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Abstract

Hard coatings are extensively used in various applications, such as machining tools, die
components, turbine blades etc. Along with other improvements, these coatings provide
significant enhancement in the mechanical reliability of the components as well as in their
wear resistance. A vital role to the substrate/coating system performance plays the adhesion
of the coating which characterizes its capability to remain intact over all the substrate surface
when the substrate/coatimg system is subjected to tensile or shear stresses during service.

The current thesis focuses on the characterization of the adhesion of specific hard coatings on
the surface of a hot work tool steel used typically as a die in metal extrusion process. The
technique selected to evaluate the adhesion to the substrate of the thin hard coatings, was
the “scratch test” which-according to the literature-is the the only one that has led
consistently to meaningful results and which is applicable also to quality control in the
production of large numbers of parts.

To that purpose, various combinations of single or double layer coatings (i.e. CrN, AITiN,
CrN/AITiN) were deposited on the surface of a hot work tool steel, either directly or after
surface nitriding, by CAPVD process (this part of the work was performed by Kocaeli University
in Turkey). The experimental work carried out at the University of Thessaly, included the
scratch tests as well as the characterization of the failure modes of the coatings evolved during
the tests. Stereo-Optical microscopy, SEM/EDX as well as AFM were employed in the
evaluation process.

The critical load where the coating failure occurred was determined for each sample allowing
a ranking of the samples based on the coating adhesion measurements. The double layer
coating (Nitriding+AITiN+CrN) exhibited the better adhesion values, over all the tested
samples. Both adhesive as well as cohesive failure modes were found, while the coating
failure pattern evolved during the scratch tests was also determined for each case providing
useful conclusions on the coating’s behavior under specific loading conditions.

The results are in good agreement with the reported values found in the open literature.
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Mepidnym

OL OoKANPEG emIKOAUWPELS XpnolomololvTal eUpEws oe Sladopeg edpapuoyEg, Onwe oe
epyoleia katepyaoiag petalwyv, os puAtpeg e€wbnong os katepyaoieg Stapopdwoewy, o
NTepUYLA TOUPUTIVWY K.a. Mépa amod tn cuvelodpopd Toug atnv avénon tou xpovou {wng, oL
okANpEg erkaluPelg mpoodépouv avénuévn aflomiotia aAAd kat avtiotaon os pBopd ota
UNXOVOALYLIKA otolxeia mou edapuolovral. INHAVTLKO pOAO OTIC EMLOOCELG TOU CUOTIUATOC
UTIOOTPWHATOC-eTKAAUYNG Tailel n mpdoduon ¢ emkaludng Hla €vvola n omoia
XOPAKTNPLEL TNV IKAVOTNTA TNG EMIOTPWONG VA TAPAUEVEL ABIKTN OTnV emdpAveLd TOU
UTIOCTPWHATOC, OTAV QUTO UTIOKELTAL 05 EPEAKUOTIKEG AMNA Kol SLATUNTIKEG TAOELG KATA TN
Aettoupyia tou.

H mnapoloa OSUTAWHATIKA ETLKEVIPWVETOL OTOV  XAPAKINPLWOUO TNG TPOohuoNng
OUYKEKPLUEVWVY ETILOTPWOEWY OTNV emidavela epyaleloxdlufa, o omoiog xpnotpomnoleital
OoTNV KATaoKeun pntpwv e€wbnong oe katepyacieg SLEAaoNC KpapATwyv aloupwviou. H
uEBodog Tou xpnoluoTolBnKe HE OKOTMO va UeTPnBel n mpooducon TwV OKANPWV
emKoAUPEwWV 0TO UTOCTPpWHA TOU XAAuBa ovopdletal “scratch test”, to omolo cUpPwWvA e
™ BLBAloypadia eival To HOVO TTOU MAPEXEL OELOTILOTO ATTOTEAECHOTA, EVW XPNOLUOTOLE(TAL
KOLL KOTA TOV £AEYXO0 TIOLOTNTAC OTNV TAPAYWYI] LEYAAOU apLOLOU OVTLKELUEVWV.

M’ auTO TO OKOTO, TOLKIAOL cUVSUOCHOL Ao AMAEG Kal oUVOETEC ETUOTPWOELG, OTwCG oL CrN,
AITiN, CrN/AITIN evamotébnkav otnv srudavela tou gpyaleloxdiufa, eite anesubeiag site
META amo TNV evalWwTwaor Tou, Héow TnG nebodou CAPVD (n epyacia autn ekmovrBnke amd
to maveruotiuo Kocaeli otnv Toupkia). H mewpapatiky Swadikacia élafe ywpa oto
Mavenotiuo Osooaliag, kat cupneple AapPave ta scratch tests kabBwg kat tnv afloAdynon
TWV TPOTIWV 0.0TOXLOC TWV ETIKAAUPEWVY KOTA TN SLAPKELX TWV HETPNOEWV. O XOPAKTNPLOKOC
TPAYLATOTIOBNKE HECW TNG MAPATAPNONG TWV SOKLUIWY OE OTEPEOOKOTILO, NAEKTPOVIKO
ULKPOGKOTILO 0dpwong (SEM) kabwg Kat KPOOKOTILO AToKNC Suvaung (AFM).

To kpiowo d¢optio katd TO Omoio eudavioTnKe n TMPWTN aoToxia TNG EMIOTPWONG
nipocdloplotnke yla KABe €va amd ta Sokipla, yeyovog mou obrynoe otnv Katatagn twv
mapanavw Soklpiwv cludwva Pe TG UETPAOELS TTpooduaong tnNg emkalung. To SUTANG
eniotpwong (CrN/AITIN) kat evalwtwpévo Sokiplo mapouciooe tnv kaAutepn mpooduacn
CUYKPLTIKA Ue OAa Tta uttolouma Sokipta. Katd tn SldpKela Tou eAéyXou TWV XOPOywv,
napatnpnénkav toco aoctoyieg npoocduong (adhesive failure) 6co kal ouvoyng (cohesive
failure) ¢ emk@AuPng, evw kotaypadnke n oA UE TNV omola auTEG epdaviotnkav. To
TAPATIAVW EXEL WG OTMOTEAECHA VA AVTANBOUV Xpr OO CUUITEPACUOTA YLA TN CUUIEPLPOPA
TWV EMLOTPWOEWV UTIO TNV emLBoAn poptiwv.

Ta amoteAéopata Twv SOKLUWY MPooduon KabBwE Kal oL TPOTOoL acToXLaC TToU PoTeivovTal,
oupdwvouv e avtiotolya anoteAéopata mou avadepovtal otn BipAoypadia.

Vi
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Chapter 1: Introduction

1.1 Aim and Structure of the Diploma Thesis

The aim of this work is to measure the adhesion of six selected coated specimens by
conducting scratch tests, as well as the analysis of the failure modes occurred during the tests,
that allow the classification of the coatings according to their performance.

The thesis is divided in five chapters, which are briefly presented hereinafter.

In Chapter One, general aspects of tribology are reviewed while the motivation of the current
work is discussed.

In Chapter Two, the literature review is presented. The review presents the different materials
that were used in the present thesis combined with their properties. In addition, the failure
modes that may occur during the conduction of a scratch test are analyzed.

In Chapter Three, the experimental procedure is provided.

In Chapter Four, the results including scratch tests, optical and stereo microscopy results,
SEM/EDX studies as well as selected AFM tests are presented in detail for each one of the
specimens examined.

In Chapter Five, a discussion about the above results and the failure modes of the specimens
is provided alongside with future work recommendations.
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1.2 Definition of Tribology

It is well known that when two different surfaces contact each other, friction force is
produced. In most cases, friction is an undesirable phenomenon which causes the
deterioration of contacting surfaces, a situation also called wear. Tribology is the field of
engineering that deals with the above situation and in recent years is becoming a more
complex discipline, including a great number of sciences such as chemistry, physics,
metallurgy and engineering (Fig. 1).

Tribology plays a significant role in the technological evolution of industrialized societies since
it contributes to the reduction of the friction forces. Advanced Tribology could offer numerous
benefits, such as reduced costs for maintenance of the machinery (in-service failure,
maintenance downtime), energy saving and the amelioration of working conditions by
improving safety. As a result, scientists nowadays focus their research on the surface
properties that need to be improved (hardness, fracture toughness, adhesion). The research
on this field has led to the development of numerous coatings which offer a wide range of
properties and enhance the performance of mechanical components. In parallel, coating
deposition techniques were developed allowing the deposition of thin solid with superior
tribological properties [1].

Direction of motion _:;>

1 - Solid
— _— : _____ <
- & ‘
Solid
Asperity P . AL Contacts
interactions — ’; \
Friction ) - Wear processes

Fig. 1: Definition of tribology [2]

It is obvious that tribology has a significant social and, thus, economic impact. In particular,
large amounts of money have been lost per year due to friction and wear problems. In the
United States of America, material losses due to tribology are estimated at about $100 billion
per year, fact that highlights the importance of improving the tribological properties of moving
components [2]. As it concerns the United Kingdom [3], £515 million could be saved annually
by ameliorating tribology conditions, as it is demonstrated in Fig. 2.
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Fig. 2: Economic savings through tribology on the U.K (1966, £millions) [3]

1.3 Die Wear in Metal Extrusion Method

The current thesis focuses on the characterization of the adhesion of hard coatings on the
surface of a specific tool steel used typically as a die in metal extrusion process. The tool
suffers from high temperature wear and thus research is conducting in developing hard
coating to minimize the problem. In metal extrusion processes, a cross section of material is
reduced by passing it through a die opening, which has a desired shape, by means of a
compressive force, as it is schematically demonstrated in Fig. 3.

Fig. 3: Metal extrusion process and die wear defects [4]
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In order to have improved performance, extrusion dies need to possess a number of
fundamental properties, such as high hardness, sufficient toughness, resistance to
deformation, resistance to shock and resistance to high temperature wear (Fig. 4). This may
be achieved via the following steps:

1. Alloy design: Improved performance of extrusion dies is achieved by controlling the
alloying elements that impart the ideal properties to the metal.

2. Heat treatments: In most cases, the metal needs to undergo a number of heat
treatments (i.e. austenization, tempering, gas nitriding etc.) so that it will not fail
during die process.

3. Surface treatments: A crucial factor for an extrusion die is to have improved properties
on the surface, as it suffers from high temperature and stress loads. For this reason,
a great number of surface treatment techniques have been developed and surface
coating is one of them.

Fig. 4: A series of processes needed to improve an extrusion die’s performance [4]

The die of extrusion processes is exposed to strong tribological loads by high contact normal
pressure and sliding friction.

The cost of forming tools usually covers a significant amount of the total manufacturing cost.
Additionally, unexpected tool changes due to excessive wear are causing down times of the
manufacturing process. In extrusion, high temperature wear is the main failure mechanism.
High temperature wear occurs when metallic components slide against each other under high
pressure and temperature. The heat generated due to friction causes micro welds to form
between the sliding surfaces. Methodologies currently used are based mainly on designer
intuition and experience, which are not the most adequate when considering the complexity
of the problem. Quantitative approach to tool wear analysis would improve service life,
leading to an important reduction of manufacturing costs [5].
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The importance of specific surface treatments on a hot work tool steel will be examined in the
current work.

More specifically, various combinations of single or multilayer CAPVD coatings in combination
to the traditional gas nitriding technique will be evaluated in relation to their adhesion in order
to rank their performance.

1.4 High Temperature Wear of Extrusion Dies

In extrusion process, dies are considered the most critical component of tooling due to their
complex design, high tolerance requirements, critical processing conditions and complex state
of stress that acts on them during extrusion [6]. Previous investigations on aluminum
extrusion dies showed that the three most common failure mechanisms are wear, fracture
and plastic deformation [7]. More specifically, the wear of extrusion dies is much accelerated,
while adhesive wear occurs. Since aluminum has a strong tendency to adhere on the steel
surface, there will be development of the adhesive layer on the die bearing. The development
of an adhesive layer on the die bearing surface is dependent on many factors:

e Temperature developed in the die bearing,

e Speed of extrusion,

e Shape and geometry of the die,

e Die bearing length,

e Surface roughness parameters of the die bearing,
e Hardness of the bearing surface.

Among the above factors, the most important are temperature and speed of the process.
Extrusion speed and temperature rise on the die bearing are directly related to each other.
For the same billet temperature, temperature rise on the die bearing is greater at higher
speeds due to increase in strain rate and increase in shear deformation (sticking friction) on
the die bearing. When the temperature on the die bearing increases, the tendency for the
development of an adhesive layer increases. Due to the increase of temperature, the adhesive
layer begins to develop, and with the increase of press cycles, the adhesive layer slowly may
cover the complete bearing area and become a thicker layer. The repetitive adhesive layers’
buildup, and detachment leads to die wear and contaminates in the extrusion [8]. Coatings
with adequate adhesion may withstand to these phenomena extending the life time of the
die.
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Chapter 2: Literature Review

2.1 Adhesion of Hard Coatings

Adhesion means the property and capability of a coating to remain intact over all the substrate
surface when the composite is subjected to tensile or shear stresses. The adhesion therefore
characterizes the rupture strength of the interface or of the transition zone between the
coating and the substrate. Among the various techniques proposed for testing the adhesion
to the substrate of thin hard films, the only one which has led consistently to meaningful
results and which is applicable also to quality control in the production of large numbers of
parts is the so-called “scratch test”, first proposed by Heavens [9] and introduced by Benjamin
and Weaver [10]. As it concerns the coating deposition, it can be divided into four generic
groups: gaseous, solution, molten and solid, depending on the state of the depositing phase
[11]. More specifically, the coatings that we shall consider will be those deposited by plasma
— assisted techniques, such as the CAPVD method, since those can provide excellent adhesion
to the substrate and dense coating structural morphology, properties needed for tribological
applications. To meet the desired wear and friction requirements, the coated surface must
possess a suitable combination of properties. As shown in Fig. 5, we can distinguish between
four different areas, each with different properties which must be taken under consideration.
The properties required by the substrate and by the coating involve material strength and

thermal attributes determined by their composition and microstructure as well as the porosity
and homogeneity of the material. At the interface between them, the adhesion and shear
strength of the junction is important. At the surface of the coating the chemical reactivity and
the roughness must be considered in addition to the shear strength. A primary problem in
surface design is that many desired properties, such as good adhesion at the coating/substrate
interface and no surface interactions with the counterface, or high hardness and high
toughness of the coating, cannot easily be obtained simultaneously. Increased hardness and
strength is often concomitant with decreasing toughness and adherence. For this reason, the
final coating design is always a compromise between many different technical requirements
on the properties of the coating system and the economical requirements on the deposition
of the coating on to products.
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Fig. 5: Tribologically important properties in different zones of the coated surface [1]

This work focuses on the determination of values which correspond to the interfacial bond
between the coating and the substrate. The interfacial bond strength or adhesion of the
coating to the substrate is a very important property of thin, hard coatings. Poor adhesion
leads to "flaking" (adhesive failure), whereas poor cohesion causes chipping (cohesive failure).
Adhesion can be evaluated by various techniques some of which, however, have serious
limitations. Among them, the "scratch test" is applicable as a quality control tool in the
production of large numbers of coated parts.

2.2 Scratch Test: A Review on the Method

The term Scratch Test refers to a widespread accepted scientific and industrial technique
which aim to measure the coating’s adhesion. The technique involves a controlled scratch on
a selected area. The tip material (normally diamond) is drawn across the coated surface under
constant, incremental or progressive load. At a certain critical load, the coating will start to
fail. The critical load data is used to quantify the adhesive properties of different film -
substrate combinations. A typical scratch tester is equipped with an acoustic emission
detector and image capture & measurement system.

In scratch testing, stresses are introduced at the coating/substrate interface by deforming the
surface with a moving diamond tip (r = 200 um, angle 120°). The applied load is increased
stepwise or continuously until the deformation causes stresses which result in flaking or
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chipping of the coating. The smallest load at which the coating cracks (cohesive failure) or is
detached (adhesive failure) is called the critical load and is determined by optical or electron
microscopy, as well as by acoustic emission (AE). Usually, the onset of AE signal and the
microscopical observation of the first damage occurring in the coating correlate quite well.
With the CSM Revetest, the scratches are made at constant speed and either constant or
linearly increasing load with automatic recording of an AE-normal loading graph. The load
corresponding to failure provides information about the adhesion strength and is referred to
as the critical load (Lc) [1]. The most widely used version involves a diamond stylus with a
200um radius spherical tip (Fig. 6). The type of coating failure exhibits microcracks ahead or
behind the tip, coating spalling and chipping or production of a scratch in which the whole
coating is pulled off. The factors that affect the type of coating failure are presented below:

e The ductility of the film,

e The coating/substrate hardness ratio. Generally, a low ratio leads to superior adhesive
strength while on the other hand high coating to substrate hardness ratio values mean
failure at lower loads, [12]

e The thickness, geometry and surface condition of the coating,

e Theindenter material.
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Fig. 6: Equipment layout of a scratch tester [1]

2.2 Failure modes in hard coatings

The load where failure occurs alongside with the type of failure during the scratch test are the
main criteria in order to evaluate the adhesion.

The continuous, progressive loading of a hard coated surface leads to the appearance of
microcracks, which then multiply and merge. The appearance and growth of the cracks during
the scratch test follows a basic pattern: Initially, angular cracks are formed at the edges of the
scratch at the same time that parallel to the scratch cracks appear. Then, the pre-existing
cracks are growing and merging to semicircular transverse cracks. As the load increases
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progressively, some areas of the coating are spalled off, fact that finally leads to a complete

coating removal from the surface of the base metal, as it is depicted on Fig. 7 [13].

Fig. 7: The surface cracks generated in a scratch test track can be classified as: (a) angular cracks, (b) parallel
cracks, (c) transverse semicircular cracks, (d) coating chipping, (e) coating spalling and (f) coating breakthrough

[13]

2.2.1 Adhesion failure analysis

The adhesion failure modes are classified into three main categories:

1.

2.

Buckling and spallation:

e Buckling: This is the most common failure mode in thin coatings. Buckling
occurs as a result of compressive stresses generated in front of the diamond
tip. Regions with interfacial cracks lead to buckling while the tip produces
stresses to the coated surface.

e Wedge Spallation: When the critical thickness is exceeded, through-thickness
angular cracks are formed instead of buckling, which leads to adhesion failure
between the coating and the metal. Rarely, regional coating spallation as well
as dramatic increase of scratch width and depth are observed.

e Recovery Spallation: This type of adhesion failure is the result of the elastic
recovery during the conduction of a scratch test and depends on the
properties of the base metal and the through thickness cracks that may pre-
exist. The residual stresses combined with through thickness cracks lead to
the spallation of the coating on both sides of the scratch. Recovery spallation
is observed for hard coatings combined with hard substrates.

Chipping: As the diamond tip moves forward and previous buckling or spallation
failures have already appeared, chipping of the coating is observed. As a result, the
coating is deposited laterally to the crack.

Conformal and tensile cracking: This type of failure takes place in case that the coating

remains attached to the substrate, despite the increasing load. Conformal cracking
appears in front of the diamond tip while the tensile cracking behind it. It should also
be highlighted that the cracks in front of the tip may change their shape during the
conduction of the scratch test [14] (Fig. 8).
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Fig. 8: Coating failure modes [1]

S.J. Bull [14] created a general map in which the above coating failure modes are gathered
and compared to the coating and substrate hardness (Fig. 9).

Through-Thickness

Coating Cracking (hipping

Buckling/Spaliation

Coating Hardness

Plastic Deformation

Substrate Hardness

Fig. 9: Main scratch test failure modes in terms of substrate and coating hardness [14]

According to this map, higher hardness values of both the substrate and the coating lead to
chipping, while for lower substrate hardness values in combination to high coating hardness
lead to through thickness coating cracking.
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2.3 Properties of hard coatings

The advantages of the application of hard coatings are well known for forming and cutting
tools where anti-wear properties are required in order to enhance the tool’s life time. For this
purpose, a wide range of coatings and methods of application to various substrates have been
studied. The current thesis is focused on the study of CrN, AITiN and CrN/AITiN coatings,
deposited by CAPVD (Cathodic Arc Physical Vapor Deposition) on a DIN 1.2999 tool steel. This
method provides high levels of ionization, which leads to denser structure [13]. At the same
time, CAPVD method offers the ability to create thin of the order of 1um thick. A short
overview of the properties is given hereinafter:

2.3.1CrN

CrN coating is widely used in industrial applications, such as cutting applications, cold metal
forming and protecting molds from corrosion and wear. This coating is usually combined with
soft substrates (stainless steel, aluminum and copper alloys) that are not able to support,
more brittle coatings. Generally, CrN coatings are characterized by a fine-grained
microstructure and low residual stresses, which allows their implementation in large
thicknesses (more than 10-25 um). Furthermore, these coatings offer low friction coefficient,
protection against oxidation at high temperatures but they do not reach high hardness values
[15].

2.3.2 AITiN

This is another widely used type of coating. AITiN coating offers high resistance to high
temperature oxidation, high resistance to stress conditions and slightly improved hardness
values in comparison with CrN coating [16]. In combination with the above features, AITiN
coating is characterized by low friction coefficient as well as low thermal conductivity. The
properties of the above coating resulted from a thin, protective Al,Os layer that formed at the
surface, preventing substrate oxidation and coating wear during high temperature treatment.
In particular, is seems that the amount of Al also affects the hardness of the coating due to
the generation of Al,O; oxide. All the above properties make AITiN coating ideal for
applications such as drilling and milling [15].

2.3.3 CrN/AITiN

This is a double layer coating, which actually combines the previous two coatings. Each one of
the CrN and AITiN coatings offer high performance as it concerns their resistance to oxidation
but at the same time the elastic and plastic deformation that the substrate shows under stress
conditions lead to the deterioration of its properties and finally leads to failure.

A proposed solution to this undesirable behavior, is the two-layer coatings, which combine
the properties of each single coating, for improved performance [15]. Using the double layer
coating in conjunction to the prior nitriding of the substrate, it is expected to create a new,
reinforced AITiN/CrN coating, which will offer increased adhesion to the substrate.

In this case, the CrN coating becomes the “missing link”” between the substrate and the AITiN
coating [16].

11
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Chapter 3: Experimental Procedure

3.1: Preparation of Specimens

The specimens’ preparation was carried out by Kocaeli University [4]. The substrate, i.e. DIN
1.2999 hot work tool steel [17] was heat treated (Table 1) and three of the specimens were
then coated by the CAPVD process (Tables 2,4). The experimental conditions of the heat
treatment as well as the surface treatments are presented in Tables 2,3. Each coating had a
2um thickness while the double layer coatings consisted of a 1+1 um CrN + AITiN.

Three specimens were subjected to nitriding (Table 3) and then they were coated under the
same conditions to the above-non nitrided-specimens. Two specimens, the first consisted of
the DIN 1.2999 tool steel without any treatment and the other consisted of the above steel
including the gas nitriding process were provided as reference.

A material code was assigned to each specimen in order to be easily discriminated (Table 5).

Table 1: The standard chemical composition of DIN 1.2999 hot work tool steel (wt. %) [17]

045 030 030 3.0 5.00 1.00  balance

Table 2: The heat treatment conditions applied on experimental steels before surface treatment [4]

Preheating 1 Preheating 2 Austenization Tempering
600-650 °C, 800-850 °C, 1030 °C, 585°C, 120min
60 min 60 min 30 min 560°C, 120min

560°C, 120min

Table 3: The gas nitriding conditions applied on experimental steels [4]

Nitriding temperature Nitriding time Cooling
585 °C | 6h | 1.1 bar air |

Table 4: The parameters used for coatings in CAPVD process [4]

Coating type Cathodic arc Bias voltage (V)  Coating time Nitrogen
current (A) (min) partial pressure
(mTorr)
CrN 60 110 70 6.5
AITiN 50 200 30 8
CrN/AITIN 80/60 120/100 60/60 6.5/7

12
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Table 5: The list of specimens [4]

Material code Treatments

9100 Heat treated

9101 Heat treated + AITiN

9102 Heat treated + CrN

9103 Heat treated + CrN + AITiN
9150 Heat treated + Nitrided

9151 Heat treated + Nitrided + AITiN
9152 Heat treated + Nitrided + CrN
9153 Heat treated + Nitrided + CrN + AITiN

Surface hardness measurements were conducted by Kocaeli University in order to provide
sufficient information about the properties of each coating/substrate combination (Table 6).

Table 6: Surface hardness values of experimental steels [4]

Material code Hardness (HVo.01)

9100 504+2

9101 1782+4
9102 1739+2
9103 194043
9150 755+3

9151 216712
9152 2018+2
9153 227211

The coated specimens were studied at the SEM microscope in order to ensure that the coating
procedure had led to the desired structure. At the same time, every sample was characterized
by EDX analysis, a technique that provides useful information about the chemical composition
for both the coatings and the substrate (Table 7).

13
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Table 7: SEM micrographs and EDX analysis of coated steels [4]

Material

EM mi h EDX lysi
code ) micrograp analysis
Elt. 1 2 Units
Al 35,655 - wt.%
Ti 23,026 - wt.%
9101 N 35,655 : wt.%
Fe - 91,220  wt.%
Other 5,664 8,788 wt.%
elements
Elt. Conc Units
N 16,685 wt.%
9102 Cr 83,315 wt.%
100,000 wt.%
Elt. 1 2 Units
Al 35,655 - wt.%
Ti 23,026 - wt.%
9103 N 35,655 - wt.%
Fe - 91,220 wt.%
Other 5,664 8,788 wt.%
elements
Al 39,080 wt.%
Ti 25,473 wt. %
9151 N 35,447 wt.%
Fe - wt. %
Other - wt.%
elements
Elt. Conc Units
9152 Cr 75,197 wt.%
N 24,803 wt.%
Elt. 1 2 Units
Al 37,577 5,584 wt.%
Ti 22,781 1,239 wt.%
9153 N 34,983 16,165 wt.%
Cr 4,659 66,726 wt. %
Fe - 9,186 wt.%
Other - 1,100 wt.%
elements
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3.2 Scratch Tests

CSM Revetest Scratch Tester was used for the experiments. The parameters of the scratch
tests were set by the CSM Scratch Test Control Unit, while the acoustic emission to load
diagrams were recorded by the ABB SE-790 XY plotter (Fig. 10).

As far as all the prerequisite information about the coated specimens are gathered, several
scratch tests were conducted in order to determine the critical load, L. where the first coating
failure occurs. The standard scratch test parameters were:

1. Travel speed: 10 mm/min,
2. Loading rate: 100 N/min.

Progressively increasing load was applied to every measurement since it is suitable for rapid
assessment and quality assurance of the coating, while it is the most popular method reported
in the literature [18].

Another standard experimental parameter for scratch tests was the maximum load applied to
the samples. During the first tests this value was set to 60 N. This fixed value allowed the
determination of the specimen’s L. and then the minimum and maximum loads applied.

Fig. 10: CSM Revetest Scratch Test Connected with CSM Scratch Test Control Unit equipped with an ABB SE-790
XY plotter

15
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3.3 Stereoscopy

The worn surfaces were initially examined by using a stereoscope in order to observe any
macroscale failure on the scratch paths. A Leica Wilz M3Z stereoscope was employed for this
work.

3.4 SEM Analysis

All specimens were examined in a Scanning Electron Microscope (SEM). The analysis was
focused on the classification of the failure occurred during the scratch tests. A Jeol JSM-5310
SEM in the secondary electron mode with an accelerating voltage of 30 KV was used. The
scope of this work was to investigate every scratched specimen in order to determine the
mode of failure. For the observation in SEM it is essential that the conductivity of specimens
during observation is ensured, therefore the specimens were affixed on the special specimen
holder with graphite paste. Then they are placed in the vacuum chamber of the microscope
for the observation.

3.5 EDX Analysis

The specimens were further examined by energy-dispersive X-ray spectroscopy (EDX). Line
scans and local chemical analysis contributed to the identification of the failure patterns. The
EDX analyses were conducted at the Department of Physics, Aristotle University of
Thessaloniki, Greece.

3.6 AFM Analysis

Use of AFM (Atomic Force Microscopy) constitutes the most modern methodology for the
study of surfaces of all types of materials (metals, ceramics, and complex materials). It
provides the possibility of studying surfaces with dimensions up to Imm x 1mm, with
magnifications of their topographic configuration up to x300.000. The acquisition of three-
dimensional images of the examined surfaces is possible with the help of a computer.

The AFM senses repulsive contact forces between a fixed flexible micro cantilever and the
surface of the sample. The Z motion of a silicon nitride tip is monitored in height mode by
mounting the sample on an X-Y-Z piezoelectric tube scanner. The tip of the sensor is placed
on an isolated cantilever, which has a low spring constant (0.1-1 N/m) and diverts as a reaction
to the forces exercised between the tip of the cantilever and the specimen. The AFM
microscope uses the technique of beam laser reflection for the control of force. As AFM allows
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the depiction of conductible and not conductible surfaces directly in laboratory atmosphere,
the preparation of surfaces is a relatively easy work.

AFM topographies were acquired with a Topometrix Explorer Atomic Force Microscope,
equipped with a hardware-linearized 100um, X-Y scanner (z-range 10um) or an X-Y scanner
2um (z-range 0,8um). Pyramidal tips made of silicon nitride (Topometrix, 1520-00) and silicon
(Topometrix, 1660-00) was used in the non-contact mode. Different areas of every specimen
were scanned. The images were captured and section analysis data for each image was
obtained. These data provided essential information on the surface morphology, i.e. accurate
measurements of the scratched area and scratching depth.

17
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Chapter 4: Experimental Results

4.1 Scratch Tests

The scratch tests parameters for each specimen are shown in Tables 8-13 while the acoustic
emission to load diagrams are depicted in Figures 12-17.

4.1.1 Sample 9101 (AITiN)
Atypical specimen after conducting the scratch tests is shown in Fig. 11 where all the scratches
can be seen:

The beginning

of the test

Fig. 11: Specimen #9101. The scratches can be seen macroscopically on the surface

A typical diagram which correlates the acoustic emission signal to the load where the first
coating failure occurs is depicted in Fig. 12:

Critical Load (L) \

Fig. 12: Acoustic emission vs. load diagram for sample 9101

18
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Six scratch test experiments were carried out for #9101 and all the results are summarized in
Table 8 below. Besides the recorded critical load (Lc), the selected min and max load in N, and
the length of the scratch are also given. It is worth noting that the critical load appears to be
independent on the load range and the selected scratch length.

Table 8: Sample 9101: Experimental results per scratch

4.1.2 Sample 9102 (CrN)
A typical representative diagram which correlates the acoustic emission signal to the load
where the first coating failure occurs is depicted in Fig. 13:

Critical Load (L)

AN

Fig. 13: Acoustic emission vs. load diagram for sample 9102

Five scratch test experiments were carried out for #9102 and the results are summarized in
Table 9 below. Besides the recorded critical load (Lc), the selected min and max load in N, and
the length of the scratch are also provided. It is worth noting that the critical load appears to
be independent on the load range and the scratch length.

Table 9: Sample 9102: Experimental results per scratch

Test No. Min. Load — Max. Load (N) L. (N) Scratch Length (mm) \
1 0-60 8.7 10
2 0-20 18 6
3 0-20 11.8 6
4 0-20 115 6
5 0-20 11.5 6
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4.1.3 Sample 9103 (AITiN+CrN)
A typical representative diagram which correlates the acoustic emission signal to the load

where the first coating failure occurs is depicted in Fig. 14:

Critical Load (Lc)\

Fig. 14: Acoustic emission vs. load diagram for sample 9103

Five scratch test experiments were carried out for #9103 and the results are summarized in
Table 10 below. Besides the recorded critical load (Lc), the selected min and max load in N,
and the length of the scratch are also depicted. It is worth noting that the critical load appears
to be independent on the load range and the scratch length.

Table 10: Sample 9103: Experimental results per scratch
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4.1.4 Sample 9151 (Nitrided+AITiN)
A typical representative diagram which correlates the acoustic emission signal to the load
where the first coating failure occurs is depicted in Fig. 15:

Critical Load (L)

Fig. 15: Acoustic emission vs. load diagram for sample 9151

Three scratch test experiments were carried out for #9151 and the results are summarized in
Table 11 below. Besides the recorded critical load (Lc), the selected min and max load in N,
and the length of the scratch are also given. Similarly to the above cases, the critical load
appears to be independent on the load range and the scratch length.

Table 11: Sample 9151: Experimental results per scratch
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4.1.5 Sample 9152 (Nitrided+CrN)
A typical representative diagram which correlates the acoustic emission signal to the load
where the first coating failure occurs is depicted in Fig. 16:

Critical Load (L)

Fig. 16: Acoustic emission vs. load diagram for sample 9152

Three scratch test experiments were carried out for #9152 and the results are summarized in
Table 12 below. Besides the recorded critical load (Lc), the selected min and max load in N,
and the length of the scratch are also given. Also for this case, the critical load appears to be
independent on the load range and the scratch length.

Table 12: Sample 9152: Experimental results per scratch
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4.1.6 Sample 9153 (Nitrided+AITiN+CrN)
A typical representative diagram which correlates the acoustic emission signal to the load
where the first coating failure occurs is depicted in Fig. 17:

Critical Load (Lc)

Fig. 17: Acoustic emission vs. load diagram for sample 9153

Nine scratch test experiments were performed for #9153 and the results are summarized in
Table 13 below. The differences observed in the critical load of this sample, may be attributed
to the most complex combination of the overlay coatings that may trigger different failure
modes. It is worth noting that the critical load appears to be independent on the load range
and the scratch length, while three tests did not record L. values.

Table 13: Sample 9153: Experimental results per scratch

2 10-40 - 4.5

3 0-90 18.1 13.5
4 0-80 - 12.5
5 0-90 = 13.5
6 0-90 26.8 13.5
7 0-120 31 14

8 0-140 51.2 14.5
9 0-100 73 13.75
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Table 14 summarizes the results from all tests, in terms of the mean value of the critical load
and the standard deviation per sample:

Table 14: Mean and standard deviation Lc values of coated samples

Material Treatment Mean L. value (N) L. standard deviation (N)

code

9101 AITiN coated 17.12 1.99
9102 CrN coated 12.30 3.06
9103 AITiN+CrN coted 20.64 2.53
9151 Nitrided+AITiN coated 14.93 4.09
9152 Nitrided+CrN coated 22.57 6.86
9153 Nitrided+AITiN+CrN coated 37.91 18.63

Based on the above results, a first comment is that the measured L. values of AITiN and CrN
coated specimen have shown low deviation from the respective L. values reported in the
literature [15], [19]. Another observation is that the nitrided samples have exhibited enhanced
adhesion, with the exception of the AITiN coated specimens.

More specifically, the sample 9151 had slightly decreased L. values compared to the non-
nitrided sample (9101). Another factor that plays a vital role in scratch resistance is the coating
type. Specimens 9103 and 9153 have shown improved resistance than the other nitrided and
non-nitrided samples respectively. In general, sample 9153 reached the highest mean L. value
while the sample 9102 the lowest one. As it concerns the standard deviation of the L, it is
observed that the nitrided specimens exhibited higher values of standard deviation compared
to the non-nitrided ones. More specifically, the sample 9153 reached the highest L. standard
deviation value while the sample 9101 the lowest one. Consequently, the information
gathered by the scratch tests provided useful information about the gas nitriding process as
well as about the double CrN/AITiN coating.

4.2 SEM Analysis

Each specimen was examined at the scanning electron microscope in order to characterize
the coating failure mode.

4.2.1 Sample 9101 (AITiN)

During the initial stages of the scratch test, the scratch path is starting to form. As the diamond
tip moves forward, it seems that buckling as well as coating chipping appear at low scale,
despite the fact that the applied force is lower than the L.. Fig. 18 shows the scratch before
the first acoustic emission peak recorded. Buckling and coating chipping phenomena are
initially observed:
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Fig. 18: The initial stage of the crack

The applied force progressively increases and reaches the L. value. The buckling and chipping
phenomena are more pronounced at this stage of analysis, as it is demonstrated in Fig. 19:

Fig. 19: The area where the first acoustic emission peak was recorded

In higher magpnification, it is obvious that the microcracks formed into the scratch path and
become denser as the applied load is increasing (Fig. 20).
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Microcracks

Fig. 20: Microcracks appearance

During the last stage of the scratch test, the vertical load reaches its highest value. It is
observed that buckling and chipping become more intense than in previous stages of the test.
Furthermore, microcracks grow intensively while the coating is deposited laterally to the

scratch trace (Fig. 21).

Fig. 21: End of the scratch path
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4.2.2 Sample 9102 (CrN)
Initially, the scratch surface seems to be intact from the test, while the spherical tip moves on
(Fig. 22):

Fig. 22: Formation of the scratch path

The increasing force leads to the occurrence of the first acoustic emission peak. In the above
stage, angular cracks are forming at the edges of the scratch, as it is shown in Fig. 23:

Angular cracks
s 4
o

. ‘,‘,'J-"Z& T ; W—_‘*'.A-j k ‘,‘f;: o * £ ‘.; s ‘-.
I6kUV X1.8008 16prm BB8B166

Fig. 23: Appearance of angular cracks

As the tip moves forward, the pre-existing microcracks grow and become denser while
forming semicircular microcracks which extend in the whole scratch width (Fig. 24).
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Fig. 24: Appearance of semicircular cracks

At the end of the scratch, the semicircular microcracks coexist with buckling and chipping
phenomena, as it is shown in Figs. 25, 26:

Fig. 25: Coating buckling
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Fig. 26: Coating chipping associated with microcracks

4.2.3 Sample 9103 (AITiN+CrN)
During the early stages of the scratch track, angular microcracks are formed on both the edges
of the scratch (Fig. 27):

30kV X1.,.508 16prm 8080170

Fig. 27: Formation of angular microcracks
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As the applied load increases progressively and reaches values below the L., coating buckling
and chipping are observed, while the angular cracks are connected, forming semicircular
cracks (Fig. 28):

Chipping

Buckling

38kyV K¥VS8 1eprm BB8B8172

Fig. 28: Coating buckling and chipping

When the applied load reaches the Lc value, recovery spallation is observed (Fig. 29). This type
of adhesion failure is the result that depends on the properties of the substrate combined
with the pre-existing through thickness microcracks. The spallation of the coating takes place
on both sides of the scratch. At the same time, the network of the microcracks become denser
and buckling coexists with recovery spallation.

Recovery spallation

Fig. 29: Recovery spallation of the coating
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The spherical diamond tip moves forward while the applied force continues increasing. During
this stage, recovery spallation occupies the edges of the scratch path. At the same time,
microcracks become wider and have no specific orientation as coating buckling is more
intense (Fig. 30):

Fig. 30: Coating adhesion failure by recovery spallation

At the endpoint of the scratch path, recovery spallation as well as coating chipping coexist.
The increasing force led to the deposition of the coating laterally to the crack (Fig. 31):

Fig. 31: The endpoint of the scratch
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4.2.4 Sample 9151 (Nitrided+AITiN)
During the early stages of the observation, the scratch test track seems to have low depth and

width. The coating remains intact, as it is shown in Fig. 32:

&
~

36kV X1,50808 18prm BOBB168

Fig. 32: The initial stage of the scratch track

When the first acoustic emission peak is recorded, angular microcracks appear to form on
both the upper and the lower edges of the scratch (Fig. 33). Microcracks are visible under large
magnifications.

Fig. 33: Formation of angular microcracks

As the applied load increases, angular cracks are linked, forming semicircular microcracks
through the entire scratch width (Fig. 34):
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Fig. 34: Formation of semicircular microcracks

At the endpoint of the scratch track, coating chipping appears. The diamond tip deposits the
coating laterally to the crack (Fig. 35):

Fig. 35: The endpoint of the scratch

It is worth mentioning that the dimensions of the microcracks are low, fact that is confirmed
by the high magnifications that were used in order to locate the coating failure.
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4.2.5 Sample 9152 (Nitrided+CrN)

An initial observation is that the scratch track seems to have low width and depth. Despite the
fact that the applied force is currently low, angular microcracks form at the scratch path
boundaries (Fig. 36):

IokU X2Z.088 1aprm B8G8B81384

Fig. 36: Formation of angular microckracks during the initial stages of the scratch

In the area where the critical load is applied, the formation of semicircular microcracks is
observed (Fig. 37).

I8kV X1.,588 18prm 888136

Fig. 37: Formation of semicircular microcracks
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As the diamond tip reaches its final position on the specimen, the coating seems to remain
attached to the substrate (Fig. 38). The dimensions of the scratch track also remain low, while
semicircular cracks are continuously growing (Fig. 39):

s

¥

o8krm BB80814

Fig. 39: Growth of semicircular microcracks
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4.2.6 Sample 9153 (Nitrided+AITiN+CrN)
The double layer coated, gas nitrided specimen, seems to have many similarities about its
failure pattern as the above nitrided samples 9151 and 9152. More specifically, the surface is

not damaged by the spherical tip during the initial stages of the scratch test, as it is shown in
Fig. 40:

Fig. 40: The initial phase of the scratch path

When the applied force reaches the L. value, semicircular microcracks are formed (Fig. 41).
The above fact indicates that pre-existing angular cracks propagated and linked across the
width of the scratch track.

£ s

38kV X1.08806 16rm BB80B156

Fig. 41: Formation of semicircular microcracks
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As a result of the compressive stresses generated in front of the diamond tip and of the pre-
existence of interfacial cracks, buckling occurs. At the same time, coating is deposited laterally
to the crack (chipping) due to previous buckling failures (Fig. 42):

Fig. 42: Coating buckling and chipping at the end of the scratch track

4.3 EDX Analysis

Each coated specimen was examined by energy-dispersive X-ray spectroscopy in order to
acquire further information about the failure modes of the coatings that occurred during the
conduction of the scratch tests.

4.3.1 Sample 9101 (AITiN coated)
e Area of first coating failure

It is observed that the Al composition by weight is slightly reduced inside the crack compared
to its composition outside the crack (Fig. 43). On the contrary, the composition of Fe, the main
substrate element, has elevated values inside the scratch than in the area outside it. This fact
implies the partial coating removal from the spherical tip.

The results of the line scan that was acquired parallel to the scratch track (Fig. 44) depicts
variations in the chemical composition of the main elements. Fe concentration increases while
Al decreases. This fact leads to the conclusion that a local coating abruption took place during
the test at this area.
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Fig. 43: Line scan transverse to the scratch track

Fig. 44: Line scan parallel to the scratch track

e End of scratch

The EDX analysis results acquired at the end of the scratch are given in Fig. 45. It is worth
comparing spectrums 1 and 3. Spectrum 1 provides the chemical compositions of the
elements inside the scratch track while spectrum 3 outside it. In particular, the chemical
compositions of Al and N are reduced by almost 50% inside the scratch while Ti is reduced
more. Summarizing, the coating has been removed to a large extent, but not entirely by the
diamond tip.
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Fig. 45: Spot chemical analysis at the end of the scratch track

4.3.2 Sample 9102 (CrN)
e Area of first coating failure

The current line scan (shown in Fig. 46) indicates that the coating remains attached to the
substrate, as the Cr composition (wt%) remains high.

It seems that the coating remains almost intact by the spherical tip (Fig. 47). Another
significant clue is that the composition of Fe inside the microcracks is increased, fact that leads
to the conclusion that these cracks seem to be through coating thickness.

Pores found on the surface (Fig. 48) probably created due to discontinuities of the coating.
As a result, the detection of Fe, supports that the coating has partially removed from the
substrate.
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Fig. 46: Line scan transverse to the scratch track

Fig. 47: Line scan on microcracks
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Fig. 48: Line scan on porous surface

e End of scratch

At the end of the scratch representative results are provided in Fig. 49. Inside the scratch path
(Spectrum 2), the N composition is lower compared to its composition outside it. This fact
means that the coating has been removed, but to a small extent (N is decreased by 8%). It is
also important to note that no reliable conclusions could extracted from the chemical
composition of Cr, as it constitutes an alloying element of DIN 1.2999 steel.
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Fig. 49: Spot chemical analysis at the end of the scratch track

4.3.3 Sample 9103 (AITiN+CrN)
e Area of first coating failure

Through the observation of the Al composition by weight in spectrums 2,3 (Fig. 50), it is
concluded that the AITiN coating has been almost entirely removed by the diamond tip. As a
result, CrN coating was revealed. The reduction of the composition of Al reaches 97%.

Fig. 50: Spot chemical analysis in the area of first coating failure
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In Fig. 51, two main areas are observed: a dark area where the composition by weight of Al
appears to be increased while this of Cr is reduced and the areas at the limits of the line scan
wherein the composition by weight of Cr is higher than this of Al. This fact leads to the
conclusion that the dark area contains the AITiN coating while the lighter one depicts the CrN
coating, which was revealed after the removal of the AITiN coating.

Fig. 51: Line scan parallel to the scratch track

It is obvious that the AITiN coating was detached as the CrN coating comes off (Fig. 52). The
above remark is supported by the results of the previous analysis and by the fact that the
composition by weight of the Al is high outside the scratch track, while the Cr composition
appears to be low.

Fig. 52: Line scan transverse to the scratch track
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e End of scratch

Inside the scratched area, Cr as well as Fe compositions appear to be increased (Fig. 53). The
above fact means that the CrN coating is partially removed by the diamond tip, which caused
the substrate revelation. As the line scan proceeds outside the scratch, the Al composition by
weight is increased as expected, since the AITiN coating is on top of the specimen.

Fig. 53: Line scan at the end of the scratch track

The same conclusion is reached by the spot chemical analysis (Fig. 54). The composition by
weight of Al shows a decrease of 98% inside the scratch compared to that inside the scratch.
On the contrary, the composition of Fe is increased by 96% inside the scratch than outside of
it.
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Fig. 54: Spot chemical analysis at the end of the scratch

4.3.4 Sample 9151 (Nitrided+AITiN)
e Area of first coating failure

It is observed that both the Al and the Ti composition by weight remained almost unchanged
compared to the respective compositions outside the scratch path (Fig. 55). Thus, it is
concluded that the AITiN coating has been removed in a small scale by the spherical tip.

Fig. 55: Line scan transverse to the scratch track

The current illustration (Fig. 56) is similar to the above. More specifically, the compositions of
Al and Ti, main components of the AITiN coating, remained at high level, fact that leads to the
conclusion that the coating is attached on the substrate while the tip moves forward.
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Fig. 56: Line scan parallel to the scratch track

e End of the scratch

At the end of the scratch track, the coating remains attached to the substrate, for as much as
Al and Ti are detected (Fig. 57). Although, at the point where the scratch ends, it is observed
that the composition of Fe increases rapidly. The above observation leads to the conclusion
that the existence of Fe at the end of the scratch is due to the partial substrate drifting by the
diamond tip as it moves forward to the scratch track. Fe remained at the scratch path as the
tip lifted.

Fig. 57: Line scan at the end of the scratch track
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4.3.5 Sample 9152 (Nitrided+CrN)
e Area of first coating failure

The results below (Fig. 58) demonstrate the attachment of the CrN coating on the substrate,
as the Cr composition by weight remains high inside the scratch track. As a result, the coating
seems to be partially removed by the spherical tip at the area where the first failure occurred.

Fig. 58: Line scan transverse to the scratch track

Through the analysis below, becomes clear that inside the area of the pores, the composition
of N is radically reduced while Fe is detected in increased composition values (Fig. 59).
Consequently, pores are a discontinuity of the coating through which microcracks evolve
under progressively increased force.

Fig. 59: Line scan on porous surface

47



Experimental Determination of the Adhesion of Hard CAPVD Coatings

In the current area of the scratch track, the existence of the coating is obvious, due to the
presence of Cr at high chemical composition levels (Fig. 60). More specifically, inside the
microcrack, the compositions by weight of both the coating components (Cr and N) are steeply
reduced while Fe is detected at high values. As a result, the growth of microcracks leads to
the creation of through-thickness cracks, causing the adhesive failure of the coating.

Fig. 60: Line scan on microcrack

e End of the scratch

Through the EDX analysis at the end of the scratch path, it is observed that the chemical
composition by weight of Cr is slightly decreased compared to the respective composition at
the area where the first coating failure occurred (Fig. 61). It should be also highlighted that Cr
is one of the alloying elements of the substrate in low composition (3%). At the end of the
scratch, Cr is detected at higher percentages, fact that leads to the conclusion that the CrN
coating has not been entirely removed by the diamond tip.

Fig. 61: Line scan at the end of the scratch track
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4.3.6 Sample 9153 (Nitrided+AITiN+CrN)
e Area of first coating failure

The EDX analysis at the area where the first coating failure occurred (Fig. 62) reveals that the
chemical compositions of both Al and Ti are slightly reduced while Cr has increased
composition value (Table 7). At this point, it should be mentioned that the AITiN coating lies
ontop and CrN coating is between the AITiN coating and the substrate. Thus, the simultaneous
composition alternations take place due to the partial removal of the AITiN coating by the
spherical tip.

Fig. 62: Line scan transverse to the scratch track

The same conclusion is reached by the above data (Fig. 63). Al as well as Ti show decreased
composition by weight values while CrN coating is partially revealed on top of the surface. As
the implied load increases, AITiN coating is being peeled off.

Fig. 63: Line scan parallel to the scratch track
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e End of the scratch

The current illustration (Fig. 64) provides useful information in order to define the coating
failure mode. It is concluded that the dark area of the scratch (spectrum 2) corresponds to the
AITiN coating while the bright area (spectrum 3) depicts the CrN coating. The above fact leads
to the conclusion that the coating has not been entirely removed by the spherical tip.
Furthermore, the material which has been drifted on the scratch edge mainly consists of Cr
and Fe, which means that the diamond tip peeled off one part of the CrN coating as well as of
the substrate during the conduction of the scratch test. Consequently, high values of Cr and
Fe composition by weight were detected at the end of the scratch, mainly on the chipped
material. Line scan at the end of the scratch track (Fig.65) leads to the same conclusions.

Fig. 64: Spot analysis at the end of the scratch track
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Fig. 65: Line scan at the end of the scratch track

4.4 AFM Analysis

Typical measurements were taken from the specimen’s #9152 scratched surface. More
specifically, the scratches corresponding to tests no. 1,2 were analyzed.

e Testno.1

The initial stage of the analysis included a 3-D display of the scratch (Fig. 66) as well as line
scan measurements (Fig. 67) before the area where the first coating failure occurred:

Fig. 66: The area before the point where the first coating failure occurred
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\ Maximum measured depth

Fig. 67: Line scan measurements before the first coating failure occurred

The depth of the scratch was measured in order to find out if the coating was entirely
detached from the spherical tip. As it is shown in Fig. 67, the maximum measured depth of
the scratch in this area is 0,98 um, lower than the coating thickness (2um).

A 3-D depiction of the area where the first coating failure occurred is provided in Fig. 68:

Fig. 68: The area where the first coating failure occurred

As itis shown in Fig. 69, the maximum depth of the scratch at this area is 1,18 um, lower than
2um, which corresponds to the coating thickness.
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Maximum measured depth

Fig. 69: Line scan measurements in the area where the first coating failure occurred

Therefore, it is concluded that, in the area where the first coating failure occurred, the coating
has not entirely removed by the diamond tip.

The scratched area after the appearance of the first coating failure is provided in Fig. 70:

Fig. 70: The area after the appearance of the first coating failure

Line scan measurements in the current area (Fig. 71) provide useful information about the
depth of the scratch.
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Maximum measured depth

Fig. 71: Line scan measurements in the area after the appearance of the first coating failure

The maximum depth of the scratch in this area equals to 1,87um. Thus, it is concluded that
the coating has not been entirely removed by the spherical tip.

e Testno.2

The initial stage of the analysis included a 3-D display of the scratch (Fig. 72) as well as line
scan measurements (Fig. 73) before the point where the first coating failure occurred:

Fig. 72: The area before the point where the first coating failure occurred
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Maximum measured depth /

Fig. 73: Line scan measurements before the first coating failure occurred

In the current area, the maximum measured depth was found 0,95um, fact that leads to the
conclusion that the coating remains attached on top of the substrate.

A 3-D depiction of the area where the first coating failure occurred is provided in Fig. 74:

Fig. 74: The area where the first coating failure occurred
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As itis shown in Fig. 75, the maximum depth of the scratch at this area is 1,31 um, lower than
2um, which corresponds to the coating thickness.

Maximum measured depth

Fig. 75: Line scan measurements in the area where the first coating failure occurred

Therefore, it is concluded that, in the area where the first coating failure occurred, the coating
has not entirely removed by the diamond tip.

The scratched area after the appearance of the first coating failure is provided in Fig. 76:

Fig. 76: The area after the appearance of the first coating failure
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It is observed that the width of the scratch increases, compared to the previous stages of the
analysis.

Line scan measurements in the current area (Fig. 77) provide useful information about the
depth of the scratch.

Maximum measured depth

Fig. 77: Line scan measurements in the area after the appearance of the first coating failure

The maximum measured depth in the current area equals to 2,02um while the coating
thickness is 2um. Therefore, it is concluded that, in the middle of the scratch track, the coating
has been removed entirely by the diamond tip.
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Chapter 5: Conclusions & Discussion

5.1 Coating Failure Analysis

Taking into consideration the results which presented in Chapter 4, the evolution of the failure
pattern in each specimen during the scratch test is proposed in Table 15:

Table 15: Evolution of the coatings’ failure pattern of each specimen

Material Hardness Coating

Treatment Coating failure pattern failure

code (HVo.01)

type
Buckling—> Chipping—>

9101 AITiN 178214 . Adhesive
Microcracks
Angular cracks—> Semicircular .
+

9102 CrN 173942 cracks—> Buckling=> Chipping Cohesive

Angular cracks—> Semicircular
9103 AITIN+CrN 194043 cracks= Buckling=> Cohesive

Chipping—> Recovery
spallation
9151 Nitrided+AITiN 216742 Aneularcracks= Semicireular G
cracks—> Chipping
9152 Nitrided+CrN 2018+2 A Vel s — Sl Cohesive
cracks

9153 Nitrided+AITIN+CrN 227241 Angularcracks= Semicircular .\ oo

cracks—> Buckling—> Chipping

It is important to note that the information gathered on Table 15 present only some general
facts about the failure mode that appeared when the L. recorded. As a result, the influence of
gas nitriding should be taken under consideration and examined separately.

5.2 The influence of Gas Nitriding

The gas nitriding process plays an important role on the specimen’s performance during the
conduction of scratch tests.

The comparison between the non-nitrided samples to the respective nitrided could provide
remarkable information about their adhesion behavior.

In Fig. 78 below, the comparison between the AITiN coated samples lead to the conclusion
that the non-nitrided specimen failed under higher applied loads than the nitrided one.

On the contrary, it was observed that the coating layer was partially detached from the non-
nitrided substrate while the nitrided specimen faced cohesion issues. As a result, in this case
the process of nitriding did not offer increased performance as it concerns the scratch
resistance of the AITiN coated steels, except for slight variations at the failure mode of each
coating.
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#9101 vs. #9151
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Fig. 78: Critical loads of AITiN coated specimens

Moving on, in the case of the CrN coated samples, gas nitriding offers enhanced resistance to
coating failure, as it is shown on Fig. 79. More specifically, during the conduction of scratch
tests, the nitrided specimen faced a cohesive failure mode while on the surface of the non-
nitrided sample both cohesive and adhesive failure modes were identified, notwithstanding
the lower applied forces. Consequently, gas nitriding improved the performance of the CrN
coated steel.

#9102 vs. #9152
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Fig. 79: Critical loads of CrN coated specimens

As concerns the double layer coated specimens, the conclusion that comes from the diagram
in Fig. 80 is related to the nitrided sample’s high resistance to fail. Thus, the gas nitriding
process ameliorated the performance of the AITiN/CrN coated DIN 1.2999 steel. A closer look
to the failure modes that took place during the conduction of the scratch tests, lead to the
conclusion that the nitrided specimen presented improved resistance to coating detachment,
while in case of the non-nitrided steel recovery spallation was observed (AITiN and CrN
coatings were split).
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#9103 vs. #9153
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Fig. 80: Critical loads of the AITiN+CrN coated specimens

5.3 Future Work Recommendations

The first stage of future work should be a complete AFM analysis of each specimen in order
to acquire more data about the coatings’ failure modes.

The study of the transverse cross-sections of each scratch could also provide additional
information about the failure modes that occurred in every specimen.

Finally, the conduction of wear tests employing a pin on disc tribometer could provide useful
results as it concerns the wear and friction resistance of each specimen.
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Appendix: Acoustic Emission to Load Charts

A: Sample 9101

Fig. 81: Acoustic emission to load charts for tests no. 1-5

Fig. 82: Acoustic emission to load chart for test no. 6
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B: Sample 9102

Fig. 83: Acoustic emission to load charts for tests no. 1-5

C: Sample 9103

Fig. 84: Acoustic emission to load charts for tests no. 1-5
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D: Sample 9151

Fig. 85: Acoustic emission to load charts for tests no. 1-3

E: Sample 9152

Fig. 86: Acoustic emission to load charts for tests no. 1-4
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F: Sample 9153

Fig. 87: Acoustic emission to load chart for test no. 1

Fig. 88: Acoustic emission to load charts for tests no. 2,3
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Fig. 89: Acoustic emission to load chart for test no. 4

Fig. 90: Acoustic emission to load chart for test no. 5
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Fig. 91: Acoustic emission to load chart for test no. 6
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