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Abstract

WC-Co cemented carbides are composites, which combine a hard phase consisting of WC
grains and a metallic ductile phase as a binder. Their excellent mechanical properties, com-
bining high hardness, toughness and refractory properties, make them excellent materials
for cutting processes such as turning, drilling and milling. For such applications, cemented
carbides are coated with thin ceramic films that increase their resistance to thermal stress
as well as to the mechanical and chemical wear inherent in extreme machining conditions.
Three main characteristics determine the performance and wear resistance of cutting tools:
the cohesion of the hard phase above 1200 K, the ductility of the cobalt binder, and the
mechanical and thermal resistance of the coatings.

This work focuses on the impact of the microstructural behaviour of the cobalt binder on
the tool-life of the cutting tools. The aim is to develop new binders for cemented carbides
with improved impact resistance.
The techniques of transmission electron microscopy at room temperature and in-situ at
high temperature, as well as mechanical spectroscopy in a forced torsion pendulum have
proved to be essential for the identification of the microstructure of cobalt and for the
study of the relaxation phenomena occurring therein.
Mechanical spectroscopy has evidenced the presence of two relaxation peaks, P1 and P2 in
the cobalt phase and a peak (P3) related to WC-WC grain boundary sliding. The peak P1
appears to be correlated with the cutting tool life measured in interrupted cutting tests.

In this work, the role of the binder is highlighted in particular by the identification of a glass-
type transition observed for cobalt. The thermodynamics of the transition is evidenced by
the behavior of P1 whose relaxation time diverges according to a Vogel-Fulcher-Tammann
model, which is characteristic of glass transitions. The state of the material corresponding
to temperatures below this transition shows a strong dependence on its thermomechanical
history. This dependence is confirmed by a divergence in plastic deformations over two
identical temperature cycles with different thermomechanical histories. Such a divergence
on a standard protocol, called (ZFC/FC), seems to indicate a break in the thermodynamic
hypothesis of ergodicity, even though it could not be attributed solely to the behaviour of
cobalt.
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Abstract

Transmission electron microscopy at room temperature has determined that the low tem-
perature phase of the cobalt binder has a face-centred cubic structure and is composed
of twinned nanodomains containing nanotwins. This state is therefore characterised by a
short-range order without the long-range order that is characteristic of glassy materials.
In-situ observations have highlighted a detwinning process corresponding to the tempera-
tures of the cobalt relaxation peak identified by mechanical spectroscopy. This detwinning
process continues until the appearance of a long-range ordered face-centred cubic phase
above 1050K, which is favourable to deformation.

Mechanically, this transition is similar to a brittle-to-ductile transition, greatly influencing
the properties of the material and its toughness. The cutting tool life could benefit from
lowering the brittle to ductile transition temperature.

WC-Co cemented carbides; Mechanical Spectroscopy; Internal Friction; cutting tools; strain
glass; non-ergodicity; glass-like transition; Vogel-Fulcher-Tammann relaxation process;
cobalt nanodomains; nanotwins
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Résumé

Les carbures cémentés WC-Co sont des composites qui associent une phase dure compo-
sée de grains de WC et une phase ductile métallique servant de liant. Leurs excellentes
propriétés mécaniques, alliant haute dureté, ténacité et un caractère réfractaire élevé, en
font d’excellents matériaux pour des processus de coupe tels que le tournage, perçage et
fraisage. Pour de telles applications, les carbures cémentés sont revêtus de couches minces
céramiques qui augmentent leur résistance aux contraintes thermiques ainsi qu’à l’usure
mécanique et chimique inhérentes aux conditions extrêmes d’usinage. Trois caractéristiques
principales déterminent les performances et la résistance à l’usure des outils de coupe : la
cohésion de la phase dure au-dessus de 1200 K, le caractère déformable du liant cobalt, et
la résistance mécanique et thermique des revêtements.

Ce travail s’intéresse à l’impact de la microstructure du cobalt sur la durée de vie des outils
de coupes. Le but est de développer de nouveaux liants pour carbures cémentés dont la
résistance aux chocs serait améliorée.
Les observations par microscopie électronique à transmission à température ambiante et
in-situ à haute température, ainsi que la spectroscopie mécanique se sont révélées essen-
tielles pour l’identification de la microstructure du cobalt et pour l’études des phénomènes
de relaxation qui s’y produisent.
La spectroscopie mécanique a mis en évidence deux pics de relaxation P1 et P2 dans le
cobalt et un pic (P3) relatif au glissement des joints de grain WC-WC. Le pic P1 est corrélé
avec la durée de vie des outils de coupe mesurée par test de coupe interrompue.

Dans ce travail, le rôle du liant est notamment mis en lumière par l’identification d’une tran-
sition de type vitreux observée au sein du cobalt. La thermodynamique de cette transition
est mise en évidence par le comportement du pic P1, dont le temps de relaxation diverge
suivant un modèle de Vogel-Fulcher-Tammann qui caractérise les transitions vitreuses.
L’état du matériau correspondant aux températures inférieures à cette transition démontre
une forte dépendance à son historique thermomécanique. Cette dépendance est vérifiée par
une disparité des déformations plastiques sur deux cycles en température identiques mais
dont l’historique thermomécanique varie. Une telle disparité observée sur un protocole
standard, dit (ZFC/FC), semble désigner une brisure d’ergodicité, sans pouvoir l’attribuer
pour autant au seul comportement du cobalt.
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Résumé

Les études par microscopie électronique à transmission à température ambiante ont déter-
miné que la phase basse température du liant cobalt possède la structure cubique à faces
centrées et qu’elle se compose de nanodomaines maclés contenant des nano-macles. Cet état
est donc caractérisé par un ordre à courte distance sans ordre à longue portée ce qui est
typique des matériaux vitreux. Des observations in-situ ont mis en évidence un processus
de dé-maclage correspondant aux températures du pic de relaxation du cobalt identifié
par spectroscopie mécanique. Ce processus de dé-maclage se poursuit jusqu’à l’apparition
d’une phase cubique à faces centrées à longue distance au-dessus de 1050K, favorable à la
déformation.

Mécaniquement, cette transition s’apparente à une transition fragile-ductile influençant
grandement les propriétés du matériau et sa ténacité. La durée de vie de l’outil pourrait
bénéficier d’un abaissement de la température de transition fragile-ductile.

Carbures cémentés WC-Co ; spectroscopie mécanique ; frottement interne ; outils de coupe ;
verre de contrainte ; non-ergodicité ; transition vitreuse ; processus de relaxation Vogel-
Fulcher-Tammann ; nanodomaines de cobalt ; nano-macles
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WC-Co Cutting Tools : An Introduction

Facing the need to manufacture faster, in large quantities and at lower cost, modern
industry is confronted to ever-increasing demand and constraints. For the manufacture of
functional metal-based products, the industry has numerous techniques1 at its disposal.
The most important techniques are undoubtedly the machining processes, the main ones
being turning, drilling and milling. These operations are based on the use of cutting
inserts mounted on various machine tools, as illustrated in Figure 1. Due to their extreme
conditions of use, the hardness, toughness and wear resistance of the cutting tool material
are of great importance. The cutting materials are therefore mainly high speed steel,
hardmetals, aluminium oxide (Al2O3), cubic boron nitride (CBN), or diamond [1].

This work focuses on tungsten cemented carbides (WC-Co) and aims at modeling the high-
temperature mechanical behaviour in order to optimise the microstructure and elementary
constituents of these hardmetals. This chapter introduces the studied material and
various compositions used in industry. Its manufacturing process is briefly presented. The
structure of the composite, the various phases that composes it and the microstructure
of its components are also presented. The framework of this project is then described in
greater detail.

Figure 1: Examples of different cutting tools and the machining processes using them.
(a) Milling process using Lamina’s Solid Carbide Multi-Mat tool [2]. (b) Turning process
with Lamina’s Magia Pro insert [3]. (c) General purpose solid carbide end mills [4]. (d)
Turning inserts [4].

1For metal manufacturing, the main techniques employed are casting, moulding and sintering of metal
powders, metal forming (by rolling or extrusion), metal assembly processes (such as joining), machining or
the rapidly evolving field of additive manufacturing [5, 6].
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Introduction

Technology and Industry

Hard materials are one of the cornerstones of modern manufacturing. They are indispensable
tools for the transformation of raw materials into advanced products for metal components.
Among hard materials, cemented carbide are certainly the most successful composites ever
discovered. They were developed by a study group from the OSRAM Study Company 2 in
the 1920s in Berlin, Germany. The outstanding combination of hardness and toughness of
tungsten cemented carbides make them the perfect material for machining processes in
industries as diverse as automotive, aerospace and mining. A limitation exists however for
steel machining applications due to the high solubility of WC in steel [7]. This characteristic
leads to wear by diffusion of the tool material into the workpiece, implying the need to
add a diffusion barrier on cemented carbides to extend their range of application.

Several strategies exist to ensure better resistance of the tools to wear and deformation.
For instance, the addition of cubic carbides (e.g. TiC,TaC, NbC) and carbonitrides (e.g.
TiCN) are used to ensure increased hardness of the material. Excessive hardness, however,
reduces the ductility of the material, which is crucial. Another widely used strategy is to
coat the cutting inserts with thin ceramic layers to ensure high wear and heat resistance
[8].

Classification of hardmetals

There are two main groups of materials for the so-called hardmetal cutting applications:
composites whose hard phase is composed of tungsten carbide grains (WC) and those made
out of titanium carbonitrides (TiCN). Cemented carbides refer to composites made of a
ceramic matrix with a majority of WC tungsten carbide and a metallic binder. The name
cemented carbides originates from the fact that the metal binder is used as a cement for
the composite. Cermets are the second group of materials. Such composites consist of at
least a ceramic phases and a metallic phase (hence the origin of the word "cer-met"). The
uses of one or the other composite type varies according to their specific properties, for
instance the higher hardness of cermet materials or the high toughness and resistance to
thermal and mechanical shocks of cemented carbides. It is also possible to combine these
two families of materials to form a mixed cermet with customised mechanical properties,
such as TiCN-WC-Mo-(Co,Ni) [9].

Fabrication method

Liquid phase sintering is a technique of powder metallurgy for manufacturing composite
materials. It is this method which is used for the production of hard metals. Starting from
a mixture of powders, composed of the various components of the desired composite and
the addition of an organic binder, the cutting inserts are pressed into the desired compact
form and then densified by sintering at high temperature and high neutral gas pressure.

This process does not require all of the components to go through a liquid phase, it is
sufficient to overcome the eutectic point of the binary system at the appropriate concen-

2This invention is today reffered as the patent of K. Schröter DRP 420.689 (1923) [10] compagny to
produce hard materials by pressing and sintering.
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Technology and Industry

tration. In the case of WC-Co cemented carbides, the temperature of the eutectic is at
1590K [11] while the melting point of cobalt is at 1768K. These high temperatures easily
induce important diffusions of W and C elements into the Co binder. It is important to
avoid the formation of a graphite phase (excess of C) or a η phase W3Co3C (deficiency of
C), which both lower the mechanical properties of the composite. The carbon content is
therefore an important parameter, which also happens to be very sensitive: the ternary
Co-W-C diagram shows only a limited range ensuring the formation of a two-phase Co-WC
composite [12, 13, 14]. For these reasons, the sintering temperature of WC-Co is generally
approximately at 1720K with an appropriate C content. The advantage of using cobalt as
a binder for cemented carbides is its high wettability with respect to WC grains [15, 16].
This ensures a low porosity of the composite and provides high cohesion between carbides
and metal.

The final grain size of the composite plays an important role in the mechanical properties
of the material, in particular on hardness [17, 18] and on strength and creep deformation
resistance with a high temperature dependency [19]. The final grain size is mainly deter-
mined by the type of powder used (see Table 1). Finer WC grains are generally preferred
for milling, shank tools and all applications requiring sharp edges, as fine-grained materials
generally offer better edge toughness [20, 21]. If a higher bulk toughness is required, a
coarser-grained WC/Co is used.

Powder Nomenclature Grain Size
[μm]

Nano <0.2
Ultrafine 0.2-0.5

Submicron 0.5-0.8
Fine 0.8-1.3

Medium 1.3-2.5
Coarse 2.5-6.0

Extra coarse >6.0

Table 1: Classification of powder types for hardmetals sintering, from [17].

Figure 2: Metallography of the polished surface of a cemented carbide obtained by scanning
electron microscopy performed on a ZEISS GeminiSEM 300 microscope with an acceleration
voltage of 5 keV. The metallic binder is shown in dark contrast, while the tungsten carbide
grains are shown in light contrast.
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WC-Co cemented carbide

With the adequate sintering parameters, the WC-Co composite consists of a two-phase
alloy: a hard phase composed by the WC grains, which have a highly faceted shape, and a
ductile phase composed by the metallic binder. The typical morphology of such a composite
is presented in Figure 2. This arrangement combines the mechanical advantages of carbides
with the ductility of metallic materials and exhibits a unique combination of mechanical
properties and great wear resistance as shown in Table 2.

Mechanical properties Value range
Vickers Hardness HV 1000 - 2300[kgf · mm−2]
Fracture toughness KIC 9 - 20[MPa·m1/2]
High elastic modulus 300 - 700[GPa]
Transverse rupture strength 2 - 4[GPa]
Wear resistance High
Impact resistance Moderate

Table 2: Mechanical properties of typical WC-Co composite, considering cobalt contents
from 3 to 30% by weight. From [17, 22].

The characteristic shape of the WC grains found in cemented carbide is highly faceted, as
seen in Figures 2 and 3(a). This shape results from the sintering and the cristallographic
structure of the WC, which is simple hexagonal [23] and forms stochiometric crystals with
one tungsten and one carbon atom per unit cell with a ratio of its lattice parameters close
to one (see Table 3).

The cobalt is mostly found in a face centered cubic (α) structure at room temperature in
cemented carbides [24, 25]. However, the structre of pure cobalt is normally hexagonal at
room temperature and undergoes a first order phase transition from hcp to fcc at around
700 K [26], as illustrated in Figure 3(b). The mismatch between the low-temperature states
of pure cobalt and cobalt bound in a WC-Co induces the formation of a stacking fault
network in the cobalt that highly increases its yield stress [27, 28].
Two hypotheses exist on the origin of the cubic phase in cobalt. Either it is the presence
of dissolved carbon and tungsten atoms, which blocks the structure of cobalt. Or it is
due to the influence of enormous residual stresses within the cemented carbides, which
have been reported by many studies [25, 24]. The high thermal residual stresses are of the
order of 2 GPa in the cobalt phase and of the order of -0.4 GPa for the WC skeleton for
conventional grades [25]. This residual stress arises during the cooling from the sintering
process temperature between the binder and hard phases. It depends on the constituents
and their expansion coefficient, on the binder content and on the carbide size.

Cobalt is known to be the element that controls the ductility of the WC-Co composite.
However it also controls a significant proportion of the overall hardness of the composite.
Hardening strategies focus on controlling the structural defects contained by the binder,
either by the presence of W elements in solution or by the dislocations it contains [29]. In

4



WC-Co cemented carbide

the latter case, the maximum free length of the dislocations is controlled by the average
distance between the Co/carbide interfaces. One of the important parameter for controlling
the performance of cutting tools is therefore their binder phase content.

(a) (b)

Figure 3: Structure and morphology of the cobalt and WC grains in cemented carbides (a)
WC grains have a simple hexagonal cristalline structure, and are observed with a shape of
a triangular prism in cemented carbides. Arranged from [23]. (b) Pure cobalt is found in a
hcp cristalline structure at room temperature and undergoes a phase transition at about
700K [26].

The main physical, structural and mechanical properties of the constituents of WC-Co
composites are presented in the Table 3 below.

Properties ElementElement / Constituent
WC Co Ni Fe

Atomique Number - 27 28 26
Periodic Table Group - (VIII-B) (VIII-B) (VIII-B)

Structure h (hc/)cfc cfc cc(/cfc)
Transition temperature - 700 - 1170[K]

Lattice parameter a:0.290 c:0.283 0.354 0.352 0.286[nm]
Young modulus E 710 211 199.5 211.4[GPa]

Poisson’s ratio ν 0.2 0.32 0.312 0.293[ ]
Melting point 3050 1768 1723 1809[K]

Self-diffusion activation energy - 2.78 2.91 2.65/2.91[eV/atom]
Activation energy for W Diffusion - 2.47 3.08 2.9[eV/atom]
Activation energy for C Diffusion - 1.67 1.43 0.82/1.39[eV/atom]

Table 3: Physical properties of the constituents of cemented carbides [30, 31, 11].
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Introduction

High-temperature mechanical behaviour and deformation

This section focuses on the description of the high-temperature behaviour and deformation
characteristics of hardmetals in order to outline certain directions for industrial research and
development. In the case of coated cemented carbides, and due to the high temperatures
and high pressures experienced during machining, the performance and lifespan of cutting
tools can be impaired by multiple wear processes [32, 33], by plastic deformation [34, 35],
or by coating cracking or flaking [36], eventually leading to tool breakage. The deformation
behaviour of WC-Co is well established for the working temperatures reached during
machining. Three temperature domains have been identified [37, 27, 38]:

(I) Low temperature domain with approximately T < 800K. Elastic deformations
followed by brittle fractures are observed.

(II) Medium temperature domain with approximately 800K < T < 1100K −1200K. This
region corresponds to a tough behaviour, and limited plastic deformation occurs.

(III) High temperature domain with approximately T > 1100K − 1200K. In this region,
extended plastic deformation is observed. It corresponds to creep.

These domains delimit the behaviour observed for cemented carbides. Globally the same
pattern can be obtained for cermets with some adjustments of the temperature values
according to their composition [27]. The activation of these various mechanical behaviour
domains is achieved by setting specific microstructure defects into motion, depending on
the temperature and the applied stresses. The microstructure defects in WC-Co consists
of dissolved point defects (W,C) in the cobalt phase, and dislocations both in the binder
and in the WC grains [27, 28, 39].
The first domain (I) representing a brittle material is essentially characterised by the
microstructure of the cobalt phase, the hard phase remaining as a continuous skeleton of
interconnected WC grains. In this low-temperature domain, the α phase cobalt contains a
cross-connected network of stacking faults, which are borded by partial dislocations [27].
The blocking of this partial dislocation movement by the stacking faults have a hardening
effect on the binder.
As the temperature increases, the partial dislocations become more mobile in the metallic
binder and the material enters into the domain (II). Although their movement remains
limited by the presence of the network of stacking faults, the mobility of partial dislocations
increases the bulk material toughness. Limited plastic deformation was therefore observed
in the study of the yield stress behaviour as funtion of the temperature [37].
The microstructure of cemented carbides still evolves in the high temperature range of
domain (III). Microscopic observations of WC-Co samples deformed above 1270K show
that the binder mainly contains perfect dislocations recombined from the partials. Along
with the microstructure, the material behaviour evolves to exhibit high plastic deformation
and creep through grain boundary sliding [40].
Generally, diffusion and dislocation movement are regarded as the mechanisms inducing
grain boundary sliding [41]. For cemened carbides, WC grain boundary sliding is also
attributed to dislocation movement in the grain boundary regions [39]. It is considered that
the dislocation movement are due to high tensile stresses localized at the grain boundary
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during the deformation of the material [42, 36]. Grain boundary sliding is accompanied by
the infiltration and lamella formation of cobalt between the WC grains. The binder phase
lamellae form 10 to 50 nm wide bands between the grains [39, 43] and are shown to be
related to the applied stress [44]. The inflitration of cobalt under tensile stress would result
from the energetically favourable formation of WC/Co boundaries instead of WC/WC
boundaries, with the exception for the Σ2 WC/WC boundaries [45].

It has been shown that the deformation results also in the generation of cavitation at the
WC grain boundaries and by the decohesion of certain grains forming the skeleton [27, 44].
It has been found that cavities increase in size and number with increasing temperature
and deformation [44]. One of the materials fracture mechanisms at very high temperatures
is therefore the decohesion of WC grains.

Temperature variation and applied external stress can have a significant impact on the
binder residual stress. It has been proven that the binder experiences high tensile residual
stress that are temperature dependent [25]. Starting from a value of approximately -400
MPa at room temperature, the compressive stresses in the WC grains are cancelled out
at approximately 1075K and continue to increase in the tensile range after. For a cobalt
binder, it is estimated that thermal stresses should start at about 1850 MPa and also be
relaxed around 1075K [24]. The internal residual stresses and their evolution may play a
significant role in the plastic deformation by influencing the microstructure of the cutting
tool at high temperature.

It is thus clear that the performance of cutting bulk materials is essentially limited by the
evolution of their microstructure under their conditions of use at high temperatures and
stresses. Among the constituents of cemented carbides, it seems that the binder plays the
the most important role. Cobalt remains the most widely used element for the manufacture
of cemented carbide. There are, however, alternatives, notably iron (Fe) and nickel (Ni),
both of which are transition metals of group (VIII-B) close to cobalt in the periodic table
of elements. Although very few studies exist on this subject [36, 46, 47, 48], alloys formed
with these elements are generally used for the development of new binders to replace cobalt,
and not the pure elements [47].
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Novel research approach and objectives

The intent of this project is to determine the factors influencing the tool-life of the cutting
inserts. A specific methodology is used, which is conducted through a comparative study
confronting the tool-life measured in real machining conditions with a broad variety of
properties. Each of those properties are related to several regions of the cutting tool
material. Coatings mechanical properties (i.e. hardness, elastic modulus, and residual
stress), coating features (i.e. roughness, thickness, and friction coefficient), bulk mechanical
properties (i.e. hardness and fracture toughness) and bulk mechanical characteristics (i.e.
porosity, granulometry, crystal structure and defects microstructure, bulk defects dynamics)
are investigated. An extensive analysis of the binder of the studied cemented carbide
samples was then carried out on its microstructure, its transformations and the dynamics
of its defects.

In this thesis, Chapter 1 will introduce the fundamental principles used for the different
studies and measurements conducted during this work. These same fundamental concepts
serve as a basis for understanding the different phenomena observed during this work and
will therefore also be important for the discussion of the obtained results. The physical
theories presented here are well-established principles and are therefore not an original
work.

Chapter 2 presents the experimentals techniques, setups and specifications used in this
study. As this is a collaborative work between the GSM mechanical spectroscopy group at
EPFL and the industrial manufacturer Lamina Technologies SA, the experimental methods
were partly carried out in various EPFL laboratories or directly with the industrial partner.

Experimental results are reported in the Chapter 3. The first part of this section presents
important early results and observations in the form of a comparative study. These findings
were the basis for the investigation strategy and the conception of modified cutting materials.
A second part presents further analyses, in particular on the dynamics of microstructure
defects and electron microscopy studies, in an attempt to clearly explain these early stage
observations.

A further analysis of these results is presented in Chapter 4 and allows us to define a
physical model of the essential role of the metallic binder within cemented carbides and the
influence of its constituent phases. A feasibility study on the development of new binders
for cemented carbides is also discussed.

Finally, the Conclusion of this project briefly reports the general observations and findings
of this project.
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1 Physical and experimental principles

This chapter focuses on the physical principles essential to the understanding of this thesis
work. It begins with a brief introduction to the thermodynamics of phase transformations
leading to the concept of glass transition in materials. Then, the principles surrounding
materials transforming into a glassy state called strain-glass with particular behaviours are
discussed. This point happens to be central to the Results Chapter 3 and the Discussion
Chapter 4. Finally the anelasticity in materials will be discussed. This principle is at the
basis of the mechanical spectroscopy technique, which has proved essential for the study of
the microstructural evolution of WC-Co materials, and which is presented in detail in the
Chapter 2 on Experimental Methods.

1.1 Thermodynamics

Phenomenological thermodynamics studies, from simple macroscopic quantities such as
temperature, heat and entropy, the evolution of the properties of bodies where thermal
exchanges such as transformations between thermal and mechanical energy occur. These
considerations make thermodynamics the indispensable discipline of metallurgy for the
study of deformations, structural and diffusion defects, as well as for the study of phase
transformations.
In view of the importance of thermodynamic concepts, this section provides a brief summary
of the basic of thermodynamics for metallurgy. In this context, one generally wishes to
find the equilibrium of a system from its state variables through the expression of a state
function. The choice of the state function depends on the situation under consideration
(system with constant volume, pressure or temperature).
Thermodynamic considerations are based on the variation of internal energy of a given
system by :

dE = δQ + δW

This relates the reversible variation in energy E to the irreversible variations in heat Q

and work W on a given system. By considering reversible processes, it is possible to relate
the internal energy E to the thermodynamic variables P , V , S and T by :

dE = T · dS − P · dV
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Chapter 1

It is therefore possible to retrieve appropriate state functions for different situations:

• For a constant volume system, there can be found simply dE = dQ.
• For a constant pressure system, one can define the entalpy H starting from the

heat exchanged with the system dQ = dE + P · dV = d(E + P · V ) = dH. Entalpy
dH = T · dS + V · dP thus expresses an exchanged heat.

• For a constant temperature system, it is possible to consider the work of a reversible
process through Helmoltz free energy, expressing a work, F = E − T · S per:
δW = dE − δQ = dE − T · dS = d(E − T · S) = dF

• For usual experimental conditions at constant pressure and temperature, Gibbs G

free energy is used, with dG = −S · dT + V · dP + μdN . Under the conditions of
constant pressure and temperature of a N particles system, Gibbs free energy is
directly related to the chemical potential μ of a particle by G = μ · N .

Due to the conditions it is related to, the main thermodynamic concept used in metallurgy
is the Gibbs free energy. In thermodynamics, it will determine whether a process will take
place or not. For a more detailed view of the implications of thermodynamics in materials
science, the reader is invited to refer to more detailed discussions provided by [49, 50].

1.2 Matter Structures and Change of State

Thermodynamic systems experience states in which their physical properties, atomic
arrangement and composition are homogeneous; these are referred to as thermodynamic
phases. Within condensed matter, atoms can arrange themselves in many different ways
depending on the bonds linking these atoms (Van der Waals interactions, ionic, covalent or
metallic bonds). These configurations are generally regular and can create crystalline or
non-crystalline arrangements. One concept is particularly interesting to characterize the
arrangement of condensed matter: it is the notion of order. Whether for geometric order
or chemical order, there exist two types:

• The short-distance order takes into account atoms in the first neighbor position
(atomic dimension), by the existence or not of arrangements of neighboring atoms in
polyhedron.

• The long-distance order deals with atoms whose distance is greater than the
atomic spacing, by the existence or not of arrangements of the polyhedra formed by
neighbouring atoms.

This notion of order makes it possible to establish the characteristics of condensed solids,
for instance:

• Liquids have a short range order, but no long range order.
• Crystals have a long-distance order.
• Metal alloys, which all have a geometrical order, are considered to be disordered or

not, if they have a chemical order or not, respectively.
• Materials such as glass, polymers, wood, cement and granular material do not have

long-range order. These are referred to as non-crystalline solids.
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It should be considered that these systems may undergo phase transformations due to
temperature variations, that can be for example a change in the atomic configuration of the
system or a a change in the phase composition of a composite. The designation of phase
transition is preferred when only one property differs between initial and final phase,
for example a order-disorder transition. The denomination phase change encompasses
the other two designations of phase transformation and phase transition. The tendency
of matter to tend towards a more structured form at low temperature is based on the
reduction of entropy as explained by the third law of thermodynamics [49]. A phase
transformation involving a change in crystalline structure is given for example by the
martensitic phase transformation in cobalt from a high temperature face centered cubic
(f.c.c.) structure to an hexagonal close packed (h.c.p.) structure at 700K [26]. On the other
hand, disorder–order transitions refers to ordering of physical quantities such as magnetic
moment, electric dipole or lattice strain [51].

Figure 1.1: Schematic illustration of the phase transformations between the four funda-
mental states of matter and the corresponding enthalpy H evolution.

A classification given by Ehrenfest [49, 50, 52] exists for the transformations, which classifies
first-order and second-order transformations on the basis of the behavior of the Gibbs free
energy G:

• First-order transformations involve transformations from a phase A to B whose
Gibbs free energy function G remains continuous all along, but whose state functions
involving G derivatives are discontinuous. This is the case for the functions of enthalpy
H = G − T · δG/δT , and entropy S = δG/δT , but also for other physical quantities
such as specific heat CP or volume V . The discontinuity of the enthalpy, expressing
a heat exchange, implies the formation of a heat over the transformation called the
latent heat LC = HA − HB. An up-to-date classification defines as first-order any
transformation involving latent heat [52]. The martensitic phase transition mentioned
above is for instance a first-ordre transition, as well as the liquid-solid transformation.

• Second-order transformations concern transformations where the G function and
all its first derivatives with respect to thermodynamic variables remain continuous
while the second derivatives of G contain a discontinuity. In the modern classification,
second order transformations are those that have no associated latent heat [52]. The
order-disorder transformations of some metal alloys as well as the ferro/paramagnetic
and ferro/paraelectric transitions are, for example, of the second order [49].
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Figure 1.2: First (a) and second (b) order phase transition classification according to their
thermodynamic characteristics.

1.2.1 Non-crystalline material transformations

First, let’s consider the formation of a crystalline solid. For a usual liquid-solid transition,
the system remains constantly at thermodynamic equilibrium during the cooling of the
liquid until it reaches the melting temperature TF . Then, when the system passes below
the melting point and remains in thermodynamic equilibrium, the material crystallizes.
The evolution from liquid to solid follows the functions of the Gibbs free energy G as
schematized in the Figure 1.3 below. The transformation temperatures are given by the
intersections between the lines of G of the different states: here the melting point between
the liquid and solid states. The entropy of each state is given by the slope of the Gibbs
free energy functions for each state. However, it is necessary to consider the fact that
the liquid-solid transformation is not abrupt. There are in fact two mechanisms for the
formation of an ordered structure from a disordered solution [50]:

1. Crystallization can occur homogeneously due to local rearrangements, thereby in-
creasing the short-range order leading to a long-range order.

2. The material crystallizes through the formation of localized crystal nuclei, which tend
to increase their size. This is the process of nucleation and growth. This mechanism
is considered to be the most common, and it reveals the existence of an energy barrier
to the formation of an ordered domain [49]. This last point has to be kept in mind.
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(a) (b)

Figure 1.3: Phenomenology of the liquid-solid transformation (a) Evolution of the Gibbs
Free Energy G for the condensed states of matter. The minimum Gibbs Free Energy
indicates the most favorable state. (b) Dynamics of the crystallization of a pure body
observed by callorimetry techniques [49].

The next step is to consider the case where a system does not remain constantly at
thermodynamic equilibrium while it is cooled. Indeed, it is possible for a system to remain
in the liquid state below the freezing/melting point. It then finds itself in a metastable
state, called the supercooled liquid state [49]. In fact, the formation of a crystal or glass
depends on the ability of a material to overcome the thermodynamic nucleation barrier it
contains. If the nucleation barrier is surpassed within the material while cooling below the
liquidus temperature, the material will rearrange easily and undergo a phase transformation
into a crystal. If, on the other hand, the material is cooled too rapidly, the liquid remains
in metastable equilibrium under the liquidus as illustrated in Figure 1.4. Here, the fact
that this state corresponds to an out-of-equilibrium state is clearly visible since it does not
correspond to the global minimum of the Gibbs free energy G. It increases its viscosity
until it reaches a glass transition temperature where it exhibits mechanical properties
similar to those of a solid [49]. A glass is then created. The glass transition temperature is
not necessarily unique. This characteristics is related to the fact that the system is in a
out-of-equilibrium state and may therefore be related to the cooling rate [53].

(a) (b)

Figure 1.4: Phenomenology of the liquid-glass transformation (a) Evolution of the Gibbs
Free Energy G for the condensed states of matter. The minimum Gibbs Free Energy
indicates the most favorable state. (b) Schematic diagram of the volume change during
the cooling of a liquid. The difference between the formation of glasses and crystals is
highlighted. The cooling rate is of critical importance, since it controls the nucleation of
crystals.
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Formal description of glass transition

Without having fully presented it, it has just been seen that the glass transition is strongly
dependent on the conditions of the evolution of a system and therefore on the rearrangements
of its structure. We can define the average time τmob which a structural unit of a system
takes to move by a distance comparable to its dimension by translation. By considering
any molecule in a viscous environment under constraint σ, it is possible to determine the
frequency of jumps from a site occupied by a molecule to a neighbouring empty site as
Eyring formulated it [49, 54, 55]:

ν± = ν0 · exp

(
−Δg ∓ σva

kBT

)
(1.1)

This obviously takes into account the work done by the strain during the jump. The
frequency constant is ν0 = cte ·νD ≈ 10−13s−1 with vD being the Debye frequency for atom
vibration in their potential. The Gibbs free energy variation of the particle in the jump
to reach its activated position is given by Δg, and va represents the activation volume
(proportional to the cube of the jump dimension). This expression leads easily to the actual
jumping time:

τmob = (v+ − v−)−1 = ν−1
0 · exp

( Δg

kBT

)
(1.2)

Therefore, the formulation by Eyring lead to temperature effects similar to the Arrhenius
law. This law descibres the temperature dependence of a reaction or relaxation rate, where
the natural logarithm of the rate constant of a reaction is proportional to its activation
energy and inversely proportional to the Boltzmann thermal energy kBT . It is noticeable
that a decrease in temperature induces an increase in the characteristic time of structural
rearrangement. Two cases can now be examined:

• For a state out of thermodynamic equilibrium, if sufficient experimental time texp is
allocated to the material to rearrange (i.e. texp > τmob), the system can reach the
thermodynamic equilibrium configuration. This is obviously true if a stable or metastable
thermodynamic equilibrium is considered, and it is the latter that interests us here.
These conditions satisfy the hypothesis of ergodicity for thermodynamic systems. For
the situation where sufficient experimental time is allocated, it is possible to express
the dynamic viscosity of the supercooled system by taking Equation 1.1 [49] as:

η = η0exp

( Δg

kBT

)

• As soon as the characteristic rearrangement time becomes too long for the experimentally
allocated time (i.e. texp < τmob), changes can no longer take place within the system.
The system can no longer reach its equilibrium configuration and remains frozen in an
out-of-equilibrium state called the glassy state. It is then considered that the system
is no longer ergodic. The corresponding transition can therefore be classified as a
non-thermodynamic transition [51]. In such a situation, there is a peculiarity in the
viscosity of the system, which increases drastically over a small temperature range as
shown in the Figure 1.5. This thus deviates from a behaviour compatible with the
Arrhenius law. The empirical law of Vogel-Fulcher-Tamman is therefore generally evoked
[56, 57, 58, 59, 49]:

η = η0exp

( Δg

kB(T − T0)

)
(1.3)

14



Matter Structures and Change of State

In the Vogel-Fulcher-Tammann expression, T0 is the "Vogel temperature" at which the
viscosity or relaxation time diverges.

When a system in metastable equilibrium is cooled, its structural organisation increases.
This is due to the fact that the number of structural units with at least one degree of
freedom of translation and at least one free neighbouring site decreases [49]. The glass
transition temperature Tg is therefore defined by the condition where the system is
sufficiently cooled so that texp = τmob. It should be noted that the Vogel temperature is
not the same as the glass transition temperature even if they remain close. It is, however,
possible to estimate the value of T0 in relation to the glass transition temperature Tg. T0
is generally found to be close to Tg − 50K (see page 51 of [49]).

(a) (b)

Figure 1.5: Two glass transition characteristics (a) Viscosity variation around the glass
transition temperature Tg. (b) Relaxation time variation showing thow different behaviours:
one following the Vogel-Fulcher-Tammann law (VFT) and one following the Arrhenius law.

There is a lot of confusion around the term glass. Some people refer to glass as all types of
amorphous materials [60] otherwise to non-crystalline materials [61]. In common parlance,
a glass is the material obtained by fusing silica with metal oxides, commonly Sodium
(Na) and Calcium (Ca). The mixing is carried out at high temperatures, usually around
1400-1600 Celsius, which is then rapidly cooled to prevent the material to crystallize.
However, many other materials can exist in a non-crystalline form, or more specifically in
a glassy state of matter or "Glaszustand" in German as defined by Tamman in 1933 [62].
To avoid any ambiguity, glasses should be referred to non-cristalline materials undergoing
a glass transition.
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1.2.2 Application fields of glass transition

The interest in glass transition now goes far beyond the study of glass such as silicate glasses
[63] or polymers [64]. There are a number of situations indicating that glass transition
plays a fundamental role in many aspects of condensed matter physics. The essential point
of these considerations is the order parameter of the system (e.g. atomic configuration,
density, magnetic moment, dipole moment) when the latter varies with temperature to
maintain thermodynamic equilibrium. As a matter of fact, any thermodynamic system
tends from an unordered high-temperature state to an ordered low-temperature state. This
occurs in an attempt to reduce entropy, as assured by the third law of thermodynamics.

For instance, in the case of magnetisation, the order-disorder magnetic moment transition
corresponds to the ferromagnetic transition. In the case of the electric dipole, this refers
to the ferroelectric transition. And for the lattice strain it corresponds to the martensitic
transition between a high temperature parent phase (or austenite or ferroelastic phase)
and a low temperature martensitic phase. A parallel can therefore be drawn between
these three systems as shown in Figure 1.6. For the transitions mentioned above, the
thermosodynamic equilibrium is kept.

Maintaining thermodynamic equilibrium implies the need for various degrees of freedom
during a characteristic rearrangement time. As this characteristic time increases with
decreasing temperature, there may be situations where this characteristic time becomes
larger than the time scale of any reasonable observation. The system then freezes in a
glassy state that is a disordered phase with local order only (see Figure 1.6). This is why
these transitions are also referred to as glass transitions [49, 65].

One may therefore wonder whether there is a counterpart to the disorder-order ferromag-
netic, ferroelectric and martensitic transitions. The latter should be of the disorder-frozen
disorder type. For the magnetic system, there is indeed a conjugate glass transition to
the classic ferromagnetic transition for spin glasses. This is called the cluster-spin glass
transition and is present in ferromagnetic materials doped with non-magnetic elements
[66]. This also applies to ferroelectric systems, where by sufficiently doping such a system
with point defects a conjugated glass transition can be induced which is called a relaxor
transition [67]. The existence of a glass transition conjugated to the martensitic transition
was also theorised [68, 69, 70] and finally observed by Ren et al. for instance in doped
TiNiFe systems [51, 65, 71, 72, 73, 74]. It is understood that doping plays an essential role
in the formation of a glassy phase, since the frozen state appears only at high concentrations
of defects [51]. Thus, it is possible to suspect a disorder-frozen disorder transition for
various materials undergoing a martensitic transition, as is the case with pure cobalt. It
would therefore be the formation of a strain glass through a glass transition that could be
of interest for this work.
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Figure 1.6: Diagram showing the possible symmetry between thermodynamic and non-
thermodynamic transitions. The non-thermodynamic transitions are due to the breaking
of the ergodicity hypothesis, which is ensured in conventional thermodynamics. The
occurrence of a glass transition depends on whether the time allocated to the experiment
texp is sufficient for the rearrangement time of the system τmob. If this is not the case,
the system is unable to order itself and becomes frozen. Each ferromagnetic, ferroelectric
and ferroelastic transition thus finds its conjugated transition. A transition from a high-
temperature disordered state to a low-temperature ordered state is replaced by a transition
from a high-temperature disordered state to a low-temperature frozen-disordered state.

Whichever physical system is considered, the attribution of a strain-glass behaviour requires
several characteristics [65] :

1. The relaxation time related to the transition process should follow the Vogel-Fulcher-
Tammann (VFT) model (or equivalent). This means that the relaxation process
associated with a glass transition is thermally activated, but the relaxation time diverges
towards a temperature. The relaxation time can be measured by any type of spectroscopy
suitable for the system under investigation.

2. The system studied must demonstrate a break in the hypothesis of ergodicity and
must therefore depend on its thermomechanical history. The hypothesis of ergodicity
is, in most cases, difficult to demonstrate for a system, but a standard method is
nonetheless used experimentally; it is the zero-field-cooling(ZFC-FH)/fieldcooling(FC-
FH) measurement [65].

3. The low-temperature crystalline state exhibits a short-range order and is characterized
by the same average structure as the high-temperature disordered crystalline state.
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1.3 Mechanical spectroscopy

The damping capacity of a material is defined by its ability to dissipate mechanical energy
into heat. While the mechanical energy is induced by external mechanical stresses, the
heat is generated by internal friction. Generally it is referred to as relaxation phenomena
caused by the movement of structural defects. The experimental method for measuring
internal friction is called mechanical spectroscopy. Through this technique, dissipative
mechanisms are activated within a solid under cyclic stresses at specific temperatures and
cyclic stress frequencies. Such dissipative mechanisms are the key to deeply investigate
the microstructural evolution of a material, since the internal friction originates from the
movement of crystal lattice defects.

The formalism of internal friction is developed in this section first through a phenomeno-
logical approach describing the origins of internal friction and is illustrated by a creep
experiment. As it will become apparent, the origins of these phenomena can be explained
through the concept of the anelasticity of solids. A thermodynamic approach is then used
to fully develop the formalism of internal friction, that is a model describing the relaxation
phenomena occurring within a solid. Other approaches, such as the phenomenological and
rheological approaches [75, 76, 11], allow us to explain that same formalism.

1.3.1 Phenomenology of anelasticity

Consider an ideal anelastic solid, i.e. a solid the total strain of which ε induced by a stress
σ composed of the sum of an elastic term εel and an anelastic term εan. We omit any term
related to a plastic and therefore irreversible strain εpl :

ε = εel + εan (1.4)

The elastic strain εel immediately follows the stress and is reversible. It is expressed
linearly as a function of the stress σ (Hooke’s law) through the modulus of compliance
J (or commonly the compliance) i.e. the reciprocal of the modulus of elasticity M . A
non-relaxed term JN is considered for the elastic part:

εel = JN · σ (1.5)

The anelastic deformation is also reversible, but it is time-dependent and follows the
stress until it reaches an equilibrium value ε∞

an. The temporal evolution of the anelastic
deformation εan is characterized by a relaxation time τ . Once an equilibrium position has
been reached, the deformation of an ideal anelastic solid can be expressed through the
stress σ and the relaxed compliance JR (relaxed term):

ε = εel + ε∞
an = JR · σ (1.6)

For an arbitrary deformation, the generalization of the Hooke’s law would be expressed as
function of second-order tensor through a set of linear equations [75, 76]. The rudimentary
Hooke’s law remains however valid for simple cases such as uniaxial deformation or pure
shear. Following equations 1.5 and 1.6, the application of a stress on an ideal anelastic
solid induces a deformation of the solid over time. This phenomenon is illustrated by the
creep and creep recovery experiment as shown in Figure 1.7.
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Figure 1.7: Creep and creep recovery experiment - Time evolution of the elastic and
anelastic deformation of an ideal anelastic solid following the application of a stress σ. The
anelastic deformation is described by its relaxed strain amplitude ε∞

an and relaxation time
τ . The elastic strain amplitude εel is not time-dependent and is generally greater than the
anelastic relaxed strain amplitude ε∞

an.

This temporal evolution is called anelastic relaxation and is described by the two parameters
of relaxation time τ and relaxation intensity Δ defined as:

Δ = ε∞
an

εel
= JR − JN

JN
= δJ

JN
(1.7)

τ(T ) = τ0 · exp

(
Eact

kB · T

)
(1.8)

The equation 1.8 refers to the specific case of a thermally activated relaxation process (as
explained in the section 2.7.2 at the page 47), where the relaxation time τ is expressed
with a limit relaxation time τ0 and varies exponentially with the thermal energy kb · T and
an activation energy Eact corresponding to the observed relaxation process.

The microscopic origin of anelasticity is explained by the movement of defects in the
internal structure of the solid. These defects move from an equilibrium position without
stress to another equilibrium position under stress. In most cases, the higher the density of
defects, the greater the relaxation intensity Δ1. Moreover, it would irrelevant to conduct an
experiment over the entire period of anelastic relaxation. Experimentally, the investigations
on anelastic solid system are made in quasi-static or dynamic experiments.

Quasi-static measures correspond to creep and creep recovery experiments or to stress
relaxation experiments. For these techniques, either the stress or the strain is held constant
for periods of a few seconds or more. Dynamic experiments study the anelastic behavior
during much shorter times. For these techniques, a periodic stress or strain is applied on a
solid and the phase lag between stress and strain is measured. For more details, section
2.7 will specifically develop and discuss the dynamic measurement of anelasticity.

1This is not the case for grain boundary sliding.

19



Mechanical spectroscopy

1.3.2 Thermodynamic approach of anelasticity

This section aims at developing the ideal linear solid equation through the formalism of
thermodynamics. In thermodynamics, to describe a solid system and its evolution a set of
state variables ξi is necessary. Such variables set should be defined by a minimum number
of parameter while describing the system. These variables can be internal and external
state variables.
In the case of an equilibrium system, the state variables are not independent. They
are linked by a system state equation U = U(ξ1, ξ2, ξ3, ...). For a system undergoing
a transformation, the state variables must be independent of each other. Equilibrium
thermodynamics satisfies the fact that for each infinitesimal change in an external variable
the solid evolves to unique equilibrium states in a continuous way. With the later remark,
it can be understood that viscoelastic or plastic materials cannot be completely described
as an equilibrium thermodynamic solid. Indeed, such materials do not induce a unique
equilibrium strain value for each applied stress and strain is not reversible. The equilibrium
states through which these materials pass can demonstrate discontinuities. A material that
satisfies a linear relationship between stress and strain, as well as the ability to recover
after the release of an applied stress, is a thermodynamic solid. Of course, these conditions
are assured for anelastic materials after a long enough relaxation time.
For this case study, the external state variables include temperature, stress and strain.
Instead, internal state variables may be short-range or long-range order parameters, and are
for example the variation in the concentration of point defects (zero dimensional defects),
the mean displacement of dislocations (one dimensional defects) or the sliding distance of
grain boundaries (two dimensional defects).

To describe an ideal linear solid system, the first step is to understand whether it is
a thermodynamic system in equilibrium or out of equilibrium. In fact, considering an
anelastic relaxation, the system has to be evaluated as being in pseudo equilibrium (a
process close to equilibrium), as proven hereafter.

Let’s consider a stress-free anelastic solid at equilibrium. The structural defects it contains
are also at equilibrium. These can then become mobile under the action of an external stress
σ, and induce a process of anelastic relaxation (deformation) εan to reach a new equilibrium
point under stress ε∞

an (relaxed). Let’s note ξ the internal variable associated with the
displacement of these defects, evolving from the initial value ξ = 0 to the final value ξ = ξR.
One can reasonably estimate that the relation between the anelastic deformation and the
internal variable is linear: εan = κ · ξ with κ a coupling constant. During deformation,
the state variables σ and ξ are independent, and thus the total deformation of the solid
corresponds to the combination of the contributions of the two state variables :

ε(σ, ξ) = JN · σ + κ · ξ (1.9)

The initial state is given by ε = 0, σ = 0 and ξ = 0 ; the state variables are therefore
interdependent. The final state is given by ε = JN · σ + ε∞

an = JN · σ + κ · ξR. However, it
can be reasonably supposed that the relaxed internal variable ξR is uniquely defined by
the applied constraint σ, and can thus be related by:

ξR = ρ · σ (1.10)
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Consequently, the state variables become dependent again at equilibrium under constraint
ε(σ, ξR) = JN · σ + κ · ρ · σ. Considering equilibrium systems, the study of phenomena
related to anelasticity would become trivial, all internal variables becoming interdependent.
The laws of linear elasticity would suffice to study solids. For that reason, the anelasticity
is studied experimentally in quasi-static or dynamical methods. Although it is now
clear that the state must be out of equilibrium, it is necessary to study states for which
sufficient time has been allocated in order to achieve a so-called pseudo-equilibrium (named
Gleichgewichtsnähe by Meixner [77]). In such a state, the solid does not have enough time
for each of its internal variables to reach their equilibrium value, the system is in a transient
state close to equilibrium, allowing the system to be described by independant external
and internal state variables.

Anelastic solids standard equation

As described above, an anelastic relaxation is a thermodynamic phenomenon where an
equilibrium is found through the coupling of a mechanical stress with a pure elastic response
and internal variables. Those internal variable are physically related with the structural
defects in solids evolving through kinetic processes.
For each internal variable ξ, it is possible to develop its temporal evolution when it tends
towards its equilibrium value ξR. The ideal anelastic materials studied only take into
account reversible behaviors. Thus, only a linear theory is developed and only a first-order
development of the time differential equation of the internal variables is necessary. In this
regard, the variation with time of an internal variable ξ is proportional to the difference
between ξ and its equilibrium point ξR with a proportionality constant having the reciprocal
of time as a unit:

dξ

dt
= −1

τ
(ξ − ξR) (1.11)

(1/τ) is used as it is the characteristic time of the relaxation. Following the example of the
creep experiment of Figure 1.7 where a constant strain is applied at t = 0, the solution of
the time differential equation is then:

ξ(t) = ξR [1 − exp(−t/τ)] (1.12)

Combining Equations 1.9 and 1.11 with the expression of the internal variable relaxed under
stress ξR = ρ·σ, one can find an equation for anelastic solids (JN +κ·ρ)·σ+τ ·JN ·σ̇ = ε+τ ·ε̇.
Finally this relation can be generalized to the standard equation for anelastic solids,
considering Equations 1.5 and 1.6 with ε∞

an = κ · εR = κ · ρσ:

JR · σ + τ · JN · σ̇ = ε + τ · ε̇ (1.13)

It is concluded, that the change in one internal variable inducing anelastic behaviours can
be described as a set of two constant parameters including the anelastic relaxation time
and amplitude {τ, δJ}, where the term δJ has been introduced. It corresponds to the
amplitude of the purely anelastic relaxation δJ = JR − JN = ε∞

an/σ = κ · ρ.

21



Mechanical spectroscopy

Generalized thermodynamic considerations

A generalized description of ideal anelastic solids with n different relaxing microstructural
defects should consider external variables such as stress σ and temperature T , and n internal
variables ξi with i=(1,...,n). While the generalization to the case with n internal variables
ξi for the Equations 1.10 and 1.9 is direct, that of their temporal evolution (Equation
1.11) presents several crucial questions. During their transition to a new equilibrium, the
evolution’s rate of the internal variables depends not only on their deviation from their
equilibrium position but also on the deviation of the set of all internal variables from their
equilibrium. Each internal variable is therefore not only coupled to stress and strain, but
also to all other internal variables. However, it is possible to demonstrate [75, 77, 78] that,
for such systems, it is possible to define a linear transformation from n coupled linear
differential equations to n decoupled linear differential equations. The linear transformation
defines a new set of internal variables (ξ′

i) called "normal internal variables", where anelastic
relaxation behaviours appear to be independent from each other. The previously presented
solution of Equation 1.12 is therefore valid for each internal variable. The spectrum of
relaxation behaviours occuring in a solid is then completely described by a set of (at most)
n pairs of relaxation time and amplitude {τ ′

i , δJ ′
i}. It should be noted, however, that

internal variables corresponding to one same relaxation time will then be associated to one
single set of parameters {τ ′

i , δJ ′
i}. Accordingly, the total magnitude of anelastic relaxation

is given by the following relation where n′ � n.

δJ =
n′∑

i=1
κ′

i · ρ′
i =

n′∑
i=1

δJ ′
i (1.14)

Thermodynamic functions

The considerations presented above allow to fully describe behaviours of anelastic solids
through thermodynamic functions (e.g. free energy, internal energy). The anelastic
deformation relationships can be developped through Gibbs free energy. One can start
by developing its differential form per unit volume g = g(T, σ, ξ) considering one internal
variable ξ (all quantities defined per unit volume prior to deformation will be denoted by
lower case letters hereafter).

dg = −s·dT − ε·dσ − A·dξ (1.15)

Where the quantity A is named the affinity and is the conjugated variable of ξ given by:

A = −
(

∂g

∂ξ

)
σ,T,ξ

(1.16)

The affinities represent the driving forces towards equilibrium when their conjugate variable
are not in equilibrium. Following the same approach, we find the well-known relationships,
where the entropy per unit volume is the conjugate variable of the temperature, and where
the strain is the conjugate variable of the stress :

s = −
(

∂g

∂T

)
σ,ξ

and ε = −
(

∂g

∂σ

)
T,ξ

(1.17)
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Carrying out Taylor’s series to quadratic terms of the Gibbs function around the value
where the solid is under no stress and at equilibrium g0 = g(T = T0, σ = 0, ξ = 0) leads to
[75] :

g(T, σ, ξ) = g0 − 1
2 ·Cσ

T
·ΔT 2 − 1

2 ·JN ·σ2 − σ·κ·ξ − α·σ·ΔT − ΔT ·κ·ξ + 1
2β·ξ2 (1.18)

Where α is the thermal expansion coefficient, cσ is the specific heat at constant stress per
unit volume, and ΔT=(T − T0). From Equation 1.18, it is then possible de find the strain
and the affinity in isothermal conditions :

ε(σ, ξ) = − ∂g

∂σ

∣∣∣∣
ΔT =0

= JN ·σ + κ·ξ (1.19)

A(σ, ξ) = − ∂g

∂ξ

∣∣∣∣
ΔT =0

= −σ·κ + β·ξ (1.20)

The anelastic deformation relationships is then given by Equation 1.19 and is composed by
an anelastic and an elastic part as observed in the creep experiment of Figure 1.7. Equation
1.19 is in line with the developments presented around Equations 1.9 and 1.10.
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2 Experimental techniques

This thesis work is defined by the need to correlate tool-life with other mechanical charac-
teristics and properties that would be easier to control from an industrial point of view.
The durability of cutting tools is indeed a macroscopic property, which may be influenced
by multiple factors. In order to ensure the discrimination capability of the insert’s tool-life
measurement, it was decided to perform tests under extreme operating conditions on
industrial cutting machines. Wear and shock resistance were evaluated.
The intent of this chapter is to present all the measurement techniques used to carry out
the comparative study between the durability of the tools produced by Lamina-tech and a
broad variety of properties, which may impact it. In particular, techniques such as micro-
and nano-indentation, X-ray diffraction, tribology, mechanical spectroscopy or advanced
microscopy (SEM, TEM) are introduced. Each of the properties under consideration are
related to several regions of the coated cemented carbide composite material. Coatings
mechanical properties (i.e. hardness, elastic modulus, and residual stress), coating char-
acteristics (i.e. roughness, thickness, and friction coefficient), bulk mechanical properties
(i.e. hardness and fracture toughness) and bulk mechanical characteristics (i.e. porosity,
granulometry, crystal structure and defects microstructure, bulk defects dynamics) are
investigated.
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2.1 Machining tests and Tool-life

In the machining industry, hardmetal cutting tools are used to shape workpieces by re-
moving gradually some of their surface material. Cutting tools are mostly produced in
small pieces in the form of squares, rhombuses, triangles or drills called inserts, where their
edges form the active cutting parts. The main machining techniques are milling, turning or
drilling 1, and each of them operates according to a specific geometry as shown in Figure
2.1. Tool wear mechanisms in machining are reported in Figure 2.2.

Figure 2.1: Main machining processes with cutting tools where small chips are removed
from the workpiece material. The cutting operation is ensured by the relative movement
between the cutting tools and the workpiece, controlled by the feed motion (blue arrow)
and the cutting rotation (red arrow) : (a) Turning corresponds to the removal of material
from a rotating workpiece (cutting motion) with the progression of a tool’s cutting edge
(feed motion). (b) In milling, a tool with multiple cutting edges spins (cutting motion)
and is moved in relation to the surface of the sample (feed motion) to remove material. (c)
The drilling process corresponds to the formation of a round hole by inserting a rotating
tool (cutting motion) with several cutting edges into the workpiece (feed motion).

Figure 2.2: Wear mechanisms during the machining of a workpiece.

1In french the corresponding terms are: fraisage (milling), chariotage (turning) and perçage (drilling).
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2.1.1 Failures mechanisms in machining

Cutting tools undergo to severe friction conditions with large temperature gradients near
the tool surface and extreme stresses [79] . These working conditions lead to cutting tool
failures during their use. A change in the shape of the tool resulting from the progressive
loss of tool material is referred to as wear [80, 81]. These failures include flank wear and
crater wear, as shown in the Figure 2.3. These wear mechanisms are normal failures, i.e.
they are unavoidable but must be controlled and minimised.

Figure 2.3: Wear failures phenomena on inserts (a) Sectional view of a flank and crater
wear. (b) Side view of a flank, a crater and notch wear.

Figure 2.4: Abnormal failures phenomena on inserts (a) Insert breakage. (b) Built-up edge
formation. (c) Plastic deformation. (d) Edge chipping or frittering. (e) Comb (thermal)
cracks. (f) coating flaking.

However, abnormal failures can also occur. Such mechanisms are insert breakage, built-up
edge formation, plastic deformation, edge chipping or frittering, comb (thermal) cracks
or notch wear. These phenomena are shown in the Figure 2.4 and Figure 2.3(b). For
inserts without conception or manufacturing defects, these failure mechanisms are the
consequence of avoidable causes and better machining conditions must be used. The failure
mechanisms of cutting tools are dependent on several physical properties and behaviour
of the composite materials. Not exhaustively, these include hardness and elastic moduli,
deformation behaviours, fracture toughness and strength.
As cemented carbides are multiphase materials, insert fractures can occur in several stages
and depend on crack propagation modes. Crack are initiated by the fracture of a material
defect or of one of its microstructure elements, and it occurs when stresses and strains reach
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a critical level. This maximum stress level defines the strength of the material. However,
micro-fractures can occur without propagating into critical cracks. In order to avoid
such critical issues, it is essential to be able to model and control the crack propagation.
Nonetheless, these aspects will not be discussed in this section. For more information on
fracture modes and crack propagation, the reader may refer to other works [82, 83].

In practice, if the surface state of an insert has no obvious defects, its wear is assessed
during its use. A polymechanic learns how to recognise wear and defects on his cutting tools
by the surface state of the parts he is working on, by the appearance of the cutting chips
(size, shape, colors), and through the use of the machine-tool (noise, necessary machining
efforts, and vibrations in turning, milling or drilling).
For the manufacturer of cemented carbide cutting tools, however, it is necessary to define
quantitative tests to ensure the quality and durability of his products. For this purpose,
tests under extreme conditions are conducted. These are irreversible destructive tests
where the final criteria are catastrophic breakage or excessive wear induced on the cutting
tools. In this work, two tests were conducted under controlled conditions to evaluate
the performance of coated cutting tools: a shock test and a rapid wear test (also called
cratering).

2.1.2 Shock test
The tool-life is measured during a turning shock-test on a 42CrMo4 steel workpiece. The
workpiece mounted on the lathe is notched along its length by two slots, which induces
interrupted cuts during the shock test (see Figure 2.5). To avoid discrepency the workpiece
material comes from the same production batch. The turning is performed without coolant
with a depth of cut of DOC = 2.00mm and a feed rate of F = 0.23mm/rev using
Vc = 160m/min as a cutting speed. The service life during a cutting process is determined
until tool breakage by repeated measurements. The observed failure mechanisms of the
inserts were flaking, chipping and breakage.

Figure 2.5: Diagram of the part used to evaluate the impact resistance of the insert.

2.1.3 Rapid wear test
The crater wear test, also called "facing until the center test", is performed to determine
the resistance to tool wear and tool toughness. It is executed in turning a 42CrMo4 steel
workpiece with coolant. Since the wear resistance is measured and not breakage, the test
is stopped each 2.5 minutes to observe the wear evolution. The cratering tests are made
under the two different following conditions : depth of cut of DOC = 2.00mm or 1.00mm,
a feed rate of F = 0.3mm/rev or 0.25mm/rev, and cutting speed Vc = 270m/min or
200m/min. Times of machining until critical wear or failure are measured during repeated
measurements. Critical failure mechanisms of the inserts were built-up edge, coating flaking
and insert breakage.

28



2.2. Thin film coating

2.2 Thin film coating

In the field of the cutting tools industry, thin films coatings prevent cracks, delamination
and tool failure. Thin films are synthesized materials with a thickness ranging from a few
angstroms to tens of micrometers. Their applications for hardmetals date back to the
1970s with the introduction of chemical vapor deposition (CVD) methods, to which were
added the physical vapor deposition (PVD) methods in the 1980s. In the coated tools
industry, the most commonly used coating materials are TiC, TiCN, TiN, TiAlN, Al2O3,
and to a lesser extent CrN, CrAlN, TiB2, ZrN and carbon coatings (diamond or DLC). As
reported by [8], this is mainly due to their excellent properties for machining conditions.
These characteristics are listed in the Table 2.1 below:

Characteristic Hardness Hot Hardness Chemical Oxidation
Improvement at RT (T° >800 °C) Stability Stability

TiC Al2O3 Al2O3 Al2O3
TiCN TiAlN TiAlN TiAlN
Al2O3 TiN TiN TiN
TiAlN TiCN TiCN TiCN
TiN TiC TiC TiC

Table 2.1: Classification of the main PVD and CVD coatings for hardmetals depending on
their advantages for machining conditions, according to [8].

It is clear from the Table 2.1 that the coatings with the best advantages for most cutting
operations are the coating materials TiAlN and Al2O3. This may, however, differ for certain
machining processes. Along with the composition of coatings, there are many characteristics
that are involved in the durability of thin films. Their architecture [84], hardness and
toughness [85, 86], residual stresses [87, 88, 86], grain structure (grain refinement) [86, 89]
or texture [90] must also be taken into account. These last points are essentially controlled
by the way they are produced.

2.2.1 Deposition techniques in the hardmetals industry

The two main types of thin film coating techniques are chemical and physical depositions.
The first set of techniques is based on precursors that undergo a chemical transformation
on the surface of a solid, creating the thin films. They include chemical vapor deposition
(CVD), electroplating and chemical solution deposition (CSD). Physical deposition consists
in transforming a solid of the chosen material into a pulverized gas phase (physical phase
change), which will be deposited with a defined composition and architecture on a target.
Those methods include cathodic arc deposition (CAD), Electron Beam Physical Vapor
Deposition (EBPVD), sputtering techniques (PVD), and Pulsed Laser Deposition (PLD).
In the hardmetals industry, CVD techniques are used to synthesize alpha-phase alumina
coatings, while TiAlN thin films are deposited by PVD techniques [8]. Even if the CVD
alpha-phase alumina coatings are the best-selling products for turning operations, PVD
techniques have considerable advantages. Thanks to PVD, it is easy to obtain high quality
ceramic coatings with high hardness, wear resistance and sharper cutting edges. The
thickness of PVD films is also easily controllable. Typically CVD coatings have thicknesses
in the range of 10 to 20 microns, whereas PVD can easily be applied in the micron range.
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This control is tremendously useful for the preparation of multilayer or nanolaminate
coatings. Another disadvantage of CVD is the process temperature. In a CVD furnace,
the temperature can rise between 800 and 1000◦C, which can have a negative impact since
tensile stress can be induced on the surface during cooling to form fine cracks. In contrast,
the process temperatures of PVD generally do not exceed 500◦C and the produced surfaces
have residual compressive stresses. Therefore, CVD coated tools are used for turning
applications, where the cutting force is uniform and continuous during the process. On
the contrary, the compressive stresses of PVD coatings make them the best candidates for
interrupted cutting or multipurpose tools, where preventing crack formation and expansion
is a key parameter. Milling is a typical interrupted cutting process.

Figure 2.6: Schematic diagram of a cathodic arc evaporation (CAE) system
The coatings used in this study are applied with PVD techniques either on WC-6wt.%Co
or WC-10wt.%Co grades materials. The composition of the thin films is based on CrN,
TiN and TiAlN (or AlTiN). Their arrangement has been chosen to be multilayer or bilayer,
with CrN or TiN as the subcoating.
TiN is an extremely versatile material when used in industrial deposition. It is stable and
inert, i.e. it will not corrode and has excellent chemical resistance. Above all, it has high
temperature tolerance [91] and high hardness [92].
CrN is also an excellent industrial coating. It is a though material with high hardness [93],
good oxidation and temperature resistance [94], which gives it corrosion resistance.
TiAlN is known to be a coating with excellent performance in high temperature applications.
It has better high temperature resistance than TiN or TiC [91]. It also has higher hardness
and especially higher hot hardness [95]. The idea of alloying Al and TiN emerged [96, 97, 98]
in order to form coatings with increased resistance to oxidation and to wear. TiAlN coatings
have quite a complex structure, since it is not composed of a single phase. It is known
for TixAl1−xN with x < 0.7 that two sublattices are observed, one occupied by randomly
distributed Al and Ti atoms and the other being composed of N atoms [99]. Since this
system is not thermodynamically stable, a decomposition into AlN, TiN or titanium-rich
TiAlN elements may occur. The main advantage of this coating is its resistance to high
temperatures, which is essentially ensured by the formation of a thin protective film of
amorphous Al2O3 [91, 96]. This has the property of being hard, providing low friction and
resisting oxidation. In addition to this, Al2O3 elements are constantly recreated at high
temperatures as wear progresses.
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2.2.2 Coatings material and techniques in this work

The deposition method used by the industrial partner of this project for coating production
is a cathodic arc evaporation (CAE) method (or Arc-PVD) [100]. The cathodic arc
deposition process consists of producing a low-voltage, high-current plasma discharge over
a target made up of the material to be evaporated. This coating process is generated in a
high vacuum reactor as shown in the Figure 2.6. The target forms the cathode, and the
substrate and the reaction chamber represent the anode. Usually a magnetic field is applied
to the cathode in order to control the dynamics of the arc spots. The evaporation of the
solid material from the target into a metal plasma vapour is achieved by the high energy
density plasma arcs. However, this process also produces droplets that tend to cluster
into macroparticles (MPs). These droplets are the biggest disadvantage of the Arc-PVD
technique since they can eventually be deposited on the coating surface or be embedded
inside the coating. Such phenomenon would result in rough surface and reduce the overall
performance of the coating. In order to control droplet generation, there exist various
techniques for optimizing cathode target power supply and magnetron configuration (such
as the arc splitting technology from swiss-PVD [101]).

The sputtering technique available in the EPFL laboratories consists of Direct Current
Magnetron Sputtering (DC-MS). Its basic principle is simple, a target source of the desired
material is bombarded with plasma-derived energetic ions. When the kinetic energy of the
ions is greater than the binding energy of the surface atoms, these latest are torn off. To
form the thin film, these atoms are then condensed on the surface of the chosen substrate.
Although there are several possible methods of ion bombardment, the one commonly used
is magnetron sputtering. The diagram in the figure 2.7 illustrates the basic setup of such a
sputtering deposition system.

Figure 2.7: Schematic diagram of a magnetron sputtering system

A plasma is used as a source of ion bombardment for sputtering. This plasma is obtained
by means of two electrodes, where the first is brought to a high potential (direct current
(DC), high power pulses (HiPIMS) or radio frequency (RF) potential) and the second is
connected to ground. This plasma is created by discharge at the cathode and is fueled by
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a mixture of gases. First of all, a noble gas (e.g. Argon) is needed to stabilize the plasma.
Then a reactive gas is required, the nature of which depends on the coating material
required.
Considering the example of titanium nitride (TiN) deposition, the source element is a
titanium metal target, and the source gases are argon (Ar) and dinitrogen (N2). When
free electrons from the plasma collide with argon atoms, these atoms lose electrons and
become positively charged. These argon cations are then attracted to the target source and
bombard the surface, transferring their kinetic energy to it. When this bombardment energy
is sufficient, the targeted atoms are ejected and form the sputter. The free electrons in the
plasma also ionize the sputtered material (Ti+ for example), and the plasma dissociates the
gaseous particles of N2. The titanium cations Ti+ are accelerated towards the substrate by
means of a bias affixed to the substrate. Finally, titanium ions then combine with excited
nitrogen particles to form a deposit of TiN on the substrate.
Usually, a magnetic field source is added to this type of system, which is then called
magnetron sputtering. This configuration implies that the plasma components move in
a superposition of electric and magnetic fields. This imposes a helical trajectory on the
electrons, the light elements of the plasma, thus lengthening their travel over the surface of
the source and thereby increasing the number of collisions. The concentration of electrons is
the highest in regions where the magnetic field is parallel to the surface of the source. Heavy
elements resulting from ionization are attracted directly to the source, as the magnetic
field has little effect on them. Because the efficiency of electron ionization is higher, the
sputtering rate increases in magnetron configurations.

2.3 Hardness and nanohardness tests

In the field of hardmetals, hardness is an essential parameter since the tool must be harder
than the workpiece. Hardness is the property of a material that characterizes its resistance
is to permanent shape change induced by an applied compressive force. Describing the
hardness properties for composite materials as complex as coated tungsten cemented
carbides as a whole can be hazardous or even completely inadequate. This section covers
therefore different hardness characterization techniques, each of them more appropriate
for different parts of the studied specimens. In this study the following aspects of the
materials were tested :

• coating nanohardness measurements,
• bulk average microhardness measurements,
• and in some cases bulk fracture toughness assessments.

For characterizing each of these properties, the instruments that were used and the
measurement protocol are presented in the paragraphs that follow and the results of the
analyses will be discussed in Section 3.2.2.
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2.3.1 Microhardness

In conventional hardness testing, hardness of materials is defined throught the well-known
relation introduced by R. L. Smith and G. E. Sandly [102, 103] as the ratio between
the applied load P and the contact area between the indenter and the material A. This
corresponds to the following relationship for Vickers indenters:

Hv = P

A
= P ·2sin(136◦/2)

D2 � 1.8544·P
D2 (2.1)

where P represents the load (in kilogram-force kgf ), and where D is the average of the two
diagonals of the imprint in mm. The hardness HV is here given in Vickers (kgf /mm2). For
Vickers hardness reported with units of GPa, it is determined as HV � 0.0018544 · P/D,
with the load in N , and the mean diagonal of the indentations in mm.
The microhardness was measured using a SHIMADZU HMV-G Series Micro Vickers
Hardness Tester [104] illustrated in Figure 2.8. The load of 19.61N was applied (in HV2.0
mode equivalent to approx. 2.0 kgf) during 30 seconds and the hardness values were
calculated by measuring the diameters of the indent using a Keyence VHX-5000 Digital
Microscope [105]. For preparation, the samples were cut in half and mirror polished on
trays using diamond pastes.

Figure 2.8: Principles and instrument for microindentation. (a) Vickers microhardness
tester with pyramidal diamond indenter. (b) Indentation process. (c) The hardness value
is calculated from the applied load P and the size of the resulting indentation (mean value
of indentation diagonals D1 and D2).

2.3.2 Nanohardness

With the need to discriminate the small-scale mechanical properties for each component
of a composite or multiphase material, depth-sensitive nanoindentation instruments were
developed in the 1980s [106, 107]. This led to the development of standard methods
for measuring hardness and modulus of elasticity calculated from data along the load-
displacement curves of Berkovich indentations [107, 108, 109]. Because of their resolution
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and repeatability, these techniques are now widely used, especially for the investigation of
thin films. The Figure 2.9 below presents the principles of measurement by nanoindentation
and illustrates the measured quantities.
The Oliver-Pharr method used in this work consists in analyzing the load-unloading curve
produced during indentation. A typical curve is given in the Figure 2.9(c). The slope of
the unload curve S can used to calculate the elastic modulus in Pascals:

E =
1 − ν2

sample

1
Er

− 1−ν2
ind

Eind

(2.2)

with νsample the Poisson ratio of the sample’s material, Er the reduced modulus (a
combination of the sample material and indenter elastic deformations), and νind and Eind

the elastic modulus and Poisson’s ratio of the indenter, respectively. Typical values for
the Poisson ratio are from 0.1 to 0.3 for ceramics and from 0.2 to 0.4 for metals. For the
diamond indenter, elastic modulus and Poisson ratio values are 1141 GPa and 0.07 [110],
respectively. The reduced modulus Er is obtained form the Hertzian theory of contact
mechanics [111], with:

Er =
√

π

2 · S√
Ap

(2.3)

where the value Ap is the projected area of indenter’s contact and the slope of the unload
curve S is determined from the tangent at the maximum penetration point (see hmax

on Figure 2.9(c)). Following the developments presented in [111], one finally finds the
function of the ideal projected surface Ap for a Berkovich indenter as well as the slope S at
maximum displacement. It allows to calculate the modulus of elasticity E of the sample:

E =
1 − ν2

sample

2
√

C0·h2
c+C1·hc

α·m(hmax−hP )m−1·√π
− 1−ν2

ind
Eind

(2.4)

Here, C0 and C1 are two fitting coefficients to express the projected area function Ap

as function of the penetration depth hc. The terms alpha and m are power law fitting
constants (see [109]) to connect load P and displacement depth h. The value of the
projected area of the Berkovich indenter Ap allows to determine the hardness in Pascals
from:

H = Pmax

Ap
(2.5)

Note that this definition of hardness is based on the contact area under load.

In this study, the nanoindentation technique was used to test the small-scale mechanical
properties of the PVD coatings developed by our industrial partner. It is known that
the substrate of a thin film can have an impact on the nanoindentation measurement.
To avoid this pitfall, it is generally accepted that a depth of indentation penetration of
less than 10 percent of the coating thickness avoids an influence of the substrate on the
measurement [112]. As the surface roughness has a great impact on the nanoindentation
measurement, a polishing step is necessary in the sample preparation. In order to apply the
same type of polishing to all the samples and because some samples are only a few microns
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thick, it is essential to remove as little material as possible thanks to a soft polishing
(polishing paste of 1 microns and manual polishing). For that purpose, the polishing is
interrupted approximately every 2 minutes to check the surface state by optical microscopy
(magnification between 500x and 1000x). The polishing is stopped once enough areas begin
to appear smooth under the microscope.

Figure 2.9: Principles and instrument for nanoindentation. (a) NanoIndenter NHT3 from
the manufacturer Anton Paar. (b) sectional representation for a nanoindentation process
showing the different quantities determined for the analysis. (c) Typical loading and
unloading curves plotting force vs. displacement during nanoindentation test.

The nanoindentations were performed for each coatings on a nanoindenter NHT3 from
Anton Paar in depth control mode with linear loading. The values of each mechanical
property are averaged from at least ten imprints.
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2.4 Friction tests

A tribological approach is carried out in order to provide additional informations to that
obtained by conventional mechanical properties tests for hardmetals. The aim of these tests
is not to model the wear of the cutting inserts as a function of different applied stresses,
but to develop a basis for discriminating the direct influence of coatings characteristics
on the durability of the tools. The parameter of interest presented in this section is the
coefficient of friction (COF). This is studied as a function of different PVD coatings. The
coefficient of friction and its evolution serves as basis to study the energy dissipation and
also the wear mechanisms at the tool surface.

The consequences on friction of wear mechanisms were investigated using a linear tribometer
illustrated in Figure 2.10. Short term wear tests were conducted during 500 seconds with
3 mm diameter 100Cr6 steel ball on coated inserts. The effect of the normal force and
friction speed were not investigated. The tests were performed with a fixed applied force of
2N and without lubricant. The load corresponds to an average Hertzian contact pressure
of 1030 MPa with a contact radius of approximately 30 μm, whichever PVD coating is
studied (see [113]).
It is important to note here that these conditions are far away from the machining conditions
and that they do not cause damage to the coating and WC-Co similar to that observed on
cutting tools after machining. This is in line with our interest to discriminate only the
behaviour of the coatings studied. For a broader perspective on the tribological behaviour
of contact interfaces in machining for cutting tools, a study of interest can be found
elsewhere [35].

Figure 2.10: Linear Tribometer for the measurements of the friction coefficient against
steel (dry measurement).
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2.5 Electron microscopy
This section is intended to describe a technique that is complementary to the internal
friction techniques, namely electron microscopy. Such imaging techniques are crucial for
interpreting the observations of damping phenomena related to the dynamics of solid
defects. The aim is to identify the structure, microstructures and metallurgical defects of
the materials studied, either statically at room temperature, or dynamically by varying the
temperature in the case of this study. For this purpose, scanning and transmission electron
microscopy techniques have been used for the direct observation of WC-Co cemented
carbide materials.

2.5.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) uses an electron beam to make its images. Specifically,
the electron beam is focused on a small probe and scanned over the surface of the sample.
Upon contact with the sample, different signals are emitted by the electron beam/matter
interaction. After detection of these signals, various images are generated by correlating
the signal intensity with the position of the probe. The typical signals types detected in
scanning electron microscopy are illustrated in Figure 2.11. Those are:

• secondary electrons (SE), used for imaging surface morphology
• backscattered electrons (BSE), used for compositional imaging
• X-rays, used for compositional analysis (EDX or EDS).

Figure 2.11: Electron–matter interactions and the different types of signals generated in
Scanning Electron Microscopy (SEM).

In this study, scanning electron microscopy was performed primarily to characterize
the grain size of WC-Co composite samples. These observations were performed on a
ZEISS Gemini SEM 300 microscope [114] generally working around 5 keV for conventional
examinations (otherwise between 1-30 keV). This instrument is equipped with a standard
Everhart-Thornley detector for secondary electrons (SE), a Gemini II column equipped
with the Inlens (SE) and EsB (Energy selective BSE) detectors, 4 quadrant backscattered
electron detector (BSE), variable pressure secondary electron (VPSE) detector and a EDX
detector from Oxford Instruments [115].
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2.5.2 Transmission Electron Microscopy

Like a SEM, a transmission electron microscope (TEM) uses an electron beam as a primary
source to illuminate the sample. However, much higher energy electrons are used for
transmission microscopy, typically around 80-300 keV. As suggested by its name, the
transmission electron microscopy uses transmitted electrons (electrons that are passing
through the sample) and collects them to create an image. The latter part is provided by an
objective lens, that focuses the transmitted electrons, and by imaging lenses (intermediate
and projective), that magnifies the image and project it on to a recording device (see Figure
2.12). Care must be taken, however, that the sample must be sufficiently thin (generally
<200 nm to be "electron-transparent") to allow electrons to pass through. As a result,
transmission electron microscopy offers important information on the inner structure of
the sample, such as crystal structure and orientation, defects or morphology.

Figure 2.12: Schematic diagram of bright-field and dark-field TEM imaging modes.

In transmission electron microscopy, the images are obtained from the contrast created
by the thickness of the sample, by the density of the atomic number or by electron
diffraction from the sample. Direct transmitted beams or diffracted transmitted beams
are the fundamental principles for TEM imaging. The origin of diffracted beams can be
explained for instance by the elastic scattering (diffraction) induced from the atomic planes
of crystalline materials. The diffraction pattern thus obtained can give informations of
the crystal structure and orientation of the sample. Selected diffracted beams can be used
for dark-field imaging conditions. It is a very suitable technique used for discriminating
elements that do not fulfill the diffraction condition (defects do not form a perfect crystal).
Such elements would appear as dark objects on the image. They can be crystalline defects,
twins, and second phase precipitates (see Figure 2.12).
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Another imaging condition is the bright-field imaging. By using an objective aperture, it is
possible to select only the non-diffracted electrons to form an image. The image created
in bright-field conditions contains mass-thickness and diffraction contrasts [116]. Grain
boundaries and crystalline defects such as dislocations can be observed in bright-field
imaging contrast (see Figure 2.12). The same applies for dark-field imaging as well. Dark
field has lower intensity but can show better contrast.
In this study, scanning transmission electron microscopy was performed for WC-Co sam-
ples to characterize their microstructure and microstructure-evolution as function of the
temperature. All TEM observations were performed on a Talos F200S G2 TEM and STEM
microscope from ThermoFisher [117, 118], with a 200 keV acceleration voltage. The TEM
experiments were carried out both statically at room temperature and in situ from 600 to
1100 Kelvin.

2.5.3 Sample preparation
Samples to be studied by electron microscopy must necessarily go through a preparation
step. A distinction must be made between those sent to the SEM and those sent to the
TEM. Since the interest is focused on the surface region of the sample, the SEM specimens
must be mirror polished. They are first cut by electro-erosion and then polished using
diamond pastes. The example of a WC-Co sample prepared for scanning microscopy is
shown in Figure 2.13(a). For those intended for the TEM, there are two possibilities
to make them "electron-transparent". TEM lamella can be directly prepared with the
Focused-Ion-Beam (FIB) technique. The principle of a FIB instrument is the same as the
SEM technique, except that it is equipped with a second column providing an ion beam
(usually gallium ions). Ions having higher mass and higher momentum than electrons, FIB
can be used to mill material with an outstanding precision, as shown in Figure 2.13(b).
Another way to prepare TEM specimens is to machine a bowl dip in a disc of the material
(by dimpling and then electropolishing or ion milling) or to prepare a sample with a taper
(tripod mounting). An example of a WC-Co disc thinned to electron transparency is shown
in Figure 2.13(c). All of the above techniques were used in the preparation of the TEM
samples for this study. During sample preparation, a special effort was made to minimize
disturbance to the microstructure of the WC-Co samples and their internal stresses. Since
WC-Co is a composite manufactured by sintering, this material is known to contain high
internal stresses [24] which have an obvious impact on its microstructure, and in particular
on the cobalt phase.

Figure 2.13: Sample preparations for electron microscopy. (a) WC-Co cutting tools cut in
half and mirror polished for SEM observations. (b) WC-Co TEM lamella prepared by FIB.
(c) 3mm WC-Co disc dimpled and finished by ion-milling for TEM observations.
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2.6 X-ray diffraction and Residual stresses in thin films

During their production, coated cemented carbide cutting tools go through various thermal
and mechanical processes such as sintering, hot pressing or high temperature coating. These
production steps may result in significant residual stresses both in the bulk WC-Co material
or at the surface coating. Those residual stresses affect largely the tool performances
[119, 120, 121].
This section focuses on residual stresses in the thin films of cutting tools. Compressive
residual stresses are believed to be more beneficial for reducing a crack initiation and
propagation [122], therefore the final steps in the coating process must be chosen carefully
in order to create desirable residual stresses in the surface of the cutting tool.

2.6.1 X-ray diffraction

X-ray diffraction (XRD) is a very useful technique for characterizing the crystal structure
of a material. X-rays have a wavelength on the order of the atomic scale (Å), and when
they illuminate a material they are elastically scattered on the electron clouds of the
atoms it contains. The re-emitted X-rays interfere constructively or destructively in certain
directions. Such a phenomenon induces a diffracted beam (or reflected beam with respect to
the diffracting planes), which relates the diffraction angle θ (the diffraction peak position),
the interplanar space d and any integer value n of the wavelength λ of the radiation [123].
This principle is well-known as the Bragg’s law 2.6 and is illustrated by the Figure 2.14.

n·λ = 2·dhkl·sin(θhkl) (2.6)

Figure 2.14: Geometry for derivation of the Bragg conditions in real space.

2.6.2 Residual stress measured by X-Ray diffraction

In this work, X-ray diffraction (XRD) were performed for measuring the residual stresses
on coated samples. It is possible to determine the residual tensile or compressive stress
using the sin2Ψ method [122, 123]. The basis of its principle is illustrated in Figure 2.15.
When considering a material that contains several randomly oriented crystallites, the
interplanar spacing of each crystallite depends on the overall residual static stress and on
their orientation with respect to the stress. For the crystallites in a stress-free material,
the distances of the lattice spacing of the hkl lattice planes are the same for all crystallite,
regardless of their orientation. For the crystallite for which the lattice planes are under
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the influence of a residual stress (tensile or compressive), the lattice planes d-spacing
depends on the stress (increases for tensions and decreases for compressions). Regarding
the orientation dependency, the lattice planes perpendicular to the static stress experience
the maximum influence and their d-spacing changes, while the ones parallel to the static
stress remain unchanged.

Figure 2.15: Schematic representation of the direction-dependent lattice strain by residual
stress. A tensile stress is or is not applied on a polycrystalline specimen. For stress-free
specimens, the spacing of the lattice plane dhkl

0 is independent of the crystallite orientation.
For specimens under static stress, the d-spacing of the lattice planes are dependent on
the crystallites orientation; due to the influence of the residual stress, the more the lattice
planes are perpendicular to the static stress the more the d-spacing is enhanced.

It is thus possible by X-ray diffraction to determine a variation of the interplanar spacing
from dhkl

0 to dhkl
Ψ , corresponding respectively to a crystallite without constraint to a crys-

tallite under constraint. In terms of diffraction peaks, this corresponds to the measurement
of a shift of the same diffraction peak from θhkl

0 to θhkl
Ψ as function of a tilt angle Ψ, as it

can be understood through Bragg’s law.

Then it is possible to determine the elastic strain of the hkl planes from the following
relation 2.7.

εhkl
Ψ,Φ =

dhkl
Ψ,Φ − dhkl

0
dhkl

0
(2.7)

where dhkl
0 is the d-spacing of the {hkl} lattice planes for the strain-free crystallite, and

where Ψ is the inclination angle of the surface normal with respect to the diffraction vector,
which identifies the direction of the strain measurement. Φ represents the rotation angle of
the specimen around its surface normal (see Figure 2.16b). Biaxial stresses are the most
appropriate for the analyses of surface phenomena or for coatings studies. By considering
only the biaxial stresses (according to the plane formed by �x1 and �x2 in the Figure 2.16b),
it is possible to demonstrate [123] that the deformation εhkl

Ψ,Φ can be rewritten through
the targeted value of the residual stress, as written in the Equation 2.8. This relation is
expressed with the help of the isotropic elastic parameters of the studied material, which
are Young’s modulus E and Poisson’s ratio ν, and with the introduction of the stress σΦ
according to the angle Φ.
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These elements are shown together with the geometry for surface residual stress measure-
ments in the Figure 2.16b.

εhkl
Ψ,Φ =

dhkl
Ψ,Φ − dhkl

0
dhkl

0
= 1 + ν

E
·σΦ·sin2Ψ − ν

E
·(σ11 + σ22) (2.8)

This expression can be rewritten as :

dhkl
Ψ,Φ = d0·1 + ν

E
·σΦ·sin2Ψ − d0· ν

E
·(σ11 + σ22) + d0 (2.9)

(a) (b)

Figure 2.16: Geometric representations for thin films residual stress measurement by mean
of X-ray diffraction (a) Geometry of the diffractometer. It brings the following relation for
the diffraction angles Ψ = θ − ω. (b) Geometry for biaxial stress measurements.

The latter relation 2.9 expresses the linear variation of the interplanar spacing dhkl
Ψ,Φ with

respect to sin2Ψ. By relating to sin2Ψ the interplane space d measured for a series of Ψ
tilts, it is therefore possible to determine the stress σΦ. As a reminder d0 is the stress-free
interplanar distance. This parameter can be approximated by d33 = dΨ=0, with a very
small induced error on the final residual stress value.
The sin2Ψ method therefore refers to a series of measurements, as function of the tilted
angle Ψ, of the d-spacing d corresponding to one diffraction peak. The variation of d is
reported as a function of sin2Ψ, and the slope of this plot is used to identify the residual
stress. A positive slope corresponds to a stress in tension, while a negative slope corresponds
to a stress in compression.

Slope = d0·1 + ν

E
·σΦ ≈ dΨ=0·1 + ν

E
·σΦ (2.10)
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2.6.3 Measurement conditions

Preliminary DRX measurements were conducted in standard (θ − 2θ) mode on all of the
coated cutting tools included in this study. These diffractograms were taken with the help
of Julien CHAUVET on an ARL Equinox 2000 device from Thermo-Scientific [124]. Figure
2.17 the X-ray diffractograms of a reference sample with their identified peaks.

Figure 2.17: Reference X-ray diffractograms as function of different diffraction angles ω.
Their main peaks are identified for WC and for the Coating.

For XRD residual stress measurements, a Panalytical Empyrean diffractometer was used
working in the Bragg-Brentano geometry (θ − 2θ) with Cu Kα1 radiation (1.5405980 Å).
The high power X-Ray tube, working at 45 kV for 40 mA, was mounted for measurements in
point focus. Residual stress measurements were performed at room temperature on coated
samples with the standard X-ray sin2Φ method. All coatings are of CrN/AlTiN type. The
stresses were measured in the coatings using {420} reflections at around 2θ = 108◦ and at
the diffraction angles ω of values 10◦, 15◦, 20◦, 25◦, 30◦, 35◦, 40◦ and 45◦.

2.7 Mechanical spectroscopy

As explained in the section 1.3, the underlying principle of mechanical spectroscopy is
the anelasticity of materials. Anelastic relaxation occuring inside materials are driven
by the kinetic of crystalline solids defects. The external manifestation of such internal
relaxation phenomenon is the time dependence of the strain response of a material to
an external applied stress. The quasi-static method has been illustrated in Figure 1.7
of section 1.3 with the creep and creep recovery experiment. Quasi-static methods have
however two major drawbacks. Firstly, the time required to carry out the observation of
anelastic behaviour may extend over periods of several seconds or longer, which makes it
difficult to apply in extensive study such as measurements over a whole temperature range.
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Secondly, the precision required to observe anelastic phenomena is considerable; for elastic
deformations of the order of 10−6, the needed accuracy is of the order of 10−9 to 10−8.
The anelasticity is better investigated through dynamic methods, and this techniques are
the object of this section.

In general, mechanical spectroscopy can use any techniques capable of creating vibrations
within a material and measuring strain responses. Depending on the frequency range of
interest, several techniques exist such as forced torsion pendulum (mHz-Hz) or longitudinal
excitation waves (KHz-MHz) [26]. The principle behind dynamic methods is always the
same and is conveniently described through the complex notation. Consider an harmonic
stress excitation of the material as :

σ = σ0·exp(iωt) (2.11)

As ideal elastic and anelastic behaviours are examined, only recoverable and linear rela-
tionships are considered. The induced deformation is then a cyclic strain with the same
frequency ω but delayed by a phase lag δ [ ] due to the anelastic behaviour. From the
perspective of dimensional analysis, the unit of the frequency ω is kept in Hertz.

ε = ε0·exp (i(ωt − δ)) (2.12)

Following the standard equation for anelastic solids 1.13, the cyclic stresses 2.11 and strains
2.12 lead to the relation :

ε = J∗(ω) · σ = [J1(ω) − i·J2(ω))] · σ

Which is the response relation of anelastic solids in dynamical mode. Recalling δJ=JR −JN

(1.7) and the standard equation for anelastic solids (1.13), one finds the expression for J1
and J2, respectively the real and imaginary parts of the complex compliance J∗(ω):

J1 = JN + δJ

1 + ω2τ2 J2 = δJ · ωτ

1 + ω2τ2 (2.13)

The above relations are called Debye equations. The phase lag δ can be illustrated in
two ways: by the stress-strain versus time in the dynamic mode as in Figure 2.18(a), and
by the complex compliance representation in a vector diagram that revolves around its
origin at an frequency ω as in Figure 2.18(b).

Figure 2.18: Dynamic excitation and response. (a) Loss angle δ between the applied cyclic
stress σ and measured cyclic strain ε. (b) Complex diagram linking stress σ, strain ε and
compliance J . This diagram revolves around its origin at an frequency ω.
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2.7.1 Internal Friction and Debye Peak

The phase lag between stress and strain is the key parameter for the dynamic measurement
method. Indeed, there is a direct relationship between the phase shift δ and Internal
Friction IF . As explained in the section 1.3, the anelasticity of solids originates from the
movement of defects in the structure of crystalline materials. Their movement involves a
loss of energy within the material, which is defined as Internal Friction IF . During one
deformation cycle, energy is dissipated in the form of heat ΔWlost,fric and energy is stored
elastically Wstored,el. The ratio of the dissipated energy over the maxmial stored energy
defines the Internal Friction.

IF = 1
2π

·ΔWlost,fric

Wstored,el
(2.14)

Applying Equations 2.11 and 2.12, the lost energy ΔWlost,fric is calculated by:

Wlost,fric =
∮

cycle
σdε = σ0·ε0·π·sinδ

To calculate the maximum elastic energy supplied to the system Wstored,el, one should
notice that it corresponds to the maximum of the positive integral between 0 and π/2.

ΔWstored,el =
∫ ωt=π/2

ωt=0
σdε = 1

2σ0·ε0·(cosδ + π

2 sinδ) ≈ 1
2σ0·ε0·cosδ , δ � 1

The direct result is that the internal friction IF and the phase shift δ are connected by :

IF = tanδ = J2
J1

(2.15)

Where the last part of the equation is directly taken from the complex compliance definition
(see Figure 2.18(b)). Given the internal friction obtained for cyclic stress and deformation
on an ideal anelastic solid 2.15 with the complex compliances obtained in dynamic mode
2.13 and using the fact that the anelastic deformation is much smaller than the elastic
deformation 1.7 (δJ=JR − JN � JN ), the shape of the Internal Friction as well as the
compliance variation, as function of the deformation frequency can be calculated. It is
found that the Internal Friction function of frequency is a Debye peak with the relaxation
amplitude Δ (1.7):

IF = Δ ωτ

1 + ω2τ2 (2.16)

One can also express the compliance (or modulus) variation by looking at the relative
relaxation of compliance δJ over its norm |J(ω)|. By considering small relative anelastic
amplitude δJ�JN , one finds J1≈JN , which leads to:

δJ(ω)
|J∗(ω)| = Re(J(ω)) − JN

JN
= J1(ω) − JN

JN
= Δ 1

1 + ω2τ2 (2.17)

One can show that the compliance variation is equivalent to the dynamic modulus variation
(see [75]), and therefore:

|δJ |/|J |=|ΔE|/|E|
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Internal Friction peaks of Debye form and modulus variations are shown in Figure 2.19.
It can be seen that the Debye peak has its maximum at Δ/2 at ωpτp=1. The values are
indicated with a p-index to emphasize that they are defining the maximum of the peak.
Internal Friction allows finding the set of parameters defining each anelastic relaxation
which are the amplitude of relaxation and its characteristic time {τi, δJi} ∼ {τi, Δi}.

Figure 2.19: The Internal Friction function as function of the frequency forming a Debye
Peak. The curve presents a maximum at ωτ=1. It is plotted with its corresponding
modulus (or compliance) variation. A broader Internal Friction peak and its related
modulus variation are also presented with one α < 1.

When several relaxation phenomena take place within the same material, it was described
in subsection 1.3.2 that there is a linear transformation allowing to define internal variables
independent from each other and thus to use the principle of superposition 1.14. It is
therefore possible to use the following relations:

IF =
∑

i

Δi
ωτi

1 + ω2τ2
i

ΔE

E
=

∑
i

Δi
1

1 + ω2τ2
i

In practice, pure Debye peaks are rarely observed for crystalline materials. Debye peak sare
broadened, corresponding to a continuous distribution of the same relaxation mechanism,
as for example the length distribution of dislocation defects. For this matter, a convenient
approach is to use the substitution x = ln(ωτ) which can be used to rewrite a Debye form
into an hyperbolic secant ωτ/(1 + ω2τ2) = 1/2·sech(x). Using this substitution on J2, it
is possible [75, 125] to find an analogous form J2(x) = J2(x0)·sech [α(x − x0)]. It finally
leads to the generalized relations for broadened Internal Friction peaks and for modulus
variations, with 0 < α ≤ 1 as a broadening factor. The value α = 1 corresponds to a pure
Debye peak, while values of α < 1 define broad Debye relaxations as shown in Figure 2.19.

IF =
∑

i

Δi
(ωτi)α

1 + (ωτi)2α

ΔE

E
=

∑
i

Δi
1

1 + (ωτi)2α
, α ≤ 1 (2.18)
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2.7.2 Thermally activated relaxations

In the previous developpements , we considered the analysis of phenomena at constant
temperature where the relaxation time τ remains constant. In many cases, however, the
movement of microstructural defects are thermally activated. For such cases, a correction
has to be applied for the jump rate between equilibrium position of specific defects. For a
jump rate ν this modification takes a regular Maxwell-Boltzmann form. Considering the
probability of a defect to overcome an energy barrier per atom ΔG0 thanks to thermal
energy kBT , we get:

ν = ν0·exp

(−ΔG0
kBT

)

The quantity ν0 is a frequency factor of the order of 1013[s−1]. The frequency ν0 is related
to the vibration frequency of an atom in its crystal lattice νD (called the Debye frequency)
by ν0 = cst·νD [49]. The Boltzmann constant is defined to be 1.38 · 10−23[J ·K−1] or
8.64 · 10−5[eV ·K−1]. The energy barrier ΔG0 is defined by the defect mechanisms the
jump is related to. For instance, typical energy barriers for the motion of dislocations
are of the order of 1[eV/atom] [126]. The anelastic relaxation time is defined by the time
available to a default between two successive jumps, that is ν = τ−1 :

τ = τ0·exp

(ΔG0
kBT

)
(2.19)

It is therefore also possible to analyse relaxation phenomena by varying the temperature.
For that, we simply introduce Equation 2.19 in ωp·τp = 1, which is the condition for the
maximum of a Debye peak :

ωτ0·exp

(
Eact

kBT

)
= 1 (2.20)

Where Eact is the activation energy of an atomic jump sufficient to overcome the energy
barrier ΔG0. A difference between the activation energy and the energy barrier is set,
since the cyclic stress σ applied to the material during a dynamic measurement will favour
the atomic jump by a work W (σ∗) as Eact ≡ ΔG = ΔG0 − W (σ∗). The quantity σ∗ is the
mean effective stress working on a defect over its activation area. The relation 2.20 allows
therefore to investigate relaxation processes within material and express the corresponding
limit relaxation time τ0 and activation energy Eact :

• In isothermal condition, the measurement of the Internal Friction is performed as
function of the frequency.

• At constant frequency, the measurement of the Internal Friction is performed as
function of the temperature.

Assuming a stable microstructure, several measurements on the same relaxation process
will bring as many internal friction peak positions in temperature and frequency {Tp, ωp}.
By reporting the peak positions in an Arrhenius diagram as ln(ωp) as a function of 1/Tp,
it is possible to determine the activation energy of this relaxation process as well as the
corresponding relaxation limit time. Equation 2.20 just leads to:

ln(ωp) = ln
(
τ−1

0

)
− Eact

kB
· 1

Tp
(2.21)
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In most cases, the physical observations are congruent with the Arrhenius law. However,
there are situations where this relation is not verified. And for such cases, there exists
a proper parallel with the condensed matter physics for metastable materials known as
glass-forming materials. Although glasses behave macroscopically like conventional solids,
their structure does not have the long-range periodicity characteristic of crystals. They
are therefore long-range disordered solids. Glass-like material formation is associated with
the transition of condensed phases that are liquid, glassy and crystalline. Starting from
the viscous liquid phase, a sufficiently fast cooling rate induces an increase of the viscosity
η or of the relaxation time τ of the liquid which leads to a glass transition, preventing
any transition to an ordered crystalline phase. For such situations, the empirical law of
Vogel-Fulcher-Tammann is generally employed as stated in Section 1.2.1 and Equation 1.3
[56, 57, 58, 59, 49]:

τ = τ0·exp

( ΔE

kB·(T − T0)

)
(2.22)

Here, ΔE is the acitvation barrier and T0 is the "Vogel temperature" or "ideal glass
transition temperature" at which the viscosity or relaxation time diverges.

2.7.3 Internal friction measuring technique

An experimental facility, called Lyra, was used for the measurement of internal friction. It
is an inverted torsion pendulum operating in subresonant mode with forced oscillations in
a wide frequency range (from 0.1 mHz to 10 Hz). The installation is shown in Figure 2.20.

Figure 2.20: Principle of the inverted forced torsion pendulum Lyra. Illustration adapted
from [127] with the permission of the EPFL Mechanical Spectroscopy Group.

This installation is particularly well suited to the study of WC-Co cemented carbides, as it
operates over a wide temperature range from 300 K to 1600 K, which corresponds to the
high temperatures to which cutting tools can be subjected during machining [79]. During
the measurements, typical heating and cooling rates were set at 1K/min. The induced
strains were all fixed at 5·10−5 (operating range: 10−6 and 10−5). The sample sizes of
WC-6wt.%Co and WC-10wt.%Co are typically 0.8 x 3 x 30 mm3. These lamella-shaped
samples were produced by the industrial partner of this project by sintering and then PVD
coating together with the corresponding industrial inserts.
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2.7.4 Reference internal friction measurements

The main results of measurements on cemented carbide materials carried out by mechanical
spectroscopy are presented. These will serve as reference for the continuation of the study
project.

For WC-6wt.%Co and WC-10wt.%Co tungsten cemented carbide materials, the character-
istic internal friction spectrum measured between 700-1400 K and in the 1Hz frequency
range exhibits three peaks as shown in the Figure 2.21, which will subsequently be referred
as P1, P2 and P3 in their temperature position order. In addition to these relaxation
peaks, an exponential background is added to the spectrum and is associated with the
presence of a peak at very high temperature. These observations are in excellent agreement
with previous studies carried out by Ammann and Schaller [128, 129] on a material of the
same composition, but with different production features. With the addition of Mari’s
work in electron microscopy and high temperature deformation techniques [130], these
initial studies have made it possible to model the dynamics of the microstructural defects
of WC-Co and its mechanical properties in high temperature ranges [131].

Figure 2.21: Internal friction curve as function of temperature in the 1 Hz frequency
range for a WC-6wt.%Co sample. Three relaxation peaks and an exponential high-
temperature background are observed. This spectrum is obtained after the microstructure
thermomechanical stabilisation process described above.

Although the presence of the P1, P2 and P3 Internal Friction peaks can be observed for each
measurement obtained by mechanical spectroscopy, the spectra reported in this study always
correspond (except when indicated) to materials which have undergone "thermomechanical
stabilisation" processes (i.e. several phases of high-temperature annealing under cyclic
stresses in a torsion pendulum). These annealing processes, hereinafter referred to as
material microstructure thermomechanical stabilisation, consist of the following steps:

1. Temperature cycle between 700K and 1050K, with a torsional oscillation frequency
of 1Hz, a ramp of 1K/min, a torsional strain amplitude of 5 · 10−5, with a high
temperature dwell of 360minutes.

2. Temperature cycle between 700K and 1050K, with a torsional oscillation frequency
of 1Hz, a ramp of 1K/min, a torsional strain amplitude of 5 · 10−5, with a high
temperature dwell of 120minutes.
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3. Temperature cycle between 700K and 1050K, with a torsional oscillation frequency
of 1Hz, a ramp of 1K/min, a torsional strain amplitude of 5 · 10−5, with a high
temperature dwell of 60minutes.

Once this thermal treatment was carried out on the material, the internal friction spectra
are found to be repeatable for the same specimen as well as reproducible with other
identical specimens. The reasons for these thermomechanical stabilisation steps are of
physical origin and will be explained in greater details in the results Section 3.3.2 and 3.4.
In accordance with the observations of Mari [37, 131] and with complementary results
presented in the Introduction page 6, the internal friction spectra of WC-Co can be
interpreted as a function of three temperature domains:

I The first domain is between 800K and 1050K and is related to the first relaxation
peak. The first internal friction peak P1 is at approximately 920K and 945K in the
1Hz frequency range, for materials composed of WC-6wt.%Co and WC-10wt.%Co
respectively. In previous research [132], this relaxation peak was attributed to the
cobalt phase. To demonstrate this point, two types of samples were tested by
mechanical spectroscopy: a pure WC sample sintered without cobalt, and a sample of
WC-Co from which the cobalt metallic binder had been removed from the composite
by chemical etching in boiling hydrochloric acid (HCl). Both specimen showed
mechanical spectra with low internal friction intensity below 1000K and no relaxation
peak P1. This latter attribution of the relaxation peak P1 to the cobalt phase has
also been confirmed in the present study by results presented in Section 3.3.1. In the
previous studies [11, 131], the peak P1 was observed to disappear after annealing
above 1200K. Some studies seem to show that this peak shifts to higher temperature
and gives rise to the peak P2 [28]. The peak P1 could only be restored after a long
annealing of 72 hours at 1000K. Surprisingly, this behaviour of the peak P1 is not
observed in the samples used for this study. After annealing above 1050K, a slight
shift of this relaxation peak towards higher temperatures can be observed but it
remains always present.

II The second domain is between 1050K and 1200K and is related to the second
relaxation peak. For the relaxation peak P2, the temperature position of the peak
P2 at 1Hz and for WC-6wt.%Co and WC-10wt.%Co compositions is 1125K and
1160K respectively. As the peak P1, the peak P2 is attributed to the cobalt phase of
WC-Co. Samples consisting solely of the WC tungsten carbide skeleton (either by
sintering or chemical etching) do not produce a relaxation peak in the temperature
range mentioned. The studies conducted by Mari [28] have shown that the peak P1
may turn into a higher temperature peak. That is the peak P2 of this study (same
temperature and frequency range for a similar composition). The transition between
these two relaxation peaks indicated therefore that both should be attributed to the
same type of defect.

III The last domain starts above 1200K and is related to the third relaxation peak P3.
This third peak is located at approximately 1300K for measurements at 1Hz and
does not seem to depend on the cobalt content. It is associated with grain boundary
sliding of the WC hard phase [130].
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It is then possible to link these different temperature domains to the mechanical behaviours
of tungsten cemented carbides cutting tools. During cutting, the different damping
phenomena highlighted before and attributed to the peaks P1, P2 and P3 will be activated
due to the temperature and they will control the mechanical properties of the WC-Co
material.Thanks to three point bending tests [37], it has been shown that WC-Co exhibits
three specific mechanical behaviour domains related to the temperature:

• Elastic and brittle behaviour (up to 775K)), corresponding to low internal friction
values before the peak P1.

• Tough and limited plasticity behaviour (between 775K and 1075K), related to the
region of the peak P1.

• Creep behaviour (above 1075K), corresponding to temperature beyond the peak P2
where the values of internal friction increase strongly.

By comparing the model of mechanical behaviour with that of internal friction (linked
to the microstructure of the material), it can be seen that the transition temperatures
between the different domains are linked to the microstructure and the composition of the
cobalt binder. This observation provides a solid foundation to base the search for improved
cemented carbide cutting tools on the composition and microstructure of the cobalt binder.
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3 Experimental Results and Observations

In this chapter, the experimental observations are reported. First, the preliminary results
that defines the main lines of study for this work are presented. Those first results consist
on a comparative study highlighting the most influential parameters for the durability of
cutting tools. The internal friction spectra of the cemented carbides are then presented.
Particular emphasis is placed on the study of the properties of the cobalt binder. A
complementary analysis by internal friction of the effects of the magnetic field is also shown.
As the analysis of the internal friction spectra of cemented carbides can be difficult, it is
essential to associate complementary studies to mechanical spectroscopy. The choice of
electron microscopy in this case proves to be judicious since it allows direct characterization
of the materials and their evolution.

The materials studied in this work are based on already existing cutting tools produced
by Lamina-tech. A first matrix of experiments (Table 3.1) has been developed to explore
different grades of cutting inserts. This samples matrix allows probing their different
characteristics (matrix grades, and architecture, composition and thickness of the coatings).

Coating properties Cutting inserts
Architecture Composition Thickness

Bi-
layers

Multi-
layers

Comp.1
of type
TiAlN

Comp.2
of type
TiAlN

Comp.3
of type
TiAlN
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o X X Thick.1 Sample 1
X X Thick.2 Sample 2
X X Thick.3 Sample 3

X X Thick.4 Sample 4
X X Thick.5 Sample 5

W
C

-1
0w

t.%
C

o

X X Thick.6 Sample 6

X X Thick.7 Sample 7

X X Thick.8 Sample 8

Table 3.1: Samples matrix of the cutting inserts produced by Lamina-tech and used in this
work. This study, aiming at enhancing the durability of the cutting inserts manufactured
by Lamina-tech, focuses on all the parameters that can intervene in the tool-life, i.e. bulk
properties of various grades, coating architecture, coating composition or coating thickness
(n.b. the informations are encoded to insure confidentiality).
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3.1 Durability and Tool-life
A first measurement campaign, based on the experience matrix of Table 3.1, was conducted
to test the tool-life of the corresponding cutting inserts in real machining conditions. Two
tests were developed by our industrial partner. They consist in a shock test and a rapid
wear test conducted on 42CrMo4 chromium-molybdenum steel workpieces. The exact
conditions of these tests are presented in sections 2.1.2 and 2.1.3 respectively, and are
briefly recalled below.
The cutting tool-life is determined by the shock test until the tools break, by repeated
measurements. The observed failure mechanisms of the inserts were flaking, chipping and
breaking. All shock resistance performances for turning inserts are presented in the Figure
3.1. Some of the corresponding inserts evolution images and failure images are presented
in the Appendix 4.5.

Figure 3.1: Machining performance in shock test consisting on turning with interrupted
cuts for turning samples. All values correspond to mean behaviours and their reported
errors to one standard deviation.

The resistance to tool wear of the cutting inserts were determined by the "facing until
the center test" until the tools break, by repeated measurements. This consists of the
inserts rapid wear under extreme machining conditions and at high speed. The observed
failure mechanisms of the inserts were built-up edge, coating flaking and insert breakage,
as reported in the Appendix 4.5. As it can be seen on the wear resistance results on the
Figure 3.2, there is limited discrepancy between the resistance time to rapid wear. These
results do not make it possible to determine the parameters influencing wear resistance,
and were therefore not used in the comparative study presented below.

Figure 3.2: Machining performance in rapid wear test consisting on turning a workpiece at
high cutting speed. All values correspond to mean behaviours and their reported errors to
one standard deviation.
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3.2 Comparative study

A first part of this work consists into a comparative study between the tool-life of the
cutting inserts and various properties. The interest is to test coatings properties, bulk
characteristics and mechanical properties and compare them to the tool-life of the cutting
inserts. This step aims at defining the most influential parameters in machining performance.
It serves then as an indicator for further investigations and development on cutting insert
quality improvement.
Hereafter the influences of coating hardness, coating residual stress, coating friction
coefficient, coating thickness and bulk defects microstructure dynamics are compared with
the tool-life presented above in Figure 3.1.

3.2.1 Friction tests

A tribological study was carried out in order to determine the evolution over time of the
coefficient of friction (COF) of the inserts as a function of their PVD coatings. By finding
patterns of behaviour in the COF evolution and by comparing these results with those
of the tool life, it is possible to determine whether the surface parameters influencing
tool friction also have an influence on the durability of cutting tools. Parameters such as
texture and roughness, the composition of interacting surfaces and other tribological and
environmental properties could thus reveal their importance for the durability of coated
tools.
The first part of this tribological study thus consists in analyzing the evolution of the
coefficients of friction for all the available samples. The example of a COF vs. time curve
for a low load of 2 N and a test duration of 500 seconds is shown below in the Figure 3.3.

Figure 3.3: Evolution of the friction coefficient as a function of time measured on a linear
tribometer. The ball used as sliding material is a 3 mm diameter 100Cr6 steel ball. The
applied force is 2N. The samples are industrially produced cutting tools with different
PVD coatings.

Through the evolution of the coefficient of friction as a function of time, two to three
distinct steps were highlighted for all the coated inserts:

1. A first step corresponds to the sudden evolution of the friction coefficient during the
first moments of friction. This mainly consists in an increase in friction. It can be
explained by shocks between the asperities of both surfaces. This process ends when
the surfaces in contact are more homogeneous in terms of surface roughness.
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2. In a second step, the coefficient of friction stabilises as a result of the adjustment of
the friction interface. This is the stationary behavior.

3. A third step sometimes occurs. This corresponds to a strong perturbation of the
friction coefficient curve over time, which can be caused by changes in contact
conditions at the interface through debris flow. This step is not taken into account
in the comparative analysis.

The second part of this tribological study aims at comparing the patterns of COF behaviour
with the tool-life for all the differents coated inserts. Only the values that are useful for the
comparative study of tool durability are reported below in the Table 3.2. The corresponding
curves can be found in the Appendix 4.5.

Coefficient Of Friction (COF)
COF [ ] COF evolution COF [ ]

over time [s−1] (**)

Sample Unsteady behaviour Unsteady behaviour Stationary behaviour
( early begining Step 1.*) ( Step 1. ) ( Step 2. )

Multilayer coating 1 0.47 ± 0.05 ( 0.74 ± 0.31 )·10−3 0.53 ± 0.05
Multilayer coating 2 0.48 ± 0.02 ( 1.87 ± 0.95 )·10−3 0.60 ± 0.06

Bilayer coating 1 0.53 ± 0.04 ( 3.23 ± 3.12 )·10−3 0.53 ± 0.03
Bilayer coating 2 0.47 ± 0.05 ( 2.28 ± 1.03 )·10−3 0.46 ± 0.02
Bilayer coating 3 0.51 ± 0.07 (-0.83 ± 1.25 )·10−3 0.55 ± 0.09

Table 3.2: Coatings friction coefficient values for turning samples as function of their
coating. All samples are made out of WC-6wt.%Co. Their coating is of CrN/AlTiN type
and were produced by an Arc-PVD technique with various thicknesses between 4 and 12
μm. The PVD coatings are either multilayer or bilayer. All values correspond to mean
behaviours and are reported with one standard deviation. (*)The unsteady behaviour
of step 1 corresponds to the initial evolution of the COF over less than 10 seconds. (**)
The COF evolution in the step 1 represents the slope of the coefficient in the unsteady
behaviour. The higher the value, the greater the increase in the coefficient of friction over
time.

It is generally reported [17] that coated hardmetals have a relatively low coefficient of
friction of about 0.2 in tribological test against steel without lubricant, while typical steel
against steel values of about 0.4. Kagnaya [35] reported medium values for coefficient of
friction of about 0.5 in tribological test of uncoated WC-6wt.%Co against steel without
lubricant. In this study, it was suprisingly observed that the values of coefficients of
friction were equivalent to the one of uncoated cemented carbides. The values observed
in stationary behavior for the different coatings are between 0.4 and 0.6. These medium
values correspond to the observations of other works [133, 134] for Ti35Al65N or ZrN

coatings, respectively. Therefore, this seems to indicate a particular condition of the surface
states of the studied cutting-tools.

A potential approach to increasing the durability of cutting tools would therefore be to
investigate the surface condition of the PVD coatings used by improving their resistance
to wear and their induced friction. In particular, it is known that the HiPIMS physical
vapour deposition technique produces coatings with finer grains than conventional cathode
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arc-evaporation method [135, 136]. However, such techniques implementation goes beyond
the scope of this study.
The results of the comparison of COF behaviour models with tool life did not show any
direct correlation between the coefficient of friction induced by the different coatings and
the overall tool-life of the cutting inserts. These comparisons are shown in Figures 3.4, 3.5
and 3.6, for the stationary behaviour of step 2, for the initial COF evolution in step 1 and
for the average COF value in step 1, respectively.

Figure 3.4: Comparison for turning samples of the machining performance with the coatings
friction coefficient for the stationary behaviour of step 2 reported in Table 3.2. No direct
correlation highlighted. All values correspond to mean behaviours and their reported errors
to one standard deviation.

Figure 3.5: Comparison for turning samples of the machining performance with the
evolution of the coatings friction coefficient for the unsteady behaviour of step 1 reported
in Table 3.2.No direct correlation highlighted. All values correspond to mean behaviours
and their reported errors to one standard deviation.

Figure 3.6: Comparison for turning samples of the machining performance with the mean
value of the coatings friction coefficient for the unsteady behaviour of step 1 reported in
Table 3.2. No direct correlation highlighted. All values correspond to mean behaviours
and their reported errors to one standard deviation.
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3.2.2 Mechanical properties and characteristics of the coatings

In this Section, coatings mechanical properties (i.e. hardness, elastic modulus, and residual
stress), and coating characteristics (i.e. architecture, thickness) are investigated. Each
studied properties is then compared with the durability of the cutting inserts defined by
the tool-life in extreme shock tests reported in Sections 2.1.2 and 3.1 above. This makes it
possible to highlight (or not) the influence of each parameter on the tools durability and
thus to motivate further investigations.

Hardness and Elastic modulus

Transition metal carbides and nitrides as TiN, or even more TiAlN, show excellent prop-
erties such as high hardness or high melting point, making them excellent coatings for
cutting applications [8, 99]. Hard and wear-resistant thin films are essential for the carbide
and cemented carbide industry to ensure the quality of the cutting tools they produce.
Nanoindentation tests allowed to determine the values of elastic moduli and hardness of
the various CrN/TiAlN-type PVD coatings. The method used for the analysis of nanoin-
dentation curves (i.e. force applied by the Berkovich Diamond indenter vs. penetration
depth) is the standard Oliver and Pharr method reported in the Section 2.3.2. In order
not to affect the nano-hardness measurement with the properties of the bulk material
underneath the coating, practice requires that the indentation does not exceed 10 percent
of the total thickness of the layer. Also, due to the high roughness of the PVD coatings on
the studied samples, it was necessary to ensure a uniform and smooth surface finish on
surface portions large enough to perform an indentation. Before each nanoindentation a
soft polishing process was conducted (c.f. Section 2.3.2 for the experimental methodology).
Ten indentations at arbitrary locations on the adequately homogeneous and smooth coated
surface were made and averaged. Appendix 4.5 illustrates some surface states marked by
Berkovich indentations and the corresponding nano-indentation curves.
As shown in Figure 3.7, the nanohardness values are not directly correlated to the values of
the tool-life measured in shock-tests and reported the Figure 3.1. The obtained nanohard-
ness are of the same order of magnitude for the different studied PVD layers. The same
lack of correlation is observed for the elastic moduli of the different coatings, as illustrated
in the Figure 3.8 below.

Figure 3.7: Comparison for turning samples of the machining performance with the coatings
hardness. No direct correlation highlighted. All values correspond to mean behaviours and
their reported errors represent one standard deviation.
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Figure 3.8: Comparison of the machining performance with the coatings elastic moduli
for turning samples. No direct correlation highlighted. All values correspond to mean
behaviours and their reported errors represent one standard deviation.

Thickness and Architecture

For coatings, the characteristics of the architecture and thickness are also studied in Figure
3.9. It can be noticed that multilayer coatings induce better overall performance. Taking
this last factor into account, it can also be noted that the thinner the coatings are, the
better their tool-life in shock-tests.
The observations in the Figure 3.9 below clearly show the advantages of multilayer coatings
compared to bilayers, as also reported in the literature [84, 137, 138, 139]. It is known that
multilayer and multicomponent coating systems offer improved performance in tribological
applications such as cutting tools, and especially when these coatings contain multiple
layers with thicknesses in the nanometre range. The use of different compositions as well as
multiple layers for coatings is a natural step induced by the need for compatibility between
the different systems considered and sometimes their contradictory requirements. First,
there is the interface between the coating and the workpiece, where adhesive or abrasive
wear, corrosion and oxidation can be observed. Then there is the coating and its physical
characteristics with its hardness, fatigue resistance, internal stresses and toughness. Finally,
there is the interface between the coating and the substrate material, where layer adhesion,
substrate/layer interactions and inadequate thermal expansion must be taken into account.
The use of a single coating therefore quickly becomes an insoluble problem for cemented
carbide tools with regard to their extreme and highly variable operating conditions. The
design of multilayer coatings makes it possible to meet each of these requirements, mainly
considering the coefficients of chemical bonding and thermal expansion between each
system.
Surprisingly, it can be seen from the results in the Figure 3.9 that the performance of the
cutting tools decreases as the thickness of the PVD layers increases. These observations
suggest that increasing the thickness of thin layers induces a more brittle coating material,
which would imply a boundary on the coatings thickness. This is contrary to the results of
other research [140, 141, 142], which observes an increase in tool life with an increase in
layer thickness, often correlated with a slight increase in hardness. However, an optimum
layer thickness for tool life can exist as reported by [143], which may explain the latter
observations.
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Figure 3.9: Comparison for turning samples of the machining performance with the coatings
thickness and its architecture. Multilayer samples are highlighted in grey, while bilayer
samples are left uncoloured. An indirect correlation between thickness and tool life can
be observed by taking into account the fact that multilayer coatings have better overall
performance. All values correspond to mean behaviours. The reported errors represent one
standard deviation for the tool-life measurements. For the thickness, the errors correspond
to overestimations taking into account half of the precision given by the manufacturer. (n.b.
the informations are encoded to insure the confidentiality of the production of Lamina-tech).

Residual stresses in coatings

The residual stress state of a coated cutting tool greatly influences its fatigue resistance,
performance and tool-life [87]. The stresses in a thin layer can be either compressive or
tensile. In the case of thin PVD layers for the cutting tools industry, the residual stresses
originate from various sources [144]:

• Residual stresses induced directly during deposition. This is known as intrinsic
growth stress, which can result from defects induced by the energy of the particles
bombarded by the PVD plasma, or from phase transformations or chemical reactions
during deposition.

• Thermally induced stresses resulting from temperature changes and differences in the
coefficient of thermal expansion between the PVD coating material and its substrate.

• Residual stresses induced during the use of cutting tools due to differences in thermal
and mechanical properties between the substrate and the PVD coating material.

Due to the important mechanical external stresses and the high thermal loads induced by
the machining processes, it is known that compressive residual stresses are advantageous
for cutting tools. Compressive stresses inhibit the nucleation and propagation of cracks,
which is the opposite of tensile stresses that facilitate crack initiation, stress corrosion and
decrease fatigue life [144, 145, 146]. There is, however, an upper limit where excessive
residual compressive stress would lead to embrittlement of the coating [145, 147].
The residual stress of the different coatings is determined by the Sinus-Square-Psi method
(Equation 2.10) through an X-ray diffraction technique and their values are reported in the
Figure 3.10 below. All measurements take into account the diffraction peak of TiN (420)
at 2θ ≈ 108.2 degrees for different omega inclinations. The omega angles range from 10 to
45 degrees each 5 degrees increment. Diffractograms fitting and analysis are performed
with the help of the HighScore Plus Panalytical software. The evolution of the d-spacings
as a function of the different omegas can be analysed by linear regression to determine the
residual stresses of the layers. The reader is invited to refer to the Section 2.6.2 for the
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presentation of the used techniques and notations. All tested coatings exhibit compressive
stresses and are therefore well suited to their intended use. However, no direct correlation
could be determined between the measured residual stress values and the tool-life of the
cutting tools.

Figure 3.10: Comparison for turning samples of the machining performance with the
coatings residual stress. No direct correlation highlighted. All values are determined
through formula 2.10 and by linear regression of the evolution of the d-spacing as a function
of the omega inclinations. The reported errors represent the combined uncertainties
resulting from the equation 2.10. (n.b. the informations are encoded to insure the
confidentiality of the production of Lamina-tech).

3.2.3 WC-Co bulk mechanical characteristics

Cobalt microstructure properties

The analysis of the spectra obtained by mechanical spectroscopy gave some unexpected
results. In the 1 Hz frequency range, a mechanical damping peak P1 is detected between
900K and 920K for all samples as illustrated in the Figure 3.11. The relaxation peak P1 is
related to the properties of cobalt and the dynamics of the defects it contains. Therefore,
the addition of a coating to the surface of the material should not impact the characteristics
of this peak. However, it was observed that the P1 peak is systematically shifted to lower
temperature for samples where the thin film is deposited.

Figure 3.11: (Comparison of IF measurements between coated and uncoated WC-6wt.%Co
specimens.
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The comparison between the tool lifetime and the cobalt properties studied by mechanical
spectroscopy was made by defining the variation of the peak P1 position between a coated
sample and its uncoated reference. This gives the temperature position shift of the peak
P1 induced by each of the coatings. In the figure 3.12 below are reported all the variations
in the positions of the P1 peaks as a function of their coating. These values are compared
with those of the tool-life of the corresponding cutting tools. Interestingly, this peak
shift is correlated to the tool-life: the greater the peak shift, the longer the tool-life. It
demonstrates a direct link between the tool-life, a macroscopic property, and the damping
capacity of the material, a microscopic property.

Figure 3.12: (Comparison of the variation of the position of peak P1 for various PVD
coating grades (according to their WC-Co reference) with the lifetime of cutting tools
measured on a test bench. A direct correlation between a macroscopic property (the
tool-life) and a microscopic property (the Cobalt microstructure properties corresponding
to the peak P1) could be highlighted. The errors reported for the temperature shift of
the P1 peaks are estimated on the difference between several numerical fitting models, i.e.
between a fitting according to the Debye model and a fitting according to a Lorentzian
model. (n.b. the informations are encoded to insure the confidentiality of the production
of Lamina-tech).

3.3 Microstructural defects dynamics in the cobalt phase

The various comparative studies presented above show that the performances of the
cutting tools might be determined by the cobalt microstructure. Therefore, most of the
following part of this study is dedicated to the investigation of the cobalt microstructure
by mechanical spectroscopy and by transmission electron microscopy.

3.3.1 Reference Internal Friction Spectra for different Cobalt Contents

The phases which constitute the WC-Co composites regulate their anelastic properties
through the relaxation mechanisms which occur inside each phase. The initial cobalt
content defines the dimensions of the binder areas of the composite but also the thickness
of the metallic binder between the WC grains [127]. The cobalt content should therefore
play a role in the defects dynamic.
As explained in the Section 2.7.4, for all WC-6wt.%Co and WC-10wt.%Co specimens, the
characteristic IF spectra measured in the 700K–1350K temperature range exhibit three
peaks: P1, P2 and P3. The spectra were deconvoluted with three Debye peaks and an
exponential background. The presence of a high temperature/low frequency exponential
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background reflects the presence of at least one relaxation peak at very high temperatures.
The IF peaks P1 and P2 show a dependence on the cobalt content of the samples as visible
on the Figure 3.13. The higher the cobalt content, the greater the intensity of the peaks.
Compared to the spectrum of the WC-6wt.%Co sample, the amplitude of the internal
friction at high temperature of WC-10wt.%Co is decreased after the second peak P2.

For the uncoated reference samples, at 1 Hz, the intensity of the peak P1 increases from
5.7 · 10−3 to 8.5 · 10−3 for the samples with 6wt.% Co and 10wt.% Co, respectively. It
increases from 1.1 · 10−2 to 2.1 · 10−2 for the peak P2. For the uncoated reference samples,
at 1 Hz, the peak P1 appears at about 920 K and P2 at about 1130 K for specimens
with 6wt.% Co (Figure 3.14) and respectively at about 945 K and 1165 K for samples
with 10wt.% Co (Figure 3.15). The third peak P3, partially visible on IF spectra, can be
fitted at 1300 K for WC-6wt.% Co and at 1350 KWC-10wt.% Co specimens. There is a
relative uncertainty about the temperature position of the relaxation peak P3, especially
for the 6 weight percent cobalt sample. The 1300K position option is an extrapolation
from the Arrhenius diagram of the peak position for a frequency of 1Hz for an uncoated
WC-6wt.%Co. The Arrhenius diagram concerned is obtained after several frequency scan
measurements of the internal friction and after annealing at 1350K. An ageing effect with
cobalt infiltration between the WC grain boundaries is therefore not excluded. It can also
be noted that the position at 1350K is satisfactory for the measurements on WC-10wt.%Co
and a similar fitting was found for other similar samples.

Figure 3.13: Internal Friction spectra of WC-Co samples with different binder contents,
respectively 6 and 10 weight percent cobalt. The Internal Friction is measured as function
of the temperature for periodic stresses at 1Hz. Three relaxation peaks and one exponential
background are observed.
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Spectra obtained at lower frequencies (see Figure 3.23) indicate that P3 is a well-defined
peak. It has been observed that the peak P1 is sensitive to heat treatments; this may
indicate a metastable nature. Thereby, all analyses of this peak have been carried out after
three annealing processes at 1050 K of several hours inside the torsion pendulum. This
stabilisation process presented in Section 2.7.4 will be fully discussed hereafter.
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Figure 3.14: Internal friction spectrum of an uncoated WC-6wt.%Co sample measured
between 700K and 1350K at 1Hz in a torsion pendulum in forced mode. The measurement
was performed with a torsional strain of 5 · 10−5 with a ramp of 1 K/min. The spectrum
deconvolution by three Debye relaxation peaks and an exponential background is presented.
This reference IF spectrum is established during a temperature heating ramp, after a
so-called stabilisation process defined in Section 3.3.2. After these annealing stabilisation
steps, the observed relaxation peaks are fully repeatable within the same test temperature
ranges.
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Figure 3.15: Internal friction spectrum of an uncoated WC-10wt.%Co sample measured
between 700K and 1350K at 1Hz in a torsion pendulum in forced mode. The measurement
was performed with a torsional strain of 5 · 10−5 with a ramp of 1 K/min. The spectrum
deconvolution by three Debye relaxation peaks and an exponential background is presented.
This reference IF spectrum is established during a temperature heating ramp, after a
so-called stabilisation process defined in Section 3.3.2. After these annealing stabilisation
steps, the observed relaxation peaks are fully repeatable within the same test temperature
ranges.

3.3.2 Stabilisation processes

An ideal composite material for cutting tool applications in machining should have its
different phases as stable as possible over the entire temperature and pressure ranges it
passes through. However, one can observe that the microstructure changes rapidly over a
wide temperature range. The stability of the WC-Co microstructure is ensured by carrying
out several anneals in specific temperature ranges such as 700 K to 1050 K, defining the
range of limited toughness and plasticity of WC-Co composites. In the present section, the
stability of the microstructure of the composite for temperature ranges corresponding to
the relaxation phenomena observed in cobalt are examined.
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First Cobalt relaxation process below 1050 K

As presented in Section 2.7.4, the microstructure thermomechanical stabilisation process
for the peak P1 consists of three annealing at 1050K followed by a spectrum measurement
upon cooling and heating. The following conditions were used: a torsional oscillation
frequency of 1Hz, a ramp of 1 K/min, a torsional strain amplitude of 5 · 10−5, first with a
high temperature dwell of 360 minutes, then of 120 minutes, and finally of 60 minutes.

The effects of these stabilisation phases on the internal friction and the modulus of the
WC-Co are shown in Figure 3.16. We observe several effects of annealing at 1050K. First of
all it can be seen that the P1 peak shifts towards low temperatures (from 950K to 920K)
after the first annealing. A decrease in the amplitude of internal friction above 900K is
also observed after annealing. Similar observations can be made on a WC-10wt.%Co grade.

In the set of relative shear modulus curves (Figure 3.16) two inflection points can be seen at
approximately 920 − 930K and 975K − 1000K (depending on whether the curve is before
or after annealing). By studying the relative shear modulus of the material, a generalized
hardening of the material can be seen with the increase in modulus after an initial annealing
at 1050K. This hardening corresponds to an increase in modulus of ΔG/G = 3.0% at
700K and ΔG/G = 2.2% at 1000K for a sample of WC-6wt.%Co. For a cobalt content of
10wt.%, the hardening is then 3.9% and 2.7% at 700K and 1000K respectively.

Figure 3.16: Evolution of the Internal Friction Spectra and the material relative modulus
for reference uncoated WC-6wt.%Co sample over a whole process of thermomechanical
stabilisation of the Cobalt microstructure at 1050K. The curves for "Heating 1" correspond
to the material as received. Note that the curves of the annealing 2, 3 and 4 overlap.

After these thermomechanical stabilisation processes, the internal friction spectra for
WC-Co samples showed high reproducibility and repeatability. The three anneals of
the thermomechanical stabilisation process (Heating 1, 2 and 3) are necessary to restore
the microstructure as observed on the reference Internal Friction spectra after various
treatments of the material (annealing at very high temperatures, etc.). These processes
provide thus a reliable basis for the results comparison of this study. It is interesting to
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note that the full repeatability of internal friction spectra has not been observed in previous
studies [28]. Stable characteristic states were also observed for annealing below 1100K, but
after 1200K the P1 peak disappeared and a higher temperature peak similar to the P2
peak observed in the present work appeared.

Second Cobalt relaxation process below 1200 K

The entire observation of the relaxation peak P2 requires to deviate from the conditions
defined for the thermomechanical stabilisation of the peak P1. A rise in the annealing
temperatures of the WC-Co, however, causes the relaxation peaks to shift. This cannot be
avoided, but a limitation of the measuring temperatures is necessary. It is possible to ensure
that the relaxation peak P2 can be measured completely without attaining temperatures
above 1200K. Since thermal activation shifts a relaxation peak to lower temperatures by
lowering the frequency, a frequency of 50 mHz was set to anlayse P2 instead of 1Hz.

The figure 3.17 below shows the evolution of the internal friction and relative modulus
curves for a WC-10wt.%Co sample, after it has been treated by the thermomechanical
stabilisation process at 1050K described above. However, an important point should be
noted here: the WC-10wt.%Co material used here is slightly different from the materials
used in the rest of this study as it corresponds to a different production batch. The Internal
Friction Spectra observed for this batch are similar in shape to those of the reference
material but their cobalt relaxation peaks are slightly shifted towards low temperatures
(approx. 15K).

Figure 3.17: Evolution of the Internal Friction Spectra and the material relative modulus
for reference uncoated WC-10wt.%Co sample after several annealing at 1200K. Note that
the curves of the annealing 23 and 27 overlap. Measurements are taken at 50 mHz.
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A first annealing up to 1200K called "Heating 4" is presented in Figure 3.17. It follows the
thermomechanical stabilisation treatments at 1050K. The relaxation peaks P1 and P2 are
at 900K and 1078K respectively for measurements at 50mHz, while P1 was at 930K for
1Hz measurements. After a series of anneals at 1200K (here the anneals between "Heating
4" and "Heating 23" for measurements at different frequencies), we observe a shift of the
relaxation peaks P1 and P2 towards higher temperatures. The temperature position of
P1 passes from 900K to 956K, while its amplitude slightly increases from 1.127 · 10−2 to
1.228 · 10−2.
Relative shear modulus curves of Figure 3.17, show two inflection points can be seen at
approximately 885−950K and 965K −1020K (depending on whether the curve is before or
after annealing at 1200K). By studying the relative shear modulus of the material, a general
softening of the material can be seen with the decrease in modulus after several annealing
at 1200K. This softening corresponds to an decrease in modulus of ΔG/G = 2.9% at
700K and ΔG/G = 4.4% at 1000K for the new batch sample of WC-10wt.%Co.
These observations make it possible to define two measurement procedures for the P2 peak:

• Single measurement carried out directly after a thermomechanical stabilisation process
consisting of three anneals at 1050K.

• Several observations of the P2 peak, after thermomechanical stabilisation of several
anneals at 1200K and low frequency.

3.3.3 Measurements in isothermal conditions and T-point effect

Damping phenonemon in matter can also occur at constant temperature and frequency. For
isothermal condition, Internal Friction measurements would provide significant informations
on microstructure changes such as dissolution, recrystallization or precipitation [148]. It
should be noted that the rate of temperature change dT/dt can have an impact on the
measurements of Internal Friction [129] such as those presented in this work.

Figure 3.18: Influence of the heating speed on the relaxation peak P1 of WC-Co. The
Internal Friction spectrum is interrupted by 20-minute steps at fixed temperature for each
10K steps between 850K and 1050K. The sample is a WC-10wt.%Co without PVD coating.
The (•) markers connected by dotted lines represent the values obtained in isothermal
conditions.
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To test the influence of the rate of temperature change, an experiment consisting of 10K
temperature steps followed by 20 minute annealings at constant temperature was carried
out on a uncoated reference sample with WC-Co at 10 weight percent cobalt. The points
in isothermal conditions obtained in this way can be linked to define an interpolated
isothermal Internal Friction spectrum as a function of temperature. In the case of cemented
carbides, it can be observed that the temperature rate increases the amplitude of internal
friction. The conventional curve corresponds to a ramp of 1K/min and is to be compared
with the curve under isothermal conditions, as presented in the Figure 3.18.

All of the internal friction spectra presented in this work are not performed under isothermal
conditions. Due to the extreme sensitivity of the material to high-temperature annealing,
a 20-minute annealing pause is most likely insufficient to ensure that the material finds
isothermal equilibrium. In addition, these measuring conditions impact the test time
excessively. However, it is important to keep in mind the influence of the temperature
change rate when discussing the results, referred to as the T-point effect Ṫ . This point
will be particularly interesting to discuss the evolution of the themodynamic equilibrium
during the microstructural rearrangement.

3.3.4 Thermal activation of cobalt-related relaxation processes in the
WC-Co

Internal friction measurements carried out as a function of temperature at different fixed
frequencies allow to test the thermal activation of relaxation peaks. Note that thermal
activation determines whether the relaxation time of an internal friction peak depends on
temperature.

Figure 3.19: The internal friction peaks P1 is thermally activated. a) Evolution of the
relaxation peak P1 related to the cobalt phase for a WC-10wt.%Co sample. The Internal
Friction spectra are measured as function of the temperature for different fixed imposed
stress frequencies. b) Arrhenius diagram corresponding to the frequency and temperature
parameters of the relaxation peak P1.
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Typically, the physical parameters of the limit relaxation time τ0 and the activation energy
of the relaxation phenomenon Eact describing a thermally activated peak are determined
using an Arrhenius diagram by assuming an exponential temperature dependence of τ as
denoted by the Equation 2.19.
Figure 3.19 reports some measurements taken for the relaxation peak P1 between 700K
and 1050K for a cemented carbide with 10 weight percent cobalt. The peak activation is
clearly visible and the same observations are found on samples with a 6 percent cobalt
content. The parameters of the relaxation peak maxima in Figure 3.19(a) are reported in
the Arrhenius Diagram in 3.19(b) relating the frequency to the inverse of the temperature
of the peaks. The annealing effects can here be regarded as negligible since the temperature
range used is that corresponding to the "stabilisation process" by annealings at 1050k.
In view of the results of the Arrhenius model for the analysis of the thermal activation
of the relaxation peak P1 reported in 3.19(b), a clear conclusion is that the activation
energy obtained has no physical meaning. Using the Arrhenius model, we obtain that the
thermal activation energy corresponds to Eact = 11.01eV/atom. This exceeds any value
that could have been expected as reported in the Table 3 in the Introduction Section of
this work. It is also noticeable that the limit relaxation frequency is too high being of the
order of ν0 ≈ 1058 1/s, whereas in reference the Debye frequency is νD ≈ 1013 1/s. These
are therefore apparent values and do not allow adequate conclusions to be drawn.

Similar investigations were carried out around the relaxation peak P2 between 800K and
1200K to test the thermal activation, as reported in Figure 3.20(a) and (b). To achieve
this, the analyses had to be carried out at very low fixed frequencies (50 MHz to 500mHz)
in order to ensure sufficient coverage of peak P2.

Figure 3.20: The internal friction peaks P2 is thermally activated. a) Evolution of the
relaxation peak P2 related to the cobalt phase for a WC-10wt.%Co sample. The Internal
Friction spectra are measured as function of the temperature for different fixed imposed
stress frequencies. b) Arrhenius diagram corresponding to the frequency and temperature
parameters of the relaxation peak P2.
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Again for the relaxation peak P2, it can be seen from the Arrhenius diagram 3.20(b) that
the activation energy and the relaxation time are only apparent values with no physical
relevance. The activation energy of peak P2 of Eact = 5.06eV/atom is more realistic than
that of peak P1 but remains high. The relaxation frequency is also implausible with
ν0 ≈ 5.45 · 1021 1/s.

These first non-conclusive analyses provide the motivation for further measurements on the
thermal activation of the relaxation peaks P1 and P2. The best measurement strategies
are as follows:

• For the cobalt related relaxation peak P1, and since its frequency-temperature range
does not allow it to be analysed within the frequency scan range of the instrumen-
tation (4mHz to 15Hz), several temperature scans at various frequencies had to
be performed. One considerable drawback of such a process, is its time-consuming
nature, which nevertheless represents several months of continuous measurements
with no guarantee of conclusive results.

• For the cobalt related relaxation peak P2, the optimal method is to perform frequencies
scan IF spectra at fixed temperature. A major disadvantage of such a technique is
the fact that an anneal effet will certainly occur during the measurement due to the
high temperature experienced.

These analyses are reported in the following sections.

3.3.5 Thermal activation of the Cobalt relaxation peak P1

Further analyses on the behaviour of the relaxation peak P1 as a function of temperature
and frequency have been carried out and are reported in the Figure 3.21. The measurements
were conducted at fixed frequencies between 5mHz and 5Hz upon cooling between 1050K
and 500K. Due to these particular test conditions and due to the number of spectra
obtained, the results represent more than 4 months of continuous measurements.

In the Figure 3.21, the evolution of the relative modulus and internal friction are reported.
For the peak P1, a characteristic relaxation behaviour with an IF peak and a modulus
defect is observed. It can be seen that the amplitude of the peak increases with the inverse
of the frequency, which suggests a phase transition with amplitude ≈ 1/ω. It should be
noted that each value obtained for low frequency spectra corresponds to longer integration
times than those for high frequency spectra. Such parameters are necessary to ensure an
average of at least 3 oscillations of the phase shift measurement between stress and strain.
Specifically, an average over 3 oscillations is ensured for the measurement at 5mHz, over 6
oscillations then for 10 mHz and 50 mHz and up to 150 oscillations for the measurement at
5Hz. The increase in integration time on low frequency spectra has a visible effect on their
amplitude. Low frequencies have more time allocated to establish the relaxation. This
results in relaxation peaks being more sharp at low frequencies. This indicates that the
relaxation peak P1 is time dependant, as already mentioned in the previous Section 3.3.3
on the T-point effect. During the deconvolution stages, it was therefore necessary to fit
them with Lorentz peaks and not Debye peaks as usually. However, as only temperature
and frequency parameters are used to determine the activation energy and the relaxation
time, this has no impact on the final results.
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Figure 3.21: Observed relaxation process of the cobalt phase of WC-Co during cooling
tests (a) Relative shear modulus as a function of temperature at various fixed frequencies.
Low temperature hardening and high temperature softening are observed. (b) Internal
Friction spectra as a function of temperature at various fixed frequencies. The IF peaks P1
are thermally activated, as indicated by their frequency-temperature evolution.

The analysis of thermal activation is made in Figure 3.22 by reporting the positions in
temperature and frequency of the maxima of the P1 relaxation peaks obtained in Figure
3.21(b). It can be seen from the reported peak values that the temperature/frequency
behaviour does not represent a purely Arrhenius behaviour as reported in the Equation
2.19:

τ = τ0·exp

(ΔEact

kBT

)

By observing the behaviour of the maximum of the peak while decreasing the excitation
frequency, one can notice an asymptotic behaviour for the displacement of this peak in
temperature. Such a behaviour would induce a divergence in relaxation time by lowering
the temperature. This explains why the Arrhenius model was not adapted to the behaviour
of peak P1 and only provided non-physical values.
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On Figure 3.22 it can be observed, on the other hand, that the law of Vogel-Fulcher-Tamman
(VFT) 2.22, introduced in the Sections 1.2.1 and 2.7.2, correctly fits the experimental
values. This empirical law states that :

τ = τ0exp

(
Eact

kB(T − T0)

)

Figure 3.22: Diagram for the peak P1 measured in isochronal scans. The frequency-
temperature evolution of the IF peak is fitted with the Vogel-Fulcher-Tamman law.

The Vogel temperature T0 given here defines the point at which the relaxation time diverges.
However, there is a very large uncertainty on the value T0. Several values between 675K
and 825K were tested for fitting the observations by the VFT model and all provided
suitable fits with low norm of residuals of the order of 10−1. This can be explained by the
fact that only the beginning of the asymptotic behaviour is visible on the VFT diagram.
In order to obtain a better accuracy on the T0 parameter, it would be necessary to work at
lower frequencies in order to shift the relaxation peak P1 towards the lower temperatures.
However, this is impossible given the capabilities of the instrumentation used. The exact
range of the temperature where the relaxation time start to diverge is therefore unknow.
But a possible lower limit would be the temperature of the hcp-fcc phase transition that
occurs in pure cobalt at about 680-720 K. This phase transition has been measured in
99.98% pure cobalt polycrystal around 1 Hz by acoustic techniques [26]. Again, these
observations could be confirmed as being well reproducible by equivalent measurements on
another specimen.
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3.3.6 Thermal activation of the Cobalt relaxation peak P2

The non-physical values obtained from the results in Figure 3.20 from an initial study of
the relaxation peak P2 justify the need of further analysis. In order to widen the range of
the peak P2 observations and to include the peak P3, Internal Friction measurements as
a function of frequency in isothermal conditions are carried out. The frequency spectra
for an uncoated sample of WC-6wt.%Co between temperatures of 1350K and 1000K are
shown in Figure 3.23. A cooling process with a dwell of 20 minutes precedes each frequency
spectrum.
In Figure 3.23, the presence of two peaks can be seen, the evolution of which is framed
by dashed lines in the graph. These two peaks experience a decrease in their frequency
position following the cooling process. This confirms the thermal activation of the peak P2
corresponding to the cobalt and the relaxation peak P3 corresponding to the WC carbide
skeleton. The evolution of the peak P3 is clearly visible between the dotted lines. The
evolution of the peak P2 is also clear for spectra at the lowest temperatures (1000K to
1100K) and above 1150K. However, a break in the evolution of peak P2 appears between
1120K and 1150K. The analysis of these frequency spectra is carried out by deconvolution
of the peaks P2 and P3 with a low frequency exponential background and by arbitrarily
setting a relaxation peak at very high frequencies corresponding to a peak P1. The Debye’s
model is used to fit the internal friction peaks. The deconvoluted spectra are reported in
the Appendix 4.5.

Variations in the temperature and frequency positions of P2 and P3 peaks are reported
in the Arrhenius plot in Figure 3.24. The shift of their positions serves to calculate
their activation energy Eact and the inverse of the limit relaxation frequency τ0 using
linear regressions. For the relaxation phenomenon related to the WC-WC grain boundary
sliding, values of physical meaning are obtained with an activation energy of approximately
4eV/atom and a limit relaxation time of about 1.5 · 10−15seconds. For the relaxation peak
P2 related to the cobalt phase, a remarkable fact is that the results of the measurements
under isothermal conditions suggest a transition of the relaxation time associated with a
cobalt defect between temperature ranges upper and lower of approximately 1140K. These
two behaviours are clearly visible on the Arrhenius diagram in Figure 3.24.
By increasing the temperature above 1140K, the limit relaxation time τ0 decreases from
5.68 · 10−12seconds to 4.26 · 10−13seconds. However, the delimitation between these two
behaviours is not necessarily as abrupt, the temperature steps between each spectrum
being of 25 K. Analyses using the Arrhenius diagram indicate that the activation energy
between these two behaviours of the P2 peak is equivalent. This is in good agreement
with the fact that the observed relaxation corresponds to a single type of microstructure
defect movement. An overall activation energy value close to 2.8eV/atom is obtained for
the peak P2. This value is approaching the cobalt self-diffusion energy of 2.7eV/atom and
does not seem to suggest a defect diffusion mechanism such as the diffusion of tungsten
W in cobalt with a diffusion energy of 2.45eV/atom. This would appear to be the first
experimental demonstration of such a significant change in the relaxation parameters
observed by mechanical spectroscopy. This finding explains the observation of non-physical
values in the preliminary study of the thermal activation of the P2 peak in Figure 3.20.
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Figure 3.24: Arrhenius diagram plotting the fitted parameters of relaxation peaks P2 and
P3. This diagram relates the logarithm of the frequency to the inverse of the temperature
that corresponds to the internal friction spectra of a WC-6wt.%Co sample presented in
Figure 3.23. The slope of the linear regressions indicates the activation energy Eact and
the vertical axis intercept the relaxation limit frequency τ0.

3.4 Investigations on ergodicity

From the observations made on the microstructural stabilisation annealing processes (c.f.
Sections 2.7.4 and 3.3.2) and on the strong T-point effect by Internal Friction (c.f. Section
3.3.3), it appears that the WC-Co microstructure has a important dependence on its
thermomechanical history. It is therefore judicious to wonder whether this behaviour is
linked to a fundamental thermodynamic property of materials, namely ergodicity. The
hypothesis of ergodicity for a material would require, that during its transformation, the
experimental time scale is sufficient for the system to visit all its possible states and thus
rearrange itself into a thermodynamic equilibrium [65]. On the contrary, a non-equilibrium
material (like a glass) would find its properties (like strain) and structure to be strongly
dependent on its thermomechanical history [149].

A technique is widely recognised for experimentally testing an ergodicity break within a
presumed glassy state by a historical dependence on a physical property; it is the so-called
zero-field-cooling/field-cooling (ZFC-FH)/(FC-FH) test [65, 150].
The experimental protocol for such a test is shown in Figure 3.25. The measurement
consists of transiting between the high-temperature disordered phase, which satisfies the
ergodicity hypothesis, and the low-temperature disordered phase, which does not satisfy
this hypothesis. By applying or not applying a stress field in several temperature cycles, it
is possible to determine whether a test, with defined experimental conditions, is influenced
by its preceding test, depending on whether the preceding test is under the influence of
the external field or not. Concretely, by cycling over a temperature range containing the
glass transition, a property is first tested without the effect of an external stress field.
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On the Figure 3.25, these are the processes 0 and 1, called zero-field-heating (ZFH) and
zero-field-cooling (ZFC) respectively. Then, when the sample is at low temperature in its
glassy phase, an external field is applied, and the same temperature cycle is conducted
while maintaining the external field. These cycles are processes 2 and 3, called field-heating
(FH) and field-cooling (FC). Finally, a final test is carried out by raising the temperature,
also under the influence of the external field. This last process 4 is called field-heating.

Te
m

pe
ra

tu
re

St
re

ss

0

Thigh

Process 0
(ZFH)

0

Process 1
(ZFC)

Process 2
(FH)

Process 3
(FC)

Process 4
(FH)

ZFC-FH
curve

FC-FH
curve

Tlow

Figure 3.25: Diagram of the zero-field-cooling(ZFC-FH)/field-cooling(FC-FH) test protocol.
This method is used to determine whether the ZFC-FH and FC-FH curves deviate from
each other, demonstrating a dependence of the system on its history.

Processes 2 and 4 are thereby identical, but their histories differ. Since process 1 preceding
process 2 is not under the effect of the external field, the system has no capacity to find
an equilibrium at low temperature until the specimen passes above the glass transition
temperature. On the contrary, the entire history of process 4 is under the influence of the
external field. The physical property curves measured during processes 2 and 4, called
ZFC-FH and FC-FH respectively, must therefore show a deviation from each other. If
such a case occurs, a break of the ergodicity is demonstrated. On the contrary, for ergodic
systems, no deviation would be detected [51].
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Figure 3.26: Typical (ZFC-FH)/(FC-FH) plot revealing ergodicity breaking, for systems
such as cluster spin glass [151], ferroelectic relaxor [67] or strain glass [65]. It can be
observed that the behaviour of the low-temperature frozen phase is dependent on the
measurement history of the corresponding physical property (magnetization, polarization
or strain). No deviation would be observed for ergodic systems [51].
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The characteristic result of an ergodicity break observed by the zero-field-cooling/field-
cooling (ZFC-FH)/(FC-FH) test is shown in Figure 3.26. Such measurements are, for
example, obtained for ferromagnetic [151], ferroelectric [67] and ferroelastic systems [65],
by measuring respectively the static strain curves for externally applied tensile stress, the
magnetization for applied H-field, or the polarization with a tension bias field. For such
systems showing a break in the ergodicity hypothesis, a deviation between the curves
according to their history (ZFC-FH) or (FC-FH) is indeed found.

In the case of this study on WC-Co, the physical property to be tested is strain and the field
applied according to the ZFC/FC test corresponds to mechanical stress. The investigations
were carried out in a torsion pendulum by measuring the plastic torsional deformation (or
drift on the deflection angle). The reader is invited to examine the Figure 2.20 illustrating
the angle of deflection. A torsional bias applied by the magnetic excitation coils serves as
an external stress field. Measurement conditions identical to internal friction measurements
by mechanical spectroscopy are applied for this test, including an oscillation frequency
of 1Hz, a heating ramp of 1 K/min, a maximum strain of 5.00 · 10−5 and an integration
time of 60 seconds for each measurement point. For the application of the external stress
between processes 1 and 2 of the ZFC-FH/FC-FH protocol, a torsional stress of 4.96 · 10−5

was set for the entire test with the help of a Kepco Bipolar Operational Power Supply
connected to the magnetic excitation coils.

It should be noted here that the drift measurement of the deflection angle is extremely
accurate (in the order of 10−7 radians). Particular attention was paid to stabilising this
deflection drift before the ergodicity test. This step is a tedious process. WC-Co samples
are composites with a unique morphology defined by the sintering process. Also each
of their phases expand and transform in a way that is understandably complex. A zero
deflection drift could thus never be observed despite numerous attempts. A null bias was
therefore defined when the deflection drift remained as low as possible and was repeatable
over five temperature cycles between 700K to 1050K. The reader may later refer to process
0 and 1 in Figure 3.28 (their curves have been shown to be perfectly repeatable).

A zerofield-cool/field-cool (ZFC/FC) curve measured on a WC-10wt.%Co is presented in
Figure 3.27. One can clearly observe a deviation between the two curves which occurs
around 800K. This behavior should be compared to that in Figure 3.26. Clearly, the shape
is not the same, which can be justified by the presence of residual stresses in cobalt due to
the composite nature of WC-Co. In the following Figure 3.28 all the deformation curves
are presented, to better distinguish the evolution of the deformation between the moment
when the deflection drift is stable and the moment when the external stress is applied.
One should consider that the cobalt not only bears the external stress but also that of the
carbide skeleton.

The processes 0 and 1 define perfectly repeatable reference curves of the deformation,
without a stress field. These curves were then compared to curves where an external
torsional stress is applied to the sample, in order to qualitatively characterize the evolution
of the deformation curves. Figure 3.28 shows that the first response (Process 2) of the
material to the external stress is to deform monotonously in the direction of the applied
torsional stress.
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Then, during the second heating (Process 4) the deformation goes first in the direction of
the external applied stress and then, above 900-950K, starts to diverge from the external
field direction and starts to follow the deformation observed on the WC-Co, which does
not undergo external stress (Process 0). Thus, Processes 4 and 0 have similar behaviour
at high temperature. Also we observe that the curves of Process 4 and 2 start to diverge
from each other at around 800K.

Figure 3.27: Evolution of the torsional deformation (or drift) of WC-10wt.%Co between
700K and 1050K. The corresponding measurement procotole is the (ZFC-FH)/(FC-FH)
test illustrated in Figure 3.26. Due to the extreme sensitivity of the strain detection, the
fluctuations are due to the temperature regulation fluctuations of the order of 10−1 degree.

Figure 3.28: Evolution of the torsional deformation (or drift) of WC-10wt.%Co between
700K and 1050K. The corresponding measurement procotole is the (ZFC-FH)/(FC-FH)
test illustrated in Figure 3.26.
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The deviation temperature observed at approximately 800K varies greatly from the 945K
observed by mechanical spectroscopy for the temperature position of the relaxation peak
P1. However, it corresponds well to the temperature ranges proposed for the "Vogel
temperature" in Section 3.3.5. This difference can be explained, according to the author,
by the fact that for mechanical spectroscopy tests at 1Hz, only fluctuations faster than 1Hz
would be frozen below the P1 peak temperature. The origin of this temperature difference
for a glass phase transition would therefore be found in the kinetics of the applied stress.
The situation observed during the zero-field-cooling/field-cooling test corresponds to a
temperature below that of the relaxation peak P1 at 1Hz, since the external field is a static
stress of zero frequency.

The continuous deformation experiments presented here do not correspond to the con-
ventional curves of the zero-field-cooling/field-cooling (ZFC-FH)/(FC-FH) test illustrated
in Figure 3.26. These are in fact direct susceptibility measures whose results would not
be the composition of several phases influences. The approach proposed here is therefore
not optimal, but it paves the way with promising results. However, several points remain
unaddressed :

• Despite the care taken to stabilise the deflection drift, the microstructural origin of
the deformation observed without and with the influence of the external stress field
remains uncertain. It must be realised that, since torsional deformation measurements
are conducted, the changes are not instantaneous and the material microstructure
evolves to an equilibrium position with time. It is therefore possible that the observed
deviation in 3.27 is only the incidental result of the deformation of the material over
a very long interval of time.

• The time needed to stabilise the microstructure may be reasonably unreachable (but
not impossible) even in a high temperature phase. During tests of the T-point effect
(reported in Section 3.3.3), it was observed in particular that an isothermal pause
of 20 minutes or more induced a stabilisation of the internal friction. And this for
temperature steps of 10K. Implementing such a procedure in a ((ZFC-FH)/(FC-FH)
test remains unachievable.

In spite of the limitations to verify the ergodicity breaking, the author remains convinced
of the validity of the approach due to the observation of numerous indications of the
material’s dependence on its thermomechanical history.

3.5 Magnetic study

This section attempts to determine the experimental basis for a complete analysis of the P2
relaxation peak measured at 1130K and 1165K in the 1Hz frequency range for WC-6wt.%Co
and WC-10wt.%Co respectively.

Previous mechanical spectroscopic analyses of WC-Co suggested that the relaxation peaks
P1 and P2, also observed in this work, corresponded to the evolution of the same mi-
crostructural defect [128, 27, 129, 28]. This hypothesis was motivated by the observation
of a transition from the relaxation peak P1 to peak P2 between a low temperature state
(700K to 1000K) and a high temperature state (from 1000K to 1200k). In the latter studies,
peak P1 appears in particular only after a long annealing at 1000K. However, this is not
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observed in the cemented carbides of this study.
The observed transition from a low-temperature relaxation peak to a high-temperature
relaxation peak was first attributed to a recombination of Schockley partial dilocations at
low temperature into perfect dislocations at high temperature accompanied by a change in
the concentration of tungsten solute in the cobalt binder [128, 27].

This vision was then completed by the proposal of a magnetic influence on the tungsten
diffusion within the cobalt [28]. It was suggested that the relaxation peak P2 should be
associated to a magnetic transition peak of cobalt at the Curie temperature. The length of
the dislocations would be influenced by the presence of paramagnetic and ferromagnetic
domains. An evaluation of the thermodynamic properties of Co-W-C systems using the
CALPHAD calculation method predicts the existence of a miscibility gap that occurs at the
Curie temperature between a tungsten-rich paramagnetic phase and a ferromagnetic phase
where the cobalt is purer [152, 153]. A spinodal decomposition could then be confirmed
experimentally in an indirect way by the observation of tungsten-rich compositional regions
forming bands of 5nm to 10nm in width [153]. This measurement was carried out with an
atomic probe technique in the cobalt phase of a cermet.

The magnetic interpretation of the origin of the relaxation peak P2 is thus adequately
consistent with the observations of the studies described above of the requirement for long
annealing to obtain a low temperature state (peak P1). The corresponding microstructure
would therefore be obtained by the slow diffusion of tungsten solute into the cobalt phase.
At low temperature, the presence of tungsten bands within the binder would thus constitute
barriers limiting the dislocation free length. By increasing the temperature, the high-density
tungsten bands dissolve and release the dislocations. Following the Lücke-Granato model
[154], the increase in their free length thus leads to a shift of the relaxation peak towards
higher temperatures.

Figure 3.29: Co–W system phase diagram calculated with the thermodynamic CALPHAD
method. A miscibility gap is visible. The extension of the miscibility gap is presented in
full line. The dotted line gives the Curie temperature variation with the tungsten content.
Spinodal lines are represented by the dashed lines. Reprinted from G. Ostberg et al. [153],
with permission from Elsevier.
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It is thus clear that the density of dissolved tungsten plays a determining role on the
movement of dislocations and thus on the mechanical properties of the material. The
paramagnetic phase of the tungsten-rich cobalt is favoured by a greater dissolution of the
tungsten, which also has the effect of lowering the Curie temperature.
In this study it was decided to test two characteristics of the WC-Co material:

• The Curie temperature of the WC-10wt.%Co samples was measured to determine
whether it actually corresponds to a temperature range close to the relaxation peak
P1. This magnetic transition would thus confirm that it is related to a transition
into a low-temperature ferromagnetic phase and a high-temperature paramagnetic
phase which would release the movement of the dislocations.

• A further proof of a magnetic influence on the relaxation peak P2 was searched by
internal friction measurements. Two approaches were explored: the influence of a
constant external magnetic field on the internal friction, and the influence of WC-Co
polarization on the internal friction.

3.5.1 Magnetization transition and Curie temperature of WC-Co

It was decided to measure the Curie temperature of the WC-Co using a thermogravimetric
technique, which is capable of determining the mass variation of a sample as a function
of the annealing temperature. A thermogravimeter combines a microbalance with a
furnace. In order to study the magnetic susceptibility as a function of temperature, a
powerful magnet of 0.5 T (centre value) was placed in the axis of the microbalance on
the thermogravimeter outside the furnace. In order to carry out a magnetic transition
investigation by this method, two measurements are necessary. A first measurement is
used to define a reference behaviour and is carried out with the sample holders empty. A
second measurement then takes the samples into account. The difference between these
two measurements then defines a equivalence of magnetisation.

The equipment used for this analysis is a Labsys TG-DTA/DSC thermogravimeter from
the manufacturer SETARAM. The measurements were carried out with 100 μl alumina
crucibles as sample holder and under nitrogen flow. The samples of WC-10wt.%Co were
prepared by electroerosion cutting, 705.5 mg was thus mounted in the thermobalance. A
rough estimate based on the phase diagram in Figure 3.29 would give the Curie temperature
between 1100K and 1200K. It was therefore decided to test the magnetisation of the samples
up to approximately 1300K.

Figure 3.30 reports the results obtained. Figure 3.30(a) shows the mass variation for the
reference and for the cemented carbide obtained directly by thermogravimetric analysis
during the heating phase. Figure 3.30(b) then reports the difference between these
two behaviours defining the equivalence of the magnetic behaviour. A temperature is
clearly observed above which the magnetic order disappears between a low temperature
ferromagnetic state and a high temperature paramagnetic state. We can thus define the
Curie temperature at 1130.0 ± 10.0K for the WC-10wt.%Co sample. During cooling, a
similar behaviour could be seen with a transition temperature of 1120.0 ± 10.0K. This
temperature corresponds to the temperature range that would correspond to a transition
of the relaxation time observed for the peak of Internal Friction P2 (see Figure 3.24). By
looking at Figure 3.29, one could event extrapolate the W content in Cobalt:0.08.
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Figure 3.30: Thermogravimetric analysis of the magnetic behaviour of WC-10wt.%Co. (a)
Mass variation with and without cemented carbide specimens measured on thermobalance.
The result without specimens defines the reference. (b) Difference in mass variation between
WC-Co and its reference defining a magnetisation equivalence. The intersection between
the high-temperature paramagnetic behaviour and the transition zone determines the Curie
temperature of 1130.0 ± 10.0K. These results were not repeated.

3.5.2 Effect of magnetisation on microstructural relaxation

The magnetic origin of the relaxation peak P2 was investigated by a comparative study.
Internal friction spectra were measured on a WC-10wt.% Co specimen between 700K and
1200K at a frequency of 50 mHz. This specimen was either or not under magnetic influence.
The advantage of working at low frequency is twofold. It allows the relaxation peak to be
observed in its integrality as its maximum is shifted towards low temperatures compared
to measurements at 1Hz. The temperature position of the peak being therefore around
1090K, it finds itself below the Curie temperature observed by thermogravimetry.

Two cases were considered. Firstly, the influence of polarization on the material was tested.
A specimen of WC-Co, polarised longitudinally (along the torsion axis) on a strong 0.5 T
magnet, was mounted in the inverted torsion pendulum after polarization. The internal
friction spectrum was then compared to a spectrum previously measured on the same
non-polarised specimen. Secondly, the influence of an external magnetic field was tested by
comparing measurements with and without an applied magnetic field. For this purpose two
permanent magnets were mounted on the exterior furnace chamber containing the torsion
rod (see Figure 2.20). The two magnets, each 0.35 T (centre value), induce a 0.015±0.005
T field at the centre of the torsion pendulum. The resulting spectra comparisons are shown
in Figure 3.31 and 3.32 respectively.

No noticeable difference for the Internal Friction peak P2 is found either for the polarized
sample or for the sample under the influence of an external magnetic field. Some annealing
effects were, however, observed. In Figure 3.31, annealing at 1200 K induces a marked
increase in the peak maximum temperature from 901 K to 922 K. However, this change
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was expected as explained in Section 3.3.2. In Figure 3.31 and 3.32, slight annealing effects
are also visible on the relaxation peak P2 causing a shift to higher temperatures of the
peak maximum (a few kelvins). There is therefore no visible magnetic effects on the cobalt
relaxation at high temperature, even if the variation of the relaxation time corresponding
to the Curie temperature seen in Figure 3.24 and 3.30(b) supports this hypothesis. It is
likely that the field we could apply to the specimen was too low to produce an effect. It
is also possible that the polarization could not introduce any effect either. In fact, when
an external magnetic field is applied, it was expected to observe a change in the whole
spectrum due to energy dissipation by Eddy currents. In fact, a perfect superimposition of
the spectra was observed.
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Figure 3.31: Comparative study of the effect of polarization by mechanical spectroscopy.
The same sample is measured according to whether it has been polarised longitudinally or
not. No effect on the relaxation peak P2 located at 1095K is visible.
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Figure 3.32: Comparative study conducted by mechanical spectroscopy of the effect of an
external magnetic field of approximately 0.015 T on a WC-10wt% Co sample. The same
specimen is measured according to whether it is under the influence of the magnetic field
or not. No effect on the relaxation peak P2 located at 1095K is visible.
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3.6 Transmission Electron Microscopy Study

This Section aims at identifying the microstructure of WC-Co by transmission electron
microscopy. The aim is to understand the mechanisms which could be at the origin of
the physical properties observed in the previous parts of this work. The interest is mainly
focused on the cobalt phase, since initial observations show that it plays a preponderant
role in the mechanical properties and performance of WC-Co.

It is well known that the possible crystalline structure of the cobalt are hcp and fcc. For
pure cobalt, a transition from hcp to fcc is found at around 700K [26]. The difference
between these crystalline structures can be represented by the formation of a stacking
fault every three dense planes resulting in a hexagonal structure. The literature spec-
ifies well what could be the defects observed in the cobalt phase of cemented carbides
[26, 130, 132, 36, 37, 27]. In WC-Co, cobalt with an fcc type structure is expected. The
microstructure should contain stacking faults, areas of hexagonal structure, partial or
perfect dislocations and twins.

Although the deformation mechanisms of fcc metals can sometimes be associated with
twinning [155], previous studies on cemented carbides and cermets have highlighted the role
played by dislocation movement in the binders and in the WC skeleton below 1050K [39].
In such previous study no areas of twins were found in the binder phase, but rather areas
containing stacking faults bordered by partial dislocations before and after deformation.
These stacking faults are the result of dissociation of perfect dislocations into partial
dislocations. This dissociation is due to the low stacking fault energy of the fcc phase which
is 13.5mJ/m2 around 800K and 18.5mJ/m2 around 1000K [156]. It therefore increases in
fcc materials with the temperature and start to favor perfect dislocations. In hcp materials,
this stacking fault energy is found to be 31 mJ/m2 at room temperature [156]. This
prevalence explains therefore the high stacking faults density observed so far in WC-Co
materials.

On the basis of these considerations, two approaches were pursued. Firstly, TEM observa-
tions at ambient temperatures were carried out to establish the structural and microstruc-
tural origin of the variations observed by mechanical spectrometry on the specimens of
this study. In particular, it was found that the internal friction peak P1 observed on these
specimens showed perfect repeatability, whereas successive anneals tended to suppress
this peak in previous studies [11, 131] (see Section 2.7.4). Secondly, a series of in-situ
TEM observations between 550K and 1100K were carried out in order to determine the
high-temperature dynamics of the defects contained in the cobalt phase. These results are
reported in the following sections.

3.6.1 Microscopic study at room temperature

The samples used for TEM investigations at room temperature are WC-10wt.%Co cemented
carbides previously tested by mechanical spectroscopy up to 1050K. A lamella of the material
was cut and thinned using a Focused Ion Beam (FIB) technique, in a Zeta FIB column
from Zeiss. As enormous residual stresses exist within the composite, the thinning of the
FIB lamella was therefore stopped as soon as the first bending of the material appeared.
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It is essential to maintain the state of internal stresses and to disturb to the least extent
the microstructure present in the cobalt phase surrounded by the carbide grains. This
methodology still ensured sufficient electron transparency for the TEM analysis on a FEI
Talos with a 200 kV acceleration voltage. A standard double-tilt sample holder was used
in the TEM.

Figure 3.33: Examples of the microstructure of the cobalt phase in a WC-10wt.%Co
observed by TEM in brightfield mode at room temperature. The specimen was previously
tested by mechanical spectroscopy up to 1050K. The cobalt phase can be seen in light
contrast and the WC phase in dark contrast. Cobalt nanodomains misaligned with respect
to each other containing nano-twins are visible. The example of a nanodomain is highlighted
in green in the third micrograph.

The Figure 3.33 presents representative micrographs of the cobalt phase in WC-10wt.%Co
made at room temperature. Three micrographs of cobalt zones are shown in brightfield
mode, with the cobalt phase in light contrast and the WC phase in dark contrast. These
TEM observations reveal that the Co phase is not present in the crystalline form usually
found in cemented carbides. While cobalt grains of several tens of micrometres in size with
a long order fcc phase containing a dense network of staking faults forming hcp monolayers
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were expected, cobalt is here present in the form of polycrystalline nanodomains with an
fcc structure. These nanodomains are twinned with respect to each other, which blocks
this particular structure. The size of these nanodomains is comprised between 50 nm and
100 nm. In addition, a high density of nano-twins was observed. The cobalt twins are
identifiable by contrast through the long, parallel streaking patterns formed within the
nanodomains. The twins width is of the order of several nanometers. Those microstructural
defects are present even if the specimen has been annealed at 1050 K. Their stability would
therefore be ensured by the excessive energy required for their recombination.
The streaks observed in the cobalt phase of the Figure 3.33 could also have corresponded
to stacking defects forming monolayers of hcp structure. However, their identification as
twins in a fcc cobalt structure was confirmed by a Electron Diffraction Pattern (EDP)
reported in Figure 3.34. In particular, double diffraction spots (encircled in the EDP) are
the characteristic feature of twins in the crystalline structure.

Figure 3.34: Electron Diffraction Pattern (EDP) of a cobalt grain. Diffraction spots
corresponding to the fcc phase are observed with in particular a double diffraction spot
characteristic of the presence of twins in the crystal structure. Double diffraction spots are
encircled in the EDP.

A complete analysis of a Cobalt grain is presented in Figure 3.35. Observations in brightfield
mode are presented in Figure 3.35(a) and with a weakbeam technique in (b) which allows a
better distinction of the microstructure defects. In 3.35(c) and (e) the Electron Diffraction
Pattern (EDP) of the cobalt grains is presented. The darkfield mode micrographs given in
3.35(d) and (f) are obtained from the encircled Selected Area of the corresponding Electron
Diffraction Pattern (SAED), respectively (c) and (e). The selection of the diffraction spots
thus highlights the twins defects by a strong contrast. The misorientation between the
cobalt nanodomains is also clearly shown.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.35: TEM analysis of the microstructure of a cobalt grain in a WC-10wt.%Co (a)
Micrograph in brightfield mode (b) Micrograph in weakbeam mode (c)-(e) Electron Diffrac-
tion Pattern of the cobalt grain (d)-(f) Micrographs in darkfield mode corresponding to the
encircled Selected Area Electron Diffraction Pattern (SAED) of (c) and (e) respectively.
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3.6.2 In-situ microscopic study at high temperature

The high temperature in-situ TEM observations allow to track the movement of the
microstructure defects in the cobalt phase when increasing (or decreasing) the temperature.
The phenomena observed correspond to the detwinning in the cobalt nanodomains, and to
the formation of a long order phase of fcc structure.
This experiment was performed with the help of a heating sample holder which, however,
only incorporated a simple tilt. The observations were continuously recorded on the TEM
computer program to produce videos of the microstructure evolution.

The micrographs of Figure 3.38 were generated by using one of the spots associated with
a twin barrier in dark field. One of the twinning spots was selected for the entire in-situ
experiment. The brigth-dark contrast visible on the microgaphs is associated with the
internal twins of the cobalt grains corresponding with the diffraction spot.
The microstructure remains stable from 550K to approximately 700K. At 735K, the first
detwinning processes at small scale were observed and continued to accumulate at low
rate until the creation of detwinned zones clearly visible at 916K (see Figure 3.38(b)). No
movement of wide detwinning fronts is so far observable, the detwinning process takes
place by accumulation at fixed locations.
The detwinning can take place either by the formation of jogs or ledges since two different
types of fcc twins exist: the (111) type or the (211) type [155, 157, 158]. The ledge
corresponds to a (211) type twin in the cobalt of fcc structure, it is a semi-coherent
twin. The jog corresponds to a (111) type cobalt fcc twin, it is a coherent twin. They are
associated with different partial dislocations and different energies. The (211) semi-coherent
twin have a higher associated energy, implying that ledges are of a more unstable and
more mobile nature. A detwinning process associated with ledge formations is considered
here. This is motivated by the observation of the detwinning angles. Abrupt angles of
approximately 90 degrees are formed between the detwinning interface and the twin lines. It
would therefore correspond to an interface that implies the presence of partial dislocations.
For instance, perfect dislocations would not create such angles.

(b)

crystal 1

crystal 2
(a)

crystal 2

crystal 1

Figure 3.36: Schematic of ledge formation by a Schockley dislocation in a twin boundary.
The burger vector �b is shown in black. A solid black line indicates the twin line and a
dotted line indicates the ledge. (a) Close view of the ledge. (b) Nucleation of a ledge with
a Schockley partial. Illustrations adapted from [159] with permission from Elsevier.
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Figure 3.37: Evolution of a cobalt grain in a WC-10wt.%Co between 700K and 1020K
showing a detwinning process. Darkfield mode micrographs obtained from a selected area
aperture placed on the twinning diffraction spot at various temperature: (a) 695K (b) 916K
(c) 950K (d) 984K (e) 1000K (f) 1001K (g) 1002K after a dwell of two minutes (h) 1017K.
Detwinning fronts are highlighted by arrows in the micrographs.



Transmission Electron Microscopy Study

At around 916K, small movements of the interfaces formed by the partial dislocations
associated with ledges are visible. These legde movements tend to accelerate around 950K
(see Figure 3.38 (c)). The movement of the ledges then continues to accelerate and reveals
entire zones of fcc cobalt without nano-twins, as can be seen at 1000K in Figure 3.38
(e). At this stage, the increase in temperature of the specimen was stopped for about ten
minutes to allow the microstructure to rearrange and find a equilibrium. It appears that
most of the cobalt zones were detwinned except for a visible nanodomain in Figure 3.38 (h).
This nanodomain containing nanotwins thus remained stable up to approximately 1017K.

(a) (b)

(c) (d)

Figure 3.38: High temperature micrographs of a cobalt grain showing a microstructural
rearrangement at the grain boundary and grain rotation. (a) Last cobalt nanodomain
containing twins at 1040K, showing an accumulation of partial dislocations at the grain
boundaries. The stacking of defects at the grain boundaries is indicated by arrows. (b) At
1041K, starting point of the cobalt grain reorientation originating from the grain boundary.
(c) Further rotation of the cobalt grain at 1047K visible by the contrast change. The
dynamics of the movement is shown by an arrow. (d) Fully fcc cobalt grain at 1090K.
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Temperatures between 1020K and 1100K correspond to a microstructural rearrangement
taking place at the grain boundary between cobalt and WC grain. This evolution is
illustrated in the micrographs in Figure 3.38. Between 1020K and 1040K, it can be
observed that defects are piling up and organising themselves at the grain boundary of the
last cobalt nanodomain containing twins. As they accumulate, the defects are incorporated
within the cobalt grain boundary. This accumulation of partial dislocations at the grain
boundaries is made visible by arrows in the Figure 3.38(a). What we see here is an
accumulation of partial dislocations at the grain boundaries along a specific glide plane.

At the grain boundary, there is free volume since it is a high angle grain boundary. Therefore
the grain boundary can incorporate the partial dislocations, which would create a more
stable structure. Even it is less stable than the coherent twin boundaries, the structure
pumps partial dislocations at the grain boundary and lowers its energy. On the Figure
3.38(b) and (c), the cobalt grain is mainly detwinned and the defects are visibly organizing
its boundary until it rotates completely the whole crystal by "reemitting" dislocations
from the boundary that form the most favorable orientation. Such dislocation emission
causes a grain rotation. On the TEM, the reorientation is visible because of an abrupt
contrast change and because of the change of the diffraction conditions. Energetically,
this process can be explained by the accumulation of the partial dislocations at the grain
boundary, which makes locally a higher strain energy. This strain energy is originating
from the detwinning process, and accumulated at the grain boundary. It is similar to a
recristallisation. It is not proven by diffraction, but by a contrast change and by the change
of the diffraction conditions.

Figure 3.39: Nanodiffraction of a cobalt zone at 1100K. The diffraction discs are showing a
fully fcc structure without double diffraction spots.
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These observations could be reproduced on a second specimen of WC-10wt.%Co, and
concordant results were obtained. These second observations were carried out with the aim
of determining whether the motion of the defects created by detwinning was reversible as it
seems to be indicated by mechanical spectroscopy. As a reminder, the relaxation peak P1,
corresponding to cobalt structural defects, remains perfectly reproducible between 700K
and 1050K (c.f. Section 3.3.2). During the in-situ TEM study, it was therefore decided to
stop the temperature rise, stabilize the material at 850K and later decrease it back down to
700K. At 850K the first detwinning fronts had already started to move and were stabilised.
When the temperature was lowered, it was possible to confirm that the detwinning process
was indeed reversible on a significant number of detwinning fronts, although some of them
remained stable despite the drop in temperature. These results are consistent with the
repeatability of the relaxation peak P1 observed by mechanical spectroscopy.
In this second experiment, the temperature was finally also raised to 1100K, and the
observations were consistent with the first experiment. Furthermore, at high temperature,
the crystal structure of the cobalt zones proved to be completely fcc, as shown in the
nanodiffraction pattern in Figure 3.39. TEM studies therefore do not reveal the usual long-
range ordered fcc crystal structure of the cobalt in this specimen. Only short range order
characterized by twinned cobalt domains containing nanotwins were observed. However,
the diffraction observations exhibit the same average high-temperature fcc structure in the
low temperature state.
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4 Discussion

This chapter presents an overall analysis of the observations illustrated in Chapter 3. First
of all, the mechanisms responsible for the mechanical behaviour of cemented carbides as a
function of temperature, that are crucial for the performance and durability of cemented
carbide cutting tools, are highlighted.
The changes in the microstructure of the material are evidenced by the various tests carried
out on cemented carbides as a function of temperature: mechanical spectroscopy studies,
microscopy and investigations of the magnetic properties of the material.
The highlight of this thesis is then discussed, i.e. the association of the internal friction peak
P1 with a strain-glass transition linked to the formation of a peculiar structure determined
by nano-twins. The influence of a disordered frozen state within the cobalt phase on the
mechanical properties and on the wear resistance of WC-Co in cutting conditions is finally
addressed.
To complete this work, generalities on some industrial development trials carried during
this work will be presented as well as some research perspectives.

4.1 Essential concepts of this study

During machining processes, cutting tools are exposed to extreme temperatures. The rake
face, which is subjected to severe friction (see Figure 2.2) sees the temperature of its cutting
edge increase to values between approximately 920K and 1550K [79]. And even though
only the first few tenths of a millimetre of the cutting edge reach such temperatures, more
distant parts are also subjected to high temperatures between 570K and 700K [79].

The deformation behaviour and the mechanical properties of WC-Co cemented carbides
are proven to be temperature dependent [9, 27, 37, 38, 160]. There are several evidences of
a link between the evolution of mechanical properties and the tool life of the cutting tools
[37]. In particular, it can be observed that the fracture of cemented carbides is linked and
accompanied by plastic deformation [161]. A model of the origin of plastic deformation
and microstructural dynamics is therefore essential to control the performance of cemented
carbides for machining applications.
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From the various works mentioned above [9, 27, 37, 38, 160], it can be inferred that the
behaviour of cemented carbides is divided into three temperature ranges between 300 K
and 1500 K :

(I) Low temperature domain with approximately T < 800K. Elastic deformations
followed by brittle fractures are observed.

(II) Medium temperature domain with approximately 800K < T < 1100K −1200K. This
region corresponds to a tough behaviour, while limited plastic deformation occurs.

(III) High temperature domain with approximately T > 1100K − 1200K. In this region,
increased plastic deformation is observed. It corresponds to creep.

This indicates that the medium temperature range is particularly suitable for machining
with cemented carbides. In this temperature domain, brittle fracture caused by low
temperatures is avoided and no severe plastic deformation is observed. These three
domains of mechanical behaviour can be advantageously explained by the microstructure of
the cobalt binder and by its evolution [132, 28, 39, 162]. These studies show that the cobalt
microstructure consists at ambient temperature of long-range order fcc phase containing
a large quantity of hcp stacking faults. These stacking faults are bordered by partial
Schockley dislocations and constitute blocked networks, which drastically increase its yield
strength [27]. At low temperatures up to 800K, the material thus becomes hard but brittle:
no plastic deformation can be observed, only elastic deformation followed by fracture [9].
A model of crack propagation developed by Sigl and Fischmeister [82] shows the importance
of cobalt in reducing crack propagation within cemented carbides. Due to the composite
nature of the material, four fracture trajectories are to be considered: through the binder,
near the binder/carbide interface, along the carbide grain boundaries, transgranular
trajectory in the carbide [82]. It has been observed that cracks propagate within the
ductile phase of the binder and along the carbide-binder interfaces, starting from brittle
pre-cracking of the carbide phase. As with the tearing of glued parts, the voids generated
by the crack are maintained by the formation of cobalt ligaments. These multiligaments
thereby act as bridges, which support the traction acting between the crack faces. The
ligaments are thus the last elements that hold the structure together before the crack
propagates further. In this way, cobalt also makes a major contribution to the tensile
strength of WC-Co.

In the 800K to 1100K-1200K range, as the temperature rises, the stacking fault energy
increases [156] and some partial dislocations become mobile. Two internal friction peaks
have been observed in the literature. The work of Ammann [129] reported the existence
of an unstable peak, which shifted at higher temperatures. It would correspond to the
relaxation peak P1 of this work. A peak located at around 1200 K is observed in several
works [163, 131], and has been attributed to the dragging of W solute atoms by partial
dislocations. This interpretation was justified by an activation energy corresponding to this
IF peak of 2.5 eV/atom [28]. Effectively, such value corresponds to the diffusion energy
of tungsten in cobalt (see table 3 in the Introduction Section). The mobility of these
microstructure defects therefore explains the appearance of the plasticity of cemented
carbides with temperature. This highlights the favourable development of the cobalt
microstructure for the mechanical properties of WC-Co.
Three-point bending tests on the hard WC-Co skeleton were carried out on samples in
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which the metal binder had been removed from the material by chemical etching. It
was then possible to demonstrate that this temperature range corresponds to an elastic
deformation for the hard skeleton. The mid-temperature range therefore corresponds to a
material that is tough mainly due to the cobalt binder.

In the high temperature domain, the dislocations contained in the cobalt can move freely
once the temperatures of the two internal friction peaks are overpassed. The metallic phase
is thus characterised by a high ductility. However, the deformation of the cobalt phase
is supplanted by that of the hard phase of cemented carbides. The high temperatures
are in fact characterised by a decohesion of the WC grains and by grain boundary sliding
[9, 39]. In particular, the formation of cobalt lamellae is observed at the WC-WC grain
boundaries, with the notable exception of the WC-WC Σ2 grain boundaries whose cohesion
is maintained [39]. The presence of these lamellae proves that the grain boundary sliding is
driven by cobalt infiltration. However, these mechanisms are harmful as they allow plastic
behaviour for the overall composite. Therefore, creep is observed.

In addition, the dislocation pile-up also acts as a precursor for crack formation in WC-Co
[83, 164]. These cracks can then lead to a critical failure of the material [83, 164]. The
resistance to crack propagation is then designated by the critical stress intensity factor
KIC .
Two to three stages are generally considered in total: crack initiation on defects, followed
in some cases by crack growth, and then finally catastrophic crack propagation [83, 165,
164, 82, 166]. This behaviour is also temperature sensitive. In particular, the growth of
cracks can be observed with increasing temperature on creep tests [167].

The coatings also play a fundamental role for cutting applications [8, 84]. The properties
of coatings for cemented carbides are mainly influenced by three factors: the chemical
composition of the film, its structure, and its adhesion to the substrate core materials.
These factors control the hardness at room and elevated temperatures of the coating, as
well as its chemical and thermal stability. In this way, the coating prevents from failure
mechanisms such as adhesion, oxidation, abrasion and diffusion [8].

4.1.1 Evidence from the initial comparative study

The comparative study of the performance of coated cutting tools yields an analysis of the
influence of critical parameters on the tool-life of cutting tools measured under extreme
conditions by shock tests:

• Nanoindentation tests, residual stress measurements of the different coatings, tribological
tests were conducted. None of those values showed a direct correlation to the values of
the tool-life. See Figures See Figures 3.4 to 3.6, 3.10, and 3.4 to 3.6, respectively.

• As shown in Figure 3.9, an indirect link can be drawn between the thickness of the
coatings and the cutting tool-life. It turns out that - generally - the thinner the PVD
layer is, the better is the machining performance. One can also observe that multilayered
coatings have their performance that surpasses the bi-layered one. This demonstrate
the importance of the architecture for coating materials.

• Another study was conducted by Mechanical Spectroscopy (MS). Coated and uncoated
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cemented carbide with different cobalt concentrations WC-6wt.%Co and WC-10wt.%Co
have been compared. In the 1 Hz frequency range, a mechanical damping peak related
to the cobalt phase is detected at 925-950 K. It is observed (see Figure 3.11) that this
damping peak is systematically shifted to lower temperature for samples where the thin
film is deposited. Interestingly, this peak shift is correlated to the tool-life: the greater
the peak shift, the longer the tool-life, demonstrating a direct link between the tool-life, a
macroscopic property, and the damping capacity of the material, a microscopic property.

4.1.2 Overview

Based on the results of the comparative study and the general knowledge provided by
the literature presented above, it appears that three main factors are responsible for the
mechanical properties of cemented carbide cutting tools:

1. The coating of the cutting tool. In this study, it was observed that multilayer architec-
tures induce longer tool lives than conventional bilayer material coatings.

2. The hard tungsten carbide skeleton. The creep limit of the material is controlled in
particular by the decohesion of WC grains and by the infiltration of cobalt at the
WC-WC grain boundaries in the form of lamellae. The WC-WC Σ2 grain boundaries
constitute, nevertheless, an exception. However, the formation of such orientation at
the grain boundaries occurs during the sintering process. It was therefore not explored
during this work.

3. The microstructure of the cobalt binder as well as its dynamics determines the mi-
croplasticity of WC-Co, which is shown to be essential for machining applications.

This thesis aims at establishing a model of the mechanical behaviour of the binder of
cemented carbides, which is linked to the crystal structure and its dislocation and extended
defect dynamics.

4.2 Cobalt microstructure in cemented carbides

The analyses of the microstructure and its evolution for WC-Co presented in previous
studies (Section 4.1) could only be confirmed in part and new aspects of the cobalt behaviour
appear in this study. The material used in this work revealed a cobalt microstructure in
many points different from that presented in the literature. The essential characteristics of
this microstructure are presented here.

The Electron Diffraction Pattern (EDP) of a cobalt grain shown in Figure 3.34 confirms
that the cobalt phase has an fcc structure. Within WC-Co, the allotropic transition of
pure cobalt from fcc to hcp at approximately 700K is prevented. Two hypotheses may
explain the absence of transformation to hcp structure at room temperature: the effects
of carbide-induced residual stresses on the cobalt [24] and the presence of solutes formed
during sintering. However, the presence of double diffraction spots in the EDP of Figure
3.34 indicates the formation of twins within the cobalt fcc structure.

The cobalt zones identified on the micrographs in Figures 3.33, obtained by TEM in
brightfield mode, reveal the presence of cobalt nanodomains. Their size ranges from 50 nm
to 100 nm. These nanodomains show a conjugated twin structure.
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On the micrographs, it can be observed that these nanodomains contain streaks. These are
identified as the nanotwins mentioned above. The presence of these nanotwins therefore
indicates the trace of an unachieved or frustrated transformation of cobalt. It is important
to note that this structure is characterised by a high thermal stability. The sample used
for the TEM observations has been previously annealed at 1050 K in a torsion pendulum.

This particular microstructure, which is composed of nanotwins distributed in nanodomains,
limits the deformation mode of the cobalt phase. In the microstructure observed in the
above-mentioned work [132, 28, 39], the deformation could be assimilated to a stress-
induced transformation from fcc to hcp. An hcp structure has 1 sliding plane whereas an
fcc structure has 4. The local formation of hcp phases thus already reduces the possibility
of deformation. In our case, the structure is even more blocked, resulting in an even greater
deformation limitation. The low-temperature cobalt phase in cemented carbides becomes
hard and brittle.

4.3 Properties and characteristics of cemented carbides as
a function of temperature

This Section presents a discussion of the in-situ microscopic studies, the mechanical
spectroscopic studies, and investigations of the magnetic properties carried out as a
function of temperature.

4.3.1 Microscopic characteristics

The microstructural transformation between a low-temperature cobalt phase and a high-
temperature phase could be examined by in-situ TEM observations between 500K and
1100K. Two processes could thereby be highlighted. The first one is the detwinning process
starting from fixed locations in the material until the creation of detwinning fronts that
enter in motion. The second process is the recrystallisation or rotation of the cobalt crystals.
This process is related to the accumulation and "re-emission" of dislocations at and from
the grain boundaries.

The detwinning process takes place between 735K and 1020-1040K. At 735K the first
detwinings are observed. This process leads to the formation of twin free zones, where
detwinning fronts are bordering the twinned zones. Such structures are clearly visible at
916K and the detwinning fronts are characterised by small movements. The detwinning
process has been attributed to the formation of ledges corresponding to semi-coherent fcc
twins of type (211). It is reasonable to interpret them as interfaces of ledge associated
partial dislocations.
As the temperature rises up to 950K, there is an acceleration of the interface movements
of the partial dislocations associated with ledges. This temperature range corresponds to
the internal friction peak P1 observed by mechanical spectroscopy, as shown in Figures
3.13 and 3.19. The damping measured in WC-Co at around 945K for frequencies of 1Hz
and 909K at 5mHz can thus be associated with the movement of partial dislocations and
detwinning.
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As the temperature increases, more and more areas become detwinned and fully fcc. At
1000K, it can be observed that the majority of the coblat nanograins no longer contain
nanotwins. Only certain particularly blocked grains still show some twins.

Between 1020K and 1100K, a second process of microstructural rearrangement is observed,
which completes the detwinning. This process is initiated at the grain boundary between
the cobalt and the WC grains. At these temperatures, partial dislocations accumulate and
organise themselves at the grain boundaries until the strain energy at the grain boundaries
is large enough to turn the whole cobalt crystal into a more favourable orientation.
Figure 3.38(c) shows that after 1050 K, the cobalt crystals recrystallize or rotate. This
means that once the temperature has fallen back to 850 K, the microstructure has evolved
from its initial state, and the state remains more stable for longer at high temperatures. It
is indeed observed that annealing at 1050K lowers the internal friction peak P1 from 950K
to 920K in Figure 3.16.
However, it has been established by in-situ TEM observations that the detwinning process
is reversible. The structure of the cobalt grains therefore does not fall back into a long
order fcc state at low temperature. The origin of the reversibility is probably to be found in
the presence of high residual stresses within the sintered composite. But, more specifically,
the presence of dislocations generated by the detwinning process is needed. This process is
elucidated below.

The existence of a cobalt phase characterised by a long order fcc above 1050-1090K as
proven by the electron nanodiffraction pattern is shown in Figure 3.39. The presence of
this crystal structure thereby allows the dislocations to move more extensively. This region
starts at 1050-1090K and continues until the observations of the decohesion of WC grains
forming the hard skeleton and the infiltration of cobalt at the WC-WC grain boundaries.
This region has been reported as starting at about 1200K-1300K [36, 168, 44].

The observations presented above finally make it possible to present a first redefinition of
the domain (II) of mid-temperatures for the mechanical behaviour of the WC-Co in this
study:

IIa Temperature domain with approximately 800K < T < 1000K characterized by a
reduced plasticity and preserved hardness, where detwinning occurs and where the
cobalt nanodomains remain partially.

IIb Temperature domain with approximately 1000K < T < 1200K characterized by a
increased plasticity, where the mode of deformation corresponds movement of the
dislocations in the fcc cobalt phase.

4.3.2 Microstructural defects dynamics

The dynamics of the cobalt phase microstructural defects could be studied between 300K
and 1350K by means of mechanical spectroscopy.

In the Figure 3.16, the evolutions of the relative shear modulus and internal friction are
reported for annealings between 500K and 1050K. Both the internal friction spectra and
the modulus curves are fully repeatable after these stabilization thermal cycles.
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By observing the modulus for the low temperature domain I of purely elastic behaviour
at T < 800K, it can be seen that the modulus is higher at low temperature corresponding
effectively to hard and possibly brittle behaviour.
In a first sub-domain IIa (between 800K and approx. 1000K), a decrease in modulus
is first observed until an inflection point at 920K or 930K (depending on whether the
curve corresponds to the first annealing or not). It corresponds to a slight softening of the
material. After this first inflection point, the modulus curve continues monotonically over
a few dozen Kelvin before a second inflection point at 975 K or 1000K (whether the curve
corresponds to the first annealing or not).
Then begins a second sub-domain IIb (between approx. 1000K and 1200K) marked by
a more consequent drop in the shear modulus, which becomes increasingly significant as
the temperature rises. The material softening increases. This observations corresponds
well for the Domain II to an overall increase in toughness and the beginning of plastic
behaviour for the WC-Co material.

In Figure 3.21 showing also IF spectra and relative shear modulus curves between 500K
and 1050K, a separation of the spectra as a function of their torsional frequency is visible,
corresponding to thermally activated relaxations at higher temperature. This is a clear
indication that the observed softening mechanism is related to a relaxation mechanism.

For the domain III, the relative shear modulus decreases, which then continues at high
temperature/low frequency. This trend is in good agreement with the high relaxation
strength at high temperature and corresponds to the region of creep behaviour.

It was clear that both Internal Friction peaks P1 and P2 are related to the cobalt phase of
the material as shown in Section 3.3.1. Examination of the in-situ TEM results clearly
shows that the temperature domains of the detwinning processes first, and secondly of the
appearance of a long range ordered fcc phase in the cobalt correspond to the damping
peaks P1 and P2 respectively.
The relaxation peak P1 is therefore linked to the unsual microstructure of the low tem-
perature cobalt phase. The damping corresponds to the movement of partial dislocations
associated with ledges and forming detwinning fronts. The partial dislocations were not,
however, observed directly by TEM, but represent prime potential candidates. The re-
versibility of the detwinning process observed by in-situ TEM explains the repeatability of
the P1 peak, which has never been observed in previous work [129]. The relaxation peak P2
should be associated with the movement of partial Schockley dislocations in an fcc phase no
longer forming nanodomains. The presence of this peak, instead of an exponential increase
in internal friction, reveals the existence of pinning points interacting with the dislocations.
These may possibly be precipitates within the cobalt. An increase in temperature would
induce a depinnning and a softening of the material.
In the temperature range of the peaks P1 and P2, the energy dissipation is still dominated
by the amplitude of the internal friction peaks. This temperature domain is followed by an
exponential increase of the damping background, which becomes dominant for the internal
friction amplitude. In the mid-temperature range, the presence of the two damping peaks
P1 and P2 increases the ability of the cobalt binder to relieve strain throughout the material.
This improves the overall toughness of the material compared to its low-temperature state.
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At T<800K, the amplitude of internal friction, and therefore of energy dissipation through
the motion of microstructural defects, remained very low. At T>1200K, the ever-increasing
internal friction leads to creep for the composite. In fact, this is the flank of the peak P3
related to WC-WC grain boundary sliding.

Further analysis of the peak parameters presented in this work have highlighted important
features regarding the interpretation of the damping peak P1:

1. The internal friction peak P1 appears to be thermally activated as shown in
Figure 3.19. However, its examination by the Arrhenius model does not provide
physically interpretable results, for instance, a relaxation time limit far too low and
an activation energy too high to correspond to any process possibly occurring in
cobalt. A better description of the thermal activation of the relaxation process is
given by the empirical Vogel-Fulcher-Tammann model in Figure 3.22 describing
a divergence in the relaxation time. By means of this model, physical values can be
obtained with, for example, a relaxation limit frequency close to the Debye frequency
of νD ≈ 1013 1/s of a structural defect jump. This model also introduces a Vogel
temperature T0 at which the relaxation time diverges and proves to be very suitable
for describing transitions in glass-forming materials [51]. One should notice that a
valid Vogel Temperature is close to the hcp-fcc transition temperature of cobalt.

2. It has also been described in the previous Sections 3.6 and 4.2 that the low tempera-
ture phase of cobalt below the relaxation peak P1 is characterised by the formation of
polycrystals of cobalt forming nanodomains globally fcc, reciprocally twinned, and con-
taining nanotwins. The low-temperature state is therefore not characterised
by a long range order structure. At high temperature, however, a long-distance
ordered fcc cobalt phase is found, certainly containing partial dislocations which can
begin to move.

3. Several points highlight the great dependence of the low temperature phase on its
thermomechanical history. In Section 3.3.2, the need for several anneals at the
high temperature phase to stabilise the microstructure of the material is reported.
In Section 3.3.3, the strong T-dot effect on the amplitude of the internal friction
spectrum is shown, demonstrating an increase in the time required to establish
thermodynamic equilibrium specifically at the relaxation peak.
The investigations reported in Section 3.4 therefore aimed at testing the non-ergodicity
hypothesis related to the WC-Co composite. For this purpose the standard zero-
field-cooling/field-cooling test (ZFC-FH)/(FC-FH) was applied by cycling from the
low-temperature phase to the high-temperature phase. A deviation between two
identical measures, but varying in their history, was thus revealed. This observation
alone would suffice to demonstrate a break in ergodicity. However, it was pointed
out that some caution in interpreting these results was required. The material being
a composite formed of two phases under high residual stresses, the variation in the
composite plasticity can be complex. Non-ergodicity is therefore not yet completely
demonstrated.

These three characteristic points represent the features defining the behaviour of strain-glass
materials (see Section 1.2.2). The low-temperature strain glass state would be characterized
by polycristalline cobalt nanodomains containting nanotwins. From a thermodynamic point
of view, the low-temperature cobalt phase would therefore be interpreted as an out-of-
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equilibrium glass-like state. The glass transition would thus be highlighted by the movement
of the defects contained in the frozen cobalt phase observed by mechanical spectroscopy
and in-situ microscopy. The detwinning process would allow the cobalt phase to be
retransformed into a long range ordered phase enabling microstructural rearrangements at
thermodynamic equilibrium. However, care must be taken when interpreting the peak P1
observed by Internal Friction. The damping peak P1 is not purely a transition peak but
rather a relaxation peak corresponding to defects released above the transition temperature.

4.3.3 Magnetic properties

This work proposes that the deformation mode above 1050K becomes activated by defects
in the fcc cobalt phase. The dynamics of the microstructure between 1050K and 1300K
would be characterised by the movement of partial Schockley dislocations which would be
able to recombine to form perfect dislocations at higher temperatures. A relaxation peak
P2 is generated. Consequently, an increase in toughness and plasticity is expected.
Previous works [131] proposed that the cobalt relaxation peak P2 could be influenced by a
para-ferro magnetic transition. According to [153] such magnetic transition would also be
responsible for a spinodal decomposition in the tungsten rich cobalt phase. The peak P2
would therefore be associated with the dragging of W atoms by dislocations, the W atoms
being in different concentrations in the paramagnetic or in the ferromagnetic phases. The
temperature peak position observed would be determined by the associated dislocation
free length, which would correspond to the cobalt mean free path in f.c.c. structures of the
two phases.

The analysis of the Internal Friction peak P2 in Section 3.3.6 revealed a transition in the
associated relaxation time τ . The study of the magnetic properties of cemented carbides
showed a transition from a low-temperature ferromagnetic state to a high-temperature
paramagnetic state at approximately 1130K: the Curie temperature. This temperature
corresponds to that of the observed relaxation time transition. However, further studies by
mechanical spectroscopy could not reveal any magnetic influence on the microstructural
dynamics of cemented carbides. The intensity of the magnetic fields used was probably
too weak.

4.4 Cobalt in cemented carbides as a strain glass

For glass, as for non-crystalline materials in general, the arrangement that characterises
atoms, or other structural units, has a short distance order, but no long distance order.
Moreover, the glassy states are outside of thermodynamic equilibrium. This has a major
impact on their mechanical properties, as it can be observed in the domains of plastic
behaviour or behaviour until material failure.

To consider the plastic responses of materials, tensile, compression or shear tests are
generally used, restricted to the areas of plastic or viscoplastic deformation. As glassy
states can be schematised as frozen liquids with particular thermodynamics, considerations
of viscosity can provide valuable insights. For viscosity properties, the ideal Newtonian
behaviour would follow Maxwell’s model.
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For this model, there is a relationship linking viscosity η, shear modulus G and a charac-
teristic time related to molecular mobility τ : η = G · τ [49]. As viscosity is proportional to
σ/(dε/dt), a compression test can reveal its behaviour. Figure 4.1 illustrates the difference,
in a compression test, between an ideal Newtonian behaviour and the behaviour observed
on mineral or metallic type glasses (non-crystalline solids). There is a clear difference
between their behaviour: the stress level at which viscoplastic flow is observed is much
lower for non-crystalline materials. This is the result of time of structural rearrangement
τ which diminishes when the stress level is high; and the time τ is related to viscosity.
Another point that is also observed, for the glass materials, is that stress forms a peak
before entering the viscoplastic flow regime. These behaviours are very sensitive to the
deformation speed. At a sufficiently high deformation speed, the stress corresponding to
the viscoplastic flow plateau for the glasses becomes lower than the conventional yield
stress [49].
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Figure 4.1: Comparison of an ideal Newtonian behaviour and that of mineral and metallic
glasses in compression measurement. Arranged from [49].

Considering the case of a glassy material in the composition of a cutting tool, one could think
that this characteristic could facilitate the deformation of the material at low temperature
and thus increase its propensity to absorb shocks. Less stress being necessary for its
deformation. However, this would have omitted the importance of experimental time for
glassy materials. In a glassy state, a restoration linked to deformation takes place over a
much longer time scale than the experimental time [49]. The presence of a glass state may
have a catastrophic impact on cutting tools.

Another important point is the characteristic evolution of the elastic limit (yield stress) σe

and the ultimate tensile strength σr. Perez reports [49] the deformation to failure curve as
a function of temperature εr − T for non-crystalline materials (see Figure 4.2). It can be
seen that for these materials deformation to failure εr evolves rapidly around a transition
temperature Tt, with a limit εr low at low temperature followed by a strong increase around
Tt. Around this transition temperature, it can also be observed that the elastic limits σe

and the ultimate tensile strength σr coincide, whereas below Tt plasticity is prevented by
the fact that the ultimate tensile strength σr becomes lower the elastic limit σe would be.
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Figure 4.2: Deformation until failure εr as function of the temperature for a non-cristalline
material. An evolution of the elastic limit (yield stress) σe and the ultimate tensile strength
σr is visible. Arranged from [49].

This type of transition corresponds generally to a so-called ductile-to-brittle transition.
This transition is well known for ferritic steels, and can cause many fracture accidents
[169, 170]. These catastrophic fractures originate at the level of small cracks. While
a material is in its brittle low-temperature state, only minor stresses are necessary to
propagate the cracks throughout the material. Depending on whether the material is in its
temperature phase, different behaviour will be exhibited when exposed to similar external
thermal or mechanical stresses. The negative impact of such a ductile-to-brittle transition
at machining temperatures on cutting tool materials is therefore self-evident. Moreover by
cycling around this transition temperature, an ageing effect would be promoted.
Such cutting materials would for instance be less performant with the use of coolants,
which would enfavor the low-temperature brittle material state. Another bulk composite
material may be suggested for such applications.

4.4.1 Coating effect

Studies on nanotwinned coppers and their deformation [171] allow us to draw a parallel
with the observations made on the low-temperature cobalt binder phase. It is known that
copper has an fcc structure similar to that of cobalt. It also has an high stacking fault
energy as cobalt. Some interesting observations are reported hereafter.

Copper shows an unusual mechanism of strengthening through the presence of nanotwins.
An increase of dislocations has been reported, which is accompanied by a sudden softening
at about 180 C. It is inferred that the source of dislocations are the twin ledges. Partial
dislocations are forming twin ledges but according to Morris Wang et al. [171] twin
imperfections are also source of dislocations. This is highlighted by the fact that no strain
hardening is observed but dislocations are well present. Therefore the dislocations source
should lie in the twinning process.

Stress-strain behaviour for tensile tests associated with MD simulations show a hardening
phenomenon for which twins act as dislocation blockers by forming Lower-Cottrel locks.
However, a decrease in stress and a softening behaviour can be observed afterwards in the
same experiment. This is explained by the detwinning process through the mouvement of
kinks or ledges. This drains the partial dislocation to the grain boundaries. Further, a
detwinning is observed after the kinks have been absorbed by the grain boundaries after
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migration. It seems that coherent twin boundaries close to grains boundaries are more
sensitive to detwinning, as suggested by the migration of coherent twin boudaries induced
by the motion of kinks.

By considering the interface between a coating and the bulk material as a grain boundary,
a parallel can be drawn between the work of Morris Wang et al. [171] and the behaviour
observed for the cobalt microstructure. The presence of the coating would, in this regard,
favour detwinning. This vision coincides with the observation of a lowering of the friction
peak P1 for coated WC-Co (see Figure 3.11 in Section 3.2.3). A dislocation-based mechanism
would induce the opposite behaviour. Indeed, dislocations are attracted to the material
with the lowest modulus when an interface between two materials exists. For example, a
ceramic coating should repel dislocations from the cobalt to the bulk.

By considering the presence of WC grains and thus additional grain joints, the processes
of detwinning and twin absorption at the boundaries are accentuated. In other words
the presence of defective twins (ledged) facilitates a mechanism of detwinning favoured
by the presence of an interface. In cemented carbides, the partial dislocations standing
at boundaries as a product of the detwinning are then the source of plastic yield of the
cobalt and the relaxation peak P2 appears. Since these dislocations remain all the time
(no dislocation recovery) the twinning mechanism can occur again with those dislocations
as sources : therefore the peak P1 is reversible.
This interpretation is greatly interesting for its implications for cutting tools.

4.4.2 Origin of cobalt glassy state

Cobalt is characterized by frozen nanodomains, which contain a high density of nanotwins.
The martensitic transformation observed for pure cobalt is replaced by a glassy transition
from this disordered low temperature frozen state to a high temperature normal parent
state. This transition is induced by the presence of local stresses (residual stresses or point
defects) limiting a long-range ordering of strains.
This state would correspond to a brittle glassy state. The origin of this unfavourable
material state is to be found in the sintering process, which induces enormous residual
stresses from the WC grains and the dissolution of elements in the binder. A possible
hypothesis regarding the influence of the metal powder size on the microstructure of
cobalt can be formulated. Previous studies [9, 37, 11] carried out on materials of similar
composition have not been able to reveal such characteristics, neither microscopically,
nor on the properties of the internal friction peak P1. These studies were conducted on
materials produced from fine powders (with grain size in the micron range). The one
corresponding to this thesis work are finer. A study on the formation of hcp phase to the
detriment of fcc phase within the cemented carbide binder also raises the possibility of an
influence of the size of the sintering powders on the hcp phase formation [172].
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4.5 Perspectives

This Section presents the industrial implementation of the results of this study. Few details
of the strategies explored are presented in order to guarantee the confidentiality of the
industrial developments belonging to the partner of this project.
On the basis of the cobalt phase defects observations, new binders were developed. The
aim of these new alloys is to incorporate elements into the cobalt that stabilise the fcc
phase and produce tougher binder alloys. These new materials offer excellent grain size,
porosity, toughness and hardness.
Another approach has been explored and it concerns the sintering process. This process is
a crucial step in the production of cemented carbides. It controls the characteristics and
mechanical properties of the final bulk material through delicate processes such as solid
state densification, WC grain growth, accidental development of vanadium or chromium
carbide grains, or proliferation of porosities. Due to the complexity of the obstacles that
a change in the sintering process can cause, only specific parameters have been changed.
Two modifications were investigated, and the resulting samples have a grain size, porosity
and hardness quality equivalent to that of the WC-Co usually produced.

Cemented carbides with new binders were also tested by mechanical spectroscopy. They
showed the same peaks of internal friction as those reported previously in this work.
However, the IF P1 peak corresponding to cobalt was shifted to lower temperatures. On
the basis of the results presented in this study, this increased shift should thus correspond
to a longer tool life in the machining schock tests. Indeed, tests carried out on the inserts
with the new formula clearly demonstrated a longer tool life. Compared to the initial
production batch, a relative improvement of 6 percent was achieved.
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WC-Co cemented carbide cutting tools are composed of three main components, each of
which will determine their performance and resistance to wear and deformation. The bulk
composite consists of a hard skeleton of WC grains and a cobalt binder forming a skeleton
around the WC grains. The whole material is coated with metal-ceramic composite thin
films such as Al2O3, TiAlN, TiCN, TiC, CrN, ZrN. The hard skeleton ensures high hardness
at low and high temperature and a refractory character. This hard phase becomes critical
at very high temperatures by the initiation of decohesion processes. The binder phase
enables the composite to acquire ductility and toughness. Finally, the coatings provide the
material with physical and chemical resistance to wear and a thermal protection.

This thesis develops a model of the microstructural behaviour of the binder phase of
cemented carbides and the unsuspected influence of coatings on mechanical properties. It
highlights the major role played by cobalt in these materials. Within the cobalt binder,
a glass-like transition could be identified. This transition involves the formation at low
temperature of a cobalt frozen state demonstrating only short-range order but no long-
range order. The thermodynamics of this state is peculiar. A significant increase in the
rearrangement time for the microstructure of the cobalt takes place until it becomes too
long with respect to the experimental time.
The glassy phase transition for cobalt in WC-Co was evidenced by three features:

1. At low temperatures, the cobalt binder turns out to be composed of 50nm to 100nm
frozen nanodomains. Each of these nanodomains then contains a second sub-structure
of nanotwins. A detwinning process taking place between 735K and 1040K is related to
the formation of ledges associated with partial dislocations associated with detwinning
fronts. This reveals a long-range ordered cobalt fcc phase at higher temperatures.
The presence of the dislocations needed for detwinning is key for the reversibility
of the process when WC-Co is cooled again in the temperature region of the glass
transition.

2. The glass-like transition was revealed by mechanical spectroscopy showing a charac-
teristic relaxation peak P1. The relaxation time of the peak P1 is associated with the
movement of nanotwins does not show the common Arrhenius behavior. The attempt
frequency of the order of 1058 obtained in an Arrhenius plot is totally unphysical.
Instead, a divergence of the relaxation time could be discovered and associated with
the Vogel-Fulcher-Tammann model. The description of thermal activation seems to
be more adequate in accordance with the thermodynamics of a glass transition.
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3. Several observations support the proposition that the low-temperature state of cobalt
is dependent on its thermomechanical history. By mechanical spectroscopy, it has
been shown that the study of the peak P1 requires a stabilisation process by several
anneals above the temperature of the relaxation peak. This relaxation peak also
demonstrates the need for long isothermal rearrangement times by the T-point
effect. Finally, plastic deformation studies were carried out by applying a stress
field following the zero-field-cooling/field-cooling (ZFC-FH)/(FC-FH) protocol. A
deviation in the behaviour of the material, between two identical processes with
different histories, was demonstrated; although, this could not be fully attributed to
the behaviour of the cobalt phase alone. In this sense, several evidences indicate a
break in the ergodicity for the low-temperature state of the cobalt binder.

The in-depth study of a second relaxation peak (Internal Friction peak P2) revealed a
relaxation time associated with defects in the cobalt phase. The second relaxation peak of
cobalt would be associated with partial dislocations and the presence of tungsten solute in
the cobalt binder. In the temperature region where the peak P2 is observed, the cobalt
becomes ductile.

The glass transition of cobalt in cemented carbides thus corresponds to a transformation
from a brittle low temperature phase composed of frozen nanodomains containing nanotwins
to a more ductile high temperature phase fcc comprising 4 sliding planes. It can be
assimilated to a brittle-to-ductile transition well known for in ferritic steel applications.
Unfortunately for cutting applications, this transition often corresponds to the machining
tool temperatures. The results obtained in this work, combined with the studies already
carried out for cemented carbides, provide an overall description of the mechanical behaviour
of WC-Co as a function of temperature. Three domains can be defined, which are mainly
controlled by cobalt.

I A low temperature domain starts from room temperature up to 800K. Hardmetals in
this temperature range have a high hardness and are brittle. Mechanically, this domain
corresponds to the elastic behaviour of the material. The special frozen microstructure
of cobalt is responsible for the mechanical properties and in particular the brittle
behaviour.

IIa A first mid-temperature domain between approximately 800K and 1000K follows. This
range corresponds to a slight softening of the composite and depends on the detwinning
process observed in cobalt. It is the beginning of the plastic behaviour.

IIb This is followed by a second mid-temperate domain between 1000K and 1200K, ap-
proximately. An increase in softening is observed here. The cobalt binder is in its
long-range ordered fcc phase where movement of dislocations can take place and ensure
deformation. This range corresponds to an increase in the plasticity of the composite
and of its toughness. This is the most favourable temperature range to ensure the
performance of WC-Co cutting tools.

III A high temperature domain takes place from 1200K and above. From these temperatures,
phenomena of infiltration of cobalt between the WC grains and decohesion of the hard
composite skeleton are observed. This corresponds to important plastic behaviour and
is harmful to the material. Creep is thus observed.

The study of cobalt phase transformations is an innovative basis for the development
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of new grades of cemented carbides tools. Other informations such as the influence of
the composition and dynamics of the microstructure would not be accessible through
conventional techniques. Mechanical spectroscopy has thus proven to be a major asset for
understanding the stakes of this project.
There are several essential points to consider for developing new grades of cemented carbides.
The observed ductile-fragile transition must be suppressed or reduced at lower temperatures.
A binder phase consisting of a long-range ordered structure is indeed necessary over a
wider temperature range. This mid-temperature phase must thus ensure sufficient but
moderate plasticity by increasing the mobility of the dislocations, as observed in domain
(IIb). Transmission electron microscopy and mechanical spectroscopy techniques will prove
to be essential assets for these developments. In addition, the interface between the coating
and the substrate is critical to the performance of the cutting tools. This interface must
depend on the coating and the structure of the cobalt binder at the interface. Further
model development of the interaction between the coating and the cobalt microstructure is
crucial.
This project paves the way for the design of prototypes of new binders for applications in
the cutting tool industry 1.

1These developments are not disclosed for confidentiality purposes.
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Appendices

Appendix A: Shock test

In this appendix, images are given of the machining performance over time of various
coated cemented carbide inserts produced by Lamina-tech SA. These images correspond to
some of the impact durability tests reported in Figure 3.1 of Chapter 3.1 of the results.
The presentation of the impact durability test can be found in paragraph 2.1.2 of the
Experimental Technics Chapter.

Figure 4.3: Machining performance in shock test for a tungsten cemented carbide insert
coated with the multilayer coating 2. The indicated times correspond to the test duration
for each observation. The upper part of each image is the top view (face) of the inserts
and the lower part is a side view (flank). The failure mechanisms observed on this insert is
breakage.

Figure 4.4: Machining performance in shock test for a tungsten cemented carbide insert
coated with the bilayer coating 1. The indicated times correspond to the test duration for
each observation. The upper part of each image is the top view (face) of the inserts and
the lower part is a side view (flank). The failure mechanisms observed on this insert is
edge chipping.
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Appendix

Appendix B: Facing until the center test

In this appendix, images are given of the machining performance over the number of passes
of various coated cemented carbide inserts produced by Lamina-tech SA. These images
correspond to some of the rapid wear tests reported in Figure 3.2 of Chapter 3.1 of the
results. The presentation of the rapid wear test can be found in paragraph 2.1.3 of the
Experimental Technics Chapter.

Figure 4.5: Rapid Wear test (Facing until the center) for a tungsten cemented carbide
insert coated with the multilayer coating 1, as function of the passes. Each image is the top
view (face) of the inserts. The failure mechanisms observed on this insert is edge chipping
and coating flaking.

Figure 4.6: Rapid Wear test (Facing until the center) for a tungsten cemented carbide
insert coated with the multilayer coating 2, as function of the passes. Each image is the top
view (face) of the inserts. The failure mechanisms observed on this insert is edge chipping
and coating flaking.

Figure 4.7: Rapid Wear test (Facing until the center) for a tungsten cemented carbide
insert coated with the bilayer coating 1, as function of the passes. Each image is the top
view (face) of the inserts. The failure mechanisms observed on this insert is edge chipping
and coating flaking.
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C: Friction test

Appendix C: Friction test

This Appendix reports some of the tribological study of the Coefficient Of Friction (COF)
behaviours of coated cutting tools. The corresponding analysis is given in the Chapter
3.2.1. The curves for the evolution of COF are presented.

Figure 4.8: Evolution of the friction coefficient as a function of time measured on a linear
tribometer. The ball used as sliding material is a 3 mm diameter 100Cr6 steel ball. The
applied force is 2N. The sample is a cutting insert with WC-6wt.%Co and submicron WC
grains, coated with a multilayer coating of type TiAlN.

Figure 4.9: Evolution of the friction coefficient as a function of time measured on a linear
tribometer. The ball used as sliding material is a 3 mm diameter 100Cr6 steel ball. The
applied force is 2N. The sample is a cutting insert with WC-6wt.%Co and submicron WC
grains, coated with a bilayer coating of type TiAlN.
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Appendix

Appendix D: Nanoindentation test

Hereafter are reported some representative surface states marked by Berkovich indentation
imprints and the corresponding nano-indentation curves. These elements serve as a basis
for the determination of nano-hardness values and elastic moduli according to the Oliver
and Pharr model (c.f. Section 2.3.2).

(a) Berkovich nanoindentation
induced imprint on the surface
of a cutting tool coated with a
thin PVD layer of type TiAlN. (b) Loading-unloading curve showing the applied indentation

force in [mN] as a function of the penetration depth in [nm].

Figure 4.10: Indentation for the evaluation of the nano-hardness and elastic modulus of
the Multilayer Coating 1 of type TiAlN.

(a) Berkovich nanoindentation
induced imprint on the surface
of a cutting tool coated with a
thin PVD layer of type TiAlN.

(b) Loading-unloading curve showing the applied indentation
force in [mN] as a function of the penetration depth in [nm].

Figure 4.11: Indentation for the evaluation of the nano-hardness and elastic modulus of
the Multilayer Coating 2 of type TiAlN.
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E: Frequency internal friction spectra

Appendix E: Frequency internal friction spectra

Hereafter are reported the deconvoluted spectra measured on a WC-6wt.%Co at fixed
frequency in isothermal condition. All spectra are reported in the Figure 3.23 and the
parameters of the deconvolved peaks are reported in the Arrhenius diagram 3.24. The
internal friction spectra are deconvolved with three Debye peaks and a low frequency
background (c.f. Section 3.3.6).

Figure 4.12: Deconvoluted spectrum of internal friction as a function of the frequency of a
WC-6wt.%Co sample measured at 1325 K.

Figure 4.13: Deconvoluted spectrum of internal friction as a function of the frequency of a
WC-6wt.%Co sample measured at 1300 K.
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