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Abstract

The notion of “interface” is a universal topic of research in material sciences. Interfaces
are responsible for many of the magnetic, electrical, optical and mechanical properties of
materials and therefore need to be characterized. The focus of this work is to bring a new
understanding of the interfacial mechanical properties of materials by characterizing two
industrial components which properties are governed by their interfaces. First, we address
the notion of coating and adhesion by characterizing the hardness and microstructure of a
17-4PH steel substrate subjected to grit blasting surface treatment followed by the deposition
of a cermet coating by high-velocity oxy-fuel (HVOF). The hardness was characterized using
nanoindentation and the microstructure was imaged by optical and electron microscopy.
The results showed a strong impact of the surface treatment on the interfacial microstructure
and hardness of the substrate revealing a potential weakening of the interfacial adhesion
because of it. Then, in light of the results gathered, a similar method was applied to the
characterization of an aluminum foam. However, the aluminum foam is a much more
complex material and requires a multiscale approach. The structure and microstructures
were characterized by several techniques to account for the multiscale nature of the material.
Similarly, the mechanical properties were determined by diverse procedures. The results
unveil a particularly inhomogeneous material at all scales resulting in non-uniform
mechanical properties. The strong interdependence of the macroscopic and microscopic
properties is highlighted and gives a better understanding of the mechanical behavior of the

foam.
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CHAPTER ONE

General introduction

nterfaces are responsible for many of the magnetic, electrical, optical and mechanical

properties of materials. The focus of this work is to bring a novel approach in the
characterization of the local mechanical properties of interfaces. It was developed based on
the assessment that, at a local scale, mechanical properties are inseparable from the
microstructure. Therefore, if one wants to determine and understand the nature of these
interfaces, an approach coupling both the characterization of the mechanical properties and
the microstructure is necessary. The second focus of this work was to apply our approach to
concrete cases. Therefore, this work addresses industrial issues and investigates materials
commercially available. The benefit of that is the use of “real materials” as opposed to ideal,
laboratory samples, which are not necessarily representative. On the other hand, it adds
complexity to the study since the materials are not specifically designed for our experiments.
It is also important to note that all materials used are proprietary and controlling the

manufacturing parameters was not possible. Thus, this work is oriented to the validation of



our method to characterize the local mechanical properties of interfaces rather than

optimizing existing processes.

The approach couples nanoindentation cartography and microscopy imaging techniques.
First, the notion of coating and adhesion is addressed by characterizing the hardness and
microstructure of a 17-4PH steel substrate subjected to grit blasting surface treatment
followed by the deposition of a cermet coating deposited by high-velocity oxy-fuel (HVOF).
Thermal spraying by HVOF involves high kinetic energy of the powder particles producing
high-quality coatings with low porosity (typically 1% and below), little oxidation and
superior adhesion to the substrate. Cermet Cr;Co-NiCr coatings are resistant against
corrosion and abrasion and can operate at relatively high temperatures up to 900°C. The
material used in this work is used to protect metallic parts against wear and corrosion
damages in extreme mechanical and chemical environments. Prior to deposition of the
coating, substrate surface modification treatments, such as grit blasting may optimize the
local roughness to favor the mechanical interlocking of the coating. This common surface
treatment sends high-velocity particles (usually angular shaped alumina or silicon carbide
grit) onto the substrate surface in order to cause impact damage. Grit blasting with alumina
particles offers a conventional substrate surface preparation method intended to improve the
adhesion of thermal spray coatings. However, the associated microstructural modifications
to the substrate may, in fact, reduce the integrity of the interface. The nanoindentation

cartography method was used in cross section to correlate the microstructural modifications



induced by the grit blasting to the resulting local mechanical properties of the substrate in

the vicinity of the interface.

The characterization of a “simple” interface, i.e., a bi-material interface, is fairly
straightforward since the interface is defined as the separation region between the two
dissimilar materials. However, some materials present more complex structures with various
interfaces of different nature. One characteristic example is cellular materials. The term
“cellular material” includes metallic foams, which possess a macroscopic cellular structure
and low density, due to their high porosity, which give them interesting thermal, mechanical
and electrical properties. They are versatile materials which applications range from
structural components for the automobile industry to architectural and design applications
of facades. The mechanical properties of aluminum foams are defined by the cellular
structure as well as by the parent material properties of the foam. Many studies were
conducted to identify the mechanical behavior of metallic foams relative to their relative
density or chemical composition. Yet, it continues to be a challenge as manufacturing a foam
remains an imprecise process, which lacks the ability to make foams of a constant quality
with pre-defined parameters. Therefore, metallic foams are very complex materials and
require a sophisticated multiscale approach. The metallic foam in this work is mainly used
in multilayer composite for its energy absorption properties. Various techniques were used
to account for the multiscale nature of the material and a complete procedure was developed
to assess the mechanical properties of the foam. The structure and microstructures were

characterized by several techniques including X-ray tomography, scanning, and transmission



electron microscopy. The compressive behavior was characterized by uniaxial compression
and in situ X-ray tomography. The local mechanical properties were also investigated by
nanoindentation cartography and by looking at the crystallographic defect within the cell
walls. The results unveil a particularly inhomogeneous material at all scales resulting in non-
uniform mechanical properties. The strong interdependence of the macroscopic and
microscopic properties is highlighted and gives a better understanding of the mechanical

behavior of the foam.

The first chapter reflects the two materials studied and present fundamental knowledge
associated with both. The second chapter provides a detailed record of the procedures that
were followed when completing the experiments discussed in the dissertation. The third
chapter presents the results of the characterization of the 17-4PH steel substrate coated with
the cermet CrsCo-NiCr coating. The characterization includes microstructural observations
of the substrate, coating, and interface as well as measurement of the hardness by the
nanoindentation cartography method. The impact of grit blasting and coating deposition on
the substrate are discussed and in the light of the results presented, the role of grit blasting
on the adhesion is discussed as well. The fourth chapter presents the results of the
characterization of the aluminum foam. It is divided into three sections. One section is
focused on the characterization of the structure and microstructures while the other is
focused on the characterization of the mechanical properties. Finally, in light of the results
presented, the relationship between the microstructural properties (microstructure and

mechanical properties) and the macroscopic behavior of the foam is examined.



Finally, a conclusion summarizes the important results and proposes interesting

perspectives capable of completing this work.



CHAPTER TWO

Bibliography

he first chapter reflects the two materials studied and presents fundamental

knowledge associated with both. The first part of this chapter addresses the
notion of the coating and adhesion. The fundamentals of the HVOF deposition process and
the coating structure are first presented. Then, a review of the current knowledge of the
impact of grit blasting on the properties of the substrate and the mechanisms of adhesion is
presented. The second part presents the current understanding of aluminum foams.
Important microstructural features of the aluminum alloys and matrix metal composites are
presented followed by a presentation of the foams from their manufacture to the

characterization of their mechanical properties.

1. Introduction to interfaces

1.1. Understanding interfaces

The notion of “interface” is a universal topic of research in material sciences. From

welding of alloys to the diffusion processes in the membrane of a cell, every object or material



must, at all length scales, deal with the concept of interface. An interface is defined as the
region where two chemically dissimilar materials or structurally dissimilar materials (phases)
interact with each other. A surface is a special form of an interface where one of the media
is the surrounding atmosphere. Therefore, interfaces must always exist in real materials.
Further, interfaces contribute to the magnetic, electrical, optical and mechanical properties
of materials. Modern interface science is mainly focused on the micro and nanoscale issues

associated with atomic rearrangements along grain and phase boundaries and the associated

diffusion processes.
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Figure 2-1. Interface and transition regions in materials [6]

An interface is often represented as a plane where two dissimilar materials connect at an
atomic level but as defined by P. Delmon [1], the reality is much more complex. In most
systems, the actual interface needs to be understood as a transition zone where some of the

properties are significantly different compared to those of the bulk (Figure 2-1). The size



of this transition region can be limited to a few atomic planes in the case of grain boundaries
or hundreds of microns in the case of diffusion-controlled processes. The mechanical
properties of the interphase region differ from those of the bulks and are critical for the
overall mechanical properties of the composite material [2]-[4] since the interphase region
governs the load transfer from one phase to another. The interphase is also a preferential

site for failure when the material is subjected to mechanical loading [5].

1.2. Characterization of interfaces

With access to increasingly smaller scales of observation and characterization, interfaces
have taken a prominent place in defining materials properties. For instance, it was only
thanks to the increase of resolution of microscopes that scientists have been able to observe
and understand the importance of the lipid bilayer structure of cell membranes [7]. More
related to the topic of this study, the development of new imaging and characterization
techniques such as scanning probe microscopes or nanoindentation have also given scientists
access to a new scale of comprehension where small scale phenomenon clarify macroscopic

behaviors [8]-[11].

It is important to note that the characterization of interfaces is often more challenging
than characterizing surfaces. Firstly, because of the structure itself of an interface, it can be
difficult to have access to a 3D characterization and often, only one “side” is observable.
Also because several mechanisms of different nature are responsible for the formation of an

interface. The example of the adhesion mechanisms of a thermally sprayed coating on a



substrate is indicative of this complexity. Indeed, both mechanical and chemical bonding
mechanisms occur in the formation of a strong coating/substrate interface through the role
of substrate roughness but also through diffusion-controlled mechanisms. In this particular
case, different techniques, each of them having specific constraints, need to be used to obtain
a full characterization and understanding of the adhesion mechanisms. Moreover, the
measurements of mechanical or electric properties could be desired and would add to the

complexity of the characterization of the interface.

Imaging an interface can be challenging because it requires careful preparation to preserve
the integrity of the material. In a lab environment, common procedures include cutting and
embedding in the resin the sample to expose the interface (investigation are often performed
in cross-section) followed by successive steps of grinding and polishing to reveal the
microstructural details of the surface. However, every material behaves differently during
polishing and specific constraints are associated with the characterization techniques

employed. Developing distinct preparation procedures is therefore required.

In terms of imaging, scanning electron microscopy (SEM) is the most common tool. It
gives the experimenter easy access to high-resolution details of the interfaces at low and high
magnifications. However, the preparation of the surface for SEM imaging is not
straightforward and, as mentioned in the previous paragraph, demands attention.
Qualitative information about the topography and composition of the interface are also

accessible through this technique. X-ray based techniques such as tomography and



diffraction are also useful because they are nondestructive and, because X-rays penetrate

deeper into the material, a higher volume is scanned.

Nowadays, interfaces are studied through powerful modeling methods [12]-[14] leading to
a better understanding of the fundamental mechanisms of the formation of interfaces. It also
delivers predictions for optimized thin film structures and coatings without the need for
complex experiments. However, such modeling techniques are often limited to ideal cases

and experimental observations are necessary to verify and drive the simulations.

The characterization of the mechanical properties followed the same development and
most of the efforts are now oriented towards the local mechanical properties of interfaces
[15]-[17]. Researchers developed specific procedures and apparatus to investigate the
mechanical properties and only test the contribution of the interface. In fiber reinforced
composites, it is common to pull out individual fibers to quantify the shear strength of the
fiber/matrix interface [18], [19]. In the field of coatings, several tests were developed to
measure the cohesion or adhesion strength of the interface [20]-[22]. More recently,
instrumented indentation, i.e., nanoindentation, has been employed to characterize the
hardness and modulus of interfaces [23], [24]. In recent years, nanoindentation grew into a

powerful and conventional technique to characterize interfaces.
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2. The HVOF process

The fundamentals of the HVOF process will first be discussed followed by a presentation
of the associated adhesion mechanisms. Finally, the discussion will focus on the grit blasting

process and its impact on the adhesion of the coating.

2.1. Fundamentals

A coating lifetime is often limited by the failure of the coating/substrate interface. The
vicinity of the interface is, therefore, a subject of intense investigations to understand the
mechanisms of adhesion and develop new coatings having an extended lifetime. Several
techniques exist to deposit one material on top of another producing coating as thin as few

atomic layers up to a few millimeters.

Thermal spray processes allow the deposition of non-metallic coatings on the surface of a
material, mainly steel, to enhance its anti-wear and anticorrosion properties. It relies on the
projection at a high temperature of melted or semi-melted powder or wire form materials to
cover the surface of a substrate. Among the thermal spraying processes, HVOF is very recent
as it is commercially available since the 1980s and the development of the Jet Kote HVOF
spray system by the Browning Engineering Co in the U.S.A. The main advantages of HVOF
over other spraying systems are the high speeds and moderate temperatures achievable,
leading to very dense coatings with very low porosity (less than 1%). It is also widely used

for deposition of cermet materials, which requires high velocities and temperatures.
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A schematic of the HVOF system is shown in Figure 2-2. Oxygen and the fuel gas
(hydrogen, propylene, propane or kerosene) are introduced together inside the combustion
chamber. Ignition inside the chamber initiates the combustion and the exhaust gas, formed
by a nozzle, pass through the barrel and emerge in the open atmosphere [25]. The coating

material is in a powder form and is injected inside the accelerated stream of exhaust gas.
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Figure 2-2. Schematic of the HVOF system [20]

2.2. Coating deposition

The coating is built up from molten or semi-molten particles striking the substrate surface
and forming splats. Some incoming particles remain solid but are detrimental for the coating
performance as they are usually poorly bounded to the coating. The coating structure and
microstructure result directly from the deformation and solidification of the impinging
particles. If the incoming particles remain too cool to deform plastically, the local
microstructure will suffer an inhomogeneous void or low strength region. Numerous
parameters influence the final microstructure of the coating. Obviously, the gun parameters

are essential as they control the speed and temperature of the particles. The substrate
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temperature and roughness are important, as they will influence the deformation and
solidification of the particles. Figure 2-3 clearly summarizes the parameters controlling the
formation of the interfacial zone. The contribution of chemical and mechanical interactions

to the adhesion is also highlighted.

Adhesion mechanisms can be of various origins: mechanical, physical and chemical.
Physical interactions comprise van der Waals forces while chemical interactions comprise
metallurgical interactions between the coating and the substrate. But both have been proven
to contribute little to the adhesion of the coating [25], [27], [28]. On the other hand,
mechanical interaction between the coating and the substrate is crucial. Mechanical
interaction is the result of the interlocking of the particles to the asperities of the substrate
surface as shown in Figure 2-3. Substrate roughness is probably the most important and
commonly studied parameter governing adhesion between the coating and the substrate. It
can be optimized using blasting or chemical methods. It is specifically designed to improve

the mechanical interaction of the coating and substrate.

Surface chemistry

-

/VP
-0

Roughness Oxide layer

A \‘ | 5
DI Tampenatare, T,

Substrate

Figure 2-3. (a) Impacting particle and substrate parameters controlling particle flattening and solidification

[27] (b) Mechanical anchorage of splats to irregularities of the substrate surface [25]
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The next section will discuss the impact of grit blasting on the substrate, in terms of
roughness modification of course but also in terms of other effects associated with blasting

a surface with high kinetic energy particles.

2.3. Impact of grit blasting on substrate roughness and microstructure

Before deposition of the coating, surface modification treatments like grit blasting are
used on the surface substrate to prepare the surface for the deposition of the coating. It
consists in sending high-velocity particles (usually angular shaped and usually alumina or
silicon carbide grits) onto the surface of the substrate in order to modify its surface
properties. The main purpose is to optimize the roughness to favor the mechanical anchoring
of the coating particles onto the substrate surface. However, the modification of roughness
also goes along with a modification of microstructure and stress state of the subsurface.
Additionally, despite the surface being flame cleaned after blasting, the presence of residual

embedded particles has been observed [29]-[31].

Optimizing the roughness of the substrate surface to improve adhesion is the main reason
for grit blasting. Several authors have quantified the effect of roughness on the adhesion [27],
[32], [33]. In [33], Wang et al. studied the effect of roughness for a molten NiCrBSi coating
and a solid/liquid two phases WC-Co cermet coating. Both coatings were deposited on mild
steel substrates of different roughness. The modification of roughness was achieved by both

polishing (for low roughness) and sandblasting. The adhesion of the coating was measured
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using a standard pullout test. It is shown that the adhesion starts increasing for Ra= 1.7um

and the adhesion is almost doubled when Ra=10um.

Fauchais et al. [27] conducted a review of the formation of splats on low and high
roughness for different coating/substrate systems (inferior or superior to Ra=0.2pm
respectively). Their conclusion is similar to Wang et al. in that adhesion increases with
increasing roughness. For low roughness, physical and chemical adhesion mechanisms are
promoted. On the other hand, for high roughness, the flattening of the droplets is limited
by the asperities, resulting in smaller and thicker splats. Mechanical interlocking is then the
primary mechanisms for adhesion as shown in Figure 2-3b. Physical bonding can also be

promoted because of the increased surface area associated with higher roughness.

In addition to optimizing the roughness, a compressive residual stress layer is often formed
in the subsurface region. Microstructural changes due to sandblasting have also been
reported [34]-[39]. This modified layer has a substantial effect on wear, corrosion and fatigue
properties. Wang and Li [39] reported a substantial increase in wear and corrosion resistance
of a sandblasted 304 stainless steel substrate compared to non-grit blasted specimens. A
similar trend was observed on the high cycle fatigue strength of pure Ti modified by
sandblasting while Hanlon et al. reported a decrease of fatigue crack growth properties in
the case of ultra-fine crystalline Ni. The resistance of certain materials to fatigue crack

initiation and propagation is known to be influenced significantly by grain size [40]. A finer
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microstructure is usually associated with higher strength and therefore is less sensitive to

fatigue crack initiation (see Figure 2-4a).
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Figure 2-4. A comparison of fatigue properties for nanocrystalline (grain size < 100nm), ultra-fine crystalline
(grain size ranging from 100nm to 1pm) and microcrystalline (grain size > lpm) pure Ni. (a) S-N
fatigue response showing the stress range versus the number of cycles to failure. The endurance
limit for MC pure Ni is way below the one of UFC and NC pure Ni. (b) A comparison of the
variation of fatigue crack length as a function of the number of fatigue cycles. The crack fatigue
crack length increases at a much faster rate with fatigue cycling in the NC Ni than in the UFC or
MC Ni under identical loading conditions [41]

Moreover, the surface compressive stresses usually induced along with the microstructure
refinement increase the crack initiation resistance and decrease the crack propagation rate.
On the other hand, a coarse microstructure offers an increase of fatigue crack growth
compare to a finer one (see Figure 2-4b) because a finer microstructure becomes more
sensitive to flaws and defects in the metals, leading to catastrophic propagation of the crack

once a microcrack initiates from the flaws [42].

Inducing a nanocrystalline layer is not the main purpose of the grit blasting and other

methods are more efficient to achieve that. Most of the literature revolves around SMAT or
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shot peening processes where the main goal is to develop a nanocrystalline layer at the
surface of the material to improve the surface properties of a material. Nevertheless, the
mechanisms involved in the SMAT and shot peening processes are similar to those involved
in grit blasting. All surface preparation techniques involve high strains at very high strain

rates, inducing a large number of defects in the material.

In the case of grit blasting used prior to a coating deposition, the refinement of
microstructure must be taken into account. Indeed, the refinement of the microstructure is
usually associated with an increase of hardness. The hardness of the substrate is an
important parameter for adhesion as it often corresponds to an increase of brittleness and
modifies how the splats behave when impinging the substrate. Gao, et al. conducted a study
on the influence of hardness on the deposition of single coating splats. Here, deposited cermet
WC-Co coatings on steel and Ni-based substrates emphasize the contribution of deformation
of the substrate toward adhesion mechanisms, especially for hard coatings like Cermet ones.
For soft substrates like stainless steel ones, sufficient deformation is achieved to promote
adhesion. However, for Ni-based substrates, corresponding to a higher hardness than the
stainless steel substrates, deformation may not be sufficient, as the particles rebound
elastically from the substrate surface. Trompetter et al. [43] also studied the effect of
substrate hardness on the deposition behavior of a NiCr coating using HVAF. They
demonstrate that soft substrates presented more solid particles while hard substrates
presented a higher amount of molten or semi-molten particle. Indeed, in the case of a coating

particle impinging a soft substrate, the kinetic energy of the particle is converted mainly
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into strain energy that will drive the plastic deformation of the surface. On the other hand,
when a coating particle impinges a hard substrate, the kinetic energy will be more likely

converted into heat energy, hence the higher number of molten and semi-molten particles.

After the blasting process, the roughened substrate is cleaned. However, some researchers
have shown that blasting materials remain on the substrate. Those particles are adhered or
embedded in the substrate surface. In the case of adhered residual grits, they degrade the
adhesion of the coating by modifying the wetting properties of coating particles, creating
thermal residual stress because of the thermal mismatch between the substrate and the grit
residues and by blocking any interactions between the coating and the substrate. Embedded
residual grits result from an important deformation of the substrate overlying the grit,

thereby imposing a complex stress state around this particle.

Summary of the HVOF system

Depositing a coating using HVOF offers very high deposition speeds and produces
relatively dense coatings with low porosity. Grit blasting is the primary method to prepare
the substrate surface before deposition as it favors the mechanical interaction between the
substrate and the coating by modifying the substrate roughness. However, one drawback is
its impact on the substrate mechanical properties and microstructure. Grit blasting involves
high kinetic energy particles affecting the substrate surface. Therefore, high stresses and
strains are induced in the substrate. It leads to a complex compressive stress state as well

as grain refinement similar to what is observed during severe plastic deformation. Moreover,
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the process leaves residual particles that can be embedded in the substrate surface. Several
articles assessed this problem and described the detrimental effect on the fatigue properties
in titanium alloys used for prostheses. It was shown that those particles decrease fatigue life

by acting as preferential crack nucleation sites.

Therefore, accurate characterization and understanding of the impact of grit blasting on
the mechanical properties of the substrate at the interface are important to shed a light on

some of the parameters controlling the coating/substrate adhesion.

3. Al-Si alloys

Aluminum-Silicon alloys are used for many industrial applications because of their
excellent casting properties. As part of this work, an aluminum foam made of an A359 Al-
Si-Mg alloy was characterized. The foam was manufactured using the melt gas injection
process that will be explained in the following section. This process is associated with
particular solidification conditions and requires the addition of insoluble particles resulting
in unconventional alloys and microstructures leading to specific elastic, plastic and fracture

behaviors.

Because of that, it seems appropriate to give some elements of understanding about
aluminum alloys and their microstructures as well as about the mechanisms of formation of
the microstructures that will be later observed in aluminum foams. For that, the role of

alloying elements in aluminum alloys and more specifically Al-Si alloys is addressed. Then,
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the microstructure of such alloys is presented followed by a review of the refinement
mechanisms in Al-Si alloys. Finally, the role of the addition of insoluble particles will be
addressed by reviewing the formation of the microstructure of metal matrix composite

(MMC) materials made of casting alloys.

3.1. Alloying elements in aluminum alloys

Silicon is the second most common impurity in aluminum after iron, due to its high
concentration in bauxite through silica and silicates. The addition of silicon in aluminum
reduces its melting temperature and increase its fluidity which makes Al-Si based alloys the
most used aluminum alloys for casting and welding. Additionally, Si solidifies primarily into
a pure silicon phase, which imparts very good wear properties to the alloy. Therefore, they
have replaced ferrous alloys in numerous applications in the automotive, aerospace or

transportation industries for structural components where costs and weight are critical.

Other impurities and alloying elements have an effect on the microstructure and
properties of Al-Si alloys. Iron is the main impurity in aluminum alloys and is well known
for increasing casting defects by the formation of Fe-rich intermetallic phases [44]. It is
difficult to remove and its concentration is kept as low as possible. Titanium or various
combinations of titanium and boron are identified as grain refiners of the a-Al phase [45],
[46]. Manganese, as well as other elements, are used for their beneficial effect on casting
defects because of their interaction with Fe-rich intermetallic phases [47], [48]. As indicated
by Mondolfo [49], copper is added to increase the strength and fatigue resistance of the alloy

20



at the expense of the corrosion resistance. Zinc has a minor impact on the properties
aluminum when used alone and Al-Zn alloys have quickly been replaced by Al-Cu alloys
[49]. An increase in the coefficient of thermal expansion was observed in Al-Zn alloys because
of the lower CTE of zinc (39.10° °C") compared to aluminum (223.10° °C*) [50]. The
addition of Zn shows greater influence when associated with Mg or Cu as it modifies the
precipitation and age hardening properties [51], [52]. Other elements like phosphorus and
strontium can be added for their modification of the shape and distribution of the eutectic

Si phase.

Magnesium is a very important alloying element in the Al-Si alloy system (as well as Cu)
because of its beneficial effect on tensile and creep properties. The presence of Mg makes the
alloy responsive to heat treatments by precipitation hardening mechanisms. When a certain
amount of Mg is added, precipitates Mg.Si would form in the Al matrix. The effect of
magnesium is very significant on the mechanical properties and the aging process needs to
be accurately controlled for optimal properties. Figure 2-5 shows the effect of aging time
on the hardness for two Al-Si-Cu and Al-Si-Mg alloys. The curves reveal a sharp increase of
hardness until a peak is reached for 7h of aging. The hardness then decreases to reach a
plateau corresponding to the formation of the equilibrium BMg2Si precipitates. The plateau

value is about 50% higher than the hardness before aging.
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Figure 2-5. Age-hardening curves of AI-Si-Mg and Al-Si—Cu alloys aged at 175°C [9]

The precipitation of Mg is very similar to the one of Cu observed in Al-Cu alloys
(duralumin) simultaneously by Guinier and Preston in 1938 [53], [54]. However, the
precipitation sequence of Al-Si-Mg alloys is not completely understood and has been
extensively investigated. Disagreements exist about the clustering process of Mg and Si
during the first stage of aging. Edwards et al. proposed a sequence that is now accepted as
a reference. Yet, the author specifies that the alloy used in the study is different from other
authors [55] and therefore could explain the different precipitation sequences proposed in the

literature. The precipitation process proposed by Edwards et al. is as follows:
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with B” and " being the unstable phases and  the equilibrium phase. B” precipitates forms
concurrently to B° but possess different shape and crystallographic characteristics and
formed predominantly in the 6061 alloy studied by Edwards et al. hence the presence of B”

in the precipitation sequence.

3.2. Solidification and phase diagram
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Figure 2-6. Schematic phase diagram of the Al-Si binary alloy

The phase diagram of the binary Al-Si system is a simple eutectic one and is shown in
Figure 2-6. The eutectic temperature is 577°C and the eutectic point is at 12.6 wt.% of Si.

There are hypoeutectic and hypereutectic alloys depending whether they have a Si
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concentration below or above the eutectic point respectively. The maximum solubility of Si
in Al is 1.65 wt.% of Si at the eutectic temperature and fall down to 0.05 wt.% of Si at
300°C [56]. The solubility of Al in Si is close to zero with a peak of 0.016 wt.% of Al at

1190°C.

Hypoeutectic Al-Si alloys solidify by precipitation of primary a-Al dendrites while
hypereutectic alloys form primary Si crystals. In hypoeutectic alloys, the dendrites grow
along the <001> directions. The dendritic structure is characterized by a primary dendritic
arm along which several secondary and ternary arms can grow along the <001> directions.
The size of the dendrite is associated with the secondary dendrite arm spacing (SDAS).
Figure 2-7 shows the SDAS and an optical micrograph of the dendritic structure in an Al-

Si-Mg alloy.
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Figure 2-7. (a) Schematic representation of a dendrite with secondary dendrite arms spacing (SDAS) (b)
Dendritic structure in an Al-7%Si alloy [57]

The solidification continues with the formation of a eutectic Al-Si phase. During the

eutectic solidification, two phases of Al and Si precipitate simultaneously from the liquid at
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constant temperature. For silicon contents below and above the eutectic point, the eutectic
phase precipitates in presence of primary aluminum and primary silicon crystals respectively.
For an alloy at the eutectic concentration (12.6 wt.%), the eutectic phase nucleates from the

liquid phase.

Several microstructural features affect the ductility of aluminum castings. The ductility
is known to be sensitive in various degrees to the dendrite cell size and silicon particle size.

Those two features can be tailored through different process parameters.

3.3. Microstructure refinement in Al-Si alloys

3.3.1. Primary aluminum modification

The effect of SDAS on the mechanical properties has been intensively investigated in the
literature [58], [59]. It has been shown to have favorable effects on the ductility by inducing
a fracture mode transition from a transgranular fracture at high SDAS to an intergranular
fracture mode at low SDAS corresponding to higher ductility [60]. Refining the
microstructure is also favorable through a grain boundary strengthening similar to the Hall-

Petch mechanism.

Refinement of the dendritic structure is achieved by three means:

- The thermal method by adjusting the solidification rate
- The chemical method by adding refiners into the melt

- The mechanical method by agitating the melt during solidification
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The thermal modification is achieved by increasing the solidification rate. The effect
of cooling rate has been observed from the 1920s by comparing the microstructure of sand
and iron cast alloys [61]. The iron cast alloy corresponding to higher cooling rates exhibited
a finer microstructure compared to its sand cast counterpart. Following these observations,
several studies have confirmed this dependence [62], [63]. The mechanism explaining the
refinement of the dendrite is to be found on the effect of the cooling rate on the diffusion of
the solute elements during solidification. For high cooling rates, there is not enough time for
the atoms to diffuse to the solid/liquid interface and therefore the coarsening of the dendrites
does not happen. By stopping the coarsening process of the primary structure, more

dendrites form leading to a finer microstructure after solidification.

Chemical modification is achieved by the use of chemical modifiers. Titanium and
boron are the main inoculants with Al-Ti-B master alloys added to the melt. The exact
mechanisms are different depending on the nature of the master alloy and the Ti/B ratio
[45], [46]. However, the main idea is that the presence of those modifiers increases the number
of nucleation sites during solidification, which leads to a higher grain density and smaller

grains.

Modification by agitation relies on the agitation of the melt during solidification. It
can be achieved through mechanical or electromagnetic stirring. The effect of stirring is

double and it would seem that the change of flow induced by stirring the melt change the
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direction of growth of the dendrites. Additionally, it has been shown to cause fragmentation

and transportation of dendrites into the melt [64], [65].

3.3.2. Eutectic Si modification

Silicon is introduced into aluminum alloys not only because of its solubility in (Al) but
also due to the formation of the Al-Si eutectic microstructure, which defines many of the
Al-Si alloys properties. The Si eutectic particles exhibit two morphologies: a so-called
unmodified morphology made of coarse acicular particles and a modified morphology made
of fine round particles. The main interest of the transition from unmodified to modified
morphology is the increase of the mechanical properties of the alloy, such as fracture

toughness and ductility [60], [66], [67], associated with the fibrous particles.

The eutectic silicon phase can be thermally and chemically modified. Although the two
methods give similar silicon morphologies, it is important to note that the growth
mechanisms are different. Makhlouf and Guthy proposed a very well documented and
complete historical review of the growth mechanisms of Si particles for thermally and

chemically modified alloy [68].
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Figure 2-8. Different microstructures of commercial and high purity aluminum with and without addition

chemical modifiers (St here) [69)

Chemical modification: The effect of the addition of so-called modifiers on the
morphology of Si particles has been reported since the 1920s and the patents of Pacz [70].
From then and until the 1960s sodium was mainly used but because of the difficulty to
control its concentration in the melt and because of the fumes emitted during the process,
it was eventually replaced by strontium. An example of chemical Si modification by addition
of Sr is shown Figure 2-8 for commercial and high purity aluminum alloys. First, it is
interesting to see that the purity of the alloy has a refining effect on the microstructure.
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Indeed, in both unmodified and modified alloys, the high purity ones exhibit a finer eutectic
microstructure. It is explained by the presence of numerous nuclei in the commercial alloy,
therefore, promoting the growth of coarse Si particles. Second, the addition of strontium
resulted in a finer microstructure and in a transition from acicular to fibrous morphology for

both purities.

The eutectic formation is divided into two stages namely nucleation and growth.
Nucleation corresponds to the clustering of few Si atoms into nuclei. Then, by further
addition of Si atoms from the liquid phase, the nuclei increase in size by growth. Until now,
the community failed to propose a unified theory explaining the mechanisms of refinement
by chemical modification. It seems well accepted that the added atoms have a poisoning
effect on the formation of Si particles. However, as clearly shown in [68], this poisoning
mechanism remains a matter of dispute in the literature. One view is that the chemical
modifiers affect the nucleation of the Si particles while a second view proposes that these
chemical additives affect the growth kinetics. Most likely, the modifiers influence the kinetics
of both nucleation and growth. Lu and Hellawell [71] have reported that the addition of Na
to an Al-12%Si alloy generates a silicon eutectic modification due to increased twinning on
the silicon particles. We will not go into many details about it since it is not the purpose of
this study. However the reader is strongly directed to other publications for more details

[46], [68], [69], [71]-[73].
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Figure 2-9. Solidification process of the eutectic phase at high cooling rates (a) as the cooling rate is increased,
the aluminum solidifies faster than silicon (b) and (¢) the aluminum phase encapsulates completely
the eutectic silicon crystal and therefore stops its growth. [74]

Thermal modification: The cooling rate during solidification has been shown to have
a similar effect on the eutectic microstructure. The higher the cooling rates, the finer the
microstructure is. A mechanism of refinement was proposed in the late 1940s by Thall and
Chalmers [75] and later reintroduced by Makhouf [68]. The refinement originates from the
difference in thermal properties between Al and Si. The latent heats of fusion of Al and Si
are 10.7 and 50.21 kJ/mol and their thermal conductivities are 237 and 148 W/m'/K*!
respectively. Because of the large dissimilarities in thermal properties, the aluminum
solidifies much more rapidly than silicon when cooling rates increase as shown in Figure
2-9a. It continues until the aluminum encapsulates completely the silicon crystal as shown

in Figure 2-9b and c.

Summary of the Al-Si alloys and their microstructure

Aluminum is rarely used pure and is associated with several alloying elements, which give
the alloy specific properties. The addition of silicon in aluminum reduces its melting

temperature and increase its fluidity which makes Al-Si based alloys the most used aluminum
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alloys for casting and welding. Additionally, Si solidifies primarily into a pure silicon phase,

which imparts very good wear properties to the alloy.

The microstructure of these alloys can be highly inhomogeneous and contains o-Al
dendrites as the main phase and eutectic Si particles. Many intermetallic phases such as
Mg.Si or Fe-bearing phases can also be found. It was shown that the microstructure controls
the mechanical properties of the alloy and is highly dependent on the thermal conditions.
The size and shape of both the dendrites and Si eutectic particles can be tailored by specific
thermal treatments or chemical modification. The mechanisms associated with the

modification are yet to be understood.

In particular, a transition from acicular particles to a fibrous morphology of the eutectic
Si phase was observed when high cooling rates are achieved or when chemical modifiers are
used. This change of shape of the Si particles is associated with higher fracture toughness
and higher ductility. A change of the fracture behavior was also reported when the

microstructure (dendrites and Si particles) is refined.

3.4. Metal matrix composites

One of the processes used to manufacture aluminum foams is the melt gas injection
process. In this method, aluminum and SiC particles are poured into a crucible to create a
Metal Matrix Composite (MMC) melt. Therefore, this section is aimed at introducing the

notion of metal matrix composites and mechanisms of formation of their microstructure.
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3.4.1. Definition

A metal matrix composite is a composite material made of two constituents. One is
designated as the matrix and must be metallic while the other one is designated as the
reinforcement and can be another metal, a ceramic or an organic compound. The role of the
reinforcement varies from being purely structural to the improvement of physical and/or

mechanical properties like corrosion and wear resistance, thermal conductivity, etc.

3.4.2. Matrix and reinforcement materials

The choice of a matrix alloy for an MMC is dictated by several considerations. Of
particular importance is whether the matrix will participate in the composite strength or
not. If not, the composite will be continuous and the role of the matrix will be mainly to
transfer the load to the reinforcement phase. On the other hand, if the matrix serves as a
structural component, high strength and tougher matrix are chosen. The interactions
between the matrix and the reinforcements, the CTE mismatch for high-temperature
applications and fatigue behavior must be taken into account when selecting a matrix

material. Matrix materials include aluminum and its alloys, copper, iron or titanium.

The same considerations apply to the reinforcement material. Its compatibility with the
matrix regarding the application of the composite is critical. The shape of the reinforcements
is very important as well. They can be whiskers, fibers or particles. Fibers will be anisotropic

while whiskers and particles will exhibit a more isotropic behavior. Reinforcement materials
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include silicon and boron carbide SiC and B4C as well as alumina Al,O; and more recently

graphite.

3.4.3. The microstructure of the MMC made of casting alloys

Microstructures of MMC’s are the result of the cooling conditions and are controlled by
interaction mechanisms between the insoluble particles and the solid/liquid interface. When
a particle is in contact with a moving solid/liquid interface, it can be either pushed or
engulfed. A kinetic approach has been used to explain the phenomenon and the concept of
critical velocity, above which the particle will be engulfed and below which it will be pushed,
has been introduced. The first models assumed a pure matrix with a planar interface in
contact with one particle. However, in the case of MMC, the matrix is usually an alloy and
multiple particles are in contact with the interface. Because of the impurities of the alloy
and the influence of the particles, the solid/liquid interface is non-planar and mechanisms of
pushing/engulfment are different. Figure 2-10 shows the influence of interface shape on the
interaction with particles. In the case of dendritic growth as in Al-Si alloys, small particles

are trapped in the interdendritic region while larger ones are pushed.
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Figure 2-10. Influence of interface shape on particles. (a) The planar interface can result in pushing (left) or
engulfment (right). (b) Cellular interface bhOW ing pushing at interface and entrapment between
cells. (¢) Dendritic interface; small particles are entrapped in interdendritic spaces while large

particles are pushed [76]

33



The resulting microstructure of such material is very complex and the distribution of
particle is somehow random. For MMC’s, the critical velocity is a sum of contributions

summarized in Eq. 2-1 [76] as

Ao ] KL > Eq 9.1
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where Ac is the variation of surface free energy when the particle approaches the surface, n
the viscosity of the liquid, ® the volume fraction of particles, r the particle radius, Ki, and

Kp are the thermal conductivities of the liquid and the particles respectively and G is the

temperature gradient.

3.4.4. Note about MMC’s in metallic foams

Making metallic foams can be achieved through several manufacturing routes [77]. The
melt gas injection process is one of them and involves melting an MMC and injecting gas in
it in order to create a cellular structure. The role of the ceramic particles is to increase the
viscosity of the melt and to stabilize the cells. However, the concentration and size of the
particles must be carefully controlled to ensure optimal properties of the foam as seen in
Figure 2-11. Too many particles will increase the viscosity of the melt whereas too few

particles may reduce the viscosity, perhaps resulting in a non-stable foam.

It is also important to note that the distribution of the ceramic particles is sensitive to
the temperature gradient at the solid/liquid interface [76] and that the melt gas injection
process results in a non-homogeneous cellular structure leading to density gradients and

therefore different cooling histories from one part of the foam to another. Those two factors
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combined can lead to local microstructure gradients inside the foam that is areas where the

particle concentration is high and other areas where the particle concentration is null.
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Figure 2-11. Preferable ranges of size and volume fraction of stabilizing particles for manufacturing a foam by

melt gas injection [78]

This is of primary importance in ensuring optimal properties of the foam. Indeed, the
strengthening effect of the particles have been investigated in several studies [79], [80] and

a non-uniform distribution of particles can locally result in lower mechanical properties.

In addition, the presence of particles can also lead to an embrittlement of the foam. Onck
et al. [81] characterized the microstructure of three metallic foams, two aluminum closed cell
foams and one Ni-Cr open cell foam, before and after in situ fracture tests. The
characterization of the two closed cells revealed precipitates or particles dispersed within the
microstructure due to the manufacturing process. The Ni-Cr open cell foam showed no
precipitates or particles. The results of the fracture tests of those three foams were clear.
The open cell foams showed a ductile fracture behavior, revealed by important necking

within the microstructure of the cell walls after the tests. On the other hand, the closed cell
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aluminum foams exhibit a ductile fracture due to void growth by plastic flow and a brittle
fracture due to cleavage of clustered precipitates. The embrittlement of the foam due to the
presence of precipitates is clearly demonstrated as the precipitates limit the dissipation of

energy by plastic deformation.

4. Aluminum Foams

4.1. Introduction and manufacture of metal foams

Metallic foams are engineered materials developed relatively recently. They have multiple
air/solid interfaces and a low density due to their high porosity, which give them interesting
thermal, mechanical and electrical properties. They are now widely used in the industry and
their applications range from structural components to energy absorption and thermal
management. Interesting properties of metallic foams include lightweight structures because
of their very good stiffness to weight ratio, mechanical damping, energy, and acoustic

absorption and thermal management.

Figure 2-12. Two aluminum foams (a) open cells aluminum foam (h) closed cells aluminum foam
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As defined by Gibson and Ashby [82], cellular materials are made up of an interconnected
network of solid struts and plates forming the edges and faces of cells. Foams are the 3D
representation of those structures and can be differentiated by how the solid is distributed
within the cellular structure. When the solid is distributed in the cell edges only, the foam
is said to be open-cell (Figure 2-12a). If the faces of the cells are solid too, the foam is said
to be closed cell and forms a network of unconnected pores (Figure 2-12b). This
differentiation is very important as the properties and therefore applications of the foam will

be impacted by it.

A critical parameter to determine the properties of the foam is the relative density. It is
defined as the ratio of the density of the foam p* divided by the density of the material
which makes the foam ps. High relative densities correspond to more solid distributed in the

cell walls and therefore more resistant foams.

Metallic foams can be made from a variety of metals but aluminum is the most used one.

It is light and possesses good mechanical properties when used in its alloyed forms.

Several manufacturing routes are available to make metallic foams which mainly differ in
the way that the pores are generated [77], [83]. It can be achieved by injecting directly the
gas into the molten metal, by inducing a gas releasing precipitation or by the introduction
of foaming agents directly into the melt. The melt gas injection process belongs to the first

category of routes.
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MELT GAS INJECTION
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Figure 2-13. A schematic illustration of the manufacture of an aluminum foam by the melt gas injection method
(CYMAT and HYDRO processes) [83]

A schematic illustration of the melt gas injection method is shown in Figure 2-13. It is
currently only used for the manufacture of Al foams. In this method, aluminum and SiC
particles are poured in a crucible to create an MMC melt. Using only aluminum would result
in a non-stable foam and in very difficult drainage of the foam. However, the addition of
insoluble SiC particles provides the required viscosity to the melt for the foam to slowly be
drained and solidify. The next step consists in injecting the gas (nitrogen, air, argon) through
rotating impellers or vibrating nozzles. It allows very fine and regular bubbles to be generated
and evenly distributed in the liquid metal. The addition of SiC particles stabilizes the
bubbles at this stage of the process. After injection of gas, the liquid is stable enough to be

pulled off from the tank and is cooled down to room temperature.
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As specified in [77], the advantage of this method over others is that it allows a large
amount of material to be produced therefore making it economically very interesting. The
drawbacks are that only aluminum foams are produced so far using this technique. The
drainage can cause a deformation of the cell structure and favor anisotropy. The addition of
insoluble particles must also be carefully monitored to avoid a detrimental impact on the
mechanical properties of the foam (see the section 3.4.4 about MMC in foam for more

information).

4.2. Mechanical behavior of aluminum foam

Mechanical testing includes compression, tension, and shear testing... Only the
compression behavior is discussed here but it is important to note that the properties of
foams in tension can be surprisingly different from the ones in compression. Thus, what is

explained in the following section will not apply to a foam solicited in tension or shear.

Sample size and preparation are critical to ensuring good results. Machining a foam is
damaging to the material and can create defects within the cellular structure. As reported
by Ashby [83], cutting foams with a band saw can cause a 15% decrease in mechanical

properties.
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Figure 2-14. (a) Stress-strain curve from a uniaxial compression test on a cubic specimen of a closed-cell
aluminum foam [84] (b) Schematic of compression curve for a metal foam showing properties [83]

The properties of metallic foams under compression exhibit a unique behavior, which
explains their use as structural components or shock absorbers. A typical example of a stress-
strain curve of foam under compression is shown in Figure 2-14. It shows three domains
associated with different deformation mechanisms of the structure [82]-[85]. The first one is
a linear elastic domain corresponding to cell wall bending and cell face stretching. Local
plasticity makes the unloading curve different from the loading one during this stage. As the
stress increases, the structure collapses at a constant load, corresponding to the plateau
observed on the curve. This is the plateau region, which explains the desirable energy
absorption properties of metallic foams. During this stage, yielding or fracture of the cell
walls and membranes occurs at constant applied load. Several authors studied the
deformation mechanisms of closed cells aluminum foams and they showed that the onset of
the plateau region corresponds to the first appearance of strain concentration inside the
structure [85]-[87]. By using strain mapping and tomography, it was shown that the
concentration occurs in the weaker cells. The weaker cells are defined here as the elongated
cells normal to the direction of loading and the ones having thin or entangled walls [85], [88].
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Further increasing the stress results in a propagation of the strain in the neighboring cells
and the appearance of a deformation band. Once all the cells in the band have collapsed,
the same chain of events occurs in another area of the structure. The third and final stage
of deformation is the densification, beyond which the structure compacts and the stress rises
steeply. It appears when all the cells have collapsed and the stress is high enough to force
contact between opposing cells faces and walls. On the compression curve, the stress rises

sharply.

4.2.1. Influence of foam architecture and its characterization

Understanding the mechanical properties of foams is a complex task. Indeed, several
features govern the mechanical response of cellular materials. It is now known that the
mechanical behavior of foams depends on their structure: cell size and shape, the local
variation of density, the curvature of the cells. The most important characteristic of a cellular
solid is the relative density [82]. It is defined as the ratio of the density of the foam p* to
the density of the solid of which the foam is made ps. The relative density reflects the volume
fraction occupied by the solid and therefore its porosity. High density corresponds to higher
mechanical properties. Different models have been developed to quantify this influence. The
simplest one was proposed by Gibson and Ashby and connects some mechanical properties
(elastic modulus, plateau stress, densification strain...) to the relative density. However, those
models have failed to predict the behavior of industrial foams. The reason is that it does not

take into account the influence of the cell shape and curvature of the cell walls. Indeed,
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several studies [87], [89], [90] have found shreds of evidence that cell geometry more than
cell size is of particular importance. Isotropic properties are associated with equiaxed cells.
However, when the cells are elliptical and elongated, the material is anisotropic and its
properties highly depend on the direction of testing. The analysis of the deformation
mechanisms showed that the elongated cells, perpendicular to the loading direction initiate

the failure of the material.

The morphology of the foam is mainly determined using microscopy techniques. Optical
microscopy and electron microscopy are the most common techniques used. The samples are
usually observed in cross-section and the microscopy gives 2D information about the cell
morphology and density of the foam. However, the observations are limited to cross-sectional
observations and information about the structure in the volume is difficult to obtain. That
is why more advanced techniques based on X-ray tomography are now used. It is a non-
destructive method, which gives a 3D presentation of the cellular structure. It also gives
valuable information about the geometry of the cells. The resolution of such techniques
ranges from tens of microns up to few microns. The study by Bart-Smith is one of the first,
if not the first, to mention the use of tomography to study the deformation behavior of
foams. The author used tomography to observe the onset of deformation at the cell level
during a compression test [85]. After that, several other studies have mentioned the use of
tomography to characterize foams [88], [91]-[95]. Nowadays, the tomographic data are
combined with FEM methods [91], [92], [95] to simulate the mechanical response of the foam

(see Figure 2-15). It allows using a real volume as opposed to using ideal structures.
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Figure 2-15. (a) Reconstructed volume of an aluminum foam obtained by X-ray tomography (b) 3D finite
element of the same volume from tomographic data [91]

4.2.2. Influence of cell wall properties and their characterization

The composition of the walls also affect the properties of the foam and several studies
investigated the effect of microstructure on the properties of metallic foams [96]-[98].
Markaki and Clyne [96] examined three closed-cell foams having comparable density and
morphology but having significantly different compositions and therefore microstructures.
Their results showed indeed an effect of the microstructure on the compressive and tensile

properties of the foam by tailoring the fracture mechanisms.

Schuler, et al. [97] examined the influence of the microstructure of an AlSi7Mg0.3
aluminum open cell foam on its mechanical properties in tension and compression. Al-Si-Mg
bulk alloys are usually subjected to a heat treatment to modify the morphology of the
eutectic Si platelets. The change of morphology from coarse, acicular to fine, fibrous eutectic
Si platelets is associated with great improvement of the yield stress compared to the as-cast

alloy. Thus, they decided to apply the same heat treatments commonly used for bulk alloys
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to the foam. They showed that the heat treatments have significantly less effect on the
microstructure of the foam than it has on the microstructure of a bulk Al-Si alloy. The shape
of the Si platelets was slightly modified and the onset of rounding of Si particles was
observed. However, the heat treatment favored the precipitation of fine, spherical
precipitates in the Al matrix. While the results of the mechanical characterization revealed
the importance of the Si platelet shapes on the fracture mechanisms of the foam, they also
revealed the negligible effect of the heat treatment on the mechanical properties. The
ductility was slightly improved because of the rounding of the Si platelets but nothing
compared to what is usually observed in bulk alloys. In conclusion, conventional heat
treatments are not very effective to modify significantly the microstructure of a foam.

Specific heat treatments must, therefore, be developed for foams.

More recently, Islam et al. [98] examined individual cell walls of an Al-Si closed-cell
aluminum foam reinforced with AlO; particles. The failure has been observed as a
combination of little ductile tearing and largely cleavage fracture. The presence of micropores
and micro-cracks provided a natural path of crack propagation. Specifically, the combination
of high void fraction regions and B-AlFeSi was the preferred pathway of crack propagation.

The microstructure plays, therefore, a critical role in the failure mechanisms of cell walls.

4.2.3. About size effect in foams

Aluminum foams are often used in structural sandwich panels. It is then important to

understand the effect of specimen size (compared to the cell size) on the mechanical
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properties. Size effect manifests itself when the material dimensions are close to the length
scale of the structural features, in this case, the cell. Andrews et al. [99] were among the
firsts to address this issue and their results are now used as a rule to design aluminum foam
material. In order to quantify the influence of specimen size, they measured the mechanical
properties of foams having a normalized size ranging from 1 to 18. The normalized size is
defined as the ratio of the specimen thickness to the average cell size. As shown in Figure
2-16, the properties become independent of the sample dimensions when the normalized size
exceeds 8. The mechanisms explaining this size effect have to be found in the effect of the
decreased constraint at the free surface of the foam, giving a reduced boundary layer
stiffness, and the area fraction of cut cell walls at the boundary which remains stress-free

[99]. Both contribute to lower the properties observed in Figure 2-16.
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Figure 2-16. The effect of the ratio of specimen size to cell size on (a) Young’s modulus and (b) on compressive

plateau stress for two aluminum foams. The modulus and strength become independent of size

when the sample dimensions exceed about seven cell diameters [83], [99]



Summary of the properties of aluminum foams

Aluminum foams are cellular materials and exist as open or closed cells. Several
manufacturing routes are available to make metallic foams, which mainly differ in the way
that the bubbles are generated. The melt gas injection process is exclusively used to

manufacture aluminum foams and several foam densities can be achieved.

The cellular structure gives foams a unique compression behavior characterized by a
linear elastic region during which the structure deforms elastically and very few plastic
events occur. As the stress increases, the weakest cell walls deform and the deformation
propagates along the sample thickness; this is the plateau region. Once all the structure has
failed, the densification takes places, beyond which the structure compacts and the stress

rises steeply.

The mechanical properties depend on the cell morphology, which includes the relative
density (defined as the ratio of the foam density to the density of the alloy the foam is made
of), the cell size and shape. The composition of the cell wall also defines the overall properties
of the foam. Thus, as explained by Markaki and Clyne [96], optimization of their performance
clearly requires an understanding of the interplay between processing conditions, cell
structure, cell wall microstructure and mechanical response under various types of applied

load.
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CHAPTER TWO - RESUME EN FRANCAIS

Ce chapitre présente des connaissances fondamentales associées aux deux matériaux
utilisés dans cette theése. La premiere partie de ce chapitre aborde la notion de revétement
et d'adhésion. Les principes fondamentaux du processus de dépot HVOF et de la structure
de revétement sont introduits. Ensuite, I'impact du sablage sur les propriétés du substrat et
les mécanismes d’adhésion sont présentés. La deuxiéme partie constitue un état de 'art des
connaissances actuelles sur les mousses d’aluminium et la caractérisation de leurs propriétés
mécaniques. Ainsi, la microstructure des alliages d’aluminium conventionnels est présentée
ainsi que plusieurs notions sur les composites a matrice métallique. Enfin, une présentation
des mousses, allant de leur fabrication a la caractérisation de leurs propriétés mécaniques

est proposée.

Une interface est souvent représentée comme un plan ou deux matériaux différents se
connectent a un niveau atomique mais la réalité est souvent beaucoup plus complexe. Dans
la plupart des systemes, l'interface consiste en une zone de transition ou certaines des
propriétés sont significativement différentes de celles du reste du volume. La taille de cette
région de transition peut étre limitée a quelques plans atomiques dans le cas de joints de
grains ou a des centaines de microns dans le cas de processus controlés par diffusion. Les
propriétés mécaniques de cette « interphase » different de celles des matériaux assemblés et

sont critiques pour les propriétés mécaniques globales du matériau composite. Les matériaux
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revétues ainsi que les mousses d’aluminium sont deux parfaits exemples de systemes pour

lesquels les interfaces sont cruciales dans la définition de leurs propriétés mécaniques.

La projection thermique par HVOF permet d’atteindre de trés grandes vitesses et de
produire des revétements relativement denses a faibles porosités. Le grenaillage est la
principale méthode pour préparer la surface d’un substrat avant dépot, car il favorise
l'interaction mécanique entre le substrat et le revétement en modifiant sa rugosité.
Cependant, son impact sur les propriétés mécaniques et la microstructure peut étre
préjudiciable. En effet, le sablage implique d’envoyer des particules a tres haute vitesse sur
la surface du substrat. Par conséquent, des contraintes et des déformations élevées sont
induites lors du processus. Cela conduit & un état de contraintes résiduelles complexe ainsi
qu'a un affinement de la microstructure similaires a ceux observés au cours de phénomenes
de déformation plastique sévere. De plus, le processus laisse des particules résiduelles pouvant
étre incorporées a la surface du substrat. Plusieurs articles ont évalué et décrit 1'effet néfaste
sur les propriétés de fatigue dans les alliages de titane utilisés pour les protheses. Il a été
montré que ces particules diminuent la durée de vie en fatigue en agissant comme sites

préférentiels pour la nucléation de fissures.

Par conséquent, une caractérisation et une compréhension précises de l'impact du sablage
sur les propriétés mécaniques du substrat a l'interface sont nécessaires pour identifier les

parameétres controlant 1'adhérence du revétement sur le substrat.
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Le deuxieme matériau utilisé dans cette étude est une mousse d’aluminium. Les mousses
d'aluminium sont des matériaux cellulaires qui se distinguent par leur porosité qui peut étre
ouverte ou fermée. Plusieurs voies de fabrication sont disponibles qui different
principalement par la maniere dont la porosité est générée. La technique « Melt Gas
Injection », utilisée dans cette étude, est exclusivement utilisée pour fabriquer des mousses

d'aluminium et plusieurs densités de mousse sont possibles.

La structure cellulaire confere aux mousses un comportement en compression unique
caractérisé par une zone élastique linéaire au cours de laquelle la structure se déforme
élastiquement et tres peu de déformation plastique est générée. Lorsque la contrainte
augmente, les parois les plus faibles se déforment et la déformation se propage le long de
1'épaisseur de 1'échantillon; c¢'est la région du plateau. Une fois que toute la structure a cédé,
la densification prend place, au-dela de laquelle le matériau se compacte et la contrainte

augmente fortement.

Les propriétés mécaniques dépendent de la morphologie de la structure cellulaire, qui
comprend la densité relative (définie comme le rapport entre la densité de la mousse et la
densité de 1'alliage dont est constituée la mousse) ainsi que la taille et la forme des pores. La
composition des parois de la mousse définit également les propriétés globales de la mousse.
Ainsi, 'optimisation de ce type de matériaux nécessite a la fois une compréhension des

conditions de traitement, de la structure cellulaire et de la microstructure.
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CHAPTER TROIS

Materials and Experimental
Methods

his chapter provides a detailed record of the procedures that were followed when

completing the experiments discussed in the dissertation. The first section
focuses on the presentation of the materials and the sample preparation procedures. Due to
their differences, the samples studied required the development of two distinct surface
preparation procedures. It is followed by the discussion of the X-ray tomography technique
used for the quantification of the foam morphology and to determine the macroscale
compression mechanisms. Subsequently, the working principle and the apparatus are
presented. The procedure developed to characterize the cellular structure using the Avizo

software is then discussed.

The nanoindentation technique, used to characterize the hardness of the material at the
microstructural level, is then extensively explained. Finally, the different microscopy

techniques used to image and characterize the microstructures are presented.
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1. Material and surface preparation

1.1. Materials

1.1.1. Coating/substrate system

Thermal spray coatings and more specifically HVOF sprayed coatings are industrially
used to protect components from wear and corrosion damages. The adhesion between the
coating and the substrate is an essential parameter governing the life of mechanical parts.
The system presented in this work is commercially available in the manufacture of ball
valves for the oil and gas industry. To improve the lifetime of the valve, the
coating/substrate interface was investigated. In this end, the exact coating conditions and
materials originally used on the commercial products were reproduced on 100x20x5 mm bars
as depicted in Figure 3-la. However, the surface treatment and spray parameters are

proprietary and thus excluded from this dissertation.

The substrate is a 17-4 precipitation hardening (17-4PH) martensitic steel, the
composition, and properties of which are shown in Table 3-1 and Table 3-2 respectively.
The steel is in the H1150 condition meaning that it underwent a heat treatment at 621°C
(1150°F) from the solution treated condition. The surface of the steel substrate was prepared
in two different ways prior to the coating deposition process. One sample was grit blasted

with alumina particles and another one was polished up to 1um with diamond suspension.

Following the surface treatments, both samples were coated with a cermet material
powder made of chromium carbides Cr;C; embedded in a NiCr metallic binder (80% CrsC.
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- 20% NiCr) and size —45/+11 pm. The coating is produced by High-Velocity Oxy-Fuel
(HVOF) spraying and is 250 pm thick. Again, the surface treatment and spray parameters

are proprietary and thus excluded from this dissertation.

Table 3-1. Chemical composition of the 17-4PH stainless steel substrate [100]

Composition
Name
C Mn Si Cr Ni p S Other
3.0 - 5.0 Cu
17-4PH 0.07 1.00 1.00 15.5-17.5 3.0-3.5 0.04 0.04
0.15 - 0.45 Nb
Table 3-2. Selected mechanical properties of the 17-4PH stainless steel substrate [100]
Yield strength .
Condition E (GPa) UTS (MPa) (MPa) Hardness HRC Poisson’s ratio
H1150 196 930 725 28 0.272

Samples were embedded in a carbon-filled resin using a hot mounting press following the
procedure described in Figure 3-1. Two pieces of materials were extracted from a bar
provided by the manufacturer in two cross-sectional directions as shown in Figure 3-1a
and b. The two pieces were mounted in the same resin and faced each other to ensure a

uniform polishing of the coating and substrate (Figure 3-1c).

H Coating n

~

Substrate

Figure 3-1. (a) Schematic representation of the coated bar as received by the manufacturer. The coating is in
red and the substrate in grey. (b) Schematic representation of the samples as mounted in the resin.

(¢) Photograph of the samples mounted in the conductive carbon filled resin.
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1.1.2. Aluminum Foam

A closed cell aluminum foam from Cymat was fabricated using the gas melt injection
process explained in Chapter 1 resulting in an absolute density of 440kg/m* and a relative
density of approximately 0.16. The density of pure aluminum (i.e., 2700kg/m?*) was used for
the calculation of the relative density. The foam is made from a metallic matrix composite
melt, here, an A359 Al-Si alloy mixed with SiC particles. The chemical composition of the

foam is shown in Table 3-3.

Table 3-3. Chemical composition of the aluminum foam obtained from the manufacturer

Foam ) , Other, Other,
Composition Al Cu - Fe Me Mn each Total

Si Ti Zn SiCp

Matrix

BER _ |4
(85% by weight) rem. 0.10 0.12 0.55-0.7 0.10 0.05 0.15  9.00 0.20 0.10

Reinforcement

- - - - - - - - 1
(15% by weight) 00

To ensure and facilitate the penetration of the resin into the cells of the foam, the resin
was first melted before applying the full-recommended pressure. Figure 3-2 shows the foam

after being embedded in a conductive carbon filled resin.

Figure 3-2. Photograph of the aluminum foam sample embedded in a conductive carbon filled resin
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1.2. Grinding and polishing

The development of good polishing procedures is critical to ensure reproducibility in the
observations and the measurements. Moreover, in the case of nanoindentation, the surface
needs to be as clean as possible in order to avoid any artifacts in the measured values
resulting from the surface preparation. A clean surface means a flat non-deformed surface
having a low roughness with no scratches, no residual polishing particles, and no work
hardening. It was achieved by developing a specific procedure for both the coated material
and the foam. All the successive stages in the grinding and polishing process have been
performed with an automatic polishing machine MECATECH 234 from PRESI (Figure 3-3).
The force applied on the samples, rotating speeds of the plate and the polishing head are
controlled for optimal quality of polishing. The flow of lubricants or abrasives is controlled

as well allowing a precise dosage, ensuring perfect reproducibility, whatever the user is.

Figure 3-3. Polishing device Mecatech 234 - PRESI
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The procedures involve conventional metallographic preparation with resin bonded
diamond discs followed by polishing with diamond suspension solutions up to 1pm. Finally,
chemical mechanical planarization (CMP) using non-crystallizing colloidal silica was used.
To remove the excess of colloidal silica, the surface is cleaned with a surfactant solution
using a PVA sponge and dried with nitrogen. Final cleaning of the surface is carried out by
CO, snow blasting. Table 3-4 summarizes the surface preparation procedures for each
material, detailing the polishing cloths and solutions as well as the parameters of the

polishing machine employed.
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2. Computed tomography

This section introduces the p-Computed Tomography technique (uCT) in order to
explain the benefits for the characterization of foams. It is then followed by a quick
presentation of the technique in addition to the working principle of the instrument. Finally,

the apparatus and experimental details are presented.

X-ray tomography is a nondestructive technique for imaging of a solid object. It gives
access to information about the volume and internal features of the material. The most
common way to scan the volume is by performing multiple radiographs while the sample is
incrementally rotating. The output of a tomographic scan is a set of slices corresponding to
what the material would look like if sliced open along a specific axis. The slices are made of
voxels, which can be understood as the 3D version of pixels, and corresponds to a certain
thickness of the material being scanned. The volume is reconstructed by stacking all of the

slices together.

In materials sciences, uCT is more and more used as a laboratory tool to characterize the
internal geometry or assess the internal damages of a structure or a material [101]-[103]. In
Finite Element Modeling (FEM), it is used to mesh and perform calculations on a real

volume instead of using ideal geometries [92], [104], [105].

For foams, X-ray tomography is mostly used to characterize the morphology of the
cellular structure as it gives access to internal 3D information about the size and shape of

the cells. In addition, tomography has brought understanding on the deformation
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mechanisms of cellular materials by imaging the material when subjected to compression or

tension loading [88], [89], [92]-[95].

2.1. Fundamentals

X-ray tomography is based on the interaction between an incident X-ray beam directed
at a sample from multiple orientations and collected by a detector placed on the other side

as shown in Figure 3-4.

Detector

B |

Sample

Turn Table

X-Ray source

Figure 3-4. Schematic representation of the cone beam transmission tomography (reproduced from [106])

In transmission tomography, the Beer-Lambert law describes the attenuation of the

incident X-ray due to the sample as

11 == Ioe_”S, Eq 3-1
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where [, is the intensity of the incident beam, I; is the intensity of the beam transmitted
through the sample following the path s and u is the linear attenuation coefficient which is

a function of the density and the atomic number of the body being scanned.

2.2. Apparatus

Figure 3-5 shows the UltraTom XL tomograph by RX-SOLUTIONS used throughout
this work (Institut Pprime ISAE - ENSMA - Poitiers). It has three divergent X-ray sources:
two microfocus X-Ray sources of 150kV, 230kV, and a nanofocus X-Ray source with an
acceleration voltage of 160kV. The 160kV nanofocus is used when a high resolution is
necessary. We used the 150kV microfocus to determine foam morphology. An attempt to
characterize the microstructure of the aluminum foam was also made using the 160kV
nanofocus. The sample is installed on a turntable, which rotated the sample during the scan.
The glue used to put the sample on the holder must be rigid enough to avoid vibrations
during the rotation of the sample. The source/sample and sample/detector distances are a

compromise between a good resolution and an acceptable acquisition time.

The reconstruction software Xact is used to reconstruct the volume into a stack of images
in the three directions. The image analysis software Avizo is then used to reconstruct the

volume from the stack to perform the morphology analysis.
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N
230kV microfocus
X-ray source

150kV microfocus
X-ray source

i 160kV nanofocus
X-ray source

Figure 3-5. RX-SOLUTIONS tomograph from Pprime Institute (ISAE - ENSMA - Poitiers)

2.3. Experimental details and image processing procedure

2.3.1. Tomography experimental details

Two samples were used to characterize the morphology and are shown in Figure 3-6a
and b. The dimensions of the samples were slightly different leading to two different voxel
sizes, 30 and 24um for sample 1 and 2 respectively. The dimensions of the samples are a
compromise of a good resolution of the scan, so the details of the structure are captured,

and a volume statistically representative of the cellular structure.
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a b
Sample 1
Voxel size: 30u:

o Sample 2
g Voxel size: 24

=

Figure 3-6. A tomographic image of the two samples used to characterize the morphology of the foam. The two
samples have different dimensions resulting in different voxel size. (a) Reconstruction of sample 1
(voxel size 30um) (b) Reconstruction of sample 2 (voxel size 24mm)

2.3.2. Relative density calculation

The relative density was calculated as the percentage of black pixels of the binary image
shown in Figure 3-7b. Distribution of the relative density along the sample height was
obtained by calculating the percentage of black pixels for each slice in the direction of the
sample thickness. The binary images and calculations were obtained with ImageJ by using

the built-in “MaxEntropy” thresholding method and the “Stack measurements” module.

2.3.3. Cell size quantification
The cell size was analyzed using the Avizo software. It was done by following several
steps consisting of cell detection, cell post-processing, and cell measurements. Figure 3-7
shows the essential steps on how to compute the distribution of cell diameters in the foam.
The first thing to do is to detect the cells from the original image (Figure 3-7a and b)

using a threshold binarization tool. In the binary image, all pixels that meet the imposed set
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of conditions (here, the condition is pixel intensity within the two bounds set of thresholding)
are set to a value of 1 and all other pixels are set to 0. The blue pixels correspond to the
voids of the structure while the black ones correspond to the solid material (cell walls and

faces).

The post-processing treatment is necessary to correct the irregularities of the structure
that appear due to poor resolution. Figure 3-7c and Figure 3-7d show the result of the

post-processing. Only the cells of interest have been kept and labeled.

Original slice from CT Pore detection

Pore post processing

Figure 3-7. Procedure for the analysis of porosity (a) original image as obtained after tomography (b) pore
detection after threshold binarization (c¢) post-processing; only the pores of interest are left (d)

post-processing; each pore is detected and labeled for analysis.

After post-processing, only the cells of interest are left and indexed. The morphology of
the cells is characterized by calculating the surface and the volume of the cells, the equivalent
diameter, corresponding to the diameter of a sphere of the same volume, and the sphericity,

describing how spherical an object is.
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3. Nanoindentation

Nanoindentation was used to characterize the local hardness and Young’s modulus of the
materials at the microstructural level. This presents the theory behind classical
nanoindentation. The apparatus and experimental details are then presented. Finally, the
hardness cartography technique based on the analysis of a large number of indentations is

explained.

3.1. Introduction and description of the method

Nanoindentation also called instrument indentation testing (IIT), is an evolution of the
regular indentation test and is used to measure mechanical properties at very small scale,
which makes it particularly suitable for determining the local mechanical properties of
materials. The nanoindentation was developed in the early 1990s following the work of Oliver
and Pharr, but earlier studies were performed in the 1970s and 1980s. We can cite the work
of Loubet et al. in 1983, which was among the first to propose a modified indenter, which is

capable of continuously recording the penetration depth and load.

Compared to regular indentation tests, small loads can be applied up to a few
micronewtons and the load and displacement of the indenter are continuously recorded. The
mechanical properties are determined from the load-displacement data without imaging the
residual imprint, leading to a better resolution at a small scale where the residual impression

can be difficult to image.
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Figure 3-8 shows a characteristic nanoindentation curve obtained during one full cycle
of loading and unloading. The important variables are the maximum force reached during
the test Fua, the true contact depth h., the maximum depth reached during the test huyax,
the depth of the residual imprints after removal of the indenter h, and the contact stiffness

at the beginning of unloading S.

max
Surface profile

after load removal Indenter profile

Original surface
| profile
|
i/

|
5 " i ﬁ-’
hC .
: Surface profile

i a under load

Loading ///' ;
Unloading /

) }lh\\k .-

P he forg=1 hc for £=0,72

L
-

Load, P

Penetration depth, h

Figure 3-8. Schematic representation of indentation load-displacement data during a loading-unloading cycle
[107]

A nanoindentation test is comprised of a loading and an unloading part. As the indenter
penetrates into the material, both elastic and plastic deformation usually occur resulting in

a residual impression that conforms to the shape of the indenter to a contact depth h. also
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called true penetration depth. During unloading, only the elastic part of the deformation is
recovered. If the material deformed plastically, the final depth h, will be non-zero and
correspond to the plastic contribution of the total depth hms. If no plastic deformation
occurred, h, is null. If a purely elastic deformation is assumed during the unloading, the
slope S of the curve during the first stages of unloading corresponds to the stiffness of the

elastic contact.

Various indenter shapes and materials are available. They are usually made of diamond
to reduce the contribution of the indenter itself in the total displacement. The most common
shape is the Berkovich tip. It is a three-sided pyramid with a centerline to face angle of
65.3°. This three-sided pyramid tip ensures a lower tip defect compared to other pyramidal

tips and is thus more appropriate for very low penetration tests.

The hardness in nanoindentation is defined as the Meyer hardness, which is the maximum

applied load divided by the projected contact area under load and is given by

Eq. 3-2

where H is the hardness, P the applied load, A, the projected contact area.

The modulus is derived from the Sneddon relationship [108] described later and can be

written as

poYn S
r—zﬁ\/A—p;

Eq. 3-3

65



where E, the reduced modulus, S the slope of the upper part of the unloading curve, and g
a geometric constant. Eq. 3-3 is derived from the elastic contact theory in which the contact
is modeled by a rigid indenter of known shape in elastic contact with an elastic medium.
The reduced modulus F, accounts for the deformation of both the indenter and the sample

and is defined as

— = + ' , Eq. 3-4

where F; and v; are the elastic modulus and Poisson’s ratio, respectively of the indenter and
E and v are the properties of the indented material. For indenters made of diamond,
Ei=1141GPa, and v;=0.07. As explained by Hay and Pharr, Eq. 3-3 was developed for an
axisymmetric indenter and applies to circular contact. However, by adapting the value of
the constant B, the formula can be used for other indenters. Thus, for indenters with a

triangular cross-section like Berkovich, the value of B is 1.034 [109].

Both relationships in Eq. 3-2 and Eq. 3-3 require knowing the projected contact area,
which is obtained from the true penetration depth during the contact, h.. The true
penetration depth is a fundamental notion in nanoindentation, which describes the depth at
which the indenter and material are in contact (see Figure 3-8). Doerner and Nix (1986),
Oliver and Pharr (1992) and Woirgard and Dargenton (1997) proposed various
methodologies for calculating h. from the indentation curve and for interpreting

instrumented indentation data.
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Moreover, Doerner and Nix defined h. as the intercept of the initial unloading slope with
the horizontal axis, which works well for a flat punch approximation. However, this definition
does not apply for conical and pyramidal indenters. Thus, based on their observations, Oliver
and Pharr introduced a geometric constant € accounting for the effect of the indenter shape

on the true contact depth, which is then defined as

P
he = hyax — a%, Eq. 3-5

where fiyg, is the maximum depth reached during the test, & is an empirical geometric
constant, P, is the maximum load reach during the test, and S is the slope of the upper
part of the unloading curve. The value of the constant & depends on the geometry of the
indenter and is determined from experiments in many different materials. Woirgard and
Dargenton [110] and then Pharr and Bolshakov [111] proposed to estimate the value of
epsilon from the exponent of the power law fitting the unloading curve. Their analysis is
based on the concept of the effective indenter and on the Segedin’s equations. This method

has been used in this study. For Berkovich indenters, epsilon is €=0.75.

The final step is to determine the projected area from the contact depth. In the case of

an ideal Berkovich indenter, the area function is written as

A, = 24.5h2, Eq. 3-6

However, indenters always demonstrate a tip defect inherent to the fabrication of the tip

itself but also because of a loss of ideality and shape with time. It is accounted for by
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regularly calibrating the area function by indenting a material of known modulus (usually
Silica E=72GPa). Using the Sneddon relation (Eq. 3-3), the projected area is calculated for
different values of h.. The evolution of the projected area as a function of the contact depth

is then plotted and fitted using a simple equation as proposed by Oliver and Pharr (Eq. 3-7)

Ap(h) = Cohe+Cihg + CohY? + CshY™* + C4hY® + Csh)™ .. Eq. 3-7

Summary of the nanoindentation technique

Nanoindentation is commonly used to determine the hardness and modulus of a material
at a very small scale. The properties are determined from the load versus displacement curve,
an example of which is shown in Figure 3-8. However, the projected area of the indenter
must first be calculated. The first step to achieve that is to determine the contact depth h..
Several methods have been proposed in order to analyze the indentation curve. Eq. 3-5 offers
the definition of the contact depth by Oliver and Pharr. Once the contact depth is
determined, the function area A,, describing the projected area as a function of the contact
depth must be determined. Due to the inherent non-ideal shape of the indenter and its wear
with time, the area function is regularly calibrated and can be fitted using Eq. 3-7. Once the

area function is known, the hardness and modulus are calculated using Eq. 3-2 and Eq. 3-3.

3.2. The U-NHT “Ultra nano-hardness tester” by ANTON PAAR

The nanoindenter in this study is a U-NHT “Ultra nano-hardness tester” from ANTON

PAAR. It has two symmetrical columns, one associated with the indenter head and one with
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an active reference (Figure 3-9). The advantage of the active reference is to remove the
thermal drift problems usually associated with nanoindentation measurements. The reference
and indenter head are 2.5 to 3mm apart from each other. Carefully preparing the sample
surface and optimizing its flatness is necessary to ensure that both the indenter and the

reference work in the same plane.

Piezoelectric
actuators

C,:indenter’s load

cell capacitive sensor C,: reference’s load

cell capacitive sensor

C,: penetration depth
differential capacitive

sensor
Indenter / \Reference
Sample
rized table

Figure 3-9. A schematic representation of the U-NHT nanoindenter

Each column possesses its own piezoelectric actuator, which controls its displacement.
The displacements induced by the piezoelectric actuators are transmitted to the indenter
and reference heads by two springs of stiffness K; and K, with one end attached to the

piezoelectric actuator and the other end attached to either the indenter or the reference.

The device has the capacity to monitor the indenter head both in displacement and in
force as opposed to more traditional devices for which the indenter is force driven only. The

load applied by each column is calculated from the compression of the springs K; and Ko,
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which is determined by the capacitive sensors C; and C; respectively. The displacement
control capacity of the indenter head is derived from the differential capacitive sensor C
used to evaluate the displacement of the indenter head relative to the reference, maintained
at a constant load. Moreover, the sample is fixed on a motorized table allowing displacements
in the X and Y directions with a resolution of 1 um. It is also equipped with two objectives

lenses, x5 and x100.

In conclusion, the indenter column has independent load and displacement sensors. The
thermal drift is almost null and the device possesses great mechanical stability thanks to the
active referencing of the surface. The motorized X-Y table allows achieving large arrays of

indentations.

3.3. The cartography method

The nanoindentation cartography can be backtracked to Ulm et al. [112] who stated that
nanoindentation is mainly used to study homogenous materials. They were looking for a way
to apply the nanoindentation technic to heterogeneous microstructures. In their efforts, they
developed a method based on the statistical analysis of a grid of nanoindentation. At that
time, it was made possible by the development of motorized X-Y tables, which allow for

accurate control of displacement of a sample between two indentations.
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Figure 3-10. Hardness cartography applied to a plasma-nitrided 316 stainless steel (a) SEM image of the array
of indentations used to reconstruct the hardness map (b) Hardness map revealing the
heterogeneities of the hardness of the microstructure [113]

The statistical analysis performed on the grid allows for extraction of the individual
properties (hardness and modulus) of individual microstructural features provided that the
resolution (e.g. step size) of the grid is satisfactory. Following the Work of Ulm et al.,
Randall et al. [114] and later Tromas et al. [113], [115] improved the technic by representing
the results as a surface map where each pixel represents a single nanoindentation test. A
color chart is associated with the hardness and modulus values, and a bicubic interpolation
is applied to build the map from the discrete dataset. The surface of the sample can then be

represented in terms of its hardness or modulus values.

Figure 3-10 illustrates the method applied to the characterization of a plasma-nitrided
polycrystalline stainless steel. First, a regular array of indentations is made. The size and
depth of the indentations are selected to minimize the step size of the array, and thus

increase the resolution of the cartography while ruling out the influence of the surface
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morphology. An interpolation method is applied to build the map from the discrete dataset
and a color chart is associated with the hardness or modulus values. The choice of the
interpolation method is important because it can lead to artifacts on the maps. For instance,
in the case of a two-phase material having highly dissimilar properties, a bicubic
interpolation artificially underestimates or overestimates the interpolated value at the

interface. Therefore, in some cases, the nearest neighbor interpolation will be preferred.

4. Characterization of the microstructures

The microstructures were observed at different scales using several microscopy techniques
including Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and
Transmission Electron Microscopy (TEM). Details on the equipment and conditions used

are given.

4.1. Scanning electron microscopy

Scanning electron microscopy is used to image organic and non-organic specimens with a
resolution ranging from the nanometer to the micrometer. The area of interest is scanned
with a very thin focused electron beam (few nanometers of diameter) which can be moved
across the sample surface or maintained in a specific area. The imaging signals are produced
from the interaction of the electron beam with the sample and include secondary electrons,
backscattered electrons, characteristic x-rays, and photons of various energies. These signals

are obtained from specific emission volumes within the sample and can be used to examine
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many characteristics of the sample (surface topography, crystallography, composition, etc.)

[116).

A JSM-7001F-TTLS scanning electron microscope from JEOL was used throughout the
study. It is equipped with a field emission gun that generates a very fine probe of 1 to 2nm
diameter. The system is equipped with secondary and backscattered electron detectors and
both of them will be used depending on the nature of the observation necessary. Acceleration

voltage ranging from 5 to 20kV were used.

An Energy Dispersive Spectroscopy (EDS) system is installed in the SEM chamber and
allows for chemical characterization of the samples. Chemical analysis was performed at
10kV and before each EDS scan, the system was calibrated for photon energy using a cobalt

target.

4.2. Atomic force microscopy

The atomic force microscopy is based on the measurements of the forces of interaction
between the atoms of a tip attached to a cantilever beam and the surface of the material.
The forces are recorded by measuring the deflection of the cantilever beam by recording the

deviation of the laser reflected from the back of the cantilever.

The AFM was carried out using a Dimension 3100 microscope from Brucker (Santa
Barbara, CA) in tapping mode in order to characterize the surface resulting from the sample

preparation. The AFM files were processed using WSxM software [15].
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4.3. Transmission electron microscopy

The TEM possesses very high resolution compared to the SEM. In some cases, features
as small as a few tenths of nanometers can be imaged. As opposed to SEM, TEM relies on
the detection of electrons transmitted through the sample, which requires very thin

specimens to be used (around 100nm thick).

A Philipps CM20 microscope operating at 200KV was used for the observations of the
microstructure at the nanometer scale. For further analysis, a JEM-2200F'S microscope from
JEOL was used. It is equipped with a scan generator, which enables scanning transmission
electron microscope (STEM) operations. It is also equipped with Energy Dispersive
Spectroscopy (EDS) and Electron Energy Loss Spectroscopy (EELS) systems for chemical
analysis. Our specimen was too thick to be analyzed by EELS so only EDS was used for

chemical characterization.

The specimen was prepared using the Focused Ion Beam (FIB) lift-out technique. The
Helios Nanolab G3 CX DualBeam FIB/SEM from FEI equipped with a Gallium source was
used. The FIB lift-out technique allows for the preparation and extraction of a thin foil from

the specimen by ion milling for TEM observations.

The TEM was used to image the microstructure of a cell wall at the nanoscale scale. Both
the precipitates and dislocations are characterized. Moreover, EDS analysis was performed

in the dendritic phase to identify the composition of the precipitates.
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CHAPTER THREE - RESUME EN FRANCAIS

Ce chapitre fournit un descriptif détaillé des procédures qui ont été suivies lors de la
réalisation des expériences discutées dans la these. La premiere partie porte sur la
présentation des matériaux et les procédures de préparation des échantillons. Deux
matériaux ont été étudiés. En raison de leurs différences, les échantillons étudiés ont nécessité
le développement de deux procédures de préparation de surface distinctes. Ensuite est
présentée la technique de tomographie par rayons X utilisée pour la quantification de la
morphologie de la mousse et pour déterminer les mécanismes de compression macroscopiques.
La technique de nanoindentation, utilisée pour caractériser la dureté du matériau au niveau
microstructural, est ensuite amplement expliquée. Enfin, les différentes techniques de

microscopie utilisées pour imager et caractériser les microstructures sont présentées.

Les revétements par projection thermique et plus spécifiquement les revétements
pulvérisés par HVOF sont utilisés industriellement pour protéger les composants contre les
dommages dus a 1'usure et a la corrosion. Or, 1'adhésion entre le revétement et le substrat
est un parametre essentiel pour la durée de vie des pieces revétues. Le systéme présenté dans
ce travail est disponible dans le commerce dans la fabrication de vannes a boule pour
l'industrie pétroliere et gaziere. Les conditions de revétement exactes et les matériaux utilisés
sur les produits commerciaux ont été reproduits sur des barres de 100 x 20 x 5Smm.
Cependant, les parameétres de traitement de surface et de pulvérisation exacts sont

confidentiels et ne sont pas détaillés dans cette these.
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Le substrat est un acier martensitique (17-4PH). La surface du substrat en acier a été
préparée de deux manieres différentes avant le dépot du revétement. Un échantillon a été
sablé avec des particules d'alumine et un autre a été poli avec une suspension de diamant

Tpm.

Apres les traitements de surface, les deux échantillons ont été revétus d’un revétement
composé de carbures de chrome Cr;Cs et d’une matrice métallique NiCr (80% CrsC>-20%
NiCr). Le revétement est produit par projection thermique & haute vitesse (High velocity

Oxy Fuel en anglais). L’épaisseur du revétement est de 250pum.

Le deuxiéme échantillon étudié est une mousse d’aluminium fournie par 'entreprise
Cymat et fabriquée en utilisant le procédé « Melt Gas Injection » détaillé dans le chapitre
1. La densité absolue de la mousse est de 440 kg/m?, ce qui correspond & une densité relative
d'environ 0,16. La densité de l'aluminium pur (c'est-a-dire 2700 kg/m?) a été utilisée pour
le calcul de la densité relative. La mousse est fabriquée a partir d'un composite a matrice
métallique, ici un alliage aluminium-silicium A359 mélangé & des particules de carbure de

silicium (15% du volume total).

Plusieurs techniques ont été employées pour caractériser les microstructures et propriétés
mécaniques des échantillons. La mousse, en particulier, s’est révélée étre complexe a
caractériser de par sa nature multi-échelles. La tomographie par rayons X a été utilisée pour
caractériser la structure cellulaire. C’est une technique d’imagerie non destructive qui donne

acces & des informations sur le volume et les caractéristiques internes du matériau. La
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méthode la plus courante d’utiliser la tomographie consiste a effectuer plusieurs
radiographies lors de la rotation de 1'échantillon. Le résultat d'un scan tomographique est
un ensemble d’images correspondant au matériau s’il était découpé en tranches. Le volume

est reconstruit en empilant toutes les tranches ensemble.

Au cours de cette theése, les propriétés mécaniques locales ont été caractérisées par
nanoindentation et plus particulierement par cartographie de nanoindentation. La
nanoindentation est couramment utilisée pour déterminer la dureté et le module d'un
matériau a tres petite échelles. Ainsi, la littérature fournit de nombreux papiers détaillant
son fonctionnement. La cartographie de nanoindentation est plus récente et a été développée
il y a une dizaine d’années grace a 'amélioration des systemes d’indentations. Cela consiste
a effectuer un grand nombre d’indentations organisées en un réseau régulier et d’effectuer
une analyse statistique de ce réseau pour reconstruire une carte de propriétés mécaniques,
ici la dureté et/ou le module d’Young. La technique de cartographie par nanoindentation a

été appliquée a la caractérisation des deux matériaux.

Enfin, les structures et microstructures ont été caractérisées grace a plusieurs techniques
de microscopie incluant la microscopie optique (OM), la microscopie électronique a balayage
(MEB), la microscopie électronique en transmission (MET) et la microscopie a force

atomique (AFM).
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CHAPTER QUATRE

Characterization of mechanical

properties at the interface HVOF

rit blasting with alumina particles is a conventional method used to prepare

substrate surfaces in order to improve the adhesion of thermal spray coatings.
However, this process modifies the microstructure of the substrate and may weaken the
interface. This chapter presents an original experimental approach to characterize by
nanoindentation the local mechanical properties of a 17-4PH steel substrate at the interface
with a cermet CrsC,-NiCr coating and to correlate these properties to the microstructure. In
particular, the effect of grit blasting of the substrate with alumina particles, used to modify

its roughness and improve the coating adhesion, is discussed.

1. Microstructural characterization

In this section, the microstructures of the coating and substrate are presented with a

strong focus on the interfacial region. The microstructures of both the coating and the
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substrate result from the surface treatment and the coating deposition. The individual

contributions of the grit blasting and the coating deposition are discussed.

1.1. Microstructure of the interface: residual alumina particle

Figure 4-1 illustrates the microstructure of the interface in cross-section. The sample
was grit blasted with alumina particles before deposition of the coating and final polished
by chemical mechanical polishing (CMP) following the procedure presented in chapter 2.
Residual alumina particles are clearly visible. As indicated in the figure, the particles can be
either trapped at the substrate surface or completely embedded in the substrate. The
diameter of the residual particles varies but averages around 20um. The roughness of the
substrate is also clearly visible highlighting the impact of grit blasting on the substrate

surface. The peak-to-valley roughness ranges between 10 and 20pum.

Figure 4-1. Optical micrograph showing the microstructure at the interface. Residual alumina particles

introduced by the grit blasting are visible.
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The presence of residual alumina particles is not surprising and is revealed by the
polishing procedure. Indeed, the use of CMP permits to maintain the integrity of the
interface and the alumina particles and reveal microstructural details not discernable
otherwise. Residual grits are a common problem in the industry because considered as
detrimental for the adhesion. When trapped, the particles modify the wetting properties of
the coating particles during the deposition and impede the interaction between the coating
and the substrate resulting locally in poorly bonded regions [117], [118]. Embedded alumina
particles originate from an important deformation of the substrate overlying the particles
during the process. It is usually associated with a complex surrounding stress state that can
lead ultimately to failure. [119]-[121]. The blasting was here followed by flame cleaning to
reduce embedded inclusions. However, the technique is not effective in removing all residual

particles.

1.2. Coating microstructure

Figure 4-2a shows the initial powder imaged by electron microscopy. The powder is
homogeneous in size and the grains are hollow. Figure 4-2b illustrates the microstructure
of the as-sprayed coating. The dark particles are the carbides while the remaining material
is the NiCr binding matrix. The grey contrast observed in the matrix corresponds to different
Ni content. The brighter the matrix is, the more nickel it has. Conversely, the darker regions
of the Ni-Cr matrix correspond to higher chromium content. The results of EDS in the

coating shown in Figure 4-3 confirm this observation.
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Figure 4-2. (a) SEM image of the initial powder. (b) Typical microstructure of the as-sprayed coating obtained
from the powder shown in (a) (SEM).

Figure 4-3. EDS analysis performed in the coating. The brighter regions are associated with low Cr content
and high Ni content

A FIB secondary ion image of the coating matrix is shown Figure 4-4. FIB secondary
ion imaging is sensitive to chemical differences and this imaging mode is especially useful
here. It reveals small grains below lpm in diameter having distinct grey levels suggesting
different phases with various Ni and Cr content forming during deposition. The influence of
the microstructural features of the coating on the mechanical properties and adhesion in this

very same system were investigated elsewhere [22].
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Carbide

Figure 4-4. FIB image revealing small grain inside the NiCr matrix

1.3. Substrate microstructure

The substrate is a 17-4PH martensitic steel whose composition is detailed in Chapter 2.
Its characteristic microstructure is shown in Figure 4-5a. The material exhibits a lath
martensitic microstructure long known in the literature [122], [123]. However, it was not
until recently and the use of techniques such as EBSD that the exact details of the
microstructure were elucidated [124]. Figure 4-5b depicts the delta ferrite stringers revealed

by the polishing procedure.

Figure 4-5. (a) SEM image of the microstructure of the 17-4PH martensitic steel substrate. (b) Optical
microscopy image of the d-ferrite.
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Figure 4-6a depicts the microstructure of the substrate near the coating/substrate
interface. Two microstructurally dissimilar regions can be distinguished inside the substrate.
The region just beneath the interface is associated with an ultrafine-grained microstructure
and is about 10-20um. The rest of the substrate is characterized by a grain size gradient up
to the point where the process does not affect the microstructure anymore and the common

lath martensitic structure is observed.

The nanostructured and refined layers are enlarged in Figure 4-6b. The nanostructured

layer follows the roughness variations of the interface.
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Figure 4-6. SEM images of the microstructure of the substrate at the coating/substrate interface

The SEM image in Figure 4-6b reveals that the microstructure of the substrate is
affected during the deposition process. The grain refinement mechanisms most likely
originate from the strain induced in the material by the sprayed particles during grit blasting
and coating deposition. It is similar to what is observed in other mechanical treatment

techniques such as shot peening and severe plastic deformation processes where the
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nanostructure results from the large strain induced. The gradient of the microstructure is,

therefore, a consequence of a strain gradient along the substrate thickness.

Summary of the microstructural characterization of the coating and substrate

The coating is a cermet composite made of carbides embedded in a NiCr matrix. The
observations of the NiCr matrix using FIB imaging revealed multiple grains of a few
hundreds of nanometers and having different contrasts. The difference in contrast suggests
different compositions of the grains. Such inhomogeneities in the coating reflect the

complexity of the coating process, which induced various stress states and thermal gradients.

The interface is not flat because of grit blasting and the presence of residual alumina
particles, which can be either trapped at the substrate surface or embedded inside the

substrate volume, was illustrated.

The substrate is a 17-4PH martensitic steel. Its microstructure was imaged using OM
and SEM. Distant from the interface, the microstructure of the substrate shows a classical
lath martensitic structure and ferrite-3 stripes. At the interface, a nanostructured layer of
~10um has formed. The rest of the substrate is characterized by a grain size gradient up to
the point where the process does not affect the microstructure anymore and the common
lath martensitic structure is observed. The microstructure can be schematically represented

as shown in Figure 4-7.
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Figure 4-7. Schematic representation of the substrate surface. The gradient of the microstructure is associated
with a gradient of strain produced by the impact of the grit blasting particles.

2. Significance of grit blasting on the mechanical properties of the
substrate

2.1. Surface characterization for nanoindentation

Nanoindentation requires very high standards regarding the surface condition. Those
standards are achieved by carefully preparing the surface through several grinding and
polishing steps as described in Chapter 2. Atomic force microscopy is used to inspect the

surface condition after final polishing. The results are shown in Figure 4-8.

Figure 4-8b is the 3D representation of the picture shown in Figure 4-8a. The line
represents the position of the height profile shown in Figure 4-8c, which shows that the
coating is standing 150nm above the substrate, resulting from different polishing rate during
sample preparation. The slope of the profile extends over 12um corresponding to a slope of

approximately 0.7°. A Root Mean Square (RMS) roughness of about 3nm was achieved in

85




the 17-4 PH substrate. Both the slope and the roughness will be sufficient for the

nanoindentation measurements.

0 5 10 15 20 25 30
X (pm)

Figure 4-8. (a) AFM topography image of the surface at the interface after CMP with colloidal silica. The blue
line represents the position of the profile shown in the figure (c¢). (b) 3D representation of the
topography image shown in (a). (¢) Height profile at the interface.

2.2. Nanoindentation cartography of the substrate

2.2.1. Experimental details regarding the nano-indentation cartography
technique

Figure 4-9a illustrates the loading sequence used during the nanoindentation tests in
this chapter. The loading is performed in-depth control to ensure that each of the
indentations has the same maximum penetration depth, without regard to hardness. The

unloading is performed in load control at 4000uN/min. The step size of the arrays for the
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reconstruction of the hardness and Young’s modulus cartographies may vary depending on

the area tested.
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Figure 4-9. (a) Indentation profile. The loading is depth controlled to assure a constant penetration of all the
indentations while the unloading is load controlled. (b) Typical indentation curve of the substrate
obtained with the procedure showed in (a).

Figure 4-9b shows a typical nanoindentation curve of the substrate obtained by using
the indentation profile shown in Figure 4-9a. At the displacement peak (i.e., 100nm), the

force is #1200MPa and during unloading, the substrate demonstrates little elastic recovery

since h,~83nm.

2.2.2. Calibration of the nanoindentation cartography and validation of
the method

It is to the experimenter to adjust the parameters of the cartography in order to reach
the desired result. They can include the step size of the array, the depth of the indentations,
the interpolation algorithm, the color chart, etc. The manual adjustment of these parameters

is not an easy job and is specific to every material tested. It usually requires one or two

87




attempts to optimize the method. A critical parameter is the interpolation algorithm to
transform the discrete hardness or Young’s modulus data into a map. The method is detailed
in Chapter 2. Figure 4-10 is an attempt to calibrate the cartography. It shows the same
array with two different interpolation methods. The step size of the array is 3um and a
maximum depth of 100nm was used. Figure 4-10a was reconstructed using the nearest
neighbor interpolation and Figure 4-10b using the bicubic interpolation. The nearest
neighbor is the simplest and most faithful way to represent the discrete dataset since it does
not generate intermediate values. Instead, the algorithm determines the pixels to be
interpolated and assign them the value of the nearest data point. On the other hand, the
bicubic interpolation generates values between two neighbor data points using a polynomial
function. While the nearest neighbor method is more faithful, its representation is not
smooth and can sometimes bring complexity in the interpretation of the map. The bicubic
method produces smoother images and easy interpretation of the results. However, it can be
subjected to interpolation artifacts, in case of abrupt variations, that can lead to physically

incorrect interpretation of the results.
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Figure 4-10. Nanohardness cartography at the interface reconstructed from a 20*17 array using (a) nearest
neighbor interpolation (b) Bicubic interpolation. The coating is on the left side and was voluntarily
saturated to increase the contrast for the representation of hardness in the substrate.

In Figure 4-10, both figures result in similar results and reveal higher hardness values
at the interface compared to the bulk. The values range between 5100 and 6800MPa. The
bottom right region of the maps depicts lower hardness values compared to the top left
corner of the image. It is unclear whether the results reflect a gradient of hardness or an
isolated region having low hardness values. The indented area is small and a larger array
prolonged in the bulk of substrate bulk would be necessary to address this observation.

Moreover, the presence of residual alumina particles at the interface distorts the results.

The bicubic representation gives a smoother image, which makes it easier to detect the
hardness variations and will be preferred for the rest of the chapter. In addition, no
interaction between neighboring indentations is observed validating the indentation
parameters. The maximum depth of 100nm results in indentations having an average

equivalent diameter of 700nm. The step size and maximum indentation depth chosen for
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this attempt are a good compromise between minimizing the interaction of neighboring
indentations while having a good lateral resolution for the cartography. Those parameters

will be used for the following cartographies.

2.2.3. Cartography of a grit-blasted sample

Once we determined the correct parameters to use, the cartography method was applied
to investigate properly the properties of the substrate at the interface. Figure 4-11 shows
the hardness cartography determined from an array of 765 indents. The step size between
each indentation is 3um and each indentation follows the profile shown in Figure 4-9a. For
a better analysis, the color scale has been adjusted to the substrate hardness values (the

coating hardness values have been saturated and appear in grey contrast).

Figure 4-11. Nanohardness cartography built from a 17*45 nanoindentation array at the interface between the
coating and the substrate. The hardness map is superimposed to the optical microscopy image of

the indented area.

The substrate presents a hardness gradient ranging from 4700MPa at 100pm away from

the interface, up to 5800MPa at the interface. The Young’s Modulus was also measured and
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no trend is observed on the cartography. It remains constant throughout the substrate
thickness at 219 + 12GPa. A similar value of 225GPa using the same method was found
[125], thereby validating the hardness nanoindentation measurements. Moreover, the use of
displacement control ensured that all indentations have the same size so that artifacts
associated with any possible tip calibration uncertainties or with indentation size effect are

averted.
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Figure 4-12. (a) Complementary nanohardness cartography built from a 6*30 nanoindentation array (b)
Hardness as a function of the distance from the interface. The hardness remains constant

In order to confirm the stabilization of the hardness values away of the interface, a
complementary 6*30 array was built. Figure 4-12a illustrates the complete nanohardness

cartography including the original array and the complementary one. Figure 4-12b and c
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depict the evolution of hardness and Young’s modulus respectively, as a function of the
distance from the interface. Both profiles were calculated by averaging the hardness values
over each column of indentations. The hardness gradient is clearly observable from the
interface up to 100pm away of the interface. From there, the hardness remains stable around
4800MPa. The Young’s modulus is constant throughout the entire indented area oscillating

around 220GPa.

A strong increase of the hardness is observed with a gradient of about 11MPa/pm and a
hardness reaching a maximum of 5800MPa close to the interface. The hardness increase can
have several consequences on the adhesion of the coating. First, it is likely to promote
brittleness and modify the surface fatigue properties of the substrate. Furthermore, it can
affect the coating build-up during the early stage of deposition. Indeed, research conducted
by Gao et al. [126] revealed that a higher hardness of the substrate is associated with more

particles rebounding from the substrate surface during the first stage of deposition.

2.2.4. Cartography of a non-grit blasted substrate

From the results shown in Figure 4-12, the source of the hardness increase is not clear.
At this point, both the grit blasting and the coating depositing could be responsible as they
both involve high kinetic energy particles. In order to address this issue, the surface of
another substrate was polished up to 1um instead of being grit blasted. The coating was
then deposited on the polished surface. Thus, only the contribution of the coating deposition

is investigated and is separated from the one of the grit-blasting. Figure 4-13 shows the
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hardness cartography of the non-grit blasted substrate determined from 450 indents. The
nanohardness remains constant throughout the substrate thickness at approximately

4700MPa.
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Figure 4-13. Nanohardness cartography built from a 15*30 nanoindentation array at the interface between the
coating and the substrate. The substrate was polished with a diamond solution up to 1um prior to
the deposition of the coating. No hardening is observed in the substrate.

The non-grit blasted sample exhibits no evidence of hardness gradient in the substrate.

Comparison with the cartography of the grit blasted sample shown Figure 4-11 shows that

grit blasting the substrate surface modifies its mechanical properties and increases the

hardness. It also demonstrates that the coating deposition, despite high kinetic energy

involved, does not induce any visible changes of the mechanical properties of the substrate

whereas one would have expected some hardening due to the impact of the carbides

contained in the coating and the temperature involved.
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2.2.5. Impact of grit blasting on the substrate microstructure

The grit blasted substrate exhibits an evolution of its microstructure as we move away
from the interface. The high hardness values in Figure 4-12 appear to coincide with the
modified microstructure unveiled in Figure 4-6. The highest values are localized near the
interface where the microstructure is highly affected and made of nano-sized grains. It
suggests that the hardness gradient reflects an evolution of the microstructure and that the
microstructure is no longer affected beyond 100um from the interface. The relationship
between hardness and microstructure was further investigated by imaging the microstructure
of the array shown in Figure 4-12. Figure 4-14b was taken in the bulk where the substrate
has not been affected by the grit blasting process. The microstructure is a regular lath
microstructure characteristic of martensitic steels [127]. Figure 4-14a was taken in the
substrate, a few microns away of the interface, where the substrate is highly affected by the
grit blasting process. The lath microstructure disappeared, replaced by a finer-grained

structure.

Figure 4-14. SEM images revealing the microstructure of the substrate taken a) away of the interface b) at the
interface. The microstructure at the interface is made of very small grains associated with

deformation patterns while the microstructure in the bulk shows a regular lath microstructure.
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The comparison of the microstructure shown in Figure 4-14a and b suggests that the
high values of hardness measured at the interface are related to a grain refinement induced
by the grit blasting process. Several papers have reported a change of microstructure when
blasting high-velocity particles on a metallic surface. The mechanisms of refinement are
similar to the one observed in severe plastic deformation processes such as high-energy shot
peening or surface mechanical attrition treatment [128]-[130]. The plastic strains induced by
the impacting particles are accommodated by a change of microstructure through dislocation
motion and grain subdivision [131]. A gradient of microstructure and mechanical properties
is usually observed in the impacted material because of the gradient of strain and strain rate

induced.

2.3. Indentation size effect

A clear gradient of hardness was exposed and an increase of hardness of ~20% at the
interface was measured compared to the bulk values. The nanoindentation cartography has
been performed at a low penetration depth (100 nm) in order to reduce the matrix step size
and thus to increase the spatial resolution. At such small indentation depths, it is common
that materials appear to be harder than at larger indentation depths and the validity and
significance of the hardness values we presented can, therefore, be questioned. For this
reason, the effect of the penetration depth on the hardness measurement or indentation size

effect (ISE) was investigated.

95



Indentation size effect (ISE) describes the scale dependence observed in various materials
for which the hardness increases with decreasing the indentation size. In order to characterize
a potential ISE in the substrate, fifteen rows of indents were made containing 15 indentations
each for a total of 225 indentations. Each row corresponds to a different maximum
penetration depth ranging between 80 and 700nm. The indentations were made in the bulk
where the microstructure and hardness are considered homogeneous. The results of the ISE
characterization are presented in Figure 4-15. Each data point is an average of 15 hardness
values. The hardness remains constant throughout the range, which indicates that there is
no scale-dependence in the hardness values. The uncertainties at small penetration depths

remain acceptable, which further validates the indentation procedure used.
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Figure 4-15. Nanohardness as a function of the penetration depth. Fach data point is the average of 15 hardness
values obtained from indentations made at the same depth for a total of 225 indentations. The

errors bars correspond to the standard deviation calculated from those 15 values.
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2.4. Embedded alumina particles

The consequences of the grit blasting on the substrate hardness and microstructure were
investigated above. In this section, we examine the local impact of grit blasting on the
substrate by imaging and mapping the hardness of an embedded alumina particle. As
mentioned in Chapter 1, grit blasting leaves residual particles on the substrate surface, which

can adhere to the substrate or completely embed into the substrate surface.

The surface preparation is critical to ensure accurate measurements around the alumina
particles. The profile shown in Figure 4-16 was taken across the alumina particle shown in
Figure 4-17. The risk of the surface preparation, in the case of heterogeneous
microstructures, is to favor one phase compared to another, which would result in a non-flat
surface. However, as seen on the profile, our procedure allowed us to avoid this problem and
even in the close vicinity of the particle, the slope induced by the surface preparation is very

small (=0.7°).
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Figure 4-16. Height profile around the particle along the blue line shown in Figure 4-17b.

Figure 4-17 illustrates the steps in performing and analyzing the cartography from a
12*15 indentations array around an alumina particle. The SEM image (Figure 4-17a) of
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the indented area was taken using backscattered electrons. Using a step size of 2um provides
a better resolution for the characterization of this ultra-fine-grained microstructure. The
yellow dash line separates this microstructure from the rest of the material. The diameter of
the affected region is about 2-3pum. Small cracks nucleating from the particle (see red arrows
on Figure 4-17a) and propagating into the substrate are clearly observable. An AFM image
of the particle is shown in Figure 4-17b. It shows deformation patterns on the surface
which follows the ultra-fi