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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 characterize. 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 a 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. A 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 a 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;C»-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

requires 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 in 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 interface where one of the medium 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.

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].



5
b
§ PERFECT SOLID 1
r'd
r'd
ALTERED /| ”
TRANSITION REGION 1 ’
¢ p
L e ——
ALTERED
TRANSITION REGION 2
~ PERFECT SOLID 2
IS
o
2
]
=

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

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 a 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 an 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 formation of interfaces. It also
delivers predictions for optimized thin film structures and coatings without the need of
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 extended lifetime. Several
techniques exist to deposit one material on top of another producing coating as thin as few

atomic layers up to 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 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 1980’s 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 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 [26]

2.2. Coating deposition

Coating is build 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

12



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 on 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.

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.
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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]

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
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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
using a standard pullout test. It is shown that the adhesion start 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=0.2um
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 on 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 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
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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
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 1um) and microcrystalline (grain size > lum) pure Ni. (a) S-N fatigue
response showing the stress range versus 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 become more
sensitive to flaws and defects in the metals, leading to catastrophic propagation of the crack

once a microcrack initiates from the flaws [42].
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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
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 amount 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 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 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
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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
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 overlaying 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
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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,
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 prosthesis. It was shown that those particles decrease the fatigue

life by acting as preferential crack nucleation sites.

Therefore, an accurate characterization and understanding of the impact of grit blasting
on the mechanical properties of the substrate at the interface is 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 a 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
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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,
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 make 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
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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 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 of 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 ageing process needs to
be accurately controlled for optimal properties. Figure 2-5 shows the effect of ageing 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 ageing. 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 ageing.
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Figure 2-5. Age-hardening curves of Al-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 ageing. 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 follow:
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with B and " being the unstable phases and B 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 o-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 to 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.
a Secondary dendrite
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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:

- Thermal method by adjusting the solidification rate
- Chemical method by adding refiners into the melt

- Mechanical method by agitating the melt during solidification

25



Thermal modification is achieved by increasing the solidification rate. The effect of
cooling rate has been observed from the 1920’s 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 those observations,
several studies have confirm 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
solute element 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 increase 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 aluminums with and without addition

chemical modifiers (Sr here) [69)]

Chemical modification: The effect of addition of so called modifiers on the morphology
of Si particles has been reported since the 1920’s and the patents of Pacz [70]. From then
and until the 1960’s 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. Indeed, in both
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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.

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 propose 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 1940’s 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 Figure 2-9a.
It continues until the aluminum encapsulates completely the silicon crystal as shown 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 make 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 a-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 process 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,O3; and more recently

graphite.

3.4.3. 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 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) Planar interface can result in pushing (left) or
engulfment (right). (b) Cellular interface showing pubhmg at interface and entrapment between cells. (c)
Dendritic interface; small particles are entrapped in interdendritic spaces while large particles are pushed [76]
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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

Eq. 2-1

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, Ky 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 a 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 on
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 (&) open cells aluminum foam (b) closed cells aluminum foam
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As defined by Gibson and Ashby [82], a cellular material is 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 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

Melt
drainage

Gas

Crucible

Stirring paddle
& gas injector

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 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 a MMC melt. Using only aluminum would result
in a non-stable foam and in a 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 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 a
foam 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.
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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]
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Sample size and preparation are critical to ensure 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.

The properties of metallic foams under compression exhibit a unique behavior, which
explains their use as structure components or shock absorbers. A typical example of a stress
strain curve of a foam under compression is shown 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].
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,
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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 a cellular material. It is now known that the
mechanical behavior of a foam depends on its structure: cell size and shape, local variation
of density, 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,
several studies [87], [89], [90] have found evidences that cell geometry more than cell size is

of particular importance. Isotropic properties are associated with equiaxed cells. However,
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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.

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]

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,
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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.

4.2.2. Influence of cell wall properties and their characterization

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

to the foam. They showed that the heat treatments have significantly less effect on the
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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
comparable 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 Al:0; particles. The failure has been observed as combination
of little ductile tearing and largely cleavage fracture. The presence of micro-pores 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

properties. Size effect manifests itself when the material dimensions are close to the length
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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 is 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 on 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 remain 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]
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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 THREE

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 lifetime 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 CrsC, embedded in a NiCr metallic binder (80% Cr;C
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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 on 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).
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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.

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

(85‘71\i§tlx‘:fiight) rem. 0.10 0.12 0.55-0.7 010 0.05 015 9.00 0.20 0.10
0

Reinforcement

(15% by weight) 00
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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

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 an 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.
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Figure 3-3. Polishing device Mecatech 234 - PRESI

The procedures involve conventional metallographic preparation with resin bonded
diamond discs followed by a polishing with diamond suspension solutions up to 1um. 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. A 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_us, Eq 3-1
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where I is the intensity of the incident beam, [; is the intensity of the beam transmitted
through the sample following the path s and g is the linear attenuation coefficient which is

a function of the density and 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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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 on 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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Figure 3-6. 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. A distribution of the relative density along the sample height was
obtained by calculating the percentage of black pixels for each slices in the direction of the
sample thickness. The binary images and calculations were obtained with ImageJ by using

the build-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 (¢) 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 (II'T) , 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 1990’s 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, who were 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 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 Fu., the true contact depth h., the maximum depth reached during the test huax,
the depth of the residual imprints after removal of the indenter h, and the contact stiffness

at the beginning of unloading S.

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

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 ensure 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
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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

Ep =~ — Eq. 3-3

where FE, 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 a 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].
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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.

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 = hypax — € “;‘X, Eq. 3-5

where /fi., 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
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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

Ap = 24.5hZ, Eq. 3-6

However, indenters always demonstrates 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
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(he) = Coho+Crhg + CohY? + C3hY™* + C4h® + CshY ™ .. 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 on 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
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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
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.

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 Cs 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.

Piezoelectric
actuators

C,:indenter’s load
cell capacitive sensor C,: reference’s load

cell capacitive sensor

C,: penetration depth
differential capacitive
sensor

Indenter / - \Reference

Viotorized table

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

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

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
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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
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.
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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
many characteristics of the sample (surface topography, crystallography, composition, etc.)

[116].

A JSM-T001F-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.
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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 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].

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-2200FS 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
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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 FOUR

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 Cr;Co-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 results 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 20pm. 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 20um.

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 overlaying 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 lum 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 technique 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 &-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 10-20pm. 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.

5.0kV SEI

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 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 few hundreds
of nanometers and having different contrasts. The difference of 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-6 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 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
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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 (¢). (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 work and is specific to every material tested. It usually requires one or two
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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 a nearest
neighbor interpolation and Figure 4-10b using a 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 coating/substrate 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 results in similar results and reveals 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 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 apply
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). 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 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 4-11. Nanohardness cartography built from a 17*45 nanoindentations 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 surface was grit blasted with alumina particles prior to the deposition of the coating.

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 ¢
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 100um 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.
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Figure 4-12. (a) Complementary nanohardness cartography built from a 6*30 nanoindentation array (b)

Hardness as function of the distance from the interface. The hardness remains constant

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.
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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
hardness cartography of the non-grit blasted substrate determined from 450 indents. The

nanohardness remains constant throughout the substrate thickness at approximately

4700MPa.

-

-

Substrate

4000 MPa

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 Ipm prior to the

deposition of the coating. No hardening is observed in the substrate.
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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.

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
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grit blasting process. The lath microstructure disappeared, replaced by a finer-grained

structure.

Figure 4-14. Electronic microscopy 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.

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.
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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 appears 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.

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 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 for ISE investigation. Each 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.

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 results in a non-

flat surface. However, as seen on the profile, our procedure allowed us to avoid this problem
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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
the indented area was taken using back scattered 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 2-3um. 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 Figure 4-17b. It shows deformation patterns on the surface which
follows the ultra-fine-grained microstructure observed in Figure 4-17a. In addition, the
high resolution AFM resolves surface features for correlation with the hardness cartography
shown in Figure 4-17c. A nearest neighbor interpolation method was used to reconstruct

the hardness map.
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Figure 4-17. Nanoindentation array on an alumina particle. (a) SEM image showing the microstructure around
the particle. The yellow line delimits an ultra-fine-grained structure in the vicinity of the particle. (b) Same
area imaged by AFM (3D top view) (¢) Nanohardness map around the alumina particle.
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Figure 4-17c suggests that the hardness is notably higher in the vicinity of the particle.
However, the hardness variations apply over very short distances, which make it difficult to
extract clear information from the hardness map. To address this issue, one could think of
increasing the resolution of the cartography by decreasing the step size of the array but
further decreasing the step size would induce interactions between neighboring indentations.
One solution is then to look at the individual hardness values as shown in Figure 4-17c.
The hardness values of the ultra-fine-grained region (delimited by the yellow dashed line)
are ranging from 6.2 to 7.3GPa. Outside this region, the hardness ranges between 5.1 and
5.9GPa. The SEM and AFM observations suggest that the vicinity of embedded alumina
particles is severely altered and the mechanisms of refinement described earlier take place

to a greater extent.

It is commonly thought that the coating/substrate interface is the preferential path for
failure. However, the presence of cracks around the embedded particles (red arrows in
Figure 4-17a) indicates that the particles act as stress raisers and are preferential sites for
crack nucleation. Additionally, we can also observe that those cracks propagate in the
substrate, in the layer of affected microstructure, which suggests that the coating/substrate
interface is not necessarily where the failure will occur. It is confirmed by the nanohardness
cartography results, which indicate that the area surrounding the particles has higher
hardness, which is likely to promote brittleness and thus crack propagation. Figure 4-18

further illustrates the crack propagation in the substrate. In both optical images, a crack
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nucleating from the edge of the alumina particle and propagating through the substrate is

observable.

Figure 4-18. (a) and (b) Optical images showing cracks propagating from an alumina particle through the
substrate.

2.5. General discussion

It was demonstrated that the surface of the substrate is highly affected by the whole
coating procedure. Both the mechanical properties and microstructure exhibit an evolution
when we move away from the interface. The grit blasting procedure, applied to optimize the
substrate surface before deposition of the coating, is responsible for these effects. The
adhesion of the film is impacted as the substrate become more brittle, which favors the
propagation of cracks in the case of interfacial failure. However, the most harmful
consequence of grit blasting resides in the residual grits remaining on the substrate surface.
These particles act as stress raisers and preferential sites for crack nucleation which was

confirmed by the presence of numerous cracks nucleating from embedded alumina particles.
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Thus, in order to optimize the performance and lifetime of those materials, it is crucial to

minimize the presence of such defects by optimizing the manufacturing parameters.

The method developed in this work successfully exposed and distinguished the issues
related to the interface and the embedded alumina particles. It gives access to
complementary information about the mechanical properties and the microstructure.
Controlling the size and parameters of the indentation array allows investigating the

interface at different scales.

This work was the result of a strong collaboration with an industrial partner.
Unfortunately, the constraints associated with such study did not allow exploring further
the adhesion mechanisms. Several experiments were envisaged but could not be initiated.
The crack propagation around an alumina particle could be characterized by reconstructing
its path inside the substrate. Sequential polishing or FIB milling are good ways to achieve
that. The influence of the spraying parameters could be examined and applying the method

described here for different processing conditions would give valuable information.

3. Conclusion of the chapter

The impact of grit blasting on a 17-4PH steel substrate coated with a cermet CrsC,-NiCr
coating was investigated using an original method based on nanoindentation cartography
coupled to microscopic observations. Despite the beneficial effect of grit blasting on adhesion

through roughness modification, it was shown that the grit blasting process affects the
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microstructure and mechanical properties of the substrate subsurface (an average increase
of more than 20% in hardness at the interface compared to the bulk values was measured).
The impact of the coating deposition process on the substrate was shown to be close to zero.
The potential adverse effects of the grit blasting treatment were confirmed by a local
investigation of an embedded residual alumina particle. The SEM and AFM imaging,
coupled to the hardness map reconstruction from nanoindentation measurements, revealed
an ultra-fine-grained microstructure associated with a further, and very local, increase of
hardness (40% higher than the bulk values). Cracks nucleating from the edge of the particle
were also observed suggesting that failure could preferentially occur in the layer affected by

the grit blasting and not at the coating substrate interface.

Obviously, other factors could be more critical in understanding the failure of such
systems. Failure in the coating or at the interface is more likely to occur. However, in a
process of improving the performance of the coating, the local investigation of the impact of
the substrate surface preparation is critical. Moreover, in light of the results presented in
this chapter, the nanoindentation cartography method couple to high resolution imaging
techniques could enable to reinterpret the adhesion problems of thermal spray coating

deposited on grit blasted substrate.
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CHAPTER FIVE

Multiscale characterization of the
mechanical properties of an A359

aluminum foam

his chapter intends to characterize the mechanical properties of a multiscale

composite materials. The relationship between mechanical properties and
microstructure will be addressed. The material is an aluminum foam used in energy
absorbing structures. Its properties are defined by the cellular structure as well as by the
parent material properties of the foam. The method used in the previous chapter, which is
based on nanoindentation cartography, will be further developed. Because of the complexity
of the material, a descending scale approach was established to answer the dual dependence
associated with the foam starting from the cell level (macroscale) up to the precipitates scale

(nanoscale) and several new techniques are introduced.

The chapter is divided in three sections. One section will be focused on the

characterization of the structure and microstructures while the other will be focused on the
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characterization of the mechanical properties. Finally, in light of the results presented, the
relationship between the microscale properties (microstructure and mechanical properties)

and the macroscopic behavior of the foam will be examined.

1. Characterization of the structure and microstructures

The foam is characterized by adopting a multiscale approach. In this first section,
corresponding to the characterization of the structure and microstructures, the results of the
morphology quantification of the foam by X-ray tomography is first introduced. Then, the
results of the microstructural analysis at the cell wall level by optical and electron
microscopies are presented. Finally, A TEM analysis of the precipitates, corresponding to

the nanoscale part of this section, concludes the characterization of the foam.

1.1. Macroscale characterization: characterization of the foam

morphology by X-ray tomography

As explained in Chapter 2, two samples were used to characterize the morphology and
are shown on Figure 5-la and Figure 5-1b and will be referred as sample 1 and 2
respectively. To highlight the accuracy and the relevance of using such technique to analyze
the morphology, a comparison of the same cross section obtained from a photograph and X-
ray tomography of sample 1 is shown Figure 5-1c. The details of the structure shown on
the photograph are perfectly reproduced on the corresponding tomographic image. The

resolution used for this reconstruction (e.g. voxel size of 30 and 24um) is enough to capture
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the thinnest details and more specifically to capture the cell walls. Indeed, one of the
apprehension before doing the experiment was to know if it was doable to scan a volume big
enough to be characteristic of the structure while having a sufficient resolution to capture
the thinnest walls. The results shown in Figure 5-1 suggest that it is.

@ b

Sample 1
=ampre 2 Sample 2

Figure 5-1. (a) Reconstruction of sample 1 (voxel size 30pm) (h) Reconstruction of sample 2 (voxel size 24mm)
(¢) and (d) Comparison of the same cross section obtained from a photograph (top) and x-ray tomography
(bottom)

1.1.1. Relative density calculation

Table 5-1 summarizes the relative densities calculated by dividing the densities of the

foams over the densities of their base materials, and the average relative density measured
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from CT images. The relative density as calculated from the manufacturer data is 0.16. The

calculated relative densities from the CT image analysis for sample 1 and 2 are 0.165 and

0.187 respectively. The relative density of sample 2 is probably overestimated due to the

smaller dimensions of this sample. Indeed, a smaller sample means that it will be more

affected by the image processing procedure and more specifically by discarding the unclosed

cells on the edge of the sample. On the other hand, the relative density of sample 1 agrees

well with the manufacturer value.

Table 5-1. Comparison of foam relative densities calculated from the manufacturer data and from the CT image

analysis
Dimensions Base Density (g/cm?) Relative Density

Sample ( ) terial Base Image
mm materia Foam A Calculated g.
material analysis

1 40x48x12.7 0.165

Al 0.44 2.75 0.160
2 30x40x12.7 0.187

The distribution of the relative density across the sample thickness was investigated and
the results are shown in Figure 5-2. Both curves show a similar trend. The relative density
increases sharply at the top and decreases sharply at the bottom of the foam. Indeed, the
top and bottom of the foam are not flat and only a fraction of the foam is captured during
the CT resulting therefore to small apparent relative densities. Besides those artifacts, the
relative density reaches a minimum in the middle of the structure between 5 to 7mm. Finally,
the relative density rises sharply at the bottom of the sample, which indicates a higher
density at the bottom of the foam. Those observations are similar to other studies [132],

[133] that revealed the same distribution of density. It is inherent to the melt gas injection
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process. During solidification of the foam, the molten material drains through the cell

membranes due to gravity leading to a gradient of thickness throughout the foam and a

dense layer of aluminum at the bottom.

14
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Position along the thickness(mm)
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Figure 5-2. Evolution of relative density along the sample thickness

1.1.2. Pore size characterization

Figure 5-3 summarizes the results of the cell analysis. It displays the histograms of the
equivalent diameter distribution of both samples. The two sets of data were not blended
together because the dimensions of the samples were different and an effect of the sample
size on the distribution could exist. Indeed, bigger cells are most likely to be detected in the
bigger sample. The statistics were obtained from a population of 219 pores for sample 1 and
299 pores for sample 2. Cells below 0.5mm were not considered in the calculations due to

the post processing procedure applied, which discards the smaller pores.
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The equivalent diameter distribution ranges from 0.63 to 11.61mm and 0.45 to 9.82mm
for sample 1 and 2 respectively. It indicates a wide distribution of cell size and therefore a
non-uniform structure with the peaks clearly shifting towards the small diameters. The figure
also indicates the contribution of each bin to the total porosity volume. Moreover, even
though there is a majority of cells with small diameters, they contribute little to the total

porosity volume. About 80% of the cells contribute only to about 12% of the total porosity

volume.
Sample 1 Sample 2
Voxel size: 30mm Voxel size: 2dmm
Volume Eq Diameter Volume Eq Diameter ..
. herici . 1
(mm?) (mm) Sphericity (mm?®) (mm) Sphericity
Min 0.13 0.63 0.50 Min 0.05 0.45 0.40
Max 820.24 11.61 0.98 Max 495.60 9.82 1.00
Mean 16.07 2.95 0.82 Mean 19.92 221 0.83
Median 5.36 217 0.85 Median 2.30 1.64 0.86
Standard deviation  103.06 2.29 0.11 Standard deviation 51.32 1.71 0.11
40— 100 — 100
Population size: 219 pores e 604 o
Poresize . Median (2.17) Min (0.627) ./ Poresize S
not considered ~ — Viean (2.95 Max (11.61) _«~ ) not considered |~ — / r80 o
30 4 g / E
/ E] - 2
L L o ° >
leo = _40 / r60 =
£ g 5 ¢
320 — 5 8 / 3
© o L 40 ‘_;' ~  Population size: 299 pores | 40 5
J ° 20 4 Median (1.64) Min (0.45) g
- s / Mean (221)  Max (9.82) 5
10 Lo & Lo &
| o
0 =1 0 + T * t T = 0
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Figure 5-3. Summary of the results of the porosity analysis of the samples shown in figure 4-1. Cells below
0.5mm were not considered in the calculations due to the post processing procedure applied, which discards
the smaller pores

The sphericity values are better understood when sorted as a function of the cell diameter.
The cells below 3mm have a sphericity averaging at 0.86 (s=0.08) and the ones above 3mm
averages at 0.73 (s=0.11). This discrepancy indicates that smaller cells tend to have a more

spherical shape because their sphericity is closer to 1. Their shape is also more consistent as
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the standard deviation is lower. Conversely, the sphericity of bigger pores is higher and more

spread indicating a variety of non-spherical shapes.

Summary of the foam characterization by tomography

Tomography was used to characterize the morphology of the foam. The relative density,
cell diameter and sphericity were used as indicators of the foam morphology and quantified.
The relative density calculated from the experimental data was found to be close to the
value calculated using the manufacturer data for the bigger sample scanned. The sample
dimensions were shown to affect the relative density by overestimating it when the sample
dimensions are reduced. However, the dimensions of the samples are limited to optimize the

resolution of the tomographic scan.

A gradient of density through the thickness was unveiled. It proceeds from the drainage of
the molten aluminum during processing of the foam due to gravity and could be prevented

or at least reduced by optimizing the process.

The characterization of the cell diameters highlighted a non-homogenous distribution
with a majority of cells having small diameters below 3mm. However those small cells
accounts for less than 15% of the total volume of porosity. The larger cells accounts for the
majority of the total porosity volume. The quantification of sphericity showed a higher
sphericity of smaller cells (<3mm) compared to the bigger ones (>3mm). It is indicative of
a non-uniformity in terms of cell shape when increasing the cell diameter, the smaller cells

tending to be more spherical.
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1.2. Characterization of the microstructure using X-Ray tomography

The capabilities of the tomograph allow operating it at a lower scale, thus characterizing
the microstructure of individual cell walls. It is accomplished by switching to the nanofocus
source, having an acceleration voltage of 160kV, and by decreasing the size of the sample so
the distance between the source and the sample is reduced. Doing so, a resolution of 2um

was achieved on a small piece of a cell membrane and the results are shown in Figure 5-4.

A non-negligible presence of pores and cracks of various sizes was found inside the
material. The carbides are hardly visible (light grey contrast) but easily distinguishable by
their characteristic angular shape and distribution. However, the eutectic silicon particles
are not detected. The characteristic size of the silicon particles is too small to be captured

with the current resolution.

Even by optimizing the scanning conditions, the microstructure (eutectic silicon,
carbides) is hardly visible. The silicon carbides might be more defined by increasing the
resolution but eutectic silicon will most likely remain invisible. The tomography is therefore
not the appropriate technique to characterize the microstructure features. However, the
defects of the material are evident. The presence of pores and cracks indicates that the foam
is highly flawed at a microstructure level, most likely due to processing. It is well known
that when a material is subjected to a load, a stress concentration develops around the
cavities [134], [135]. Therefore, the existence of such defects at the microstructural level in

the cell membrane could indicate preferential sites for crack propagation and failure when
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the foam deforms. In addition, it was explained in Chapter 1 (see section 3.4.4) how the
presence of particles, such as the SiC particles found in this study, could modify the fracture
behavior of the cells walls. The study by Onck et al. clearly demonstrated an embrittlement
of the walls due to the presence of those particles. Therefore, the flaws revealed by the
tomographic scans coupled to the presence of the SiC particles are significant to understand
the deformation and the brittle fracture of the cell walls observed later during the
compression tests. In an effort to optimize the properties of the foam, the processing should

be improved to prevent the formation of such flaws.

0.7 mm

>

3.1mm

Figure 5-4. High-resolution scan of the piece aluminum foam (left) with a zoomed in view (right) revealing

some microstructural features of the materials like porosity inside the walls, cracks and silicon carbides.

1.3. Characterization of the cell wall microstructures

Figure 5-6 shows the SEM images illustrating the microstructural features of the foam.
It reveals the presence of a-Al dendrites and eutectic silicon phase. The dendritic phase is

Al-rich and therefore ductile. The dendritic microstructure was characterized by the measure
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of the secondary dendritic arm spacing (SDAS). It is measured by identifying and measuring
an align group of dendrite cells. The SDAS is then calculated as SDAS = L/n, where L is
the length of the line and n is the number of dendrite cells. Figure 5-5 illustrates this

procedure for a characteristic dendritic region. The SDAS is 20.9um for the region shown in

figure 1.
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Figure 5-5. Optical image showing how to calculate the secondary dendritic arm spacing

A number of studies have investigated the effect of solidification variables on the
microstructural features of alloys [58], [136], [137]. Specifically, using equation 1, the SDAS
can be related to the solidification time when the solidification time is used as the
solidification variable influencing the SDAS. Equation 1 was proposed by Bamberger et al.

[137] for Al-Si alloys and define the SDAS as

SDAS = Ag;(t5)*, Eq. 5-1
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where Ag is a constant which varies inversely with the silicon content, £ is the solidification

time and a is an exponent which value can be found in the literature for a number of alloys.

It was experimentally observed for Al-Si alloys at various Si content that the SDAS is
roughly proportional to the cube root of the local solidification time and that the constant

Ag is approximately 12. Thus, the solidification time ts can be calculated by

SDAS\3
tS = <—12 ) . Eq. 5—2

For the region shown in Figure 5-5, the solidification time is approximately 5.3 seconds,

which corresponds to a short time regarding the Al-Si phase diagram.

The eutectic phase is an alternation of ductile eutectic aluminum and brittle silicon
platelets. The silicon platelets are elliptical with an aspect ratio averaging at 2.5. The
diameter of the platelets ranges between 1.8 and 4um. Their average spacing does not exceed
Sum. Silicon carbide particles were introduced during the manufacturing of the foam to
improve its stability by increasing the viscosity of the melt. Their diameter averages at

approximately 10pm.
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Figure 5-6. Microstructure of the foam showing the dendritic and eutectic phases and the silicon carbides
particles (MEB-SEI)

The microstructure is also the results of a complex composition (see table 2-3 in chapter 2)
reflected in the presence of Fe-rich and Mg-rich precipitates. The precipitates were observed
and analyzed by energy dispersive spectroscopy (EDS) and the results are shown in Figure
5-7. The literature suggests that the Fe-rich intermetallic particles are detrimental for the
mechanical properties [44]. However, it is usually very difficult and even impossible to
remove all traces of iron in the alloy. The magnesium is mainly found in the microstructure
as precipitates as seen in Figure 5-7 and in appendix A (Figure A-1e). Appendix A gives
a closer look at the distribution of Mg inside the Al solid solution and suggests that
magnesium is not uniformly distributed in the solid solution but is concentrated in and
around the Mg precipitates indicating that Mg migrates during solidification to form Mg-
rich precipitates and intermetallic with other elements. The role of Mg on the mechanical
properties is therefore most likely limited to those areas and does not play a major role in

the properties of the Al phase.
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Figure 5-7. Qualitative EDS maps revealing the presence of Fe-rich and Mg-rich precipitates

The microstructural features are highly dependent on the cooling rates during
solidification. The size of the dendrites and the shape of the silicon particles, from acicular
to fibrous, are modified upon different solidification conditions [61], [63], [68], [75]. The melt
gas injection process used to manufacture the foam induces different cooling conditions from
one part of the foam to another. It is due to the complexity of the process and the difficulty
to control homogeneously the injection of the gas inside the aluminum melt. It results in a

highly inhomogeneous microstructure.

Figure 5-8a and b are two images having the same scale and highlighting the difference
in terms of dendrite size from two different regions. Figure 5-8a shows a very fine dendritic

structure while Figure 5-8b reveals a dendritic structure four to five times larger.
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Figure 5-8c and d highlight the different morphologies of silicon particles found inside
the cell walls. Figure 5-8c shows elongated, acicular particles while Figure 5-8d reveals a

very fine and fibrous eutectic microstructure.

Finally, Figure 5-8e and f attest of the inhomogeneity of the silicon carbide particles
distribution. Indeed, Figure 5-8e shows a cell wall with a very high density of particles
while Figure 5-8f shows another wall with no particles at all. It also reveals that the particle
are distributed in the eutectic phase which is in agreement with the literature focused on
metal matrix composites of casting alloys (see chapter 1). During the dendritic growth, the
particles are pushed by the solidification front and are trapped in the eutectic structure after

complete solidification.

The microstructure is highly inhomogeneous inside the cell walls. One wall can be full of
carbides while another can have none. The shape and distribution of the eutectic silicon
differ greatly as well. All those considerations put together draw the picture of an

inhomogeneous microstructure.
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Figure 5-8. Optical microsocpies of a cell wall showing (a) and (b) Two regions having different dendrite sizes.
(¢) and (d) Two regions with various eutectic silicon shapes and sizes. (e) and (f) Two regions having different

SiC partilee distributions: (e) has a very high SiC density while (f) has no carbides.
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1.4. Nanoscale characterization of the microstructure by TEM

Al-Mg-Si alloys belong to the age-hardening alloys category, which possess superior
mechanical properties because of the interaction between the dislocations and the
precipitates produced during an annealing treatment. Even though no heat treatment was
applied during the manufacture of the foam, a TEM investigation was performed to
characterize the presence of precipitates in order to better understand the mechanical

behavior of the foam.

1.4.1. Preparation of the thin foil

The different steps for preparing the foil are illustrated in Figure 5-9. As shown in
Figure 5-9a, the foil was extracted between two rows of indents across a secondary arm of
a dendrite. The circles, observed in both Figure 5-9a and b result from the EDS spot scans

carried out before the extraction of the foil.

First, a layer of platinum is deposited to protect the surface from sputtering (Figure
5-9a). Then, trenches are milled at high current to isolate the foil from the rest of the
material (Figure 5-9b). The foil is then extracted using a micromanipulator (Figure 5-9c).
Finally, the foil is attached to a TEM grid and thinned down to be transparent for electrons
(Figure 5-9d). At this stage, very low currents (9nA and 3nA) are used to preserve the
integrity of the foil. The TEM grid is made of high purity beryllium, which facilitates the
chemical analysis. Indeed, the low atomic number of beryllium (Z=4) assures that EDS

spectra are free of non-desirable peaks and have low background noise.

114



’
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Figure 5-9. Procedure of the FIB lift-out technique used to prepare thin foils for TEM imaging. (a) The thin
foil is extracted between two lines of indents inside a 5x15 array. (b) A layer a platinum is deposited to
protect the surface from sputtering. (¢) The thin foil is prepared by milling trenches. (d) The thin foil is
extracted using a micromanipulator. (e) The foil is attached to a high purity bervllium grid and thinned

down to be transparent to electrons.

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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1.4.2. TEM characterization of the microstructure

Platinum layer

a-Al rich
dendrite

Figure 5-10. (a) TEM image of the thin foil. A eutectic Si particle is visible on the left of the image. (b) and
(¢) Bright and dark field, respectively, TEM images of the same microstructure in the dendrite taken in the
circled area of (a). The red arrows in (b) highlight the presence of dislocation loops.

A TEM image of the thin foil prepared by FIB (see Chapter 2) is shown in Figure 5-10a.
A eutectic Si particle is visible on the left hand side of the image while the rest of the foil
corresponds to the dendritic phase. Figure 5-10b and c are respectively bright and dark
field TEM images of the same region taken in the circled area in Figure 5-10a. The

diffraction conditions set for bright-field contrast (Figure 5-10b) highlight more clearly the
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presence of precipitates while those used for dark-field imaging (Figure 5-10c) accentuate
the dislocations microstructure. It reveals a microstructure made of a non-uniform array of

dislocations and dispersed precipitates.

Figure 5-11 shows a region of the foil taken in STEM using Annular Dark Field (ADF)
and High Angle Annular Dark Field (HAADF) contrasts. The ADF-STEM imaging provides
less stability because issues related to the specimen drift arise. However, the current density
in STEM mode is higher than regular TEM mode which produces higher signal to noise ratio
and therefore better pictures compared to DF-TEM (especially for thick sample). Three
categories of precipitates can be distinguished depicted in Figure 5-11c, d and e. Figure
5-11c details the first category corresponding to the bigger precipitates which diameter
ranges around 20nm. They are spherical and some of them emerge in a different (light-grey)
contrast in the HAADF image shown in Figure 5-11b. The difference of contrast in
HAADF scales with the atomic number (scaling law of contrast ~Z'7) and the sample
thickness. Accordingly, the brighter contrast suggests heavier elements in these precipitates.
However, not all bigger precipitates appear in the HAADF image indicating presumably
different compositions from one precipitate to another. The second category is depicted in
Figure 5-11d which shows smaller spherical precipitates with diameters below 10nm. They
are randomly distributed in the microstructure and more numerous than the bigger
precipitates. Finally, the third category corresponds to what is illustrated in Figure 5-11e
showing a fringed contrast. The origin of those features is not well understood. However, the

literature reports the same findings in irradiated materials [138]-[140]. The fringed contrast
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can be the consequence of the nucleation of multiple interstitial and/or vacancy loops. The
formation of loops is caused by the presence of vacancies and interstitial defects introduced
by irradiation and/or subsequent annealing treatments which favor the growth of those loops
[138], [139]. The exact formation mechanisms remain hazy and the reader is directed to the
indicated references for more details. In our case, the loops could be a consequence of the
bombardment of Ga' ions during the preparation of the foil by FIB, similarly to what shown

by Lv et al. during electron irradiation of Si wafers [140].

_gAnnular Dark Field | High Angle Annular Dark Field

*

Figure 5-11. STEM images of the microstructure of the dendritic phase (a) Annular dark field image (b)
Corresponding high angle annular dark field image (HAADF) (c), (d) and (e) Enlarged images of the regions
indicated in (a) highlighting the various types of precipitates found.

118



The microstructure of this eutectic silicon was also imaged and the results are shown in
Figure 5-12. The particle was reconstructed from several images but an enlarged image of
the Si particle is shown. It reveals very fine precipitates inside the silicon particles ranging
between 3 and 10nm. The precipitates are homogeneous in terms of spatial distribution

inside the Si particles and shape.

Figure 5-12. Microstructure of a eutectic silicon particle as imaged by transmission electron microscopy. Fine

precipitates inside the particles can be observed.

1.4.3. TEM chemical analysis

The chemical composition of the dendritic phase was determined using the EDS detector

implemented in the TEM. An attempt to determine the composition of the precipitates and

the matrix was made.
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Figure 5-13 was acquired in the Al matrix while Figure 5-14 was acquired on a “big
precipitate”. What is referred as “big precipitate” is illustrated in Figure 5-11c. The same
acquisition conditions (dwell time, beam current) were used for all spectra. Four elements
were identified in both spectra: Oxygen, Gallium, Aluminum and Silicon. Oxygen is inherent
to the surface contamination of the sample and is not accounted for in the conclusions. The
Gallium peaks correspond to the pollution from the Gallium source of the FIB used to
prepare the thin foil. Two Gallium peaks are discernible at around 1.10 and 9.21 keV
corresponding to the La and Ko emission lines respectively. The peaks are higher in Figure
5-14 than they are in Figure 5-13 indicating a preferential migration of the Ga* ions onto
the precipitates. The Al peak is higher in the matrix at around 4500 counts (Figure 5-13)
than it is in the precipitates at around 4100 counts (Figure 5-14). The opposite observation
can be made for the Si peak, which is higher on the spectra acquired on a precipitate (Figure

5-14).

Because the Si peak is consistently higher when EDS is performed on a precipitate, and
because no other elements were found, it is highly suspected that the precipitates are Si-
rich. However, it is not possible to obtain their exact composition. In addition, it is
interesting to notice the absence of magnesium. Indeed, from chapter one, one could have
expect to detect magnesium in the form of Mg»Si precipitates as it is common to observe in
Al-Si-Mg alloys. However, the absence of Mg at this scale suggests that the magnesium

preferentially precipitates in the form of intermetallic compounds as shown in Figure 5-7.
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This is consistent with the observation made in the section 1.3 of this chapter from the EDS

results performed in appendix A.

The JEM-2200FS microscope used in this work is equipped with an EELS detector, which
could potentially give information about the exact composition of the different phases.

However, the thickness of the foil (>150nm) prevented any analysis with the EELS detector.
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Figure 5-13. STEM-EDS spectrum in the matrix of the dendritic phase.

4500- AT
40004
3500
3000

2500+

Counts

2000+

1500

10001 Si

500 o) Ga Ga

keV

Figure 5-14. STEM-EDS spectrum in the dendritic phase on a “big precipitate” of the dendritic phase
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The TEM characterization unveiled dispersed precipitates and dislocations. Precipitates
and defects were identified at the nanoscale. The precipitates can be categorized depending
on their shape and size. The bigger precipitates (20nm) are less numerous than the smallest
one and not as well distributed inside the microstructure. Their shape is not perfectly circular
and some showed a more elongated shape. The smaller precipitates are circular and
homogeneously distributed in the microstructure. Their diameters vary but are less than
10nm. Defects were also exposed through the observations of “fringed features” characteristic
of the nucleation of dislocation loops from clusters of vacancies or atoms. The impact of ion

milling was suggested to explain their presence.

Summary of the multiscale characterization of the foam

Macroscale
Foam structure and
morphology

Mesoscale
Microstructure

Microscale
Eutectic phase
Nanoscale
Precipitation and
dislocations

The foam was characterized at different levels coupling tomography and microscopy

techniques. The material exhibit a highly inhomogeneous structure at all scales. The foam
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morphology and density were characterized using X-ray tomography and a gradient of
density was exposed throughout the foam thickness resulting from the manufacturing process

favoring the liquid to flow to the base of the structure.

Then, the microstructure of the cell walls was investigated using optical and electronic
microscopies. As predicted by the Al-Si phase diagram, the microstructure exhibits a
dendritic a-Al phase and a eutectic phase made of silicon platelets. Silicon carbide particles,
added to the melt during the manufacture of the foam, were characterized. The
microstructure of the walls is deeply inhomogeneous. The size of the dendrites, the shape of
the Si platelets as well as the density of the SiC particles were showed to vary greatly from

one region to another.

Finally, TEM was used to investigate the nanoscale features of the microstructure with
a focus on the dendritic phase. Precipitates and defects were spotted. Bigger, more elongated
precipitates were shown as opposed to spherical smaller ones. In addition, defects were also
exposed through the observations of “fringed features” characteristic of the nucleation of
dislocation loops from clusters of vacancies and/or atoms. The impact of ion milling in the
FIB was suggested as a hypothesis to explain their presence. The composition of the
precipitates was determined by TEM-EDS. The results suggest a high Si content but the
exact composition could not be determined. The smaller precipitates were not identified
because they were too small. The TEM investigation revealed several precipitates of various

sizes, which could contribute to various interaction behaviors with the dislocation.
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2. Characterization of the mechanical properties of the foam

This section is focused on the characterization of the mechanical properties of the foam
in the light of the structural and microstructural characterization presented in the previous
section. The importance of considering the foam as a multiscale material possessing various
interfaces was demonstrated. Therefore, the characterization of the mechanical properties
must reflect its complex nature by way of different techniques. In addition, the
inhomogeneities illustrated at different scales will most likely convey in the mechanical
response and correlating the two is the objective of this work. To achieve that, the
tomography will first be used to understand the mechanisms of deformation of the foam in
compression at the cell level. Then, the cartography by nanoindentation is used to measure
the mechanical properties (i.e. hardness here) of the dendritic phase. The hardness
distribution is then coupled to chemical analysis of the indented area to correlate the
composition and the local mechanical properties. Finally, the study of the nanoindentation
curve will be used to characterize the mechanical properties at the nanoscale and more

specifically the dislocation/precipitate interaction.

By constantly associating the structural and microstructural observation to the
mechanical behaviors observed at different scales, a complete overview and understanding

of the deformation of the foam will be available.
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2.1. Macroscale characterization of mechanical properties

2.1.1. Uniaxial compression

The sample dimensions were chosen to prevent exceeding the load cell limits while
maintaining the highest ratio of the specimen size to the cell size as it can affect the measured
mechanical properties [83], [99]. A ratio superior to 7 is recommended and was achieved
(considering a maximal cell size of #10mm from Figure 5-3). The final dimensions of the
tested samples were 76x76x13mm. The speed of the cross head is v=0.lmm/min

corresponding to a strain rate of e=7.7x107.

The results of the characterization of the uniaxial compression properties of the foam are
summarized in Figure 5-15. We first notice the scattering of the curves originating from
different relative densities from one sample to another as indicated on the figure by the black
arrow. Indeed, and despite that all samples had the same dimensions, they were extracted
from panels presenting local inhomogeneity in terms of relative density. We can identify two
effects of the relative density on the stress strain curves in compression. Firstly, an increase
of relative density extend the linear elastic region therefore increasing the value of the
plateau stress. Secondly, it reduces the densification strain, above which the densification
takes place. These observations are consistent with previous results and more specifically
with the early models proposed by Gibson and Ashby [82], [83] describing the correlation

between the relative density and mechanical properties of foams.
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Figure 5-15. Compressive stress—strain response of the foam. All curves were obtained from samples having the

same dimensions. The scattering comes from the difference in density from one sample to another.

Besides the scattering, all curves show a similar behavior following the characteristic
deformation behavior of foams. It comprises an initial linear regime followed by a plateau
region up to the densification. At the first stages of deformation, the stress increases quasi
linearly and is commonly mistaken as an elastic regime. In reality, local, non-reversible,
plastic events take place in the form of bending of the cell walls and faces. It is followed by
what is called the plateau regime, which gives the foam its mechanical energy absorption
properties. The stress varies little with the increasing strain resulting in a quasi-zero slope
of the curve. Here the plateau is not flat and corresponds more to a rising plateau where the
stress increases with the strain but the slope remains low compared to the linear and
densification regime. The cells collapse by buckling, yielding or cracking of the cell walls and

faces. Finally, the densification corresponds to a sharp increase of the slope of the curve and
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the stress increases steeply. The cell walls and faces crush together and are pushed against

each other.

2.1.2. In-situ compression with X-ray tomography

The deformation mechanisms of the foam were investigated using in-situ X-ray
tomography. A compression apparatus with a load cell capacity of 25kN was mounted on
the tomograph shown in chapter 2 and scans were recorded at different levels of strain to
follow the deformation of the cellular structure. The dimensions of the samples are a
compromise between maintaining a good resolution, not exceeding the capacity of the load
cell and having closed porosity inside the sample. Two samples of 2x2cm were compressed
using a crosshead speed of 0.9mm/min corresponding to a strain rate of £=7.0x107 In
comparison, the uniaxial compression results shown in the previous section were obtained
with a strain rate e=7.7x10%. However, both the uniaxial compression and in-situ uniaxial
compression are considered quasistatic and no effect from the strain rate is expected on the
deformation behavior. The tomographic parameters were the same for both samples resulting

in a resolution of 18um.

The stress strain curve of both samples is shown Figure 5-16. The vertical dashed lines
on the plot represent the strains at which the different tomographic scans were made. Sample
1 was scanned at 0.03, 0.12, 0.24 and 0.35. Sample 2 was scanned at 0.08, 0.21, 0.30 and

0.43. The grey dotted line represents the average of the curves represented in Figure 5-15.
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Figure 5-16. Compression stress-strain curves of the two samples tested for in situ X-ray tomography. The
vertical dotted lines indicate the strains at which the CT scans were recorded. The grey dotted line is the
average of the curves represented in Figure 5-15.

The compression curves fit well with the averaged curve, implying that despite the small
dimensions of the specimens, the deformation behavior is representative of the macroscopic
behavior illustrated in Figure 5-15. There are no clear delimitations between the different
stages of the deformation unlike what we would expect from a metallic foam (linear elasticity,
plateau region and densification). Both curves show a similar linear elastic part until €=0.04.
After that, the curves dissociate and their slope changes which indicate the onset of local
plasticity and failure of the structure. The densification, beyond which the structure
compacts and the stress rises steeply, starts around €=0.32 for sample 1 and €=0.30 for
sample 2. The differences between the two stress strain curves are expected because the

sample dimensions are too small to ensure the reproducibility of the deformation. However,
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it does not detract from the validity of the observations and the conclusions made later on

the deformation of the cellular structure.

The densification occurring during the deformation is illustrated on Figure 5-17 which
is a plot of the evolution of the relative density as a function of the applied strain. The
relative density was calculated as the average of the individual relative densities of the slices.
An increase of 45% and 50% is observed for sample 1 and 2 respectively. The errors bars are

high and reflect the inhomogeneous density of the foam unveiled earlier in Figure 5-2.
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Figure 5-17. Evolution of the relative density as a function of strain for the two sample tested.

The evolution of the relative density along the sample thickness as function of strain was

also investigated by repeating the procedure of Figure 5-2 for the CT scans performed at

different strains. The results for sample 1 and 2 are shown on Figure 5-18a and b

respectively. Those plots give information about the failure process of the structure in terms
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of where the deformation occurs in the material. It also gives an idea of when the

densification takes place.

The deformation is sequential rather than homogeneous. Figure 5-18a reveals that the
deformation of sample 1 initiates in the middle of the structure (=5.5mm) where the density
is the lowest. It is indicated by the dissociation of the €=0.03 and €=0.12 curves. As the
stress increases, the top half of the curves progressively shifts down while the bottom half of
the foam remains unchanged. It illustrates that the densification is localized in the top half
of the foam and propagates towards the highest density regions situated at the bottom of

the foam.

It is further illustrated in Figure 5-18b displaying the results of sample 2. A very high
peak of density is observed on the curves resulting from an irregularity in the structure of
the foam but observations analogous to sample 1 can be made. The first deformation events
once again initiates at around 5.5mm where the density is the lowest. As the strain increases,
the top half shifts towards the bottom and the density peak broaden. The density in the

bottom 4mm increases as the strain increases indicating densification in this region.

The deformation of the foam is therefore progressive and a direct aftereffect of the
gradient of density unveiled in Figure 5-2. The densification initiates in the lowest density
region localized in the middle of the foam. Then, it propagates towards the higher density

regions. The bottom of the foam, associated with the highest density values, is not affected

130



until consequent deformation levels are reached. The observations are similar to other studies

performed on foam manufactured using the same process [132], [133].
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Figure 5-18. Evolution of the relative density along the sample height for different strain increments of sample
1 (left) and sample 2 (right)

Figure 5-19 illustrates a cross section of sample 1 parallel to the loading direction at
different strain levels. The foam has a complex and inhomogeneous deformation behavior,
which is the result of local deformation of the cell walls. The black dashed lines are placed
at 5.5mm from the bottom of the foam, which corresponds to the location of the onset of
densification as observed in Figure 5-18a. The deformation is clearly localized in the upper
half of the foam. In Figure 5-19b, no modification of the bottom half is observed while
many plastic events occurred in the upper half. The first sign of plastic deformation in the

bottom half only appear in Figure 5-19c and proceed in Figure 5-19d.
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Sample 1

Figure 5-19. Evolution of the cellular structure at different applied strain (sample 1). The black dashed lines
are placed at 5.5mm relative to the bottom of the foam corresponding to the onset of deformation determined
in Figure 5-18.

The deformation mechanisms associated with the compression of the foam are numerous
as illustrated in Figure 5-20. The weak cells collapse first by bending or buckling of the
cell walls. As already defined in the literature, the weak cells are the elongated ones which
are unfavorably oriented (i.e. perpendicular) relative to the loading direction (Figure
5-20d) or the one made of entangled or thin walls (Figure 5-20b). As the compressive
stress increase, the deformation proceeds in the bottom half of the foam as depicted in
Figure 5-20c. The deformation is accommodated by buckling of the cell walls and cracking

of the cell membranes (see black arrows in Figure 5-20b). Moreover, the structure deformed
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during the first stages of the deformation also causes damages by being pushed downwards

and inducing tearing of the cell membranes and walls. It is visible in Figure 5-20d.

Figure 5-20. Deformation mechanisms of the individual cells. (a) Global view of the cross section. (b) Evolution
of a cell as the strain increase. (¢) The black arrows indicate the deformation of the cell walls and the crack
appearing in the cell membrane. (d) The failure occurs by the top structure being pushed down.
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Figure 5-21 illustrates the deformation of sample 2, which was ultimately deformed at
a higher strain compared to sample 1 (0.43 as opposed to 0.35 for sample 1). Similarly, to
Figure 5-19, the black dashed lines are placed at 5.5mm from the bottom of the foam,
which corresponds to the location of the onset of densification as observed in Figure 5-18b.
By following the evolution of the structure relative to the position of the black lines, it is
obvious that the densification takes place primarily in the upper half of the foam and it is
not until sufficient deformation is reached (i.e. €=0.43) that the bottom half heavily deforms.
The densification initiates in the middle section and is manifested by a subsidence of the
structure related to the presence of a weak cell surrounded by thin and entangled walls. This
weak region is indicated by the blue circle in Figure 5-21a. The impact of the subsidence
on the surroundings is indicated by the highlighted cells in Figure 5-21b whose shape is
directly altered by the collapse of the weak region mentioned above. Cracks in the cells
membranes accommodate the change of shape of the cells and are indicated by the black
arrows in Figure 5-21b. As the strain increases, the deformation diffuses in the lower half
of the foam indicated by the gradual collapse of the cell highlighted in Figure 5-21c whose
walls start bending because of the strain but also because of the above structure being pushed
down. It is further exemplified in Figure 5-21d. At this stage, the upper half is almost
completely densified and has been pushed downwards causing the deformation of the lower

half.
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Sample 2

Figure 5-21. Evolution of the cellular structure at different applied strains (sample 2). (a) The blue circle
indicates a weak region of the structure. (b) The red dashed lines highlight the change of shape of the cells
affected by the presence of the weak region indicated in (a). The black arrows point to the cracks in the cell
membranes. (¢) The red dashed line highlight the deformation of a cell located in the lower half of the foam.
(d) Final stage of deformation

Finally, Figure 5-22 shows a horizontal cross section of sample 1 that is perpendicular
to the loading axis. It was taken at 5.5mm from the bottom of the foam, which corresponds
to the location of the onset of densification as illustrated in Figure 5-18. It is particularly
tricky to find the exact same cross section for each strain increment as the structure moves
significantly during deformation; therefore, some differences can appear from one image to

another.
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Figure 5-22. Evolution of the cellular structure in a horizontal cross section perpendicular to the loading
direction at different applied strains (sample 1). The cross section is located at 5.5mm relative to the bottom
of the foam corresponding to the onset of deformation determined in Figure 5-18. The black arrows in (b)
point to the location of the first events of deformation.

The same conclusions as before can be made. The deformation seems indeed localized in
this section of the material as we observe signs of deformation on Figure 5-22b indicated
by the black arrows. Figure 5-22c and Figure 5-22d shows the same cross section for
higher strain increments. A lot of the structure has moved and it is therefore difficult to
visualize the initial structure. However, we can see that tearing and fracture of the cell faces

and walls take place.
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Summary of the deformation mechanisms of the foam by tomography

In-situ micro X-ray Computed Tomography tests of foam samples under progressive
compressive loading were carried out to study the evolution of the structure while deforming.
It was found that the deformation occurs first in the middle section of the sample where the
relative density is low. The deformation occurs first by buckling and bending of the cell
walls, which can induce cracking and tearing of the cell faces. The damages intensify and
the deformation propagates to the neighboring cells until all the structure has failed after
which densification takes place. It has been observed on both samples for different cross
sections. Both vertical and horizontal cross sections were observed to try to extract a
deformation pattern. It has also been seen that the lower section of the foam undergoes little
deformation compared to the top section. It is partially explained by the relative density
analysis presented previously that reveals a very high increase of relative density (about

40%) in the lower section of the foam.

The results are consistent with the literature. Indeed, it has been observed that the
deformation of a foam occurs in the weakest cells of the structure. Those weak cells are
defined as the elongated ones (i.e. perpendicular to the loading direction) which are
unfavorably oriented with the loading direction but also the ones made of entangled or thin
walls. The deformation is highly inhomogeneous and the densification is the result of multiple

local deformation events occurring at the cell level.
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2.2. Microscale characterization of the mechanical properties by
nanoindentation

The nanoindentation cartography, introduced in the previous chapter is now used to
characterize the hardness of individual cell walls and especially the dendritic phase. Because
of the inhomogeneity of the cell walls, several areas were indented and will be presented.
The effect of composition, with a strong focus on the silicon content in the aluminum solid
solution is discussed. Finally, the nanoindentation has been associated with a peak
deconvolution of the statistical analysis of the hardness data in order to reveal a possible

difference of hardness between the eutectic and dendritic aluminum phases.

2.2.1. Nanoindentation behavior

The mechanical properties of the cell wall at the microstructural level were investigated
using nanoindentation. Figure 5-23 illustrates the loading sequence used during the
nanoindentation tests of the foam in this chapter. The loading is performed in depth control,
at a penetration speed of 300nm/min, to ensure that each indentation have the same
maximum penetration depth, without regard to hardness. The maximum depth of the
indentations is 150nm. The unloading is performed in load control at 2000uN/min. The step
size of the arrays for the reconstruction of the hardness and Young’s modulus cartographies

may vary depending on the area tested.
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Figure 5-23. Indentation profile. The loading is depth controlled to assure a constant penetration of all the
indentations while the unloading is load controlled.

Two major nanoindentation behaviors stand out corresponding to the aluminum and the
silicon as illustrated in Figure 5-24a and b respectively. The aluminum essentially exhibits
a plastic deformation with a ductile behavior illustrated by the almost vertical unloading
curve. On the other hand, the silicon shows an elasto-plastic deformation with a strong
elastic recovery during the unloading. The unloading part of the silicon curve reveals a
displacement discontinuity, called pop-out, at around 100nm resulting from a phase
transformation and associated with a sudden expansion of the material [141], [142]. It typifies

the indentation behavior of silicon.
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Figure 5-24. Characteristic load vs. displacement curves for (a) the aluminum phase (both eutectic and
dendritic) (h) the eutectic silicon phase.

2.2.2. Nanoindentation cartography of the dendritic phase

Cartography n°l

This first cartography is mainly designed to adjust the parameters of the cartography
and gather early information on the indentation behavior of the microstructure. The results
are summarized in Figure 5-25. The array overlies the dendritic and eutectic phases but
most of the indentations are localized in the dendritic phase. The step size is 2um. The grey
color on both maps corresponds to the values outside the scale. The array was designed to
be 10x25 indentations but the procedure failed at the 203" indentation resulting in a big

imprint on the bottom right corner of the image.

The map in Figure 5-25b reveals a preferential distribution of the hardness values. The
hardness is higher in the top left corner and decrease continuously when approaching the

eutectic phase. The values range between 1300 and 1800MPa. The modulus varies between
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80 and 110GPa but no tendency is observed, the distribution is homogeneous. Moreover, no

correlation between the modulus and hardness values is detected.

It is difficult to identify where the preferential distribution of hardness originate from
just from the optical image and the maps. However, as highlighted previously from the TEM
analysis, Si-rich clusters and precipitates were observed in the dendritic phase. As described
by Mott and Nabarro, the presence of atoms of a second phase inside a solid solution locally
induces strains resulting in an apparent increase of hardness. Therefore, the distribution of

hardness is most likely the consequence of the presence of precipitates.
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Figure 5-25. Cartography n°l (a) Optical micrograph of the surface after indentation. The array is made of
10x25 indentations. (b) Nanohardness cartography reconstructed from the array shown in (a). Each square

represents a single nanohardness value. (¢) Cartography of Young’s modulus from the array shown in (a).

Cartography n°2

Following the previous cartography, which focused on the dendrite/eutectic region, the
influence of Mg was quantified by indenting an Mg-rich precipitate. There are a number of
microstructural features that affect the ductility of aluminum casting alloys. The ductility

is known to be sensitive in various degrees to the dendrite cell size and silicon particle size,

142



the aging condition but also the magnesium content [143], [144]. Figure 5-26 summarizes
the results of hardness and modulus corresponding to the array shown Figure 5-26a using
a 2um step size. This array was built on an Mg-rich particle indicated by the distinct contrast

of the particle compared to the rest of the image.

The map in Figure 5-26b depicts hardness values ranging from 1500MPa to 2100MPa.
Those values are higher than the ones measured in the previous example. Here, the higher
values are localized around the Mg-rich particle suggesting that the Mg precipitate influences
its surrounding properties. However, the indented area is small and it would have needed a

bigger array to be sure that the tendency observed extend to the rest of the region.

Similarly, to the previous cartography, the local inhomogeneities of the ductile dendritic
phase in terms of hardness values are unveiled. Moreover, the role of the chemical

composition of the Al-rich phase is again questioned.
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Figure 5-26. Cartography n°2 (a) Optical micrograph of the surface after indentation. The array is constituted
of 15x10 indentations with a step size of 2pum. (b) Nanohardness cartography reconstructed from the array

shown in (a). (¢) Cartography of Young’s modulus from the array shown in (a).
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Cartography n°3

The appropriate parameters of the cartography were determined with the two previous
cartographies. In an attempt to assess more accurately the correlation between chemical
composition and hardness, the cartography by nanoindentation is coupled to an EDS
cartography for the analysis of the dendrite in cross section. Additionally, the potential
variation of hardness between the eutectic and dendritic aluminum are investigated by

performing an analysis of the statistical distribution of the hardness values.

Figure 5-27 compiles the outcome of the nanoindentation cartography performed on
what is considered as the cross section of a dendritic arm using a 2um step size. Figure
5-27b depicts the hardness distribution of the indented area. It suggests a lower hardness
on the edges, at the eutectic/dendritic interface, compared to the core of the dendrite. The
hardness ranges between 1200MPa at the edge and 1500MPa in the core. Figure 5-27c¢
illustrates the young’s modulus of the indented area. No observable trend stands out with
values ranging between 80 and 100GPa. Finally, Figure 5-27d depicts the elemental Si
composition of the dendrite as quantified by EDS and unveils a clear gradient of Si content
along the radius of the dendrite. Here, the core is associated with higher Si contents

compared to the edges. The Si content ranges from 1.2 to 3%.
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Figure 5-27. Cartography n°3 on the cross section of a dendritic arm. (a) Optical micrograph of the surface
after indentation. The array is constituted of 20x20 indentations with a maximum penetration depth of
150nm. The step size is 2um. (b) Nanohardness map (¢) Young’s modulus map (d) Si percent concentration
map.

From Figure 5-27b and Figure 5-27c, one could say that the hardness exhibits a
correlation with the Si content. Here, higher hardness values appear to be associated with
higher Si content. Thus, to confirm this correlation, each hardness value was associated with
a corresponding Si concentration and plotted resulting in Figure 5-28. Despite some
scattering in the data points, the trend noticeably shows an increase of hardness when the

Si content increases.
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Figure 5-28. Plot of the hardness vs Si content. The same data were used to reconstruct the maps shown in
Figure 5-27. The red line represents the trend of the data points.

The Si atomic percentages measured by EDS challenge the analysis of the Al-Si phase
diagram. According to the diagram, the maximum solubility of Si in Al is 1.65% at 577°C
and close to zero at room temperature. However, this solubility (and by extent the entire
phase diagram) applies only in equilibrium for which the cooling rate is low. Obviously, in
the case of a foam manufactured by gas melt injection, the equilibrium conditions are not
fulfilled. Physically, it means that the solute atoms do not have enough time and energy to
diffuse from the dendritic phase to the eutectic phase. Instead, they will form clusters and/or
precipitates, as it is more energetically favorable. This mechanism is more pronounced at
the core of the dendrite, manifesting itself by higher Si contents measured by EDS. This
phenomenon is corroborated by the calculation of the solidification time made earlier in the

chapter (see chapter 4 section 1.3). The calculated time for the specific region showed is
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5.3s, which is very short regarding the time needed to form the microstructures predicted

by the Al-Si phase diagram.

The array overlies both the eutectic and dendritic phases. Thus, it gives us the
opportunity to investigate the potential variations between the eutectic and dendritic
aluminum. According to the phase diagram, both phases are a-Al and should have the same
composition. However, the environment of each phase is different. The dendritic aluminum
solidifies alone while the eutectic aluminum solidifies simultaneously with the Si platelets
and after complete solidification, the eutectic aluminum is tangled with Si platelets. A
potential effect on the hardness is investigated. To this end, an analysis of the statistical
distribution of the hardness values was performed to deconvolute the hardness peaks
associated with the different mechanical phases. This approach is particularly interesting
when the different phases are hardly identifiable. The array presented in Figure 5-27 was
used. The statistical deconvolution was performed according to the method proposed by Ulm
et al. [112]. An example of its application can be found in the literature [115]. Three types
of behaviors can be considered relative to the region indented. The first one is when the
dendritic aluminum is indented, the second when the eutectic aluminum is indented and the
third corresponds to a hybrid behavior when the indent overlaps the eutectic aluminum and
Si platelets. It results in three deconvoluted peaks as shown in Figure 5-29a. A Gaussian
distribution was assumed for each phase. The first peak (blue) is located at 1172MPa with
a full width at half maximum (FWHM) of 167MPa. The second peak (orange) is located at

1343MPa with a FWHM=86MPa. Because the PDF of this peak is so high and because
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majority of the indentations were located in the dendrite, this hardness value is most likely
to be the hardness of the dendritic phase. Finally, the third peak (pink) is positioned at
2067MPa with a FWHM=2750MPa. The high FWHM of this peak is attributed to the
composite behavior of the indentation when the indenter is in partial contact with the Si

and Al phase.
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Figure 5-29. Experimental data (histogram) and associated probability density function (PDF) (a) Full data
(horizontal axis 0-4000MPa) (b) Zoom in on the aluminum peaks (horizontal axis 900-2000MPa). On both
plots, the yellow line is the envelope of the PDF. The blue, orange and pink curves are the deconvoluted
PDF’s assuming a Gaussian distribution for each phase.

The two sharp peaks are only 171MPa apart, which can appear low and not conclusive.
To confirm the nature of the peaks, a hardness cartography of the full data has been
established (i.e. no values were saturated) and superimposed to the optical image of the
indented area. The color scale has been chosen in order to reveal the three main hardness
values: the color has been used with sharp transition in between the deconvoluted peaks.
The results are shown in Figure 5-30. The deconvoluted PDF’s from Figure 5-29 are
associated with the hardness color scale.
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Figure 5-30. Hardness cartography of the array shown in Figure 5-27 superimposed on the optical image of
the indented area. The deconvoluted PDFs from Figure 5-29 are associated with the hardness color scale.
The white square on the top right corner corresponds to 4-30.

The blue color is associated with the 1172MPa peak while the orange values are associated
with the 1343 peak. The pink color is associated with the 2047MPa peak. The cartography
suggests that the lowest hardness values, corresponding to the blue color, are primarily
located in the eutectic phase or at the dendrite/eutectic interface. The dendrite appears in
orange, thus showing that the hardness in these regions is about 1350MPa and corresponds
to the second peak. However, it is challenging to distinguish clearly a hardness contrast in

the hardness map in the eutectic phase. Thus, a zoomed in version of the top right corner
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of the cartography is presented in Figure 5-31. In this image, the cartography is
superimposed on the SEM image of the indented area to improve the visibility of the
indentations. The color chart is similar to the one in Figure 5-30. But ranging from 800 to

4100 MPa

l/ o
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Figure 5-31. Image extracted from the cartography in Figure 5-30. The hardness cartography of the array
shown is here superimposed on the SEM image of the indented area to better distinguish the indentation.

The color chart is similar to the one in Figure 5-30.

Figure 5-31 clearly shows the position of the indents relative to the different phases.
The indents located in the dendrites appear in orange, confirming that the 1343MPa peak
in Figure 5-29 corresponds to the hardness of the dendritic aluminum. Thanks to the
quality of the SEM image, the indents overlapping the eutectic Al and Si are distinctly

visible and appear in pink color showing that they are associated with the third peak. At
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last, the indents located in the pure eutectic aluminum phase (without any contact with the
silicon platelets) appear in blue color, which confirms that the 1172MPa peak in Figure

5-29 corresponds to the eutectic aluminum hardness.

Even if the hardness is only 171MPa apart, the hardness of the eutectic and dendritic
aluminum was shown to be different. The dendritic phase has higher hardness compared to
the eutectic aluminum phase. The method allows revealing small hardness variations
between the two aluminum phases, which would have been difficult to extract in a
conventional hardness study. The variations of hardness can ultimately lead to strain
localization and to the nucleation of crack within the cellular structure. Within the context
of the multiscale characterization of the foam, it accentuates the presence of various

microstructural interfaces and the inhomogeneity of the microstructure.

Summary of the microstructural characterization by nanoindentation cartography

The nanoindentation cartography method has been used to reveal and to characterize the
inhomogeneities of mechanical properties of the microstructure. The silicon platelets and
aluminum have two very different behavior when indented. The aluminum exhibit a plastic
deformation with a ductile behavior and the silicone an elasto-plastic behavior with a strong

elastic recovery upon unloading.

A detailed analysis of the dendritic phase revealed a gradient of hardness within the
dendritic structure. This gradient is distributed relative to the position inside the dendritic

arm. The core has higher hardness compared to the edge. This distribution derives from a
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corresponding distribution of silicone in the solid solution, which is most likely a consequence
of the non-equilibrium cooling conditions during the foam manufacture. Overall, the
hardness of the aluminum is strongly affected by its elemental composition. The presence of

Si and Mg in solution greatly modifies the hardness of the aluminum phase.

The nanoindentation cartography was further used to investigate the properties of the
eutectic aluminum relative to the dendritic one. The deconvolution performed on the
statistical analysis of an indentation array overlying both phases confirmed a lower hardness
of the eutectic aluminum. Only 171MPa separates the hardness of both phases, which would
have been undetectable by conventional nanoindentation. Coupling the deconvolution with
a hardness cartography confirm the distinct properties of both phases. A possible effect on
macroscopic deformation behavior of the foam was raised as the variations of hardness
between the two ductile aluminum phases can lead to strain localization and ultimately to

crack nucleation at the macroscopic scale.

2.3. Characterization of the deformation mechanisms at the nanoscale

2.3.1. Nanoindentation curve analysis: PLC effect

The influence of the elemental composition, and more specifically the Si content, on the
hardness was demonstrated. In this section, the indentation curves are analyzed and the
strengthening role of Si in the aluminum phase is investigated. The benefit of the

nanoindentation cartography is therefore extended and the technique is no longer used as a
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conventional hardness measuring technique but as a way to study the deformation behavior

at the nanoscale.

Instabilities are observed on the load-displacement curve when indenting the aluminum
phase (eutectic or dendritic). Those instabilities are manifested by oscillations on the loading
part of the curve as exemplified in Figure 5-32 which depicts a typical load vs. displacement

curve of the dendritic aluminum. It is also known as the Portevin-Le Chatelier (PLC) effect.
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Figure 5-32. Instabilities on the load-displacement curve appearing when the aluminum phase is indented.

The PLC effect, serrated yielding or jerky flow described originally the serration observed
on the tensile stress-strain curve of some dilute alloys and particularly Al alloys. This
phenomenon represents a material instability that results in severe strain localization,
reduction in ductility and formation of striations on the surfaces of sheet metals during

forming processes. It is now accepted that the serrations originate from dynamic strain aging
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of the solute atoms. Physically, this phenomenon is the result of the interaction of mobile
dislocations with solute atoms, which encompasses pinning of the dislocations by the solute
atoms, the breakaway of the dislocations from the solute atoms, and diffusion of the solute

atoms to the dislocations, which are therefore pinned again.

It has mainly been studied for aluminum alloys with a focus on Al-Mg alloys. Recently,
nanoindentation revealed itself to be a great tool to study the PLC effect as similar serrations
were observed on the load vs. displacement curves of dilute alloys [145]-[149]
Nanoindentation provides further insight since it makes possible to evaluate the properties

of individual phase. Therefore, a much more local information is obtained.

The elemental characterization of the microstructure by EDS showed variable silicon
content in both the eutectic and dendritic aluminum phases. The silicon in solid solution is
most likely to induce the serrations. Thus, the objective is to analyze the serrations of the
load-displacement curves of several imprints relative to their position inside the dendritic
structure. The U-NHT “Ultra nano hardness tester” by ANTON PAAR was used to conduct
the nanoindentation experiments. Unlike conventional nanoindentation systems, the
nanoindenter has two independent high-resolution load and displacement sensors. In
addition, the active reference provides an extremely high mechanical stability. The serrations
on the curve are therefore a physical response from the material and are not induced by the

device (see Chapter 2 for more details).
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An array of 5x15 indentations was designed over a dendritic arm as shown in Figure
5-33. The indentations were performed with an acquisition rate of 400Hz, i.e. 400 data
points collected per second, to ensure the detection of the load jumps. The step size of the
array is 3um. The loading is performed in displacement control at 50nm/min while the

unloading is performed in load control at 1500uN/min. The maximum depth of the

indentation is 100nm.

Figure 5-33. 5x15 nanoindentation array over a dendritic arm. The indentation cycle is specifically developed
for the analysis of the PLC effect.

The procedure to analyze and compare the load drops from one curve to another is
illustrated in Figure 5-34. First, the load and displacement signal are plotted as a function
of time as shown in Figure 5-34a. Only the loading portion of the load signal is displayed
while the entire indentation cycle of the displacement signal is plotted. The displacement
signal is linear since the loading is controlled in displacement and the instabilities of the load
signal are clearly visible. From the data, the envelope of the load signal is determined (orange

curve in Figure 5-34a) and subtracted in order to isolate the serrations and obtain a plot
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as shown Figure 5-34b. Finally, the position and amplitude of the load drops are

automatically detected, recorded and indicated in order to perform a statistical analysis. The

results are shown in Figure 5-34c. The green bars indicate the position of a load drops.

The numbers above each bar correspond to the amplitude of the load drops in micronewtons.
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Figure 5-34. Procedure of the statistical analysis of the serrations (a) Load and displacement signals as a
function of time. (b) Load signal as a function of time after subtraction of its envelope. (¢) Results of the
statistical analysis of the load jumps. Each green bar represents a load drop.

Figure 5-35 summarizes the results of the load drops analysis. The figure shows only

the results of one line of indents. Within this line, only the results of the indentations

numbered 63, 66, 69 and 74 are displayed as they described well the different possible cases.
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Indentation 63 corresponds to the indentation of a eutectic Si platelet, indentation 66 is

located in the dendritic phase at the interface between the eutectic and dendritic phase,

indentation 69 is located at the core of the dendritic arm and indentation 74 is located in

the eutectic aluminum phase. First, the curve numbered 63 does not exhibit load jumps.

The silicon platelets are pure silicon and the serrations only appear in solid solution. It is

therefore natural that no load drops were detected. Despite the different locations of

indentations 66, 69 and 74, i.e. different locations inside the dendritic arm for 66 and 69 and

different phase for 74, no significant differences are observed.
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Figure 5-35. Results of the statistical analysis of the load jumps relative to the location in the dendritic arm.
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The presence of load drops in the eutectic and dendritic aluminum confirms the presence
of solute atoms or nano-precipitates in both phases [147], [150]. However, the TEM
characterization presented earlier in this chapter revealed precipitates below 10nm but their
number and spacing cannot explain the multitude of drops. Thus, the presence of smaller
precipitates or aggregates must exist to account for the oscillations on the nanoindentation
curves. Above all, the PLC point out pinning of dislocations. The TEM is a common tool to

examine the dislocations structure.

2.3.2. Characterization of the dislocation structure by TEM

In this section, TEM is used to image the interaction of dislocation with the
microstructure. Here, dislocation/precipitate interactions were detected via the observations
of dislocation pinning and loops. The thin foil was extracted within the indented area shown

in Figure 5-33. The pinning phenomenon is illustrated in Figure 5-36.

Two different regions are enlarged but both highlight the pinning of dislocations as seen
in Figure 5-36b and d. In both cases, the pinning is caused by the largest precipitates

presented earlier (*20nm).
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Figure 5-36. (a) Annular Bright Field STEM image in the dendritic phase. (b) and (¢) Annular bright Field
and High Angle Annular Bright Field images respectively of the encircled region in red. (d) and (e) Annular
bright Field and High Angle Annular Bright Field images respectively of the encircled region in blue.

Dislocations loops are additional proofs of dislocation/precipitates interaction and results
from the encirclement of a precipitates by a moving dislocation leaving a loop behind.
Figure 5-37 illustrates this phenomenon in two different regions indicated by the white
circles. The diameter of the loops is close to 20nm suggesting again that the dislocation

interacted with the bigger precipitates (Orowan looping mechanism)
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Figure 5-37. Dark field TEM images in the dendritic phase highlighting the interaction of dislocations with the

precipitates by the presence of dislocation loops

The precipitate/dislocation interaction is a classic strengthening mechanisms in casting
alloys in which the motion of dislocations is stopped or slowed down by the presence of
precipitates. Therefore, the images shown give information about the fundamental plastic
mechanisms of the ductile dendritic phase and suggest a possible way for improvement of
the mechanical properties of the foam by optimizing the precipitation by specific annealing

treatment.
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Summary of the PLC effect characterized by nanoindentation

In this work, the presence of precipitates was shown using both TEM observations and
nanoindentation. However, the nanoindentation suggests the presence of very fine
precipitates or clusters not observable in thin foil presented in Figure 5-10. The nature and
size of these precipitates could be characterized by optimizing the thin foil preparation.

Thus, the plastic behavior of the cell wall could be better understood.

Additionally, the nanoindentation proved to be a good qualitative tool to characterize
the microstructure because of the very local information it provides about the microstructure

and possible plastic behavior.

3. Conclusion of the chapter

This chapter intended to characterize the mechanical properties of a complex composite
material with various interfaces through various techniques. The structure and
microstructures of the foam was characterized at different levels coupling tomography and
microscopy techniques. The multiscale nature of the material was demonstrated and a highly
inhomogeneous structure at all scales was revealed. Because of this multiscale structure,

several techniques were used to characterize the mechanical properties of the foam.

In-situ micro X-ray Computed Tomography tests of foam samples under progressive
compressive loading were carried out to study the evolution of the structure while deforming.

The deformation mechanisms strongly reflected the cellular structure. The deformation
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initiates in the lower density region located in the middle of the sample and propagates

towards the higher density region at the base of the material.

The mechanical properties of the microstructure were characterized by using the
nanoindentation cartography method on individual cell walls. First, the microstructural
characterization revealed an inhomogeneous microstructure within a single cell wall. The
different phases logically have dissimilar hardness values but more surprisingly, the
deconvolution of the hardness data revealed dissimilar average hardness between the
dendritic and eutectic aluminum inducing despite the fact that the phase diagram predict
the same composition. In addition to the natural interfaces present in the material, the
method developed here also revealed an interface within the ductile aluminum solid solution.
The dissimilar mechanical properties could ultimately lead to complex fracture mechanisms.

This work gives valuable information regarding those mechanisms.

The benefit of the nanoindentation technique was extended by looking at the indentation
curve instead of only use the device as a hardness measuring technique. The instabilities on
the indentation curve (i.e. PLC effect) demonstrate the presence of nano-precipitates or
clusters of atoms in the aluminum phase. This phenomenon represents a material instability
that results macroscopically in severe strain localization, reduction in ductility and formation
of striations on the surfaces of sheet metals during forming processes. The analysis of the
microstructure by TEM confirmed the presence of precipitates but their size and space

distribution could not explain the instabilities. Unfortunately, the thin foil was not
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appropriate for observations at a lower scale. However, evidences of dislocation interactions

were found by the presence of several dislocation pinning and loops. It confirms the analysis

of the indentation curve and supports the use of nanoindentation to obtain microstructural

information at very low scale.

Throughout this chapter, the structures and microstructures were showed to affect the

mechanical properties and at various degree to affect the macroscopic deformation of the

foam. The different methods developed for the characterization of this complex composites

material were successful and gave new insights on the role of the microstructural interfaces

in the deformation of the foam. Without doubt, this method could be applied to other

complex materials.
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CHAPTER SIX

Summary and conclusions

nterfaces are responsible for many of the magnetic, electrical, optical and mechanical
properties of materials. The focus of this work was to bring a novel approach in the
characterization of the local mechanical properties of interfaces of two commercially available
materials. The use of “real materials’ as opposed to material designed in a laboratory gives
more value to this work since they are usually more complex because not specifically designed
for our experiments. Throughout this work, the relationship between microstructure and

mechanical properties was assessed.

First, the notion of coating and adhesion was addressed by characterizing the hardness
and microstructure of a 17-4PH steel substrate subjected to a grit blasting surface treatment
followed by the deposition of a cermet CrsCo-NiCr coating deposited by high velocity oxy-
fuel (HVOF). Nanoindentation cartography and microscopy imaging of the substrate at the
coating/substrate interface were performed. Cracks nucleating from the edge of residual grits
were also observed suggesting that failure could preferentially occur in the layer affected by

the grit blasting and not at the coating substrate interface.
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Obviously, other factors could be more critical in understanding the failure of such
systems. Failure in the coating or at the interface is more likely to occur. However, in a
process of improving the performance of the coating, the local investigation of the impact of
the substrate surface preparation is critical. In addition, in light of the results presented in
this work, the nanoindentation cartography method couple to high resolution imaging
techniques could enable to reinterpret the adhesion problems of thermal spray coating

deposited on grit blasted substrate.

Then, the mechanical properties of a multiscale composite material were characterized.
The material is an aluminum foam used in energy absorbing structure. The characterization
of the foam revealed a complex multiscale microstructure. Several SEM and OM images of
the microstructure illustrated the inhomogeneity of the microstructure within individual cell
walls. The SiC particles distribution, dendrite size, eutectic Si platelets size and shape were
shown to differ greatly. It suggests possible divergent mechanical behaviors within a single

cell wall but most importantly within the entire structure.

The aluminum accounts for the ductility of the foam and its properties are critical in
defining the deformation behavior of the foam. Therefore, most of the efforts were oriented
towards the characterization of the ductile aluminum phases (eutectic and dendritic). The
presence of silicon in solution in varying concentrations and even of silicon in the form of
precipitates in the eutectic and dendritic phases resulted in different mechanical properties

and an active dislocation/precipitate interaction. As a result, strain localization and
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ultimately nucleation of cracks can develop at the eutectic/dendritic interface. Additionally,
the unveiled PLC effect represents a material instability, which macroscopically results in

severe strain localization and reduction of ductility.

This work exposed several prospects for a further characterization of the foam. The
characterization of the microstructure, its evolution during plastic deformation and how it
controls the mechanical properties were initiated but not completed. To do so, the cross
section of foam samples was carefully polished and conventionally compressed. Because the
cross section was polished, the evolution of the microstructure as the strain increase was
characterized. As shown in Figure 6-1, slip lines inside the dendritic phase were observed.
More interestingly, Figure 6-1b shows the slip lines propagating towards the
dendritic/eutectic interface. The resolution is not enough to assess the contribution of the
eutectic phase on the propagation of plasticity but experiments using atomic force
microscopy at the interface would answer whether the slip lines propagates in the eutectic

phase or are arrested by it.

Figure 6-1. Slip lines observed in the dendritic phase after 10% compressive strain
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The use of AFM could also be extended by looking at the plasticity around
nanoindentation imprints and crack initiation sites. At last, the role of the SiC particles was
excluded from this study but play an essential role in the propagation of cracks and their
characterization would give further insights on the contribution of the microstructure to the

deformation of cell walls.

To conclude, the method developed in this work showed great results even on a complex
composite material like an aluminum foam. The nanoindentation cartography coupled to
imaging techniques highlighted the role of the microstructure on the deformation behavior
of both materials. It also confirmed the importance of locally characterize a material to
understand its macroscopic behavior. Despite the complexity of the materials tested, the

method proved to be versatile enough and could be implemented for other materials.
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Appendix A - Investigation of the Mg content

on the nanoindentation measurement

In an effort to characterize the complex microstructure of the aluminum foam, a study of
the effect of Mg content was initiated. To do so, a map of Mg content was made using the
same method explained in chapter 4 for the Si content (based on individual EDS scans - see
page 145 for the results on Si content). The EDS measurements were then coupled with
nanoindentation results obtained from the nanoindentation cartography method. The maps
shown in Figure A-1 were made on a longitudinal section of a primary dendritic arm. This
configuration allows exploring the role of the crystallographic orientation of the dendrite on
the hardness and Mg content measurements. The step size of the indentations array was
chosen larger at 5um and the maximum penetration depth is 150nm. The different dendritic
arms were numbered from 1 to 7 (see Figure A-1a) and will be referred by their number

in the rest of the section.

The hardness map is illustrated in Figure A-1b. In the arms 1, 2, 3 and 4, the hardness
is distributed homogeneously ranging between 1200 and 1700MPa. In the arms 5, 6 and 7,
the hardness actually follows the opposite trend compared to what was presented in Figure

5-27. The hardness is higher at the edge of the dendrite compared to the core. As illustrated
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by Figure A-1le, it arises from the presence of Mg rich precipitates. Those precipitates are

easily discernable on the optical micrograph in Figure A-la. Their chemical composition

was confirmed by EDS as seen in Figure A-le in which the yellow color corresponds to

where Mg was detected.

The influence of Mg was illustrated. The presence of Mg in the solid solution increases
the hardness measurements up to 1700MPa. From the EDS measurements, it seems that
magnesium is not present uniformly in the Al solid solution. Instead, Mg preferably
precipitates Mg traces are only found around those precipitates. Moreover, an effect of the
dendritic crystallographic orientation could explain the different distribution of hardness
observed in Figure 5-27 and Figure A-1. Obviously, the optical images showed in Figure
5-27 and Figure A-1 illustrate two configurations of the dendritic phase. Moreover, the
formation of a dendrite is a complex process involving the diffusion of atoms during
solidification. Therefore, the distribution of hardness could be the result of silicon being

distributed preferentially.
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Figure A-1. Results of the investigation of the effect of Mg on the hardness measurements. (a) Optical
micrograph of the surface after indentation. The array is constituted of 17x30 indentations. The step size is
Sum. (b) Nanohardness map (c¢) Young’s modulus map (d) Mg map.
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