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Abstract

In this work, the mechanical behaviour under compression at room and high temperature of a
bulk Cr2AlC sample is studied. The microstructure resulting form conditions of loading and heat
treatment during the sintering process are identified. The purity and the density of these samples
are also determined. An additional phase present in the samples after sintering containing iron is
observed and an identification of this phase is achieved. Hardness tests of Vicker and Berkovich
are performed on sintered sample at room temperature with different grain sizes and different
tips of indentation. The global and local hardness is then obtained. Sample are machined in two
macroscopic shapes, square-based bar samples under the dimension 3x3x8 mm3 and cylinder
samples with a diameter of 4 mm and a height of 8 mm. These samples are also extracted from
the sintering specimen under different directions regarding the compaction direction. Then, they
are compressed in a plasto-dilatometre at 800 and 1000◦C at different amount of deformation
and observed with scanning electron microscope to identify the mechanisms of damaging and
deformation. Then, creep resistance of the Cr2AlC is studied for samples with different grain
sizes and passed mechanical and thermal treatments. This property is compared with the other
MAX-phase Ti3SiC2 and the dependence on the grain size is confirmed. Eventually, perspective
for future researches to continue this study are proposed.
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Chapter 1

Introduction

1.1 First overview, the ceramics

A ceramic is an inorganic compound, but not a metal, and often oxide, carbide or nitride material.
It is an abundant material on earth which can have a very varied composition. Besides oxides,
carbides and nitrides, one can also find silicides, tellurides, silicates, etc... in this family of
materials. The first ceramic appeared tens of thousand years ago, and they were used first for
pottery 6000 years ago. This kind of material and its synthesis process are still very present
nowadays. The first process to make pottery is the potter’s wheel appeared in Egypt 5000
years before Christ (BC). The first closed oven appeared 4000 years B.C. I allowed for a higher
and better controlled temperature in comparison with an open oven [ENS98]. During the same
millennium, glass was discovered.T his material based on the chemical compound silica, or quartz
was first used for jewellery.

The class of ceramic has such a large possibility for the composition and the structure as well
as all elements, all types of bonding and all levels of cystallinity can be found. Due to this large
diversity of the composition, their properties vary also a lot and this is why the ceramics are used
in a wide range of applications. For example, most of them are brittle, hard while they have low
toughness and ductility. They can also withstand chemical erosion, which means that they are
very stable in various types of hostile environment. In general, they are strong in compression
while they are weak in shearing and torsion [Wik18b]. They have a high melting point which
allow them to be used in high temperature applications, even under strong mechanical stresses.

The ceramics used in technological applications can be divided in two groups; traditional and
advanced ceramic materials. In the class of traditional ceramic materials we find white wares,
structural clay products, brick and tile, abrasives, refractories and cement [Sub18]. However in
advanced ceramic class more exotic ceramic materials used in specific applications like electro-
ceramics, tribological ceramics, automotive ceramics, etc. can be found as well as the so-called
MAX-phases. The specific ceramic type studied in the report is described in the next section.
Firstly, the MAX-phases will be introduced in a general manner with their structure and main
properties. A quick overview of the synthesis process will follow before a highlight of some
examples of applications and potential field activity for MAX-phases. Then, the material studied
in this work and its main properties are detailed.
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1.2 State of the art

1.2.1 The MAX-phases

MAX-phases have been first reported by Nowotny in 1970-1971 [Now71] as a ceramic carbide
or nitride, and more specifically as a ternary layered carbide or nitride. The general formula is
Mn+1AXn where M is an early transition metal, A is an A-group element (mainly III-A and IV-A
element) and X is either carbon (C) or nitrogen (N) (see Figure 1.1). This notation is the reason
why this family of ceramics are called MAX-phases. Nowadays, almost 70 MAX-phases have
been reported by successful synthesis of the carbides or nitrides with different combinations of
the three kinds of elements [ALG17]. The Figure 1.1 shows the different elements in the periodic
table apt to be used as components of the MAX-phase family. It also shows many possibilities of
MAX-phases already discovered.

Figure 1.1: Periodic table summarized different MAX-phases discovered [Bar13]

The structure of MAX-phases is represented in Figure 1.2, they are ternary nanolaminates
with a close-packed hexagonal lattice in the space group P63/mmc, where M layers are separated
by layers of A group element, while X atoms fitting into octahedral sites of M layers [Low12]. As
shown in Figure 1.2, MAX-phases can be classified regarding their number of atoms of M-, A-
and X-elements. For example, 211 corresponds to class M2AX components, 312 for M3AX2, etc.

Due to this particular structure, one layer of carbide separated by one layer of a metallic
element, the properties of these materials are a combination of metallic and ceramic properties.
Indeed, it is the alternation between the strong covalent bonds M-X and the weaker metallic
bonds M-A that induces this combination of properties. This unique set of properties if of great
interest to researchers in the world, and many studies have been performed.

MAX-phases have, like general ceramics, a high strength, a high melting point, a thermal
stability and a good oxidation resistance. Also, like metallic materials, they exhibit good
thermal and electrical conductivity, which is not the case of general ceramics. They are also
easily machinable, fatigue and thermal shock resistant. Furthermore, they are damage tolerant,
resistant to chemical attack, have a relatively low thermal expansion coefficient and some are
creep resistant ([BR11] and [Low12]). The lamellar structure of MAX-phase family can be
observed in Figure 1.3 on a surface of a sample of Cr2AlC.
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Figure 1.2: Structure of one unit cell of MAX-phases : (a) 211, (b) 312 and (c) 413 [BR11]

Figure 1.3: SEM image of the surface of Cr2AlC sample where the structure in lamellae of
MAX-phases are observed

1.2.2 Synthesis process

Spark Plasma Sintering

The main process used to synthesis MAX-phases is the sintering process. From raw powders
of carbides and pure A-elements also in the form of powder, the sintered process consists of
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heating at high enough temperature and press the powder at a sufficient load to obtain a 3D
bulk material. Examples of the processes are hot isostatic pressing (HIP), self-propagating
high-temperature synthesis (SHS), pulsed laser deposition (PLD) or spark plasma sintering (SPS).
This last method has many advantages as a lower temperature process, a shorter time of sintering
with the possibility to heat the sample quickly in the matrix [Low12]. The SPS components are
represented on the Figure 1.4 where the graphite spacer applied the load on a matrix, composed
of the graphite punch and graphite die. The powder at the centre of the framework is pressed by
the punches. Because the whole structure is made of graphite, the powder is heated by Joule
effect but also by the heat transfer from the matrix. With this technique, the heating rate for
the SPS can reach 1000◦C/min. However, a too high heating rate could imply an inhomogeneous
material because of too high temperature gradient between the core and the surface of the sample
during the process [Dem11].

Figure 1.4: Schematic representation of the SPS equipment with different elements highlighted
as well as the pressure and the direct current applied to the powder [Dem11]

As in any sintering equipment, the application of the pressure makes reaching the same final
density of the product with a lower temperature possible. It also allows keeping finer grains
in the material during the process because a higher temperature helps their growth. So the
advantage of the SPS in comparison with other techniques are a shorter sintering time, a lower
sintering temperature and pressure and a higher densification rate. It does not need a cold
compaction, and it is less sensitive to initial powder composition. Materials difficult to sinter are
easier to synthesis with this process and the product obtained has a finer and more homogeneous
microstructure as well as a higher density [Low12].

Synthesis of pure Cr2AlC

The technique used to synthesis the sample plays an important role in its densification. The
starting mixture also plays a role. Then, J. Gonzalez-Julian and al. proposed an experimental
procedure to obtain fully dense and highly pure MAX-phase Cr2AlC. The procedure consists
of, firstly pressureless sintering using raw powder composed of Cr/Al/C in molar ratio (2:1.1:1)
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because of a loss of Al content during the thermal process, to obtain a pure MAX-phase but not
fully dense. Then, SPS densification [GJOBG16].

If the two steps of the mechanism are compared separately, the sample is either not pure,
or not dense enough. In the case of the process without the first step, pressureless calcination,
pure MAX-phase is not obtained at a temperature of 1400◦C. According to Gonzalez, one of
the explanations is the heating rate and the isothermal plateau that are not optimal for the
synthesis of Cr2AlC because a fast heating and short isothermal holding time limit the kinetic
of the reaction. While, with the mechanism without the SPS process, the density obtained at
1400◦C for the pure Cr2AlC is 5.08g/cm3 [GJOBG16].

With the process in two steps, highly dense and pure sample is obtained, 5.17 and 5.21 g/cm3

whereas the theoretical density of Cr2AlC is 5.229 g/cm3 (JCPDS 029-0017), for a temperature
of 1250-1300◦C with a heating rate of 100K/min and an isothermal holding time of 10 minutes
and under a pressure of 50 MPa. But at 1300◦C small traces of Cr2Al are detected, so the
optimal condition is at 1200◦C [GJOBG16].

1.2.3 Applications

Before going into the details of the main applications of MAX-phases, availability and cost have
to be put in perspective. Firstly, Max-phases can be processed as bulk materials, powders, porous
foam, coating and thin films. In general, powder of highly pure MAX-phases are more expensive
than mechanical ceramics like alumina, silicon carbide and nitride powders used as structural
and high temperature ceramics. Therefore, as MAX-phases are readily machinable with high
tolerance, this implies that the final cost can be competitive compared to other mechanical
ceramics [RB13].

Some applications have already been listed by Barsoum et al. [Bar00] like a substitution for
machinable ceramics, kiln furniture or heat exchangers. Other sectors for potential applications
have been identified, for example in the electronic sector where MAX-phases are used as electrodes,
or as microelectronic elements. They can be coated on the surface of another material to protect
it from corrosion and wear, or as a damping material. In the sector of the defence, they can
be used as materials for armour in nuclear applications, etc. and in the automobile sector, as
exhaust gas filters. Eventually, they can also be used as biomaterials.

Recently, a group of researchers found an example of a high-temperature application for the
MAX-phases. It is used in a novel high-temperature reactor for an in situ X-ray absorption
spectroscopy measurement in fluorescence [GGP+09]. For this application, the reactor has to
heat a sample up to 1000◦C and work under oxidizing or reducing atmospheres. The heater part
also has to be easily machinable in order to design it into a circular form with a zigzag shape to
increase the resistivity. The heating element of the reactor is shown on the Figure 1.5 where the
Maxthal 211 is another name for the MAX-phase Ti2AlC and the sample in the form of a pellet
is placed directly onto the Maxthal [GGP+09]. The properties of thermal shock resistance, wear,
oxidation and corrosion resistance, but also the good thermal and electrical conductivity of the
Maxthal are used for this application.

MAX-phases have also been determined as superior to steel for high temperature materials
like gas burner nozzles, in a corrosive environment containing sulphur gas. The MAX-phase used
here is also the Maxthal because due to the Al layers, an additional layer of alumina is formed
on the surface to protect the material from corrosion and oxidation. After one year in such a
furnace at 1200-1500◦C, the nozzle made of steel is completely deteriorated while the Maxthal is
still available [Sun11].

For researchers J. Gonzalez-Julian et al., the Cr2AlC also formed alumina outer layer after a
thermal barrier coating on its surface. The oxide layer is formed by diffusion of the Al atoms
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Figure 1.5: Schematic view of the circular Maxthal (Ti2AlC) heating element into a zigzag form
and supported by a substrate in boron nitride [GGP+09]

Figure 1.6: Schematic representation of (a) the structure of a MAX-phase of type M2AX, (b)
top view of a layer of MXene with upper available sites A and B after the etching of the A-layer
and (c) structure of a single-layer MXene [KAS+13]

through the surface and its thickness varies between 10 and 50 µm as a function of the temperature
of the coating. Such a sample presents remarkable resistance under cycling of heating and cooling
which confirms the potential of MAX-phases to work for a long time at high temperature and in
an oxidation environment [GJGMV18].

Another potential application for the MAX-phase family has been found by Naguib et al. in
2011. It consists of etching a MAX-phase as a bulk material in an acid solution of hydrogen
fluoride (HF) to attack and remove the A-layers. A mechanical step called sonication is then
performed to separate the different layers of carbides remaining and form a 2D nano-layered
material that has been named MXene in analogy to the graphene [NKP+11]. These MXenes are
mono-layers of carbides and/or nitrides, as a function of the MAX-phase etching, as represented
in Figure 1.6.

Like its parent materials, MXenes exhibits an interesting combination of properties such as an
electrical conductivity close to that of multi-layer graphene, but also a semi conducting behaviour
and a magnetic behaviour as a function of the structure and the composition of the MXenes
[LZZ15]. A promising application for this family of materials is the Li-ion battery. Due to its
particular structure after the etching ([LZZ15]) the ions of Li can be stored and realized on the
surface of the MXene layers [ALG17].
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1.3 Compression and creep resistance

Mechanical properties and behaviour of a given material can be determined with a compression
or a tensile test. These tests are performed by applying a force on the sample to respect a certain
displacement rate previously defined. With that kind of test, a stress-strain curve can be drawn
that describes the mechanical response of the sample under loading. It is then possible to obtain
information such as Young’s modulus, ultimate stress and strain or the strain at the fracture, for
example. Furthermore, the toughness, the capacity of the materials to deform plastically and its
ductility can be determined.

An example of this curve is given by the Figure 1.7. The Stress is noted σ and is expressed
in Pa and the strain is ε, expressed in %. This typical curve shows information like the Young
modulus, noted E, which is the slope of the first linear part of the curve, the point 1 is the
yield strain, the "exact" moment when the material starts to deform plastically. Or, in other
words, when the relation between the stress and the strain in not linear anymore. Then, the
point 2 is the yield strain à 0.2%, a standard value that also defines the beginning of the plastic
deformation of the material. This value is used for classical materials where the distinction
between the elastic and the plastic region on the curve is not obvious. An example of this type
of curve is given on the Figure 1.15.

Figure 1.7: Theoretical stress-strain curve where the points 1 and 2 are two definitions of the
Yield strain [Wik18f]

While a sample is stressed in compression between pistons, the geometry is critical to prevent
buckling. This phenomenon is characterized by a sudden sideways deflection of the sample that
may cause the fracture even if the stress applied is well below the critical stress of failure. An
example of buckling is shown in Figure 1.8 (c) for a ductile material. In general, the use of
samples with a ratio h/d > 2-3 (h is the height and d is the diameter or the characteristic size of
the base) is avoided to prevent buckling and shearing of the sample during the test [Ins18]. If the
ratio h/d < 2, and due to the profile of friction at the surface in contact with the piston during
the compression test, the specimen will deform in the shape of a barrel. This phenomenon is
called the barrelling of the sample. The profile of the friction at the surface in contact with the
pistons shows a minimum at the centre of the surface while the maximum is located at the edges,
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which implies that the horizontal component of the local strain is small. An example, also for a
ductile material, is shown in Figure 1.8 (a).

Figure 1.8: Behaviour in compression of a (a) ductile specimen with a small h/d ratio (height/base),
(b) brittle specimen, with small h/d and (c) ductile specimen with a large ratio h/d [eFu18]

If the property to be tested is the resistance of a material to creep, the test involves a tensile
or compression sample under constant load and at a constant temperature, mainly close to the
melting temperature of the sample. Once the loading is applied at the given temperature, the
sample starts to deform plastically, following the three modes of creeping. The first one called the
primary strain (see Figure 1.9) implies a large deformation in a short time. Then the steady-state
creep begins where the relation between the strain and the time is linear. From this step, the
following equation can be written;

ε̇ss = Bσn (1.1)

Where ε̇ss strain rate of the steady-state creep, σ is the stress, n the creep exponent and B
a constant. Eventually, the strain increases again in a short time and the specimen begins the
tertiary mode and creeps until the fracture of the material at the time tf . A theoretical curve of
the behaviour of a metal under constant load is shown on the Figure 1.9.

Depending on the load applied during the creep test, two different mechanisms can be identified:
the diffusion creep at low stress and the power-law creep at higher stress. Because it depends
upon the mechanism, the Equation 1.1 can be modified in the form:

∂ε

∂t
= Cσm

b
e

−Q
kT (1.2)

Where ε is the creep strain, C is constant and dependent on the material tested and the
particular creep mechanism, m and b are also constants that depend on the creep mechanism, Q
is the activation energy of the creep mechanism, σ is the stress applied, d is the grain size of the
material, k is the Boltzmann’s constant, and T is the absolute temperature of the test [Mur17].

The diffusion creep refers to the diffusion of vacancies through their crystal lattice. To allow
this diffusion, the atoms next to the vacancies have to "jump" in the empty sites. Therefore, an
activation energy is needed to perform this mechanism. The mass transport of the vacancy is
then easier at a higher temperature.
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Figure 1.9: Theoretical curve obtained with a creep test, a continuous deformation with time
and ending with the fracture of the sample [JS18]

Figure 1.10: Deformation mechanism diagram that predicted the mechanism contributing to
creep deformation in a typical metal as a function of the temperature and the stress level [CK14]

At low stress, the vacancies diffuse rather inside the grain than from one grain boundary
to another, this is called Herring-Nabarro creep. They are able also to diffuse in the grain
boundaries. This mechanism is called the Coble creep [Wik18d]. By applying the stress on the
sample, nucleation of vacancies is favoured in the direction perpendicular to the tensile stress.
Inside the grains, the vacancies will diffuse from the grain boundaries normal to the applied stress
toward those parallel to it and the grains will elongate. So, the grain boundaries act as perfect
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sources and sinks for the vacancies [CM99]. Figure 1.11 (b) shows the motion of the atoms while
the stress is applied (red arrows) and the deformation of the grains due to the diffusion.

The mechanism proposed by M. Coble [Cob63] occurs at a lower temperature than the
mechanism of Herring-Nabarro (see Figure 1.10). The diffusion of the atoms is observed along
the grain boundaries instead of in the bulk, which implies an elongation of the specimen [CM99].
For these two models, the resistance of a material to creep enhance with the increase of the grain
size. Indeed, the deformation rate will be inversely proportional to the size of the grain and so
decrease when the grain is bigger. A directional solidification can be performed to eliminate as
many grain boundaries as possible that are perpendicular and inclined to the stress (tensile) axis
[CM99].

Figure 1.11: (a) Schematic mechanism of power-law creep, the dislocations climb overcome the
obstacle and (b) Schematic view of the mechanism of diffusion of the atoms inside the grains,
from the grain boundaries normal to the applied stress σ toward those parallel to it (red arrow)
which result in the elongation of the grains of δdδt (where d is the grain size) in the direction of σ
[JS18]

If the stress applied on the sample is significantly increased, another creep mechanism can
be identified, the dislocation creep (Figure 1.10). In this case, the creep is performed rather
by dislocation glide than with vacancies diffusion. During this mechanism, the dislocations
are pinned by obstacles, like interstitial atoms or precipitates, and overcome them by climb
as shown in Figure 1.11 (a). The deformation creep, here, is dependent on the rate of escape
of a dislocation from the impurity. This rate depends on the repulsive forces, generate due to
the stress field around the impurities, that have to be exceeded by the applied stress on the
dislocation itself.

1.4 Main properties of MAX-phases

1.4.1 The Brittle-to-Plastic Transition

Until now, every MAX-phase system studied presents a brittle-to-plastic transition (BPT) for
these mechanical properties. This behaviour is specific to this family of materials. The following
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analyses have been realized on few MAX-phases and in particular on Ti3SiC2. The mechanical
response of this compound depends on the temperature and the deformation rate. At room
temperature, the dislocations are only allowed to move through the basal plan of the hexagonal
structure of the MAX-phases, which implies that fewer than 5 independent slip systems (Figure
1.12), needed for the ductility of a polycrystal material, are reported.

Figure 1.12: Schematic view of a compact hexagonal structure with the different slip systems:
(left) basal plan, (centre) type I and II prismatic planes, (right) type I and II pyramidal planes
[PRX+11]

For the MAX-phases, the movement of dislocations is impossible in another direction than the
basal plan at room temperature and they will fail in a brittle manner, whatever the deformation
rate [RB13], [Sun11]. When a MAX-phase is deformed under the BPT, the dislocation that
moves through the basal planes arrange themselves in walls or arras parallel to their basal planes.
From this configuration of the dislocations, a very important microstructure mechanism appears
called the kink band formation, the mechanism is shown in Figure 1.13. When the loading begins,
the grains that are well oriented, those where the basal planes are in the same orientation that
the easy slip plans, start to deform and cause the development of incipient king bands (IKB)
[BZK+03]. These are coaxial dislocation loops that are fully reversible.

Figure 1.13: Schematic representation of the evolution of the microstructure and the formation
of kink bands with the increase of the loading, the blue grain is well oriented in comparison with
the direction of loading for an easy slip and the red grain are hard grain where the slipping of
dislocations is difficult [RB13]
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By further increasing the loading, the IKBs turn to mobile wall dislocation (MWD) and
then permanent kink bands (KB), characteristic observation of a deformed MAX-phase. This
phenomenon has been observed by M.W. Barsoum et al. and is shown in Figure 1.14.

Figure 1.14: Scanning electron micrograph of a porous Ti3SiC2 sample that failed in compression,
delamination and kink bands are clearly seen [SMZ+05]

In increasing the temperature above the BPT, the grain boundaries are softer and the IKBs
are developed in MDW and KB. They will then induce delamination inside the grains and lead
to considerable plasticity.

Figure 1.15: Stress-strain curve of Ti3SiC2 samples under compression at different temperatures,
the brittle-to-plastic transition temperature can be considered between 850 and 900◦C [Sun11]

As observed in Figure 1.15, the behaviour of Ti3SiC2 changes with the temperature. When
the temperature reaches 850◦C, the material starts to deform plastically.
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1.4.2 Properties of Cr2AlC

For pure MAX-phase Cr2AlC, the hardness is around 3.5 GPa [TWZ+06a]. It also has a large
elastic modulus (278-288 GPa), good electrical and thermal conductivity (1.4-2.3×106 Ω−1 · m−1

and 17.5-22.5 W/M · K respectively) [TWZ+06a] [GJOBG16]. It also shows excellent oxidation
resistance, 1.1 · 10−11 and 3.0 · 10−9 kg2 m−4 s−1 at 1000 and 1300◦C respectively [GJOBG16].

X. Duan and al. find a hardness of 3.4± 0.2 GPa and 5.3 ± 0.9 GPa for a coarse- and
fine-grained Cr2AlC sample sintered at 1400◦C, respectively [DSJ+15]. For this fine-grained
samples after ball-milled, the critical fracture toughness value Kc is 4.6 MPa×m1/2 in all direction
[DSJ+15].

Main properties of Cr2AlC are summarized in the Table 1.1 and compared with other MAX-
phases, like Ti3SiC2 and the ternary system Ti/C/Al.

Table 1.1: Summary of some properties of Cr2AlC compared to Ti2AlC,Ti3Al1.1C1.8 and Ti3SiC2

[TWZ+06a]
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Chapter 2

Materials and methods

2.1 Raw materials

For the system Cr/Al/C, CroMax powder (Cr2AlC) was used. This powder comes from the
Institute of Energy and Climate Research in Germany. It has an average particle size of about 6
µm (Figure 2.2), and is highly pure according to the XRD analysis of Figure 2.1.

Figure 2.1: XRD analysis of CroMax powder

Figure 2.2: Distribution of the grain size of
the powder of Cr2AlC

The small peaks around 43 and 44◦ represent impurities of Al2O3 - Cr2Al (the major peaks
of these two phases are mingled) and Cr7C3 - Cr23C6, respectively. These peaks are shown in
Figure 2.3 and their relative intensities compared to the main peak are 3.6 and 2.4%, respectively.

ICP analyses have been performed on the powder to eventually identify heavy metals present
in impurities. According to this analyse, the presence of chrome and aluminium is indeed observed.
On the contrary of the afore-mentioned analysis, a small but not negligible amount of iron has
also been found (Table 2.1.

2.2 Sintering by SPS

All the samples have been sintered by SPS (HPD10 from FCT, in Mons at the BCRC, Belgian
Ceramic Research Centre). In order to characterize a highly pure and dense sample, different
conditions of SPS have been tested.
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Figure 2.3: Zoom of the Figure 2.1 in the range of 30 and 50◦ (2 theta angle), the peaks of Al2O3

is located at 43.5◦ and the peak of Cr7C3 at 44◦

Table 2.1: Summary of the results obtained by ICP on the powder

First, one sample has been heated at 1400◦C for 5 minutes with a heating rate of 100◦C/min
and under 10 MPa but a part of the material was molten. Another sample has been sintered
at 1300◦C but it was also molten. Then at 1200◦C the sample was well sintered with the same
conditions of pressure and heating rate. Other tests were therefore made at this temperature but
in varying the other conditions (the operating conditions and a small analyse can be found in
Appendix A). Table 2.2 summarizes the different tests. An example of the process of sintering in
the SPS is shown in Figure 2.4 for the sample sintered at 1200◦C for 5 minutes with a heating
rate of 100◦C/min and under 10 MPa.

The relative displacement in green represents the displacement of the sample during the
process as a function of time in compression. When the relative displacement increases, it means
that the height of the sample is decreasing. The shape of the curve as well as the moment and
amount of heat and load applied on the sample during the sintering process are described in
Appendix A. The curve in red is the absolute temperature measured by the pyrometer at the
top of the sample, which means that small differences are allowed in the centre of the sample.
The blue curve represents the pressure applied by the pistons on the sample (refer also to Figure
1.4) with a scaling factor equal to 50 to match with the scale of the relative displacement.

All the tests summarized in Table 2.2 were performed with initially 6g of powder, and the
height of the sample once sintered was about 3 mm except for two other tests that have then
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Temperature (◦C) heating rate (◦C/min) Pressure (MPa) Height of the sample (mm)
1400 100 10 3
1300 100 10 3
1200 100 10 3
1200 100 30 (800◦C)1 3
1200 100 30 3
1200 100 50 (800◦C) 3
1200 100 50 3
1200 50 10 3
1200 50 50 3
1200 200 10 3
1200 200 50 3
1200 100 10 8

Table 2.2: Summary of the different test performed by SPS on the CroMAX powder

Figure 2.4: Operating condition of a sample sintered, with initially 6g of powder, by SPS at
1200◦C with a heating rate of 100◦C/min, under a pressure of 10 MPa and with a soaking time
of 5 min. The pressure is divided by a scaling factor, which is equal to 50, in order to match
with the scale of the relative displacement

been performed to obtain samples with a height of about 8 mm, so with 18g of powder. They
have been sintered at a temperature of 1200◦C under a load of 10 MPa with a heating rate of
100◦C/min and a soaking time of 5 min, which will be the sintering conditions considered as
reference for the rest of this work. The sintering curves of these two samples are shown in Figure
2.5 and compared with the sintering curve of the sample sintered in the same conditions but
with 6g as amount of initial powder.

1The appliance of the pressure start when the temperature of the sample in the SPS reached 800◦C because it
is the moment when the sample starts to compress under higher temperature, this is the minimum on the sintering
curve. These conditions are shown in Figure A.5 in the appendix.

16



Figure 2.5: Relative displacement of samples sintered at 1200◦C for 5 minutes, with a heating
rate of 100◦C/min and a loading of 10 MPa, the green and blue curves show the two samples
sintered in the same conditions

The two curves in green and blue on Figure 2.5 are the relative displacement of the two
samples sintered with 18g of powder with a little shift to be allowed to distinct them.

2.3 Sample preparation

In order to prepare a sample of Cr2AlC after a sintering process in order to observe the
microstructure, the different steps described below are performed before each observation at the
scanning electron microscope or at the optical microscope:

Cutting methods: A sample of Cr2AlC can be cut in different ways. Two techniques have
been used, micro-cutting and electric discharge machining (EDM).

Polishing steps: Once the sample has two perfectly planes and opposite parallel surfaces as
a result of the grinding machine or the cutting process, it can be polished through the different
steps as described below:

• approximately 10 min with SiC paper denoted 1200 as a function of its roughness

• 7 min on the 9 µm ceramic Draps Plan disc diamond powder

• 5 min on the 6 µm ceramic Draps Pan disc diamond powder

• 4 min on the 3 µm ceramic Draps Dur disc diamond powder

• 4 min also on the same ceramic support disc (3 µm ceramic Draps Dur disc) with diamond
powder of 1 µm
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The first step with SiC paper is necessary for roughing the surface up and erasing the main
surface porosity. The diamond finishing surface steps are then necessary and sufficient to erase
many scratches and observe the surface with scanning electron microscope or with the optical
microscope. After all these steps of polishing, clean up the sample in an ethanol bath at the
ultrasound machine for 10 minutes is needed to eliminate the gas in the sample and prevent the
deposition of dust in the cavities at its surface.

Etching process: In order to be able to observe the grains boundaries, as well as to distinguish
the different grains, the sample can be etched in a solution of hydrofluoric acid for 2 to 4 minutes
after polishing [TWZ+06b]. The etching is stopped after 4 minutes by dipping the sample in a
bath of acetone and is then cleaned up with ethanol and clean water.

2.4 Measurement of the densification

In order to quantify the densification of the samples after the sintering process, the principle of
Archimede is used. It allows the calculation of the apparent and the closed density of a sample in
performing three weighings (balances used, STARTORUS AC 210S, accuracy of 1/10000). The
protocol is to first weigh the sample when it is dry (mdry). Then, two methods to prepare the
sample for the next two weighings are used;

• The first method consists in putting the sample in a locked container under vacuum and
underwater during enough time (here 2 hours to make vacuum and 2 hours underwater) in
order to let the the water penetrate the open pores

• The second method is used only when the first one is not possible because the system of
vacuum is not available. This second method is simply an immersion of the sample in clean
water for 24 hours. It is then assumed that the water has indeed entered all open pores.

The sample is then weighed twice again: once underwater (munwater) and once wet (mwet)
after wiping the sweaty surface in order to not weigh the water outside the pores. This last
measure is the less accurate one because of the evaporation of the water during the measurement.
Once these three weighings have been done, and the temperature of the water used for the
underwater and the wet weighing has been recorded, the following equations are used.

ρapp = mdry · ρliq
mwet −munwater

[g/cm3] (2.1)

Popen = mwet −mdry

mwet −munwater
[%] (2.2)

ρapp,closed = mdry · ρliq
mdry −munwater

[g/cm3] (2.3)

Where ρapp is the apparent density of the sample (which is the ratio of the mass of the dry
material to its apparent solid volume, European Committee for Standardization, Ref. No. EN
6232:1993 E), ρliq is the density of the liquid used for the measure of munwater (which depends on
the temperature of the liquid), Popen is the percentage of open pores in the sample and ρapp,closed
is the apparent density of the sample without the influence of the open porosity. This last density
does not take into account the roughness of the surface of the sample, this means that measuring
mwet is not useful anymore.

To eventually compute the relative density, some other parameters are needed. As noted at the
beginning of this chapter, the powder used in the sintering process is not 100% pure. Therefore
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the theoretical density (ρth) of Cr2AlC, Al2O3 and Cr7C3 are useful and are 5.23 g/cm3 (JCPDS
04-007-2697 and JCPDS 00-029-0017 [TWZ+06a] [GJOBG16]), 3.97 g/cm3 [Wik18a] and 6.877
g/cm3 (JCPDS 36-1482 [TWZ+06a]), respectively. The fraction of each phase in the sample is
also useful, xCr2AlC , xAl2O3 and xCr7C3 , in the following equation.

ρrel = ρapp
(ρth,Cr2AlC · xCr2AlC + ρth,Al2O3 · xAl2O3 + ρth,Cr7C3 · xCr7C3) · 100 [%] (2.4)

Where ρapp can be replaced by ρapp,closed to compute the relative closed density.

2.5 Measurement of the crystallographic orientation

The texture of a material has a relative "intensity" that gives an idea of the distribution of the
crystallographic orientation of a polycrystal. A totally random sample is taken as reference and
will have a texture of 1 which means that it has no texture. If a large number of grains have a
preferred orientation, the level of texture will be higher than 1 and can even be very large. The
texture can be determined in different ways, using the electron back-scattered diffraction or with
X-ray diffraction. In general, pole figures are used as a stereographic projection to represent the
texture of a material.

The measurement of the texture consists of a comparison of experimental and calculated
coefficients for a given symmetry of the sample. If the two values for each coefficient fit well, the
symmetry of the sample is identified and the intensity of the texture is found.

A measure of the texture is realized on the sample sintered at 1400◦C with the other sintering
conditions that respect the conditions chosen as reference. The pole figures are measured and
compared with calculated values that correspond to a theoretical symmetry previously chosen.
The pole figures that fit well the calculated data with a minimum error will cause the selection
of this symmetry and the texture is determined.

2.6 Analyse of the microstructure

The identification of the microstructure of the sample is an important step of this study in order
to relate it to the condition of the synthesis process and the mechanical properties. Once the
samples are ready to be observed with the optical microscope or by scanning electron microscope
(SEM), there are two main parameters to identify: the grain size and the proportion of the
different phases, also used to determine the relative density.

In order to be able to see grains at the surface of a sample, the etching process explained
above is used. The solution (HF) is used to attack the aluminium layer of the structure of the
MAX-phase. The Al-ion once attacked will be removed from the surface and replaced by F-ion.
If the sample is attacked for a long time (more than 2 hours), the bulk material will lead to the
formation of MXene as explained in Chapter 1.

First, because the samples are sintered (pressed under high temperature) a texture mea-
surement is realised to identify if the grains have a preferential orientation or if the grains are
randomly distributed and shaped.

The method used to identify the mean grain size is called the mean linear intercept. That
method consists in taking random pictures of the surface (with the optical microscope or with
the SEM) and by drawing lines (or circle if the texture of the sample may have an influence) on
these pictures. Once the lines are drawn, the number of times a grain boundary crosses the line
is counted, and the total length of the line is then divided by this count. Figure 2.6 shows an
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Figure 2.6: Example of mean intercept linear method to determine the proportion of two phases
in a sample, (right) example for any microstructure and (left) example of a rolled sample or a
sample with a high texture [JI17]

example of intercepts and counts with a line or a circle to determine the proportion of two phases
in the sample. It is done by measuring the length of the small segment between two counts, then
summing all the length of segments for each phase and divide the result by the total length.

This purely statistical method gives a good approximation for the mean grains size and the
amount of MAX-phase and impurities. A summary of the calculation can be found in Appendix
D.

2.7 Differential scanning calorimetry

Differential scanning calorimetry measurement has been performed on DSC instrument (NET-
ZSCH STA 409PC/PG). The powder used in the SPS during the sintering process of the sample
studied in this work has been analysed by DSC and heated in a furnace with a heating rate of
5◦C/min until 1490◦C. The measure gives the heat flow necessary to keep the powder at the
same temperature as a reference material (alumina) placed in a second furnace.

2.8 Vicker’s and Berkovich hardness

In general, MAX-phases are softer than structural ceramics. Their Vicker’s hardness lies between 2
and 8 GPa [BR11]. The hardness represents the material’s ability to resist to plastic deformations.
The hardness cannot be considered as a fundamental property of the material, but it has to be
considered as an empirical and comparative method to test the resistance of a material to plastic
deformation [CM99]. The indentations and the measures of the hardness have been achieved
at room temperature in two ways. First, the measure is performed with a micro-indenter in
order to determinate the global Vicker’s hardness and second, the hardness is measured by
nano-indentation with a Berkovich tip (see Figure 2.7 (b)).

The advantage of the Vicker’s hardness test is that the calculations required to determine the
hardness are independent from the size of the indenter. Another advantage is that a Vickers
indenter can be used on all kind of materials. The aim of this test is to indent the polished
surface of a sample with a pyramidal diamond indenter that will leave an imprint of the form of
a square on the surface. By measuring the two diagonals of the square and knowing the force
applied during the test, the hardness is computed using equation 2.5:
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Figure 2.7: Tip used for (a) Vicker’s hardness test, (b) Berkovich hardness test [GK18]

HV = 1.8544 F
d2 [kgf/mm2] (2.5)

with F, the force applied on the sample by the indenter and d, the average of the two diagonals
of the square [CM99]. The coefficient 1.8544 depends on the semi-angle of the Vickers tip.

Berkovich hardness is different from the Vicker’s hardness with respect to the tip used to
indent the surface of the sample. The first difference is the characteristic size of the imprint
made by the tip at the surface of the sample, which is in the order of magnitude of several dozens
micrometers for the Vickers tip and from tens to hundreds of nanometres for the Berkovich tip.
The shape of the tip is also different, as shown on Figure 2.7.

The Berkovich tip is a three-sided pyramid with the angle between a face and the centerline
of 65.3◦ (Figure 2.7(b)) while the Vickers tip is four-sided pyramid with an angle of 68◦ (Figure
2.7(a)).

The hardness H, measured y Berkovich indentation is given at the Equation 2.6.

H = Pmax
A

(2.6)

Where Pmax is the maximal load and A is the projection of the contact area reached at
maximum load. The load/displacement curve is obtained from this kind of test, as well as a
typical curve shown on Figure 2.9. The contact area and the load are a function of the penetration
depth of the tip. For the loading curve, its evolution as a function of the displacement follows a
perfect quadratic polynomial [LGS+96]. The stiffness of the sample indent can also be determined
following Equation 2.7 during the unloading.

S = dP

dh
(2.7)

In the first case, the indents are bigger than the typical grain size while in the second case,
they are smaller. The hardness measured in the second case is then the local hardness of one
grain, i.e. the hardness for pure Cr2AlC.

Eleven micro-indents were achieved by applying a force of 500g on the surface of the sample
with the Vickers tip. The force was applied for 10 sec before it was realized. Using Equation 2.5
after having measured the two diagonals, the global Vicker’s hardness of the material is obtained.
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Figure 2.8: SEM image of Vickers indent on the surface of a sample of Cr2AlC, d1 and d2 are
the two diagonals of the square print on the surface used to determine the mean d, used in the
equation 2.5

Figure 2.9: Typical load/displacement curve of a Berkovich indentation [CM99]

These indents have been performed on the sample sintered at 1400◦C. For the nano-indentation,
the issue was to perform indents in the grains and try to induce cracks at the corners of the
indents. They had to be small enough to remain inside the limits of the grains and to not
interfere with them. They also have to be far enough from the impurities and porosities as to
not influence the results.

The nano-indents have been performed on the sample sintered at 1200◦C and under the same
conditions of pressure and heat rate than the sample of the micro-indentation. These indents
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have a depth of 500, 400, 300, 200 and 100 nm and are arranged in rows. Ten nano-indents
for each depth are performed. Some indents of 1 µm depth have also been done to test the
precision of location of the nano-indenter and the behaviour of the material. These deeper
indents are also useful to localise the smaller indents because they mark the beginning of each
row. The nano-indenter can provide images of the indents as well as the hardness and the
load/displacement curve for each of them. The stiffness of the materials are also determined. In
order to be certain that the indents will effectively be inside one grain, the maximal depth (h) of
one indent is determined according to the grains size (d) following this relation: h < 1/3d.

The nano-indenter realises the indents by controlling the force applied on the tip. The
programme starts to measure the displacement of the tip when this last one hits the surface of
the sample and stops the application of the force when the wanted displacement is reached. An
example of the load/displacement curve is shown in Figure 2.10.

Figure 2.10: Load/displacement curve of a nano-indent deep of 400 performed on the surface of
a sample sintered in the reference conditions with a Berkovich tip

Berkovich hardness is measured by the software using Equation 2.6 where the projection
contact area (Ap) is determined for the maximal depth (hmax) of the tip in the surface of the
sample. The area is calculated at Equation 2.8 where C0 and C1 are two coefficients which make
a correction for the wear of the tip. These coefficients are determined by performing indent on a
reference material for which the elastic modulus and the hardness are well known [Wik18e].

Ap = C0h
2
max + C1hmax (2.8)

2.9 Dilatometre

Tests have been performed with a plasto-dilatometre in order to study the mechanical behaviour
of the Cr2AlC at high temperature. The dilatometre is able to compress the sample and heat
it. By controlling the pressure or the displacement applied on the sample, a compression or a
creep test is then feasible. These tests have to be realised with the greatest attention because
this machine is not designed for these kinds of tests. The coefficient of thermal expansion can
also be determined as a function of the heating rate.

The tests are performed under a high vacuum to prevent any oxidation (5 · 10−4 mbar), the
sample is heated by induction at a rate of 4◦C/sec and cooled down with Helium (He) gas
injected in the vacuum chamber. The He allows the cooling of the sample and the pressurization
of the chamber to the atmosphere. The sample is placed between two pistons in alumina after
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the thermocouple has been welded on the sample. It is then compressed with a deformation rate
of 0.01 mm/sec. As the specimen is stressed in compression, its geometry is critical to avoid
buckling (see Chapter 1). The ratio h/d ≈ 2.0 is used for the test. Indeed, two macroscopic
shapes have been used for the compression tests, a square-base bar with dimension 3x3x8 mm3

and a cylinder with a height of 8 mm and a diameter of 4 mm. Figure 2.11 shows a schematic
representation of the specimen sintered by SPS high of 3 mm (Figure 2.11 (a)) and 8 mm (Figure
2.11 (b)) in dotted lines. The samples used for the compression and creep tests are in continuous
line.

Figure 2.11: Schematic view of the samples used for the compression and creep tests, (a) square-
base bar 3x3x8mm3 cutting from specimens sintered at 1200◦C for 5 minutes, with a pressure of
10 MPa and a heating rate of 100◦C/min, the bar is cut in the direction perpendicular to the
direction of the pressure applied during the sintering process and (b) cylinder 4x8 mm2 cut in a
specimen sintered in the same conditions but high of 8 mm and in the direction parallel to the
pressure. The samples cut the compression tests are in full-line while the dotted lines represent
the specimen sintered by SPS.

The sample in square-base bar was designed because of the shape of the specimen from the
sintering process. Then specimen with a height of 8 mm has been designed to be able to cut
cylinder with these dimensions. The two specimens of 3 and 8 mm have been sintered in the
same conditions, 1200◦C for 5 minutes, under a loading of 10 MPa and with a heating rate of
100◦C/min. Their purity, density and microstructure have been compared to check if one of
these parameters would induce a significant difference in the mechanical behaviour.
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Chapter 3

Results

3.1 Parameters studied

Before presenting the results, the parameters studied are specified. From the synthesis process,
the sintering temperature, the loading applied during the process and the heating rate of each
sample are studied. The samples sintered under these conditions are compared regarding their
density, purity and microstructure. This comparison will demonstrate the impacts of these
parameters on the structure of the samples. As said in Chapter 2, two categories of samples have
been sintered: first a set of samples with 6g of powder which gives a height of about 3 mm after
the process and then samples with 18g of powders so a height of more than 8 mm is obtained
after the process. The parameter of the amount of powder used for the sintering process (or the
height of the sample) is also studied in this chapter.

One set of conditions has been chosen to study the mechanical behaviour under compression.
The conditions are a sintering temperature of 1200◦C for 5 minutes, a loading of 10 MPa
and a heating rate of 100◦C/min. The parameters studied are, for the compression tests, the
macroscopic shape of the sample, either a cylinder with a height of 8 mm and a base of a diameter
of 4 mm or a square-based bar of dimensions of 3x3x8 mm3, as said in Chapter 2. The speed
and the temperature at which the sample is deformed are also studied.

For the creep test, the macroscopic shape of the sample is also studied as well as the pressure
applied to the sample for the creep test and the temperature of this test.

3.2 Texture

Following the sintering process, as the sample is compressed at high temperature, a measure of
the texture of the material is realized. Two tests of texture have been performed to identify the
symmetry of the samples sintered with 6g of powder. Two symmetries have been tested and the
errors on the coefficients measured are presented in Table 3.1.

Pole figure Error coeff. for triclinic symmetry (%) Error coeff. for fibre symmetry (%)
002 15.02 1.88
103 27.54 22.06
106 15.02 4.99
109 20.96 2.44

Table 3.1: Comparison of the error on the coefficients measured regarding the coefficients
calculated for the triclinic and fibre symmetry
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The triclinic symmetry means that no symmetry is present in the material and the fibre
symmetry means that one common direction is present for almost each grain in the material. The
error coefficients for the fibre symmetry are small enough to assume that the sample possesses
this symmetry and the texture measured in this condition is about 8.60. A texture is present in
samples of 3 mm high. The measured and calculated pole figures are shown on Figures B.1 and
B.2 in Appendix B.

3.3 Densification of Cr2AlC

According to the method described in Chapter 2 and the equations 2.1, 2.2, 2.3 and 2.4, the closed
and the relative density of samples sintered by SPS are determined. The Table 3.2 summarizes
the different densities for the condition of sintering studied. A table with the details of the
calculation is shown on Figure C.1 in the Appendix C.

Sintering conditions2 Relative den-
sity (%) SD (%) Close relative

density (%) SD (%)

1200◦C 99.38 0.32 99.46 0.32
1300◦C 97.59 1.45 97.79 1.45
1400◦C 98.12 1.18 98.35 1.19
10 MPa 99.38 0.32 99.46 0.32
30 MPa 99.60 0.08 99.72 0.08
50 MPa 98.72 1.19 98.87 1.19
50◦C/min 98.90 0.20 99.10 0.20
100◦C/min 99.38 0.32 99.46 0.32
200◦C/min 98.27 0.19 98.40 0.19
1200◦C, 3 mm 99.38 0.32 99.46 0.32
1200◦C, 8 mm 96.10 0.10 97.79 0.10

Table 3.2: Summary of the closed and relative density of the different samples studies in this
chapter, the sample with the reference conditions is repeated more than once to compare the
sintering parameters and in bold text

3.4 Analyse of the microstructure

Due to the variation in the sintering conditions, the microstructure of each sample may be
affected. Statistic measurement has been performed with the mean linear intercept method to
determine the mean grain size and the proportion of each phase as well as the amount of porosity
(see Chapter 2 for the method). XRD and EDX measurement have also been realized to confirm
the calculations.

3.4.1 Grain size

First, the mean grain size of each sample has been determined and compared as a function of
the sintering conditions. For the parameter "height of the sample", the mean grain sizes are
compared in Table 3.3.

2The sintering conditions are not all written to make the table clearer, so the missing parameters are the same
as for the "reference" conditions, which are, as a reminder, 1200◦C, 10 MPa, 100◦C/min and 3 mm high, and in
bold text in the table.
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Height (mm) Mean grain size (µm) SD (µm)
3 9.61 2.74
8 5.72 1.31

Table 3.3: Results of the mean linear intercept method for the samples sintered with 6 and 18g
of powder

For the set of samples with a height of 3 mm, the following graphics show the evolution of the
mean grain size as a function of the sintering temperature (Figure 3.1), the pressure (Figure 3.2)
and the heating rate (Figure 3.3). The details of the calculations and the statistical sampling are
reported at Appendix D in Figures D.1 to D.8.

Figure 3.1: Mean grain size of Cr2AlC sample
as a function of the sintering temperature

Figure 3.2: Mean grain size of Cr2AlC sample
as a function of the pressure

Figure 3.3: Mean grain size of Cr2AlC sample as a function of the heating rate

3.4.2 Phase proportions

According to the X-ray diffraction (XRD) spectrum of the powder (see Figure 2.1) and the
samples (see Figure 3.4 and Figure E.1), the presence of 3 phases is observed, the MAX-phase
Cr2AlC and two phases considered as impurities, chromium carbides Cr7C3/Cr23C6 (the main
peaks for these two phases overlaid) and alumina Al2O3. An analysis by energy dispersive
spectroscopy (EDX) confirms the presence of these two phases and also shows a small amount or
iron as found with the ICP analyse of the powder (see Chapter 2).

In Figure 3.4, small peaks of carbides and alumina have been identified on sample sintered at
1400◦C. The main pic of the alumina located around 43◦ is covered by the main pic of Cr2AlC
at 42◦. The presence of iron is not observed on this analysis. Another XRD analysis is shown on
Figure 3.5 for a sample with same sintering conditions excepted for the temperature of sintering,
which is at 1200◦C.This analysis shows the main peak of the alumina is well distinguished from
the main peak of the MAX-phase like on the XRD shown on Figure 2.1.
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Figure 3.4: XRD spectrum of the sample
sintered at 1400◦C for 5 minutes, under 10
MPa and with a heating rate of 100◦C/min,
the spectrum is defined between 10 and 90◦.
Presence of Cr23C6, Cr7C3 and Al2O3 is con-
firmed.

Figure 3.5: XRD spectrum analysis per-
formed on a sample sintered under the refer-
ence conditions

EDX analyse is available on the sample sintered at 1400◦C. Firstly, the 3 phases observed in
XRD are found with this analyse as shown by Figure 3.6 and Table 3.4.

Figure 3.6: SEM image of the sample sin-
tered at 1400◦C for 5 minutes, under 10
MPa and with a heating rate of 100◦C/min,
3 phases are observed, one darker and one
clearer and the matrix, the amount of each
phase is shown in Table 3.4

Table 3.4: Atomic percent of the proportion
of different components present in the phases
shown in Figure 3.6

According to the atomic percentage obtained from Table 3.4, the clearer phase is the chromium
carbide and the proportion of chrome and carbon are close to the composition of Cr7C3. The
darker phase contains a higher amount of aluminium and oxygen than the other phases, so it is
supposed that it is the alumina Al2O3. The atomic percentage of Al and O confirms that. The
MAX-phase is the matrix as show the proportions in the table.

The iron has been observed in the sample sintered at 1400◦C but in very small quantity.
Another EDX analyse has been performed on the sample sintered in the reference conditions. It
results that the iron formed a cluster who looks like a eutectic phase (see Figure 3.7 and Table
3.5) which contains the same amount of iron than in the sample sintered at 1400◦C. The iron is
only observed in these clusters.
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Figure 3.7: SEM image of the sample sintered
at 1200◦C for 5 minutes, under 10 MPa and
with a heating rate of 100◦C/min, the iron is
observed in the shape of a phase that looks
like a eutectic compound

Table 3.5: Atomic percent of the amount of
components present in the different phases
shown in Figure 3.6

The amount of each phase in the samples (except the phase with the iron, which is present in
too small amount) are computed with the mean linear intercept method and summarized in the
Table 3.6. The details of the calculations and the distinguished amount of carbide and alumina
are available in Appendix D.

Table 3.6: Summary of the amount of the different phases and the porosity in samples for the
different sintering conditions studies

3.5 Damage under indentation

The indentations realized at the microscopic scale give a global measure of the Vicker’s hardness
while the local hardness is measured by nanoindentation of Berkovich hardness on pure grains of
Cr2AlC. Table 3.7 summarizes the hardness measured with the two methods.

Method Hardness (GPa) Standard deviation (GPa)
Vicker 5.4 0.2

Berkovich 10.1 1.9

Table 3.7: Summary of the hardness calculated with two methods, a micro Vicker’s hardness and
a nano Berkovich hardness

Images of a micro- and a nano-indent are shown on Figures 3.8 and 3.9 were performed on
sample sintered at 1400 and at 1200◦C, respectively, with other sintering conditions that are the
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same as the reference. Damage is observed around the marks let by the indenter. The mechanism
of damaging is described in the next chapter. It can however be noticed that the damaging looks
very different for a Vicker or a Berkovich indent.

Figure 3.8: SEM image of a Vicker indent
realized with a force applied on the tip of
500g for 10 seconds on the sample sintered
in the reference conditions except for the
temperature of sintering that have reached
1400◦C

Figure 3.9: SEM image of a Berkovich indent
with a depth of 500 nm realized on a sample
sintered under the reference conditions

Berkovich indents of 1 µm depth are performed to test the precision of the nano-indenter.
One of them is shown on Figure 3.10. This indent has been made on the surface of the sample
previously marked with a permanent marker which can explain the contrast noticed on the figure.
The clearest part in the centre of the indent is the surface that has been penetrated by the tip.
The part of the mark extends from the clearest zone towards the damage zone and is darker
because it is the surface initially painted with the marker and pressed by the tip. A start of
small cracks appeared at the three corners of the indent. The damage around the indent seems
to be overlapping of layers of the materials due to the stress field caused by the Berkovich tip.
This damage seems to be an extension of the damage observed in Figure 3.9. But, it is very
different from damage caused by the Vicker’s tip.

Figure 3.10: SEM image of a Berkovich indent with a depth of 1µm realized on a sample sintered
at 1400◦C and with others sintered parameters following the reference conditions, the contrast is
due to the permanent marker
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One interesting point of this image is the contrast between the zone where the tip penetrates
the surface the sample and the zone where the tip deforms the surface.

The load/displacement curves resulting from the Berkovich hardness tests depth of 400 nm
are presented in Figure 3.11. Discontinuities during the loading are observed on the majority
of the curves but not all. The seventh and eighth curves reach a maximum loading of 35 mN
without discontinuities. These plateaux are related to the damage caused by the test around the
indent (see Chapter 4). The curves obtained for the indents depth of 100, 200, 300 and 500 nm
are shown in Figures F.1 to F.4 in Appendix F. It is observed that the curves 7 and 8 in Figure
3.11 show no discontinuities and the curve 6 shows only one small discontinuities. These curves
show also a higher amount of load that is needed to reach the wanted depth of 400 nm. This
observation will be discussed in Chapter 4.

Figure 3.11: Load/displacement curves of the 10 Berkovich indents performed at a depth of 400
nm, the curves are shifted to 100 nm to see them distinctly

Using the unloading curves, the Young’s modulus of the sample has been determined and as
the mean of the fifty tests, E = 286 (± 14.0) GPa.

3.6 Behaviour in compression

The tests achieved on the plasto-dilatometre provide curves of the displacement and the temper-
ature as a function of the time of the process. These curves can provide informations such as the
linear thermal expansion coefficient, stress/strain curves, compressive strength, etc.

The thermal expansion coefficient can be calculated with the definition of the internal energy
(U) as a function of the temperature, the volume of the sample and the pressure, U(T, V, p). For
very small variation of the internal energy of a system the following equation is defined.

dU =
(
∂U

∂T

)
V
dT +

(
∂U

∂V

)
T
dV (3.1)

Where
(
∂U
∂T

)
V
is the heat capacity for a constant volume. If, now, this change appends for

constant pressure, Equation 3.2 can be defined, and changed in Equation 3.3.
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Figure 3.12: Displacement of a square-based bar sample and evolution as a function of its
temperature, the heating rate used is 4◦C/sec
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Where β is the coefficient of thermal expansion of the system. The linear thermal expansion
coefficient (αL) has to be determined, as a first approximation, the change of length of a material
is related to the change of temperature by αL. So, the definition is written at Equation 3.4.

αL = 1
L

(
dL

dT

)
(3.4)

This definition is available for small change of temperature and if no phase transition occurs
during this range of temperature [Wik18g]. According to the equations below and the Figure
3.12, the coefficient αL is computed and summarized in Table 3.8 to make a comparison with
literature and other well-known materials. The coefficient αL is also determined at 800◦C and it
is equal to 13.55 ·10−6 K−1, so it decreases when the temperature increases. The star (*) is used
to highlight the difference between the compound calculated and the compound found in the
literature for Cr2AlC.

Materials αL at 20◦C (10−6 K−1)
Cr2AlC 14.06
Cr2AlC* 12.8(5)
Glass 8.5

Silicon Carbide 2.77
Aluminium 23.1
Magnesium 26

Steel 11.0 − 13.0

Table 3.8: Linear thermal expansion coefficient for different materials, the values of αL comes
from reference [Wik18g], excepted for αL of Cr2AlC* that comes from [SAL+09]
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Compression tests have been achieved on square-based bar samples at 800 and 1000◦C in the
plasto-dilatometre. Figure 3.13 shows the stress/strain curve of these tests. The compressive
strength is double for the test at 800◦C, about 700 MPa, while it is about 350 MPa for the sample
compressed at 1000◦C. However, the ductility of the same sample at 1000◦C seems huge (almost
20 %) compared to that of the sample compressed at 800◦C (around 2-3 %). The oscillations
observed on the curve for the tests at 1000◦C are due to a bad thermal contact between the
pistons in alumina and the sample which induced a weak heat transfer and therefore a poor
control of the temperature. For the other tests, the contact was better and so the regulation of
the temperature.

Figure 3.13: Stress/strain of compression
tests performed on samples sintered in the
references conditions in the shape of a square-
based bar and compressed at 800 and 1000◦C

Figure 3.14: Stress/strain curves of the com-
pression tests performed at 1000◦C until a
global deformation of 5, 10 and 15 %, the
sample deformed until 5 % is a square-based
bar sample and the two others are cylinders

As show the curve in Figure 3.13, the behaviour of the Cr2AlC is very different in compression
as a function of the temperature. While the sample at 800◦C fracture in globally a brittle manner
with a fracture plane at approximately 45◦ with respect to the direction of loading (Figure 3.16),
the sample compressed at 1000◦C shows an uncommon final shape (Figure 3.15). It means that
it does not break in two distinguished parts even after a strain of 20 %. To understand the
mechanism of deformation observed on this sample, several tests are performed in the same
conditions but with a final engineering strain of 5, 10 and 15 %. The tests deformed at 10
and 15 % are realized on samples with a cylinder shape, while the test at 5 % is achieved on a
square-based bar sample as for the sample in Figure 3.15.

Figure 3.15: SEM image of the macroscopic
shape of the square-based bar sample com-
pressed at 1000◦C

Figure 3.16: SEM image of the fracture sur-
face of the square-based sample compressed
at 800◦C

33



These three compression tests give stress/strain curves as presented on Figure 3.14. The
compressive strength of the two cylinders are about 50 MPa for the sample deformed at 10
% and about 20 MPa for the sample at 15 %. Even if the yield strength is very different the
macroscopic shape of the three compressed samples seems progressively turned into a spindle-like
shape. Figure 3.17 shows a cross-section of samples compressed at 5, 10 and 15 % strain after a
cut in their middle. The cracks observed on Figure 3.17 (a), (b) and (c) are due to the cutting
process with the micro-chainsaw and the diamond disc during the polishing process.

Figure 3.17: Optical images of the cross-section of (a) square-based bar sample deformed at 5 %
and (b) and (c) cylinder deformed at 10 and 15 %, respectively

3.7 Creep of Cr2AlC

After some tests in compression, creep tests in compression have been performed on samples
of Cr2AlC. A first creep test is realized on a sample sintered at 1400◦C to check if the sample
indeed creep. The creep curve of this test is shown on Figure 3.18. This sample has been creeped
at 1000◦C and under about 100 MPa. The primary and secondary creep are observed but the
test has been stopped before the tertiary creep begins. The primary creep quickly deforms the
sample until almost 2 % and the secondary creep begins where the strain evolves in a linear
way as a function of time. A second test is achieved on a sample sintered under the reference
conditions with the same creep conditions. The load is maintained until the tertiary creep
appears to confirm the literature (see Chapter 1). The slope of the steady-state creep (ε̇ss) are
for the sample sintered at 1400 and 1200◦C, 9.5·10−5 and 1.4·10−4 s−1, respectively.

Two other creep tests have been realized on cylinder samples at 1000◦C but under a loading
of 50MPa. The results are shown on Figures 3.20 and 3.21. The two samples give the same final
shape but one has lost the broke parts while the other keeps them attached.
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Figure 3.18: Creep curve in compression of
the sample sintered at 1400◦C while other
sintering conditions respect the reference con-
ditions, the creep is performed at 1000◦C and
under about 100MPa

Figure 3.19: Creep curve in compression of
the sample sintered under the reference con-
ditions, the creep is performed at 1000◦C and
under 100MPa

Figure 3.20: Macroscopic shape of a cylinder
sample after a creep test at 1000◦C under
50MPa, the broken parts are removed from
the remaining cylinder

Figure 3.21: Macroscopic shape of a cylinder
sample after a second creep test under the
same conditions as Figure 3.20, the spindle-
like shape after deformation is easily observed

All these results are studied in the next chapter with more details. Comparison with literature
and models proposed by researchers are achieved to highlight the mechanism that allowed to
obtain these results. Some conclusions can be drawn but other questions remain without answers.
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Chapter 4

Discussion

In this chapter, an analyse of the microstructure is first performed to identify the best sintering
conditions which lead to a fine grain size as well as a pure and fully dense MAX-phase. Next,
the behaviour of the samples of Cr2AlC at room temperature is studied as a function of the
conditions and parameters studied in this report. At high temperature, the material Cr2AlC
has another behaviour. That will be covered in the end of this chapter and compared with the
behaviour at room temperature.

4.1 Analyse of the microstructure

According to the results presented in the previous chapters, the microstructure of the samples of
Cr2AlC as a function of the sintering conditions have been identified. As a reminder, reference
conditions have been chosen (Chapter 2) to be a sintering temperature of 1200◦C for 5 min, with
a loading of 10 MPa and a heating rate of 100◦C/min with 6g of powder. For these conditions,
the sample is 99.46(± 0.32) % dense, has a mean grains size d = 9.61(± 2.74) µm and it is
composed at 87.57(± 1.16) % of Cr2AlC, at 5.31(± 1.47) % of impurities (carbides and alumina
together) and at 7.12(± 2.34) % of porosity. The amount of porosity measured by the mean linear
intercept method is different from those computed with the Archimede principle. This difference
is supposed to be caused by the treatment that the surface received before the observation with
the SEM. The mean linear intercept method is performed on SEM images, so the surface is cut,
polished and etched and all these steps can increase the surface porosity even with the greatest
care.

Table 4.1: Summary of the composition of samples of Cr2AlC as a function of the sintering
conditions

36



It is supposed that the additional porosity measured with the mean linear intercept method
is only due to the pullout of Cr2AlC grains during the treatments that the surface receives. The
measurement obtained for the closed relative density is supposed to be the closest value to the
reality. The composition of the sintered sample under the reference conditions then becomes
94.15(± 1.79) % of MAX-phase, 5.31(± 1.47) % of impurities and 0.54(± 0.32) % of closed
porosity. These values are obtained by converting the amount of over-porosity into amount of
Cr2AlC. The same conclusion is available for all the sintered samples, and Table 3.6 can be
therefore rectified and turn into Table 4.1. From this table, the composition seems affected by
three of the four studied conditions, the temperature of sintering, the loading and the amount of
powder used in the process.

Figure 4.1: Graph of the variation of the car-
bide and MAX-phase proportion as a func-
tion of the temperature of sintering

Figure 4.2: Graph of the variation of the car-
bide and MAX-phase proportion as a func-
tion of the loading of sintering

Figure 4.3: Mean grain size of Cr2AlC sample
as a function of the sintering temperature

Figure 4.4: Mean grain size of Cr2AlC sample
as a function of the pressure

In summarizing the results obtained from Figures 4.1, 4.2, 4.3, 4.4 and 3.3, the conditions that
lead to the finer grain size, the larger proportion of Cr2AlC and the higher density are a sintering
temperature of 1200◦C for 5 min and under a loading of 30 MPa. Because the contribution of
the heating rate is not obvious, the condition from the reference previously defined can be chosen.
Regarding the microstructure of the sample sintered under these conditions (Figure 4.5), with a
large amount of porosity, grains of carbides are small and particles of alumina are located in the
grain boundaries. Figure 4.6 shows a very different microstructure with bigger grain of Cr2AlC
and Cr7C3, less porosity on the surface even after the treatments on the surface and the small
particles of alumina seem to have diffusd in the grain boundary like in the sample sintered at 30
MPa but closer to the carbides grains and the porosities.

According to the results of the EDX analysis from Figure 3.7 and Table 3.5, one phase that
contains a small amount of iron has been found in the sample. This phase has a higher amount
of aluminium than the MAX-phase and a smaller amount of carbon. After etching, this phase
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Figure 4.5: SEM image of the polishing and
etching surface of the sample of Cr2AlC sin-
tered under 30MPa and other conditions iden-
tical to the reference

Figure 4.6: SEM image of the polishing, but
not etching surface of the sample of Cr2AlC
sintered at 1400◦C with other conditions iden-
tical to the reference conditions

exhibits a dendritic shape as shown on Figure 4.5 and 4.11. A differential scanning calorimetry
(DSC) analysis has been performed on the powder used in the SPS. The result is shown on
Figure 4.7 where two peaks are observed at 1252 and 1313◦C. The melting point of the powder
has been assumed to be around 1500◦C. Therefore, something happens around 1400◦C but it is
not obvious that it can be identified as a peak. As the DSC compares the heat flow required to
keep the sample and the reference at the same temperature, these two small peaks mean that
a higher amount of heat is needed to maintain the powder at the same temperature than the
material of reference. A change in the powder, like a phase transition, occurs at these particular
temperatures. It is supposed that phases present in the powder melt at these temperatures, but
the two phases identified as chromium carbide and alumina have a melting point far away from
these two peaks, around 1780 [PB85] and 2100◦C [Wik18a], respectively, and only the dendritic
phase containing iron remains. Under the assumption that the results of EDX are influenced by
the matrix around due to the size of the phase with a shape of dendrites, this result suggests
the formation of stable intermetallic Fe-Al. During the synthesis process of the powder, which
initially contained a small amount of iron and pure aluminium, this last diffuses once melted
towards the iron and forms rich-Al intermetallic. It then stabilized in FeAl after enough diffusion
and time. The binary phase diagram of Fa-Al is shown on Figure 4.8, where two transitions can
be observed for the compound FeAl around 1230 and 1310◦C. If the composition of iron and
aluminium is balanced at 50/50 %, the first transition temperature is rather around 1250◦C. The
two transition temperature of the FeAl observed correspond to the peaks in the DSC analysis.

The phase with iron seems to be present in the samples sintered at 1200◦C contrarily to the
sample at 1400◦C. It is not exactly the case because Figure 4.9 shows this phase in the sample
sintered at 1400◦C and its size is compared with the clusters observed in sample sintered under
the reference conditions in Figure 4.10.

Again, as observed on Figures 3.7 and 4.11, the phase containing iron seems to be divided into
two phases of different compositions. The so-called phase "eut" in Table 3.5 contains a higher
amount of Al while the phase "eut2" has a higher amount of Cr. This result is confirmed by the
clearer contrast of the phase "eut2" that implies a higher amount of heavy chemical element.
From this, it is finally supposed that the clearer phase "eut2" is mainly ferritic steel with Al
and Cr in solid solution while the darker phase which contains a higher amount of Al is the
intermetallic Fe-Al.
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Figure 4.7: Differential scanning calorimetry
of the powder of Cr2AlC used in the SPS with
two peaks identify at 1252 and 1313◦C and
the melting point of the powder at 1500◦C

Figure 4.8: Binary phase diagram of Al-Fe
with melting temperature for FeAl of 1250 and
1310◦C in a composition of 50/50 in % atomic
[Hen07]

Figure 4.9: SEM image of the polished sur-
face of the sample sintered at 1400◦C with
other sintering conditions as the reference

Figure 4.10: SEM image of the polished sur-
face of the sample sintered under the refer-
ence conditions

Figure 4.11: SEM image of the phase containing iron of polished and etched surface on sample
sintered under reference conditions

4.2 Mechanical behaviour at low temperature

As indicated in Table 3.7, the hardness can be very different with the different methods used
(about 5 GPa for the Vicker’s hardness and about 10 GPa for the Berkovich hardness). The
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measure obtained for the Berkovich hardness is the mean of the hardness calculated for each depth
of indents. This difference may be explained by two elements. First, the sintering conditions of
samples indent with Vicker and Berkovich indenters are slightly different. As the analyse of the
microstructure have shown, the grain sizes of the samples sintered at 1200 and at 1400◦C, and
with the other conditions like those of the reference, are different. Then, as the Vicker’s hardness
is performed on the sample with the mean grain size of about 20 µm and the Berkovich hardness
on the sample with ± 10 µm of mean grain size, the measure can be affected. Second, the size
of the indent is so different (see Figure 3.8 and Figure 3.9) that the micro-indent of Vicker is
bigger than the mean grain size. This implies that the grain boundaries, the porosities and the
impurities can impact the measure of the hardness. As the impurities of alumina and carbide
are harder than the MAX-phase, the hardness is slightly increased, but due to the high amount
of porosity in the surface and due to the grain boundaries, the hardness may decrease. For the
nano-indent, it is smaller than the mean grain size which implies that the hardness measured
is for pure mono-crystal of Cr2AlC. Another assumption may be that the size of the indent
influences the hardness measured.

As reported in Chapter 1, Duan et al. find a Vicker’s global hardness for fine-grain samples
of Cr2AlC sintered at 1400◦C of 5.3 ± 0.9 GPa [DSJ+15] which is a good correlation with the
result obtained in this work. Duan observed two behaviours of the material under indentation as
a function of the microstructure and the direction of the sintering loading. For coarse-grains
(about 50-100 µm mean grain size) a plastic deformation zone around and inside the mark let
by the indent and not leading to cracks is observed. While for fine-grains (about 1-3 µm mean
grain size) cracks appear at the corner of the indent and no plastic deformation zone is noticed
(Figure 4.13).

Figure 4.12: SEM image of a Vicker’s indent realized with a force applied on the tip of 500g
for 10 seconds on the sample sintered in the reference conditions except for the temperature of
sintering that have reached 1400◦C
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Figure 4.13: SEM image of Vicker’s indentation on (a) coarse-grained Cr2AlC, (b) fine-grained
Cr2AlC surface perpendicular and (c) parallel to the sintering compaction direction [DSJ+15]

In this work, the behaviour observed is in between the coarse- and fine-grains results. As the
mean grain size is about 20 µm and the indent has a size of about 40-50 µm, plastic deformation
zone is observed around the mark without apparition of cracks (Figure 4.12) as for coarse-grains
indentation. The crack at the top of the mark in Figure 4.12 is rather due to the fact that
the corner of the indent lies in a grain boundary, which induces its opening. Therefore, the
hardness is similar to that obtained for fine-grains microstructure. The deformation mechanism
followed a sample with coarse-grains while the hardness measured is very close to that obtained
for fine-grains.

Moreover, Figure 4.12 shows clearly well the mechanism of damage observed for the MAX-
phase family. Due to the high stress applied by the tip on the surface of the sample, some
delamination around the indent is observed (see Figures 4.14 and 4.15). Indeed, the compression
induced by the tip of the indenter brings bends and delamination of the grains (example in Figure
3.8, on the right of the mark let by the micro-indent). The inability for the dislocations to move
out of the basal slip plans, and the concentration of stress in tension under the tip due to the
friction during the indentation induced apparition and growth of cracks either inside the grain
(Figure 4.17) or at the grain boundaries (Figure 4.16) without plastic deformation of the grains.

The Berkovich indents realised at different depths present a hardness that evolves with the
depth. This evolution is shown on the graph in Figure 4.18 of the hardness as a function of the
depth of the indent. As previously said, the hardness is determined using Equation 4.1, where
Pmax is supposed to be square dependent on the displacement as for Ap (see Equation 2.8).

H = Pmax
Ap

= Bh2
max

C0h2
max + C1hmax

(4.1)

Therefore, as a good approximation, when the displacement is large, the hardness does not
depend on the displacement because the term to the square is dominant in Equation 2.8, so
it is simplified with the term to the square in the relation of Pmax. But if the displacement is
small, the term to the square is not anymore predominant and the hardness will increase as
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Figure 4.14: SEM image of a Berkovich in-
dent with a depth of 500 nm realized on a
sample sintered under the reference condi-
tions

Figure 4.15: Schematic representation of the
delamination of lamellae due to high com-
pression stress caused by the tip

Figure 4.16: Zoom of Figure 3.8, propaga-
tion of cracks that nucleate from a particle
of carbides (white) and small particles of
alumina (black) at the top of the image, ob-
servation also of bending and delamination
of the structure at the bottom of the image

Figure 4.17: Cracks between the lamellae of
Cr2AlC due to the stress in traction in the
mark of the indent

the displacement decreases because of the influence of the second term in Equation 2.8. This
behaviour is well observed on Figure 4.18.

Figure 4.19 shows the mean value for each depth of the Berkovich and the Vicker’s hardness
measurements. The linear prevision of the Berkovich hardness as a function of the depth of the
indent is represented by the dotted line. It is observed that the Vicker’s measurement is far from
the prevision. This result confirms the model described above where the dotted line predicts the
hardness until a critical depth where the model changes and does not depend anymore on the
depth of the indent. To be able to determine this model, more points are needed on this graph.

Around Berkovich indent, damage is observed on the load/displacement curve. This curve may
sometimes show discontinuities during the loading, as said in Chapter 3. Because the displacement
of the tip is controlled by increasing the force rather than by measuring the displacement, if a
crack appears, or some damage nucleates, the tip will quickly go deeper in the materials and
gives a plateau as shown on Figure 4.20. It is supposed that the first discontinuity observed on
the load/displacement graph is due to the delamination observed at the right of the indent shown
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Figure 4.18: Graph of the evolution of the
Berkovich hardness as a function of the depth
of the indents

Figure 4.19: Comparison with the hardness
measured by Berkovich hardness (red) and
Vicker’s hardness (blue), each point is the
mean of 10 values measured under the same
conditions of loading, the dotted line repre-
sents the linear prediction of the Berkovich
values for higher depth of indents

on Figure 4.21. A second delamination is observed at the left of the mark on Figure 4.21. Indeed,
because the delamination is considered as the buckling of the lamellae at the nano-scale, when
it appears, the tip will quickly go deeper into the surface which causes these primary plateaux
around 15 and 20 mN . A secondary plateau is located above 15 and 20 mN , just after the first
one. It can be explained by the re-positioning of the tip after a tilt caused by the right buckling
for example. This movement happens because the force applied the tip. When the buckling
occurs, the tip tilt because one side of the material realized the internal stresses. In further
increase the force on the tip, the left side will catch up the right one and the tip presses again in
a symmetric manner until the second delamination.

Figure 4.20: Load/displacement curve of the
nano-indent deep of 400 nm shown in Figure
4.21 performed on the surface of a sample
sintered in the reference conditions with a
Berkovich tip

Figure 4.21: SEM image of a Berkovich in-
dent with a depth of 400 nm realized on a
sample sintered under the reference condi-
tions

4.3 Mechanical behaviour at high temperature

The sintering conditions used to achieve the mechanical tests at high temperature are a tempera-
ture of 1200◦C for 5 min, under 10 MPa and with a heating rate of 100◦C/min (the reference
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conditions described in the beginning of the report). The reason why the sample with optimal
microstructure, finer grain size and higher amount of MAX-phase as well as the best densification,
is not used for the mechanical tests is because other tests ware already performed on sample
sintered under the reference conditions. In order to be able to compare and analyse the conditions
of the mechanical tests without the influence of other parameters, the same microstructure for
the sample is needed.

The compression tests under 800 and 1000◦C are realised on square-based bar, and give
different results. First, the sample compressed at 800◦C failed in a brittle manner, showing
almost no homogeneous plastic deformation. The shape of the sample fracture after the test
is shown on Figure 4.22. Second, the sample compressed at 1000◦C deformed in a lightning
bolt-like shape as shown on Figure 3.15.

Fracture surface of the sample test at 800◦C shows two finishing surfaces after the failure first,
the grains are well distinguished, it is a rough surface (right in Figure 4.23). Then, part of the
same surface seems roughly polished (left in Figure 4.23). This second surface is mainly located
at the centre of the fracture surface.

Figure 4.22: SEM image of the fracture sur-
face of the centre of the sample compressed
at 800◦C

Figure 4.23: Zoom of Figure 4.22

This kind of failure looks the similar to normal fatigue. But the cause of failure is the brinelling
phenomenon. It occurs when two hard surfaces have a relative movement one from another.
Because at this temperature the fracture that occurs if brittle, the bar will fail by cleavage, and
more precisely by basal cleavage due to its crystallographic structure. It means that there is
only one cleavage plane and this explains why the fracture surface is oriented at 45◦ from the
loading direction. The fracture surface is represented on Figure 4.24 and the local microstructure
is shown with two SEM images taken at different places on the surface.

The surface that seems polished appears during the cleavage when the main failure propagates
along the whole sample. The left image on Figure 4.24 that gives an idea of the state of the
surface at the top and the bottom of the fracture surface, shows that the predominant failure
is an intergranular crack. While the right image on Figure 4.24 lets clearly suppose that the
relative movement between the two surfaces, once separated, and the high compressive stress
induce a local plastic deformation of the grains crushed together by Hertz contact forces. Another
explanation may be simply that the finishing of the surfaces is due to friction. Indeed, as the
failure is brittle, the two surfaces are rough. And, because of the relative movement between
the two surfaces and their roughness, the grains are smoothed at some location of the surfaces.
Figure 4.22 shows lines or scratches. They represent the direction of sliding of the surface and
they are parallel to the direction of the slope. These scratches confirm the relative movement
between the two surfaces and the following model tries to quantify the amount of local stress
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Figure 4.24: Schematic view of the fracture of the sample compressed at 800◦C with two SEM
images showing the microstructure at different places on the surface, (left) the surface resulting
from the main intergranular crack and (right) the brinelling effect observed at the centre of the
surface of failure

reach because of this movement.
Under the assumptions that the grains are spherical with a radius that corresponds to the half

of the mean grain size (R≈5 µm), and the brinelling effect occurs at the fracture stress (≈600
MPa) which corresponds to a global force (F ) of 5400 N. The model of Hertz contact for two
spheres in contact is found in reference [Wik18c]. The elastic coefficients E and ν of Cr2AlC
are 286(± 14.0) GPa and 0.25, respectively. The Young’s modulus has been determined during
the nano-indentation calculation and represents the mean of the values for each depth. With
these coefficients, the Young’s modulus normalized by the Poisson ratio (E∗) can be computed
by Equation 4.2.

E∗ = E

1 − ν2 (4.2)

The contact zone increases with the deformation and becomes a circle with a radius a that is

a =
(3F

4
R

E∗

)1/3
(4.3)

because the two spheres have the same radius and Young’s modulus. The maximal pressure
(pmax) and the maximal shear stress (τmax) located at the centre of the contact zone are computed
using F and a at Equations 4.4 and 4.5.

pmax = 3F
2πa2 (4.4)

τmax = pmax
2 (4.5)

Eventually, the amount of displacement reached by the grains at the contact is denoted δ and
determined at Equation 4.6.

δ =
(

9
2R

(
F

E∗

)2
)1/3

(4.6)
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According to this model, the maximum shear stress sited under the surface at a distance
z = 0.5a reached 800 GPa. Due to this high amount of stress at this single point which is larger
than the compressive strength, the local plastic deformation of the grains then occurs. This
model is only valid under the assumptions made above. They very much simplify the behaviour
of the surfaces and the value of the maximum sheer stress is maybe far from the reality.

The stress/strain curves obtained for these two tests can be compared to those found in the
literature. Figure 4.25 shows that the behaviour at 800◦C reproduces well what is experimented
by Tian and his group. But when the parameters used by Tian for the tests are compared with
those of this work, the sintering conditions and the strain rate used bring a different mechanical
behaviour after the deformation. On the other hand, the sample tested at 1000◦C presents an
expected behaviour on the curve at 900◦C (Figure 4.25). Moreover, the sample tested at 900◦C
does not fail as the sample deformes at 1000◦C. Nevertheless, the final shape of the sample
deformed at 900◦C looks like a spindle shape [TSHD09] while the sample deformed at 1000◦C
has a lightning bold-like shape.

Figure 4.25: (a) Stress/strain curves of samples of Cr2AlC (dimension of 2.5x2.5x6 mm3)
compressed from room temperature to 900◦C, they have been sintered by pulse discharge
sintering at 1250◦C for 30 min, under 50 MPa and with a heating rate of 50◦C/min, the strain
rate is 5.6·10−4 s−1, the mean grain size is 6.4 (± 2.1) µm [TSHD09], (b) stress/strain curve of
samples of Cr2AlC compressed at 800 and 1000◦C for a strain rate of 1.25·10−3 s−1

This spindle shape has been observed on samples tested at 1000◦C but when these tests
ware stopped at a global engineering strain of 5, 10 and 15 % (Figure 3.17). Assuming that
the deformation is the same in all the directions perpendicular to the loading direction, the
deformation profile has been determined as a function of the length of the compressed samples
and are represented on Figure 4.26. These profiles show that the largest deformation is located
at the centre of the length of the samples. They also show that the deformation is localised at
the centre while the extremities are almost not deformed. This local deformation begins for very
small strain and evolves, without failure of the sample, until a very large strain.

The reason why the local true strain for the sample deformed at 5 % is close to the true strain
for the sample deformed at 10 % is because the ratio h/d (see Chapter 2) is not equal to 2 for the
square-based bar samples while the ratio is equal to 2 for the cylinder samples. The mechanism
of deformation for this material proposed by Tian and his colleagues is identified and confirmed
with these tests. For the mechanism of damage inside the grains, because the temperature is
above the transition temperature from brittle to plastic deformation, the dislocations acquires
enough energy to move out of the basal slip direction. They will then move towards the grain
boundaries where they will accumulate. The local stress field is strongly increased because of this
and causes the apparition of fractures in the grains and breaks them. Moreover, delamination
within grains is also frequently observed in deformed samples. But these intragranular deflects
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Figure 4.26: Graph of the local true strain as a function of the length of the sample for different
global compressive strains

represent a small part of the global deformation. The intergranular damage is the main damage
mechanism and is also very present in these samples. This mechanism is the decohesion of the
grains between each others. The inter- and intra-granular mechanisms are shown in Figure 4.27.

All these mechanisms of deformation are mainly observed in the torus part of the spindle
shape. Indeed, the grains in the central axis or closed to the edges of the sample in contact with
the pistons are spared of whole damages.

Let’s now compare the stress/strain curves for the sample as a function of their macroscopic
shape. Figures 4.28 and 4.29 show these curves for the square-based bar and the cylinder samples,
respectively. For the square-based samples, the behaviour at 5 % is the expected behaviour
regarding the sample deformed until 20 %. On the contrary, the elastic deformation allowed for
the cylinder samples is lower, the plastic regime occurs almost immediately after the beginning
of the loading. And it is an interesting behaviour that will be further discussed in the following
paragraphs. The blue curve in Figure 4.29 shows an elastic behaviour similar to the sample
deformed at 5 % even if the macroscopic shapes are different. That point is well shown on Figure
3.14 where the beginning of the orange and the blue curves are identical. On the other hand, the
sample deformed at 15 % does not show, even at the very first beginning of the increasing of
the stress, the same slope for the elastic regime. What is interesting to note is that the sample
deformed at 10 % may be considered as an intermediate behaviour between the samples deformed
at 5 and 15 %. This assumption has to be confirmed by performing more tests to reproduce
the results at 1000◦C for 5, 10, 15 and 20 %. Through these tests, one will try to identify the
parameters that can induce these differences. Regarding these three tests, two sets of parameters
may be involved and are summarised below.

Between the samples deformed at 5 and 10 % the potential parameters during the life of
the samples that can influence the mechanical test are the macroscopic shape (either the bar
compared to the cylinder, or the ratio h/d), the texture (see Figure 2.11), the sintering process
(closed relative density) and the microstructure (grain size). For the samples deformed at 10 and
15 %, one issue for this difference is maybe the location where the cylinder has been cut in the
specimen coming from the SPS process. Nevertheless, other possibilities exist to explain this
behaviour, the mechanical test itself contains differences in the procedure, like a wrong placement
of the sample between the pistons which can induce a concentration of stress at one point, or a
bad weld of the thermocouple that may cause an incorrect measure of the temperature. This is
why the results have to be reproduced before testing all these parameters.
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Figure 4.27: SEM images of the centre of a deformed sample, after a cutting and polishing
process, the two mechanisms of damaging are observed, intergranular with the decohesion of the
grains and within with the cracks propagation due to the movement of the dislocations and the
delamination

Figure 4.28: Stress/strain curves of square-
based bar samples compressed at 1000◦C un-
til 5 and 20 % in strain

Figure 4.29: Stress/strain curves of cylinder
samples compressed at 1000◦C until 10 and
15% in strain

According to the analyses made previously in this chapter, the behaviour of the samples under
creep will be covered. The main result obtained in this work regarding the creep tests is that the
square-based samples effectively creep even under 100 MPa (Figures 3.18 and 3.19) while the

48



Figure 4.30: Comparison of the creep behaviour at 1000◦C and 100 MPa for samples sintered at
1400 (blue curve) and at 1200◦C (orange curve), with similar other sintering conditions

cylinder samples do not creep (Figures 3.20 and 3.21) at a smaller loading. On the square-based
samples, a comparison can be achieved as a function of the microstructure of the samples, or in
other words, their mean grain size (Figure 4.30).

Figure 4.31: SEM image of the surface of the
sample sintered under the reference condition
and creep at 1000◦C under 100 MPa located
un the deformed part (torus of the spindle-
like shape)

Figure 4.32: SEM image of the surface at the
centre of the sample sintered and creep in
the same conditions as the sample in Figure
4.31

During the primary creep, the sample with bigger grains shows a strain rate 3 times faster than
the sample sintered at 1200◦C. The strain rate are 6 · 10−3 and 1.8 · 10−3s−1, respectively. On the
other hand, when the two samples begin the secondary creep, their slope decrease as expected,
and become 9.5 · 10−4 and 1.1 · 10−4s−1, respectively (see Chapter 3). It is observed that the
strain rate depends on the grains size, even with such a small difference. This result is aligned
with the literature, Zhen et al. arrived at the same conclusion after performing compressive creep
tests on fine- and coarse-grain samples of Ti3SiC2 above the transition temperature [ZBK+05].
In both observations, bigger grain size induced a larger strain rate during the creep, and the
difference is small even when the difference of size is important (Figure 4.33).

A polishing surface showing the microstructure of the sample (cutting in two part to see the
bulk microstructure) of Cr2AlC sintered under the reference conditions and creep at 1000◦C under
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Figure 4.33: Creep curve for fine- and coarse grains of Ti3SiC2 in compression for different
temperature, above the transition temperature, and loading

100 MPa is available in Figure 4.31. This surface belongs to the torus part of the spindle-like
shape of the deformed sample. It is compared to the surface of the same sample deformed but
located in the centre of the bar (Figure 4.32). Large pores are found in the torus region of a
deformed sample due to the treatment that the sample received after deformation. As already
said, these treatments are the cutting and the polishing processes. These manipulations in
addition to the deformation mechanism (decohesion of the grains) lead to a pullout of some
grains almost disconnected form the matrix and create this extra amount of porosity. Among
the decohesion of the grains, delaminations inside the grains is also well observed and in greater
amount on Figure 4.31 than in the centre of the sample. These two mechanisms are the main
ones that occur during the deformation at high temperature.

The results obtained for the cylinder samples in creep are quite obvious. Because of their
small compressive strength and the high stress rate of the creep tests, cracks propagate quickly
between the grains (Figure 4.34) and give this particular shape in inverse spindle (remember
Figures 3.20 and 3.21 in Chapter 3). This result can imply that the transition temperature, or
the regime of plastic deformation depends on the stress rate at which the sample is deformed.
This means that the transition temperature is not a property of the material but depends on
external parameters. As observed for the creep and the compressive tests, the center of the
bars, or the cylinders, seems not affected by the loading and remains almost undeformed. This
behaviour is not already fully understood and does not seems influenced by the macroscopic
shape.

The main mechanism for the creep deformation according to Zhen and its colleagues is the
diffusion creep for the MAX-phase Ti3SiC2 at low stress [ZBK+05]. It is not possible to draw
such a conclusion with the tests performed to date on Cr2AlC but there is no apparent reasons
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Figure 4.34: SEM image of the fracture surface of the cylinder sample creep at 1000◦C under 50
MPa, higher magnification of the fracture in Figure 3.20

to believe that it isn’t true. Indeed, only one temperature and one loading have been tested for
creep tests. To be able to identify the main creep mechanism, the parameters that have to be
studied are the sintering temperature, or the grain size of the sample creep with supplementary
tests at other temperature and loading.
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Chapter 5

Conclusion and perspectives

To conclude this report, a summary of the main results presented in this work is given. A future
experimental procedure then proposed to further continue the research and answer questions
that are still open. Eventually, some perspectives are proposed for the years to come in the study
of the MAX-phase.

First, optimal sintering conditions have been determined for the synthesis of a specimen height
of 3 mm and with a diameter of 20 mm. The conditions are a sintering temperature of 1200◦C for
5 minutes, under 30 MPa and with a heating rate of 100◦C/min. They lead to a microstructure
with the finest grains, 5.62 (± 0.89) µm and the highest density, 99.72 (± 0.08) %. It is also
under these sintering conditions that the purest MAX-phase is synthesize, 97.33 (± 0.68) %
of Cr2AlC. Presence of iron has been found in the powder used for the sintering process and
this iron is found in sample sintered under 1300◦C under the form of dendrites of intermetallic
Fe-Al. The effect of the sintering temperature has been identify and as expected, induces a faster
growth of the grains during the process. The presence of a texture has also be noted for the
sample sintered with 6g of powder. An interesting feature would be to synthesize a sample with
18g of powder to obtain of cylinder height of 8 mm and with a diameter of 4 mm, but under the
optimal condition. This would allow to perform mechanical tests at room and high temperature
and compare the results with those of this work.

At room temperature and under micro- and nano-indentation, delamination and intergranular
cracks have been observed as damage mechanism around the indents. The difference between the
hardness obtained with the two methods have been highlighted. A model to explain the depen-
dence of the Berkovich hardness as a function of the depth of the indent is described. Additional
indents with different loading have to be realized to draw a complete model of the variation of
the hardness with the indentation depth. Some discontinuities in the load/displacement curves
obtained with the Berkovich indenter are explained with the experimental procedure using by
the nano-indenter during the tests and the mechanical damages induced by the indentation.
Indentations under a higher temperature than the transition temperature could be an interesting
topic to further study. That kind of tests would allow to obtained results such as the hardness at
high temperature and observe its evolution. The plastic behaviour of the material around the
mark of the indent would also be observed.

In a second part, the behaviour at high temperature has been studied. Compressive tests on
square-based bar and cylinder samples have been achieved and different behaviours were observed.
Damage mechanisms of intergranular, such as de-cohesion of grains, and intragranular have been
identify. Compared with the mechanisms at room temperature, only cracks inside grains, due to
the accumulation of the dislocation at the grain boundaries, are new in the damage mechanism.
This phenomenon has been explained because the dislocations at a temperature higher than the
transition between brittle and plastic regime are allowed to move out of their basal slip plan and
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propagate through the grains. At 800◦C, the sample failed in a brittle manner while at 1000◦C
the sample does not failed but deforms in a lightning bolt-like shape. The microstructure and
the macroscopic shape have an important influence on the compressive strength of the samples.
These parameters have also an influence on the creep behaviour. The strain rate decreases with
the grain size. Furthermore, a creep test under a loading close to the compressive strength of the
sample will lead to a inverse spindle as observed in this work. The sintering conditions have to
be adjusted as explained above to obtain another microstructure and increase the compressive
strength of cylinder samples. Creep tests with higher and lower loading, for the same grain size,
have also to be performed to identify the main creep mechanism. Eventually, creep tests under a
temperature higher than 1000◦C may be performed to identify the resistance under creep as a
function of the temperature.
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Appendix A

Sintering curves

The analysis of the sintering curve from the SPS process is reported in the following paragraphs,
this analyse comes from the report that presents the results obtained during the traineeship
realised during the summer holidays of 2017 at BCRC. Figure A.1 represents the relative
displacement of the pistons during the SPS process heating at 1200◦C for 5 minutes with an
applied pressure of 10 MPa and a heating rate of 100◦C/min.

Figure A.1: Relative displacement of the pistons as a function of the time of the SPS process
for a sample of Cr2AlC heating at 1200◦C for 5 minutes with a heating rate of 100◦C/min and
under a pressure of 10 MPa

The first increase of the curve is a compression of the sample before heating it under a
pressure of 60 MPa, then the pressure is released and the sample expands. The change in the
slope, after 5 minutes, shows the starting of the alternative current through the pistons and
so the beginning of the heating process. The second increase, after 10 minutes, is due to the
beginning of the sintering reaction because of the rise of the temperature. The plateau implies
that the temperature reached 1200◦C and stopped increasing. The last increase of the relative
displacement is due the shrinking of the sample due to the cooling.
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As already explained, relative displacement of the samples heating at 1400◦C and 1300◦C
with a melting part, and 1200◦C without melting part are represented on the Figure A.2 (a).

On the blue and orange curves, the first plateau is observed but its origin is not yet explained.
To try to understand when it appears, Figure A.2 (b) shows that the two plateaus start at
approximately the same temperature of 1220-1240◦C. The sample at 1200◦C does not reach
1215◦C so there is only one plateau, on the Figure A.2 (a), when one stops the heating process.

Figure A.2: (a) Relative displacement of the pistons as a function of the time of the SPS process
(b) relative displacement of the pistons as a function of the evolution of the temperature of the
sample during the process for the samples of Cr2AlC heating at 1400, 1300 and 1200◦C for 5
minutes with a heating rate of 100◦C/min and under a pressure of 10 MPa

With respect to the different results obtained with the cycles at 1200◦C, three parameters
could be compared: the pressure, the heating rate under a certain pressure and the moment at
which the compression starts.

Figure A.3: (a) Relative displacement of the pistons as a function of the time of the SPS process
(b) relative displacement of the pistons as a function of the evolution of the temperature of the
sample during the process for the samples of Cr2AlC heating at of 1200◦C for 5 minutes with a
heating rate of 100◦C/min and under pressure of 10, 30 and 50 MPa

On Figure A.3, the expected behaviour of the sintering curve is observed for the sample
compressed at 50 MPa, a larger displacement. One can also observe on the Figure A.3 (a),
two plateaus on the curve at 30 and 50 MPa. These plateaus can be compared with samples
sintered at a temperature above 1300◦C but without melting part during the process. On the
figure (b) the plateaus are also observed and they start at a different temperature. Eventually,
under 400◦C, an elastic return is observed and it is larger for higher pressures applied during the
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process. This phenomenon is explained because the load is maintained during the cooling and
it is realised after the temperature of the sample goes down 400◦C. So, the three samples have
approximately the same final relative displacement at the end of the sintering process.

Figure A.4: Relative displacement of the pistons of the SPS, for the samples of Cr2AlC compressed
at 10 MPa and heating at 1200◦C, as a function of (a) the time of the process and (b) the
temperature of the sample during the process with a heating rate of 50, 100 and 200◦C/min.
The figures (c) and (d) show the relative displacement of samples sintered in the same conditions
of temperature and heating rate but under a pressure of 50 MPa

Figure A.4 shows fours graphs related to the change of the heating rate during the process,
under a pressure of 10 MPa (Figures A.4 (a) and (b)) and 50 MPa (Figures A.4 (c) and (d)).
One observation is that the heating rate has no influence on the relative displacement of the
pistons, as seen on Figures A.4 (b) and (d) but only the total time of the process. It will be
longer for shorter heating rate. On Figure A.4 (d), the stabilization observed around 1100◦C
seems to indicate that the first densification is reached but on the graph (c), around 1200◦C, the
displacement increases again a bit.

The last parameter studied in this section is the moment when the compression begins. The
difference in the operating conditions can be observed on Figure A.5. On the left figure, the
pressure is realized until 10 MPa and anew applied once the relative displacement has reached
the minimum (which correspond to a sample of 800◦C) and starts to increase until the beginning
of the cooling part of the process (Figure A.5 (a)). While on the right figure the pistons realise
the pressure after the application of the 60 MPa and stop at 30 MPa (before the beginning of
the heating part of the process). They maintain the loading until the end of the cooling (Figure
A.5 (b)).
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Figure A.5: Operating conditions of samples sintered at 1200◦C for 5 minutes with and heating
rate of 100◦C/min with (a) the application of the pressure of 30 MPa start when the temperature
of the sample reach 800◦C, which correspond to the minimum of the relative displacement and
(b) the pressure of 30 MPa is applied directly after the first loading of 60 MPa

For the conditions shown on Figure A.5 (a), the relative displacement of the pistons as a
function of the time of the process and the temperature of the system for a pressure of 30 and
50 MPa are shown in Figure A.6 and compare with their correspondent of operating conditions
shown on Figure A.5 (b).

Figure A.6: Relative displacement of the pistons of the SPS as a function of (a) the time of the
process and (b) the temperature of the sample during the process of samples of Cr2AlC, the
red and grey curve represents the displacement of a cycle when the loading, of 30 and 50 MPa
respectively, is applied to the room temperature and on the blue and yellow curve, the loading
starts at 800◦C who corresponds to the minimum of the relative displacement on the graph in (a)

Eventually, it is also observed that the moment when the compression starts will not influence
the final relative displacement. But it can also be observed that a little plateau is present before
1200◦C. This phenomenon is then recurrent and it could be interesting to carry on interrupted
tests on SPS before and just after the plateau and do XRD and MEB-EDS analysis on these
samples to try to understand it. As last remark, the difference during the cooling phase is
explained by the relaxation of the pressure at the beginning of the cooling, so at 1200◦C for the
samples charged at 800◦C while the pressure is maintained during the cooling until 400◦C for all
other processes.
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Appendix B

Pole figure

Figure B.1: Pole figures measured, on sample sintered at 1400◦C and other conditions as the
reference, and calculated for the triclinic symmetry
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Figure B.2: Pole figures measured, on sample sintered at 1400◦C and other conditions as the
reference, and calculated for the fiber symmetry
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Appendix C

Density calculation

Figure C.1: Summary of the calculation of the relative density of all the samples studied, the Max
and Min value are determined with the standard deviation obtained of the amount of alumina
and carbides in each sample, found in Appendix D
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Appendix D

Mean linear intercept calculation

The results and details of the calculation of the mean grain size and the proportion of phases are
summaries in the following tables. To have enough data for the statistics, many pictures are
taken and many curves, as shown in Figure 2.6, have been drawn.

D.1 Grain size

Figure D.1: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1400◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min, SD is the
standard deviation
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Figure D.2: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1300◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min, SD is the
standard deviation

Figure D.3: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min, SD is the
standard deviation

Figure D.4: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1200◦C for 5 minutes, with a loading of 30 MPa and a heating time of 100◦C/min, SD is the
standard deviation
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Figure D.5: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1200◦C for 5 minutes, with a loading of 50 MPa and a heating time of 100◦C/min, SD is the
standard deviation

Figure D.6: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 50◦C/min, SD is the
standard deviation
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Figure D.7: Summary of the calculation of the mean grain size for the sample of Cr2AlC sintered
at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 200◦C/min, SD is the
standard deviation

Figure D.8: Summary of the calculation of the mean grain size for a sample sintered at 1200◦C
for 5 minutes, with a loading of 10 MPa and a heating rate of 100◦C/min, the amount of the
powder used for the sintering process is 18g, so the sample is a final height of about 8 mm
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D.2 Phase proportions

Figure D.9: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1400◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min,
SD is the standard deviation

Figure D.10: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1300◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min,
SD is the standard deviation
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Figure D.11: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 100◦C/min,
SD is the standard deviation

Figure D.12: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1200◦C for 5 minutes, with a loading of 30 MPa and a heating time of 100◦C/min,
SD is the standard deviation
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Figure D.13: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1200◦C for 5 minutes, with a loading of 50 MPa and a heating time of 100◦C/min,
SD is the standard deviation

Figure D.14: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 50◦C/min, SD
is the standard deviation
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Figure D.15: Summary of the calculation of the proportion of phases for the sample of Cr2AlC
sintered at 1200◦C for 5 minutes, with a loading of 10 MPa and a heating time of 200◦C/min,
SD is the standard deviation

68



Appendix E

DRX analyse

Figure E.1: XRD spectrum of the samples sintered with 6g of powder, study in Chapter 3
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Appendix F

Load/Displacement curves

Figure F.1: Load/displacement curves of the 10 Berkovich indents with a depth of 100 nm, the
curves are shifted of 100 nm to see them distinctly

Figure F.2: Load/displacement curves of the 10 Berkovich indents with a depth of 200 nm, the
curves are shifted of 100 nm to see them distinctly
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Figure F.3: Load/displacement curves of the 10 Berkovich indents with a depth of 300 nm, the
curves are shifted of 100 nm to see them distinctly, the first indent failed

Figure F.4: Load/displacement curves of the 10 Berkovich indents with a depth of 500 nm, the
curves are shifted of 100 nm to see them distinctly
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