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Abstract

The protection of certain materials against erosion is becoming increasingly important. There-
fore, many research are currently done to build coatings with enhanced properties which can
ensure a good protection of the substrates. In order to produce coatings that can sustain erosion,
the goal is to have a combination of high strength and high ductility. This has been achieved
through creating hybrid nanolaminates-coatings. In the context of the FNRS project: ”Tough
hybrid nanolaminates” several systems of crystalline/amorphous nanolaminates are studied.
This work focuses on the investigation of the scratch and indentation resistance properties of
several Al/Al;O3 nanolaminates. A comparison between several systems deposited by mag-
netron sputtering with various proportion of alumina, and several layers thicknesses was done.
The scratch resistance, the critical load under certain loading conditions, the wear volume and
the failure mechanisms were determined by a scratch test with a spherical tip of bum. The
mechanical properties of the different systems such as the hardness and Young modulus were
determine through numerical indentation simulation via finite element analysis, with the use of
two different tips: spherical and Berkovitch. Due to the low number of experimental samples
performed as a result of the corona virus pandemic, the results only allowed to compare general
trends of the materials. In all the tests, alumina outperformed the hybrid nanolaminates in
terms of scratch resistance, hardness and Young modulus. Furthermore, other tests should be
performed to complete the tribological characterization of the materials. Research must go on to
measure the properties specific to erosion, in order to produce coatings fitted to their function.
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Chapter 1

Introduction

Developing coatings that have specific properties is becoming increasingly important. New
applications require more and more specific properties which are hard to achieve. Wind turbine
blades for example must sustain high mechanical stresses while having a very light weight.
There are some composite materials that meet most of the criteria, but still these blades are
very sensitive to erosion by rain and dust winds, reducing their efficiency and durability. The
problem can be countered by adding a thin coating to these blades, protecting them from
erosion. The purpose of a coating is to improve the surface properties of an object, to enhance
its durability. Ceramic-based coatings are often used because of their good corrosion and wear
resistance. However, they break easily, compromising their durability. Therefore, many research
are currently done to build coatings with enhanced properties which can ensure a good protection
of the substrates.

In order to develop effective coatings, it is important to carry out research in this field. This
consists of studying the behaviour of different materials, and of different material compositions
according to different external stresses.

To have a high-wear resistance coating, the best solution is to have a combination of high
strength and high ductility. This has been achieved through creating hybrid nanolaminates-
coatings. These are systems composed of two materials of different nature (hybrid), for which a
stacking (laminates) of several very small layers (nano) is realized.

Objectives

This master thesis takes place in the context of an FNRS project: ”Tough hybrid nanolami-
nates”. It is a four-year project aiming at developing effective coatings through the investigation
of the properties of several systems of crystalline/amorphous nanolaminates.

The research presented in this document focuses on one of the systems: Al/AlsO3. The goal
was initially to characterize this system in terms of scratch and erosion performances, but due
to COVID-19 the initial objectives were modified. This document presents the results of the
investigation on the scratch and indentation properties of the nanolaminate Al/Al;O3. It has
two main objectives:

1. The first objective is to determine the composition of the nanolaminate for better scratch
resistance. To achieve this goal, a comparison between several systems containing several
proportion of alumina, and several layers thicknesses in done.

2. The second objective focuses on the simulation of the indentation properties of the same
systems, in order to characterize the hardness and the elastic properties of the different
models.



Chapter 1. Introduction

Outline

The outline of this thesis follows the classical structure of scientific articles which is ” materials,
methods, results and discussion”. After this general introduction, chapter two and three set the
context and develop the state of the art of methods used to characterize coatings, on the one
hand, and the advantages of using nanolaminates, on the other hand. It is then followed by a
description of the specific methods which were used in this master thesis to create, and analyse
the Al/Al;O3 hybrid nanolaminates. The results of the different characterization and simulation
done on the samples are then presented and discussed and directions for future research are given.
Finally, chapter six gives a conclusion which wraps up the different conclusions obtained in the
discussion of the results.



Chapter 2

Coating characterization

2.1 Introduction

The ideal coating is the one that protects the material from external solicitations and that has
a high durability. In terms of material properties, that means that researchers try to develop
coatings that have high tribological and mechanical performances.

The notions of tribology and mechanical characterization methods will be discussed later in
the text, but first, as material parameters are crucial for all methods, it is important to know
how to characterize the different properties of coatings. Figure 2.1 shows a classical material
stress-strain deformation graph. It shows that the deformation behavior of a material for a given
stress can be described by a certain number of parameters.

Strain
| Hardening | Necking |

Stress

\ Yield Strength Fracture

Stress

Strain

% Elongation

Strain

Figure 2.1: Stress-elongation classical curve showing the different tendencies for the evolution
of the material properties as a function of the loading [1]

In order to characterize the mechanical properties of coatings, one way is to analyse their re-
sponse to an external load. Materials have indeed several ways to respond to an external load,
as illustrated in Figure 2.2. First, they can be subjected to elastic deformation which allows a
reversible deformation of the material when loaded. The atoms are not permanently displaced,
and they return back to their original position. It is characterized by its elastic modulus (E
[GPa]), which is the slope of the linear (elastic) part of the stress-strain curve.

Secondly, some plastic deformation can be observed, after the yield stress (o, [MPal, point B
in Figure 2.1) which is the transition between the elastic and the plastic regime. It expresses the
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Unloaded Loaded Released

a Elastic
deformation y w

b Plastic
deformation

| I;IV L

Figure 2.2: Material responses to an external load, as can be seen in indentation and scratch
testing [2]

C Fracture

case where the deformation persists after unloading. It happens when the load-induced stress is
higher than the yield stress. The material which can not accumulate the stress, will break some
bonds between the atoms, and new ones will be created that are as stable as the old ones.

Finally fracture occurs in the material when the stress applied exceeds the material-dependent
critical value (a value of the strain which causes fracture in the material, shown by point D in
Figure 2.1). It can be caused by tensile stress or by shear stress and can be brittle (nearly no
plastic deformation) or ductile (large amount of plastic deformation before crack). It is described
by the fracture toughness which is the ability to resist the growth of a pre-existing crack.

If the study of mechanical properties is very well defined, the study of tribological performances is
less so. Indeed, tribology is a rather broad field of study. It is the science that studies the contact
interaction between two surfaces in relative motion: friction, lubrification and wear. There
exist no procedure to obtain reproducible and standard datas in order to have one particular
tribological profile for a material (describing all its tribological properties). [3]

In order to asset the durability of a coating, the research presented here focuses on wear.
It is a mechanical or chemical damage to a solid surface causing progressive loss of material
due to the relative motion between surfaces (or surface/substance). Many types of wear exist:
adhesive, abrasive, fatigue, corrosive, erosion, ... Several tests can be made such as scratch,
abrasion, and erosion tests in order to characterize the wear behavior of a material.

This chapter describes two very common methods that are used to derive some tribological and
mechanical features of coatings. It is divided into three parts:

1. The scratch test, which is a very common method to asses the adhesion between a coating
and its substrate.

2. The indentation test, which allows to extract some important mechanical properties such
as the hardness and the young modulus.

3. The criterion for a material to enter plasticity are reviewed.
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2.2 Scratch

The scratch test is a method allowing to quantify the adhesion of a coating on a substrate, and
to identify other mechanisms appearing underneath. It works as a comparison test between
several materials, but does not give an intrinsic material property value. In fact, the results
depend on the loading parameters, and there are no standard procedure allowing reproducible
data. This is partially due to the fact that the phenomena appearing during scratch tests are
yet not well known. [4]

The principle of the scratch test is that a diamond tip is scratched over the surface of a
material for a certain length, under an increasing loading force, as can be seen in Figure 2.3.
The penetration depth at the beginning of the scratch track is then very small, and the tip goes
deeper into the material as the loading force increases.

Loading force

Figure 2.3: Illustration of the scratch principle [5]

2.2.1 Stress field

The phenomena occurring during scratch test are not well known due, among other things, to
the complexity of the stress field. In fact, the stress field in the coated surface results from four
different effects, as can be seen in Figure 2.4: [6]

1. There are some friction forces between the surface and the tip. Some compression stresses
are observed due to the pushing forces in front of the tip and some tension stresses due to
pulling forces behind the tip.

2. The configuration of the scratch test brings some deformations (elastic and plastic) which
are spherical, groove and torus shaped and result in bending of the coating leading to some
compression and tension stresses.

3. The shape of the tip can create some stresses. When a spherical tip is used, some bulk
stresses concentration deform the substrate plastically. These deformation are not homo-
geneous and reach a peak at an angle of 45° from the plane of symmetry of the coating
leading to stresses.

4. There are some residual stresses in the coating that result from the deposition of the
material of from former loadings.
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Figure 2.4: Stress field in a coated surface during the scratch test [6]

2.2.2 Critical load

The critical load (L.) is a measure of the smallest load at which some failure of the coating
occurs. It quantifies the mechanical resistance of the interface/coating to all stresses stated
above. Above L., a lack of adhesion is observed and the load bearing capacity of the coating is
lost. [4, 7]

2.2.2.1 Parameters influencing the critical load

The critical load is not an absolute value of a coating and depends on several parameters. These
can be placed into two categories: first, the extrinsic parameters are the ones related to the
experimental testing part only. The other parameters are called intrinsic parameters and are
related to the coating and the substrate themselves. All these parameters have an influence on
the interpretation of the critical load and are given in Table 2.1. [7-9]

Table 2.1: Extrinsic and intrinsic parameters that influence the critical load in a scratch test

Extrinsic ‘ Intrinsic
Scratching speed Substrate/Coating hardness
Loading rate Coating thickness
Shape and radius of the tip Coating roughness

2.2.2.2 Measure of the critical load

The critical load can be derived by several methods. The most common one is to observe the
changes in the trends of penetration depth as a function of the force applied to the sample in the
scratch tracks. These variations can then be confirmed by acoustic emission, and/or by optical
or scanning electron microscopy and/or by the variation of friction coefficient. [7]
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2.2.3 Failure modes

In order to understand the failure, it is interesting to know which mechanisms are behind it.
These mechanisms can be classified into three main categories: cohesive failure, adhesive failure
and chipping. Several failure mechanisms may occur during one test. [8, 10, 11].

2.2.3.1 Cohesive failure

Cohesive failure is also called cracking through the thickness. It is due to tensile forces in plane
stress which induce cracks in the coating. There are three types of cohesive failure: conformal,
tensile and Hertz cracking as can be seen in Figure 2.5.

O W

(a) Conformal cracking (b) Tensile cracking (c¢) Hertz cracking

e
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Figure 2.5: Cohesive failure [12]

1. Conformal cracking (2.5(a)): This type of cracking happens when the coating remains fully
adherent to the substrate. The indenter deforms the coating at the same time as the under
laying substrate. This creates some tensile bending moments in the coating as pushed by
the indenter. It creates cracks in the scratch track with semicircular trajectories that are
parallel to the front edge of the tip.

2. Tensile cracking (2.5(b)): It is quite similar to the conformal cracking except that the
semicircular cracks are now parallel to the back edge of the tip. It is formed as a result
of the tensile frictional stresses that are present behind the trailing edge of the tip that
balance the compressive frictional stresses ahead.

3. Hertz (tensile) cracking (2.5(c)): This type of failure mode can be seen in coatings of very
brittle substrates. It is the result of a tensile radial stress caused by a normal force on
brittle materials. As the indenter moves, several rings are made, and they intercept at the
end.

2.2.3.2 Adhesive failure

Adhesive failure is due to compressive forces in plane stress, causing delamination of the coat-
ing. There are four types of adhesive failure: gross spallation, compressive spallation, recovery
spallation and bucking, as can be seen in Figure 2.6. [11]

1. Gross spallation (2.6(a)): Also known as large area spallation, it happens when there is a
total delamination of the coating. It is a sign of poor adhesion or high residual stresses
in the coating. It occurs when a crack is formed at the substrate-coating interface which
propagates for a long-distance on both sides of the scratch track before coming to a stop.

2. Compressive (wedge) spallation (2.6(b)): It is a very common failure mode. In order to
minimize the amount of elastic energy that is stored by the large compressive stress ahead
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Figure 2.6: Adhesive failure [12]

the stylus, the coating is detached. It implies then very poor adhesion. The semicircular
cracks propagate outwards from the center line of the crack.

3. Recovery spallation (2.6(c)): It happens after loading in a region. It is due to the difference
of elasticity between the substrate and the coating. The delimited areas are then along
the side of the scratch track.

It is sometimes hard to distinguish between recovery spallation and compressive spallation,
but when the level of residual stress is high, it is more likely to see compressive spallation.
[12]

4. Buckling (2.6(d)): It is the result of partial delamination. This gives cracking in roughly
semicircular arcs in front of the scratch.
2.2.3.3 Chipping

Chipping is a mechanical phenomenon in which a separation of small, thin pieces of material or
coating from their substrate occurs. Some small regions of the coating are removed and stand
on the edges of the scratch groove, as illustrated in Figure 2.7.

Enbedded coating

Spalling or

buckling
e
ol

Previous failures

Chipping

Figure 2.7: Chipping of the coating [2]

Figure 2.8 gives an example of the different failure mechanisms which can be found in the same
scratch. It shows the variation of the dynamic stress field concentration at different locations.
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Figure 2.8: Surface crack with different failure mechanisms. (a, b and c) tensile cracking (going
from a chevron or angular cracks to transverse semi-circular cracks), (d) coating chipping, (e)

coating spalling and (f) exposed-substrate. [6]

2.2.4 Role of the different parameters influencing the type of failure

2.2.4.1 Influence of the hardness of coating/substrate

The failure modes differ depending whether the coating is hard or soft and is on a hard or a soft
substrate. The four main cases which can occur are [13] :

1. Soft coating/soft substrate: There is mainly plastic deformation leading to some groove
formation on the path of the scratch track. Nearly no cracking is observed, except at very

high loads.

2. Hard coating/soft substrate: The substrate contains a lot of plastic deformation, which is
felt by the coating that may then crack (due to the bending into the track created by the

plastic deformation of the coating).

3. Soft coating/hard substrate: There is some plastic deformation of the coating and not on
the substrate so some extrusion occurs between the stylus and the substrate. Thinning of
the coating occurs instead of fracture of the substrate.

4. Hard coating/hard substrate: There is nearly no plastic deformation and fracture domi-

nates.

In Figure 2.9 is a comparison between the failure modes that can occur depending of the

nature of the substrate/coating.

Major Scratch Test Failure Regimes

Through-
Thickness
Coating
cracking

Coating Hardness

Plastic deformation

Chipping

Buckling/Spallation

Substrate Hardness

Figure 2.9: Map of the main scratch test failure modes in terms of substrate and coating hardness

(reproduced from [8])
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2.2.4.2 Influence of the brittle and ductile failure

The failure can be either brittle or ductile, leading to different failure behavior in the coating.
Brittle cracking leads to gross, compressive and recovery spallation, and to Hertz and tensile
cracking. Ductile failure mode leads to gross spallation, buckling and tensile and conformal
cracking. [10, 12]

The type of failure generally depends on the type of substrate. Brittle failure is seen in hard
ceramic substrate while more ductile failure is observed in soft ductile substrates. The different
decohesion mechanisms (causing adhesion failure) are presented for brittle and ductile substrate
in Table 2.2.

Table 2.2: Decohesion mechanisms of a brittle thin film deposited onto different substrates in
case of good and poor adhesion (modified from [12])

Stress Substrate Good adhesion Poor adhesion

Tensile Ductile  Film cracking (no decohesion) Film cracking (decohesion)
Compressive  Ductile Buckle propagation (film) Buckle propagation (interface)

Tensile Brittle Film cracking (decohesion) Edge decohesion (interface)
Compressive Brittle Substrate splitting Buckle propagation (interface)

2.2.4.3 Effect of the thickness of the coating

The thickness of the coating influences its response to an external load. Taking the more
general case (which is a hard coating on a soft substrate), buckling failure mode predominates
for thin flexible coating while wedge spallation occurs for thicker, stiffer coatings. In most cases,
the critical load increases with coating thickness. [9] But the effect of the thickness can also
be negative: there may be more tensile stresses at the substrate/coating interface of thicker
coatings leading to interface crack and delamination of the coating. [14]

Some parameters that are intrinsic material properties may be more interesting to change
than changing the thickness. In fact a stiffer hard coating on a soft substrate has a better
load-carrying capacity than a more elastic one. It will accommodate higher tensile stresses at
the same indentation depth than a more elastic one. So more importance should be given to
improving the elastic properties of the coating because the influence on focusing on the Young
modulus can be more effective than changing the coating thickness. [9]

2.2.5 Role of the scratch test on the measurement of the adhesion properties

The strength of the adhesive bonds between the coating and the substrate is crucial for the
quality of the coating. If these bonds crack, then some parts of the coating are removed, and
the substrate is visible. This failure happens when a crack is formed at the interface between
the coating and the substrate and it grows until it merges a vertical-through coating crack. A
piece of material is then liberated and removed after the merging of the cracks. The value of this
strength can be characterized by the adhesion strength (stress that the interface can withstand
without fracturing) which can be obtained by the scratch test. [2, 15]

10
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2.3 Indentation

The indentation test consists of pushing a punch, also called indenter, of known geometry and
mechanical properties into a material.

The information provided through nanoindentation are the mechanical properties of thin
films such as the Young modulus and the hardness. In this section, the concepts of hardness,
Young modulus and contact area are discussed, then some ways to determine them experimen-
tally are given.

2.3.1 Definition of the hardness

The hardness H can be define as the resistance given by a surface to the penetration of a small
punch. It is not an intrinsic property as it depends on the loading conditions, but illustrates the
behavior of the material to resist to a deformation. It is mathematically written:

H = i (2.1)
where P is the load at a given indentation depth, and A. is the corresponding projected contact
area. The difficulty here is to define the projected contact area. Due to the elasticity /plasticity
of the materials, a certain penetration depth (h), will not give the same contact depth (h.) for
different materials. This is illustrated for a spherical tip in Figure 2.10. A bad definition of
this projected area may lead to overestimation/underestimation of the hardness and the Young
modulus. For example, for material having a lot of plastic deformation during indentation,
there is a pile-up effect (a small amount of matter that makes a pile next to the indentation
zone): when a pile-up is large, the area deduced from analysis of the load displacement curve
can underestimates the true contact by up to 60%. [16]

Effective sphere

N +Pile up
Initial surface

Figure 2.10: Illustration of the projected area for a spherical tip

For a Berkovitch tip, there exists several models to quantify this area: the model of Oliver
and Pharr, and the model of Loubet giving some lower and upper boundaries to the contact
area. The contact area can be calculated for a perfect conical indenter by:

A, = n(tan(8)he)? (2.2)

where 0 is the equivalent angle of the conical indenter (for a Berkovich tip: § = 90— = 70.32°).

11
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Oliver and Pharr This model can be consider as a lower bound of the projected contact area.
For materials having a quasi-elastic deformation at contact it states that the total penetration
depth can be divided into two parts: the contact depth, and a certain elastic inflexion. This is
illustrated in Figure 2.11.

Oliver and Pharr

h he | he h

Figure 2.11: Two models representing the lower and upper boundaries of the indentation pro-
jected area. On the left image, the elastic inflexion will make the contact area smaller than the
total penetration depth. On the contrary, the opposite will be seen in Loubet’s model where the
pile-ups make he bigger than h. (modified from [17])

The total contact depth can be written: [18]

P
where S is the stiffness of the material and € depends on the geometry of the tip, and is equal
to € = 0.75 for a berkovitch tip. The second term of the equation represents the elastic inflexion
of the indentation. In order to correct the non-perfect geometry of the indenter, the model

proposed a computational projected area:
A, = Coh? + Cihe + ... + Cghl/1% (2.4)

Loubet The Loubet’s model, takes into account the pile-ups that are made on the edges of
the materials. It is a model based on the indentation of a elastic-perfectly plastic solid and is
consider as the upper bound for the contact area. It is illustrated in Figure 2.11.

The total contact depth can be written: [19]

P
he = ap(h — 5 + ho) (2.5)
where hg is the equivalent height of the tip defect (as shown in Figure 2.12) and ay, had been de-
termined with different experimental simulations, and takes piling-up and sinking-in phenomena
into account. The value for a berkovitch tip is ap=1,2.

Figure 2.12: Illustration of the hy value in Loubet’s model

12
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2.3.2 Definition of the Young modulus

The Young modulus does not have a universal definition as there is one for hardness. However,
some upper and lower values of the Young modulus for laminates materials (as illustrated in
Figure 2.13) have been defined. [20]

ag
. !
Voigt Reuss
g < - o
|
a

Figure 2.13: Illustration of the two boundary composite models for Young modulus measurement

The Voigt model gives an upper-bound of the Young modulus. It is obtained when the
loading is parallel to the composite stacking. A postulate of isostrain is stated, and because the
stress is then a volume-average of the local stress, the composite modulus is given by the rule
of mixture:

E=[fE,+ (11— f)Ep (2.6)

where f is the fraction of the material A in the composite, and E, and Ej are the Young modulus
of material A and B respectively.

The Reuss model gives a lower-bound, and is obtained when the loading is perpendicular
to the composite stacking. The two compounds carry then the same stress, giving an isostress
model. The strain is the volume-average of the local strain giving a composite modulus with
the following form:

17 1)
E E, Ey
When the applied forces are perfectly perpendicular/parallel to the modulus, the Reuss/Voigt
model will give a perfect value for the composite modulus. In the model used in the case of this
master thesis, the compression is neither perfectly perpendicular, neither perfectly parallel, so
the resultant composite modulus should between these two models.

(2.7)

2.3.3 Mechanical properties determination

During nanoindentation, a constant measure of the reaction force at the tip, and of the dis-
placement of the tip are done. By plotting the displacement versus the loading (as illustrated
in Figure 2.14), several information can be deduced.

First, the hardness is simply measured as the maximal load at a certain penetration depth,
divided by the contact area at this hardness.

Secondly, the stiffness can be measured at the onset of unloading. The slope gives the elastic
recovery, so the stiffness S can be written: [21]

_ap

S=n

(2.8)
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Figure 2.14: Classical plot of indentation results of the displacement vs the load [21]

There is a relation that links stiffness and Young modulus. This allows to measure the Young

modulus with:
Eeyp = ivr. s (2.9)
B2 VA
where A, is the projected contact area, E.f; is the effective Young modulus and 3 is a shape
factor of the indenter (the indenter geometry-dependent dimensionless parameter). The value
of 5 is 1 for a circular tip and 1.034 for a triangular tip. [18]
Finally, by the mechanic of contacts it can be stated that:

1 1—v? 1-122
S A (2.10)
Eeff Ez Es

where the index i is related to the indenter, and s is related to the sample analyzed.

2.3.4 Influence of several parameters
2.3.4.1 Influence of the substrate

When measuring the mechanical properties of a film, one common problem is the substrate
influence. In fact, when indenting a material at more than 10% of the film thickness, an influence
of the substrate is felt, giving a false value of the Young modulus. There exists two ways to
avoid this substrate effect: one is to replace the substrate material by an homogeneous material
having the rule of mixture of the material properties [22], the other is to use one of the models
such as the one listed hereafter. [23]

Hay-Crawford model provides an analytic mean to take into account the substrate influence.
It states that the modulus is a function of the measured Young modulus (with the influence of
the substrate effect), the film thickness, the Poisson ratio of the film, and the Young modulus
and Poisson ratio of the substrate, and it returns a substrate-independent Young modulus of
the film. It can be derived by:

1 1 1
(- I) 4 Iy— 2.11
E, (1= 1Io) Eep+ FI0E; "By (2.11)
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where E; is the Young modulus of the sample found by Equation 2.10, the indices f and sub are
related to the film and the substrate respectively, F is an empirical constant (dimensionless),
and the function Ij is the weighting factor for modulus. It can be written as:

2 t 1 t 14 (t)re)? t/re
Iy = —arctan(—) + —————[(1 — 2v5)—1 —
0= 7are an(rc) + 27(1 — vy) I Vs)rc g (t/re)? ) 1+ (t/re)?
where t is the effective film thickness (the film thickness minus the penetration contact depth),
and r. is the contact radius.

] (2.12)

2.3.4.2 Influence of the tip

There exist several types of indentation tips. These are shown in Figure 2.15. This section
discuss the use of two of these tips: the Berkovitch and the spherical tip.

NN T

A$OQ

(a) (b) (c) (e)

Figure 2.15: Different types of indenter with (a) Vickers, (b) Berkovitch, (¢) Knoop (d) conical,
(e) nearly conical (Rockwell) and (f) spherical [24]

Berkovitch tip The Berkovitch indenter is the most used tip for indentation. Its configuration
gives it interesting properties. It is used for samples where the plastic deformation must be
confined on small volume, which is the case for thin films. It has a three side-pyramid structure
which allows to maintain a constant ratio ”contact diagonal to the depth of penetration” for
different penetration loads. This is particularly useful to measure hardness, where the value
must be independent of the load.

In practice, the tip will not be perfectly triangular. The indenter has a non-zero tip radius
that cannot be neglected. This tip rounding causes hardness to vary with indentation depth. It
has been shown that having a larger tip radius and going deeper in the material gives similar
effects. In fact, there exist a critical radius to penetration ratio for measuring the hardness
of the coatings without this influence, which depends on the properties of the layers and the
substrate. [25, 26]

Spherical tip Spherical indenters are mainly used to give information over the transition
between the elastic and the plastic regions. In fact, at the beginning of indentation, the defor-
mation is only elastic because the contact stress is initially very small. A transition from elastic
to plastic occurs when the spherical tip is driven further into the surface. This transition could
be used to measure the yielding of the material and its work hardening.

Its use is however limited due to difficulties to produce perfect spheres. [27]
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2.4 Plasticity

In order to know when a material starts deforming plastically, the condition for the onset of
plasticity must be defined. In this master thesis, the materials are taken as being isotropic,
meaning that the conditions are independent of the orientation. [28]

This sections describes a criterion for the entrance in plasticity of materials, how the materials
can harden with the accumulation of plastic deformation, and then describes some common
plasticity models.

2.4.1 Von Mises criterion

Several models have been exposed to quantify the onset of plasticity. In isotropic solids, such as
metals, the Von-Mises criterion is used, and involves all three principal stresses. To develop this
model, a concept that must be introduced in the one of yield surface. It is a five-dimensional
surface in the six-dimensional space of stresses. It states that when the stress is located inside
the yield surface, then the deformation remains elastic. When the stress state lies on the surface
the material is said to have reached its yield point. Further deformation of the material causes
the stress state to remain on the yield surface. The expression of Von-Mises yield surface is
given by:

o= \}5\/(01—02)2+(02—03)2+(0‘3—0’1)2 (2.13)

where & is the equivalent stress. The criterion of Von Mises (illustrated in Figure 2.16) can be
resumed by stating that when the stress is larger than the equivalent stress, then the material
deforms plastically.

02 c./

Von Mises B e
criterion

’ 01

Figure 2.16: Von Mises criterion for plane stress with A, elastic behavior, B on the onset of
plasticity and C, plastic behavior

2.4.2 Hardening of a material

With the accumulation of plastic deformation, the yield stress of a material increases, so to
deform the material any further, the stress must be increased. The relationship between the
plastic strain that is accumulated and the yield stress is called the hardening law of a material,
and explains how a material can harden with the plastic flow. The hardening tendency of a
material is defined by its strain hardening exponent (n). A strain hardening of n=0 shows an
elastic-perfectly plastic behavior while a n=1 shows a perfectly-elastic behavior. For metals it
generally ranges between 0.05 and 0.5. A material which has a sensitivity to strain-hardening
will have a model on the form:

oy = f(o0,€") (2.14)
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A coefficient similar to the one developed for strain hardening can be developed for the
average strain sensitivity of a material: m. The yields stress is then in the form of:

oy = f(o0,€", €M) (2.15)

Figure 2.17 resumes some different situations that may occur in materials.

Elasto-plastic Elasto-perfectly plastic Elalslto- plastic.
Sensitive to strain rate Sensitive to strain rate Non sensitive to strain rate
- @ J ~do
G" deyln]en de G " e
1 V’,J,’ P dt 1
> c > £
oy = f (00, €, €) oy = [(60,€) oy = f (00, €)

Figure 2.17: Influence on the yield stress of the strain-hardening exponent (n) and the strain-rate
hardening exponent (m) for different types of modeled materials

2.4.3 Common plasticity models

There exist several plasticity models which can be used to determine the evolution of the yield
stress with an influence of the strain hardening and the strain hardening rate. Some classical
models describing the influence of strain-hardening on the yield stress are: [28, 29]

o Ludwig law:

oy = 0o + ookre’ " (2.16)
e Swift law (generalized power law):
oy = 0o(1+ kseP)"s (2.17)
e Voce law:
oy = oolk1 — (k2 — 1)exp(—NeP)] (2.18)

These models can also be used when the materials have a sensitivity to the rate of defor-
mation. In fact, during plastic deformation, dislocations accumulate and the material hardens.
The hardening can be quantified by the accumulation of plastic strains (which is the sum of the
absolute value of the plastic strain increments). The accumulated stress is given by:

& = / \eP|dt (2.19)

By replacing €’ by €. in the different equations, the stress evolution can be related to the total
strain hardening evolution, including the influence of the strain-rate sensitivity. This dependence

can also be included by modifying the models, as shown in [30].

In practice, many additional plasticity models are used for different purposes. Some of them,
used in simulations, are developed in subsection 4.3.2.
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Chapter 3

Nanolaminates

3.1 Introduction

The goal followed in this master thesis is to develop a coating that has high strength (capacity
to withstand an applied load without plastic deformation/failure), high ductility (capacity to
undergo plastic deformation before failure) and high toughness (capacity to plastically deform
without fracturing by absorbing energy) properties with a good resistance to wear.

As stated in the introduction, ceramics are good candidates because they have a good corro-
sion and wear resistance, an enhanced thermal and chemical stability, high flexural strength and
hardness. But they are often limited by their brittle behavior. However, having both properties
of strength and toughness is essential for many structural materials. Toughness can still be gen-
erated in ceramics with extrinsic strategies (such as crack deflection, grain of fiber bridging, ...)
which develop fracture resistance, but it is always far from the one of metals. On the contrary,
metals are ductile, but their strength is limited compared to the one of ceramics.

It is then not possible to have both the properties of high strength and high ductility in
common bulk materials. In fact these two properties are mutually exclusive. [31, 32]

For this reason, scientists have developed some techniques to enhance material properties. They
have done it through two ways: mixing materials, and reducing their scale.

Creating composites was already done a long time ago. The earliest reference in improved
properties using laminate metals can be found in ”The Iliad” of Homer. This story describes
Achille’s shield as having five layers: bronze/tin/gold/tin/bronze. During his fight, Aenea’s
spear only penetrated the two first layers but got stucked in the gold layer. Laminates are also
found in some Viking blades, Japanese and Chinese swords. [33, 34]

With time, these laminates have been widely studied, and their size has been decreased down
to the nanoscale in order to develop new properties.

This chapter reviews the state of the art of nanolaminates. It is divided in two parts:

1. The first part reviews the advantages of thin films by explaining first the properties of
crystalline (in the form of metals) and amorphous materials (in the form of metallic glasses)
and then their enhancement at the nanoscale.

2. The second part describes the properties of thin films as hybrid materials combining layers
of crystalline and amorphous materials.
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3.2 Nanoscale

The nanoscale for materials describes materials with a layer thickness of maximum 100 nm.
These materials often show very different mechanical properties compared to their bulk form due
to their high interfacial area and their dramatically smaller length scale. Some new mechanisms
are observed at the nanoscale. [35-37]

3.2.1 Deposition methods

To deposit thin films, some specific techniques have been developed. Two important characteris-
tics of these methods are the achieved coating thickness and deposition temperature. There are
wide ranges of techniques. Several classifications exist, either the classical classification which
divides the process depending on the state of process (gaseous, solution, molten/semi-molten
or solid-state process) [38] or others such as dividing the process whether they are chemical or
physical processes. Some of these processes are shown in Figure 3.1. Solid-state methods are
not shown in the figure because they tend to produce thicker coatings, and are therefore not
relevant when talking about thin films.

Surface coating methods

Gaseous state Solution state M‘;heﬂ or Ser?ulil
(atomistic deposition) (particular deposition) molten state ( !
thickness deposition)
| | I | | |
Physical Chemical Ton beam Chemical i .
vapour vapour assisted solution Sol gel E'le;tmd_l?mwal Laser We‘l)‘l'?ﬁa(“)’eld STlﬁﬂﬁl
deposition deposition deposition deposition eposition y praying

Chemical | | Electroless | | Chemical
reduction | | deposition | |conversion

Plasma variants Plasma variants

Figure 3.1: Different engineering techniques for the deposition of thin films (reproduced from

[2])

The microstructure and mechanical properties are strongly related to the production tech-
nique. So when choosing a processing route, it is important to look at the chemical reactivity of
the compounds, at the desired properties, and at the compatibility of the chosen technique with
the whole system. (Example: if metals and ceramics need to be deposited to make a layered
composite, then the technique must allow to deposit both.)
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3.2.2 Metallic materials
3.2.2.1 Mechanical properties of metals

Metallic materials have a crystalline structure. The origin of their strength and ductility is
totally understood and is described by the creation and motion of dislocations. These are linear
defects which correspond to a discontinuity in the crystal structure allowing a change in the
arrangement of atoms. It is the number and the arrangement of dislocations that allows plastic
flow in metals and thereby controls the properties of metallic materials.

Several deformation mechanisms can take place in crystalline materials. These are: [39]

1. Glide of interface dislocations (Figure 3.2): the movement of a dislocation is brought about
by an applied shear stress on the slip plane. It is the "normal way” that dislocations move
when a material is plastically deformed. It is the movement of dislocations that allows the
atoms to slide over each other. The crystalline order is restored on either side of a glide
dislocation but the atoms on one side have moved by one lattice position.

Glide QQOQOOO ¢ A S
pline GOOG S 00GET0

Figure 3.2: Glide dislocation (modified from [40])

2. Climb of interface dislocations (Figure 3.3): dislocations can climb along the interface
plane because of the low formation energy and low migration energy of point defects in
interface. It is a movement that is perpendicular to the slip plane and happens when a
dislocation absorbs or emits a vacancy.

[ = Vacancy

Figure 8.3: Climb dislocation [41]

3. Twinning (Figure 3.4): there exist also partial dislocations. They do not result from
slipping between equivalent positions in the unit cell. The crystalline order is not fully
restored with a partial dislocation.

There exist a certain energy above which these partial dislocations can be observed. In
fact, the energy of formation of a single dislocation must be more important that the
energy needed to create two half (partial) dislocations. [42]
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Figure 3.4: Twinning

The critical shear stress needed to nucleate a perfect dislocation is given by:

_ 2auby
- D

™ (3.1)

where D is the grain size, b the magnitude of the burger vector for a normal dislocation,
u the shear modulus and « reflects the type of dislocation (a«=0.5 for edge and a=1.5 for
screw dislocation).

Also, the energy required for a partial (twinning) dislocation is given by:
_ 2apbp vy

e 2
D s (3.2)

where v is the stacking fault energy and bp the burger vector of a partial dislocation.

P

When the grain become smaller than a certain value D., then 7p becomes smaller than
7n. Therefore there will be some partial dislocation mechanisms when the grain size is
below:
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Due to the movement of dislocations, metallic materials have a middle strength value, and good
ductility properties. In order to develop ultrahigh strength crystalline materials, the motion of
dislocations that are required for plastic deformation must be limited.

3.2.2.2 Nanoscaling

In order to develop ultra high strain, people have thought about decreasing the scale of the
materials by developing thin films, nanocrystalline materials and nanolaminates. The influence
on the properties has been studied through the Hall-Petch effect.

Hall-Petch effect [28, 43]

The Hall-Petch effect, also known as grain boundary stenghtening, explains how metallic
materials acquire higher strength by changing their grain size.

When a stress is applied to a material, dislocations move through a crystal lattice until
they face a grain boundary. Grain boundaries can be seen as walls that can not be crossed
by dislocations, stopping their propagation. In fact, the lattice structure from the neighboring
grain differs in orientation and the grain boundaries are disordered compared to the grains so
dislocations encounter a repulsive stress field, that is opposed to their motion. Therefore, the
dislocations cannot go across this grain boundary.
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However, when more and more dislocation arise, a phenomenon called ”dislocation pile-up”
can be seen (Figure 3.5) which is a cluster formed of all the dislocations unable to cross the
boundaries. Each of the dislocation generates a small field which is opposite to the repulsive
fields of the grain boundaries. The sum of all of these small fields coming from all the gathered
dislocations acts as a driving force against the energy barrier for diffusion across the boundary.
An additional pile-up could then cause dislocation to cross the grain-boundary. Therefore, the
size of the grain has an influence. In fact, by changing the size of the grains, the number of the
dislocations piled up at the grain boundary can be decreased (Figure 3.6), limiting the diffusion.
Stopping the movement of the dislocation will not allow the onset of plasticity thus the material
will have an increased strength.

a

/

/

Figure 3.5: Pile up mechanism (reproduced Figure 3.6: Different concentration in dislo-

from [44]) cations (reproduced from [}3])

The relation between the yield strength and the grain size can be written: [45, 46]
o=o00+ kyd_1/2 (3.4)

where d is the size of the grain, k, is the strengthening coefficient (specific to a material) and
oq is the minimal stress that must be applied to activate dislocation motion.

Inverse Hall-Petch effect Following Equation 3.4, a material could be infinitely strong by
decreasing the grain size to very small values. In practice, it is not happening. It has been
shown that under a certain size limit, the grain will undergo other mechanisms and the increase
of strength will be much lower that the one predicted by Hall-Petch. An inverse Hall-Petch effect
is observed after a certain critical grain size: the abnormal grain size d*. [36] There are many
models that describe this effect. [47-49] For example, the two-phase based model [50] states that
the crystalline materials act as composite with two phases: the bulk and the grain-boundaries
phases. The transition to an inverse Hall-Petch effect then comes a change from grain bulk to
grain boundaries deformation mechanisms.

Influence of the grain size on the properties The mechanical properties are affected by
the size of the grains. Several regimes can be established for the plastic deformation in metals
as a function of the grain size. [51, 52] They are all illustrated in Figure 3.7.

1. For grain sizes down to about 100 nm, dislocations control plasticity as in bulk metallic
materials. An increase of the strength with the grain size is observed, which is described
by Hall-Petch relationship, as can be seen in zone I.
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Figure 3.7: FEvolution of the strength in metallic materials when lowering the grain size from
bulk down to a few nanometers

2. At a nanometer length scale (between 10 and 100 nm), the dislocation activity becomes
difficult due to the increased annihilation of dislocations at the grain boundaries (as can be
seen in Figure 3.8). This transition starts when the traditional intra-granular dislocation
mechanisms become limited and that grain boundaries start playing a more prominent
role. The behavior of the strength is still increasing, with mixed mechanisms, up to a
certain value d*. An estimate of this size can be made by assuming that it is the smallest
grain size that can sustain a dislocation pile-up. After that, inter-granular sliding becomes

important. [53]
A B

Figure 3.8: Transition from a dislocation pile up mechanism at the grain boundary to an ab-
sorption of the dislocation at the grain boundary (reproduced from [54])

3. By decreasing the grain size further (zone III), a decrease of the strength is observed, know
as the inverse Hall-Petch effect. In this size range, the grains cannot generate and contain
dislocations. They can then be considered as rigid bodies. The deformation occurs by
grain boundary mediated mechanisms, such as intergrain sliding (Figure 3.9).

0,320 2.2

Figure 3.9: Grain boundary sliding (reproduced from [54])

4. Their is a physical limit to the grain size which is a unit cell of a material after which the
grain are no longer crystalline but amorphous (zone IV).

24



Chapter 3. Nanolaminates 3.2. Nanoscale

3.2.2.3 Properties of nanoscale metals

Strength Due to a high density of grain boundaries and interfaces between layers the dislo-
cation glide is not allowed. Therefore, ultra-high strength can be achieved in nanoscale metals,
up to a certain size limit (the abnormal size). [39]

Hardness It can be shown [55] that the hardness also follows a Hall-Petch model giving:
H = Hy + kgd™/? (3.5)

Also, as for the strength, it follows an inverse Hall-Petch relationship below a certain grain
size. [506]

Ductility Nanocrystalline metals show limited ductility far behind the one of the ductile
metals at conventional grain size. [57] This limited ductility comes from both an early localisation
of the plastic deformation (known as necking) and an early failure.

First, thin metallic film have low strain hardening (n) and low strain hardening rate (m)
because of an increased difficulty for dislocation storage at small sizes. Some localisation of the
plastic deformation occurs in the material when the strain in the material is above a certain

value called the onset of necking [28]:
n

€

(3.6)

1—m
Therefore, having a small n and a small m leads to non-uniform elongation and more plastic
instabilities such as inhomogenous and localized deformations. Also, some failure before this
plastic localisation can happen due to a rapid accumulation of damage. In fact, some fracture
mechanisms (such as the nucleation, growth and coalescence of voids) can happen between the
grains along grain boundaries. [30, 58]

However, the property of ductility can be optimized by several methods:

1. In nanolaminates made of several layers of metal, the interfaces can act not only as ob-
stacles but also as a source for dislocation multiplication which improves ductility. This is
developed in subsection 3.2.4. [48, 52]

2. Opting for an appropriate grain size distribution and the introduction of a second phase
particle can also increase the ductility. [52] This can be done by using a bi-modal grain
distribution in which the finer grains provide strength and the coarser grain sustain the
dislocation activities and maintain or even enhance ductility, as can be see in Figure 3.10.

Fine
grains

Crack

Figure 3.10: Bimodal distribution [48]
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3.2.3 Metallic glasses

This parts aims at describing the behavior of amorphous materials, on the bulk form, and
when reduced to the nanoscale. Metallic glasses are presented here because their study at
the nanolaminate level in the literature is very rich. The same phenomena will take place in
amorphous ceramics.

3.2.3.1 Bulk metallic glasses

Metallic glasses are solid metallic materials with an amorphous structure due to a fast cooling
rate. The atoms occupy a more-or-less random position in the structure, giving them a non-
crystalline structure. For long it has been a topic of interest to understand their behavior related
to strength, ductility and plasticity at the micro-and-atomic scale. If it is not as clear as for
crystalline materials, it has been shown that the mechanical properties of metallic glasses are
related to the chemical and physical properties of their elements. [59]

The properties of bulk metallic glasses are a ultra-high strength and hardness and large
elastic strain at temperatures much lower than T,. In fact, they do not have crystalline defects
such as dislocation that govern the plasticity in metallic materials, so the materials can be much
stronger. However, they suffer from a high lack of ductility.

The plastic deformation of metallic glasses does not follow the scheme of dislocation motion
as in metals. It is a nonhomogenous deformation due to the formation and propagation of shear
bands. These are zone embedded in undeformed matrix, in which large shear plastic deformation
has taken place. There are two theories concerning the creation of shear bands. These are the
free volume theory and the STZ theory, as illustrated in Figure 3.11 [59, 60]

1. The free volume theory is based on the idea that the total volume of amorphous metal can
be divided into two parts: the one occupied by the atom, and the empty space. The free
volume regions are good spot to initialize structure destabilization, and where inelastic
relaxation can take place. This model gives a simple and clear explanation for the strain-
softening but not for the deformation itself.

2. Shear transformation takes place by spontaneous and cooperative reorganization of a small
cluster of randomly close-packed atoms (between a few and perhaps 100 atoms). These
clusters of atoms undergo cooperative shear displacements (called the shear transformation
zones (STZs)) and enable material deformation. [61]

(a) Free volume theory (b) STZ theory
Figure 3.11: Two models to explain shear banding [60]
The formation and propagation of such shear bands induces strain localization and leads to

large strain softening and abrupt fracture of the metallic glasses (as represented in Figure 3.12).
This causes the lack of ductility of metallic glasses. [62—-64]
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Figure 8.12: Shear bands leading to catastrophic failures with (A) shear localization, (B) propa-
gation of shear bands and (C) abrupt fracture.

In principle, strain localization can be mitigated by generating profuse shear bands, obstruct-
ing shear bands propagation or inhibiting shear bands formation by reducing the size. This can
be done through several channels, and one of them is reducing the sample dimensions to the
nanoscale.

3.2.3.2 Nanoscale metallic glasses

It has been demonstrated that a radically different behavior is observed in monolithic metallic
glasses when decreasing the sample dimensions up to 100 nanometers. In fact, due to the small
volume, some interesting phenomena are observed such as a delayed catastrophic localization
and an increased failure resistance. This can be seen from different angles: [65]

1. The size of the stressed metallic glass region must exceed an incubation length scale in
order for STZs to develop into mature shear bands. As they need a sufficiently long
distance to accelerate to their full propagation speed, they do not become as dangerous as
in big samples. [62]

2. The sample dimensions are bellow the normal shear banding spacing. The major instabil-
ities do not have enough space to grow, and the small sample volumes have less chances
to contain flaw or predammaged sized defaults which can initiate severe localization shear
bands.

3. If localization begins, then failure does not follow directly. In fact, these amorphous
materials at the nanoscale have a tendency to break in a ductile way because the size of
the plastic area at the tip of the developing crack is much larger than the size of the layer.

Without these severe shear bands concentrating all the strain on one plane, other phenom-
ena can happen which are called ”dislocation-like” shear events. These are individual STZ
throughout the sample, and local redistribution of free volume. So at small-volume specimens,
the catastrophic localization and failure are deleted, leading to ductile metallic glasses. When
brought into the submicrometer to nanometer range, metallic glasses behave such as metallic
materials: uniform elongation, stable shear, necking, ... All of this leading to homogeneous
deformation in metallic glasses under a certain size, as can be seen in Figure 3.13. [65]
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Figure 3.13: Transition from an homogeneous to a non-homogeneous plastic deformation. Bellow
a certain layer size, d*, the stress required for shear band propagation becomes higher than the
one for homogeneous deformation, leading to some plasticity in the material. [63]

3.2.3.3 Properties of nanoscale metallic glasses

Ductility As explained above, due to the small volume of the amorphous glass, the formation
and propagation of shear bands is avoided, leading to an enhanced ductility through dislocation-
like mechanisms.

Strength Unlike for metallic materials, the stress required for homogeneous deformation varies
with the size (as can be seen in Figure 3.13 where the orange zone shows the range of possible
homogeneous deformation). This is because the amorphous structures contain some internal
fluctuations, and the biggest clusters of internals defaults are dependent of the size. The smaller
the sample, the less chances to have internal defaults. So as in metals, an infinite strength could
be obtain by decreasing the sample size, because no defaults would be present in the sample.
However, there is a critical size at which the maximum strength is obtained, which can be
compared to the inverse Hall-Petch relationship (even if the phenomena underlaying are totally
different). In fact, the surface itself is an imperfection, and by decreasing the sample size, the
surface-to-volume ratio increases, leading to a lower strength.

The stress required for homogeneous deformation related to the strength can be divided in
three sections (see Figure 3.14): [66]

e In zone A, the surface-to-volume ratio is really high because of a large area of interfaces.
The surface diffusion controls the strength.

e In zone B, some critical sized flaws begin to be observed, but with a low density. The
strength is controlled by the shear band nucleation. It is in this zone that the maximal
strength is found: when the interfacial area has decreased enough, but no critical sized
flaws are yet in the sample.

e In zone C, critical sized flaws are inevitably present so the strength is controlled by shear
band propagation.
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Figure 3.14: Strength of metallic glasses with regards to the size of the sample (reproduced from

[66])

3.2.4 Nanolaminates

As it has been seen in the former subsections, lowering the scale of materials down to the
nanoscale gives them interesting properties. However, it has some drawbacks. For example, the
ductility of metals is decreased due to a lack of motion of the dislocations. These defaults can
be corrected by composing laminates of these materials.

The mechanical behavior of nanolaminates is controlled by the interfaces. Their high density
yields some special properties to nanolaminates. The interfaces have two main roles: [39]

1. They act as a source for nucleating plastic deformation carriers: dislocations, twins and
shear bands, leading to high ductility.

2. They are a barrier which suppress the propagation of these carriers, leading to high strength
properties.

Several systems of laminates have been proposed in literature, some of them are summarized in
Table 3.1.

Table 3.1: Attributes of some multilayered materials at nanoscale. (Inspired by [67])

Nanolayered materials Attributes Exemple

Metal /metal Magnetic properties Cu/Nb [68], Fe/Co/N [69]
Ceramic/ceramic Toughness, thermomechanical resistance TiN/AIN [70], TiN/NbN [71]
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3.3 Hybrids nanolaminates

In the previous sections, the nanoscale behavior of metallic glasses and metals have been de-
scribed. While reducing them to the nanoscale provide them some advantages, they still aren’t
perfect for the required application. To enhance their properties, a combination of amorphous
and crystalline material has been suggested.

In fact, by alternating layers of amorphous and crystalline structures in the form of nanolay-
ered composites an improvement of the ductility has been observed, while keeping the strength
of the amorphous layer. These composites usually results in a compromise between the higher
strength of the metallic glasses and the higher ductility of the crystalline layers. [33, 72, 73]

3.3.1 Properties of hybrid nanolaminates
3.3.1.1 Ductility

Bulk metallic glasses exhibit terrible ductility properties due to the spread of catastrophic shear
bands but this problem is avoided when the thickness of the metallic glass is below an intrinsic
length parameter. On the contrary, metals have a good ductility, but reducing them to the
nanoscale reduces their ductility. Layering the two materials produces some interesting ductility
properties. Confining the metallic glasses between metallic layers leads to large tensile ductility,
and to some extent to near perfect plastic behavior. It can be shown [62] that the amorphous
crystalline interfaces (ACI) are the main reasons for the ductility enhancement in the two phases.

1. By looking first at the amorphous phase it appears that some of the large defects that
normally evolve in the phases are stopped by the nanocrystalline layers before they reach
maturity (for example, the thick metallic glass layers are thinner than a typical shear band
in bulk glass (as can be seen in Figure 3.15)).

@ . (b) .
Metallic layer Metallic layer
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Figure 3.15: Effect of the ACI on the behavior of the metallic glasses with (a) a good example of
the quarantine principle where the shear bands (SB) do not have enough place to grow and (b)
an example where the quarantine principle is not efficient and SB have enough space to grow
leading to bad ductility properties (adapted form [74])

2. Meanwhile, in the crystalline phase, the deformation is done through a few deformation
twinning which are stopped by the grain boundaries and by the amorphous crystalline
interfaces (ACI). The ACI also act as sources for dislocation nucleation, which are necessary
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for the plastic behavior of the layers. Because of the comparable density of ACI and grain
boundaries, ACI can be considered as having a great role in enhancing the ductility of the
sample. [62]

It is the combination of these two effects (known as the quarantine principle, because it is
the fact of separating the layers of a certain material by another one) which gives this ductile
property to hybrids nanolaminates.

3.3.1.2 Strength

Nanolaminates exhibit a high strength. This is due to both the nanolayers which allow to have
ultra high strength properties, and to the lamination. Following the quarantine principle, the
ACIT can act as a source for the dislocations enhancing the ductility, but they are also a barrier
for dislocation motion, enhancing the strength of the crystalline layers. Hybrid nanolaminates
exhibit a strength of the order of the strength of the hard layer while introducing benefits from
the metal layer. [75]

3.3.1.3 Hardness

According to the rule of mixture, the hardness of a composite should be:
H = fiHy + foH> (3.7)

where f is the volume ratio of one constituent. However, this results does not fit to the exper-
iments, so the hardness must be modified by an adapted rule of mixture. This has been done
through several models. [76] The global trends that nanolaminates are following are:

1. There is an effect of the amorphous layer: the hardness is decreased when reducing the
amorphous layer thickness. This is due to the fact that localized plastic deformations are
suppressed as amorphous layers thicknesses reduce up to the scale of tens of nanometers.
The deformation modes of the amorphous layer transform from localized shear banding to
homogeneous flow.

2. There is also an effect of the spacing between these amorphous layers (which is equal
to the thickness of the metallic layers). The hardness of nanolaminates for the crys-
talline/amorphous laminates shows a Hall-Petch dependence on the metal layer thickness:
45]

H=A+ B\ (3.8)

where A is the spacing between the amorphous layers, and A and B constant that have to
be derived experimentally.

3.3.1.4 Elastic response

The Young modulus depends on the direction from where is it measured. As explained in
section 2.3, the composite will follow an isostrain or isostress model depending on the loading
conditions. However, by indentation, it has been shown that the Young modulus of hybrids
nanolayers is lower than the one obtained by a simple rule of mixture of the materials. This is
due to nanodefects or texture that lowers down its value. [67, 76-78]

Also, going deeper in the material will give a more accurate value of the Young modulus
because the effect of the multilayers is more felt at high penetration. [35]

31



Chapter 3. Nanolaminates 3.3. Hybrids nanolaminates

3.3.1.5 Toughness

High fracture toughness often requires a good strength/ductility balance.

The composite arrangement significantly increases the crack growth resistance of the glass.
Growth of voids in the monolithic glass is catastrophic, whereas in the composite, it is stable. It
has been shown that the crack growth resistance of metallic glass in metal laminate composites
is higher that the one of the monolithic form. The toughness can be increased by both extrinsic
and intrinsic parameters (these two different phenomena are illustrated in Figure 3.16). [79]

Extrinsic Toughening Intrinsic Toughening

grain
bridging
cleavage
r‘J fracture

microvoid
coalescence
oxide
wedging
fiber
bridging
zone

behind crack tip ahead of crack tip
Figure 3.16: Extrinsic and intrinsic toughening [80]

The toughening of hybrids laminates has two main origins: [32, 81]

1. The confinement of the amorphous brittle layers into metallic layers gives some extrinsic
toughening. The metallic ductile phase, after an initial crack propagation in the amor-
phous layers, tends to remain intact and bridges the opening crack increasing the crack-
propagation resistance of the material.

2. The enhanced ductility properties of the amorphous phase gives some intrinsic toughening.
In fact, enhanced glass deformation in the crack tip region is allowed.

3.3.1.6 Wear

The wear resistance of nanolaminates combining hard and tough phases exceeds the one of both
their phases. [82] In fact, abrasive wear, fatigue strength and crack resistance are correlated to
the relation between toughness and strength (hardness) of the material. Since hybrids nanolami-
nates have an enhanced toughness and strength, the result in term of wear resistance should also
be improved. Several theories for the wear equation in multilayer materials have been developed
[83, 84].

The enhanced wear resistance is attributed to the interfacial zone. The low hardness of the
metal lamella allows the abrasive to penetrate easily to produce deep scratches. Meanwhile, the
high ductility keeps the amount of material removed small compared to the size of the scratch.
Close to the amorphous lamella, the penetration is limited due to the high hardness which
supports the zone over the amorphous lamella. Therefore there is a small penetration depth and
a high ductility: high wear resistance. This is illustrated in Figure 3.17.
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Figure 3.17: Wavy surface profile which illustrates the interfacial zone. The penetration of
the abrasives in the metal layers is reduced close to the interface with the amorphous layers.

(modified from [82])

The model on the interfacial zone suggests that in order to optimize the wear resistance of
a material, two fundamental design rules should be followed:

1. The ductile layer should be thin, so that the entire layer is within the interfacial zone.
(The ductile layer should have a thickness less than the one plastically deformed when
scratching the unsupported layer.)

2. The hard supporting phase has to be kept thin since it has a lower wear resistance than
the interfacial zone.
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3.3.2 Al/Al,03; nanolaminates

As explained in the former sections, reducing the size of materials to the nanoscale gives them
specific properties. When using laminates of these small-scale materials, some new properties
arise. And finally, when combining amorphous and crystalline layers at the nanoscale, some
hybrid materials are created with enhanced mechanical and wear properties.

This study of crystalline/amorphous layered composite using several materials has been of a
wide interest in literature. While the crystalline phase is always made of metal, the amorphous
layers can have different nature: either made of metallic glasses or amorphous ceramics.

Several systems used metallic glasses as amorphous phase such as in [60, 62, 64, 65, 72] where
Cu/CuZr is one of the most commonly studied system and has shown enhanced ductility (up to
a nearly elastic-perfectly plastic behavior under certain conditions) and toughness properties.

Other systems used amorphous ceramics instead, such as systems like W/ZrN [85], diamond
like carbon (DLC)/Ti [86], Al/SiC [34, 67], Ti/TiN[87] which have shown some interesting
properties enhancement. The system Cr/CrN has achieved a regime of co-deformation of the
layers and particularly good wear resistance. [82]

This master thesis focuses on the study of the nanolaminate Al/AlyO3 deposited by physical
vapor deposition. The mechanical properties of Al/Al;O3 laminates at the micro scale have
been studied in [32, 88]. Some mechanical characterization of its tensile properties under cer-
tain conditions has also been made [77, 89]. Its wear resistance under certain conditions has
been studied in [90]. The various experiments carried out in these articles indicate that the
Al/Al,03 system has interesting mechanical and tribological properties. Therefore the study of
its resistance to erosion is relevant.

Herunder in a small description of the crystalline and amorphous phases used in this laminate.

3.3.2.1 Crystalline phase: aluminum

The crystalline phase is made of aluminum. It is an FCC metal which is sensitive to the strain
rate. It has the highest strength-to-weight ratio and is one of the more abundant material on
earth which makes it a common used material. It is widely used in an alloyed form.

One of the main feature that has an influence on its properties is its grain size. It has been
shown that the average grain size in the aluminum films varies linearly with the film thickness
in films were it is one grain thick. The grain size in aluminum is controlled by the deposition
technique. [77]

3.3.2.2 Amorphous phase: alumina

The amorphous layers are composed of alumina, in the form of an amorphous ceramic. Alu-
mina is used in a wide range of applications because it has a good hardness, transparency and
electrically-insulating properties. The most common oxide form is the amorphous form. How-
ever, crystalline alumina exists in different forms: «, x, 0, v and v phase which are formed under
specific deposition conditions. [91]

One of the main feature that has an influence on its mechanical properties is its porosity.
This is controlled by the deposition technique. [92-96]
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Chapter 4

Materials and methods

Now that the basics of coating characterization methods have been developed, as well as the
advantages of using nanolaminates, it is time to dive into the heart of the research of this
thesis. This thesis focuses on the realization of Al/AlsO3 samples and on the characterization
of their scratch resistance and mechanical properties. This chapter describes the methods used
to produce the samples and to characterize them.

4.1 Deposition method

4.1.1 Sputtering

Sputtering is one of the most common physical vapor deposition (PVD) process which are
techniques to deposit thin film of a material into a surface under vacuum.

4.1.1.1 General principle

The principle of sputtering (as illustrated in Figure 4.1) is a phenomenon in which ions created
in a gaseous plasma are accelerated and then hit the target material ejecting some atoms that
are then redeposited.

— Substrate and film growth

Sputteri&l I 1 I_

Gas$  —p ——

e o

— Sputtering Target

Figure 4.1: Illustration of the sputtering principle [97]

A target of the desired material is held in a high vacuum chamber. Argon is injected
continuously in the chamber to obtain a low pressure argon atmosphere. Inert gases, specifically
argon, are usually employed as sputtering gas because they tend not to react with the target
material or combine with any process gases and because they produce higher sputtering and
deposition rates due to their high molecular weight.
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When the vacuum in the chamber is well established the plasma is ignite by applying a
negative voltage (by a DC electrical current) to the target. It is composed of Ar atoms, positively
charged ions Ar* and electrons. The positively charged Ar™ are continuously generated by the
electrons hitting the argon atoms.

In fact, the target is negatively charged and acts as a cathode while the chamber is connected
to the ground and acts as an anode. This creates an electrical potential which will cause the
free electrons to accelerate. When they collide with a process gas atom, they strip an electron
from the gas atom and create a positively charged gas ion.

Since the sputtering target is negatively charged, the positively charged argon ions are then
accelerated towards the target. When they collide with the target, they transfer their energy
to some atoms of the desired material. If this energy is larger than the bonding energy, then
atoms are liberated from the target. They are sputtered atoms. These sputtered atoms will
then redeposit all around the chamber. If a substrate is placed in front (or in the path) of the
sputtered atoms, it will be coated by a thin film surface.

A permanent magnet structure is located behind the target serving as a deposition source
and allows plasma confinement on the target surface. In fact, this magnet results in a magnetic
field that forms a close-loop annular path. This will reshape the trajectory of the secondary
electrons, increasing their probability to hit an ionize argon atoms. This process of using a
permanent magnet to help ionizing the argon is called magnetron sputtering. [98, 99]

4.1.1.2 Deposition of an oxide by sputtering

The general principle described above is the case of non-reactive sputtering. When the ther-
modynamics and kinetic of the chemical reaction have an influence on sputtering an alternative
method has to be found.

In the case of oxide target materials, some preferential sputtering will occur. Oxygen will
sputter faster than the metallic atoms, leading to an enriched in oxygen deposition on the
substrate and a reduced target. The target is then enriched in metal, and the deposited oxide
is non homogeneous and will become richer and richer in metal the more the reduction of the
target takes place. To avoid this reduction, it is possible to use a metallic target and to add a
reactive gaz (such as oxygen to create AlpOs). The process is then called reactive sputtering.
[98]

This sputtering can be divided into two phases: the metal target mode region, and the
compound mode (as illustrated in Figure 4.2). When there is no oxygen in the sputtering gas,
only metal will be deposited. At a critical flow of reactive gas, the deposition mode changes
abruptly from the metal mode to the oxide (compound) mode.

Voltage [V]

Metal o Compound
mode | TlansmonE mode

0, %

Figure 4.2: Hysteresis curve of the reactive sputtering
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4.1.1.3 Parameters

Several parameters have an influence on the deposited samples:

e The sputtering yield depends on the target material and on the angle of incidence.

e The voltage can either be RF (for insulating targets) or DC (for conductive targets). RF
is necessary for insulating targets because otherwise the Ar™ ion would charge the target
and it would then repel the Ar™ so no sputtering would occur.

e The target-substrate distance and rotation also influence the quality of the deposition. If
the distance is too short, some heating of the substrate could be observed. Also, if there
is no rotation of the target, some compositional gradient could appear.

4.1.2 Deposition of the samples

Layers of Al and AlaO3 were deposited successively by RF (13.56 MHz) magnetron sputtering
on silicon wafers (cleaned by standard cleaning !). The sputtering experimental method that
was used in the context of this master thesis was AJA (ATC Orion 5 Sputter System from AJA
International).

As stated in the state of the art, the properties of the aluminum and the alumina layers
strongly depend on the deposition parameters:

e The main property in aluminum that has an influence on its properties is the size of its
grains. This can be controlled by the magnetron power: as the power increases, the grain
size will be reduced. [100]

e All deposition parameters (such as the deposition pressure, the gas pressure, ...) have
an influence on the resulting properties of alumina. The ideal properties would be high-
density, stress-free and hard aluminum oxide thin film with a high deposition rate and
excellent adhesion on substrate. [91, 96, 101, 102]

4.1.2.1 Deposition conditions

The deposition parameters were chosen following [96] to minimize the porosity in the sample
and are shown in Table 4.1.

Table 4.1: Details of sputtering conditions (inspired by [103])

Al layers Al O3
Sputtering gas Ar Ar and 12% of O2
Gas flow 25 SCCM 22/3 SCCM
Working pressure 1.2mTorr 1.2mTorr
Target Al (99.99% purity) Al (99.99% purity)
Deposition rate 5.88 nm/s 8 nm/s

A DC current was used, and was regulated at 300mA. A 400 V voltage was chosen, giving
a power of 125 W. To achieve a uniform deposition, the holder was rotated at 45 rmp and was
maintained at a distance of 122 mm of the target.

The selected partial pressure of oxygen was taken following the hysteresis curve of alumina.

Before deposition, the substrate were cleaned for 5 minutes with Ar plasma. Then, be-
tween the deposition of the different layers, the gas were mixed during 3 minutes to ensure an
homogeneous gas flow.

Details about this procedure can be found in section A.2.
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4.1.2.2 Deposited samples

In nanolaminates, three main ”layering” features have an influence on the properties:
1. The proportion of aluminum/alumina
2. The bi-layer thickness
3. The top and bottom layers

In this thesis, only the two first parameters were studied. Table 4.2 shows the expected layer
thicknesses and proportion of the different materials in the samples which were deposited to
carry out the analysis. They all have a top layer made of alumina an a bottom layer made of
aluminum. The real layer thicknesses were determined by SEM and are presented in the results.

Table 4.2: Expected layer thicknesses and proportion of the deposited sample

Sample Total %  Number AlyO3 layer Al layer Total
Al,O3  of layers  thickness (nm) thickness (nm) thickness (nm)

B7014 166 16 (2%8) 14 70 672

E7035 33.3 14 (2*7) 35 70 735

E7070 50 10 (2*5) 70 70 700

E3535 50 20 (2*10) 35 35 700

Pure Al;O3 100 1 700 - 700

With these samples, three ”batches” of analysis have been carried out:

1. The first batch studies the influence of alumina proportion by using E7014, E7035 and
E7070.

2. The second batch studies the influence of aluminum proportion by using E7035 and E3535.

3. The third batch studies the influence of the bi-layer thickness by comparing E7070 and
E3535.

Note that other samples were deposited during this master thesis but were not used in the
analysis. First because the scratch tests performed on the samples were not deep enough, so
they could not be used in the analysis. Also, because some of them varied 2 parameters at the
same time. The complete list can be found in section A.3.
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4.2 Characterization

4.2.1 Scratch

To assess the adhesion properties of the coating, a scratch test was used. This was performed
using a scratch tester fitted with a diamond stylus. The tip was a spherico-conical tip, with an
angle 90 °, and a tip radius of 5 pm. The same loading parameters were used for the different
tests, in order to have comparable data.

First of all, a pre-scan of the surface was carried out in order to know the initial morphology
of the surface. This makes it possible, among other things, to know the inclination of the surface,
and to recalculate the effective values of the tip penetration afterwards. The scratches were then
carried out over a length of 750 microns, with a force increasing linearly from 0 to 45 mN. The
velocity was of 30 yms~'. The parameters used for the scratch test were first chosen following
[89]. Then, in view of experiments carried out with a load such as in this article which did not go
far enough into the material and therefore did not give the values of L., the load was increased.
After the scratch, a post-scan was performed to measure the residual penetration, so that the
elastic recovery of the material could be calculated.

The movements of the tip are summarized in Figure 4.3.

Scratch direction

750 um
Pre-scan 20uN
Scratching ZOHN gzzmoseeee e ZOLlN'
Ramp-load
(0-45mN)
Post-scan 20puN

Figure 4.3: Different displacements of the tip. The pre-scan starts at the left end and goes to the
right end. It then returns to its initial position (shown here by dotted lines). Then the scratch
is performs with an increasing load (in red on the graph). The small scans before and after the
scratch are to stabilize the tip before the scratch test, and to measure the size of the pile up or
the behavior just after the scratch test. The post-scan is done directly from the right edge to the
left edge. (Inspired by [104])

The friction force and the penetration depth were measured continuously along the scratch
track. A measure of the cross-profile was made at 20mN. For each set of parameters, 8 parallel
scratches were made, with enough space between them to avoid pile-up effects.

39



Chapter 4. Materials and methods 4.2. Characterization

4.2.2 SEM

The scanning electron microscopy (SEM) is a method that allows to visualize the surface of a
sample. It produces images of a sample by scanning the surface with a focused electron beam. It
was used in this research because it allows to see details up to the nanometer scale. It can provide
information about the surface topography (whether there are some cracks on the surface), and
about the surface composition.

Its principle is to use the behavior of electrons to create topographic images. As illustrated
in Figure 4.4, it has three parts: first the electron source where the electrons are created thanks
to an electron gun. Then some electromagnetic lenses which focus the electron beam on the
sample. And finally some electron detectors.

Anode

Magnetic i
lenses P Detector

Figure 4.4: SEM [105]

For the images two types of detectors were used: the secondary electrons (SE2) detector and
the InLens detector. They both collect secondary electrons which are generated from inelastic
scattering events of the primary electrons with electrons present within the atoms of the sample.
There are two types of these electrons (as illustrated on Figure 4.5): SE1, which are produced
by the scattering of some electrons due to the incident beam on the surface and SE2 which
are produced indirectly when the back-scattered electrons (created by the elastic scattering in
the sample, and emerging out of the surface) inelastically scatter electrons, near the surface.
The SE1 electrons, collected by the In-lens detector are used to image surface details at the
highest resolution at the expense of compositional information. The images given by the SE2
electrons take advantage of a higher landing energy and deeper specimen interaction, including
more compositional and less topographical information.

SEM samples have to be small enough to fit on the specimen stage. They may need special
preparation to increase their electrical conductivity and to stabilize them, so that they can
withstand the high vacuum conditions and the high energy beam of electrons.

The samples were mounted on rigidly specimen holder using a conductive adhesive. To make
the samples with an alumina top layer usable for SEM, they were coated with a thin layer of
gold.
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Figure 4.5: Illustration of the secondary electrons. The SE1 are generated close to the beam
of electrons and have a high resolution signal. The SE2 are generated further away and have
therefore a lower signal resolution. The secondary electrons are represented in red. Note that
the SE are produced only near the surface of the sample (only 5 \). [106]
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4.3 Indentation

The mechanical properties of the materials such as hardness and the Young modulus were derived
by numerical simulation using finite element methods. The program Abaqus (version 2019) was
employed in all calculations.

4.3.1 Models

To simulate the different results, three different models were designed. The two first models
were ran using the graphical interface of Abaqus, known as the Abaqus CAE (Complete Abaqus
environment). The other model was designed at UCLouvain [107] and used matlab to generate
an inp (the input file that is read by Abaqus) directly.

Three models were necessary, because they have different objectives:

1. The first model aims at comparing the stresses and strain produced by the scratch and
the indentation test. Therefore the model was build using a 5 pm tip, which is the same
diameter as the one used for the scratch test.

2. The second model uses a Berkovitch tip. It gives more accurate results when measuring
the mechanical properties of the samples. Also, it is more sensitive to the strain rate in
the samples.

3. Finally, the last model, developed at UCLouvain [107] was used to confirm the former
models. Writing the inp directly is a technique which is more difficult and less intuitive
than using the graphical interface directly. But once build, it is a more versatile tool, and
will allow to compare many different systems in the future.

The different system studied are listed in Table 4.3. The geometry of the nanolayers in the
simulation were the same as in the experimental samples. Note that the top layer was AloOgs
for all the systems, except for the pure aluminum.

Table 4.3: Different systems modeled in Abaqus

Sample Total %  Number Al O3 layer Al layer Total
Al,O3  of layers  thickness (nm) thickness (nm) thickness (nm)
Pure Al - 1 - 700 700
S7014 16.6 16 (2*8) 14 70 672
S7035 33.3 14 (2*7) 35 70 735
S7070 50 10 (2*5) 70 70 700
53535 50 20 (2*10) 35 35 700
Pure Al;O3 100 1 700 - 700

4.3.1.1 General considerations of the models

For all three models, 2D axial symmetry was used to reduce computational time without com-
promising accuracy. The movement of the indenter was simulated as a downwards displacement
of 70nm. This corresponds to a deformation of around 10% of the coating height.

It was assumed that the coatings perfectly adhered to the silicon substrate and that the
interfaces between the different layers were perfectly bonded. A friction coefficient between the
top layer and the indenter was taken as being 0.1, which is a typical value for diamond/metal
contact pair. [35, 108]
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The layers were taken as homogeneous materials. In fact, the crystals in Al possess a high
degree of isotropy, and the AloOg3 layers are amorphous. It is then a good approximation to use
a continuum approach.

The input mechanical properties of the materials used is the simulation are given in Table 4.4.
The alumina was taken as a perfectly-elastic material and the aluminum as an elastic perfectly-
plastic material. The values chosen were taken following sources [96, 109-115] and measurement
made on pure aluminum and pure alumina [116].

Table 4.4: Mechanical properties of the materials involved in the modeling

Parameters E modulus (GPa) Poisson’s ratio Yield strength (MPa)
Al 70 0.33 350
Aly03 185 0.22 -
Substrate (Si) 187 0.28 -
Indenter (diamond) 1141 0.07 -

4.3.1.2 First model: spherical tip

As stated above, the first model used a spherical tip with a radius of 5 um. The substrate was
simulated using a rectangle of 25 pum width and 24.3 pm high, to obtain a perfect square with
the layers on top.

Boundary conditions The following boundary conditions were used:

1. The left-hand side of the complete structure, including the indenter, coating and substrate
served as the axial symmetry axis. They were only allowed to move in the vertical direction.

2. The bottom was encastred (unable to move in any direction).

3. Due to the fact that the model dimension was considerably larger than the coating thick-
ness, the resultant edge effect from the boundary constrain was negligible, so the right-side
was free to move.

4. The top boundary, when not in contact with the indenter was also free to move.

All these conditions, and the model can be seen in Figure 4.6.

Meshing A total of 105.000 four-noded rectangle elements were used in the model, with a
finer mesh size near the upper left corner, as illustrated in Figure 4.7.

Projected contact area To calculate the projected area, a Matlab model was used. This
model takes as input the position of the top layer as a function of the penetration depth, and
the position of the reference point of the indenter. It then redraws the shape of the indenter
mathematically, and calculates the difference between the position of the tip and the surface.
When the difference is below a certain value, the two point are considered in contact.
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Figure 4.6: Boundary conditions of model 1

Figure 4.7: Illustration of the meshing in model 1

4.3.1.3 Second model: berkovitch tip

The second model implements a Berkovitch tip and was developed to measure the hardness and
the Young modulus of the laminates. It also allows to see the influence of the deformation rate
in aluminum.

It is the most commonly used tip for indentation testing. However, it is more complicated
to simulate because it has a discontinuity at the end of the tip. To avoid this discontinuity, a
small-rounded part has to be added. The construction of the tip is detailed in section A.1.

A smaller model was used is this simulation. With small penetration depth, the edges of the
substrate were not influenced by the penetration, showing that this choice was relevant. The
model is illustrated in Figure 4.8.

The same boundaries conditions as in model 1 were used. A total of around 12500 four-noded
rectangle elements were used in the model, with a finer mesh size near the upper left corner.

4.3.1.4 Third model: realized via the inp generator

The last model was the one developped at UCLouvain [107] and used an inp (the input file that
is read by Abaqus) generator created on Matlab directly to create the inp instead of using the
graphical interface. This has the main advantage of being adaptable once done, but is harder
to implement in the first place. This is why the graphical interface was used at first.

The same construction parameters as in the two models presented before was used.
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Figure 4.8: Abaqus berkovitch model with zoom on the tip showing its rounded part

4.3.2 Modeling the influence of the strain-rate sensitivity

When a material is strain-rate sensitive, its yield stress changes as a function of the deformation
rate. Aluminum has a medium-sensitivity to strain-rate, but is not very sensitive at room
temperature.

4.3.2.1 Exponential charging

In order to see the influence of the deformation rate on the properties of a material, deformation
must be done at a constant deformation speed. This induces:

h
= D= 4.1
€=- C (4.1)

where £ is the loading rate. By integrating this expression, it gives that the loading must have
an exponential form:

h = h;e®t (4.2)
where h;, is the initial indentation value.

In Abaqus, this was implemented using the function decay which is define by:

t—to
d

a= Ay + Aexp(—

) (4.3)

In order to use this decay function to simulate Equation 4.2, the different values of the constant
are described as shown in Table 4.5.

Table 4.5: Values of the constant in the decay model

Name Constant  Value
Initial amplitude Ay 0
Maximal amplitude A h;
Starting time to 0
Decay time tq %1

A range of deformation rate values from 107° to 10 [s~!] was chosen, in order to see a real
evolution on the material properties. Figure 4.9 shows a logarithmic plot of the exponential
charging at these different loading rates.
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Figure 4.9: Time required to run the simulation for exponential charging with different defor-
mation rate for an initial amplitude of 0.1%.

4.3.2.2 Plasticity models used in Abaqus

In section 2.4, several common plasticity models were presented. These are the ones closest
to material reality, but they are not the easiest models to implement in Abaqus. There are
indeed models that are already programmed in Abaqus and that allow to take into account the
sensitivity to the deformation rate. These are the Jonhson-Cook and Cowper-Symonds models.

Jonhson-Cook This is a particular type of von Mises plasticity model with analytical forms
of the hardening law and rate dependence. It takes into account the effect of the deformation
rate, and also of the temperature. It is written:

oy = [A+ Bley)"][1 + cznei]u — ™) (4.4)
0
where A,B,C,n,m,T* and €y are constants that must be defined for the material properties.

Cowper-Symonds The power-law, also called the Cowper-Symonds overstress power law has
the form: [117]
é=D(R-1)? (4.5)

Or this can be rewritten by: '
- /e 1> 4.6
7y = o0 (57 + (1.6)
In Abaqus, the following parameters needs to be entered: D and p which can be measured

experimentally.

User’s chosen model If, however, a more common plasticity model wants to be chosen, there
is a way to enter manually the evolution of the yield stress for different strain rate. It is then
interpolated by Abaqus.
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In the simulation, aluminum was chosen as being an elastic-perfectly plastic material sensitive
to strain rate. The model chosen to simulate plasticity was the Cowper-Symonds model. The
values of the constant comes from [118]. The strain rate sensitivity of the alumina was not taken
into account. Figure 4.10 shows the evolution of the yield stress in aluminum for different strain
rates.
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Figure 4.10: FEwvolution of the yield stress for different strain rates following Cowper-Symonds
model for aluminum [118]
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Chapter 5

Results and discussion

This chapter describes the different investigations made to characterize the experimental sam-
ples and the numerical simulations. It is divided into three parts: firstly, the microstructure
and the scratch resistance of the deposited nanolaminates are studied. Then, their mechanical
properties are derived by indentation simulation. Finally, some parameters such as the strain
rate sensitivity are studied, also by indentation simulation.

5.1 Microstructure

This sections aims at describing the appearance of the material on the nanometer /micrometer
scale. The main information required here are the arrangement of the different layers, the layer
thicknesses and the structure of the different phases.

5.1.1 Cross section SEM

To obtain the modulation structure of the Al/Al;O3 nanolaminates, some SEM images of the
cross-section were carried out. These are shown in Figure 5.1.

The cross-sections of the different samples show a ductile fracture. The samples were cut
following the cleavage plans of the silicon substrate, which breaks on a brittle way so the cut
should be clean. However, due to the ductility of aluminum in the nanolaminates, the coating
will not break as fast as the silicon underneath and will undergo some plastic deformation before
breaking, giving this ”dirty” aspect to the cut of the multilayer.

These pictures clearly show that the materials are laminates. The darkest zones show the
alumina layers, while the brighter zones are made of aluminum. In fact, in SEM, the heavier a
compound, the brighter it will appear on the screen. This is due to a larger scattering of the
electrons for heavier compounds.

The layer thicknesses are not of the same height as the one predicted. This is due to a wrong
estimation of the deposition time. This error is due to the fact that the aluminium target is
damaged (probably hollowed out in the centre) which influences the deposition time.

5.1.2 Further investigations

To gather information over the overall composition, and over the structure of the different phases,
some further investigations should be done. To have a better idea of the composition, and to see
if some poisoning has occurred during the sputtering depositing, a low-angle X-ray diffraction
device could be used. This is a special type of XRD for thin films.
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Figure 5.1: SEM images of the cross sections of the nanolaminates

Also, by taking TEM images of the surfaces and of the cross sections, some information such
as the grain size and the crystalline structure of aluminum or the phases in alumina could be
measured giving some interesting features to discuss.
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5.2 Scratch analysis

This section presents the scratch profiles of the different samples. It studies their scratch resis-
tance, and their failure mechanisms. Several parameters are observed: the penetration depth,
the critical load, the deformation process and the different scratch mechanisms responsible for
failure.

5.2.1 Reproducibility of the results and extraction of the average trends
5.2.1.1 Reproducibility of the scratch test

For each sample, 8 subsequent scratches were made. Figure 5.2 shows an example of the scratch
tracks all together. This figure shows a good reproducibility of the scratches. However, the
different peaks are not perfectly aligned (for example the ones at 700 pm), so using a mean
value of these curves will have a tendency to hide the different phenomena happening during
scratch, and tend to smooth the defaults. This is why one single curve analysis is preferred.
Also, using the scratch distance or the normal force as the abscissa axis gives the same curve,
because the load applied is proportional to the scratch distance.
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Figure 5.2: Penetration depth profile for all the different scratches made on sample E7070,
demonstrating the reproducibility of the measurements

5.2.1.2 Trust in the samples and the datas

Due to the COVID-19 pandemy, the number of sample studied is limited. The datas here are not
extensive. For two of the studied parameters only two different nanolaminates composites were
compared. However, the resulting tendencies were studied and compared with the literature to
see their relevance. It is evident that all experiments should be repeated to confirm the results
and draw statistically relevant conclusions.
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5.2.2 Analysis of the penetration depth behavior

The first, and basic analysis which can be made relies on the penetration depth. It is the easiest
way to measure the scratch resistance of a material. The smallest penetration depth shows the
highest scratch resistance of the coating.

5.2.2.1 Influence of the alumina content

The first parameter studied here is the influence of the proportion of alumina in a coating by
changing the thickness of its layers. The general tendency which can be seen in Figure 5.3 is that
the more alumina in a coating, the less the penetration depth so the better scratch resistance
achieved. This is due to the difference of hardness between alumina and aluminum thin films.
Following the basic rule of mixture, the more alumina in a compound, the higher its hardness.
However, it will be shown in the indentation analysis that the hardness does not exactly follows a
rule of mixture. But still, it will be higher when increasing the alumina content. The penetration
depth and thus the scratch resistance is then inversely proportional to the proportion of alumina
in a coating.
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Figure 5.3: Normalized penetration depth with the total thickness of the coating vs normal loading
force for different alumina content in the coatings

However, to achieve a good wear resistance, a coating should have not only a good hardness
but also good toughness properties. [119] The abrasion resistance does not only relies on having
a high L. (leading to yield initiation) but materials must also have a good resistance to cracking
after this initiation. In the present case, alumina shows the best scratch resistance properties
which is coherent with literature stating that the materials with the highest material index! fEf—j
tend to show the best yield resistance. However, with other scratch tests input parameters, or
other wear tests, the failure mechanisms could be dictated by cracking instead of yielding. The
best material indices are then related to the fracture toughness, and metals seems to outperform
ceramics. So further investigations on the fracture toughness properties of the different samples
and other scratch tests would allow to compare the results to see if they match the literature.
[20, 119]

1 Components have functions: to carry loads safely, to transmit heat, to store energy, to insulate, and so forth.
Each function has an associated material index. Materials with high values of the appropriate index maximize
that aspect of the performance of the component” - Ashby methods [20]
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By looking more deeply at the curves, some interesting features can be seen. First, the pure
alumina has a constant slope of penetration depth with increasing normal force, which is a
normal behavior for elastic materials, showing that the alumina stays in an elastic regime.

Also, as these curves are normalized curves (the penetration depth is divided by the total
thickness of the different films), it is shown that the samples E7035 and E7014 have higher
penetration than their total coating thickness. They reach the substrate underneath. This is
also seen on the curves by a change of the slopes when getting closer to the substrate.

Finally, the different laminates have several changes of slope in their penetration curve. In
general, there is quite a big change of penetration slope before and after Lo (as shown further
in this analysis), suggesting a change of deformation behavior in the laminates.

5.2.2.2 Influence of the aluminum content

The second parameter studied here is the influence of the proportion of aluminum in a coating
by changing the thickness of its layers, and keeping the thickness of alumina layers constant.
As for the difference between alumina proportion, changing the thicknesses of the aluminum
layers shows the same tendency (as can be seen in Figure 5.4). Decreasing the thickness of all
aluminum layers but not of the alumina layers de facto results in a higher proportion of alumina
in the coating, giving a higher hardness value, and leading to a better scratch resistance.

However, it would be interesting to have more tests, in order to see how the layer thicknesses
of aluminum really influence the results. As stated in the state of the art, there will be a certain
layer thickness of aluminum for which the hardness will reach a maximum. Following equation
Equation 3.8, the hardness follows a Hall-Petch relationship on the space between two ceramic
layers. In order to see this effect, some tests at the extremes should be done.

Normalized penetration depth [%]

0 5 10 15 20 25 30 35 40 45
Normal force [mN]

Figure 5./: Normalized penetration depth with the total thickness of the coating vs normal loading
force for different aluminum content in the coatings
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5.2.2.3 Influence of the layer thickness

The last studied parameter is the influence of the bi-layer thickness. This is the thickness of
one alumina and one aluminum layer together. Figure 5.5 compares two samples with different
layer thicknesses, the thickness of all layers being 70 nm for sample E7070 and 35 nm for sample
E3535. It shows that thinner layer thicknesses result in a higher penetration depth and thus is
a lower scratch resistance.
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Figure 5.5: Normalized penetration depth with the total thickness of the coating vs normal force
for different bi-layers thicknesses

In literature, scratch resistance of nanolayers diminishes with decreasing layer thickness,
confirming the results obtained experimentally. Several explanation can be given to this layer-
thickness dependence: [72]

1. The first explanation is related to strain hardening. As explained in the state of the
art decreasing the grain size/layer thickness below one hundred nanometers in crystalline
metals changes the mechanisms of dislocation motions. Grain boundary sliding starts
to dominate over dislocation plasticity, lowering down the strain hardening associated
with dislocation interactions. [120] This gradually decrease of dislocation activity, and
consequently the gradually decrease of strain hardening in the range 10-100 nm gives that
a 70 nm layer as a better strain hardening than a 35 nm layer.

2. The second explanation comes from an interface-dominated wear mechanism that occurs.
Two main reasons lead to this promotion of interfacial sliding. Firstly, during the scratch
test the compressive strain experienced by the coating increases. This induces large com-
pressive stresses requiring excessive plastic flow. It is accommodate by the edges of the
scratch track and thus geometrically promotes interfacial sliding. Secondly, the deformed

cross-sections have some variations in layer thicknesses inducing a non-uniform compressive
strain.

The interfacial sliding increases with increasing number of interfaces. It is thus more

important in sample E3535 in which the proportion of interfaces is higher than in sample
ET7070.
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5.2.3 Critical load

As stated before, the critical load L. is not a intrinsic value of the coating. It depends on the
different extrinsic conditions used to measure it. However, for the same scratching conditions,
it gives a good comparison value of the scratch resistance for different coatings. In order to find
L. a combined analysis with the graphs given by the nano-scratch and the SEM images was
made. The general idea was to analyze the tendency of the scratch slopes and to match them
with SEM images. The critical loads were taken as being the first discontinuity in the curve of
the penetration depth versus scratch distance/normal force.

5.2.3.1 Finding L.

The critical loads were found by looking at the simplified scratch tracks. These were made by
taking a representative scratch, and can be seen in Figure 5.6. The first discontinuity is marked
with a red line. These jumps correlates with the SEM observations in Figure 5.7. They also
correlate with the friction jumps. The complete raw scratch track graphs and friction jumps
can be seen in section B.1.
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Figure 5.6: Simplified scratch tracks of the penetration depth (PD) versus the sliding distance
(SD). The dotted lines represent the residual penetration depth while the normal lines represent
the penetration depth during the scratch test. The red lines indicate the critical load of the
different systems.

95



Chapter 5. Results and discussion 5.2. Scratch analysis

Figure 5.7: Scratches profiles of four different sample , taken with a magnitude of 150z and with
an EHT of 4 kV. The detector used were in-Lens and SE2, and the images shown here are the
best between the two.
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5.2. Scratch analysis

5.2.3.2 Comparing the L,

The mean values of Lc (obtained from the different scratch curves) are resumed in Table 5.1.

Table 5.1: Values of the critical load

Sample L. [mN]
Al; O3 /
E7070 24
E7035 22
E7014 18
E3535 24

Figure 5.8 shows a plot of the different L. found for different proportions of

coatings.
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Figure 5.8: Critical load as a function of the proportion of alumina

The following observations can be made:

1. By increasing the alumina proportion in a coating, its critical load increases. This cor-
relates to the scratch resistance found before. The reason is the same as for the scratch
resistance: a higher alumina content brings a higher hardness leading to a better resistance

to yield initiation.

2. The same L. is obtained for E3535 and E7070. This was not expected as they do not
have the same scratch resistance. More experiments are required to confirm of infirm this

result.
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5.2.4 SEM observations

To characterize the different scratch mechanisms which cause failure, some SEM observations
were carried out. This subsection describes the phenomena appearing before and after the
critical load along the scratch track on sample E7070. The scratches shown are taken after the
post-scanning of the tip. The behavior of the coatings at the end of the scratch tracks are then
compared.

5.2.4.1 Analysis of the scratch track

By looking at the scratch tracks, the different deformation mechanisms appearing during the
tests can be observed. Figure 5.9 illustrates some phenomena appearing during the scratch
test of the sample E7070. After a small elastic regime, where no residual deformation remains,
some plastic deformation is observed. A bit further away, and near the critical load in the
graph, there is some conformal cracking (5.9(a) 2). The top layer remains fully adherent to the
underlying one. As the indenter deforms the layer, it deforms the under laying layer at the same
time, giving a lot of deformation to handle. After a while, the top layer cannot sustain the
deformation anymore, and breaks (5.9(b)). This can be seen by the small jump on the graph
of the penetration depth versus the sliding distance, and corresponds to the critical load. After
this jump, some chipping occurs (5.9(c)). In fact, the top layer is taken of of the scratch track.
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Mag= 1500KX ~ WD= 48MM  swsmesonm 12:39:02 I Mag= 1500KX  WD= 4.8MM  wemssmirsmirm 123436

(a) Conformal cracking (b) Le
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Stage at .= 43.079mm

, (SN
1 pm EHT = 4.00 kv Signal A = InLens 13 Mar 2020
Mag= 15.00 KX WD = 48mMm  meewse - 3000 m 12:35:23

(c¢) Chipping

Figure 5.9: Different scratches mechanisms happening in sample E7070

2The three dotted lines have been added to the image to emphasize conformal cracking.
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The same phenomena are observed in samples E7035, E7014 and E3535. The images can be
found in section B.1

5.2.4.2 Analysis of the phenomena appearing at the end of the scratches

By looking at the end of the scratches, some information can be derived. In the figures 5.6(b)
and 5.6(c) several jumps are observed in the tracks of samples E7035 and E7014. This can be
explained by the breaking of the different layers of alumina. In fact, as can be seen on Figure 5.10
several layers of alumina and aluminum can be seen.

13 Mar 2020

1um EHT = 4.00kV Signal A= InLens 13 Mar 2020 2 pm v EHT = 4.00kv Signal A= InLens |
Mag= 10.00KX — WD= 48MM  spuesie-smmm 13:19:20 i A Mag= 10.00KX ~ WD= 48MM  wwwswevwmm 1449119
(a) Sample E7035 (b) Sample E7014

Figure 5.10: End of the scratch track with a view of the several layers

This phenomenon is not observed in E7070 and in alumina (as can be seen on Figure 5.11).
While it is logical for alumina (not delamination and no L. because the 700nm alumina layer
was not broke during the scratch test). But for the aluminum layer, it would be interesting to
see whether it is reproducible or not.

Stage at X = 61.532 mm
Stage at Y = 77.542 mm

2um EHT= 400K/ signal A= SE2 f3Mar2020 | 1um EHT= 400K/ SignalA=SE2 © 13Mer2020
— Mag= 5.00 KX WD = 48MM  serwesies0insm 12:27:05 — Mag= 10.00KX  WD= 50MM  setmesrecssionm 16:56:49
(a) Sample E7070 (b) Sample Al,O3

Figure 5.11: End of the scratch track with no view of the several layers
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5.2.5 Plastic and elastic deformation

When looking at the scratch track in order to assess the scratch resistance, it is interesting
to know whether the coating is deformed elastically or plastically. The scratch track can be
divided into three main parts: elastic, plastic and damaged. In the first part of the scratch
(above 90% of elastic recovery) the scratching can be considered as being fully elastic, and the
wear resistance as perfect. The phase two begins when some plastic deformation occurs. To
handle the deformation, the material deforms in a plastic way, until the deformation is too high
for the coating to withstand. Some delamination or fracture is then observed, and the scratching
is in phase three. This phase happens just after L.. [104]

When looking at scratches, it is interesting to see which proportion of the deformation is
elastic, and which one is plastic. The higher the elastic proportion of the deformation, the better
the scratch resistance. In order to quantify this, three parameters were looked at: the elastic
recovery, the elastic and plastic work at L. and the volume of material that was taken away
during the scratches.

5.2.5.1 Elastic recovery

The first parameter studied was the evolution of the elastic recovery. It measures the ability of
a material to return to its original shape after the load is removed. It is given by:

Total Penetration depth - Residual Penetration depth
Total Penetration depth

where the residual penetration depth was measured by back-scanning of the track, and shows
the plastic deformation in the material.

Elastic recovery =

(5.1)

Figure 5.12 shows the evolution of the elastic recovery with the normal force for different pro-
portions of alumina in the coatings. The global tendency is that a higher alumina proportion in
a coating gives a higher elastic recovery.
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Figure 5.12: Elastic recovery vs normal force for different alumina content

By looking more closely at the graphs, some features can be seen. First, for pure alumina, the
curve seems to reach a plateau value. Then, for the composites, some breaks in the curves with
different slopes are observed. These are probably due to the different layers in the composite,
and the elastic recovery is better when the tip is feeling the influence of an alumina layer.
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Also, the critical load of the different sample are shown in the graph. If the difference
in elastic recovery between just before L. and just after L. does not seem important, it is
interesting to see that the critical load is generally located on the steepest slope, showing an
important plastic deformation around L..

Finally, for the samples E7014 and E7035 the elastic recovery increases after a certain nor-
mal loading force, which is around 25 mN and 35 mN respectively. By comparing this to the
penetration depth for a certain normal load (Figure 5.3), it is found that this increased value is
due to the penetration of the tip in the substrate, where the elastic recovery is better than in
the nanolaminate because the substrate is harder.

The other two parameters (difference in aluminum content and in bi-layer thickness) did not show
any relevant comparison. They are therefore not shown here, but can be seen in Appendix B.

5.2.5.2 Work done during the scratch

The elastic and plastic work that was done just before the critical load is presented. It gives an
idea of the total energy required to damage the sample. This was done by measuring the area
under the load versus displacement. [121] It is given by:

W= / P(z)dx (5.2)

The total work done at the critical load is shown in Figure 5.13. The expected behaviour is that
the higher the critical load, the greater the work to induce failure in the material. Also, the
value of the total work depends mainly on two parameters: the ability of a material to deform
elastically and plastically. For pure ceramics, for example, the total work to be done is mostly
elastic, while for a metal, the work is elastic, then becomes plastic until failure occurs. This is
what is observe here: the proportion of plastic work decreases when the proportion of alumina
increases.
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Figure 5.13: Work required to deform laminates up to their critical load value

The work done to induce damage in sample E7014 is lower than in E7070 due to the lower
alumina layer on top of the sample. The reason why the sample E7035 is higher than the sample
E7070 is due to a higher penetration depth with close L. values. No conclusions were drawn
from this observation, due to the imprecision of the model used to calculate the work, and the
non-extensive number of results.
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5.2.5.3 Wear volume

Measuring the wear resistance of a material by scratching allows to deduce an interesting feature:
the volume that is taken away during scratch (the wear volume). It is a value which can easily
be compared to the erosion of a particle under certain conditions. The largest volume remove,
the worst erosion properties for the same eroding conditions.

The volume removed during the scratch can be derived from the measurement of the pene-
tration depth as:

V= /O A(z)de (5.3)

where A is the contact area of the tip with the coating at a certain scratch distance z. One
difficulty encountered to measure the wear volume is a precise definition of this contact area.
During scratch, the deformations were made by a spherical tip so the contact area is the half of
a spherical cap:

A(z) = mRh(x) (5.4)

where R is the radius of the spherical tip. However, in practice, there is some elastic recovery,
so the quantity of matter removed is not as much as the one that could be measured with the
total penetration depth. The contact area is then harder to define because it is a hypothetical
one, relating to the remaining penetration depth.

Two theories can be taken in order to estimate this area. The first one, relatively basic, is to
consider the same spherical tip, with only a smaller penetration (i.e the residual penetration).

The second one, estimates the contact area as having a ellipsoidal form. As can be seen on
Figure 5.14, while the initial penetration follows the sphericity of the tip, the back-scratching
(after the elastic recovery) is represented as being ellipsoidal.

Initial surface

_ _ After elastic
penetration recovery

Initial

Figure 5.14: Cross-profile of the deformation shape due to the tip before and after elastic recovery

This can be derived mathematically as being:
A, = Aa (5.5)

where A, and A; are respectively the area in contact with the scratch of the residual scratching
(ellipsoidal) and the initial scratching (spherical) and « is a correlation coefficient. This can be
taken as being the elastic recovery at a certain distance x. However, this is an approximation
because it assumes than the correlation between the sphere and the ellipse is constant.

The different scratch volumes removed for the two different methods are shown in Figure 5.15
and show similar curves.

If this gives a good overview of the volume of material that is removed during scratch, the
interpretation must be done carefully. In fact, this theory is made of many approximations:
the way of calculation the integral on a finite number of point and making the trapeze method
or by estimating that all the volume is taken off of the scratch track when some of it is just
plastically deform. However, it gives a good approximation, which can be used in further erosion
investigations.
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Figure 5.15: Approzimation of the volume taken away during the scratch test following the two
approzimations of contact area calculation

5.2.6 Conclusions about the scratch analysis and plans for further investiga-
tions

This section presents the resistance to scratch of different experimental samples. The number
of tested sample is very limited, but it still allows to gives some trends of the behavior of the
nanolaminates. The results of this section can be summarised as follow: for all of the parameters
studied here, the sample with the higher alumina content had the best properties.

Firstly, the penetration depth as a function of the load was investigated showing that the
more alumina in a sample, the better its scratch resistance for the set of parameters chosen here.
A comparison between two systems having an equal proportion of alumina but different bi-layer
thickness indicates that thicker layer thicknesses show the best scratch resistance.

Secondly, the critical load, corresponding to the smallest load for which some failure occurs
was determined for the different systems for specific loading conditions. The same tendency
as for the penetration depth was found, giving that a higher alumina content gives a higher
critical load. On the different bi-layers thickness however, the same L. was found. As this was
unexpected, the experience should definitively be repeated in order to take conclusions.

Thirdly, the failure of the systems was analysed via SEM observations. At the penetration
depth investigated, the different coatings seem to keep fully adherent to the substrate, and to
the underneath layer. In fact, the failure mechanisms observed were due to cracking in the layers
and not to adhesion cracking modes.

Finally, the amount of material removed during the scratch test was investigated. This is
the closest measure to an erosion test, and allows to quantify the wear resistance of a material.
It shows that the more alumina in a sample, the less volume of material removed.

In order to obtain more information of the scratch test, further analysis should be made. One
step is to go deeper in the material by applying a higher loading force. This would allow to go
down to the substrate for all the systems, and to test the coating substrate adhesion directly.
Also, changing the scratching speed, could give an overview of the scratch resistance under
different loading conditions. These two steps would prepare the test of the coating on the
erosion bench which represents a more realistic situation of wear.
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5.3 Indentation analysis

Due to the COVID-19 crisis, the mechanical properties of the nanolaminates by indentation
could not be gathered. Therefore, a simulation tool was used in order to have a more complete
characterization of the nanolaminates, especially their hardness and their Young modulus.

In addition to providing these valuable data, the use of a numerical simulation makes it pos-
sible, after verification of the reliability of the tool, to study the variation of several parameters
in order to guide to new experimental manipulations. In fact, it allows a more versatile, fast
and cheap way of testing many different parameters.

In this section, the assessment of the reliability of the different used models is done. It is
then followed by the analysis of the stresses and strain appearing during indentation and the
determination of hardness and Young modulus of the different systems. An analysis of the
influence of strain-rate sensitivity on the results in then discussed. The section finishes with a
small review of the used models, and provides ways for improvement.

5.3.1 Reliability of the models

The results of the simulation will be usable, only if it is proven that the simulation can be
trusted. First a convergence analysis has to be performed, and then the simulation results must
be compared with experimental data.

5.3.1.1 Confidence in the first model through convergence analysis

When modeling finite elements, a finer mesh usually produces a more accurate solution. On
the other hand, finer meshing increases the computation time. One question can therefore be
asked: how to obtain a mesh that offers a good compromise between accuracy and consumption
of computational resources? The solution is to perform a mesh convergence study. The meshing
properties of the model are shown in Figure 5.16.

2,5

[Re]
(9]

Figure 5.16: Meshing of the model (the red part represents the coating)

The meshing size of the different elements in the sections can be defined as follow: the central
square has a meshing of 2, the middle one from z to 0.1 and the bigger square from 0.1 to 10.
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The tip is meshed with 2x in order to maintain the relation that the meshing of the top surface
of the contact should be bigger than the one of the bottom surface (note that all the numerical
values are given dimensionless). Figure 5.17 is a plot of the reaction force to the number of
nodes. The simulation time was also plotted in order to have a idea of which model is the more
efficient for this simulation. The number of nodes compared to the smaller mesh size x are
shown in Appendix C.
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Figure 5.17: Convergence of the reaction force when refining the number of nodes

As expected, when the number of nodes increases, a refinement of the reaction force value
is observed. In this master thesis, the minimal node size that was chosen was z = 0,01. Using
this mesh, a total of 105,000 nodes were used, for a simulation that ran for about three hours,
and an error in reaction force of less than one percent. The accuracy that can be achieved
depends on the value being analysed. There will generally be a better accuracy on a force at a
given location than on a main stress or hydrostatic pressure, because these sum the values of all
individual elements, so they accumulate all the small differences.

To give a more solid foundation to the convergence study, the same work must be done for
other quantities that will be analyzed later. There is no point in doing it on irrelevant quantities
because the idea is to show that the results are reliable. In order not to start from scratch to
perform this task, the simulation with the chosen mesh must be ran, and compared with the
value of a more finely meshed model.

In this analysis, the parameters studied were those such that hardness and Young modulus
could be determined. These were the reaction force as mentioned earlier, and the contact area.
However, the measured value for the contact area in the convergence study, although showing
less than one percent error and confirming the confidence in the mesh used, was performed with
an Abaqus area calculation method which is not clearly defined (more information on this can
be found in Appendix C).
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5.3.1.2 Trust in model 2: Comparison with experimental datas

No convergence analysis was made on this model. However, some berkovitch indentation were
done experimentally to compare them with the simulation results. These can be found in
Appendix C.

The plot in Figure 5.18 shows that until 5% of penetration (35 nm into the surface), the
two curves have the same behavior. After that, the experimental results show a higher load
than the simulation for the same penetration depth, leading to a difference of about 30% at
10% of penetration (70 nm into the surface). These differences may be due to an incomplete
definition of the material input parameters in the simulation (there is a certain strain hardening
in aluminum which is not taken into account in the simulation).
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Figure 5.18: Comparison between the experimental indentation in the sample E7070 and the
simulation realised (S7070)

In order to obtain a better correlation between experimental results and simulation, a few
points should be improved. On the one hand, the simulation input data and parameters should
be slightly modified in order to better fit the experimental model (indeed, it was seen in the
microstructure analysis that the alumina and aluminium layers were actually 65 nm and 75 nm
thick respectively). On the other hand, in order to be able to compare the measured data, the
experimental system and the numerical model should be indented at the same depth.
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5.3.2 Spherical analysis

The first indentation simulation was performed using a spherical tip of 5 um. This was the
same tip as the one used for scratch in order to compare the deformation mechanisms appearing
during scratch and indentation.

In this section, the values plotted are the one obtained with the model developed at UCLou-
vain [107] because a better determination of the contact area was achieved. However, the
comparison of the indentation loads for a certain displacement of the two models are shown in
Appendix C, and show that both simulations can be used with confidence because the results
are very similar.

5.3.2.1 Projected area

The projected area plays a very important role in the determination of the properties of a
material. For a spherical tip, the Hertz model gives a lower boundary to the model and describes
the contact between two elastic objects. It states that the surface area increases with the
penetration due to the geometry which is initially a punctual contact and increases with depth.
The projected area radius can be approximated by:

r2 = Rh (5.6)

c

Several assumptions are made whien using this model. Hertz model describes the deformation
of two spheres of radius Ry and Rs. The present case represents the limit case of a ”rigid sphere
indenting an elastic half-space.” Also, Hertz calculation is based on the assumption that the
contact radius r. is small compared to the radius of the sphere, that is r. < R, implying that the
deformation of the sample must be much smaller than the radius of the sphere, h < R. This is
the case for a 5 pm sphere, so the Hertz model can be used to obtain an idea of the indentation
value which should be found. [122, 123]

However, in practice, the laminates are not perfectly elastic materials. There is some plas-
ticity in the multi-layers, which creates some pile-ups at the edges of the indenters, increasing
the contact area. The pile-ups are due to the deformation in the aluminum layers, leading to
higher projected surface area for the sample with more aluminum. This is shown in Figure 5.19.

5.3.2.2 Evolution of the load

As explained earlier, the two main measurements taken in an indentation test are the reaction
force of the material against the penetration of the tip at a certain indentation depth. Figure 5.20
shows the plot of the load as a function of the penetration depth.

The first observation that can be made on this graph is that for the same indentation depth,
the force to be exerted by the indenter will be higher when there is more alumina in the sample.

5.3.2.3 Evolution of the hardness

Figure 5.21 shows a plot of the hardness as a function of the penetration depth for a spherical
tip.

At the very beginning of the indentation, the different systems follow the same linear inden-
tation curve. This is due to a very small contact of the spherical tip. Further in the graph, the
systems show an linear evolution of the hardness with indentation depth.

In the films studied here, no visible stable region of constant hardness is observed. This
is due to the geometry of the tip. Indeed, during spherical indentation, the hardness is never
constant even for a homogeneous material because the tip is not geometrically similar. The
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Figure 5.19: Projected area of contact for the different simulation systems, compared to the
Hertz’s model
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Figure 5.20: Load as a function of the penetration depth for different alumina contents and
bi-layers thicknesses for a spherical tip

representative deformation increases with the depth of indentation, whereas for a conical or
pyramidal (Berkovitch) tip it will have the same geometry regardless of the depth of contact.
In the latter case, if the material is homogeneous, the hardness will be constant.

To confirm this theory, a larger displacement into the surface was made to see if the hardness
values tends to reach a plateau. At 50% of indentation the hardness was still increasing linearly.
Also, several indentation were made with a smaller tip radius, leading to the same conclusions.
(All of these graphs can be found in Appendix C). This shows the interest of using a Berkovitch
tip in order to obtain more accurate values of the hardness and the Young modulus.

5.3.2.4 Stress and deformation field under indentation

The following paragraphs present the evolution of stress and deformation fields inside the layered
system during indentation loading. The purpose is to have a better understanding of the field
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Figure 5.21: Hardness as a function of the penetration depth for different alumina contents and
bi-layers thicknesses for a spherical tip

taking place in the heterogeneous structures.

Stress under indentation Directly under the indentation contact, large compressive hydro-
static stresses were generated within the Al layers. The hydrostatic stress can be defined as the
average of the three normal stress components of any stress tensor:

1
op = 5(0114—022"‘033) (5'7)

As can be seen in Figure 5.22, the compressive magnitude stress in the Al layers are much
greater than those in Al;O3 due to the difference in plastic yielding response of the two materials.
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Figure 5.22: Hydrostatic stress in MPa near the indentation site. Due to a higher aluminum
content the compressive stresses in the layers are lower in (a) than in (c).
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However, if the Al layers are under high compressive stress under the indenter, significant
tensile stress have developed in the AloOg3 layers (they bend due to elastic plate bending). These
tensile stresses have contributed reducing the hydrostatic compression compared to Al.

Figure 5.23 shows the Von-Mises stress field at a penetration of 10 % of the total depth,
having set a threshold at the plastic level of aluminum (350 MPa). It is clear that the aluminum
is in a completely plastic state below the indenter, and that the stresses present in the alumina
are very high. Also, the substrate encounters large stresses, showing its influence on indentation
data.
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Figure 5.23: Von Mises stress in MPa near the indentation site

The value of the equivalent stress & is higher in alumina for the system with the smallest
alumina proportion (5.23(a)). If alumina was not simulated as a perfectly-elastic material, some
cracking would occur firstly in this system. However, it has been shown in the state of the art
that lowering the layer thicknesses of the amorphous layers tends to enhance their ductility. So
further investigations are required to study this dependence.

Plasticity under indentation The soft layers have undergone severe plastic deformation,
as can be seen in the Von-Mises constrain analysis. At the beginning of the indentation, the
plastic strain is concentrated under the tip. After a certain penetration depth, the plastic strain
tends to concentrate at the interfaces between alumina and aluminum, but not just under the
tip. The higher concentration in plastic strain is between the substrate and the bottom layer of
the multilayer.
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Figure 5.24: Equivalent plastic strain (PEEQ) near the indentation site for the simulation on
57014

The equivalent plastic strain is useful to understand the mechanisms appearing in scratch.
Indeed, the concentration of strain at the interface is the reason why some adhesion failure
occurs in scratch. However, in the results presented for the scratch test, no adhesion failure was
shown. To have an overview of the total plastic strain at the interface during the scratch test,
some deeper penetration into the material in indentation are required.
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5.3.3 Berkovitch analysis

The Berkovitch indenter gives some more accurate values of the hardness and the Young modulus
than a spherical indenter. In fact, the plastic deformation is more localized than in spherical
analysis, as illustrated in Figure 5.25, and can be seen with simulation in Figure 5.26.

T Plastic

deformation

Figure 5.25: Influence of the tip on the plastic zone in the material induced by indentation
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Figure 5.26: Influence of the tip on the plastic zone in the material induced by indentation for a
same penetration depth for the system S7070 showing a larger plastic deformation with the use
of a spherical tip

As for the spherical analysis, the graphs presented here were made by the models made with
the inp generator. The accuracy of the model was verified with the system S7070, which will be
used for further analysis. The comparison may be found in Appendix C.

5.3.3.1 Evolution of the load

In Figure 5.27, the load as a function of the penetration depth is shown.

As for the spherical simulation, a higher alumina content in the sample induces a higher
deformation load to have a same displacement into the surface. The load is much lower than for
a spherical indenter due to a much smaller surface area in contact with the material.
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Figure 5.27: Load as a function of the penetration depth for different alumina content for a
berkovitch tip

5.3.3.2 Projected area

Here-under is a plot of the projected area obtained by simulation made with the graphical
interface, with the inp generator, and the two boundaries (Loubet and Oliver) comparing them.
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Figure 5.28: Projected contact area for the different simulation systems, compared to Loubet and
Oliver and Pharr’s models

The results seem surprising because in two different simulations, the contact area is not
between the two models when normally this should be the case. This is due to a special case.
Indeed, in the situation with the model containing 70 nm alumina and 70 nm aluminium layers,
the situation is similar to that of an elastic membrane on a soft substrate. In this case, neither
Oliver and Pharr nor Loubet work. This is normal because the main assumption for these
models to be applied is that the material is homogeneous on the scale of the indentation, which
is not the case here. Better comparisons should be obtained by looking at simulations on pure
aluminum.
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5.3.3.3 Evolution of the hardness

Figure 5.29 shows the evolution of the hardness with the penetration depth, and Figure 5.30
shows the evolution of the hardness with a penetration depth normalized by the top alumina
layer. These graphs also show the hardness of pure aluminum and alumina. In the simulations
the hardness of alumina is around 30 GPa because the model of the material is taken as purely
elastic. In reality this is not the case. The hardness of PVD pure alumina has been determined
experimentally, and the value of around 10 GPa has been found. [96, 116] The hypothesis of
purely elastic behavior of the alumina film is then not verified.
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Figure 5.29: Hardness as a function of the penetration depth for different alumina contents
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Figure 5.30: Hardness as a function of a normalized penetration depth with the first layer of
alumina for different alumina contents

The general tendency of these two graphs can be described as follow: at first, the hardness is
really high. This is due to the top layer, which is alumina and has a high intrinsic hardness. The
value found here is indeed close to the alumina simulated value. After a certain value (different
for the different system), a big drop is observed. The aluminum layer which is under the top
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alumina layer begins to play its role, lowering the hardness value. After this drop, the values
seems to reach a plateau which is the value of the hardness of the nanolaminates.

By looking at the different curves, it can be deduced that the more alumina in a sample, the
higher its hardness, and the thinner the alumina the faster the plateau value is reached. This
can explain the differences between S3535 and S7070, and why the plateau is reached in the
thinner layers and not in the thicker ones. In order to compare the plateau values, it could have
been relevant to go deeper into the material. This has been done in section C.3.

Also, on the comparison between S7035 and S3535, the two systems follow the same slope
at the beginning because of the same top thickness of alumina. After a while, they both feel
the effect of the aluminum layer underneath, and S7035 will reach a plateau value lower than
the one of S3535 because of its higher aluminum content. In practice, the thickness of the
aluminum layer should also have an influence because it is the soft layer that generally induces
the size-dependent mechanisms. Plastic deformation starts in the soft layer via dislocation until
these are induced in the harder layer. For hybrid composites, confining the soft (crystalline)
layer decreases its grain size and increases the density of interfaces. Therefore, decreasing the
aluminum layer thickness should tend to increase the hardness. [72, 124]

5.3.3.4 Elastic modulus

Figure 5.31 shows a plot of the elastic modulus value found during simulation for different
alumina content. The Young modulus of the different systems are between the value of pure
alumina and pure aluminum. They are compared to the isostress and isotrain models.

Normally the isostress model should be the true composite value when loaded along the
indentation direction. However, the loading is not in perfectly uni-axial conditions. Some
lateral forces due to the geometry are present, giving an hybrid loading to the systems. The
two approximations of the Young modulus (isostrain and isostress) are taken under uni-axial
loading, they do not take into account the lateral deformation constrain due to Poisson effect.
However, they give a good approximation of the values. [35]
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Figure 5.31: Ewvolution of the Young modulus with increasing alumina content, compared to the
isostress and isostrain models for a penetration depth of 10%.

These two models have been numerically verified in literature by [125] confirming that the

modulus and hardness measures in the direction parallel to the layers was shown to be greater
than in the perpendicular and inclined directions.
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5.3.4 Influence of the strain rate sensitivity

Because the final goal of the research is to analyse the erosion properties of nanolaminates, it
is interesting to see how the material will behave with different strain rate, as in real life, the
impacts done by erosion will be fast. To study this effect, the influence of the strain rate on the
response of a material was measured.

The strain-rate sensitivity influence was measured on S7070 for a range of values. However,
Figure 5.32 shows that with a difference of strain-rate on the order of 107, no significant
influence on the hardness is seen.
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Figure 5.32: Fvolution of the hardness for several deformation rate for S7070

In order to see if it was a disfunctioning of the used model, a comparison with some extremely
rate-sensitive parameters was made, showing that the hardness was not influenced a lot by the
strain-rate sensitivity of the aluminum (as illustrated in section C.5).

Some experiments were also made on pure aluminum, but the results were not relevant so
they will not be further discussed. However, they are commented in section C.5.

5.3.4.1 Critics about the used model for the determination of the strain-rate sen-
sitivity

The previous results do not allow a real analysis of the effect of the variation of the deformation
rate on the hardness, despite the very wide range of deformation rates used. Before conclusions
can be drawn about the results found, it is first necessary to criticize the model used in order
to see if it is generating wrong results, or if the nanolaminate S7070 is non-sensitive to the
deformation rate.

The model can in fact be criticised from several regards. First of all, the meshing would
require better refinement to gain precision on the results. If the mesh is not refined enough,
there is not a sufficient difference in the contact area and therefore the hardness is only slightly
changed between the different indentations.

Secondly, it is the system chosen in itself that is not relevant for this analysis. Indeed,
the choice of the S7070 system was made because it was the nano-laminated model that had
shown the best scratch resistance and mechanical properties, and therefore seems to be the best
choice for future use. However, it has been shown that at a penetration of 10% into the sample,
this model does not yet show a hardness plateau. It is therefore difficult to compare the exact
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hardnesses as a function of the deformation rate, as only trends between the different slopes can
be observed here, and these look very similar.

Also, the plasticity model that was chosen here was not perfectly adapted to the situation.
Cowper-Symonds is a model that allows a good comparison of the variation of deformation rate
when the deformation rate is high (i.e. for a dynamic indentation). In is not suitable for very
low strain rates. In fact, there is a high increase of the yield stress for very low strain rates while
in practice it is not the case. It would therefore be worthwhile to choose a model that better
reflects the yield stress variation.

Finally, a very accurate model is necessary because in reality on indentation machines the
deformation rates are limited to values between 1072 and 1 [s~!]. This is due to the thermal
drift limit for the lower bound and the system dynamics for the upper bound. 3

5.3.4.2 Strategy to measure the strain-rate sensitivity influence

In order to obtain more relevant results, it is important to think about a measurement strategy.
This is developed below, and consists of three steps:

1. The first step would consist in confirming the value to strain rate sensitivity of PVD
aluminum layers by experimentally measuring it. This step includes the measure for
different aluminum layer thicknesses, in order to see if nanoscalling aluminum has an
influence on its strain rate sensitivity. A simple model for the variation of the yield stress
for several strain rates can then be build and entered as material properties in Abaqus.

2. The second step would then consist in refining the model to match to these experimen-
tal values. Once done, the strain-rate sensitivity of the overall model with several layer
thicknesses can be investigated.

3. Finally, the strain-rate sensitivity of alumina should be measured the same way, in order
to input its influence into the material properties.

By proceeding this way, and by having a more refined mesh, the study of strain-rate sensi-
tivity should then be simulated more accurately, and conclusions could then be drawn.

3This is the case for the indenter that is used in the scope of this master thesis, but some nanoindenters allow
to go up to deformation speed of 10005~ *.
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5.3.5 Critics about the models

The developed models presented in this section are a first step into the numerical simulation of
the mechanical properties of nanolaminates. They contain many assumptions, and the models
need to be refined to best fit the experimental results so that they can be used as a basis for
building a new design of experiments. This small subsection describes all the assumptions that
were made which will need to be corrected to refine the numerical simulation.

1. The first and big assumption that was made relies on the definition of the material proper-
ties. In fact, the material parameters which are chosen are quite limited. First, it assumes
that the strength in the aluminum layer will be the same regardless of layer size. However
it has been demonstrated through Hall-Petch, and inverse Hall-Petch that this will not
be true. So by changing the layer thickness, attention should be given to the change of
material properties. Also, aluminum was taken as an elastic perfectly plastic material
and the other materials were taken as perfectly elastic which is not realistic neither (as
it has been proven with the difference in hardness value), and do not allow the study of
parameters such as material failure.

2. Also, in the construction of the model, certain assumptions were made. The indenter was
considered to be totally rigid, which in practice is not quite the case. However, it is a
hypothesis which reduces enormously the calculation time and is not the most limiting
from the result point of view. Also, perfect interfaces have been simulated, whereas in
practice this will not be the case due to experimental imperfections. Moreover, the layers
were considered to be homogeneous whereas in practice they have a certain texture due
to the grain joints and grains, influencing the properties.

3. Finally, in real deposited samples, the layer geometry of the nanolayers is imperfect, and
the wavy appearance will influence the properties of the nanolaminates. So in practice,
both the indentation depth and the phase of the waveform have an influence on the Young
modulus and on the hardness. [22]
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5.3.6 Conclusions about the indentation analysis and plans for further inves-
tigations

The purpose of this section was to determine the Young modulus and the hardness of the different
systems with numerical simulation. Several models with different goals were developed.

Firstly, the use of a spherical tip aims at looking at the stresses and strain under the indenter
during the indentation. It shows that large compressive stresses develop in the aluminum induc-
ing tensile stresses in alumina. The aluminum is in a totally plastic state at a 10% indentation
and the plastic equivalent strain tends to concentrate at the interfaces.

Secondly, the use of a Berkovitch tip shows that hardness of the different laminates shows a
plateau behavior corresponding to the hardness of the composite. The system with the larger
bi-layer thickness and the higher content of alumina shows the highest hardness. Also, the Young
modulus value of the different composites for an indentation depth of 10% was calculated, and
the value found was between the alumina and aluminum values, and in between the isostress
and isostrain models.

Finally, an investigation of the strain-rate sensitivity was done but did not show any relevant
results. However, some reviews about the used parameters were made, and a plan for further
investigations aiming at having better results is proposed.

To continue this study, as stated in the critics about the models, some refinement of the models
should be done. Then, when the models have proven their reliability, some simulation can be run
on the model developed at UCLouvain [107] on many systems in order to measure the influence
of the bi-layers thickness, of the proportion of alumina, of the top and bottom layers and of the
total number of layers on the mechanical properties of Al/Al;O3 nanolaminates.
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Chapter 6

Conclusions and perspectives

This master thesis aimed at improving the understanding of the tribological and mechanical
properties of the nanolaminate Al/AlyO3. It had two main objectives: defining the wear resis-
tance of several experimental samples by a scratch test, and characterizing the hardness and
Young modulus of these systems through numerical simulation.

As shown in the results and stated several time in this master thesis, the number of samples
made and tested was very small due to COVID-19 that put an end to all the experimental work.
No sufficient number of variations of the same parameters were studied and no repetition of the
experiments have be drawn, so no conclusions can be taken with certainty. Nevertheless, it gives
some trends followed by the different systems under specific loads.

Also, the simulations that have been carried out are simple models that do not allow a long-
term analysis of the behaviour of nanolaminates. Nevertheless, they give first approximations
of hardness and Young modulus, allowing to compare the mechanical properties of the different
systems.

The main findings of this master thesis can be summarised as follows:

1. The scratch test performed under specific loading conditions showed that a higher propor-
tion of alumina in a sample leads to a better scratch resistance.

2. SEM observations combined with the scratch test have shown that the failure in the
nanolaminates occurs via the fracture of the coating, and that under the specific loading
conditions, the adhesion between the layers is good.

3. In order to prepare further erosion tests, the wear volume taken away during scratch was
calculated. It confirms the first conclusion, which is that under specific scratch conditions,
the less alumina in a sample, the less mater removed during the scratch test, leading to a
good wear resistance.

4. During indentation, two different tips were used, to evaluate different phenomena. The
spherical tip showed that the compressive stresses were constrained in the aluminum layers
and that the alumina layers were under tensile stresses during indentation.

The test with the Berkovitch tip showed that the hardness of the composite reaches a
plateau, at a value in between alumina and aluminum. Also, it shows that the elastic
modulus is also in between the individual material values. In these two measures, the
samples with a higher alumina value where the ones with a higher hardness and a higher
Young modulus.
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For all the experiments and simulations realised in this master thesis, alumina outperforms
all the hybrids nanolaminates. In fact, it is the material with the higher hardness, the higher
Young modulus and the best scratch resistance. It is followed by the sample which has an equal
proportion of alumina and aluminum, which shows better properties than the other laminates
thanks to its higher alumina content. However, the tests realised in the scope of this master
thesis do not give a complete tribological profile of the materials, and the coatings should be
tested in other conditions in order to compute their resistance to erosion.

In order to complete and go further than the results obtained in this thesis, the following
strategy should be applied to the research. First, some characterization of the deposited sample
must be done in order to know the state and the porosity of alumina layers, and the grain
size in aluminum layers. Second, some other properties should be measured to complete the
characterisation of the materials with a measure of the strength and the ductility through in-
situ tensile/compression tests. Finally, with fully characterized sample, the erosion properties
can be investigated, and the influence of all the different factors (such as the Young modulus,
the ductility, ...) can be characterize in order to have a good understanding of the different
erosion phenomena, and to produce coatings that are best suited to their function.
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Appendix A

Materials and methods: additional
information

A.1 Construction of the tip

In order to maintain a Berkovitch tip behavior while introducing a spherical extremity to allow
convergence of the numerical model the idea was to have a radius of 10% of the maximal
indentation depth. Also, the spherical tip should be sufficiently noded to avoid discontinuity. So
the rounded part of the tip should contain at least 4 elements. This is why the part just under
the tip must also have a great node refinement because in Abaqus, during a contact interaction
between two surfaces, the top surface (also called master surface) must be less meshed than the
bottom surface (slave surface).
The geometry used for this construction and implemented on Abaqus is detailed below.

r= sin(f) (A1)
b= tan(d) (A.2)
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A.2 Standard cleaning

Standard cleaning is a technique used in the clean room in order to clean the silicon substrate
so that that they can be used for subsequent applications, i.e. cleaned of all impurities. It
takes place in several steps, according to a determined procedure. The substrate is soaked in
a reaction of HoSO4 and Hy029 (to remove the organic residues form the wafers) until the bath
temperature reaches 110° C. It is then rinsed with water for 10 minutes. The wafers are then
passed through a HF (to remove the native silicone dioxide from wafers) bath for 15 seconds
before being rinsed again with water for 5 minutes. After passing through a nitrogen water
bath, they are dried in the oven, and are then ready to be used for a deposit.

A.3 Existing samples

Table A.1 lists all the samples which were made by magnetron sputtering. These can be used
for further investigations.

Table A.1: Deposited sample by magnetron sputtering, in the purpose of this master thesis

Deposition date | Proportion Al,O3 | Al,O3 layer Al layer Top layer

Sample 1 10/02/2020 71,4% 500 nm 200 nm Al

Sample 2 12/02/2020 28,6% 200 nm 500 nm Al O3
Sample 3 12/02/2020 28,6% 5x (40 nm) | 5 x (100 nm) AlyO3
Sample 4 14/02/2020 28,6% 5x (40 nm) | 5 x (100 nm) Al

Sample 5 17/02/2020 71,4% 5 x (100 nm) | 5 x (40 nm) Aly O3
Sample 6 17/02/2020 28,6% 10 x (20 nm) | 10 x (50 nm) Al O3
Sample 7 19/02/2020 50% 5x (70 nm) | 5 x (70 nm) Al O3
Sample 8 24/02/2020 50% 10 x (35 nm) | 10 x (35 nm) AlyO3
Sample 9 10/03/20 100% 700 nm Al O3
Sample 10 09/03,/20 33.3% 7x(35nm) | 7x (70nm) | AlOjs
Sample 11 09/03,/20 16.5% 8x(l4nm) | 8x (70nm) ALO4
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Appendix B

Scratch: additional information

B.1 Raw scratch results

This section presents the raw results as obtained by the scratch test on several samples.

B.1.1 E7070

Friction coefficient
0.2 T T

T I I I
——Al(70)-A1203(70)-x5-750-45mN-30mic_
0.18 R

0.16 B

0.14 ‘| i

0.12 IL\‘ b

0.1

0 | | 1 | 1 | 1
0 100 200 300 400 500 600 700

Scratch distance [pm]

Figure B.1: Evolution of the friction coefficient of E7070 as the scratch distance increases
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B.1.2 E3535
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Figure B.2: Effective penetration depth as a function of the scratch distance of sample E3535
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Figure B.3: FEvolution of the friction coefficient of E3535 as the scratch distance increases
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B.1.3 E7035
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Figure B.4: Effective penetration depth as a function of the scratch distance of sample E7035
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Figure B.5: FEvolution of the friction coefficient of E7035 as the scratch distance increases

87



Appendix B. Scratch: additional information B.1. Raw scratch results

B.1.4 E7014
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Figure B.6: Effective penetration depth as a function of the scratch distance of sample E7014
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Figure B.7: FEvolution of the friction coefficient of E7014 as the scratch distance increases
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B.2 Raw SEM pictures

This section presents the SEM pictures as obtained by the scratch test on several samples. It
illustrates than the same phenomena take place as in E7070.

The scratches than can be seen in B.8(a), are due to the post-scan of the surface, which may
have taken some dust particles with the tip, scratching the surface.
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(a) scratches (b) Transition
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Figure B.8: SEM images showing the failure phenomena in E7035
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Figure B.9: SEM images showing the failure phenomena in E7014

StageatX =5
Stage atY = 55:561 mm

1 pm EHT = 4.00 kv Signal A = InLens 13 Mar 2020 } 1 pm EHT = 4.00 kv Signal A = InLens 13 Mar 2020
-  Mag= 1000KX  WD=47Mm  sesw-amn 152548 — Mag= 1000KX — WD= 47MM  waueseeesmom 15:53:32
(a) Conformal cracking (b) Transition

1um EHT = 4.00kV Signal A = InLens 13 Mar 2020
— Mag= 10.00 KX WD = 47mMM  speeeseezsooom 15:18:30

(c¢) After transition

Figure B.10: SEM images showing the failure phenomena in E3535
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Appendix B. Scratch: additional information

B.3. Elastic recovery

B.3 Elastic recovery

Here under are the results of the elastic recovery for different aluminum content and layer
thicknesses. Due to offset curves in S3535, the elastic recovery is smoothed and does not show
any jumps, leading to a perfect elastic behavior at the beginning of the track. In order to take
conclusions of these graphs, further tests should be made.

B.3.0.1 Influence of the aluminum content
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Figure B.11: FElastic recovery vs normal force for different alumina content

B.3.0.2 Influence of the layer thickness
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Figure B.12: Flastic recovery vs normal force for different alumina content
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Appendix C

Indentation: additional information

C.1 Convergence analysis

C.1.1 Spherical tip - Convergence analysis

Table C.1: Number of nodes in the simulation for a certain minimal size of node x

X Total number of nodes

Test 1 0.07 4879

Test 2 0.035 14273
Test 3 0.02 34600
Test 4 0.014 59817
Test 5 0.01 104077
Test 6 0.009 125044
Test 7 0.007 190657
Test 8 0.0065 203732

C.1.2 Contact area calculation

In Abaqus, there is a very easy looking method to measure the contact area between two
surfaces. This is called CAREA and is defined in the Abaqus help as ”Total area in contact”.
This value was used at first, some tests were performed to check its value for a spherical model
(by calculating with Hertz models, with the area of a spherical cap for a certain height, ...). It
did not give any conclusive comparison. This is why, due to the lack of literature and definition
of this function, another technique had to be developed.

C.1.3 Indentation S7070 - Berkovitch tip

Figure C.1 shows the experimental indentation made in E7070. The deformation rate was
¢ =0.055"1.
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Appendix C. Indentation: additional information C.2. Comparison of the models

35
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Figure C.1: Indentation of S7070 for a deformation rate of 0.05 s-1. All the values are not
perfectly aligned due to experimental imperfections.

C.2 Comparison of the models

This section illustrates that the models constructed with the interface, and the one generating
the inp code directly show both the same results.

C.2.1 Spherical analysis

—16% Alumina
——33% Alumina
5k 50% Alumina
— 100% aluminum

Load, P (mN)
W 'S

A}
T

-10 0 10 20 30 40 50 60 70 80
Displacement into surface, h (nm)

Figure C.2: Comparison of the model made by the graphical interface and the one made by the
mp generator showing that the two models used are very similar. The dotted lines represent the
INP model while the plain lines represent the CAE model.
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C.2.2 Berkovitch analysis

For the Berkovitch analysis, only one model was build. Its results were compared to the INP
generated models, and they were similar.

04

0.35

=)
[
LV T VS )

Load, P (mN)
<
o

0 10 20 30 40 50 60 70
Displacement into surface, h (nm)

Figure C.3: Comparison of the model made by the graphical interface and the one made by the
mp generator showing that the two models used are very similar. The dotted lines represent the
INP model while the plain lines represent the CAE model.

C.3 Plateau value of 7070

Figure C.4 illustrates that when going deeper in the material ST070 a plateau value, as in the
other laminates is also found. Its value in higher than in the other laminates due to its higher
alumina content and to thicker layers.
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Figure C.4: Indentation in S7070 deeper in the material leading to a plateau value

95
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C.4 Variation of the sphere radius

The figure here-under illustrates the continued growth of the hardness with the penetration
depth, showing that no plateau value is reached.

10

Hardness, H (GPa)
o

\ \ \ \ | |
0 50 100 150 200 250 300 350
Displacement into surface, h (nm)

Figure C.5: Hardness vs penetration with several plots for a deeper indentation in the material.
The blue line represents 10% of penetration depth, the red line 20% and the yellow line 50%.

The hardness however tends to decrease with smaller indenter tips due to lower contact area.
Still, Figure C.6 shows that even with a smaller rounded tip, the hardness does not seem to
reach a plateau, therefore a berkovitch tip will be necessary in order to obtain better results.
The jumps in the graphs are due to the lack of refinement of the meshing.
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Hardness, H (GPa)
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Figure C.6: Evolution of the hardness for several tip radius
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C.5 Strain-rate sensitivity

C.5.1 Verification of the model

To prove the functioning of the model, an extreme case was taken: in the Cowper-Symonds
model, a D value of 0.81 was taken, and an p value of 2. However, the changes in the results
are not that different.
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Figure C.7: Ewvolution load for a test test model to see how the materials and the simulation
behave while introducing a sensitivity to the strain-rate
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Figure C.8: Hardness of the test model to see how the materials and the simulation behave while
ntroducing a sensitivity to the strain-rate
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C.5.2 Real model

Investigation on the real model, showed a small difference in the load P found in indentation.
This difference was not observed in the hardness variation. This is due to a too large mesh size,
which makes it impossible to see the small differences in contact areas, whereas they are of great
importance to see the differences in hardness.
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Figure C.9: Evolution of the load for different strain hardening rate

Variations in hardness for different deformation rates in aluminium give very special results.
What would be expected is shown at the very beginning of the graph, then the hardness starts
to rise in a very unexpected way. This error is surely due to the bad surface refinement which
takes into account a too small contact area for a significant increase of the load.
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Figure C.10: Evolution of the hardness for different strain hardening rate for pure aluminum
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