11.8 — Knoop hardness and its confidence interval (95%)

Material HKo .05 C.L (95%)
Duplex TiN coating 2433 (2328, 2538]
2h plasma—nitrided AISI H13 steel 1193 [1154, 1232]
370 {3635, 375]

Annealed (spheroidised) AISI H13 steel

In the scratch test, the duplex TiN coating did not show any adhesive failures under

loads up to 188N (maximum load achieved during the test), indicating that the nitrided

layer (mono-phase € compound layer + diffusion zone) was quite effective in improving

the load bearing capacity of a soft (annealed) substrate. The duplex coating exhibited
semi-circular cracks in the interior of the scratch channel (tensile cracks). In this mode,
semicircular crack traces arc parallel to the trailing edge of the indenter. These cracks
form as a result of the tensile stress present behind the trailing edge of the stylus; these
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stresses balance the compressive frictional stresses ahead. Tensile cracking is a failure
mode that characterises well-adherent coatings(m). The critical load L¢; was determined
as the normal load at which tensile cracks started to form on the coating surface. Figures
3.19 to 3.21 show different stages of a scratch that had been performed on-the duplex
TiN coating.

At the first stage, only tensile cracks can be identified inside the scratch channel (figure
3.19). As the normal load is further increased, external transverse cracks start to form at
the edge of the scratch channel (figure 3.20). At the end of the scratch, chipping of the
coating is also observed with tensile and external transverse cracks (figure 3.21). Since
the substrate had not been exposed up to a normal load of 188N (this was chosen as the
failure criterion), it was not possible to determine L¢; for the duplex TiN coating. L,

and its standard deviation are shown in table II1.9.

The duplex TiN coating has very good adhesion strength, as demonstrated by the
scratch test. The nitrided layer (¢ compound layer + diffusion zone) prevented
deformation of the substrate, increasing the load support for the 3pm thick TiN coating.
This duplex coating is expected to have a superior performance when compared to an
ordinary hard TiN coating, especially in applications where components are subjected to

severe loading.

Figure 3.19 - Tensile cracks (1) in the interior of the scratch channel. The arrow

indicates the scratch direction.
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Figure 3.20 — At higher loads, external transverse cracks (2) start to form at the edge of

the scratch channel. The arrow indicates the scratch direction.

3
~
e
”» °
ol [

(1), external transverse cracks (2) and coating chipping (3) can

exposed. Tensile cracks

be distinguished at this stage. The normal load at the end of scratch was 188N. The

arrow indicates the scratch direction.

Table II1.9 — Critical load Lci and its standard deviation

L (N) Standard deviation
48 + 2

e
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The compound layer did not have any detrimental effect on duplex coating adhesion.
According to the published literature, the presence of a soft black layer would surely
reduce the adhesion of duplex coatings®?*. The first results presented here-indicate
that it is possible to produce well-adherent duplex coatings by avoiding compound layer
destabilisation. It seems that the compound layer structure plays a key role on adhesion
behaviour. It is well known that dual-phase (g+y') compound layers are susceptible to
fracture at the interface between phasesm). Therefore, plasma nitriding treatments
which lead to the formation of mono-phase compound layers can be quite attractive for
duplex coating processing. A good adhesion reported here for duplex TiN coatings can

be attributed to the presence of a hard, dense, mono-phase € compound layer.

It would be interesting to compare the adhesion strength of duplex coatings consisting
of a TiN coating + mono-phase compound layer + diffusion zone and a TiN coating +
diffusion zone. Hence, a better understanding of the influence of compound layers on
adhesion behaviour of duplex coatings could be established. In chapter 4, the influence
of an intermediate treatment between plasma nitriding and coating deposition on
adhesion is reported. Duplex TiN coatings with different configurations (TiN + mono-
phase € compound layer + diffusion zone and TiN + diffusion zone) were produced in
order to characterise the influence of a compound layer on duplex coating adhesion. The
intermediate treatment also elucidates a systematic approach to avoid compound layer

destabilisation or produce duplex coatings which are compound-layer-free.

3.4. Conclusions

1. A low pressure plasma nitriding treatment in a 60%Ar-40%N, glow discharge
yielded a 1pm thick mono-phase € (Fe23N) compound layer and a 35-40um thick

nitrided case for treatment times equal to 2 and 3 hours.

2. For a 2h-treatment time, the hardness of the nitrided case was superior to that

achieved by a 3h-treatment time. However, the nitrided case thickness was similar
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for both treatment times. A 2h nitriding treatment improved the hardness of an

annealed AISI H13 by a factor 3.

3. A duplex treatment consisting of plasma nitriding for 2 hours and deposition of a
3um TiN coating exhibited a high composite hardness (2433HKj,0s).- The duplex
treatment also yielded a nitrided layer consisting of a 1pm thick, dense mono-phase
¢ (Fe,.;N) compound layer and a 35-40um thick diffusion zone. By carrying out this
duplex treatment on annealed AISI H13 steel substrates, the surface hardness was

increased by a factor 6.

4. The nitrided case improved the load bearing capacity of annealed AISI H13
substrates. The duplex coating did not show any adhesive failures under loads up to
188N, indicating that the nitrided case (compound layer + diffusion zone) increased
the load support for the TiN coating by preventing deformation of the substrate.
This also indicates that it 1s possible to produce well-adherent duplex coatings even

if a mono-phase compound layer is formed during plasma nitriding.

5. It seems that the presence of a compound layer is not detrimental for achieving good
adhesion strength on duplex coatings. If compound layer destabilisation is avoided,

well-adherent duplex coatings can be produced.

6. A mono-phase compound layer may have contributed for the good adhesion
observed. Dual phase (e+Y") compound layers are notably susceptible to fracture

because of weak bonding at the interface between phases.
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CHAPTER 4: EFFECTS OF AN INTERMEDIATE TREATMENT
ON ADHESION AND IMPACT RESISTANCE OF DUPLEX TiN
COATINGS

4.1. Background

Good adhesion between coatings and tool surfaces is essential for achieving a good
performance. For duplex coatings consisting of a plasma nitrided layer and a hard
PAPVD coating, this functional property can be very strongly influenced by the
presence of a compound layer. Leyland et al.® have shown that compound-layer-free
nitrided cases can be produced on ASP 23 tool steels, using a low pressure triode
plasma. However, if process parameters are carefully controlled in order to avoid the
destabilisation of compound layers, it may be possible to produce well-adherent duplex

coatings. Duplex coatings with compound layers seem to be particularly helpful in

: . . . (16,82)
improving corrosion resistance .

It has been proven that two process parameters play a key role in destabilising the

(13,23-

: 26.85) o _
compound layer: temperature and plasma etching . Therefore, it is interesting to

investigate the effects of both parameters on compound layer destabilisation. Such

investigation was carried out by performing an intermediate treatment between plasma

nitriding and coating deposition. The intermediate treatment consisted of cooling the
samples in vacuum down to 393K, subsequent plasma heating to a certain temperature

and sputter etching for different periods of time. The effect of this treatment on

adhesion and impact resistance of duplex TiN coatings was evaluated.
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4.2. Experimental Procedure

4.2.1. Materials and intermediate treatments

AISI HI13 coupons (25mm x 25mm X 6mm) were quenched and- tempered to
(55+2)HRC. Samples were mechanically ground and polished to R,=(0.00540.001)pm.
Plasma nitriding and coating deposition were performed in a Balzers BAI 640R
equipment by means of a continuous process. After heating and cleaning, specimens
were plasma nitrided in a 60% Ar - 40% N, plasma for 2 hours. The process parameters
used here were the same ones given in table IIL.2. Afterwards, an intermediate treatment
consisting of cooling in vacuo, subsequent heating and plasma etching, both in Ar
plasmas, was carried out. Then a 0.1-0.2um thick Ti interlayer was deposited onto

pre-nitrided substrates followed by TiN coating for 1 hour. The coating process

parameters are shown in table III.3.

The intermediate treatment consisted of:
1. cooling the samples in vacuum down to 393K after plasma nitriding;

2. heating the samples in Ar plasma until the desired temperature was reached;

3. plasma etching in Ar plasma, using a bias voltage of —200V.

The heating temperature and etching time were varied from 553 to 773K and 0 to 20

minutes, respectively. Four samples were produced, as follows:

e sample 1: heating temperature = 673K, etching time = 10 minutes;

e sample 2: heating temperature = 573K, etching time = 0 (i.e., no etching step was

performed and coating deposition started straightaway);

 sample 3: heating temperature = 773K, etching time = 20 minutes;

During the etching step and subsequent coating deposition, the temperature was kept

o el € rom an ionisation-enhanci ilz
constant by adjusting the emission current f ancing filament

housed in a separate chamber on the side of the deposition chamber. This has the effect

of increasing the degree of jonisation occurring and therefore the ion current to the
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substrate (which, together with the substrate bias, determines the plasma power which

heats the substrate).

A single-layered TiN coating (i.e., without plasma nitriding) was-also produced for
comparison. Hardened and tempered AISI HI3 coupons (25mm x“25mm x" 6mm,
55+2 HRC, R,=(0.005+0.001)pm) were plasma heated, sputter cleaned and then coated
with a 0.1-0.2um Ti interlayer followed l?y TiN. The coating parameters were the
standard ones used in chapter 3 (see table IIL.3). The TiN coating was also subjected to

scratch and impact tests.
4.2.2. Structural characterisation

The layer structure of the TiN-coated nitrided steels (samples 1-4) was investigated by
scanning electron microscopy (Cambridge S200 scanning electron microscope) in a

cross-sectional view. The samples were mounted in a resin which allowed edge
retention (Durofix from STRUERS) and ground with 45pm and 14pm diamond
suspensions. Diamond pastes Of 6, 3 and lum were used during polishing. The

specimens were chemically etched with Nital (4%).

4.2.3. Scratch testing

The scratch resistance was assessed using a commercial scratch adhesion tester (VTT

scratch tester). Tests were carried out using a 200um Rockwell C stylus and a

continuously increasing normal force (10Nmm™). Both Le; and Lea (loads for cohesive

and adhesive failures respectively) were determined from a set of 3 scratches on each

- ; irst exposure of the substrate ¢
sample. Le, was taken as the load in which the first exp could be

(SEM), acoustic emission (AE) and tangential

1 and Lea.

identified. Scanning electron microscopy

force (F,) measurements were used to determine Le
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4.2.4. Impact testing

Impact resistance was investigated using a relatively new impact test%47)In‘this test:
the surface of a solid body is stressed periodically at a defined point by impacts of a
hard sphere. Impact force, impact frequency and number of impacts are imposed via a
control system (for details, see chapter 7). A tungsten carbide ball (grade 25 from
SPHERIC) 6mm in diameter was used as the impacting body. The normal impact force
and frequency were set, respectively, to 900N and 8Hz while the number of impacts was
varied. Each sample was subjected to 3 tests with 10°, 10* and 5x10* impacts in
unlubricated conditions. The tungsten carbide ball was always changed after carrying
out a defined number of impacts and its surface, as well as the coating surface, was
cleaned with acetone. After the test, samples were observed on the scanning electron
microscope (Cambridge $200) in order to investigate coating failure. Energy Dispersive

X-Ray Analyses (EDX) were performed on the impact craters by a Link Analytical
QX2000 X-Ray Analyser.

4.3. Results and Discussion

4.3.1. Interfacial nitrided layer/coating structure

SEM photomicrographs of samples 1,2, 3 and 4 are shown in figure 4.1. All samples,

apart from sample 2 (etching time = 0), are compound-layer-free. The compound layer

is 1.0-1.2um thick (sample 2), as previously reported in chapter 3 for this set of

parameters during plasma nitriding, using the Balzers triode ion plating equipment. This
o
suggests that good I.eproducibility can be achieved through a proper control of process
ey )

parameters.

Although the etching/coating temperature Wwas relatively high for sample 3, the

sputter/etch step removed the thin compound layer that was produced on the surface. Ar

plasma etching at a substrate voltage of 200V was able to remove the compound layer
o

in all samples that were subjected to such treatment, for both etching times of 10 and 20
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minutes. Sample 2 does not exhibit any black layer, indicating that the compound layer
was not destabilised during coating deposition. Although XRD analyses have not been
carried out on these samples, a mono-phase € compound layer was probably produced
on sample 2. In the same way, a diffusion zone of 35-40pm is expected for sample 2,
since plasma nitriding parameters Were similar to the ones used in chapter-3./The other
samples (1, 3 and 4) are expected to have thinner diffusion zones due to the sputter/etch
step that was carried out during the intermediate treatment. Probably samples 3 and 4,

which were etched for 20 minutes, have relatively thinner nitrided cases than sample 1

(etched for 10 minutes).

Y ok

TR A oy SN NI S PN
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Figure 4.1 — Cross-sectional views of (a) sample 1, Theaing=073K, teiching=10min;

(b) sample 2 T}waling=573Kv tctchingzomm; (c) sample 3, Theating=7 73K, teiching=20min and

(d) sample 4, Thea g:573K tacmng=20min- Note that a compound layer, without any
\ y eatin Y
2. SEM.

black layer, can be seen only in sample
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Destabilisation was mainly avoided by keeping the temperature below 723K. Obviously
this temperature depends on the steel grade; temperatures around 723-743K have been
reported as the temperature range at which a black layer could be produced in-low alloy
steels!>#?_ Coating thicknesses, determinéd by SEM, are given in table IV.1. Samples
1,2 and 3 have similar coating thicknesses whilst sample 4 has a coating thickness
around 0.5pm thinner than the other samples. Although coating time was kept constant
in all runs (1 hour), the difference can be attributed to a different positioning of the
samples inside the PAPVD chamber. Sample 4 was positioned 0.2m further away from

the vapour source than the others.

Table IV.l1 — Coating thickness-of duplex coated samples which were subjected to an

intermediate treatment

Sample  Thickness (um) C.L (95%)

1 1.68 [1.64, 1.72]

2 176 [1.66, 1.85]

3 1.74 [1.68, 1.80]

4 113 [1.03, 1.23]
4.3.2. Adhesion

Results of the scratch tests are shown in figure 4.2 and table IV.2. All duplex coatings

exhibited a similar scratch behaviour, independent of having a nitrided layer consisting

of a diffusion zone only or a mono-phase € compound layer + diffusion zone. Coating

failure mode was characterised by tensile cracking, a failure mode commonly found in

well-adherent coatings“m. At high loads (i.e., >100N), substrate exposure occurred in

all samples. This load was used as the critical load Lca, while Ley was the critical load at

which tensile cracks started to form.
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S

Figure 4.2 — Results of the scratch test on (a-d) duplex TiN coatings and (e) single-

layered TiN coating. The nitrided layer comprises only a diffusion zone in (a) sample 1,

(c) sample 3 and (d) sample 4. Sample 2 (b) has a ~1.0-1.2um thick mono-phase

e-Fey.3N compound layer + diffusion zone. Arrows indicate the scratch direction.

The critical loads Lci and Lc, are quite similar for all duplex-coated samples. Sample 4

exhibits L and Lez values slightly lower than the other systems; however, such

difference is not statistically significant. The critical load Lc2 is lower than that of the
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duplex TiN coating (3um thick) which was firstly produced in chapter 3. The substrate
of that sample was not exposed up to 188N. Extrinsic parameters such as‘substrate
hardness, coating thickness, residual stress, coating and substrate” roughness can
influence the scratch test results® %, An increase of critical loads with thickness is
observed!”” and this can explain a relatively higher Lc, value for a 3.0pm thick TiN

coating in contrast to samples 1,2 and 3 (coated with a 1.7um thick TiN).

Table IV.2 — Critical loads Lcy, Lez and their confidence interval, C.I(95%)

Specimen Lci (N) C.L (93%) Lca (N) C.L (95%)
Sample 1 36.3 [31.8,40.7] 152.1 [143.6, 160.6]
Sample 2 37.7 [34.3,41.0] 152.8 [143.5, 162.1]
Sample 3 37.5 [33.1,40.7], 150.5 [143.4, 157.6)
Sample 4 35.4 [30.6, 40.3] 147.5 [141.4, 153.6]
TiN 25.7 [22.5,29.0] 52.3 [49.4, 55.2]

The presence of a mono-phase compound layer did not have any detrimental effect on
adhesion. Very good adhesion was observed on sample 2, indicating that it is possible to

produce a well-adherent duplex coating with a compound layer if process parameters

der to avoid its destabilisation. Since dual-phase compound layers

(33.46)
, a dense mono-phase

are controlled in or

. . ) : . hases
are susceptible to fracture at the interface between p

' ieving ¢ hesion strength close to th i
compound layer may have helped in achieving an ad 4 se to that which

was obtained with nitrided layers consisting of a diffusion zone only. A hard thin

8 & mation of the substrate, : i
compound layer + diffusion zone can prevent defor bstrate, as might

otherwise be the case for a diffusion zone only. The hardness of the compound layer,

being higher than that of the diffusion zone, should provide an additional resistance to

substrate deformation and hence, higher critical loads should be recorded. This was not

observed in the scratch test, since the adhesion strength is the same for nitrided layer

confieurations with Compound laver + diffusion zone and diffusion zone only.
5 [e u v
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In contrast to the duplex-coated samples, the single-layered TiN coating exhibits much
lower Le; and Le; values. The coating failure mode was not by tensile cracking. Instead,
the TiN coating showed flaking inside and along the edge of the scar. The scratch test
results indicate that a plasma nitriding treatment before coating 1is -quite effective in
increasing the load-bearing capacity of steel substrates. This was- effectively
demonstrated by higher critical load values that were recorded for all duplex TiN

coatings.

4.3.3. Impact resistance

Impact craters of all tested samples are illustrated in figure 4.3-4.5. Plastic deformation
of the sample surface occurred in all tests. In all coating systems, an increase of both

diameter and depth of the craters with increasing number of impacts was observed.

All TiN duplex coatings incorporating a diffusion layer (samples 1, 3 and 4), showed
circular cracks (a cohesive failure mode) even after 10° impacts (figures 4.3 and 4.4).

That was the main failure mechanism for those samples; coating delamination could not

be detected up to 5%x10* impacts. For hard brittle coatings, a high tensile stress in the

immediate vicinity of the impact causes the development of a large number of cracks in

the peripheral region of the impact crater. Cracks will arise when the hard coating is not

ductile and/or tough enough 10 accommodate the stress of deformation under the

indenter.

Sample 2, comprising a mono-phase € compound layer + diffusion zone, did not show

4 1 1 " N . , :
: 5 cts (figure 4.3). Besides, neither coatin
any circular cracks up 10 5%x10* impacts (f1g ‘

delamination nor cohesive failure inside the impact crater could be identified in this

‘ er T imps | to the surface can be clearly seen i
sample. Material transfer from the impact bal y in the

impact craters corresponding to 10* and 5%10* impacts. EDX analyses indicated the

presence of W in the bottom of these craters, confirming that material transfer from the

ball to the impact crater took place.
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A small area with coating delamination can be seen, in sample 3, after 10° impacts, at
the intermediate zone (figure 4.4). However, only circular cracks can be seen after 10*
and 5x10* impacts. The cohesive and adhesive failures at the intermediate zone should
increase with increasing number of impacts. This was not observed, indicating that this
small delamination after 10° impacts is probably related to a local area of the coating

with insufficient cohesive/adhesive strength, since no coating delamination occurred

after 10* and 5% 10" impacts.

. 3 . .
Single-layered TiN coating does not show any failure up to 10° impacts (figure 4.5).
The main failure of this coating occurred in the central zone with coating delamination
3 4. i . ‘
(exposure of the substrate material). Between 10° and 10" impacts, coating material

: e
starts to delaminate in the central zone of the impact crater. After 5x10" impacts,

coating delamination is more intense in the bottom of the crater. This coating did not

show any radial cracks oppositely to the impact behaviour that was identified in the

duplex coatings with a diffusion zone.

It seems that the diffusion zone, produced during plasma nitriding, helped in preventing

substrate deformation under the impact body (tungsten carbide ball). No failure at the

intermediate zone was observed in samples 1, 3 and 4. This zone corresponds to the

cohesive-adhesive failure of the coating under the build-up of shear stresses that arise

from plastic strain of the substrate during the ball indentation.
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Specimen Sample 1 Sample 2

97.1% 25KV WD 22MM  § 9e@ed P:e80i2 ; ES.4x 25K NDIIMM S 68909 P eavar.
8381} e B e

After 10°
impacts
9. 1% Mwsr.u w0 23mm  § 8ease P epa13 85,4X 25KV ND:'ISNM  5:90008 P:82029
2 ‘(4'_—_:——-————-—‘——W
4
After 10
impacts

After 5x10*

impacts

Figure 4.3 Impact craters (1 0’ 10* and 5><104) produced in sample 1 (nitrided case
comprising a diffusion zone) and sample 2 (nitrided case comprising a 1.0-1.2um thick
mono-phase & compound layer + diffusion zone). SEM. The elliptical shape of some

. - imaging.
Impact craters results from the tilt emPlOYed in the SEM 1imaging
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Specimen Sample 3 Sample 4
SRR s T
After 10 2 ki 2 e o
impacts > :
-
s ks ; =
4
After 10
impacts
SR
;ﬁ«"«v"' -
i 4
After 5x10
impacts e

' Impact craters (103 104 and 5><104) produced in sample 3 (nitrided case
Figure 4.4 - pac ) Y N | ‘
I diffusion zone) and sample 4 (nitrided case also comprising a diffusion
comprising a diffusi

| shape of some impact craters results from the tilt employed
cal sha

zone). SEM. The ellipti
in the SEM imaging.
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Specimen 'TiN coating

After 10°

impacts

After 10*

impacts

After 5x 10*

impacts

Figure 4.5 — Impact craters (103, 10* and. 5x104) produced in a single-layered TiN

coating. SEM. The elliptical shape of some impact craters results from the tilt employed

in the SEM imaging.

The hard € compound layer provided a more “efficient” load support to the TiN coating

than did the diffusion zone; this 1S probably due to the higher hardness of the former
when compared to the latter. Sample 2 (mono-phase £ compound layer + diffusion

y circular cracks in the peripheral zone or cohesive and adhesive

rral zones. Therefore, the compound layer did not

zone) did not show an

failures at the intermediate and cen

t on the impact resistance of duplex coatings. On the contrary,

have a detrimental effec
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its presence seemed to improve the resistance of TiN coatings to dynamic impact. Such
improvement can be achieved by producing hard, dense and mono-phase compound
layers that are able to act as a proper interface between harder, more brittle PVD
coatings and relatively softer, more ductile diffusion layers of plasma nitrided
substrates. As pointed out by Edenhofer(46), the usefulness of the compound layer of
normal structural steels depends on two factors: the homogeneity of the nitride layer
structure and the thickness of the layer. In dual-phase compound layers, containing a
heterogeneous mixture of € and vy’ phases, there are high inherent stresses in the
transitional region between the different lattice structures (hexagonal and f.c.c.,
respectively) which may give rise to micro-cracks if even a slight external stress is
superimposed. The brittleness of the compound layer produced by gas nitriding (always
dual-phase ¢ + y') and the less brittle compound layer of bath nitrided workpieces
(exclusively ¢ nitride) confirm the influence of layer homogeneity(46). As far as the

ed, it is well known that the ductility of the
(46)

thickness of the nitride structure is concern

ses with increasing layer thickness™’. Based on these two

iron nitride layer decrea

factors, it is obvious that the optimum properties will be produced when the compound

layer is mono-phased and of the minimum thickness necessary to meet specific

properties such as wear and corrosion resistance. It seems that a 1.0-1.2um thick mono-

phase & compound layer had a positive influence on increasing the impact resistance of

TiN coatings. It has already been reported, ho
50pm have shown a substantial decrease of the wear

wever, that nitrided cases (compound

layer + diffusion zone) thicker than

: 10.16,18)
ce of the increasing embrittlement' ,

resistance in consequen

Scratch and impact test results show that the presence of a mono-phase compound layer

is not detrimental to either adhesion of impact behaviour. In fact, a thin, hard, dense
mono-phase & compound layer seems to improve the impact resistance of duplex TiN
coatings. No differences in the adhesion strength of duplex coatings with different
configurations (TiN + mono-phase € compound layer + diffusion zone and TiN -+

diffusion zone) could be detected.
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4.4. Conclusions

I

An intermediate treatment between plasma nitriding and coating deposition;
consisting of cooling the samples in vacuum, subsequent plasma heating to
predefined temperatures and sputter etching for different periods®of time, was
effective in removing a mono-phase & (Fe23N) compound layer, either for etching
times equal to 10 or 20 minutes. If an Ar plasma etching was not performed and
coating temperature was held below 673K, the compound layer was not destabilised
and no black layer was formed. Therefore, the intermediate treatment elucidates a

systematic approach to avoid compound layer destabilisation and/or produce duplex

coatings which are compound-layer-free.

Scratch and impact test results indicate that a stable, mono-phase compound layer

does not have any detrimental effects on adhesion and impact resistance. Although

the critical loads determined for duplex coatings consisting of TiN + diffusion zones

were statistically similar to those obtained for a duplex coating consisting of TiN + ¢

compound layer + diffusion zone, it was found that the duplex TiN coating with a

hard, dense, mono-phase € compound layer + diffusion zone can outperform a

duplex coating with TiN + diffusion zone in impact tests.

The duplex coatings formed by TiN + diffusion zone presented circular cracks,

whilst the one with an € compound layer did not show any coating failure up to

5x10* impacts. If process parameters are carefully controlled in order to produce a

hard, dense, mono-phase compound layer, and destabilisation is successfully
A se, _pha

avoided, then it is possible O obtain duplex coatings with adhesion strength

3 enatings asma nitrided steels with a diffusion zone
comparable to PVD hard coatings on plas

only.

a duplex treatment, consisting of plasma nitriding and

Finally, it was confirmed that ~
‘ P ment in impact resistance and
. , -d a great improve
subsequent TiN coating, yielded a &
N Qi -1¢ ¢ g
scratch test critical loads Lei and Ly over d single-layered TiN coating.
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CHAPTER 5: PROMISING DUPLEX COATINGS FOR
TRIBOLOGICAL APPLICATIONS AT ELEVATED

TEMPERATURES

5.1. Background

PVD hard titanium aluminium nitride ((TLADN) and chromium nitride (Cr-N) coatings

have become extremely important technological materials for several industrial

applications. These coatings are successful alternatives to TiN in working processes at

: 3 31,11
elevated temperatures, since the latter starts to oxidise at about 7 TR PRI

The thermodynamically metastable, ternary-phase (Ti,A)N shows high microhardness,

high oxidation stability, low thermal conductivity and relatively low friction coefficient

against steel®""!'>'?". Because of these remarkable advantages, (TL,AIN coatings are

currently used for metal cutting operations such as drilling, milling and turning at high

speeds(! 12114122123 These coatings can also improve the corrosion resistance of steel

substrates''2*'29) Because of its high oxidation resistance and good thermal barrier

properties, (Ti,Al)N often has better wear resistance than TiN at elevated temperatures.

However, (Ti,Al)N coatings may be outperformed by TiN coatings in low sliding

speeds or in interrupted cutting processes, because of their brittleness and higher friction

coefficient.

xidising environment and above 973K, a dense, highly adhesive,

(Ti,A)N forms, in an 0
t its surface, preventing diffusion of oxygen to the coating

protective Al,O; film a

material, inhibiting furth
(120,122) At el
o dependent on the aluminium content. Coatings with a

er oxidation and reducing diffusion wear during high

w emperatures, the hot hardness of (Ti,A)N is
temperature machining evated temp

higher than that of TiN and is als i |
to have superior hot hardness' “”. The oxidation

higher aluminium content secm |
s of (Ti,Al)N coatings are also influenced by the

behaviour and mechanical propertie
(Ti,ADN coatings seem to generate a two-layer

aluminium content. During oxidation,

-rich layer (A120s | N
s with increasing aluminium content ) Best

) and an inner Ti-rich layer (Ti0,)"*”. The
structure, with an outer A

total thickness of the oxide layer decrease
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mechanical properties have been reported for coatings with a composition close to

TiO.SOAlO‘SON(l 1 7,120)‘

Chromium nitride (Cr-N) has been used as 2 hard coating material on steel substrates.
Industrial applications of Cr-N coatings include cutting and cold forming of Ni, Ti and

alloys (monel, inconels, etc), pressure die-casting of aluminium, corrosion and wear

(128-131)

protection of moulds, tools and components in the plastic industry , and for wood

machining(‘32)_ In general, Cr-N coatings are characterised by their fine-grained and low

stress structure, which allows deposition at much larger thickness (up to 10-25um) than

conventional PVD coatings of a few pm(m). For instance, Cr-N is used on tools made

of relatively soft substrates such as stainless steel, copper and aluminium alloys which

cannot provide enough support for the more brittle coatirigs"**'*”. Cr-N has been

nt than TiN under reciprocating sliding

reported to possess a lower friction coefficie
N (149

tests against steel'*?. Its hardness, however, seems to be lower than that of Ti

This nitride possesses two different crystalline phases: B-Cr;N (hexagonal structure) and

Cr-N coatings can be prepared with a structure of a single phase

CIN (f.c.c. structure).
d structure of Cr + CrN or CrpN + e} o

(CtN or Cr,N), or with a mixe

nitrogen partial pressure substantially affects phase formation and composition of Cr-N

(133-137) The appearance of different phases, depending on the location of the

coatings
(134 The structure and morphology of Cr-N

also detected

substrates in the plasma, was
on process and deposition temperature'*”. The

coatings also depend on the depositi
. 134-140) ; )
highest hardness values Were found for CrN and the highest internal
compressive stresses WeETe detected for CrN and CrN phases containing additional

nitrogen''*¥.

provide resistance to oxidation up to 973-1073K ! !4 136.141-

Cr-N coatings are reported t0
yer is formed on the top of the coating and further

1 :
At 723K14Y 3 protective Cr203 la
oxidation proceeds by progressive replacement of nitrogen by oxygen. At temperatures
pear at the sur
hase is better than that for Cr or C,N""". These

‘ 04 found that the oxidati
higher than 1073K, cracks ap face™*. It was found that the oxidation

resistance of coatings with the CINp
phancing ~ corrosion resistance of steel

Coatings are also well known for €
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mechanical properties have been reported for coatings with a composition close to

Tig soAly soN! 7120,

Chromium nitride (Cr-N) has been used as a hard coating material on steel substrates.
Industrial applications of Cr-N coatings include cutting and cold forming of Ni, Ti and

alloys (monel, inconels, etc), pressure die-casting of aluminium, corrosion and wear

(128-131)

protection of moulds, tools and components in the plastic industry _and for wood

e g(132). In general, Cr-N coatings are characterised by their fine-grained and low

stress structure, which allows deposition at much larger thickness (up to 10-25um) than

conventional PVD coatings of a few um'?. For instance, Cr-N is used on tools made

of relatively soft substrates such as stainless steel, copper and aluminium alloys which

cannot provide enough support for the more brittle coatirigs"**'*. Cr-N has been

nt than TiN under reciprocating sliding

reported to possess a lower friction coefficie
an that of TiNU!*?,

tests against steel™Y, Its hardness, however, seems to be lower th

This nitride possesses two different crystalline phases: B-Cr,N (hexagonal structure) and

Cr-N coatings can be prepared with a structure of a single phase

CiN (fc.c. structure).
d structure of Cr + CrN or CrpN + OO .

(CrN or Cr,N), or with a mixe

nitrogen partial pressure substantially affects phase formation and composition of Cr-N

(133-137) The appearance Of different phases,
JIso detected™?. The structure and morphology of Cr-N

coatings depending on the location of the

substrates in the plasma, was

coatings also depend on the deposition process and deposition temperature*”. The
134-140 . ,

highest hardness values Wwere found for Cer( ) and the highest internal

€es 1ni 343
compressive stresses Were detected for Cr,N and CrN phases contaming additional

nitrogen''*?,

provide resistance {0 oxidation up to 973-1073K '+ 136:141-

Cr-N coatings are reported t0 |
yer is formed on the top of the coating and further

143) a4 793K (149 5 protective Cr,0; la
nt of nitrogen by oxygen. At temperatures

oxidation proceeds by progressive replaceme
pear at the sur
phase is better than that for Cr or CryN"*%. These

| (143) 1t was found that the oxidati
higher than 1073K, cracks ap foce o

resistance of coatings with the CrN

known  for enhancing ~ corrosion resistance of steel

coatings are also well
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(145)

substrates(Mo’M""Mé') itl
. DGPOSIUOI'I of a metallic Cr interlayer electrol (
, ctroless Ni P
or

Improvem i i
ents on corrosion resistance of Cr-N coatings

Cr-N coati
oatings h
gs have proven to be more wear resistant than TiN coati
atings under

Slldl ( : 1) i 1 I
S

Strongl affe . onlE
) y affected by coating composition. It was observed that Cr-N coati
ontent high oy . ) atings with a
gher than stoichiometric CrN have relatively poor wear resist (153) o
ance' . N-rich

Cr-N coati have enh W oeffi
oatings I
gs hav anced wear resistance due to their low friction ¢ (15
efficient"*?

Hence i
, CrN coatings usually have higher wear resistance than Cr,N!*?

This ch :
. apter is focused on structural and mechanical characterisation of single-1
. , ' ngle-laye
plex (Ti,Al)N, Cr-N coatings. Several analytical methods such as glow di vered
optical emissi R ClEE
emission spectroscopy (GDOES), Knoop hardness measurements, scratch -
, scratch tests,

bee
n used to evaluate coating properties.

5.2. Experimental Procedure

S.2.1. Treatments

AISI HI13 quenched and tempered  steel discs (S5HRC, 25mm x 7.5
R'aZO.OOSiO.OOlp,m) were plasma nitrided and coated with Cr-N and (Ti,A)N 1 o
51.ng.1e operation. Single-layered Cr-N and (TL,ADN coatings (i.e., without Illaone
nitriding) were also prepared for comparison. All coatings were produced by :l)e:::
as performed in a 60%Ar-40%N, glow

b .

eam evaporation and plasma nitriding W

di

1scharge for 2 hours. Single-layered (Ti,ADN, duplex (TL,ADN and duplex Cr-N
r_

in a Tecvac [P35L equip
Tecvac IP70L equipment.

re, partial gas pressure, substr
e duplex TiN coatings in the Balzers BAI 640R

ment whereas single-layered Cr-N

coat]
atings were produced
The main process parameters

. '
lllgs EIE FI I ¢ 1 W

d 3 . 5
uring nitriding (total gas presst

on
es that had been used to produc
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equipment. How
Balzers and Tecj::r,i td:,ZSt(i) rr?eom.etrical differences in the PVD systems produced
related to the generation of chOSISIble .to keep all process parameters (especially. th &
raduging diples TN aset g ow. discharge) similar to the ones that were used Ry
utilises an ionisation ch lzgs. For instance, the Balzers triode lon plgik olfi -
- am -er to generate the plasma ond a triode confiet ?mer.lt
a third electrode (the auxiliary anode, see figure 83 f;;tl(;: 1S
7). Both

Tecva
¢ systems h 1
ave a biased tungsten filament to enhance ionisation i
ion in the plasm
a.

All coati
ngs were subjected to a '
sputter cleaning step follow
ed by plasma heati
eating in

argon before initi
- . : v
initiating coating deposition. These parameters are sh
shown in table
s V.1

and V.2,

Table V
.1 — Sputter cleani
ing parameters used during the producti
tion of single-la
-layered

and :
duplex (Ti,Al)N, Cr-N coatings

- Coating (Ti,ADN cr-N  Duplex (TLADN  Duplex Cr-N
Sprressure (Pa) 2.0 6.6><10'1 2.0 )
Temperatu:mm (A) 0.045 0.180 0.069 0.034

e (K) 683 641 683 651

Note: T w
:The s ( w 0
ubstrate is hi ; ‘ e
current is higher for the Cr-N coating because these samples were put in with
ith other tools i
Is in th

Production run

s deposited in all (Ti,A)N coatings. During th
e

A 0.1- : w
1-0.2pm  titanium interlayer wa
| emission spectroscopy) was used for settin
ga

position of these coatings, OES (optica

Ti/Al rati
ratio equal to 1. All duplex samples Were cooled in vacuum down to 473K
after

tion temperatures higher than 723K. Thi
23K. This

plaSm . v g .

a nitriding, in order t0 avoid deposi

sure that the compound layer, if formed
> €

interm .
ediate treatment was carried out to €n
ot be Jestabilised (see

as necessary to cool

chapter 4). As the nitriding temperatur
e

ing nitriding, would n
down the samples to avoid deposition

W P
as around 703-743K, it W
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temperatures higher than 723K. The deposition parameters of single-layered and duplex

coatings are given in table V.3 and V.4, respectively.

Table V.2 — Plasma heating parameters used during the production of single-layered and

duplex (Ti,Al)N, Cr-N coatings

Coating (Ti,AN Cr-N Duplex (Ti,A)N  Duplex Cr-N
Ar pressure (Pa) 3.0x10"  4.0x10" 6.5x10" 6.4x10"
Filament current (A) 58 49 58 58
Substrate bias (V) 1000 1000 1000 1000
Substrate current (A) 0.22 0.35 0.25 0.30
Ar flow (ml min™') 5 50 32 32
Temperature (K) 720 663 720 752

se these samples were put in with other tools in the

Note: The substrate current is higher for the Cr-N coating becau

production run.

Table V.3 — Deposition parameters ofsingle-layered (Ti,Al)N and Cr-N coatings

i Cr-N
Coating (Ti,ADN
21 -1
Total Pressure (Pa) 4.0-4.3x10 5.0x10
I 72
Filament current (A) 74-66 -
Substrate bias (V) 50 ros
Substrate current (A) 0.20-0.25 .2 :
Ar f] . 9 W
ow (ml min™) .
N2 ﬂOW ( i -1 60
et 723-773
Tem 723-753 -
perature (K) =
100

Deposition time (min)

‘ » es were put in with other tools in
Note: The i t is higher for the Cr-N coating because these sampl p the
: strate curren

Production run.
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Table V.4 — Deposition parameters of duplex (TLADN and Cr-N coatings

Duplex (Ti,A)N Duplex CrN

Plasma nitriding ~ Coating deposition  Plasma nitriding  Coating deposition
Total Pressure (Pa) 4.0-4.4x10" 4.1-4.3x10™ 4.0-5.0x10"! 3.9-4.2%10°"
Filament current (A) 80-75 65-60 85-80 80-78
Substrate bias (V) 250 50 250 50
Substrate current (A) 1.04-1.06 0.20 1.70-1.80 1.20-1.30
Ar flow (ml min™") 8 9 11 22
N; flow (ml min™) 5 60 7 49
Temperature (K) 723-743 573-698 703-723 663715
Time (min) 120 100 120 60

By o Analysis of the coatings

Single-layered and duplex coatings had their surface roughness (R, value) evaluated

ST profilometer. The coating phase composition was

a Philips PW1710 diffractometer with a Cu-K,

using a Veeco DEKTAK’

investigated by means of XRD using
radiation (A=0.154056nm). The diffractograms were recorded with a 20 step of 0.02°
from 30 to 100°. Scanning electron microscopy (SEM) was used to study the
cture of the coatings in a Cambridge S200

morphology and the cross-sectional sttt
microscopy (LOM) was also used to

scanning electron microscope. Light optical
Investigate the nitrided layers.

In order to determine the thickness of the nitrided layers, Knoop hardness measurements
Were made at a load of 0.23N (25g0) using @

' m the
characterise the surface hardness resulting {10 .
p hardness measurements were made at various

Mitutoyo MVK-G1 hardness tester. To

combined treatment of plasma

Nitriding and PVD deposition, Knoo

loads.

) is a versatile technique for

GDOES (Glow Discharge Optical Emission Spectroscopy | |
to 30 elements (including hydrogen) in surface

the sj ' th profiling of up
R le is used as a cathode to produce a glow

layers with thicknesses of 0.1-80pm. The samp
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discharge in a small chamber. A cylindrical anode is located in front of the sample to
constrict an argon plasma from which positive ions are accelerated towards the sample

surface, resulting in removal of atoms by sputtering. The sputtered atoms are excited by

electrons in the glow discharge and will emit optical radiation during the subsequent de-

excitation process. By analysing the emitted light with an optical spectrometer and

recording the intensity variations of individual spectral lines with time, an elemental

depth profile is generated. Since the sputtering rate is known, semi-quantitative

measurement of sample composition as a function of depth can be obtained by the

GDOES technique. In the present experiments, a Leco GDS-750QDP glow discharge

g the composition of single-layered and duplex

s were 700V, 25mA.

spectrometer was used for analysin

(Ti,ADN, Cr-N coatings. The sputtering parameter

The coating adhesion was assessed by means of the scratch test method (see chapter 3).

The radius of the diamond indenter in the scratch tes
case rate of 100N min”" and a table speed of 10mm min'.

t was 0.2mm and the measurements

were carried out at a load incr

A set of three scratches was performed on each composite. Acoustic emission (AE),

tangential friction force readings (F, were recorded and used for determining the

critical loads. The scratches were also examined by means of SEM.

5.3. Results and Discussion

5.3.1. Surface roughness

ik Smgle-layered and duplex (Ti,ADN and Cr-N

The surface roughness (Ra value)
found that the duplex treatment resulted in a

coatings is shown in table V.5. It W
face roughness. This 1n
gen ions on the subst

‘ ' crease in the R, value can be attributed
considerably increased sur

o sputter etching by argon/nitro

rate surface during plasma

nitriding,
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Table V.5 — Surface roughness of single-layered (Ti,A)N, Cr-N and duplex (Ti,A)N

Cr-N coatings

Specimen R, (um)
Single-layered (Ti,Al)N coating (0.018 £ 0.005)
Duplex (Ti,Al)N coating (0.043 + 0.005)
Single-layered Cr-N coating (0.016 % 0.004)

Duplex Cr-N coating (0.039 % 0.006)

5.3.2. Knoop hardness measurements

It can be seen from figure 5.1 that the hardness of the investigated coatings varies

between 2600 and 3600HKq 025 and increases in the

Cr-N<single-layered (Ti, AlN<duplex (Ti,ADN. As the load increases, the increase in
e seen. The plasma nitrided layer

order single-layered Cr-N<duplex

load-bearing capacity of duplex coatings can b
improves the mechanical support for the single-layered PVD coatings so that higher

hardness values for the duplex-treated coating/subst
obably more influenced by the PVD

rate systems are measured. At lower

loads (0.23N), the measured surface hardness is pr
coating rather than by the hardness of the substrate so that both duplex and single-

layered (Ti,Al)N have the highest hardness values.

r-N coatings are shown in figure 5.2.

Knoop hardness profiles of duplex (Ti, AN and C

The duplex (Ti, AN has a 55-60H™ thick nitride
rided layer. The pitrided ¢

Jar to that of duplex TiN ¢
uipment (see chapter 3). T

d case whereas the duplex Cr-N

ase thickness obtained for the

Possesses a 35-40pum thick nit
oatings that were produced

duplex Cr-N coating is quite simi

In the Balzers triode ion plating €d

he duplex Cr-N exhibits a

1 with the duplex TiN coating. In chapter 3, an

harder nitrided case in compariso
e for a TiN coating whilst

) was used as the substrat

teel (830HK0.025) has be

such differences in nitri

annealed ASI H13 steel (370HKo.025
2 hardened and tempered AISI H13 S en used as substrate for
duplex Cr-N and (Ti,Al)N. Therefore,

CXpected.

ded case hardnesses are
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ings. Although the €
than 5%.
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x (Ti,AD)N, Cr-N coat rror bars are not shown in the plot, the

Stand: 1ot
ard deviation was not larger

he nitriding parameters were nearly the same for both

except pitriding tem
ght have led to a thic
2h). The nitrogen partial pressure and

It is interesting to note that t
duplex Cr-N and (TLADN coatings,
able V.4). This mi
¢ treatment time (
¢ believed t0 infl

t for producing a
rences in hardness and thickness of the

! perature, which was slightly
1gher ’
o Bopie e T ker and comparatively
ar o
er nitrided case for the sam
uence the nitriding performance

de

re e . . .

gree of jonisation in the plasma af
ers have been s€

ely that the diffe

Ho
. wever, process paramet P i S
Ot . o 1
h runs. Hence, it is very unlik
he nitrogen partial pressure. Although the current

variations int
variatio

Nitrid

C YAQE

d case are due t0

recorded, ns in such parameter could

s have not been
h hardness and thickne

pserved in bot

densi
ity values for both run
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also have
have led to the differences O
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Figure 5.2 - Knoop hardness profiles of duplex (Ti,A)N and Cr-N coating

5.3.3. Cross-sectional structure of the coatings

, . -
Figure 53 s the SEM fracture cross-sections of the coatings. All coatings have a
.5 SNOWS

d
very dense columnar morphology, a5 expecte |
ered coating

d Cr-N coating possesscs the finest

for PVD coatings produced by the ion

is more fine-grained than that
Plating technique. The structure of single-1ay i
®xhibited by duplex coatings. The single-layere

8rained structure among all coatings:

howed by plasma nitrided (figure 5.3 (a) and (b))
s sho

o SR e DA ) and (d)) AISI H13 steel substrates. The

Ad hardened and tempered (figure 53 (c

: : hilst
former exhibits a more brittle behaviour W
|s often s

the latter has a more ductile behaviour,

an additional loss in ductility
“Onfirming that quenched and tempered S1€¢ ufter

due tq nitridinguo)'
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Coating thicknesses were estimated from direct measurements on SEM fracture cross-

sections. The coating thicknesses, which were autatmes, an sowprable e VAT

only exception is the duplex Cr-N coating, which is slightly thinner.

plex (Ti,Al)N coating, (b) Duplex

Figure 5.3 — SEM fracture cross-sections of (a) Du

g and (d) Single-layered Cr-N coating.

Cr-N coating, (c) Single-layered (Ti,ADN coatin

S000X.

Table v 6 — Coating thickness

Coating thickness, ¢ (um)

N . § '3'2-4
Single-layered (Ti,Al)N coating 2
. 2.6-2.7
Duplex (Ti,AI)N coating
. , 2.5-2.6
Single-layered Cr-N coating
2.0-2.1

Duplex Cr-N coating
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Polished
Cross-sections
—— ctions of the duplex coatings (figure 5.4) revealed th
yers. Plasma nitriding in both Tecvac systems (IP35L and e
and IP70L) did
not

yield (”[ & q 6“(37 A 4‘)(;7 E;
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compositi
sition yield
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if we assume th
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o

ding treatments
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when performing nitri
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Syste
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» Coating morphology

Sin
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i
r (figure

l() 3
Calise
sed 4-6
protuberances of

um in diamete 5.6 (a) and (c)). The duple

X
s on its surface (fi
Ti.ADN has a larger number of

also be observed (smaller

(Ti,A]
ADN coati
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. are
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ch -
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protuberances of 1-2pm in diameter and larger ones of 4um in diameter). The duplex

Cr-N coating displayed relatively shallow depressions all over its surface. Someﬂv_vh*i‘té‘

protuberances were found to grow inside of more pronounced depressions (figure 5.6

(d)). EDS analyses that had been carried out indicated that the white prot_gbgraﬁcés?‘reii of

less rich in Cr than the rest of the coating. None of the coatings exhibited cﬂi@er“hG'lies?

and/or pores. -

Figure 5.6 — Coating surfac

(TLADN, (c) single-layered Cr-N 2

nd (d) duplex Cr-N. SEM. 3000X. | -
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XRD analysis, 1
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ases. Fe diffraction peaks

that th

e duplex Cr-N coating crystallised int0 Cr,N and Cr ph
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substrate are ¢
also presen be very small compared

With \
the Cr,N phase, and the CraN
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) preferred growth orientation. It

ed growth orientation whi

is expected that the amount of Cr phase is rather
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arbitrary units) and erosion time (in seconds). Nevertheless, relative concentrations can

be obtained for the different coatings produced.

A cyclic variation on the Ti/Al ratio was observed in both (TLADN coatings (figure 5.9

(a) and (b)). Nevertheless, the Ti/Al composition ratio seems to be very close to unity in
both films. The Ti interlayer which was deposited is clearly seen in both (TL,ANN
coatings. The nitrogen concentration also varied somewhat within these coatings. Close

to the surface, an increase in the nitrogen content with a simultaneous reduction in Ti

and Al concentrations can be observed. This effect is more marked for the duplex

(T, AI)N coating. For erosion times larger than

become more stable. If this value is used for esti

50s, the nitrogen concentration seems to
mating coating composition, the

titanium (or aluminium) to nitrogen ratio is 0.53 and 0.56 for the single-layered and

pectively. This indicates that both (Ti,Al)N coatings have

duplex (TL,ADN films, res

compositions close to Tig.soAl.soN-

ry much for both single-layered and duplex

The coating thickness does not differ ve
plex (Ti,Al)N coatings have an outer layer

(T, AI)N. Nevertheless, single-layered and du

COmparatively richer in nitrogen and poorer 11 Tiand A
n after a long erosion time,

The duplex (Ti,AI)N shows a high nitrogen paliec UE=
- sting to note that there is

iffusi is intere
Corresponding to the nitrided layer (diffusion zone). It is 1n
e substrate nedr its surfac

nitride formation during plasma nitriding.

e. This reduction is

A reduction of C concentration in th
Probably associated with carbide dissolution/ . - des in the diffusi
The GDOES results seem to corroborate the formation of nitrides in the diffusion zone,

trided AISI H13 steel substrates
4S previously detected by XRD analyses of plasma mitr!

(figure 3.11),
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Cr-N coatings formed on the different substrates were found to have different

composition profiles (figure 5.10). An outer layer poorer in chromium and richer in

nitrogen can be seen in the single-layered Cr-N coating. Beneath this outer-layer, an

inner layer poorer in nitrogen and richer in chromium can be distinguished.. The N/Cr

ratios are around 0.86 and 0.5 for the outer and inner layers, respectively. This indicates

that the single-layered Cr-N basically has a two-layer structure: an outer layer richer in

nitrogen, probably corresponding to substoichiometric CrN and an inner layer richer in

chromium, corresponding to CroN. Therefore, the CtN
r-N coating also shows variations

phase that was detected by XRD

can be associated with this outer layer. The duplex C

in the nitrogen composition. For higher nitrogen concentrations, the N/Cr ratio 1s 0.38

Whilst this value reduces to 0.25 at lower nitrogen concentrations. This indicates that the
duplex Cr-N coating is poorer in nitrogen when compared with the single-layered Cr-N.
According to the binary Cr-N phase diagram, a mixture of Cr and Cr;N phases is
ions in the range 17-30%"°7.

CXpected at ambient temperature for nitrogen concentrat
an 33-35 atomic%,
solute measure of the atomic nitrogen in both

: ' . Cr,N and CrN phases coexist.
For nitrogen concentrations higher th 2 P

Although it was not possible to have an ab

Cr-N coatings, the GDOES analyses indic
-N. The

ated that the single-layered Cr-N coating is

XRD analyses, in turn, indicated that the

ficher in nitrogen than the duplex Cr
N and CtN whereas the duplex Cr-N

Single-layered Cr-N coating is @ mixture of Cr2 |
robably the former has a nitrogen

i .
Coating has a mixed structure of Cr and CnN

and the latter has nitrogen concentration lower than

“oncentration higher than 33-35%

N + CrN phases would be formed in agreement with the

30%. Thus, Cr + Cr,N and Crz
Phase diagram.

gh nitrogen concentration in the substrate up

The ¢ ) ibits a hi
uplex Cr-N coating also exhl en decrease in C

e nitrided case. A sudd

10 ergc; ; th
rosio it onding 10 - :
n durations corresp recipitates in

i rmation of nitride p
“Oncentration is also detected, corresponding to the forma .
: N coatings,

the diffusion zone. By comparing duplex (Ti, ADN and Cr-N c'o lgdetected o
. ' us Kn

e duplex (Ti AN coating has 4 thicker nitrided case, 85 previously D

jons.
hardnf’-SS measurements and LOM observatio
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The diff
erences in compositi '
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7. Scratch testing
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support for ceramic PVD coatings. The

Z:;- scratch test critical load
ibited higher critical loads than thel unterparts, indicating that the
\creased the Joad
an the duplex C
s the highest critical load Lcy among

nitrid

e ~n o S ol o

d case (diffusion zone) 11
r-N (see confidence intervals

duplex (Ti,Al)N has a higher Lc2 value th
x Cr-N coating ha
rded for the si
g single—layered Cr-N coating, the

in tab
le V.7). However, the duple
al loads reco

ecorded for th

'dll coati
oatines. / 11
were gs. Although the critic ngle-layered (A Sosling
S ; :
omewhat higher than those T

hat both single ngs have similar Lei and Le

confid
ence 1 . ; : v
ce intervals indicate t Jayered coall

Values,
ngs were characterised by flaking of the coating
o
and (©)), with the
x Cr-N coating also exhibited

lezi&laycr‘:d (Ti,Al)N and Cr-N coati
g the edges of the scratch (figure 511 (2)

1g on the ridges- The duple

At higher loads, ex

of the scratch.
the duplex (Ti,ADN coating, a mal'kedly

ng the failure mode was by tensile

(Ti,ADN coating

Sh() 1
Wine :
o a more SCVCFC “’dkll
tern‘a] trans e
VErse

flak;
dKIne of .

g of the coating along the edges
5.11 (d))- For

Crack

S starte ~ .
tarted to form (f1gure

[n this coati

diff
crent scr :
scratch behaviour was observed:
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cracking, as previously observed in duplex TiN coatings (see chapters 3 and 4). The

critical load at which tensile cracks started to form was used as the critical load for

cohesive failure (Lcy). No external transverse cracks were formed until the.substrate

became exposed (figure 5.11 (b)).

Table V.7 — Critical loads Lci and Lz

cLO%) ) La® C.IL (95%) (N)

Specimen Lot (N)
Single-layered (Ti,Al)N coating 31.8 [30.4,33.2] 9.3 [51.9, 54.7]
Duplex (Ti,Al)N coating 44.0 [40.6, 47.4] 1573 [154.5, 160.1]
29.2 [26.1,32.4] 55.3 (52.7, 57.8]

Single-layered Cr-N coating
117.2 [113.3,121.2]

54.0 50.2,57.8]

Duplex Cr-N coating

.

- £
o ; PR v e ol
2 TN \Mf’g\ SRR A A S LL AR i

_

Fig . 102 ratches 10 (a) single-layered (Ti,ADN,
ure 5.11 — SEM photomicro ' © (@ duplex CeN

coating an p r
(®) duplex (Ti,A)N coating, c) single-1ay

Coating. The arrows indicate th
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5_-4- Conclusions

In this
chapter, du
, duplex and single- Jlayered (Ti, AN
and Cr-N coatin
gs were -

characteri

b sed by S

o y SEM, LOM, XRD, GDOES, Knoop hardness measurements.and-th

was evaluz: ‘ ;

15 evaluated by scratch testing. Based on the experimental ] !
results, the

fO“() 1
Wln a1 1
g main ConClUSlonS can be dranl:

L. Af
. After the du
iplex treatment, an increase in s
¥ se in surface roughness of ha
rd PVD coati
‘ tings
ace roughness was probably due to sputterin
o
o

could b
e detected. The increase in surf
etching b .
g by argon/nitrogen 1005 on substrate surface during the plasma nitridi
1ng step
= ? o= § .

2. D
upl . - : '
plex and single-layered (Ti,ADN and Cr-N showed a very dense colu
S mnar
ed Cr-N coating having the finest grained

mo i ole-laye
rphology, with the single-layer
atings displayed a falrly smooth

ADN and Cr-N co

structure. Single-layered Wi
e duplex (Ti, ADN coating also displayed

pr -otuberances. Th

n smmflcantly h
oating exhibited shallow depressions

Su o EaTaya) 2

rface with localised

igher quantity than the single
gle-

protuberanc :
iberances on its surface, but 1

lavered (Ti
yered (Ti,Al)N coating. The duplex Cr-N ¢

protuberances al its surface. None of
the coatings

and some
some Cr-poorer | over
exhibite

ited deep holes and/or pores.

e carried out in a Tecvac IP35L for 2 hours,

ments that wer
cases which were compound ] 1yer

yielded nitrided
ee compound 12
pound layer formation was -

o
wsma nitriding treat

l- o
1sing a 60%Ar -40%N, plasma,

free ;
. This treatment prowded 4 mono- -phas
anism of com

ment. The mech
f the nitrogen concentration on the substrate
(<

yer when pexrormed in a

Bulosrs
alzers BAI 640R equip

attl'l ) £ 1

buted to different build-ups ©
¢ density value
'ecorded, varia

concentration

—— s St "
aces. Although the curren s for all nitriding runs (in both Balzers

ve not been 1

tions in such parameter could

and Tecvac systems) ha

have led to different build-ups of the nitrogen and thus to different

mtrided layer structures. The means of enhancing the ion current density can also

© pitrogen concentration on the substrate surface. The
¢ build-up of nit

influence i
uence the build-up ©f
rogen on substrate

q large

energy specie

[)L(,lud (o have

¢ the high s reaching the cathode in

Balzers
alzers system is ¢X

surfaces
aces due to a reduction of
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Comparis<> 1 h l
n wit A\ S ]
the ecvac SyStem. HenCC, n the Balzers equiplnent 1
’ mtrogen

absorption i "
is expected t ' m
o occur in a larger proportio i :
n than nitrogen i :
implantation.

Cons
equently a hi i
igher nitrogen content 18 g€
generated at the substrat
e surface with

subsequ . .
quent formation of a thin compound layer.

ements indicated that the duplex (Ti,ADN coating possessed
se

as the duplex Cr-N coating had a 35-40um

4. K
noop hardness measur

a 55- .

5-60pm thick diffusion zone where
s also confirmed by LO
hibited a relatively harder nitrided case

thi st
ick diffusion zone. This Wa |
M observations on polished

Cross-s 1 4
ections. The former coating also X

S. The
ardness of the investigated coatings varied between 2600 and 3600HK il
0.025 4n

ingle-layered Cr-N<duplex Cr-N<single-layered -

increased i
wsed in the following order:

(Ti
Ti,Al)N<duplex (Ti,ADN coating.

5 XR 0 g d
' D ¢ ¢ aQ 1 1 1
lndlyS $ 1ndl e [ed the t Sln(’l —121y€['€d and duplex c atinos Crysta“ise 1 t
€ d ca h‘l [/ Into
ower depOSi[iOH temperatures that were Used

different phases, probably due to the ]
(Ti,ADN and Cr-N coati
he dominant ph
red growth orientation whereas

for producing duplex ngs in comparison to those used for
yered coatings. T ase in the single-layered
with a (1 07) prefer
unts of TiN and Ti>AIN with (2.0 0) and

produci i
ucing the single-la

(T ‘
LADN coating was TizAlLN2

the o T
duplex (Ti,ADN coating had Jarge amo
s, respectively. The duplex (Ti,Al)N coating-also

(10 4Y pref
) preferred growth orientation
in its structure in ¢

phous material
ingle—layered C
he duplex Cr-N coating displayed a

omparison with the

had :
a large amount of amor
r-N coating was found to.have

Sl ole-|- .
ngle-layered (Ti,ADN coating. The S
1nd CeN whilst ¢

mixtur .
ixture of Cr and CroN phases: In the single—layered C
1ot the CrN phase displayed a (2 0 0)

a4 Mixe
mixed structure of CrN
r-N coating, the Cr,N phase

had ; .
a(l1 1) preferred growth ori
1. The (

growth orientation was observed

preferred or ; .

erred growth orientatiol
for

the Cr -

e Cr,N phase in the duplex Cr-

Single-luyered and duplex (Ti,ADN eyt ng

o

Nevertheless,

d the nitrogen concentration

GDOES
OES analyses pointed out that the
)Alo.soN-

Ti,ADN coatings an

a cyclic variation on the

ha
Ve i¢ TS I
compositions close to Tlos

TIAL rat
| ratio was observed in both (
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' I ingle-layered Cr-N coating
found to vary somewhat within these coatings. The single-lay
was found to v:

. in nitrogen, probably.
di Javer structure, with an outer layer richer in gen, p
isplayed a two-laye '

an i aver richer’in chromium,
: , - chiometric CtN and an inner lay
corresponding to substol

I c I > isplay jations <n.the
1U leX Cl"N Coatlnb alSO dlspld ed vari
I'Iesponding to CroN. ['he dup o

P er | itr LIYC the
"¢ .VC oorel n nltlogen ‘.hdn

1 e-layer - b 'tlng dnd 1S

1 gl "ldyf,led Cr N coa

Cr,N phase.

he duplex coatings exhibited higher critical loads
t the au

indice tha | |
Bl Vel e The highest critical loads were recoxded for
arts. g

than their single-layered counterp

the duplex (Ti,Al)N coating.
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CHA
PTER 6: MICRO-ABRASIVE WEAR TESTING

6.1. Background

nown for providing surfaces with enhanced tribological

D hard coatings are well k
wear resistance. However, their tribological

properties i

perties in terms of low friction and high
lastic and plastic defor
81-83

#1-83) Duplex {reatments consisting of plasma

performa i o
. nce is often limited by € mation of the substrate, which
n T ¢ k]

esult in eventual coating failure
ve been proven to be s
load carrying capability of steel

nitriding ¢

. g and hard PVD coating ha uccessful in improving wear

atl ue ‘ . ,
gue and corrosion resistance and the

(‘vl()“ll,l4,‘;'l 23 8.7‘90.93 "“ ﬂle ]lﬁ]dlles

substrates
s of substrates, the nitrided

case o .
ften provides a suitable load suppor

mechan;
n Ps pe . . 1
ical and tribological performance can be achieved.

It has been well documented in the literature that TiN and (Ti,ADN PVD coatings can
tacts and increas (113,158)
g. drilling and turning,
resistance, (Ti,ADN coatings can
(116,122)

e the abrasive wear resistance

reduC P
8 o ;
friction in tribological con
have been reported for

High 3
performance in tool applications, ¢
hanced Jabrasion

both caat:
th coatings'"'?. In addition to €0
ecially at high temperatures

also ;
royide wenr e '
provide wear and oxidation resistance, €sp

Cr-N
o . 134-135.152-
coatings have also been reported (0 have high hardness' 152159 enhanced
We’dr(‘l 15,130,148
.130,148-150 . ) 140,144-146) i ]
) and  corrosion remstance( . excellent diffusion barrier
(136,141-143) :
_The wear resistance of

stance up 0 1073K
ffected DY coatin
Cr,N coatings and
een proven to reduce the

Propert;
rties : idati I
perties and good oxidation res!
.. (140,153)
g composition . CIN

Cr-N ‘

coatings seems (O be strongly @
ance than a lower friction
atings have b

28)

Coatinec 5.
ngs exhibit better wear resist
140 Thick Cr-N €€

Coeffin:
fficient against stee
ramics industr

five wanr of - - ies"
e wear of tools in plastics and ce s
Anq '
e : .
W micro-abrasive wear test was pro herford AL the late

199(y (15

9(’5(159-160) The micro-abrasion © hen compared (o other
mall test are
d simultaneod

4 and the intrinsic wear coefficients of both

sly from their combined wear data.

trib .
ologic: .
ogical tests: it requires &3

Subst
Strate ¢ ‘
ate and coating can be evaluate
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Since there are little data available about the performance of PVD coatings in small-

uate the micro-abrasive

n hardened AISI"HI13

scale abrasion tests, the present chapter was intended to eval
duplex and single-layered coatings 0
nd Cr-N. Coating and substrate wear -coefficients. «are

wear resistance of three

substrates: TiN, (Ti, AN a

compared for all coatings under investigation and the effect of plasma nitriding priot to

coating is also discussed.

6.2. Experimental Procedure

6.2.1. Materials

)N, TiN, Cr- N coatings (plasma nitriding + PVD

Single-layered and duplex (Ti,Al
substrates were quenched

Coating) were deposited onto AISIHI13 steel substrates. These

and tempered to (55+2) HRC. Prior t0

plasma nitriding and/or coating deposition, the

surface finish of Ra= (0.0050. 001)pm.

Specimens were ground and polished to &

6.2.2. Treatments

(igation Were prepared by electron beam evaporation, as
lb

All PVD coatings under inves
3 4 and 5. Single-12¥

Previously reported in chapters ered and duplex TiN coatings were
-le Ti,ADN, d

Produced in a BALZERS BAI640 le-layered (TL,ADN, duplex

(Ti’Al)N and duplex Cr-N were produced in a Tecva

'nolc-layered Cr-N

[P70L system was used for preparin0 sing

R equipment whereas sing
¢ IP35L equipment. A Tecvac

coatings (se€ chapters 3 and 5

mples were lasma nitrided
for more details about process pardmeterS) The duplex samp p

e s under investigation
and PVD-coated in a continuous process. For all coating system g "
ated i & © r 2 hours. The nitriding

¢+ 40%N2 plasma for 2

Plasma nitridi ed out in a 60%A
riding was carrie x treatment. For the

ecific duple

temp . ding on the SpeE
erature varied somewhat depentite :

e varied some p s were obtained,

m and 55-60K
plex (TRADN €

m thick diffusion zone

Procegs o S s St =
ss conditions used, 35 40 oatings. The duplex TiN also had a

resSnact;va : R :
=SBt B Cr-N and &% (Fez-sN) compound layer.

35- -40um diffusion zone and a 1pm thicK
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Coatin
g deposition
temperatures Were in the
range 669-715K For th
' e duplex-treated

specime
ns, coatin Siti ini
g deposition was initiated without carrying out any 1
plasma etchin
g

p asma l.“ 1 0 t

723K
to ensure th
at compound layers if formed
! _ would not be destabili
ised. For.the

duplex (Tj
(T1,A)N and uum o
, Cr-N coatings, a coolin '
i g step in vac was
performed betwe
en

Plasma nitridi
itriding and coatl iti
ing deposition. TiN and (Ti ADN coati
' atings (both'single-la
~ -layered

and duple
plex) had a 0.1-0.2pum titanium interlayer.

6.2.3
. Mechanical properties

( a all,I(:)

DEKTAK’ST  profilometet
ncoated substrate, single-layered and duple
X

a
Ssessed  using ¢

g a Veeco K !
noop microhardness

meas
urements
ents were also taken on the u

yK-G1 hardness tester. The load was increased fr
om

Coati i
ngs using a Mitutoyo M
nce was evaluated using a commercial scratch

0.23N

U

1p to 9.8IN. The scratch resistd
were carried out using a Rockwell C

adhesio
n tester (VTT Tech, Finland). Tests
) and a continuously increasing normal force

diamo "
nd indenter (tip radius = 200pm
sive and adhesive failures respectively)

(loads for cohe
tches on each sam
e identified whilst Lc1 W

(10Nmm"
m"). Both L¢; and Le2
ple. Loy was taken as the load at

were d
e i
termined from a set of 3 scra
as taken as the load

Which fi
irs '
st exposure of the substrate could b

at which f
lCh ta N Q 1 1
ilures within the coating started tO occur.

6.2.4
<4, Mic i
cro-abrasion resistance

sed to evaluate the coating abrasive wea
-

sion tester was u
otated against the specimen, which

A Plint TE66 micro-scale abra
driven pall is T
in the presence
petween the spect

oduce the spherical geometry

resist:

Istance. During the test, & directly
ight load lever
o the contact
ssumed 1o T€PT
ers and measurit

I8
mounted on a dead-we f a slur :
. il of a slurry of SiC abrasive
les. ‘ el
The slurry is drip fed ont ugert 9l The e
produced is a

(fig
Hgure

6.1) and the wear scat
g of these crat

1g the size of the scar

of the pHay1t1se
ball's” By making a seri¢
ficients (ke and k) can be

i
ensions
ons, both coating and

Simu]
ta "
neously determined from t
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For b
ulk materials i i
rials, the equation which 18 assumed to describe the abrasiv
e wear

1g159-162)

spV 1=
k | 64R for b << R (6 1)

I, V is the wear volume, L is the normal force on

wh is i d
ere S is the distance slid by the ba
rater, R is the radius of the ball and k is the wear

the 2
sample, b is the diameter of the ¢

coefficient.

ich combines the wear in the coating and

EQUat'
ion (6.1) was extended to 2 model wh
(159-160)

substrat
. - _ .
, providing both coating and substrate wear coefficients

SL (&
L (s -
Ckk )apt b k, \64R €2

e normal force on the sample, ¢ is the

S is the distance slid by the ball, L is th
ar crater, Kc and k; are, respectively

r diameter of the we
e radius of the ball. Both substrate

Coating thj
g thickness, b is the oute

0' t n . = Y S an 'S

and coati
0a - o
ting wear coefficients can b
is obtained from the intercept of the

Clentv kj!

(7[1‘/4[)3 2
- 7RA/b*); the substrate WeaT coefi
is calculated fro

wear coefficient, Kes m the gradient of the

line
a
r plot and the coating

plot. If 1
m is the gradient and ¢ is the intercept, them:

(6.3)

and

k, :(_/x‘
I+ /\"mJ

(6.4)
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Counterbalance
weight

" ' . :
igure 6.1 - Schematic drawing illustrating the geometry of the micro-abrasive

a e .
pparatus used in the present study.

The coating thickness f can also be determined from the test by measuring the outer and

inne e "
r diameters of the wear crater (figure 6.2).

abrasive wear rate; the

abrasive wear: Problems may arise

s of the coating and substrate are similar or

hat of the subs

ovide a negative
2), i preferable when the ratio

low
er the wear constant, t
ar coefficient

g larger r than t
TR/ 4) will pr

fro . )
m this analysis when the We
trate. In the latter case, a

Whe
en the coating wear coefficient 1
slope, since k->ks.

line-
Inear plot of SL /b* versus ( it/ 4b’ -

A ;

b“bopp“”’ showed by error an less than 0.3. If Vi/V’
ess than ¢

etween the coating volume (Ve) ¢ a

large
arger than 0.5, then equation (6.5) should be
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SL
SL_(1 2
e ERNIAZA R
b Noar) kN b @5
: s've 4b b (OP\\) . geé@o
\@@ %eQ‘
\S//\OOO ‘ggeﬂi‘:\o,\gfa‘b- \)1‘,\‘500\;
B 00 & )
65\‘@“%@\ e 05&‘25,
69> 6@‘5.6 @ 0750\0
<0 o' 5‘\ (%) -
0° o N ‘(;‘ ¥
50

In this case:

(6.7)

Substraré

Direction of ball rotation

meters of the wear crater.

Figure 6.2 - Outer () and innef (a) dia

: mens Were ultrasonically cleaned for

Bef
Or . . ‘)
€ starting the micro-abrasio 10°C for 10
or 10 minutes.

15 ot
my .
nutes, then rinsed in clean acetone
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£ Se‘ ()' 6 W

numbe c
rs of ball revolutions - 100, 200, 300, 500, 700 and 100
up to 78.5m (1000 revolutions). The ball

0. The sliding distance

was | a¢
ncreased from 7.85m (100 revolutions)

was a micro-blas here (AISI 52100 R.=(2:5+0.3
o-blasted 25mm hardened steel sphere ( IST 521 ( Jpm)
9 a . — . “.m and

the abrasi

sive s . _ il
ab e slurry was a suspension of SiC particles (Grade F1200-C6) in-distill
ro 1 e “~ istilled

proportion 35.44¢g to 100m! distilled water). The mean size of the-SiC particl
articles

ed by the manufacturer, Washington and Mills Abrasiv
es,

was 4-
s 4-5pm (mean size provid
peed and the applied normal load were set at

Manches
80 ester, UK). The ball rotational
pm ¢
and 0.25N, respectively, in all tests

meters of the wear craters, regression analyses

Afte
I measuri i
easuring the inner and outer dia
rried out in order to determine both &
s

according to egs. (6.1), (6.2) and (6.5), were ca
ITAB for Windows software, r¢
model adequacy Was ev
d variance, a test of p-value for each

lease 10.2, was used to

and
k. for each sample. The MIN
aluated by the R?

perfo
rm the regression analyses. The

entage of explain®

coeffic:
ficient value, the perc
(164) i '
_ The coating thickness was also

and residual analysis

eS 1 b3
timated parameter, en
j the worn SpCCim

calcul;
ated fro i '
m th 10 & !
e micro abrasion test an s were examined in the

o investigate the wear mechanisms.

SCannj
ing electron microscope !

6.3. "
Results and Discussion

6.3.1 ~
- Surface roughness and coating thickness

The
surtace r 1 ' ! !
face roughness of smgle—layered and duplex coatings is SOWI 1T tahle Y11 T
e single-layered ones, indicating
o

ghness than th

(derably increase
er etching by argon/nitrogen ions on

du
plex coati
coatings have higher surface rou
d surface roughness. This

that
the
duplex treatment resulted 1n @ cons

ase '
in the R, value can be altrlbutcd to Sput

plasma ni
Jated from 6
ing thicknesse

‘the thinnest ones-:

iriding. The mean coating thickness coating
o

wear cratet measurements for all single-

the
substr: -
bstrate surface during

thick
ness (table VI.2) was calcd
g are comparable, with the duplex

lay
ered .
and duplex coatings- The coat

Cr-N and «
and single-layered TiN coatings being
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Table VI.1 - Surface roughness of single-layered and duplex TiN, (Ti,ADN and Cr-N

coatings
Specimen R, (Hm)
Single-layered (Ti,ADN coating (0.018 0.005)
Duplex (Ti,Al)N coating (0.043 + 0.005)
Single-layered TiN coating (0.020 £ 0.005)
Duplex TiN coating (0.049 = 0.002)
Single-layered Cr-N coating (0.016 +0.004)
Duplex Cr-N coating (0.039 +0.006)
lex TiN, (Ti,ADN and Cr-N coatings

Table V1.2 - Thickness of Single-layered and dup

Coating thickness, t ({m) C.L (95%) (pm)

[2.2,2.6]

Single-layered (Ti,ADN coating 24
e i ' 55 (2.3,2.7)
plex (Ti,Al)N coating
2
Sj . ; 22 [2.0.2.4]
ngle-layered TiN coating
' . 23 [2.2,2.4]
Duplex TiN coating
29 2
Si ‘ 2.5 Lale J
ngle-layered Cr-N coating
(2.0,2.4]

2.2 '
Duplex Cr-N coating

6.3.2. Coating microhardness

T d and duplex coatings is
Jte, single-layere
oated substrate:

Th . .
¢ HK microhardness of the unc b echanical support for the

‘ 1t laver impro
Shown in figure 6.3. The plasma nitrided layer 1mP

higher hardness values for the duplex-treated
1ght

s1 , ‘ ‘ ,
gle-layered coatings 5 . h duplex and single-layered

higher loads. Bot

are measured at
followed DY duple

Coaty oIS ! s . .
ling/substrate systems « TiN, single-layered TiN,

(Ti, A)N have the highest hardness values:
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duplex Cr-N and single-layered Cr-N. However, when the load is increased, higher

hardness values are recorded for duplex (Ti,ADN, TiN and Cr-N coatings.

4000 —///T

I,
3500 {g——— 74)4)¥ﬁ//ﬂ~//»
“
3000 [g® 6 — PSS e T L |
A % E{EXEAIN coaﬁ?gé
2500 ,!x o o _— e SR m Single-layered TiAIN coating
S 4 Duplex CtN coating
EP 2000 | e Y e | |mSingle-layered N coating
~ x Duplex TiN coating
é - " & o Single-layered TiN coating
- ; o [+AISI H13 steel substrate
@ /,,,//—l
1000 [ T a3 aascl m
+ L
+ 4 ¥ " ,

500

0

4
Load (N)
0.25, 049, 095,

rd deviation W&

8. 1.96, 4.90 and 9.81N) of uncoated

Figul-e 6.3 = o ardness (
5.3 - Knoop microhar ‘ N, CrN ¢ oatings. Although the

AISI H13 stee nole-la ered
3 steel, duplex and SINg y < ot larger than 5%.

error bars are not shown in the plot the standa

6.3.3. Coating adhesion
1.3 Both Lt and Lc2 were lowest

ADN. All the duplex-treated
than the single-layered

ted in table N

d Lz are illustrd '
he duplex (Th,

The critical loads Lei an
d highest for t

for the single-layered TiN an

Pecimens show higher cohesive @

( adhesive failure) is

Coatj — : .
atings. The improvement 11 Lc2
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2 A”leO-AbI'GJ‘iV(f ear esting

Moreov
er, the du
plex—treated sam
ples (apart from the du
plex Cr-N) showed di
different

failure
mechanisms i )
e ms in comparison to the single-layered ones Duplex (Ti,ADN
SeMiC . . i, :
. ircular cracks (tensile cracks) along the scratch without S
scratches in si ut an i
ches in single-layered (Ti,ADN, TiN Cr-N and duplex € Ny e
’ x Cr=N coatings

were char
acteris ot
ised by flaking of the coating inside and along the edge of th
of the scar:

Table v
.3 - Criti
ritical loads Lci and Le recorded for duplex and single-layered (T1,A
17 I)N’

T-
IN, Cr-N coatings

C.1 (95%) (N) Lc2 (N) C.L (95%) (N)

= Specimen Lo (N)
i
"ie‘layered (Ti,ADN coating 31.8 (304, 33.2] 53.3 (51
N | : 9,5
Sin;:: (Ti,ADN coating 44.0 [40.6, 47.4] 157.3 [154.5, 1:(:]1
) ayered TiN coating 25.7 [22.5, 29.0] 52.3 [49.4, 55 2 |
u 1 3 . |
Singlej’lex TiN coating 37.5 (34.6,40.4] 152.1 [146.3, 157 ]9]
ayered Cr-N coating 29.2 [26.1, 32.4] 35.3 [52.7, 57 8
54.0 [50.2, 57.8] 1122 (1 13.3: 12‘1 ,]2]

D
uplex Cr-N coating

6.3.4
9.4, Mic
cro-abrasive wear tests

e shown in table v1.4. These coefficients were

g 6.4 10 6.10. Th
d values plots,

iduals had a nor

The
k(' d ,
nd k, wear coefficients ar
e normal probability plots of

Obta'
Ined f =
o from the fitted lines in figure
uals ar
1d 5 . . 1
the residuals versus predicte which were obtained for the

icated that the res

mal distribution and their
f R? and adequacy of
(6.1), (6.2) and

re

resing |

gression in all s :
samples, ind

ession also indicated high values ©

ming that the P

Vari.
ance was
was constant. The regr
roposed models, €gs.

fit |
n all ¢ _

composite systems, confir
& experimental data.

(6.5)
S , wWere suc - .
re successful in describing th
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Tab :
le V1.4 — Coating and substrate weat coefficients (k. and )
CI (95%) k CL(95%)

Specimen Model k
BrdNm?) (x 103 m*N'm?)

Single-layered (Ti, AN~ Eq.(6.2) 2.36 [2.20,2.55] 9.62 [8.22, 11:61]
Duplex (Ti, AN Eq.(62) 1.44 [1.34,1.54] 8.84 [8.63, 9.07]
Single-layered TIN ~ Eq.(6.2) 727 (7.15,7.39] 9.65 [9.54, 9.76]
Duplex TiN Eq.(62) 3.86 3.81,3.90] 8.75 [8.46, 9.05]
Single-layered Cr-N Eq.(6.5) 27.79 [22.13, 38.09] 9.84 [9.58, 10.12]
Duplex Cr-N Eq(6.5) 18.11 [16.63,19:86] 9.53 [9.39, 9.68]
Uncoated substrate N R e 9.40 [9.00, 9.82]
e e (LA e

250E+13

Y = 444E+12 % 5.82E+12X

!
£ 200E+ 13
Z
<
Q
=
)
1.50E+13
——— Regression
------ 95% ClI
—e— 95%PI

100413 — &

w

Fj
gure 6 4 - Fitted line and its 9
an, .

alysis. Duplex (Ti,ADN coating.
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(Ti,ADN coating

1.60E+13
1.50E+13
1.40E+13
1.30E+13
1.20E+13
1.10E+13

SL/b* [Nm™]

1.00E+13
9.00E+12
8.00E+12
7.00E+12

3.0

20 2.8

«nt/4b2>-(nRt2/b‘)) [m’]

Figure 6.5 - Fitted line and its 95%0 confidence interval

analysis. Single-layered (Ti,ADN coating.

RS R

e

’ﬂﬂDuplex TiN co

ating

9.00E+12 —

8.00E+12

SUb* [Nm™]

7.00E+12

6.00E+12

i - terval
Figure 6.6 - Fitted line and its 95% confidence inte

a .
Nalysig. Duplex TiN coating.

ey

99

Y = 408E+12 + 320E+12X

——— Regression
95% Cl
95% Pl

he regression

(CD provided by t

Y= 449E+12 1.45E+12X

——— Regression
95% Cl
95% P!

(CD) provided by the regression
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TiN coating

5.10E+12 -
5.00E+12
. 490E+12
:‘.)
£
Z 480E+12
% Y = 4.07E+12 + 3.40E+11X
S 4.70E+12
»
4.60E+12
——— Regression
4 50E+12 — 95% Cl
- e 95% Pl
4 40E+12

Figure 6.7 - Fitted line and its 9 ence interval (

o/, confid

analysis Single-layered TiN coating.

R

e
Duplex C

r-N coating

3.80E+12
3.70E+12
. 3.60E+12
5
;_E- 3.50E+12 Y:4‘12E+12-4.97E+11X
a8 .
S 340E+12
w
_—— Regression
azee2 <4 0000 ey | T 95% Cl
—_-— 95%PI

‘! 320E+12 —] 5
| 3.10E+12 — 20
1.9
A

al .
Nalysis. Duplex Cr-N coating:

Ch provided by the regression

y the regression
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Cr-N coating

3.60E+12
3.50E+12
3.40E+12

3,30E*#12
Y = 3.99E+12- 6.59E+11X

3.20E+12
3.10E+12
——— Regression
------ 95% Cl
——— 95%PI

3.00E+12

SL/b* [Nm™)]

2.90E+12

280E+12 — 3
2.70E+12 ——L,,_‘—/'/ﬁ///dj
13 18

08

(AR ]

ded by the regression

1 (C) provi

Figure 6.9 - Fittd line and it 95% confidene® 1"

analysis. Single-layered Cr-N coating.

vy = 4.18E+12 X

SL [Nm]

——— Regression

95% P!

}

\

7 il i i rOVided by the regreSSiOn
o), confidence interval Ccnp

[HI3).

F-
I8ure 6.10 -Fitted line and its 95

a .
Nalysis. Uncoated substrate (AIS
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Despite of du . :

investigation S;Z);izdhjllgle'léyered Cf‘.N coatings, all the other coating Systems under

The R fgf er micro-abrasive wear resistance than the uncoated substrate

S rerents (kf) were found to decrease with increasing coarinc;

R ;Olt ofzrpl-asrve. The duplex (TL,ADN exhibited the lowest ke w‘e;
y the smgle—layel-ed (Ti,ADN, duplex TiN, single-layered TiN

lying a duplex (Ti,ADN coatirrg OntO‘AIS; |

o-abrasion was reduced by a factor 6. Th
. The

duplex
Cr-N and si
r-N and single-layered Cr-N. By app

H13
steel substr:

substrates, the resistance to micr
n improvement of af
teel whilst the duplex TiN reduced the

Sing]e_lf "
ayered (Ti,ADN provided a '
actor 4 in the micro-abrasive

Wear r S
esistance of the hardened AISI H13 s

ered TiN provided the lowest improvement in th
g

f()rm " =
er by a factor 2.5. The single-12y

ared to the uncoated substrate (23 %).

k om
¢ Wear ¢ 1C1
I eoeff1c1ent when ¢ P

y improves the micro-abrasive wear resistance whe.
n

¢. Such improveme
r. The k. wear coefficient of single
gle-

the duplex (Ti,ADN. The '

The
du
1plex treatment certainl
nt can be mainly attributed

comp:
pared to its si

to its single-layered counterpar
he nitrided 12ye

to the lo:
load support provided by !
when compared t0

layere
1 .
mp d (Ti,Al)N can be reduced by 38%
rovement i< :
ment is even higher for the TiN system (47%)-

own in figure 6.11 for a direct comparison. The

Iso included in f
oved the wear resistance of the

The caat;

€ coating wear resistance (,k(.") is sh
substrate was 4

Al films impr

¢ duplex (Ti,ADN coating provided the

wear reqic

singlel.clflr‘(ance of the uncoated igure 6.11. Apart from
ayered and duplex Cr-N coatings,

y seen that th

ion. BY carry!

S significantly im

ected, the choice of the PVD

unc
Oated s
e substrate. It can be clearl
est wes: :
ea Ty 1
We r resistance to mrcro—scale abras ng out 8 dApies EISETRE, Fi
ar resg ,
. sistance of si '
A srngle—layCFCd pVD coatings wa proved, especially

fOrb
oth si
coatj single-layered (Ti,ADN and TiN coating As exp
aling y
plays an important role 1n improving the micro-abrasive wedl resistance.
f:cient when compared (o the

ng has a lower ke weal coeffic
red (Ti,Al)N coating provides higher micro-
The Cr-N SY$

n. The wear resistance of these

Alth
ough the TiN duplex coatir

1o single-1aye

Single_l.
ayered TiN coating, tl
tems (both duplex and

duplex TiN.
es o abrasio

d substrate. Th

abrasiye

sin“l;\/]L wear resistance than the
coilblin:,‘,lycrcm had the lowest wear resistanc

s ‘cs was even lower than that of the uncoate e linear plot of S
Sus (z/4b’ - gR/b’) had negative slope for (hese coatings (figures 6.8 and 6.9),
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confirmi

ne . .

i g that both duplex and smgle-layered Cr-N coatings wore out at a higher rate

an their substr: °
substrates. Nevertheless, the duplex treatment still provided an improvement

of 359,
o when compared to the single-layered Cr-N coating.

—_— 7 h
& _ |
T 64 |
Q
e | . s f
8§ ES !
.‘Z P-4 i %
n ° ‘ g
g NE 4 A ‘ l O Plasma nitrided AlSI H13]|
§ e | mHardened AISI H13 i
2 X 3- |
ol |
£ \:
g 2 - !
0 |
1
0 A= |
(Ti,A)N TiN cr-N Uncoated
substrate

Coating material

'ngle—layered an

Figu ’ :
gure 6.11 — Coating wear resistance of S1 d duplex (TLADN, TiN and

Cr-N
coatings.

an (_Ti.Al)N and TiN coatings. In the micro-

of 4-Spm, were u

*all tested coatings. The indentation depths of

Their <
SQ” size is larger than the thickness Of
Abrasive particles on surfaces depend on the ﬂPPh“d load, surf
hardnc“(m’- The measured Vickers hardness for the coatings 1 given In table VI.5. The
7100-06001{\/“66’. Therefore, |
e Cr-N coatings are softer.

-g whereas th
o that of the SiC abrasive

Th
¢ Cr-N coati {
r-N coatings are relatively softer th
sed as abrasives.

abrag;
ve wear tests SiC particles, with a mean S1Z€

ace hardness and abrasive

Si .
C hardness is expected 1 s t can be seen that
(Ti,A

|

)N coatings are h: arder than the
arable hard
abrasive wear testing 18 the ra

e surface (Hs). "Hard“

rdness of th
nl2 In this situation, the

Tha
., ¢ value !
IN' coatings have 4 compx ness val

Partic
e ' tio betw
t les. A well known purnmctcr in L.
nlrd

ness . ' ' ‘ X
ss of the abrasive pamclcs (Ha) and the h
io Ha/Hs ! is higher tha

abrag;
151 ’
on typically occurs when the Tt
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abrasi ;
ston will 1 b T
ead to ‘
much 01eater wear 1ates his ratio is shown b
in table VI.5 f
or

a 5
Il tested coatings

Table Vv
1.5 — Vickers
ickers hardness of single-layered and duplex (TL,ADN TiN
? 2 1N Cr‘N

CO‘dtings o .
) , plasma nitrided and hardened AISI H13 steels.

0
Duplex (Ti Ar:eqmen G €r Do) Habrasive/Hsur't‘z;ce*
single_layevred)N C.Joating 3069 (2971, 3166] e
Sy« COf’fx,Al)N T R 079
Single-layered (rlr[-mg , e [2422, 259] 0.96
Si“gle-luyere;oatmg 2059 Ll 2210] [.15
S Cr-N coating 2053 [1907, 2199] 117

ed AIST H13 steel 1387 [1348, 1426) [ 73

719 (699,739] 2

Ha
rdened AISI H13 steel

*

ext.

;
liuhr‘l,\u‘c was taken 2
5 12 as 2 ‘hich is |
400HV, which 1s an average value of the hardness range Pfcsenwd i

eV de
DLnd H [—] an be ob e ved '
Cnc I
e between the k¢ values and the ratio a/ s C ser for all Coated

/Hs, the higher i

Syg[,\
< LI]]S. 2
 the lower the l"l[. H h s ar-abre o 3
atio g the mlClO-(l rasive wear resistance (k -l
He s
lldCH(,C was not ObSCl'VCd fOI' the ( l‘—N Sygten
2 1S

See t\.
lgur
gure 6.11). However, such depe
strate, e latter had a hieher Hy/H
o o S

] uncoated subs since th

(du
Pl(‘\ a a
nd \1[]018 lLl\’CI'Cd) and
€. Al[hOUQh tll
€

rd[]()
than
an th ) : ,
e former and dlsplaycd better mlcro-abraswe wear resistanc
oher than that of t

e other coatings
could n

he uncoated st ubstrate, its relatively lower

hard
ness of the C
of the Cr-N were hig
and to the SiC particles) |
e 5) n

ha
I'dnca "
SS | i -
e in comparison 10 that of th
Ination  wi ¥ i
with a 2.0-2.5um (il thickness: ot provide an adequate

me ~ .
ent in terms of abrasive wear.

r-N coating because of its relatively

If the
c SIC
particles deeply anuthd throug
o5 may have pecome partly delaminated or removed

lo
W har
Al A QQ
dness. then the Cr-N coating
ism during the first stages of the test. This

thr
Ough
gh a severe '
Woul SEYEiP DlOnghlng/cumm7 mechan
uld 5
xplain the high weal rates recorded for these coatings. Tools for litin
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extrusion
that wer d wi
e coated with (Ti,ADN di h
Ti, id not perform well du
e to the presence |
e in the

lla Stic 'f h
0 c'lI'd al)] .V r(y o
5 3 l Ubhln roug I

relative]
y thin (Ti,A)N coati
) coating 10 which the stainless
steel substrate di ;
id not " giv
b e

sufficie
nt support'”. T
. The Cr-N coati )
ings probably behaved in a simi |
imilar ' way and-thi
this

ings had higher wear
nce in these samples. Rutherford ez al 189

migh :
ght explain why these coat
rates than the uncoated substrate

leadi
ding to a non-f:
avourable abrasion resista

¢ Cr-N coatings than those of the uncoated substrat
rate

ec :
- orded higher wear rates o
IM2s
=8 vii it :
teel) in similar micro-abrasion tests:
an important role in preventing abrasive wear, it
il
atings was probably
n. The load support provided by

Althoug
1gh substrate deformation plays
more influenced by

Seem,
s that

the wear mechanism in Cr-N co
strate deformatio

abras;j
ve -ati
penetration rather than by sub
of a severe ploughing/cutting through
o

it the occurrence
n, since the duplex
Nevertheless, it should be pointed

the nitri
nitride

rided case could not inhib
_coated sample also had a

the coati

1€ coating and its subsequent delaminatio
oated substrate.
ovement 10 the 1
and figure 6.11). Perhaps the

highe

gher wear rate than that of the unc
ovided an impr
ngs (see table V1.4
yield an improvement in the

out that -
I-eSiS[an\)[hé .nm'lded case pr niCrO—abrasiVe s
ce of single-layered Cr-N coatr .
(5-10pm) could
h coating thickness,
he Cr-N film and coating

denaeits

position of thicker Cr-N coatings
films. At suc
¢ extent into !t
_N coatings h
rocessing'*?. Also, the

abragi
asive S .
wear resistance of these the SiC '

q iC particles
a grea
ted. Thick Cr
sed 1n plastic P
improved by increasing their

Would

I N

10t be able to pcnetrate
ave been reported to

delam:nas:

amination would probably be inhibi

Jce of tools U

tings can be
4 a 3000 Vickers hardness value,

INCrease

ase the abrasive wear resistd!
ally softer cod
ating displaye
‘ r interesting ton
jmens were quite close to

SUrt‘.
dCe 3
hardness of intrinsic

thick 5
nes 150y

ss''% A 10um thick CrN ¢o
(50 |t is rathe

ote that the k; values

Cloc

lose to that of a 7um TiCN coating
nglc—layered Cr
ports the i
which led to

rec

orded for the duplex and sl -N coated Spec
also sup dea of the Cr-N coating being
e substral®
t should be noticed th

that of
of the Thi
uncoated substrate. his
the higher k. Ve
- values

l’eln
at a higher wear ratc than th
at the poorer wear

ree
OI 3 9
d(,d 1()[~ lthc Y . . e A1 ~k ®
se samples. As a final rematss 1
be related 0 an unsatisfactory

ot seem o

resic
sistanc
LC eT b . .

adh observed in Cr-N coatings don

CSi()[ ™

On i o i ‘ , ‘ N |

. The critical loads measured 107 the smgle-ldyered Cr-N coatings were quite
(table VI1.3).

Simj
tlar t
( : : T '
) those of the singlc—luycrcd [iN coatingt
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s with i :
ncreasing s
asing surface roughness. This effect was not observed in this work,
wor

since duple
plex (Ti,ADN, TiN and Cr- N coatings exhibited higher resistance to mic
ro-

n than
their single-layered counterpart. This is probably due to an inc d
¢ rease

red by the nitrided
d surface roughness. The nitrided layer

resista.
nce to «¢ s
abrasive wear
§ r offe
- | layer, more important than the
negative effect of the increase

td PVD coatings, preventing elastic and plastic

impr 5
proves the load support for the ha

defor
rmati
mation of the substrate.

Th ;
€ micr
0-abrasi . ; o :
abrasive wear test also discriminated petween the different coatings whilst
5 S
icients for harden
as the same whe

e confidence intervals in table VL.4).

ed steel substrates. The measured wear

i.lvmg similar k, wear coeff

oeffici

Si:gff:;:;;Of the L.mcoated substrate W n tested in both coated (with
ed coatings) and uncoated condition (se

es also showed comparable ks W

d single-layer—coated samples. Although plasma

wear coefficients, the

ided and hardened AISI H13

The
plaSma St 3
. nitrided substrat ear coefficients to those
rde E At
d for the uncoated substrate an
ightly Jower ks W

for plasma- nitrl
he duplex (reatment can be mainly

nitrid
ed sub :
Stre . '
diffe es displayed sl re was no statistical
en
ce between the kg values recorded
-ovements of t

Stee] «
substrates

strates. It seems that the impr
ones. One of th

han in the ki e claimed features of the

identifj
1fied i
ied in the k. values rather t

Micr
0-scale abrasi . FE
ale abrasion test 1s 118 ability 10

measure the wear resistance of the coating
o

i

Ndependently of the substrat® propemcs“sg 160 n these EXPEr
values than those obtained for their single-layered
ure of the ™!
d single-layer
if the pnitrided layer were

iments, all duplex

Cbatix
195 displ: e
gs displayed different K
r test, similar k
. ¢

cro—abrasive wea

COun
terparts .
parts. Considering the above featu
ed coatings having the

for duplex an

valy
es <

should have been rccorded
Cr-N)- HoweVver,

Same

ton coati T :
p coating (€.8. (Fn,Al)N, TiN,

1 such differences in the ke values would be

ating, thet
k, values for both plasma

cone:

Nsidered as part of the €O
ng in mind that the recorded
0se. [ndeed,
he load suppo

results recorded for k.

ex
€Cte
Pected to occur, espe b
_especially earl
abrasive wear

were quuu cl the micro-scale

Nitride -
ed and hardened AISI H13
It promoted by the

[CS[ g
St utilises suffici or
ilises sufficiently oW loads and therefore:

, then the xesults

Co
nverge
sely, if the nitrided layer W

Obtaj
aimed for
for k. would reveal 1ts
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would b :
e a diff e :
erent result from those which have been reported in the literat
ature’ so

far(159.167)

ling wear has been reported 1o OCCur in-tool steel
S

A tranci
ransiti ;

ition from grooving to rol
ing on the load per particle, slurry

dUr'
Ing th i
e ” ” .
o micro-abrasive wear test, depend:
centrati
on a (165 oF
nd type of abrasive used 5 Different transition points are expected f

or

d shapes. The hardne
ooving to rolling wear. However, the

dli lere
nt 'dbl 1 SS ()l ]le faces ‘)e ne
asive pa [ 51 S
pal icle s1zes an t sur 1 worn 1S

also belj
elie -
ved to influence the transition from gr
have not yet been full

nant at high Joads and/or low

effect
s of pa
particle size and surface hardness y investigated. A tw
. O_
found to be domi A

bod
y gro

oving wear mechanism was
nism at low loads and/or high slurry

e dominant mecha
ar. Grooving occur
mbed in the surface of the ball

Slu]]
y COH at1 1
S 1 t 1 r -'d l‘ 31
1 he micro b asive

conce
ntr
ations was a three-body rolling W€

of the particles €

Wear
test

when a significant proportion
ries of fine parallel grooves in the

producmcr a se
e abrasive particle
ultiply indented wear surface

bear;
drlng and ,lct — . g
. act as fixed indenters,
ple sur
face. In the rolling wear process th s do not embed but roll

bet
ween the
the two surfaces producing 4 heavi

With
no evide :
evident surface directionality:
SEM
mic
rographs of the worn ¢ )cmrcspondmO to 1000 ball
indicated a wear

l'ev()l "
utions  ar ;
ns are shown in figure 6.12.

plastic deformation-

nly the scale of deformation being

.with 0
and cutting on a scale

mechan;i
‘“Chanism involving
ng worn. Ploughing

surface bel
1d be identified. Although the wear pattern -

ot shown here,
egion. Since similar wear

Infly
ence ,

d by the hardness of the
rticle siz€ cou
qr crater isn

he substrate f
the remarks which will be

com
pare N :
able to the abrasive pd
the wear pattérn in

Obserye

erved in the coating region of the wé
hat seen int
pstraté regions,
regions of the W

SuCh
reo
ion was exactly the game of t

patte
ms & "
were observed for the €0 ating and su
ally to both

s hold equ

ear crater.

[T]ad
e ab
out the wear mechanist

A

wear n: | | o | |
\r patern consisting of pumllel sraight lines i ¢., Qrooves; s clearly seen in the
same wear pattern is still observed in the

unCO.

ated «

. ed substrate (figure 612 (@) Che sa

3 S[r' ) - ) - ‘-

ates of the single- luvc[-cd Cr-N ( (figure 6.12 (b)), duplex Cr-N coating (figure 6.12
oure 6.12 (d)) but the separation between adjacent

() a
nd single-layered TiN coating (f18
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grooves |
s 1s smalle
r the ‘ 5 i
han that observed 1n the uncoated substrate The groovi
‘ ) Ing pattern

observ
ed sugoes
suggests that the SiC abrasi '
rasive particles probably got € i
g mbedded in the

surface

atching the specimen surfaces. However, th
, the

of the b
all, acti ¥
, acting as fixed indenters and scr
is less defined in the substrates shown-in

wear
pattern consisti
onsis '
nsisting of parallel grooves
_From the wear pattern
he composite surface decreases in the

figures 6
bl & 3
e (e), 6.12 (f) and 6.12 (8) s observed, itseems thatth
y ) ) e
" the SiC abrasive particles t0 “seratch” t e
er: single-l: -
gle-layered Cr-N = smgle-layered TiN = duplex Cr-N > duplex TiN > singl
ingle-
In the duplex (Ti,ADN coating, grooves (resuifim
(=

layer .
ed (Ti,AD)N > duplex (TLADN.
be seen at all. The observation that a

) cannot
eded for oné materi
rdness devised by Mohs in 1824

from scra "
scratchi e S
tching by the SiC particles
al to be able to scratch

certain mij
m 1 1
inimum ratio of hardness is ne

for the scale of ha

anothe

" :

provided the physical basis
micro-abrasive wear tests. The substrate

s effect s

t seems to have occurred during the
)N coating - does
(Ti,Al)N coating, some very shallow

of the h
ardest coati ¢
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The
wear patt
atterns see
m to corroboraté the results obtained from the line
ar regression

analyses
ses. Aft
er a certai
tain number of ball revolutions, the coating material
5 al gets w
o orn

throuoh exposing
Ralstames. e be {the sut')stra[e material. After this point, the micro-abrasive  wear
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6.4. Conclusions

In thi
1S Ch' - . ;
apter a micro-abrasive wear test wa

single-1: :
gle-layered (Ti,Al)N and Cr-N coat

s used to evaluate the wear resistance of

ings and duplex (T i ADN and Cr-N coatings: The

eXperi
mental results indicated that:
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ive wear resistance than their single-

All d i
uplex coatings showed higher micro-abras

yer increased the load support beneath the

layer
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d, consequently, the resistance to

posite hardness an

S .
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achieved by the duplex (Ti,ADN

micro-abrasi
abrasion. The best improvement was

COating_

¢ certainly improves the micro-abrasive wear
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the :
e . .
hoice of the PVD coating
abrasive

sive wear resistance.
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rather .
r than in the k; ones
Properties.
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a single-layered (Ti,ADN coating.

ct of both coating and subsurface hardness on

ary in order to clarify the effe

the mij
MICro-Scs >
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CHA
PTER 7: IMPACT TESTING

7.1, Background

y Knotek et al. in the early 199075, “The ‘test

The imp:
impact test has been proposed D
local fatigue strength of coating/substrate

[Cprese
nts ;

a novel approach in evaluating the
st the specimen is cyc

urface. Hence,
loading, simulating a wide range of

lically loaded by a hard ball that

com :
posites. During the impact t€
the impact test allows the

repetiti -
vely impacts on the specimen S

investigati der dynam

at i i '

gation of coating properties under ynamic

ometry 18 pall-plane system and the stress

tribologic:
ogical systems. The loading g€
pically Hertzianmo'm). Basicaﬂy a

distribut;

stribution that arises from this contact is ty
d beneath the cen
ere is a zone of hig
this zone is particularly

tre of the indented surface.

hyd

rostati

static stress state is creaté
h tensile stress in the

[ .

Mmediately adjacent to the contact area th
(17017 1o hard brittle ™
m shear Stress has b
r of the elastic flatte

vicin;

suslcnel;}t,ib;)f fhe surface aterials,
e to cracking'"™®. The maximu

e contact diamete

¢ pvD thin coatings,

. een reported to occur at a
of 0.47D, where D is th AIiLG ZoHe |
. g zone at the
n .
t of impact!7""". Therefore, f0

¢ that the hydros
an elastic substrate,

this area 18 within the

tatic stress stat€ exists in homogeneous

Subst
" .
Ubstrate. It is important to not
with both materials having

Mater;

lals: :

Is; for thin hard coatings ©0
distribution differs from - -

the stress

diff
erent R
elastic and plastic constants,
ntation aré expecte

s under the inde d to occur at the

h
_ ydrostatic!'7""'73) High shear stresse
Interf, |

pact body) 18 set in a vertical oscillatory

resse
t, 1S affected DY the impact mass,

e distance 4 and the static  air

usually 455€8S€
rce have been observed.by

Durj
r'in :
g the impact test, a hard ball (the 1m
. (7-113) The impact force, F,

Mot
on with i
o ith a double-way piston driven by comp
Ich ig . i
s the main output parameter of the impact €S

M

. f

requency, f, impact pall 1o samp!
d by means of a

Presg
ssure, p (170179 The resulting imp

fferences int

piez
oelectr

lectric force transducer. Di
t forc

I71)_ The impac
esponse is th

Usin ;
g differe .
ifferent ball materials’ e can also be 1
e critical number of loadin'g

EXtr
a .

nereased by adding
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Ccycles i i
up to the point at which the coating surface shows no further damage. A

1C 1 A i

under repeated impact loading has been developed by

A'm
odel of coating degradation
pact test, stepwise deformation takes™ place

B
antle and Matthews''’". During the im
which 5 1

leads to piling up of material. Three failure sones can often be distinguished

ive failure, an intermedi
ith circular (radial) cracks. In the

(figure
7.2): a central zone with cohes ate zone with cohesive

and adhes;i .

dhesive failure and a peripheral Zon° W
dhesive failures are £
piling up of the substrate material causing

intermedj an
ed i '
iate zone, cohesive and aused by bending stresses,

frictj
lO - . . . 3
nal forces acting during indentation and

(71179 The cracks in the peripheral zone arise

Shear o ¥
stresses in the interfacial region
result of the ball/coated surface —contact

fro
m H i - a
ertzian tensile Stress, as

C()nditions(l70-l7l,l73)

Impact ball Distance d
Coating

Substrate

est arrangement.

of the impact

Figure 7.1 - Schematic view

g microstructure has been

¢ and coatin

t behaviou
d columnar str

A d

epende :

’ pendence between 1mMpac

ocume uctures WEre able to
mented! ™). Coatings With more pronounCC
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a 10 I
S~ he

) Oat
OS
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ithstand a larger number of impacts without.sh
owing cohesi
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and adhes;i
hesive failures"’"

Intermedi
ediate zone with cohesive Central zo
' ne with
cohesive failure

and adhesive failure

Peripheral zone with Pili f
ilingup 0 material

circular cracks

ncountered after the impact test.

Fi :
gure 7.2 - Typical failure zones €

dation of pVD hard coatings is

son for degra
he hard and often brittle

Duri
the
impact test, the main rea
jmpact, which t

Subs
trate d
e . ~
formation which takes place under
arts to build a

e the Stress i

Multilayered c
nt performance under impact

Coa[ing 1S
not : . ,
able to follow. To reduc o the coating, 1t st
oatings, possessing high

crater.

Nety
ork of

macrocracks inside the impact
yield excelle

tOu

ghne \

; $s, have also b

ests172.176) so been reported 10

rther optimised by either depositing
o

Jls can be fu
any substrate de

ommo date formation or

th
i i
lmp.
dCt - :
wear resistance of materi

Coat;
dline
gS that £
are sufficiently elastic 1 acc
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enCC,

dupl
€X treatm -
ent is expect
ed to provide a ior i
superior impact perf
ormarnce.

Je-layered and duplex- (Ti, ANy Cr-N
) ) £~

I .

Coatings h
as
been evaluated. Two different balls (tungst

discu
ssed for th
¢ .
e different coatings that have been tested

12.E )
xperimental Procedure

72.1
1.8
ample preparation

Sin
gle-la
yered a i m +
nd duplex (1 i,ADN, Cr-N coatings (plasma nitriding + PVD coati
oating)
5+2 HRC).

Were d
eposited
onto hardened and tempered AISI H13 steel substrates (5

ion, the specimens were ground and

Prj
or to
T
plasma nitriding and/or coating deposit

to a s
0 a surface finish of Raz(0.00St0.00I)Pm-

ok, COati " "
ng deposition and characterisation

ADN and duplex Cr-N coatings coatings were

Sin
gle-1;

ayered (Ti,ADN, duplex (Ti
(see chapter 5):

Prep
ared b
y electron beam evaporation

Plasma nitriding and PVD

gle operation- For all coating Systems under

(in a 60%AT ¥ 4
743K, dependin

peratures were |

Coatip
gw
ere performed by means of a sin
0%N, plasma for 2 hours.

iNvect:
Vestigation. plas I
, plasma nitriding Was carried oU
e varied from 683 to

g on the specific duplex

M e
fitriding temperatur
n the range 669-715K

nt (see t:
e table V.4). Coating deposition tem

(Se
€ tableg V.3 and V.4)

on was initiated without carrying out

Fo
Or the
uplex-tre: i it
plex-treated specimens, coating dep051t1
Jitriding and o For the duplex

step 1N vacuu

coating depositio

any
l. 5
Plasma etching b
g between plasma
m was performed b

(Tj
CLADN
and Cr-N coatings, 4 cooling
d deposition remperatures higher than 193K, A

]dln
g and coati
nd coating deposition {0 avoi

etween plasma =
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0.1-0.2
2pm titanium 1
interlayer was deposited on (Ti,ADN coatings (both single-1 d
-layere

and duplex).

SS

inaC
ambrid
ge S200 scanni i
scanning electron microscope. Knoop hardness measurement
nts on

polished

Cross-secti i

Mitutoy . ctions were carried out t0 estimate nitride case thickness . using

o MVK-G . : | :
| hardness tester. Coating hardness was also determined from Knoop

Microh
ardness m
easurements under a load of 0.25N. The structure of the nitrided case

was evalus:
aluated by SEM and XRD analyses.

1.2,
3. Scratch testing
TT-Tech, Finland) Was used to assess coating

Odlfie . .
d commercial scratch tester v
C stylus and a continuously

m Rockwell

loads Lci and Lc2
ed from a set of 3 scratche

adhesio
Q n. .
Tests were performed using 2 2004
(loads for cohesive

inCrea‘.
sing norm:
rmal force (10Nmm™). The critical
s on each

esive s ¢
e failures respectively) Were determin
osure of the substrate took place.

Sample, [
» was taken as the load at which first €xp

124
- Impact testing

oading system developed at the

The ;
€ 1m
pact resists . : : 1
resistance was investigated USing a cyclic |

¢ specimen surface 18 repetitively stressed at a

Uniy
e
rsity of Hull. In such system th

m a hard sphere. i 4
m with electronic control; a

def;
Ined
cont: Y ) 4
ntact point by impacts fro he impact force and impact

fre
Quency .
y are controlled by a pncumatic actuation syste

ter is used to sto
p the apparatus after
wn in figure 7.1. The impact frequency, £

Two different bal
SPHERIC) gmm in diameter -

mm in diameter.

View
of the i
impact test arrangement Was sho
ectively, in all tests and

and b,

Al to sample distance, d, WET® set at 8Hz 2
<t i 4.5x10°Pa. s were used as the
e 25 from
from SPHERIC) 10
was 900N for the tungsten

as assessed by

the ¢
tatic a;
imp Uc air pressure, P, was S
actin
and g p g body: a tungsten carbide ball (grad
a
rdened AIS1 E52100 steel ball (¢ 25

g set of parameters

The
€ im
act f
pact force resulting from thi
The impact force W

Carbid
e D
ball and 480N for the AISI E52100 steel ball:
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means
of a pie
. piezoelectri
tric force transducer and an oscilloscope. Each W
. . Each sample
as

Subjected to
to 3 tests wi 3 10
e o ith 10°, 10" and 510" impacts in unlubricated conditions. The
S | ns.’
ere always changed after carrying out a defined number of impacts and
_ their .-«

Surface
, as well as i
the coatin
g surface, were cleaned Wi A
, ith acetone. Af
) ter-the: test

samples
S were ob
served on a Cambri
ridge S200 scanning €l i
ectron Microscope i
in .order to

investj
gate coati i
ing failure. Energy Dispersive X-Ray Analyses (EDX) were perf
erformed

] QX2000 X-Ray Analyser. The impact craters

on the j
im
pact craters by a Link Analytica
C scanning electron

Mmade with
h.
ardened steel balls were observed on a JEOL JSM-35

i:IOSCO] e be W d f
1 g

s were also observed on a L eitz optical microscope

out EDS .
S analyses. These crater
73.R
esults and Discussion

Jed, atr
Odtlng characterisation

Je VIL1. For the duplex treatments the

Coati
ng}y "

ardness and thickness are shown in tab
y discussed, the duplex (Ti,ADN

Nitrided e«

case structure was also included As previous!
of the duplex Cr-
ifferent coatings whic
ive residual stresses, as it is

Coating has 4 thi

s a thicker nitrided case than that N coating. Although this
ual stress of the d
to have compress
the ion plating
n the order
ive residual stress. Hence,

has

not assessed the resid
h have been
«echnique. From the

(Ti, AN > TiN >

prOduC
ed,
, all PVD coatings are expected

Usually f

ly found in PVD coatings prepared by
creases 1
ate of compress
on of duplex cod

e composite surface,

lit
Craty
re. ¢
L :
ompressive residual stresses de

Cr-N(18.177)
. Nitride
itrided cases are often under a st

COI“Pre
res P . - 1 .
sidual stresses in the subsurface regl
as in the

to |
O\Ner
the m: :
magnitude of an applied tensile stress on th

Case
i
fimpact tests.

tings are expected
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lable v
II.1 —Kn i T
oop microhardness and coating thickness of single-layered (Ti,A
- 1,ADN,

Cr-N a
nd duplex (Ti ;
(Ti,AD)N, Cr-N coatings. Nitrided case structure and thickness are al
re also

show
n for the duplex coatings.

———
Coatin bt
g Nitrided case structure/ Coating HK§ s @LAI5%)
| . 1.(95%)
e thickness (1m) thickness (pum) (kgf/mm?®)
gle-1 -
Dupi ayered (TL, AN --rmmmmmrmemmm=r="""" 2.3-2.4 3461 [ :
b | 3-2. 3393, 3529
. N Diffusion zone/55-60 2627 3538 [3486 3590;
Ingle-la = |
yered Cr-N
i S v S 2.5-2.6 2592 (2511, 2673]
) g ; '
Diffusion zone/35-40 2021 2691  [2626, 2756]

1.3
2. Scratch testing

g the load support for hard

The b
enefits of
its of the duplex treatment, in rerms of improvin
s recorded for the duplex- '

PVD
COa[m \ e .
gs, can be seen in terms of the highest critical load

r single-layered counterparts (se€ table V.7).

treat
ed s;
sa ;
mples in comparison with thei
s failure mechanism

t critical Joads and it

The
duple .
plex (Ti,AI)N coating had the highes
re observed until

characterised b _
: y tensile cracks. No external transverse cracks we
(Ti,Al)

N, single—layered Cr-N and duplex

the ¢
Substr;

ate got exposed. Single-layered

h, with the

g the edges of the scratc
el. The

Cr-N
coati ’ gt
tings exhibited flaking of the coating alon

king along the edges of the scratch chann

{LADN showi
showing a more severe fla
acks at higher loads; however,

du
Plex c
N\ e
no ta N coating also developed external transverse ¢f
Y ensile ¢
cracks )
racks were formed inside the scratch channel.

13
% '3.
I'"Pact testing

7-3.3_1. %
edeF=9WN)

Sts usi '
using a tungsten carbid

ied, an increase of both crater

{ been quantif

of impacts ¥

a certain

Alth
Ough
this |
he impact crater volume has no
as observed. After

di;
am
C[er .
1d depth with increasing pumber
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numb : Ty EE——
er of impacts, cohesive failures could be identified in all coatings (see figures 7.3

and 7, - ; .
6). Adhesive failure leading to the exposure of the substrate material was selected

4 ) .
s the failure criterion.

The si
e single-layered (Ti,Al)N coating did not show any failures up to 10* impacts. After

10* .
© Impacts, cohesive failures could be observed in the central zone and cohesive +

adhes;j : . . : ,
ive failures were present in the intermediate zone. After 5x10* impacts more

Cohes; . _ ; :
ive and/or adhesive failures occurred in the central and intermediate zones.

ilures in the central and

Th : :
€ duplex (Ti,A)N coating also displayed small cohesive fa
r craters showed a

inte s ; ;
rmediate zones after 10* impacts. A clos¢ observation of the wea
m the ball to the coated surface. Material

mechan; . )
anism involving material transfer fro
curred more dramatically after 5x10°*

fer in the form of thin adhesive platelets &€
platelets and coating are shown

impacts (f; ,
pacts (figure 7.4). EDX analyses carried out on thin
fferent areas of the 5><10_4

in fj '
figure 7.5. Several EDX analyses Were performed at di
Jements constituting th

oating did not show any

impg,
Pact crater and no signal from the € e substrate could be
adhesive failures

det .
ected, indicating that the duplex (TBADN ¢
UP to 5x10* impacts.

Smgle~layered Cr-N coatings did not show any cohesive and adhesive failures up to T

iMpacre (e
Pacts (figure 7.6). After 10" impacts,
COheSiVe 3
ures could be distin

the piling up of material is clearly seen.

guished after 5x10

r indicated the presence of Fe in

Such .
areas, confirming that the substrat
s able to endure a larger

Cr-N coating Wa
ve and/or adhesiv
rer ability © foll

nd adhesive failures

la)'e -
fed (Ti,Al)N coating, the single-layered
e failure. Moreover,

er : . . :
of Impacts without showing any cohest B e
& .

Sin 1
e-]- p
S¢-layered Cr-N coatings demonstrated & grea

hesive & than a single-
s cohesive _

def,
Ormat;
ation, showing compurativcly les

laye
red (Ti,Al)N coating.
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The duplex Cr-N coating was able to withstand up to 10* impacts without e?(hibiting
4 .
any cohesive failure or piling up of material (figure 7.6). After 5x10" impacts, ,O.nly

cohesive failures were observed in the central and intermediate zones. For-the duplex

Cr-N coating, a mechanism involving material transfer from the ‘ball to the cgated

Surface was not observed.

Duplex (Ti,AN coating

Non-duplex (Ti,ADN coating

After 10’ impacts

After 10° impacts

After Sx10* i ,[

!
;
B

b

O

atings after 10°, 10*

= ox TADNS
Flgure 73 _ Impact craters of smgle ldyered and P er, 6mm, £ = 900N. SEM. The
. ete, :
Nnd Sy 1t - e en carbide ball dia ed in the SEM
J” impacts using a tungs from the tilt employ
s

It
l]lpllcdl shape of some impact craters rest

mdglng‘
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- - & " : >} ‘.
of the 5x10* impact crater, showing the

Figure 7.4 _ Duplex (Ti,ADN coating. Bottom

thin adhesjve platelets transferred to the coating surface.

S e 5.063 keV
dK Cl::: 64 ch 263=

Fi ' -
'8ure 7.5 _ gpx analyses of the impact T

thin Platelets (b).
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Single-layered Cr-N coating

Aﬁe 3.
r10 impacts

Aﬁer 4 .
10* impacts

After
5%10%;
x10 Impacts |§

N coatings after 10°, 10°
F = 900N. SEM. The

\\\\—J
Fi -
gure o 6
.6 — Impact craters of single-layere

arbide ball, diam
Jts from the tilt employed in the SEM

and S5 d and duplex Cr-
impacts using a tungsten ¢ eter, bmm,

tical
sh :
ape of some impact craters rest

Unaging‘

resistance of single-layered (Ti,A)N

imised substrate deformation

curred in the duplex

wear
d to have min

ve failures 0¢
gs did not exhibit any sort

Th
e dy
plex tre: i m
treatment increased the impact

and C
r-N
c
oatings. The nitrided case seeme
fewer cohesl

Ilder
the h-
hard PVD coating so that
lex coatin

Coat;
ngs C
. On . .
trarily to smgle-layered coat

of .
adhes;
Sive fai
e failures. The latter coatings

ings, dup’®
roperties than their

X treatment seemed to be

ment O
ritical loads). In this

Sin
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nterparts. The jmprove

m()re
Marked i
ed in the (Ti,Al)N system (also t
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case, a thi
J icker nitri - .
nitrided case was produced and this probably minimised the magnitude

of substra
t .
e deformation when compared with the duplex Cr-N coating.

It should
b
e noted that none of the coatings (both single-layered and duplex) displayed

lar cracks are €X

state in the vicinity of the impact cavity

ought to have a positive effect

Circula
I cracks i ; :
s in the peripheral zone. Circu pected (o arise in-hard

britt]
€ coati .
atings due to the high tensile stress

For (Tj
1,ADN coati ¥
)N coatings, the thin titanium interlayer is th
on t0 improving the adh
s at its interface with the substrate

under ( _
ynamic impact loading. In additi esion of the hard

(TL,ADN I

)N layer to the substrate and reducing stresse
erlayer probably increa
f the substrate deformatio

thlS th.][
1 ) SOf ¢ 3 g 13 [T
t and sufficient “elastic” Int ses the ability of the hard

(Ti Al)
L) N C 3

oating to accommodate some extent O
rence of micromec

inimised due to the

n which takes

hanical mechanisms, such as

Place
under i
er impact. Thus, the occur
presence of this Ti

rowth i .
; growth in the coating, was probably m

(F = 480N)
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Coatings
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used. Besides,
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lower than

Coheg-
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and adhesive failures. In these t
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s. Thus, lower
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rger diameter, resulting 1n com

er such conditions-

Stre \
S are e
re expected to occur und

serve the impact craters in

balls, it was 1
ow and it Was found to be very

ue 1s based on topographic

Fo
I the tec
tests using hardened steel

t
he Optic
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e SEM, since

al microscope.
this [echniq

diff;
Icy] 3
t to visualise them in th
e barely seen in the

effe
Cts. F
or the duplex treatments, S
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The single-layered (Ti,AI)N coating (

t a4 . . ;
0 5x10" impacts. Cohesive failures in t

figure 7.7) did not show any adhesive failures up

he central zones could be detected after 10*

Impacts and these failures increased after 5x10* impacts.

After 10°

Impacts

After 1o

Impactg

After
Sx 1 04

Mpactg

\

FiglJrc 77

- Impact craters 0

Imp.
PActs using 4 hardened AIST ES2100 92

Single-layered (TL,ADN
coating - SEM

f single-1ay®

Single-layered (Ti,A)N coating

100X - LOM

ITEe

red (Ti,Al N

I, diameter,
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The d . _
uplex (Ti,Al)N coating (figure 7.8) did not exhibit any failures up to 10° impacts.

After 10* . -
r 10" and 5x10* impacts, distinctive large areas could be seen in the bottom of the

Craters , _ e
- EDS analyses that had been carried out indicated the presence of Fe in such
areas: Tj : ! . ' o .

> Tiand Al signals were also detected in these areas, at lower intensities than those

belongi '
) onging to Fe. This suggests a mechanismt involving material transfer from-the ball to
the . L
coated surface. If the substrate had got exposed in these areas, signal from Ti and Al
sho
uld not be detected at all. Material transfer from the ball to the coated surface was o

als
0 observed for the duplex (Ti,ADN coating when

wit
h tungsten carbide balls. In the case of the hardene

the impact tests were perfo'rmed
d steel balls, material transfer

oc :
curred in a larger scale, probably owing 0 the lower hardness of the hardened steel

b .
alls. A Fe film was formed on the bottom of the 10* and 5%10* impact craters and an

umber of impacts. Thus,

lnCre ’ . .
ase of transferred material was observed with increasing
5x10* impacts.

du : .
Plex (Ti, Al)N coatings did not show any adhesive failures up t0

yered Cr-N coatings up to 10* impacts

inguished in comparison t

however, adhesive failur

Adheg; _
(f'. esive failures were not detected for single-1a
1 : insle-
8ure 7.9). Small cohesive failures could b® dist o the sirigle

la '
Yered (Ti, AN coating. After 5x10* impacts,

det . .
fcted. EDS analyses that had been performed indi
nal was particularly ]

ment of the AISI HI

cated the presence of Fe in the

ow, which suggests that the Cr

om E ‘
of this crater and the Cr 18
3 steel substrate.

ae probably from Cr alloying €l¢
0 5%x10" impacts. A small

i i nsfer from
r 5><IO4 jmpacts. Material trans

amo
un i "
t of cohesive failures seemed to 06cUl afte
e, in contrast to the

the 13 :
ball to the coated surface did not take place In (his duplex samp

dy ‘
: Plex (Tl,A])N CO'dIing,

es were - -
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Single-layered Cr-N coating — Single-layered Cr-N coating
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med to be affected

The ¢
ransferenc .

ce of material from the balls to the coated surface see
lex (Ti,ADN,

by the rati
ratio bet
ween the hardness of the ball and coating hardness. The dup
d thickest nitrided case, was able

bein
g the ha des ;

rdest coating and possessing the hardest an
d steel balls). The duplex

[0 Wea
I the softer
ter impact bodies (tungsten carbide and hardene
Ti, AN, was not ab

material from the ball
d out that this mechanism

le to wear the

Cr-N
Coatin .
g, being relatively softer than the duplex (
was not

harde
ned st
eel and tungsten carbide balls. Hence,

transf;
erred to
0 ~
its surface in both tests. It should be pointe

ting surface could not be attributed

inVO] 0
ving tr
ansf
erence of the ball material to the coa
ting materials. If that was the case,

ologj
gical compatibility between the ball and cod
he surface of single-layered .

Materja)
fro
m the ball should have been observed on t

not form iribologically compatible pairs

(T Al

ADN coats

With ej, E R, iR (Ti,ADN does
€r tungsten carbide or steel.

N coatings could have

d and duplex Cr-
s with the CrN
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(139)_In this WOr

he g
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k, it 18 rather
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(Iture
were f .
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since the
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ult to
S[: - 5 .
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Sin 1

&e-layered Cr-N coat; o
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CraN, 1t good impact

trﬁa[
Ment,
Although the duplex Cr-N coating is mainly

Perf,
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ere mor

g are expecte
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Prove :
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8lls we
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Subs 7. ) .
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g adhes;i
1on and 1
impact test results was also observed by Lugscheide (174)
i and

Ollendorf (175)

14
. ConcluSiOns

duplex (Ti,ADN and Cr-N coatings.

Imp
act test
S we .
re carried out on single-layered and
, diameter, 6mm and a

IW() di
lffere 1
nt 1m b
1 pact balls were USEdI a tungsten Cafbide all

The resulting jmpact force was

harq
€ned Al
s
900N for the tI E52100 steel ball, diameter, 10mm:
- ungst :
Mdicated that. gsten carbide ball and 480N for the AISTES2!

00 steel ball. The results

_layered (Ti,ADN and
e hard
s. The

e of single
e deformation under th

d in the duplex coating

1. Th
e du
p]ex tr .
eatment improved the impact resistanc

Cr-N
Coatin ia b
gs. The nitrided case€ minimised substrat
e

impy
OVeme
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S
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p o 5x10" impacts when

ve failures U
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€ of th
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N comparison to that of the tungsten carbide balls.
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This
Work in
iy, o ved the '
 (TLADN and Con production and characterisation of single-layered and dupl
5 0 . plex
oatings. Duplex TiN coatings have been used to investigat
e

the |
Influe
nce of -
an inte i
rmediate treatment (consisting of cooling down t
on adhesion and impact resistance

he samples in

VaCuu
m and ¢
o
of dupjey Coa?ylng out an Ar plasma etching step)
mgs. ’
Produced’ chlesd After ensuring that well-adherent duplex coatin
-layer :
ed and duplex (Ti,ADN, Cr-N coatings Were prepared for

gs would be

trib
010g'
1cal ey
aluatio
11 C . ¢ .
oating characterisation was extensively discussed in chapters

3,4
- Neverth :
eless, a brief summary is given in table VIILL.

Tabl
€ VIII
-
um
mary of the most relevant coating properties
Coating Critical loads

COating
Coatin
g
HKo 025 R, (Hm) Nitrided layer
phase La(N) e (N)

thicknes
$
) smlcmre/thickness
structure  C.I (95%) C.L (95%)

\igf‘i;_,’//
(Hm) (pm)
ThAbN, 440 1573

Dy
Plex (Ti Ay
4] 1545, 160.1]

2.6-2
7 3538460 (0.043£0.005)
(Ti'AI)N 55-60 Ti,AIN',
2.3-2.4
3461478 (0.018£0.005) e Ti;ALN2 » 318 53.3
Duplch Ti:AlN,TiN [30‘4,33.2] [51.9,54‘7]
N
2.0-2.1
2691174 (0.0390.006) Diffusion sone/ €O CrN 54.0 117.2
CrN 1540 (502, 5781 (113.3,121.2)
2.5.7 .
o 2592492 (().()IGi().O(N) .................. CrN', CnN 29.2 553
(26.1,324] (52.7,578]
Dy
pICx- .
F.N
2.29 i
3 2999+40 (().(H‘)t0.00Z) Mono-phases Ti, TiN 375 152.1
46.3, 157.9
compound [34.6, 40.4] [1 ]
laycr/l.O 12
TiN diffusion zone/
2.1-222 - TiN' 5.7 523
- 2935+80 B R Ti, TIN :
(225,290 (49.4,55.7]

-4
kel

Min.
ndm ha
S¢S,
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Based
on the experi
perim
ental results that were obtained, the following major conclusions

can b
e drawn from this work:
t duplex coatings which have a mono-phase

compound
la ; .
yer. The key issue 18 tO avoid compound 1ayer destabili

can be :
ach
ieved by carefully controlling process
pound layer seem
er 18 expected 0 b

I (3
1s feasi
asible to produce well-adheren
sation, which

parameters during coating

s to affect duplex coating

depo 1t

e ce. A dual-phase compound 1y
ructure i :
ure is susceptible to fracture petween the phases.

itrided case structure, has

ws tailoring the i
in avoiding compound

An i
ntermed;

ediate treatment, which allo
o be effective 1

bee

lay:r j:tjzi -ed .Thls treatment was prover!
free. By per‘:dUOn and also producing duplex coatl
deposition at ’Orr.nmg an Ar plasmad etching step b
a bias voltage of 250V and etching times of 1

hick compoun

d layer from the substrate surface.

uld be produc
ples in vacu
termediate treat
ure in triode ion

possib]
e to remove a 1.0-1.2um
ed. cOmpound

8, & it

layer 4 nitrided case consisting ofa diffusion zone €0

estabilisation was inhibited by cooling down the sam
723K. This 10

higher than
or the pitride d case struct

um in order

ment

0 ave

elugi d deOSltlon 1Cmperatures
ldates

plati a systematic approach to tail
ng s

ystems. Clearly the etching time will v

pound |;
d layer produced during nitriding:

2 Sera
detrlt:;nznd impact test results - dicate that 2 CO ol
detern al effects on adhesion and impact resistance: A g —
Sim lined for duplex coatings consmmg + diffusion sones Wer 1

ilar to those obtained for 2 duplex coating onsisting TIN+EC pound ayer

thlffugxon zone, 1t was found that the duplex coating wit hard, c'lense’_mhon
:Scs compound layer + diffusion zone € can ou utpe erform & uplex f;nf ::;fusmn
20 iffusion zone in impact tests: The uplex coating by dll ) -
Ne presented circular cracks, whilst the with an € compou? i
5 If process arameters are carefully

s
how any ;
. e up 10 5x1

coating failur
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controlled in order to produce 2 hard, dense, mono-phase compound layer and its

destabilisation is successfully avoided, then it is possible t0 obtain duplex coatings

with adhesion strength comparable to PVD hard coatings on plasma nitrided steels

with a diffusion zone only. Since compound layers can improve the corrosion

resistance of duplex coatings, 1t would be interesting t0 produce duplex coatings
e to corrosion andgood

with mono-phase compound layers when resistanc

tribological properties are desired for a given application.

4 All films had very dense columnar structures, With single-layered coatings

displaying more fine-grain
Cr-N coating had the finest graine

ed structures than duplex coatings. The single-layered

d structure among all coatings. GDOES results

indicated that single-layered and duplex (Ti,ADN coatings have compositions close

to Tip soAlp.soN. The single-layered Cr-N coating had a two-layer structure, with an

probably corresponding t0 substoichiometric CrN and

outer layer richer in nitrogen,

an inner layer richer in chromium, corresponding to Cr,N. The duplex Cr-N coating

ered Cr-N coating and its

was comparatively poorer in nitrogen than the single-lay
se. As indicated by XRD

composition seemed to be closer to that of the Cr;N pha

duplex coatings crystallised into different phases,

analyses, single-layered and
were used for producing

probably due t0 the lower deposition temperatures that

duplex (Ti,ADN and Cr-N coatin ¢ used for producing the

gs in comparison to thos
single-layered coatings.

ffective 1n increasing the load support for hard

5. The duplex treatment was quite €

e-layered coatings Were outperformed by their

ve wear and impact test

r such tribological cont

PVD coatings. Consequently, singl
s. The nitrided case

duplex counterparts in micro-abrasi
acts, resulting in an

prevented substrate deformation unde

improved micro-abrasive wear and impact resistance:

6. The micro-abrasive weat resistance was strongly influenced by surface (coating) and

subsurface hardness. The duplex (Ti,Al)N coating W
AISI H13 steel substrates. Although the

ayered PVD

as found to be the best coating

for improving abrasive wear resistance of
wear resistance of single-1

duplex treatment improved the abrasive
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coatings in comparison with their duplex counterparts, the top hard coating seems to

have a stronger influence on the micro-abrasive wear performance. A duplex TiN

coating was outperformed by a single-layered (Ti,A)N coating “in the' micro-

abrasive wear tests, suggesting that the micro-abrasion resistance is more sensitive

to the choice of the PVD coating rather than to substrate deformation, which was

minimised by carrying out the duplex treatment. The micro-abrasive wear resistance

was also found to be influenced by (i) the r

(coating)/subsurface hardness and (ii) coating thickness.

atio between abrasive particle hardness

and surface

7. Duplex coatings proved to be more effective than single-layered coatings in

dynamic wear applications. This can be attributed to the presence of a nitrided case,

which improves the load support for the hard PVD coatings and reduces substrate

deformation under impact testing. All single-layered coatings displayed some extent
number of impacts whereas duplex

of cohesive and adhesive failures after a certain

coatings were able t0 endure up to 5%x10* impacts without

(Ti,Al)N and duplex Cr-N

showing any adhesive failures.

8. Both duplex (Ti,ADN and duplex Cr-N coatings seemed to be promising coatings to

Sl H13 steel shear knives that are
process at Gerdau S.A. Although duplex Cr-N coatings did
r relatively low

be applied onto Al used to cut steel ingots during

the continuous ingot cast

not exhibit a high resistance to micro-abrasion, owing to thel

hardness in comparison with the hardness of the abrasive particles (SiC) and

ckness, they showed to be qu
ance to impact. Duplex (Ti,Al
on and had a good performan

both coatings are expected 10 improve the performance of AIS

ite suitable in tribological applications

unsuitable thi
)N coatings showed an excellent

that require resist
ce in impact tests. Therefore,

resistance to micro-abrasl
I H13 shear knives.

lication is resistance to oxidation. According

Another important property in such app
(Ti,AN and Cr-N are coatin

jon resistance of material

gs which have an enormous potential

to the literature,
s. In the case of duplex Cr-N

to increase the oxidat
coatings, it is necessary t0 optimise film thickness as a function of abrasive hardness

and size.
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CHAPTER 9: RELEVANCE OF RESULTS AND MAJOR
CONTRIBUTIONS

The experimental results obtained from this work highlight that it is feasible to produce

d layers that have satisfact
ntial for such nitrided case structure; especially in

d : - :
uplex coating with compoun ory adhesion strength to plasma

nitrided substrates. This is a great pote

e corrosion resistance, where the presence of a dense compound

applications that requir

ve effect. A mono-phase € (F€2.3N) compound layer

layer is expected to have a positi
TiN coatings when compared with

increased the impact weat resistance of duplex

e compound—layer-free. The same adhesion strength was

duplex TiN coatings which wer
mono-phase & compound layer and compound-

achieved by duplex TiN coatings with 2

layer-free duplex TiN coatings. These results are in principle contradictory to those of
pers suggest that it 1s primordial to remove

the literature. A great number of pa
dhesion of duplex coatings. This work,

compound layers in order to achieve good a
sue concerning duplex coating processing is to avoid

ell-adherent duplex ¢O
e of the compound layer seems to be

however, shows that the major 18

stabilisation SO that W atings with compound

compound layer de

layers can be produced. Nevertheless, the structur
nd layers should be avoided because of their weak

rather important. Dual-phase compoy

hich can lead to comp e due to interfacial

bond between phases, W osite premature failur

fracture between the phases:

An intermediate treatment consisting of cooling down the samples in vacuum and Ar
d. This treatment allows tailoring the nitrided case

formed by means of
isation can be avoided by cooling

plasma etching has been develope
ments that are per
pound layer destabil

position temperatur

structure of duplex treat a single operation n

triode ion plating systems: Com

d controlling the de e whereas an AT plasma

down the samples an
mechanism.

etch step allows the removal of compound layers by means of a sputter

ory tests, it was possible to select coatings

| contacts in laborat
g. A close collaboration between

logical ai;)plication
s still needed to opti

ting conditions are quit

By simulating tribologica

that are suitable for specific tribo
mise the development Of

academic research groups and industry i
coating materials. [n most of the cases: real opera e different from
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those simulated in laboratory tests. Hence, an optimisation of coating materials may be
necessary before introducing them in praCtical applications, since there is always a gap

between laboratory tests and real operating conditions.

The duplex treatment developed in this work has already been introduced in an English
ade with duplex TiN coatin

gs, which were applied onto

company. The first trials Were m
ded a significant improvement in the lifetime of

steel hobs. The duplex treatment yiel
great potential t0 successfully improve

these tools, indicating that this treatment has a
ected to abrasive wear and cyclical

the performance of several components that are sub]

loads.



Chapter 10: Recommendations for Future Work
138

CHAPTER 10: RECOMMENDATIONS FOR FUTURE WORK

Thi . L 5
his work dealt with optimising 2 duplex treatment consisting of plasma nitriding and

subsequent PAPVD hard coating deposition. Tribological duplex (Ti,Al)N-and Cr-N

coatings were chosen for 2 promising application onto AISI H13 shear knives which are

used to cut steel ingots during the continuous ingot cast process at Gerdau S.A. industry
These coatings have been characterised by SEM, LOM, XRD, EDX, GDOES, Scrath;
testing, micro-abrasive wear tests and impact tests. Laboratory tests are expected to give
an insight about coating performance. Nevertheless, industrial field tests need to be
carried out to ensure that these duplex coatings will have the beneficial effects that they

have proven to possess in laboratory testing. Tests under real operating conditions

1 order to establish coating suitability

should be performed at Gerdau’s industrial plant i

for this specific application.

re subjected t0 dynamic loading and an intensive abrasive wear

der service. Because of the el

These shear knives @
evated temperature of the ingots

seems to take place un

(973K) during cut operat
e, both (Ti,Al)

1073K. Therefore, duplex

nto AISI H13 shear knives.
m. Wear tests at elevated

ion, tribochemical wear, i.e., oxidation wear, is expected to

N and Cr-N coatings are expected to provide

occur. From the literatur
(Ti,AN and Cr-N coatings are

resistance to oxidation up to
Unfortunately this work did

promising coatings to be used o

not take into account such an important mechanis
temperatures, or even oxidation tests, should be carried out before introducing such

coatings in industrial field testing.

bably has 2 strong influence onl duplex coating

The structure of the nitrided case pro

this work, only 2 mono-p

hase € compound layer has been produced.

performance. In
pected t0 lower the adhesion of duplex

Although dual-phase compound layers are €X
t was not investigated 1n this work. It should be interesting to
g destabilised)

coatings, this aspec
s with dual-phase compound layers (without bein

prepare duplex coating
on and impact behaviour in order to check this hypothesis.

and evaluate their adhest
jon about nitrided case structure

Surely such tests would provide useful informat

influence on duplex coating performance-
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Chapter 10: Recommendations for Future Work

Since duplex coatings are expected to improve the corrosion resistance of single-layered

PAPVD coatings, it would be rele
(Ti, AN, duplex TiN and duplex i

immersion tests would be particularly use

vant to investigate the corrosion resistance of duplex
r-N coatings. Potentiodynamic methods-and also
ful for evaluating the corrosion resistance of
und layer will act as a passive layer by

duplex coatings. It is expected that a compo
place through pinhole-type defects

blocking the localised corrosive attack which takes

of single-layered PAPVD coatings. A comparison of ¢
itrided cases with different structures, s

jon zone only. Hence, the influence of n

orrosion performance could be

made by producing n uch as compound layer +

diffusion zone and diffus itrided layer structure

on corrosion resistance could be established.
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